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Preface

This book is a compilation of works presenting recent developments and practical applica‐
tions in optical fiber technology. It provides an overview of recent advances in optical fiber
related researches of fundamental topics and applications. It is divided into three sections of
seven, four and three chapters respectively.

The first section presents recent studies on various optical phenomena such as scattering,
dispersion, polarization, interference, fuse phenomena and optical manipulation. Chapter 1
introduces the basic principle and recent advances of Brillouin scattering in optical fibers.
The working mechanism, different interrogation techniques, challenges and breakthroughs
of Brillouin based distributed optical fiber sensors are also reported in this chapter. Chapter
2 reviews the principle and applications of the poly-harmonic (two-frequency or four-fre‐
quency) CW laser systems for characterization of Mandelstam-Brillouin gain contour, Ram‐
an scattering contours and FBG reflection spectra. Chapter 3 discusses various design
approaches for dispersion compensating fiber and offers a guideline to flexible design opti‐
cal fibers used in telecommunication systems. This chapter also describes how to control the
location and shape of the chromatic dispersion curves in photonic crystal fibers (PCFs).
Chapter 4 explains the description of polarized light, polarization phenomena in optical fi‐
ber links, modeling of polarization phenomena and polarizing component. The understand‐
ing on polarization effects is important to comprehend the signal propagation in modern
long haul light-wave communication networks. Chapter 5 presents a simulation study on
fuse phenomena in an optical fiber. In this study, the threshold power of fiber fuse propaga‐
tion in hole-assisted fibers (HAFs) is evaluated using the finite-difference method. Chapter 6
reports a theoretical study on fiber-based cylindrical vector beams and its applications to
optical manipulation.

The second section covers optical fiber applications in fiber laser and sensor. The emergence
of PCFs in the late nineties gave new impetus to the mode area scaling of single-mode opti‐
cal fibers. Chapter 7 gives a brief introduction to the key approaches to effective mode area
scaling in PCF that show great potentials in future high power fiber lasers. Chapter 8 re‐
views some of the well-known nonlinear-optical effects that affect the oscillation regimes of
Erbium-doped fiber lasers (EDFLs). The development of optical fiber gratings (OFGs) have
brought about astounding advances in research and development of optical communica‐
tions and sensors. Among OFGs, long period fiber gratings (LPFGs) are one of the most im‐
portant fiber-based sensors. Chapter 9 addresses the application of CO2 laser radiation in
writing LPFGs and the physical principles involved in the process. Chapter 10 covers recent
advances in SiGe based detector technology, including device operation, fabrication process‐
es, and various optoelectronic applications. Optical sensing technology is critical for defense



and commercial applications including telecommunications, which requires near-infrared
(NIR) detection in the 1300-1550 nm wavelength range.

The third section comprises three chapters related to PON technology. Fiber-optic access
networks are necessary for a real broadband delivery, allowing the fiber to arrive closer to
the final customer, eventually up to the premises equipment. Such infrastructures, depend‐
ing on the depth of reach of the fiber, are usually referred to as FTTX (Fiber To The X),
where X stands for H (Home), B (Building), C (Curb) or Cab (Cabinet). In this section, a new
development of passive optical network (PON) and plastic optical fibers technologies are
presented. Chapter 11 provides a general description of the self-coherent reflective PON ar‐
chitecture as a possible technological approach to the NG-PON2 (Next Generation PON 2)
requirements in terms of performance, cost, wavelength control and data transmission capa‐
bility, among others. Chapter 12 reports the state-of-the art, description and experimental
validation of different POF-based key devices that provide an easy-reconfigurable perform‐
ance for wavelength division multiplexing (WDM) applications. The last chapter demon‐
strates a POF based solutions in WDM network and some effects due to the placement of
color filters as a demultiplexer for the In-Car Entertainment System.
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Chapter 1

Brillouin Scattering in Optical Fibers and Its Application
to Distributed Sensors

Weiwen  Zou, Xin Long and Jianping Chen

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59145

1. Introduction

Brillouin based distributed optical fiber sensors have been studied for more than two decades
because they have incomparable abilities over the pointed or multiplexed fiber-optic sensors
based on fiber Bragg grating and/or inline Fabry-Perot resonator. They originated from the
intrinsic fiber-optic nonlinearity in optical fibers, i.e. Brillouin scattering, and have many
distinguished advantages, such as high accuracy due to the frequency revolved interrogation,
multiple sensitivities of measurands (strain, temperature etc.), no dead zones of sensing
location due to the distributed sensing ability, and immunity to the electro-magnetic interfer‐
ence. Nowadays, they have been thought as great potentials in industrial applications to smart
materials and smart structures.

This chapter introduces the basic principle and recent advances of Brillouin scattering in optical
fibers. The working mechanism, different interrogation techniques, difficulty or challenge of
the sensing ability, and recent breakthroughs of Brillouin based distributed optical fiber
sensors are demonstrated, respectively.

2. Brillouin scattering in optical fibers

2.1. Principle

Light scattering phenomena in optical fibers occur regardless of how intense the incident
optical power is. They can be basically categorized into two groups, i.e. spontaneous scattering
and stimulated scattering[1]. Spontaneous scattering refers to the process under conditions
such that the material properties are unaffected by the presence of the incident optical fields.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



For input optical fields of sufficient intensities spontaneous scattering becomes quite intense
and stimulated scattering starts. The nature of the stimulated scattering process grossly
modifies the optical properties of the material system and vice versa. Spontaneous and
stimulated scattering in optical fibers are composed of Rayleigh, Raman, and Brillouin
scattering processes. Each scattering process is always present in optical fibers since no fiber
is free from microscopic defects or thermal fluctuations which originate the three processes.
For a monochromatic incident lightwave of frequency f0 at λ0=~1550 nm (telecom wavelength),
three processes are schematically described by the spectrum of the scattered light as shown in
Fig. 1. The components, whose frequency is beyond f0, correspond to anti-Stokes while those
below f0 correspond to Stokes.

Brillouin scattering is a “photon-phonon” interaction as annihilation of a pump photon creates
a Stokes photon and a phonon simultaneously. The created phonon is the vibrational modes
of atoms, also called a propagation density wave or an acoustic phonon/wave. In a silica-based
optical fiber, Brillouin Stokes wave propagates dominantly backward [2] although very
partially forward[3]. The frequency (~9-11 GHz) of Stokes photon at ~1550-nm wavelength is
in quantity dramatically different from or smaller by three orders of magnitude than Raman
scattering (see Fig. 1) and is dominantly down-shifted due to Doppler shift associated with the
forward movement of created acoustic phonons. In a polymer optical fiber, the frequency is
~2-3 GHz due to the different phonon property[4].

f0

Anti-stokes componentsStokes components

frequency

Rayleigh

BrillouinBrillouin

Raman Raman

~9-11 GHz

~13 THz

Figure 1. Schematic spectrum of scattered light resulting from three scattering processes in optical fibers.
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Figure 2. Comparison of (a) spontaneous Brillouin scattering (SpBS) and (b) stimulated Brillouin scattering (SBS) in
optical fibers.

Figure 2 illustrates the difference between spontaneous Brillouin scattering (SpBS) and
stimulated Brillouin scattering (SBS) in optical fibers. In principle, the SpBS (see Fig. 2(a)) is
started from a noise fluctuation and influences the pump wave (Ep); the SBS (see Fig. 2(b))
occurs when the pump power for SpBS is beyond the so-called Brillouin threshold value (Pth)
or when two coherent waves with a frequency difference equivalent to the phonon’s frequency
are counter-propagated. Brillouin scattering dynamics in optical fibers are generally governed
by the following coupling equations [5, 6]:
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where Ep and Es  stand for the normalized slowly-varying fields of pump and Stokes (or
probe) waves, respectively; and Pp=|Ep|2 and Ps=|Es|2 correspond to their optical powers;
ρ  denotes the acoustic (or phonon) field in terms of the material density distribution; N
represents the random fluctuation or white noise in position and time [5]; vg is the group
light velocity in the fiber; α is the fiber’s propagation loss; ΓB is the damping rate of the
acoustic wave, which equals to the reciprocal of the phonon’s lifetime (1/ΓB=τρ=~10 ns) and
is  related to the acoustic linewidth (∆νB=ΓB/π) [7];  κ1  and κ2  are the coupling coefficients
among Ep, Es, and ρ. If SpBS is considered, it is reasonable to assume Es is sufficiently small
so that the second term of N  dominates in the right side of Eq. (3).  In contrast,  the first
term of iκ2EpEs* dominates for SBS.

Taken into account the SBS power transfer between Pp and Ps under the assistance of the
acoustic wave and the so-called acousto-optic effect, Eqs. (1-3) can be rewritten as
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where the sign difference between the right hands of Eq. (4) and Eq. (5) means that the pump
power is reduced or depleted but the probe (Stokes) power is increased or amplified.

g(ν) is called Brillouin gain spectrum (BGS), the key phraseology to represent Brillouin
scattering in optical fibers. It denotes the spectral details of the light amplification from strong
pump wave to weak counter-propagating probe/Stokes wave in SBS or those of the noise-
initialized scattered phonons in SpBS. The BGS is generally expressed by [8-10]
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where Eq. (6) means that the BGS is the summation of all the longitudinal acoustic modes’ gain
spectra and Eq. (7) corresponds to the lth-order one assigned the subscript of “l”. In Eq. (7),
∆νac

(l) is the lth-order linewidth or full width at half magnitude (FWHM) which can be assumed
to be approximately the same for all the acoustic modes; νac

(l) is the effective acoustic velocity;
Aao

(l) (in μm2) is the so-called acousto-optic effective area of the lth-order one. νac
(l) and Aao

(l) are
qualitatively different among all acoustic modes.

There are two basic methods to theoretically and numerically analyze the BGS in optical fibers
[8, 11]. One method [11] is based on Bessel or modified Bessel functions for optical fibers with
regular geometric and dopant distribution, such as step-index optical fibers. The other one [8]
is called two-dimensional finite-element-method (2D-FEM) modal analysis of BGS for optical
fibers with complicated or arbitrary distribution. The 2D-FEM modal analysis has been used
to study a Panda-type polarization-maintaining optical fiber (PMF) [8], a SMF with arbitrary
residual stress [12], a w-shaped triple-layer fiber [13], or optical fibers with non-uniform
optical/acoustic profiles such as solid or microsctrucuted photonic crystal fibers (PCF) [14-21].

The contribution of the fundamental acoustic mode to the entire BGS is basically dominant,
which has a Lorentzian feature as schematically depicted in Fig. 3(a). Besides, it modulates the
refractive index of optical fiber and changes the group velocity of optical fields in a profile
shown in the inset of Fig. 3(a), which has been adopted for Brillouin slow or fast light[22, 23].
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There are three basic parameters of Brillouin frequency shift (BFS, νB), Brillouin gain peak (gB0),
and Brillouin linwidth (∆νB) in the main-peak BGS (i.e. the fundamental acoustic mode or l=1
in Eq. (7)). νB is defined as

(1)

0

2 ,n n
l

º = × ×B ac eff an V (8)

where λ0 is the light wavelength (λ0=c/f0 with c the light speed in vacuum), neff is the effective
refractive index of the fiber, and Va is the effective acoustic velocity of the fundamental acoustic
mode. neff and Va in Eq. (8) as well as Aao

(l) in Eq. (7) are all determined by the respective
waveguide structures of the optical modes (n0 and n1) and those of the longitudinal acoustic
modes (Vl1, Vl0), relative to the silica dopant materials and distributions in the cross section [24].
Figure 3(b) illustrates a simple example of step-index single-mode optical fiber (SMF), even
for which the BGS comprises of several (typically, four) longitudinal acoustic modes due to
the different contrast of optical and acoustic waveguides [8, 11]. The measured BGS of the SMF
and a high-delta nonlinear optical fiber at 1550nm are depicted in Fig. 3(c)[13]. It is worth
noting that νB in optical fibers suffers strong influence from the residual elastic and inelastic
strains induced by different draw tensions during fiber fabrication[12].
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where ρ0 is the density of silica glass (~2202 kg/m3) and p12 the photo-elastic constant (~0.271).
In most silica-based fibers, the peak gain value of gB0 lies in the range of 1.5~3× 10-11 m/W [25].

∆νB0 in silica optical fibers with a typical value of 30~40 MHz is characteristic of SpBS. However,
in the SBS process, it was theoretically proved that ∆νB strongly depends on the pump power,
which is expressed as follows [5, 26]:

0
ln 2 ,n nD = DB B

sG
(10)

where Gs is the single pass gain experienced by the weak probe wave from the strong pump
wave, defined by

0

eff

,=
×

B pump eff
s ao

g P L
G

K A
(11)

where K (=1~2) is a polarization factor (=2 for a complete polarization scrambling process),
Leff=[1-exp(-αL)]/α is the effective length of the fiber with α the optical loss (m-1) and L the fiber
length, Ppump the pump power, and Aeff

ao=Aao
(1) is the acoustic-optic effective area of the funda‐

mental acoustic mode. It is noted that the exponential (Ge) or logarithmic (GdB, in dB) gain of
the weak probe power (Pprobe) are presented by

exp( ) 1,
D

= = -probe
e s

probe

P
G G

P (12)

1010log ( ) 4.342 .= »dB e sG G G (13)

Eq. (13) is valid when Ge>>1.

From Eq. (10), one could estimate that the linewidth goes gradually to zero for very high gain,
which can be obtained by either increasing the pump power or the interaction length of the
fiber (see Eq. (11)). A zero linewidth corresponds to acoustic oscillation with an infinite time.
However, pump depletion always occurs when the single pass gain (Gs) increases, which
results in a limited effective single pass gain and in turn leads to a finite linewidth instead of
zero one.

The experimental characterization of the phenomenon of the Brillouin linwidth’s narrowing
in three SMFs are depicted in Fig. 4 [27]. When the pump power is intensified to a high value
of above ∼24 dBm (∼250 mW), the Brillouin main-peak linewidth of 180-m-long SMF becomes
increasing. This is because the pump power depletes much faster than its contribution to the
single-pass gain Gs since the probe wave experiences an amplification of more than GdB=20 dB
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for a greater pump power than ∼24 dBm. From the other point of view, during the pump-
probe-based BGS measurement, which will be described later, the Brillouin probe wave with
a down-shifted frequency of just νB feels more significantly the depletion of the pump power
than the one with a downshifted frequency of a finite offset from νB. More details of the effect
of pump depletion in SBS will be demonstrated in Section 2.3.

From Eq. (11), one can derivate the so-called pump threshold value of SBS originating from
SpBS (also called Brillouin generator). It is given by

eff

0

,k=
ao

th
eff B

A KP
L g (14)

where κ is a numerical factor (=~21) [28] that may change in terms of the fiber length [29]. If a
long-enough SMF is considered, α=0.2 dB/km (or 0.046 /km) meaning Leff=21.7 km. Aeff

ao≈
Aeff=100 μm2 and gB0=2× 10-11 m/W. For a perfectly-linearized pump wave, Pth ≈   3.2 mW; for a
completely polarization-scrambled pump wave, Pth ≈   4.6 mW.

2.2. Experimental characterization

The experimental characterization of BGS in optical fibers can be implemented by two
individual ways that depend on which principle of SpBS or SBS is based on. The SpBS based
configuration is illustrated in Fig. 5(a). A pump wave is amplified by an erbium doped fiber
amplifier (EDFA) and its polarization is optimized by a polarization controller (PC), scrambled
by a polarization scrambler (PS) or switched by a polarization switcher (PSW). It is launched
through an optical coupler or circulator into the fiber under test (FUT). A weak Stokes wave
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with downshifted frequency around νB is backscattered towards the coupler/circulator and
can be detected by three different schemes, which are depicted in Fig. 5(b). First, an optical
filter (Etalon, Fabry-Perot filter or FBG) is inserted before a photo-detector (PD) so as to
eliminate the influence of Rayleigh scattering on Stokes wave and spectrally analyzed by an
electrical spectrum analyzer (ESA) [2, 30]. Second, Stokes wave is optically mixed with a part
of the pump wave (serving as an optical oscillator) and then detected or heterodyne-detected
by a high-speed PD or a high-speed balanced PD, which is directed to the ESA [31]. Third,
heterodyne detection can be carried out at an intermediate frequency (IF) range by tuning the
frequency of the optical oscillator or further using of a local microwave (RF) oscillator before
ESA [32].

Figure 5. Experimental setup of BGS measurement based on spontaneous Brillouin scattering (SpBS). (a) Basic configu‐
ration. LD: laser diode; PC: polarization controller; PS: polarization scrambler; PSW: polarization switcher; EDFA: erbi‐
um-doped fiber amplifier; ESA: electrical spectrum analyzer. The dashed boxes of Function Generator or Pulse
generator are used for distributed SpBS measurement. (b) Three different methods to detect the weak Stokes wave,
corresponding to the dotted box “i” in (a) with two optical ports (port 1 and port 2) and one electrical port (port 3).
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The pump-probe-based experimental configuration, depicted in Fig. 6(a), is more attractive to
investigate the BGS in optical fibers (especially with very short length) since SBS process occurs
and high Brillouin gain can be utilized. Two light waves from a laser unit are the optical sources:
the one with larger optical frequency (f0) serves as SBS pump and the other with lower optical
frequency (f0-ν) works as SBS probe wave. They are launched into the opposite ends of FUT so
as to ensure their counter-propagation and generate intense SBS interaction. The pump wave
transfers intense energy to the probe wave, called Brillouin gain; in contrast, the probe wave
absorbs energy from the pump wave, called Brillouin loss. The magnitude of both Brillouin gain
and loss depends on the frequency offset (ν) between the pump and probe waves, deter‐
mined by the Lorentzian feature of BGS (see Eq. (7)). Subsequently, the BGS can be character‐
ized by monitoring the power of the probe wave at PD1 (i.e. Brillouin gain) [8] or that of the
pump wave at PD2 (i.e. Brillouin loss) [33] as a function of ν (provided by the laser unit),
respectively. Recently, a scheme based on a combination of Brillouin gain and loss was newly
proposed to enhance the signal to noise ratio (SNR) of the BGS measurement [34]. It can be
realized by periodic switching of the pump and probe wave and detected at either PD1 or PD2.
Besides, the simultaneous detection of PD1 and PD2 followed by a subtraction may work equally.

Figure 6. Experimental setup of BGS measurement based on stimulated Brillouin scattering (SBS). (a) Basic configura‐
tion. (b) Three different methods of laser unit (dotted box “i" in (a)) with two optical ports and one electrical port. The
dashed boxes of Function Generator or Pulse generator are used for distributed SBS measurement. (c) Three schemes
of detection unit shown in dotted box “j” in (a).
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The laser unit shown in Fig. 6(a) comprises three ports (two corresponding to optical fields
and the other to the revealed value of ν or a microwave/RF input), which has three different
schemes as illustrated in Fig. 6(b). First, one can utilize two individual lasers under frequency/
phase locking and frequency countering [33]. Second, one laser is divided into two parts. One
part is amplified by an EDFA working as pump wave; the second part serving as probe wave
is modulated by an electro-optic intensity modulator (EOM) to generate two sidebands
working as probe wave[25]. An optical filter is inserted before launching into the FUT or laid
after PD1 so as to cut off the influence of the frequency-upshifted sideband. Third, the second
part can be also modulated by a single-sideband modulator [35] to get well-suppressed
frequency-downshifted sideband directly serving as probe wave. There are also three schemes,
depicted in Fig. 6(c), to realize the detection unit shown in Fig. 6(a). The first and simple scheme
is related to the first scheme of the laser unit. A personal computer with a multi-channel data
acquisition card (DAQ) can catch the value of ν and record the data of PD1 and/or PD2 so as
to pick up the Brillouin signal (gain and/or loss) as a function of ν. The second and third
schemes in Fig. 6(c) can be used for either the second and/or third laser unit in Fig. 6(b),
respectively. For instance, a high-cost vector network analyzer provides a frequency-tuned RF
signal to modulators and simultaneously detect the Brillouin signal [36]. Alternatively, the RF
signal can be achieved from a microwave synthesizer and the data of PD1 and/or PD2 can be
picked up by a DAQ with or without a lock-in amplifier (LIA). It is notable that the use of LIA
for detection unit requires an intensity-chopping of the pump wave by an additional EOM [10]
or periodic switching of upshifted or downshifted sideband at the SSBM [34], which is
advantageous for characterization of very weak BGS or a short-length FUT due to its high SNR
and accuracy[12, 34, 37].

Figure 7(a) depicts a high-accuracy experimental setup of pump-probe SBS-based BGS
characterization by use of SSBM and LIA for a short-length FUT [37]. An EDFA is inserted
after the SSBM to increase the probe power, which is aimed to reduce the impact of Rayleigh
scattering or splicing/crack induced reflection of the pump wave in the FUT. The optical lights
after a circulator include the following components:

0 ,d= + + R
tot probe probe pumpP P P P (15)

where Pprobe
0 denotes the probe power experiencing no Brillouin amplification, ∆Pprobe the

amplified probe power, and Ppump
R the reflected pump power. Thanks to the lock-in detection,

the component of Pprobe
0 is effectively cut off by the LIA since it has no relationship with the

chopped pump power given by

0( ) cos(2 ),p= ×pump pump chP t P f t (16)

where fch is the chopping frequency. Simply assuming that there is no depletion for pump
power and no optical propagation loss for either probe or pump light, ∆Pprobe can be expressed
by
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0
0 ( ) ( ) ,d n n= × - ×probe probe pumpP g P f P (17)

If R denotes the reflectivity of pump power arising from both Rayleigh scattering and some

reflection points, the reflected pump power can be expressed:

0[ ] ,= - ×R
pump pump lossP P P R (18)

where Ploss is the so-called Brillouin loss of pump power during Brillouin interaction which is

approximately equal to ∆Pprobe as

0 0( ) cos(2 ),d n p= = × × ×loss probe probe pump chP P g P P f t (19)

Figure 7. High accuracy pump-probe-based BGS characterization. (a) Experimental setup. (b) Characterized BGS. (c)
Measurement accuracy. ((a) and (b) after Ref. [37]; © 2007 OSA.)
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The demodulated electric amplitude via a LIA at fch is given by

0 0( ) (1 ) ,né ù= × × - + ×ë ûde probe pumpP P g R R P (20)

where the part of Pprobe0 ⋅ g(ν) ⋅(1−R) ⋅Ppump0  is the signal to be detected by the LIA and the
rest part of R ⋅Ppump0  is the noise level. From it, one can deduce the signal-to-noise ratio (SNR):

0 ( ) (1 )
,

n× × -
= probeP g R

SNR
R

(21)

which is independent on the pump level, but just determined by the probe power of Pprobe
0 and

the reflection rate of R as well as the BGS of g(ν). In other words, an increase of probe power
can drastically enhance SNR and also improve the system accuracy. As an example, Figure
7(b) shows a characterized fundamental-order or higher-order resonance BGS in a w-shaped
high-delta fiber with fluorine inner cladding (F-HDF) [37]. The measurement system has a high
accuracy of 0.13-MHz standard deviation at laboratory condition or 0.05 MHz for well-
temperature-controlled condition, as illustrated in Fig. 7(c).

2.3. Pump depletion effect

As mentioned above (see Fig. 4), pump depletion effect influences the linewidth of pump-
probe-based BGS. Early in 2000 [38], it was first observed that the spectrum broadening and
hole burning occurs in a SBS generator (i.e. noise-started spontaneous Brillouin scattering).
The reason was thought as the waveguide interaction among different angular components of
the pump and backscattered Stokes signals. Besides, during the application of SBS-based
amplifier, two coherent optical waves with precise frequency difference equal to Brillouin
frequency shift are launched into optical fibers; then a frequency-scanned weak signal could
suffer non-uniform amplification if the two waves’ powers are too high [39, 40]. In SBS-based
distributed fiber optical sensor, which will be introduced in Section 3, two coherent waves
(pulse and/or continuous wave (CW)) are injected into the two opposite ends of the sensing
fiber. Recently, it was found that pump depletion of pump-probe-based system configuration
could induce a significant measurement error of the local Brillouin frequency shift in the far
end of the probe (Stokes) wave [41].

Assuming that CW probe wave, Ps(0), is injected at the near end of the fiber (z=0) while CW
pump wave, Pp(l), is launched at the far end of the fiber (z=l with l the fiber length). Considering
the steady-state condition and neglecting the transmission loss of the fiber, the coupling
equations of Eq. (4) and Eq. (5), describing the SBS interaction, can be modified to the dimen‐
sionless equations [42]:

,=p
p s

dQ
kQ Q

dx
(22)
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,=s
p s

dQ kQ Q
dx

(23)

where Qp=Pp/Ps(0) and Qs=Ps/Ps(0) represent the normalized pump and probe waves with
respect to the injected probe wave of Ps(0), x=z/l is the normalized position, and k=G∙l∙Ps(0) is
the normalized Brillouin gain with G=g(ν)/Aeff. Figure 8(a) illustrates the normalized BGS at
different positions of an arbitrary-length SMF, which are numerically calculated according to
Eqs. (22) and (23). It is found that BGS gradually gets broadened, saturated, and hole-burned
when the position moves from the far end (z=l) towards the near end of the fiber (z=0). We
define the BGS saturation as the critical condition of spectral hole burning phenomenon.

Further introduce the injected power ratio between pump and probe waves, defined as
γ=Qp(x=1)=Pp(l)/Ps(0). Since dQp/dx=dQs/dx, the difference between Qp and Qs maintains a
constant (A), i.e. A=Qp-Qs, which is determined by k and γ. Consequently, the analytical
solutions to Eqs. (22) and (23) are derived as

( )
( )

1
,

1 1

-

-

+
=

+ -

kAx

p kAx

A A e
Q

A e
(24)

( )
.

1 1-=
+ -s kAx

AQ
A e (25)

The critical condition of the spectral hole burning phenomenon can be theoretically expressed
by:

0.
n

=sdQ
d

(26)

By numerically solving Eqs. (24)-(26), one can interpret the critical condition by two different
ways: (1) the critical position xc for the fixed pump and probe power; (2) the critical powers
for a specific position of the fiber. Figure 8(b) depicts the calculated relation of xc to k and γ,
which indicates that xc moves towards the fiber far end when k and γ reach higher values (i.e.
the fiber gets longer or the injected powers are stronger). It means that the pump depletion
gets worse since much longer segments in the fiber suffer spectral hole burning. It is notable
to address that the physical nature of the critical powers is essentially the same as that of the
critical position because they can be also deduced by the contour (i.e. k-γ curve) at a fixed
position x in Fig. 8(b):

( )0 / ,=sP k GL (27)
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Figure 8. (a) Simulated BGS at different positions in the fiber. (b) Critical position xc, determined by the normalized
gain k and injected power ratio γ. The critical positions divide the fiber into two parts with and without the spectral
hole burning phenomenon. Measured BGS in the middle (c) or at the end (d) of a 50-m-long fiber. (after Ref. [42]; ©
2014 JJAP.)

Figure 8(c) and 8(d) illustrates the measured BGS under different pump power for two different
positions (in the middle and at the far end, respectively) of a 50-m-long dispersion compen‐
sated fiber (DCF). The probe power is fixed at 9.8 dBm. At the far end, the BGS [see Fig. 8(d)]
rises with the power increased but always preserves the Lorentz shape. While in the middle,
the experimental result [see Fig. 8(c)] is in a qualitative accordance with the numerical analysis
[see Fig. 8(a)]. The Brillouin gain keeps rising with the increase of optical power, while the
peak at the local Brillouin frequency shift seems to be saturated gradually and a hollow starts
appearing when it reaches ~20 dBm, which is just the spectral hole burning phenomenon. The
hollow in the BGS may introduce great errors to pump-probe-based Brillouin distributed
sensors since it disables the peak-searching of the Brillouin frequency shift.

The pump power leading to the BGS saturation is approximately characterized as the critical
pump power (for instance, 21.3 dBm at z=30 m). The measured critical powers for two positions
(z=20 m or 30 m) of 50-m-long DCF are depicted in Fig. 9, where the simulated critical powers
are compared. It illustrates that the critical pump powers approximately measured for several
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probe powers (open symbols) have very similar trend as the theoretical analysis (curves). It is
clear that the position of bigger z requires greater critical powers. This is because the pump
depletion is weaker and the distortion of the BGS is less serious if the position is much closer
to the fiber far end.

Figure 9. Critical powers for two different positions in a 50-m-long DCF. Solid and dashed curves, simulation; open
symbols: experiment. (after Ref. [42]; © 2014 JJAP.)

3. Brillouin–based distributed sensors

3.1. Sensing of measurands

The first report of Brillouin based distributed optical fiber sensors [43] was based on the same
principle as that of optical time domain reflectometry (OTDR) or Raman based OTDR
(ROTDR) technique as a non-destructive attenuation measurement technique for optical fibers.
In that proposal [33], SBS process was performed by injecting an optical pulse source and a
continuous-wave (CW) light into two ends of FUT. When the frequency difference of the pulse
pump and CW probe is tuned offset around νB of the FUT, the CW probe power experiences
Brillouin gain from the pulse light through SBS process. Similarly like the case of OTDR, the
SBS distributed measurement could measure attenuation distribution along the fiber having
no break from an interrogated optical power as a function of time, but it has much higher
signal-to-noise ratio (more than ~10 dB) than OTDR due to SBS high gain. Later, Horiguchi
and co-researchers found that this non-destructive can be extended into a frequency-resolved
technique because νB of optical fibers has linear dependence on measurands of strain and
temperature as follows [44, 45]:

0 ,n n de d- = × + ×B B A B T (29)
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where νB0 is measured at room temperature (25oC) and in the “loose state” as a reference point,
∆ε the applied strain and ∆T the temperature change. The “loose state” means that the FUT is
laid freely in order to avoid any artificial disturbances. A (or Cνε) is the strain coefficient in a
unit of MHz/με and B (or CΤε) is the temperature coefficient in a unit of MHz/ oC. Figure 10
illustrates the characterized strain or temperature dependence in a standard SMF under the
experimental setup of Fig. 7(a), where the BGS always moves towards higher νB and its gain
reduces or increases when ∆ε or ∆T is increased, respectively. At 1550 nm, A=0.04~0.05 MHz/
με and B=1.0~1.2 MHz/ oC, which depends on the fiber’s structure and jackets. Note that Eq.
(29) is the basic sensing mechanism of Brillouin-based distributed sensors.

The nowadays telecom optical fibers (ITU-T G.651, G.652, G.653, and G.655) mostly have
GeO2-doped fiber cores [46] and pure-silica (or other-doped-silica) cladding. Naturally, the
GeO2 doping induces the reduction of the longitudinal acoustic velocity in GeO2-doped core
Vl1 with respect to that in pure-silica cladding Vl2 (i.e. Vl1 < Vl2) [24, 47]. It provides a waveguide
of longitudinal acoustic modes in the core region as schematically depicted in Fig. 3(b). A recent
study further proves that the acoustic modes sense better confinement than the optical modes
in a GeO2-doped optical fiber [13]. The enhanced confinement results in the existence of
multiple L0l acoustic modes in a single-mode optical fiber (SMF) [8], and also leads to that the
first-order L01 acoustic mode among all L0l modes is best confined in the core and even better
confined than the fundamental LP01 optical mode [13]. Furthermore, the enhanced confinement
shows that the effective acoustic velocity of L01 mode (Va) is close to Vl1 (i.e. Va ≈ Vl1), the
longitudinal acoustic velocity in the core. Therefore, the change of the L01 mode’s effective
acoustic velocity Va is dominantly due to the change of the core’s acoustic velocity Vl1 but
negligibly (less than 1%) due to that of the cladding’s acoustic velocity Vl2, even though the
core’s acoustic velocity Vl1 and the cladding’s acoustic velocity Vl2 vary equally [12].

The longitudinal acoustic velocity Vl1 in the GeO2-doped core (approximately, the L01 mode’s
effective acoustic velocity Va) is determined by the Young’s modulus (E1) and the density (ρ1)
[48]:

1 1 1/ ,r» =a lV V E (30)

For convenience, we introduce a normalized strain coefficient (A’=A/νB0, in a unit of 10-6/με)
and a normalized temperature coefficient (B’=B/νB0, in a unit of 10-6/ oC). The normalized strain
coefficients include three respective factors[49]:

0

' ' ' ' ,rn
º = + +neff E
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Each three parts in the right sides of Eq. (31) and Eq. (32) are determined by relative change
rates in neff, E1, and ρ1 due to the applied strain ∆ε or the temperature change ∆Τ. A’neff and B’neff

are determined by the elasto-optic and thermo-optic effects; A’ρ and B’ρ are subject to the strain-
induced distortion and the thermal expansion; A’E and B’E are decided by the strain-induced
second-order nonlinearity of Young’s modulus and the thermal-induced second-order
nonlinearity of Young’s modulus.
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Figure 10. (a) Stain and (b) temperature dependences of BGS in SMF; (c) Strain and (d) temperature dependences of
Brillouin frequency shift νB in SMF.

Strict experimental characterization on a series of optical fibers with different GeO2 concen‐
tration is depicted in Fig. 11 [49]. The BFS has linear dependence on the GeO2 concentration in
the fiber’s core (i.e.-87.3 MHz/mol%), which corresponds to νB0 change of-87.3 MHz regarding
1-mol% increase of GeO2 concentration in the core (i.e. an incremental ∆ of 0.1 %). It specifies
the previously reported values [25, 50, 51]. Besides, the frequency spacing between neigh‐
bouring acoustic modes increases by orders when the GeO2 concentration is enhanced, for
example, ~50-60 MHz for Fiber-A (SMF, 3.65 mol%) versus ~700-720 MHz for Fiber-C (HNF,
17.0 mol%).
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The normalized strain and temperature coefficients defined in Eq. (31) and Eq. (32) were
characterized by repeating the BGS measurement under different applied strain and temper‐
ature change. It shows a linear dependence of A’ or B’ on GeO2 concentration with slope of-1.48
%/mol% or-1.61 %/mol%, which denote that A’ and B’ are relatively decreased by-1.48 %
and-1.61 % for an incremental ∆ of 0.1 %. The theoretical study further indicates that both the
strain and temperature dependences in Eq. (29) are dominantly (~92%) responsible from the
strain-induced and thermal-induced second-order nonlinearities of Young’s modulus, that is,
Eq. (31) and Eq. (32) [49].

3.2. Sensing of location

Besides the sensing of measurands (see Eq. (29)), the mapping of spontaneous or stimulated
Brillouin scattering process (not just non-destructive attenuation measurement [43]) is another
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Figure 11. (a) BGS, (b) BFS, (c) normalized strain coefficient, and (d) normalized temperature coefficients in silica opti‐
cal fibers with different GeO2 concentration. (After Ref. [49]. © 2008 OSA/IEEE.)
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key issue to realize distributed optical fiber sensing [52-54]. Two different mapping ways, as
schematically illustrated in Fig. 12, were proposed. One is to repeat the localized BGS in
scanned positions along the FUT; the other is to repeat the Brillouin interaction under different
frequency offset.

There are three different mapping or position-interrogation techniques, including time domain
[33, 52-56], frequency domain [57, 58], and correlation domain [59-61]. Regarding the injection
ways of optical fields, there are two opposite groups, i.e. analysis versus reflectometry. The
analysis is two-end injection based on SBS; while the reflectometry is one-end injection based
on SpBS. Comparably, the analysis has much higher SNR than the reflectometry. Note that
there is an additional method between analysis and reflectometry, called one-end analysis [55,
62, 63]. Its only difference from the traditional (two-end) analysis is the one-end injection and
its SBS process occurs between the forward pump and the backward probe wave that is
reflected at the far end of FUT.

The basic principle of time-domain sensing technique is the “time-of-flight” phenomenon in
FUT. For two-end or one-end analysis, named Brillouin optical time domain analysis (BOTDA)
[33, 52, 54], one of pump and probe waves is pulsed in time and the other is continuous wave
(CW). Subsequently, they are successively interacted along the FUT during the time-of-flight
of the pulsed wave. In contrast, for one-end reflecometry, called Brillouin optical time domain
reflectometry (BOTDR) [53, 56], the pump wave is pulsed in time and the SpBS Stokes wave
is reflected along the FUT during the pump’s time-of-flight. The basic experimental configu‐
ration of BOTDR or BOTDA can be simply carried out in Fig. 5 or Fig. 6, respectively. The
required modification is to insert an optical pulse generator (for example, an electro-optic
intensity modulator driven by an electric pulse generator). The spatial resolution (∆ZTD) of
time-domain distributed sensing is physically determined by the pulse width (τ)[43]:

,
2
t ×

D =TD
cZ

n
(33)

where c is the light speed in vacuum and n the group velocity of the pulse. The BGS mapping
is realized by repeating the above measurement when the spectrum of the reflected Stokes in
BOTDR is processed or the optical frequency offset between the pump and probe in BOTDA
is tuned around the BFS νB.

There are two kinds of correlation-domain sensing techniques, nominated Brillouin optical
correlation domain analysis (BOCDA) [59, 60] and Brillouion optical correlation domain
reflectometry (BOCDR) [61, 64]. Both of them originate from the so-called synthesis of optical
coherence function (SOCF) [65, 66]. Nevertheless, the SOCF in BOCDA or BOCDR is generated
between the pump and probe waves or between the pump-scattered Stokes wave and the
optical oscillator, respectively. In experiment, the BOCDR and BOCDA can be executed by
substituting a distributed feedback laser diode (DFB-LD) driven by a function generator (such
as in a sinusoidal function) for the light source in Fig. 5 and Fig. 6, respectively. Thanks to the
current-frequency transferring effect of DFB-LD [67], the optical frequencies of the light
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sources are simultaneously modulated also in a sinusoidal function. Subsequently, the optical
frequency offset between pump and probe or between scattered Stokes and optical oscillator
changes with time as well as position, deviating from the preset constant frequency offset
around the BFS νB. Only at some particular locations (called correlation peaks), the frequency
offset is maintained as the constant frequency offset because of the in-phase condition so that
the local SBS interaction or the beating of the local Stokes and oscillator is constructive. At
other locations rather than correlation peaks, the frequency offset is always vibrating with
time, which leads to a broadened and destructive SBS or SpBS. The spatial resolution of
BOCDA and BOCDR are both determined by[59]

,
2

n
p
D

D = ×
D

B
CD

m

cZ
nf f (34)

where fm is the modulation frequency of the sinusoidal function, ∆f the modulation depth, and
∆νB the Brillouin linewidth defined in Eq. (10). Since the SOCF is naturally realized by an
integral or summation signal processing in photonics or electronics, all SBS or SpBS along the
entire FUT should be accumulated together (as an example shown in Fig. 6(a), accumulated
by a LIA). Consequently, the maximum measurement length (or sensing range, LCD) is decided
by the distance between two neighboring correlation peaks [59]:

.
2

=CD
m

cL
nf (35)

Because of the difference of the physical pictures between time domain and correlation
domain, their sensing performance is different. For example, the spatial resolution of BOTDA/
BOTDR was typically limited to be ~1 m by the lifetime of acoustic phonons (10 ns) and the
nature of intrinsic Brillouin linewidth. However, BOCDA/BOCDR is of CW nature free from
this limitation, and their spatial resolution can be ~cm-order [60, 68] or even ~mm-order [69].
Since BOTDA/BOTDR carries out the whole mapping of BGS along the FUT during the time-

Figure 12. Schematic of sensing of location or mapping of BGS.
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of-the-flight while BOCDA/BOCDR realizes the distributed sensing by sweeping the modu‐
lation frequency (or correlation peak), the sensing speed is different. The entire sensing speeds
for both BOTDA/BOTDR and BOCDA/BOCDR are time-consuming due to the tuning of
pump-probe frequency offset, averaging of mapping, and signal processing of data fitting.
However, the sensing position of BOCDA/BOCDR can be random accessed [59, 61], and the
dynamic sensing with high speed at the random accessed position is possible [70, 71]. The
detailed difference of other performances will be described in Section 4 and Section 5.

4. Challenges in Brillouin based distributed optical fiber sensors

4.1. Simultaneous measurement of strain and temperature

As explained in Section 3, all Brillouin based distributed optical fiber sensors interrogate the
Brillouin frequency shift so as to deduce strain and temperature information based on Eq.
(29). It naturally gives a physical challenge, i.e. how to distinguish the response of strain from
the response of temperature based on the single parameter of BFS interrogation in a single
piece of sensing fiber. In current industrial practices, two individual fibers or two fibers in a
fiber cable are used to discriminate the strain and the temperature: the first one is embedded
or bonded at the target material/structure to feel the total responses of strain and temperature,
while the second fiber is placed beside the first one and kept in loose condition so that it feels
the response of temperature only. Another way is to use two distributed sensing systems with
two individual fibers [72-75]: one Raman-based or Rayleigh-based sensor is to monitor the
temperature; the other Brillouin sensor to monitor the temperature and strain. After distrib‐
uted sensing measurements, the strain and temperature responses can be calculated by
mathematics. However, the above practices make the entire sensing system complicated and
the calculated responses of strain and temperate change with service time.

Practical applications of Brillouin based distributed optical fiber sensors require a method to
effectively discriminate them by use of two intrinsic parameters (denoted by y1 and y2) in one
sensing fiber. Their changes (∆y1 and ∆y2) depend on simultaneously the applied strain (∆ε)
and temperature change (∆T), which are governed by the following matrix:

1 1 1

2 2 2

,
eD Dæ ö æ öæ ö

=ç ÷ ç ÷ç ÷D Dè øè ø è ø

y A B
y A B T

(36)

where A1 (A2) and B1 (B2) are the strain and temperature coefficients of y1 (y2), respectively.
Both ∆ε and ∆T can be deduced from Eq. (36), given by
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It is obvious to know that the condition that the strain and temperature can be successfully
distinguished is determined by

1 2 1 2 .¹A B B A (38)

In fact, the Brillouin-based distributed sensing system always suffer a measurement uncer‐
tainty (∆y1 and ∆y2), which is in a linear proportional relation with the discrimination errors
in strain (∆ε) and temperature (∆T), also given by Eq. (37).

A possible solution using one fiber is to monitor two acoustic resonance peaks at different
orders of Brillouin gain spectrum (BGS) in a specially-designed optical fiber [13, 37, 76, 77]. So
far, this method cannot ensure accurate discrimination because all the acoustic resonance
frequencies exhibit similar behaviors in their dependences on strain and temperature (see Fig.
11) [49]. There is another kind of method reported for discrimination that relies on the
possibility that the peak amplitude and BFS of the BGS could have quantitatively different
dependences on strain and temperature [78-81]. Its accuracies is not sufficient (e.g., several
degrees Celsius and hundreds of micro-strains), which is mainly due to the low signal-to-noise
ratio in the BGS peak-amplitude measurement particularly for distributed sensing where
troublesome noise from non-sensing locations is accumulated.

4.2. System limitation of time-domain or correlation-domain technique

There are several system limitations in time-domain BOTDA/BOTDR and correlation-domain
BOCDA/BOCDR, which comes from their individual sensing techniques. For example,
BOTDA/BOTDR suffers a typical limitation of spatial resolution (~1 m) mainly determined by
the linewidth of BGS or the lifetime (~10 ns) of acoustic phonons. Narrower pulse width
corresponding to higher spatial resolution according to Eq. (33) weakens the acoustic phonons
due to the lifetime of the acoustic phonons and leads to broader BGS as well as lower frequency
accuracy due to the convolution between the intrinsic BGS and broader spectrum of the pulse
[82, 83]. Moreover, although the time-of-the-flight feature of BOTDA/BOTDR is suitable for
long distance sensing, the nature of pump depletion and fiber transmission loss confines the
maximum of measurement range within several tens of kilometers [84].

On the other hand, BOCDA/BOCDR can provide extremely high spatial resolution of cm
order  or  mm order  with  a  cost  of  system complexity.  However  the  correlation-domain
sensing nature means that there intrinsically exist periodic correlation peaks in the fiber.
Besides, the nominal definitions of spatial resolution and measurement range (see Eq. (34)
and Eq. (35)) show that they both depend on the modulation frequency and thus they are
in a tradeoff relation with each other [59]. The accumulation of the entire BGS along the
FUT corresponding to the measured BGS at the sensing location should include a high-
magnitude background of the BGS at the uncorrelated positions, which makes it difficult
achieve large range of strain or temperature since higher strain or temperature change shifts
the measured BGS closer to the background. As introduced in Section 3.2, the access ability
of BOCDA/BOCDR is random and the sensing speed in one location is high. However, the
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sensing speed along the entire  FUT is  still  low and just  comparable  to  BOTDA/BOTDR
because  the  scanning  of  the  sensing  location  is  realized  by  changing  the  modulation
frequency (see Eq. (35)), which needs quite long time to restart the communication among
electronic devices (specially, function generator).

5. Advances in Brillouin based distributed optical fiber sensors

5.1. Concept of Brillouin dynamic grating

Dynamic grating can be generated by use of gain saturation effect in rare-earth-metal-doped
optical fibers [85-87] or stimulated Brillouin scattering (SBS) process in optical fibers [88-93]
and even in a photonic chip [94]. Dynamic grating is more advantageous for certain applica‐
tions than fiber Bragg grating (FBG) [95] because it can be dynamically constructed using two
coherent pump waves while FBG is static after fabrication. In comparison, the SBS-generated
dynamic grating, also called Brillouin dynamic grating (BDG), is superior to the saturation
gain grating due to its elasto-optic nature and lack of quantum noise [1]. In addition, the BDG
is much easier to experimentally characterize [88, 90-93] while the saturation gain grating needs
sophisticated double lock-in detection [86].

Up to date, there are various methods to generate BDG in optical fibers, which are schemati‐
cally compared in Fig. 13 [93]. The basic principle of BDG in optical fibers is quite similar,
which is shown in Fig. 13(a). Two coherent optical waves, i.e. the pump and probe (or Stokes)
waves in the SBS process, are launched from the two opposite ends of optical fibers. When
their optical frequency offset (ν1= f 1 - f 1') is equal to the BFSvB as well as the resonance
frequency of the fundamental acoustic mode (νac(1)) defined by Eq. (8):

(1)
1 1 1 B' ,n n nº - = = acf f (39)

where f1 and f1’ are the optical frequencies of the pump and probe waves, a strong acoustic
wave of the fundamental acoustic mode (the so-called BDG) is optically generated. As long as
the third optical wave (i.e. the readout wave) is injected from the same end as the pump wave,
there is a diffracted/reflected optical wave originating from the BDG. The diffraction or
reflection efficiency (also called BDG reflectivity) is determined by the phase-matching
condition, under which the pump/probe and readout wave can efficiently couple their energy
via the BDG.

The method of BDG generation and detection can be classified into two different cases, which
depends on the used optical fibers. In the first case of polarization maintaining fiber (PMF)
[88-90] or few-mode fiber (FMF) [91] (see Fig. 13(b)), the BDG generation is separated from the
BDG detection by use of orthogonal polarization states or different optical modes, respectively.
The phase-matching condition means that the BFS of the BDG generation and detection should
be unique as Eq. (39), which results in a frequency difference determined by the PMF’s
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birefringence (B) or the FMF’s modal refractive index difference (neff-neff’ with neff’ the higher-
order modal refractive index):
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where f 2 is the optical frequency of the readout wave.

As shown in Fig. 13 (c), the BDG in a SMF [92] or dispersion shifted fiber (DSF) [93] can be
generalized into the second case. If the readout wave with the optical frequency of f 2 is
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Figure 13. Principle of BDG in an optical fiber. (a): Orientation of optical injection. (b) and (c): Two different cases of
the optical frequency relation among the pump, probe (Stokes), readout, and BDG reflection. (After Ref. [93]; © 2013
OSA.)
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launched for BDG detection, multiple-peak Stokes wave is intrinsically backscattered via SpBS.
The ith-peak Stokes wave is downshifted in frequency from the readout wave by

(i) (i)
2 2

2
,n = × ×eff

a

n
V f

c
(42)

where Va(i) is the acoustic velocity of the ith-order acoustic wave. The phase-matching condition
of the BDG generation and detection turns to be determined by the frequency difference
between the pump and readout wave:

(i) (1)
(i) (1)1 1

2 1 1 1(i) ,
1 2 /
n n n n-

D º - = » -
- × a

f f f
n V c

(43)

where ν1(i) is the ith-order resonance frequency of the BGS measured by the pump-probe SBS
process, also given by Eq. (42) except that f 2 is replaced by f 1. The approximation in Eq. (43)
is reasonable since the acoustic velocity (Va(i)=~5300-5900 m/s) in silica-based fibers is far
smaller than the optical velocity (c=3.0× 108 m/s) [11]. Note that the BDG observed in a SMF
[92] can be regarded as one special example of the generalized second case withΔ f =0 or f 2= f 1
in Eq. (43) because the BDG generation and detection share the same fundamental acoustic
mode.

In comparison, the method based on a PMF is more attractive because the BDG generation and
readout are oriented and separated in two orthogonal polarization states [88-90]. The frequen‐
cy-deviation property provides an additional degree of freedom to precisely characterize the
birefringence according to Eq. (28). Figure 14 depicts the optical spectra of the BDG reflection
measured by an optical spectrum analyzer (OSA), including four components (leaked pump
and probe waves, BDG reflected wave, and Rayleigh scattered wave from left to right). The
BDG property is qualitatively confirmed by the great enhancement of the third component
(BDG reflected wave), since it is transferred from weak SpBS to strong SBS process under the
assistance of the BDG generated by pump and probe waves. The frequency deviation can be
roughly estimated to be 44.0 GHz by a wavelength meter, which gives the birefringence value
of 3.28*10-4. However, the resolution is limited to about 1*10-6 due to 0.1 GHz-level resolution
of the wavelength meter.

Most recently, a heterodyne detection was demonstrated to straightforwardly characterize the
physical BDG property in a high-delta PMF [96]. Figure 15(a) summarizes a 3D distribution of
the heterodyne-detected electronic spectra between the BDG reflection and the readout wave
while scanning the pump–probe frequency offset (ν1 or f1-f1') around the BFS of 10.510 GHz.
The peak frequency and power dependence of the on f1-f1' are shown in Fig. 15(b) and Fig.
15(c), respectively. The frequency dependence is a linear relation because the acoustic reso‐
nance frequency of the BDG is determined by f1-f1' so that the diffraction wave suffers the
identical frequency downshift from the readout wave. The Brillouin gain determined by the
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pump-probe-based SBS process is well known to be changed when f1-f1' is swept [12], which
is herein reflected by the measured power dependence [see Fig. 15(c)] since the diffraction/
reflection wave sees the same change of the induced Brillouin gain. As shown in the inset of
Fig. 15(c), Lorentz fitting provides the central frequency of ~10.510 GHz (just equal to the BFS),
and Brillouin intrinsic linewidth of ~18 MHz. All experimental observation matches well the
theoretical analysis of the BDG [97].

5.2. Complete discrimination of strain and temperature

As mentioned in Section 5.1, the BDG in a PMF can be generated by two coherent pump and
probe waves in one principal polarization while readout by another wave deviated in fre‐
quency and separated spatially in the other principal polarization. This feature enables the
BDG in a PMF working as a dynamic reflector for any optical wavelength of the readout wave
by simply tuning the wavelengths of the pump and probe waves. The location of the BDG
generation can be also dynamically assigned by changing the fiber’s longitudinal structure [98]
or programing the interaction position of the pump and probe waves [90, 99-103]. Up to date,
the BDG in a PMF has been used for many applications in microwave photonics, all-optical
signal processing, and Brillouin-based distributed sensors. For example, the BDG programmed
in position or spectrum is very useful in microwave photonics of tunable optical delays [98,
104-106] or programmable microwave photonic filter [107]. Besides, it can also find significant
applications in all-optical signal processing such as storing and compressing light [108],
ultrawideband communications [109], and all-optical digital signal processing [110].

The first, but most successful, application of the BDG in a Panda-type PMF was demonstrated
for complete discrimination of strain and temperature responses for Brillouin based distrib‐
uted optical fiber sensing applications [89]. Figure 16 shows the basic experimental configu‐
ration of the high-precision BDG characterization, which can be used to precisely measure the
birefringence of a PMF and to completely discriminate strain and temperature. The BDG
generation is based on the pump-probe scheme, which is also the high-accuracy BGS charac‐
terization shown in Fig. 7(a). The BDG measurement is realized by the lock-in detection of the
BDG reflection since the BDG is periodically chopped due to the chopping of the pump wave.
The birefringence-determined frequency deviation defined in Eq. (40) is characterized within
a standard error of ∆fyx=4 MHz, corresponding to a high-accuracy birefringence of ∆B=3 × 10-8.

The principle of the complete discrimination is based on the dependence of the BFS on strain
and temperature as introduced in Eq. (29) and the orthogonal dependence of the birefringence
(B) or its determined frequency deviation on strain and temperature. This is because the
residual tensile stress (σxy) determining the Panda-type PMF’s birefringence scales with the
ambient temperature (Ti):

3 2  ( -  ) ( - ),s a aµ = × ×xy fic iB k T T (44)

where Tfic denotes the fictive temperature (e.g., 850 oC) of silica glass, α3 (α2) the thermal
coefficient of B2O3-doped-silica stress-applying parts (pure-silica cladding), and k a constant
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determined by the geometrical location of stress-applying parts in the fiber [111]. When
temperature increases (∆T=Ti-25 > 0), the residual stress is released and thus the birefringence
decreases as
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where B0 is the intrinsic birefringence at room temperature (Ti=25 oC).
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Figure 16. Configuration of the BDG characterization and strain-temperature discrimination. Part A, Pump-probe
scheme to measure the BFS along x-axis and generate the BDG. Part B, Detection of the BDG diffraction spectrum to y-
polarized readout wave. (After Ref. [89]; © 2009 OSA.)

In contrast, when an axial strain ∆ε is applied upon the fiber, additional stress is generated
because the stress-applying parts and the cladding contract in the lateral direction differently
due to their different Poisson’s ratios (γ3>γ2) [111], the birefringence is enlarged with applied
strain as
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Consequently, the birefringence-determined frequency deviation (∆f) varies linearly with
respect to temperature increase and to applied strain. Suppose that Cfε and Cf

Τ are the strain
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In contrast, when an axial strain ∆ε is applied upon the fiber, additional stress is generated
because the stress-applying parts and the cladding contract in the lateral direction differently
due to their different Poisson’s ratios (γ3>γ2) [111], the birefringence is enlarged with applied
strain as
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Consequently, the birefringence-determined frequency deviation (∆f) varies linearly with
respect to temperature increase and to applied strain. Suppose that Cfε and Cf

Τ are the strain
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coefficient and the temperature coefficient of the birefringence-determined frequency devia‐
tion, which can be deduced from Eqs. (40), (44), (45) and (46) as follows:
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where ∆f0 is the frequency deviation at 25oC and in loose condition.

By jointly considering the BFS (νB) and the frequency deviation (∆f), one can deduce the strain
(∆ε) and temperature (∆Τ) referred to Eq. (37):
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where ∆f0 and νB0 are the frequency deviation and the BFS at room temperature and in loose
state.

In physics, the two phenomena/quantities, i.e. the νB and ∆f of the fiber, are inherently
independent. In mathematics, Cf

Τ has a sign opposite to those of other three coefficients, so that
the denominator (Cνε Cf

Τ-CνΤ Cfε) of Eq. (48) has a significant value. The experimental results
are depicted in Fig. 17 and Fig. 18, which give the two groups of coefficients (Cνε=+0.03938
MHz/με and CνΤ=+1.0580 MHz/oC; and Cfε=+0.8995 MHz/με and Cf

Τ=-55.8134 MHz/ oC).
Putting above strain/temperature coefficients into Eq. (48), and taking the standard errors of
the measurement system (∆νΒ=0.1 MHz and ∆fyx=4 MHz, respectively) into account, the
accuracy of the discrimination is given as high as ∆ε=± 3.1 με and ∆Τ=± 0.078 oC. Therefore, a
complete discrimination of strain and temperature based on simultaneous measurement of the
two quantities is ensured.

For distributed discrimination of strain and temperature, the localized BDG generation and
readout in the PMF should be firstly proved to be effective. A correlation-based continuous-
wave technique based on the BOCDA system [99] is used for random access and a pulse-based
time-domain technique based on the BOTDA system [100] is employed for continuous access.
It was found that the generation and readout waves based on the BOCDA system should be
synchronously frequency-modulated because of the dispersion properties of all four waves
(see Fig. 19) [112], including pump and probe waves, readout wave and acoustic wave (BDG
as well).

The preliminary success of distributed discrimination of strain and temperature was realized
by use of several lasers based on the BOCDA system [113] or the BOTDA system [114]. In [113],
all pump, probe, and readout waves are synchronously modulated in frequency by sinusoidal
functions to the two laser diodes. The measurement range of the distributed BGS and BDG is
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commonly given by the neighboring correlation peaks of the BOCDA system as defined in Eq.
(35). Although the spatial resolution of the BGS measurement is still given by Eq. (34), that of
the BDG reflection was thought to be determined by the BDG bandwidth (∆fyx) as follows:
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(49)

The feasibility of distributed discrimination of strain and temperature was experimentally
demonstrated with 10-cm spatial resolution. The fm=12.429 MHz determines the nominal
measurement range as dm=8.35 m according to Eq. (35). For local BGS and BDG measurement,
the ∆fB=1.5 GHz and ∆fD=10 GHz correspond to a nominal spatial resolution ∆zB=5 cm and ∆zD=8
cm [see Eq. (34) and Eq. (49)], respectively. As shown in Fig. 20(a), a ~8-m PMF sample is
prepared, which consists of nine (A-I) cascaded fiber portions of 10-16 cm in length. The A, C,
G and I portions were loosely laid at 25.1 oC for reference, while the B, D, F, and H portions
were loosely inserted into a temperature-controlled water bath with 0.1-oC accuracy. The E
portion was also inserted into the water bath and glued to a set of translation stages to load
strain. The measured distribution of the changes of ∆vB and ∆fyx are summarized in Figs. 20(b)
and 20(c), respectively. Referred to the characterized coefficients in Fig. 18 and the cross-
sensitivity matrix in Eq. (48), the deducted distribution of temperature and strain along the
fiber is depicted in Figs. 20(d) and 20(e), which clearly shows the feasibility of distributed
discrimination of strain and temperature. In [114], all pump, probe, and readout waves are
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ting). (After Ref. [112]; © 2011 OSA.)
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pulsed in time domain; in turn, the BDG generation and readout as well as the BGS and BDG
reflection are continuously localized by control of their relative delay towards the FUT and
thus the local νB and ∆f are detected for distributed discrimination of the strain and temperature
responses.
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One-laser-based Brillouin correlation-domain distributed discrimination system [112] by use
of the sideband-generation technique was recently demonstrated to overcome the frequency
fluctuation among the free-running lasers for pump, probe, and readout waves, and thus
improve the accuracy of distributed discrimination of strain and temperature. Figure 21
represents the experimental setup. A 40-GHz intensity modulator (IM2) laid after the laser
diode is driven by a radio frequency synthesizer (RF2 at νRF2) with a proper dc bias so as to
generate double sidebands with suppressed carrier (DSB-SC). The optical filtering (FBG and
tunable band-pass filter) is used to separate the two sidebands for the BDG generation and
readout. By control of the RF1 (similar to Fig. 16), the BFS can be precisely measured and then
fixed; by tuning of the RF2, the BDG reflection can be also precisely characterized; by simply
change of the modulation frequency of the one laser diode, the location of the BGS and BDG
can be swept for distributed measurement.
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Figure 21. Experimental setup of the one-laser-based Brillouin correlation-domain distributed discrimination system.
(After Ref. [112]; © 2011 OSA.)

Figure 22 shows the higher stability and accuracy (several MHz) of the one-laser scheme when
compared to the two-laser scheme (several hundreds of MHz) both under no averaging
process. Note that the one-laser scheme can also provide higher speed in the measurement of
BGS and BDG and simpler measurement without sophisticated synchronization. Its distrib‐
uted discrimination of strain and temperature was confirmed with the spatial resolution of ~10
cm and measurement range of ~5 m, which is depicted in Fig. 23 when the fiber was heated
from 25 oC to 30 oC or/and the strain (ε=2000 με) was applied both at the location of 3.1 m. The
measured results match well with the setting situation.

In order to overcome the tradeoff between the spatial resolution and measurement range
always existing in the BOCDA system, a temporal gating [115] or a dual frequency modulation
scheme [116] with a simple modification in Fig. 21 was used to elongate the measurement range
of distributed discrimination of strain and temperature. For temporal gating scheme, the pulse
modulation of RF2 makes the frequency-modulated pump, probe and readout waves optically
pulsed in time and only one of the multiple correlation peaks are effectively generated in the
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FUT. For dual frequency modulation scheme, two sinusoidal functions are combined together
to simultaneously modulate the optical frequencies of the pump, probe and readout waves.
The greater modulation frequency ensures the higher spatial resolution while the lower
modulation frequency realizes the longer measurement range. A 20 times [115] or 7 times [116]
enlargement of the ratio between the measurement range and the spatial resolution was
successfully demonstrated. It is expectable to achieve Brillouin optical correlation-domain
distributed discrimination of strain and temperature having both a higher spatial resolution
(better than 10 cm) and a longer measurement range (better than 1,000 m) by combining the
dual frequency modulation scheme with the temporal gating scheme, which is now under
study. Most recently, an apodization method under the assistance of intensity modulation was
proposed to suppress the sidelobe of SOCF and enhance the spatial resolution of the strain-
temperature discrimination by 4.5 times [117].

5.3. System improvement of sensing techniques

Many works have been involved in improving the system performance of BOTDA/BOTDR
and BOCDA/BOCDR in terms of spatial resolution, measurement range, sensing speed and
accuracy. In 1995, Bao et al. developed a Brillouin-loss-based BOTDA [118] by reversing the
functions of the pulse laser and CW light. In other words, a strong CW light acts as a Brillouin
pump wave and a pulse light with a scanned down-shifted frequency from that of the CW
light works as a probe wave [119]. After monitoring the optical loss profile of the pump wave
due to Brillouin interaction between the two light waves as a function of time or position along
the fiber, a numerical signal processing of the poor SNR was used to achieve ~25 cm spatial
resolution with a strain resolution of ~40 με [120]. A pulse-pre-pump BOTDA (called PPP-
BOTDA) was proposed to realize cm-order spatial resolution by using a wide pulse (larger
than 10 ns) followed by a narrow pulse (smaller than 1 ns) [121], which is in principle similar
to the BOTDA with a pulse generated by a finite extinction ratio [122]. A dark-pulse-based
BOTDA was later presented to hopefully obtain 2-cm spatial resolution [123, 124], which
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Figure 22. Comparison of the stability and accuracy of one-laser (solid dots) and two-laser (dashed squares) schemes of
the BDG reflection. (After Ref. [112]; © 2011 OSA.)

Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications36



FUT. For dual frequency modulation scheme, two sinusoidal functions are combined together
to simultaneously modulate the optical frequencies of the pump, probe and readout waves.
The greater modulation frequency ensures the higher spatial resolution while the lower
modulation frequency realizes the longer measurement range. A 20 times [115] or 7 times [116]
enlargement of the ratio between the measurement range and the spatial resolution was
successfully demonstrated. It is expectable to achieve Brillouin optical correlation-domain
distributed discrimination of strain and temperature having both a higher spatial resolution
(better than 10 cm) and a longer measurement range (better than 1,000 m) by combining the
dual frequency modulation scheme with the temporal gating scheme, which is now under
study. Most recently, an apodization method under the assistance of intensity modulation was
proposed to suppress the sidelobe of SOCF and enhance the spatial resolution of the strain-
temperature discrimination by 4.5 times [117].

5.3. System improvement of sensing techniques

Many works have been involved in improving the system performance of BOTDA/BOTDR
and BOCDA/BOCDR in terms of spatial resolution, measurement range, sensing speed and
accuracy. In 1995, Bao et al. developed a Brillouin-loss-based BOTDA [118] by reversing the
functions of the pulse laser and CW light. In other words, a strong CW light acts as a Brillouin
pump wave and a pulse light with a scanned down-shifted frequency from that of the CW
light works as a probe wave [119]. After monitoring the optical loss profile of the pump wave
due to Brillouin interaction between the two light waves as a function of time or position along
the fiber, a numerical signal processing of the poor SNR was used to achieve ~25 cm spatial
resolution with a strain resolution of ~40 με [120]. A pulse-pre-pump BOTDA (called PPP-
BOTDA) was proposed to realize cm-order spatial resolution by using a wide pulse (larger
than 10 ns) followed by a narrow pulse (smaller than 1 ns) [121], which is in principle similar
to the BOTDA with a pulse generated by a finite extinction ratio [122]. A dark-pulse-based
BOTDA was later presented to hopefully obtain 2-cm spatial resolution [123, 124], which

0 5 10 15 20 25

44.2

44.4

44.6

44.8

Bi
re

fri
ng

en
ce

, f
yx
 [G

Hz
]

Measurement times

 One-LD scheme
 Two-LD scheme
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the BDG reflection. (After Ref. [112]; © 2011 OSA.)
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suffers a neglectful influence of the acoustic lifetime (~10 ns) but an experimental difficulty of
high-qualify dark pulse and a scarified measurement range due to the pump depletion of the
dc base. A new scheme by combination of the PPP-BOTDA and dark-pulse-based BOTDA
[125] was demonstrated to achieve higher spatial resolution as well as better frequency
resolution. Taking the similar principle of the PPP-BOTDA technique, a BDG-based BOTDA
was proposed to obtain cm-order or sub-cm-order spatial resolution [126-128]. The only
difference lies on the fact that the Brillouin interaction in the BDG-based BOTDA is generated
by a long pulse along one principal polarization state (the BDG generation process) and
detected by a short pulse along the orthogonal polarization state (the BDG readout process).
Another type of the modified BOTDA with higher spatial resolution of less than 1 meter is
based on a group of pulses, called differential pulse-width pair BOTDA (DPP-BOTDA)
[129-132] or Brillouin echo BOTDA [133, 134]. In DPP-BOTDA, a pair of pulses with a small
difference of the pulse widths are successively launched into the FUT; the Brillouin interaction
is recorded for twice and a subtraction is performed to achieve the sensing trace with the high
spatial resolution determined by the small pulse-width difference. The spatial resolution of
BOTDR has been also more or less improved by an experimental optimization or signal
processing process [135-137].

2.6 2.8 3.0 3.2 3.4 3.6
0

500

1000

1500

2000

M
ea

su
re

d 
str

ai
n 

[ e
]

Position [m]

 Status 1
 Status 2
 Status 3

(c)

2.6 2.8 3.0 3.2 3.4 3.6

25.0

27.5

30.0

32.5

M
ea

su
re

d 
Te

m
pe

ra
tu

re
 [o C]

Position [m]

 Status 1
 Status 2
 Status 3

(d)

2.6 2.8 3.0 3.2 3.4 3.6

10.86

10.88

10.90

10.92

10.94

10.96

Br
illo

ui
n 

fre
q.

, n
B [

GH
z]

Position [m]

 Status 1
 Status 2
 Status 3

(a)

2.6 2.8 3.0 3.2 3.4 3.6
44.0

44.5

45.0

45.5

46.0

46.5

Bi
re

fri
ng

en
ce

, f
yx
 [G

Hz
]

Position [m]

 Status 1
 Status 2
 Status 3

(b)

Figure 23. Experimental results of high-accuracy distributed discrimination of strain and temperature based on one-
laser scheme. Distribution of Brillouin frequency shift (a), the birefringence-determined frequency deviation (b), strain
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Although BOTDA and BOTDR are excellent for long sensing range (such as kilometers or tens
of km), they still suffer the physical limitation of maximum range due to the nature of fiber
loss and/or the Brillouin depletion effect. There are two typical methods, i.e. Raman-assisted
BOTDR[138-140] or Raman-assisted BOTDA[141-145] and coded BOTDR[146] or coded
BOTDA[147-151], to improve the poor SNR and achieve a very long sensing range. The best
performance of the sensing range (longer than 120 km) [152, 153] with an acceptable spatial
resolution (1 m or 2 m) has been renovated by combination of Raman assistance and coding
although the system becomes extremely complicated. Most recently, specially-designed EDFA
repeaters were used to extend the sensing measurements of BOTDA to more than 300 km [154].
Some efforts were also made to study the influence of Brillouin depletion on the maximum
range of BOTDA [41] and to avoid it to some extent by use of Stokes together with anti-Stokes
wave as Brillouin probe [155, 156].

BOCDA and BOCDR systems have natural advantages of high spatial resolution without any
dependence on the acoustic lifetime and random programmable accessibility of the sensing
location. Except for the great innovation of Brillouin optical correlation-domain distributed
discrimination of strain and temperature introduced in Section 5.2, advances in BOCDA and
BOCDR systems have also boosted in the past decade. The polarization disturbance along the
FUT has been effectively solved by use of the polarization diversity scheme to the BOCDA
system [157]. A complicated double-lock-in detection was proposed to improve the SNR of the
BOCDA system [69, 158] although a modified lock-in detection based on variable chopping
frequency [159] or a simplified but equivalent BOCDA system based on combination of
Brillouin gain and loss [34] was later proposed. The existence of a big noise floor originated
from the uncorrelated locations strongly limits the maximum strain or temperature change to
be detected, which has been eliminated by use of intensity modulation for SOCF apodization
[160, 161] or differential measurement scheme based on external phase modulation [162]. The
measurement range of BOCDA [116, 163, 164] or BOCDR [165, 166] was extended by use of
temporal gating or double frequency modulation scheme, respectively. Besides, combination
of time-domain and correlation domain techniques [167, 168] has been proposed to enlarge
the measurement range of the BOCDA [169] based on external phase modulation. The
distributed sensing speed with cm-order spatial resolution [170-172] has been substantially
increased to several Hertz along the entire FUT by optimizing the position sweeping and the
BGS mapping although the local sensing speed of the BOCDA [173-175] or BOCDR [176] was
well-known to be high at the random-accessed sensing location.

6. Conclusions

We have presented an essential overview of Brillouin scattering in optical fibers and Brillouin
based distributed optical fiber sensors. Started from the basic principle of Brillouin scattering
in optical fibers, the basic mechanism of Brillouin based distributed optical fiber sensors (linear
dependence of Brillouin frequency shift on strain and temperature) and the two different
groups of Brillouin based distributed optical fiber sensors (time domain: BOTDA/BOTDR;
correlation domain: BOCDA/BOCDR) were described in detail. The difficulties and challenges
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Although BOTDA and BOTDR are excellent for long sensing range (such as kilometers or tens
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loss and/or the Brillouin depletion effect. There are two typical methods, i.e. Raman-assisted
BOTDR[138-140] or Raman-assisted BOTDA[141-145] and coded BOTDR[146] or coded
BOTDA[147-151], to improve the poor SNR and achieve a very long sensing range. The best
performance of the sensing range (longer than 120 km) [152, 153] with an acceptable spatial
resolution (1 m or 2 m) has been renovated by combination of Raman assistance and coding
although the system becomes extremely complicated. Most recently, specially-designed EDFA
repeaters were used to extend the sensing measurements of BOTDA to more than 300 km [154].
Some efforts were also made to study the influence of Brillouin depletion on the maximum
range of BOTDA [41] and to avoid it to some extent by use of Stokes together with anti-Stokes
wave as Brillouin probe [155, 156].

BOCDA and BOCDR systems have natural advantages of high spatial resolution without any
dependence on the acoustic lifetime and random programmable accessibility of the sensing
location. Except for the great innovation of Brillouin optical correlation-domain distributed
discrimination of strain and temperature introduced in Section 5.2, advances in BOCDA and
BOCDR systems have also boosted in the past decade. The polarization disturbance along the
FUT has been effectively solved by use of the polarization diversity scheme to the BOCDA
system [157]. A complicated double-lock-in detection was proposed to improve the SNR of the
BOCDA system [69, 158] although a modified lock-in detection based on variable chopping
frequency [159] or a simplified but equivalent BOCDA system based on combination of
Brillouin gain and loss [34] was later proposed. The existence of a big noise floor originated
from the uncorrelated locations strongly limits the maximum strain or temperature change to
be detected, which has been eliminated by use of intensity modulation for SOCF apodization
[160, 161] or differential measurement scheme based on external phase modulation [162]. The
measurement range of BOCDA [116, 163, 164] or BOCDR [165, 166] was extended by use of
temporal gating or double frequency modulation scheme, respectively. Besides, combination
of time-domain and correlation domain techniques [167, 168] has been proposed to enlarge
the measurement range of the BOCDA [169] based on external phase modulation. The
distributed sensing speed with cm-order spatial resolution [170-172] has been substantially
increased to several Hertz along the entire FUT by optimizing the position sweeping and the
BGS mapping although the local sensing speed of the BOCDA [173-175] or BOCDR [176] was
well-known to be high at the random-accessed sensing location.

6. Conclusions

We have presented an essential overview of Brillouin scattering in optical fibers and Brillouin
based distributed optical fiber sensors. Started from the basic principle of Brillouin scattering
in optical fibers, the basic mechanism of Brillouin based distributed optical fiber sensors (linear
dependence of Brillouin frequency shift on strain and temperature) and the two different
groups of Brillouin based distributed optical fiber sensors (time domain: BOTDA/BOTDR;
correlation domain: BOCDA/BOCDR) were described in detail. The difficulties and challenges
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of how to simultaneously sense strain and temperature were demonstrated and the physical
limitation of the sensing abilities (spatial resolution, measurement range, accuracy etc.) were
introduced, respectively. Finally, we summarized recent advances of this field towards the
solutions to those difficulties and challenges.

It is valuable to address that Brillouin based distributed optical fiber sensors are nowadays in
a high technical level, which have been attracting industrial companies to commercialize for
structural health monitoring in civil structures, aerospace, energy (gas, oil) pipeline, and
engineers (power supply).
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1. Introduction

The chapter is devoted to applications and construction principles of poly-harmonic (two-
frequency or four-frequency) cw laser systems for characterization of different nonlinear
scattering effects in fibers and reflection of devices based on fiber Bragg gratings (FBG) in
telecommunication lines and sensor nets. In particular, we’ll speak about evaluation of
Mandelstam-Brillouin gain contour, Raman scattering contours and FBG reflection spectra
characterization. Investigation methods and approaches are based on the unity of resonant
structures of generated fiber responses on exciting and probing radiation or external physical
fields for all given effects. The main decision is based on poly-harmonic probing of formed
resonance responses.

At a certain level of the laser power, exciting the optical fiber, resonant contours of Mandel‐
stam-Brillouin and Raman scattering are formed [1]. The first are based on periodic photon-
phonon interactions, the second – the photon-photon ones. Similarly, spectral reflection
characteristics of Bragg gratings, based on periodic variation of the refractive index in the fiber
core, can be described by the resonant contour [2]. In telecommunication lines Mandelstam-
Brillouin and Raman scatterings are undesirable effects, but in sensor nets there are the main
sources of measuring information. FBG, as known, is the powerful instruments as for tele‐
communication lines and so on sensor nets design. Thus, characterization of Mandelstam-
Brillouin gain and Raman scattering contours and FBG reflection spectra is the actual and
important task for scientists and designers. The typical characteristics of given effects are
discussed in the first part of the chapter.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.



To convert the information about the spectral contours characteristics are classically used
broadband or tunable over a wide range optoelectronic means (optical spectrum analyzers,
tunable lasers, optical reflectometers in time (OTDR) and frequency (OFDR) domains,
scanning Fabry-Perot interferometers, diffraction gratings with CCD, and etc.) and complex
"fit" algorithms for determining a desired value of accuracy of the central wavelength of the
contours [3]. In recent years, significant progress in terms of accuracy and resolution of
measurements, as well as practicality, was registered in the use of narrowband poly-harmonic
technology [4] for characterization of contour spectrums that makes them competitive for the
above mentioned methods in metrological characteristics, ease and cost of implementation.
Their main advantage is that no measurements in the resonance region of spectral character‐
istics are necessary, that allows eliminating the influence of power instability of probing laser
radiation and to detect information on the difference inter-harmonic frequency in the region
with small noise level of photo-detector.

Second part of the chapter is devoted to poly-harmonic characterization of Mandelstam-
Brillouin gain contours, Raman scattering contours and FBG reflection spectra for telecom‐
munication applications. For example, Mandelstam-Brillouin frequency shift for silica fibers
is about 10-20 GHz, and Mandelstam-Brillouin gain is observed in a bandwidth of 20-100 MHz
[1]. The main parameters are the central frequency of a gain spectrum, its Q-factor and gain
coefficient. The classical method for characterization of stimulated Mandelstam-Brillouin
scattering (SMBS) gain spectrum is based on use of two lasers: one – for SMBS pumping, and
another – for probing of generated gain spectrum [5]. The disadvantage of this method is need
in strong control of a frequencies difference of two sources. Not long ago the measurement
system which is free from this drawback was presented [6]. It is based on SMBS gain spectrum
conversion from optical to the electrical field by single-sideband amplitude modulated
radiation, in which the upper sideband is suppressed. Despite advantages, realization of this
method is not always effective; because relevant low sensitivity of measurements is remained,
similar to measurements by double-band amplitude modulated probing radiation in a wide
bandwidth. A new method for SMBS gain spectrum characterization in single-mode optical
fiber was presented in our papers [7-8]. It is based on use of advantages of single-sideband
modulation and two-frequency probing radiation, which gives possibility of transfer the data
signal’s spectrum in the low noise region of a photo-detector. Also this radiation is character‐
ized by effective procedure of received spectral information processing by the envelope’s
characteristics (phase and amplitude) of two spectral components beats. In the end of second
part we also go back to the issues of poly-harmonic analysis of the FBG reflection spectra
affected by us in [9-10].The modernization of previously used methods [4] will be presented,
which based on the four-frequency probing radiation and only amplitude analysis of the
envelopes [11]. Consideration of stimulated Raman scattering (SRS) in this part will be carried
out only in general terms because of its negligible impact on the performance of telecommu‐
nication none-WDM lines [1].

Third part of the chapter is devoted to poly-harmonic characterization of Mandelstam-
Brillouin gain contours, Raman scattering contours and FBG reflection spectra for sensor nets
applications. An illustrative example of the relevance of considered issues is the use of all three
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given physical mechanisms in distributed and the quasi-distributed sensor nets for down-hole
telemetry [12,13]. If Mandelstam-Brillouin and Raman scatterings are carrying distributed
information of the measured parameters (temperature, pressure), the FBG gratings allows to
receive its point localization and flow velocity data [14,15]. For more information OTDR with
Rayleigh scattering can be used and characterized to the Mandelstam-Brillouin ones by
Landau-Placzek relation [16]. So way it seems reasonable to use a single radiation source for
getting fiber-forming response to external stimuli, forming its special signal shape or spectra,
optimized for recording spectrally separated responses from various nonlinear effects and
reflections, and monitoring their bound to the central wavelength of the radiation. Some pair
wise effects of such an implementation are known in practice of Weatherford, Schlumberger,
Halliburton and other companies. Comprehensive option to generate and use of responses
from the three types of scattering and reflection from the Bragg gratings not yet been studied.
Its implementation could put information redundancy in the process of measuring, the use of
which would improve the metrological characteristics systems being developed.

In fourth part perspective systems and their elements are presented, describing and discussing
the methods, tools and systems parameters of means to get poly-harmonic radiation on the
base of dual-drive MZM, scanning and poly-harmonic (more than four harmonics) methods
for SMBS characterization based on technology transfer from LIDAR systems, designing of
notch filters for blocking of elastic Rayleigh scattering in SRS and SMBS measurements.
Additionally Raman and Mandelstam-Brillouin scattering in sensor nets so as a FBG reflection
carry vast amount information about fiber conditions but sometime have low energy level.
That’s why it’s one more cause to detect these types of scattering with high SNR and determine
their properties. Applying of photo mixing allows significantly increase the reflectometeric
system sensitivity under the condition of weak signals and receives information from fre‐
quency pushing of backscattered signal spectrum [56]. We offer in [4] to use two-frequency
heterodyne and the second nonlinear receiver in the structure of reflectometers and now
discuss its advantages comparatively to other methods of SNR increasing in the end of the
fourth part.

In conclusion we’ll resume results of above mentioned researches, mark it practical imple‐
mentation and show new tasks in Mandelstam-Brillouin gain contours, Raman scattering
contours and FBG reflection spectra characterization.

2. Spectral characteristics of SMBS gain, SRS scattering and FBG reflection
contours

2.1. Spectral characteristics of SMBS gain and SRS scattering contours

Two important nonlinear effects in optical fibers, known as SRS and SMBS, are related to
vibration excitation modes of silica and fall in the category of stimulated inelastic scattering
in which the optical field transfers part of its energy to the nonlinear medium [1]. Even though
SRS and SMBS are very similar in their origin, the main difference between the two is that

Poly-harmonic Analysis of Raman and Mandelstam-Brillouin Scatterings and Bragg Reflection Spectra
http://dx.doi.org/10.5772/59144

57



optical phonons participate in SRS while acoustic phonons participate in SMBS. In a simple
quantum-mechanical picture applicable to both SRS and SMBS, a photon of the incident field
(called the pump) is annihilated to create a photon at a lower frequency (belonging to the Stokes
wave) and a phonon with the right energy and momentum, to conserve the energy and the
momentum. Of course, a higher-energy photon at the so-called anti-Stokes frequency can also
be created if a phonon of right energy and momentum is available. Different dispersion
relations for acoustic and optical phonons lead to some basic differences between the two. The
fundamental one is that SMBS in single-mode fibers occurs only in the backward direction
whereas SRS can occur in both directions.

Both the Raman-gain spectrum gR(ν) and the Mandelstam-Brillouin-gain spectrum gMB(ν) have
been measured experimentally for silica fibers. The Raman-gain spectrum is found to be very
broad, extending up to 40 THz [17]. The peak gain gR ≈ 6×10−14 m/W at pump wavelength near
1.5 μm and occurs for a spectral shift of about 13.1 THz. In contrast, the Mandelstam-Brillouin-
gain spectrum is extremely narrow and has a bandwidth of <100 MHz. The peak value of
Mandelstam-Brillouin-gain occurs, for the Stokes shift of ~10 GHz, for pump wavelengths near
1.5 μm. The peak gain gMB ≈ 6×10−11 m/W for a narrow-bandwidth pump [18] and decreases by
a factor of ΔνP/ΔνMB for a broad-bandwidth pump, where ΔνP is the pump bandwidth and
ΔνMB is the Mandelstam-Brillouin-gain bandwidth. As the Mandelstam-Brillouin-gain
coefficient gMB is larger by nearly three orders of magnitude compared with gR, typical values
of SMBS threshold are ~1 mW and for SRS threshold are ~1 W.

Although a complete description of SRS gR(ν) in optical fibers is quite involved, the spectral
characteristics for SMBS gMB(ν) can be described by a simple relation. Little reminding – SMBS
is a result of scattering of light on acoustic waves (acoustic phonons), that are excited by thermal
fields and produce periodic modulation of the refractive index of fiber [1]. As a result of Bragg
diffraction the induced grating of refractive index scatters the pumping radiation. As the
scattered light undergoes a Doppler effect, the frequency shift νMB, caused by SMBS, depends
on acoustic velocity and is given by
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where VA acoustic velocity in the fiber, n refractive index, λP  pump wavelength. The shape of
the SMBS gain spectrum is determined by strong attenuation of sound waves in silica. Growth
of Stokes wave’s intensity is characterized by gain coefficient gMB(ν), maximum at ν =νMB.
Because of exponential decay of the acoustic waves, the gain spectrum gMB(ν) will have the
Lorentzian spectral profile
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on acoustic velocity and is given by
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where VA acoustic velocity in the fiber, n refractive index, λP  pump wavelength. The shape of
the SMBS gain spectrum is determined by strong attenuation of sound waves in silica. Growth
of Stokes wave’s intensity is characterized by gain coefficient gMB(ν), maximum at ν =νMB.
Because of exponential decay of the acoustic waves, the gain spectrum gMB(ν) will have the
Lorentzian spectral profile
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where ΔνMB spectrum full width at half maximum. The maximum gain is given by
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where p12 longitudinal acousto-optic coefficient, ρ0 density of material, c light speed in vacuum.

SMBS using allows to measure temperature (frequency shift of νMB about 1 MHz /°C) and strain
(frequency shift of νMB about 493 MHz/%) of fiber so provide distributed technologies in sensor
nets [1].

Let’s return to the description of SRS gR(ν) in optical fibers [1]. A weak Stokes signal launched
into a fiber with a stronger pump will be amplified due to SRS as discussed in this chapter.
The amplification of the signal is described through the following equation
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where η is Planck’s constant, λs is the Stokes wavelength, n(v) is the refractive index, which is
frequency dependent. The spontaneous Raman cross section σ0(ν) is defined as the ratio [1] of
radiated power at the Stokes wavelengths to the pump power at temperature 0 °K, which can
be obtained with the measured Raman cross-section σT (ν) at temperature T °K, the thermal
population factor N (v, T) and Boltzmann constant κB:
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The gR(ν) in (4) is the spontaneous Raman gain coefficient in bulk glass and is uniform in all
directions. For the first time, the Gaussian decomposition technique was proposed earlier in
[19] for a spontaneous Raman spectrum. It is known that the Raman gain profile differs from
the spontaneous Raman spectrum, especially in the low frequency region [21]. So for SRS the
Raman gain coefficient at the Stokes frequency νS =νP −ν with some assumptions can be written
as follows [20]
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where νS  and ν are the resonance and phonon angular frequencies, respectively, Г is the phonon
damping constant.

Model analysis of the Raman spectrum with Gaussian profiles is based on the following
expression [21]:
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where Nm is the number of modes used for decomposition, v,i is the central frequency of i-th

Gaussian profile, Гi =FWHMi / (2 ln2) ≈0.6 FWHMi, where FWHMi is the full width at the half
maximum of i-th Gaussian profile. Amplitudes Гi together with v,i and Гi are used as param‐
eters in the nonlinear fitting procedure. There are two important aspects of the developed
decomposition procedure. Firstly, this approach is seen as a possible method of subdividing
the density of states according to specific contributions. Secondly, function gR(ν) that gives the
best fit of the experimental Raman gain profile is constructed [21]. We can see SMBS gain
spectra and its parameters on the fig. 1,a with the results of Lorentzian fitting [22], so as SRS
gain spectra on the fig. 1,b with the results of triangle (linear) and Gaussian (nonlinear) fitting
[23]. For the last one we can mark that Gaussian fitting is more applicable and accurate for the
central lobe of spectra [24].

2.2. Spectral characteristics of FBG reflection contours

FBG couple the fundamental mode of an optical fiber with the same mode propagating in the
opposite direction. This means that radiation propagating in the fiber at a certain wavelength
(9) is reflected from the grating completely or partially. Central or resonant frequency FBG λBG

is defined by following expression [2]:

BG eff2 ,nl = L (9)

where neff is effective refraction factor of the basic mode, Λ is the period of its modulation.

The characteristics of this reflection depend on the grating parameters. It is possible to describe
the envelope R of FBG reflection spectra defined by detunes δ as:
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(10)
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where L – FBG length, κ – coupling factor of direct and return mode, (δ /κ) – relative detune.
Detune of FBG with period Λ is equal to δ =Ω − (π /Λ), where Ω =2πneff /λ [2].

The spectral width of the resonance of a homogeneous FBG (fig. 2,a) measured between the
first zeroes of its reflection spectrum is described by the expression
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Figure 2. FBG reflection (a) and FBG-PS transmittance (b) calculated spectrums

The resonant FBG wavelength λBG depends on fiber temperature and from mechanical
stretching or compressing pressure enclosed to it. This dependence is described by a following
equation:
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where TD  - temperature change,   - the enclosed pressure, the second item composed in a figure brace reflects photo elasticity 
factor. This parity gives typical values of BGl  shift depending on temperature ~0,01 nm/К from relative lengthening of a fiber ~ 
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Figure 1. SMBS (a) and SRS (b) gain spectrums with the results of its fittings
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where ΔT  is temperature change, ε is the enclosed pressure, the second item composed in a
figure brace reflects photo elasticity factor. This parity gives typical values of λBG shift
depending on temperature ~0,01 nm/°К from relative lengthening of a fiber ~ 103 (ΔL / L ) (nm)
[2].

The introduced phase shift (PS) [2] leads to the appearance of a narrow transmission band of
width of a few tens of megahertz within the reflection band of FBG. Figure 2, b shows the
calculated transmission spectrum of such FBG-PS grating. The phase shift in the grating can
be introduced during the writing of the whole structure or later in the preliminary written
grating. As the phase shift is increased (which is usually realized by writing two spatially
separated gratings with the same FBG), the number of transmission regions in the reflection
band increases, and such a structure is called, similarly to bulk optics, a Fabry-Perot interfer‐
ometer (or filter). FBG-PS becomes the grate instrument in telecommunication and sensor nets
[25-27].

The FBG reflective spectrum line shape can be approximated with a Gaussian profile [28]

R(λ)= RBexp -4ln2 (λ - λB) / ΔλB
2 . (13)

where λ is wavelength, λB is the center wavelength or peak wavelength of FBG, ΔλB is the full
width at half maximum, and RB is the maximum reflectivity.

As is known, the spectral dependence of the transmission band of FBG-PS has almost Lorent‐
zian profile [2, 29]. If we assume that the spectral line width of the laser emission lines is
negligibly small (~ several KHz), the spectral dependence of the transmission band of FBG-PS
can be represented as follows:

T (λ)=
T B(ΔλB / 2)2

(λ - λB)2 + (ΔλB / 2)2 . (14)

where T B is maximum transmittance on λB.

2.3. Discussion of results

Basics for the use of poly-harmonic probing methods of spectral characteristics for resonant
circuits of arbitrary shape were described by us in a number of papers [4,9-10]. It is noted that
their effective use (maximum slope of the measurement conversion) is possible at the location
of equal amplitude symmetrical components of the probe radiation on the FWHM of contour
with average frequency at the central (resonant) wavelength. Based on this requirement, the
synthesis of the poly-harmonic (two-or four-frequency) probe radiation desired characteristics
was carried out. The example results are shown in Tab. 1.
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circuits of arbitrary shape were described by us in a number of papers [4,9-10]. It is noted that
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synthesis of the poly-harmonic (two-or four-frequency) probe radiation desired characteristics
was carried out. The example results are shown in Tab. 1.
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Effect Fitting contour Central peak Bandwidth FWHM

SRS Gaussian 13,1 THz 25-45 THz 10-10 THz

SMBS Lorentzian 10-11 GHz 20-100 MHz 10-50 MHz

FBG Gaussian 1550 nm 0,1-1 nm 0,05-0,5 nm

FBG-PS Gaussian/ Lorentzian 1550 nm 0,1-1/0,005 nm 0,05-0,5 /0,002 nm

Table 1. Spectral characteristics of Mandelstam-Brillouin gain contours, Raman scattering contours and FBG reflection
spectra

We have show in [30-33] that poly-harmonic probing radiation can be forming by external
electro-optic modulation of narrowband one-frequency laser one. For general estimations of
requirements for electro-optic modulators we assume that 1 nm in wavelength band is 120
GHz in frequency bandwidth. Thus, the operating frequency of modulators, we need, must
be equal from 10-20 MHz to 20-40 THz. Provision of the lower limit for the FBG-PS study causes
no problems. To investigate the SMBS and FBG contours a wide range of modulators with a
frequency range up to 100 GHz spacing are existed in LiNbO3, GaAs, InP realizations. Direct
solutions to achieve 20-40 THz frequency does not exist today. The use of electro-optic
modulators in the mode of frequency multiplication (in 12-16 times) is possible to obtain
bandwidth in units of THz. However, given that we are interested in the scattering of the
central part of the SRS spectrum allocated by a Gaussian filter, you can use a tunable laser to
deliver carrier laser radiation to 13.1 THz. Thus, the implementation of methods for poly-
harmonic probing of Mandelstam-Brillouin gain, Raman scattering and FBG reflection
contours spectral characteristics looks quite feasible.

3. Characterization of SMBS gain and FBG reflection spectra in telecom
applications

3.1. Characterization of SMBS gain spectra

Characterization of SMBS gain spectrum in single-mode optical fiber is necessary in a number
of applications. These are: an assessment of the distortions brought by SMBS in information,
transferred on fiber-optical lines [34], processing and conversion of optical carriers and
microwave sub-carriers in communication networks such as «radio-over-fiber» [35], failure or
measuring conversion of temperature on ONU in phonon microwave spectroscopy of optical
fiber in PONs [36,37]. For silica fibers shift of Mandelstam-Brillouin frequency is about 10-20
GHz, and Mandelstam-Brillouin gain is observed in a bandwidth of 20-100 MHz [7].

The main parameters are the central frequency of a gain spectrum, its Q-factor and gain
coefficient.

The classical method for characterization of Mandelstam-Brillouin gain spectrum (MBGS) is
based on use of two lasers: one – for SMBS pumping, and another – for probing of generated
gain spectrum [5]. The disadvantage of this method is need in strong control of a frequencies
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difference of two sources. An advanced method gives the solution of this problem. The optical
modulator generates the double-frequency signal. This signal is the sidebands of the pump
laser, which are used then for probing [38]. But the disadvantage of this method is need in
considering the input power in the gain spectrum and mechanisms of energy transfer between
the pumping and probing components. The absence of these components can lead to saturation
of contour and appearance of significant inaccuracies in characterization of MBGS. A certain
progress in systems of characterization of MBGS was reached by generating the scanning
double-band amplitude modulated probing radiation from pumping radiation [39]. However
this method is characterized by the low sensitivity, caused by need of reception and processing
of signals in a wide bandwidth (10-20 GHz), and also strong influence on measurement
inaccuracy of the upper sideband existence. The solution of this problem also was in use of the
double-frequency radiation generated unlike [38] for pumping radiation [40]. One frequency
corresponded to pump frequency, and the second-to its Stokes component, thus frequency
shifted absorption contour corresponded to Mandelstam-Brillouin gain spectrum. The
absorption contour was used for suppression of the upper sideband. However, this system has
a high complexity and need in strong control of positions of Stokes component and pump
component, and also an absorption contour, especially when scanning of a probing signal
within 20-100 MHz [7].

Not long ago the measurement system which is free from this drawback [6] was presented. It
is based on MBGS conversion from optical to the electrical field by single-sideband amplitude
modulated radiation, in which the upper sideband is suppressed. Despite advantages,
realization of this method is not always effective; because relevant low sensitivity of meas‐
urements is remained, similar to measurements by double-band amplitude modulated
probing radiation in a wide bandwidth. The new method for characterization of gain spectrum
of SMBS in single-mode optical fiber is presented in this part. It is based on use of advantages
of single-band modulation and double-frequency probing radiation, which gives possibility
of transfer the data signal’s spectrum in the low noise region of a photo-detector. Also this
radiation is characterized by effective procedure of processing of received spectral information
by envelope’s characteristics of beats of two spectral components [7].

3.2. Two-frequency probing of MBGS

For conversion of the complex MBGS from optical to the electrical field the optical single-
sideband modulation with scanning of frequency of a sideband component is used, including
the information about the frequency shift and Q-factor of the SMBS gain spectrum. The
measurement method offered by us is based on the double-frequency probing radiation of a
MBGS, not on the single-frequency one. Experimental setup for measurements is shown on
fig. 3 [7].

The optical signal from a 1550-nm laser diode with a bandwidth about 100 kHz is divided into
two paths by a fiber-optic coupler. In the first path signal is modulated by an optical single-
sideband modulator. Signal from the frequency combiner is applied to one of the modulator’s
inputs. The optical single-sideband modulator is based on a dual-drive Mach-Zehnder
modulator design. The modulated signal is applied to the Fiber under test (FUT), where the
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optical radiation passed through the second path counter propagates. That non modulated
radiation is the SMBS pump radiation in FUT [7].

Figure 4. Probing of the gain spectrum by double-frequency signal

Thus, single-band double-frequency radiation with components f 1 = f rf −Δf , f 2 = f rf + Δf
probes the MBGS and the frequency ν0− f rf  tuned to the center of the gain spectrum conforms
to its central frequency νMB, detuning Δf  half of its FWHM, ΔνMB and the carrier frequency ν0

pump frequency νP =c /λP . Double-frequency radiation, passed through the FUT, is received
by photo-detector. Probing process is schematically shown in fig. 4 [57].

Radiation at the output of the optical single-sideband modulator is given by

in 0

1 0 2 0

( ) exp( 2 )
exp[ j2 ( ) ] exp[ j2 ( ) ],

o

rf rf

E t A j t
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(15)

Figure 3. Experimental setup: LD – laser diode; PC – polarization controller; PD– photo-detector
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where A0 = | A0 |exp( jφ0), A−1 = | A−1 |exp( jφ−1), A−2 = | A−2 |exp( jφ−2) complex amplitudes of the
optical carrier and the double-frequency signal. This optical signal propagates through the
FUT, which has an optical transfer function H (ν) characterizing the gain spectrum; therefore,
the optical field at the output of the fiber is given by [57].
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The output current on the beat frequency of the two probing components 2 Δf  is proportional
to
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Analysis of (17) shows that, we can get the image of the optical transfer function at the
frequencies of the two probing signals from the electrical output signal of the photo-detector.
The optical transfer function of the FUT is equivalent to concatenation of the fiber linear
transfer function and the MBGS [57].

3.3. Four-frequency characterization of the MBGS

As we mentioned above, the main parameters of the MBGS are the central frequency of a gain
spectrum, its Q-factor and gain coefficient. It is significant that at the moment when center
frequency of a double-frequency signal ν0− f rf  gets to the resonance frequency of a gain
spectrum νMB, the envelope of the output signal is matched in phase with the envelope of the
two-frequency signal at the FUT’s input, and the modulation index of the output double-
frequency signal’s envelope is maximum and equal to 1 [57].

The measurement fractional inaccuracy of the central frequency can be 0,1% and determined
by bandwidth of the laser radiation (in our case 0,1 MHz), and also by accuracy of keeping the
difference frequency 2 Δf . Some part of the inaccuracy can be added by the appearance of not
completely suppressed upper sideband of the double-frequency radiation in the spectrum.
Among methods of its decreasing we can offer the usage of a chirp fiber Bragg grating, tuned
on the suppression in the bandwidth of possible position change at scanning. We think that
such solution is more effective, than offered in [40], as by efficiency of suppression, and also
by ability to control the distortions, caused by chromatic dispersion [57].
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the optical field at the output of the fiber is given by [57].
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The output current on the beat frequency of the two probing components 2 Δf  is proportional
to
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Analysis of (17) shows that, we can get the image of the optical transfer function at the
frequencies of the two probing signals from the electrical output signal of the photo-detector.
The optical transfer function of the FUT is equivalent to concatenation of the fiber linear
transfer function and the MBGS [57].

3.3. Four-frequency characterization of the MBGS

As we mentioned above, the main parameters of the MBGS are the central frequency of a gain
spectrum, its Q-factor and gain coefficient. It is significant that at the moment when center
frequency of a double-frequency signal ν0− f rf  gets to the resonance frequency of a gain
spectrum νMB, the envelope of the output signal is matched in phase with the envelope of the
two-frequency signal at the FUT’s input, and the modulation index of the output double-
frequency signal’s envelope is maximum and equal to 1 [57].

The measurement fractional inaccuracy of the central frequency can be 0,1% and determined
by bandwidth of the laser radiation (in our case 0,1 MHz), and also by accuracy of keeping the
difference frequency 2 Δf . Some part of the inaccuracy can be added by the appearance of not
completely suppressed upper sideband of the double-frequency radiation in the spectrum.
Among methods of its decreasing we can offer the usage of a chirp fiber Bragg grating, tuned
on the suppression in the bandwidth of possible position change at scanning. We think that
such solution is more effective, than offered in [40], as by efficiency of suppression, and also
by ability to control the distortions, caused by chromatic dispersion [57].
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Defining ν0 − f rf =νMB, we can find Q-factor of the MBGS. For this we offer the four-frequency
method [58] or the method of the variation of difference frequency, which based on the
dependence
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where iout(ν0− f rf ) and iout1,2 amplitudes at center frequency and at components of the double-
frequency signal at the output of the photo-detector when center frequency of the probing
components at frequencies f 1 = f rf −Δf  and f 2 = f rf + Δf  is tuned on the center of gain spectrum.
The value of iout1,2 is determined by output signal of the photo-detector, and the value iout(ν0− f rf )

is unknown. If we change the Δf  by a certain value Δf ', not changing the tuning on the center
of gain spectrum, then we will get the new value of frequencies f 3 = f rf −Δf −Δ f ' and
f 4 = f rf + Δf + Δ f '. For frequencies f 3 and f 4 we can rewrite the (18) as
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Since Q1,2 =  Q3,4, from the combined solution of the equations (18) and (19) we get iout(ν0− f rf ) and
then, inserting this value in one of the equations we find the Q-factor of the MBGS and half-
width ΔνMB.

The advantage of the offered method is that in the measuring process the information signal
is influenced by noises only of a bandwidth of the gain spectrum (20-100 MHz), not noises of
all bandwidth from MBGS to the carrier (10-20 GHz). Therefore, SNR of the measurements in
this case is 102-103 greater than similar ratio in previously offered methods. Inserting the known
and determined by previously mentioned procedures frequency parameters νP , νMB and ΔνMB

in (3), we get the Mandelstam-Brillouin maximum gain coefficient value [7].

The presented method was tested in the laboratory of R&D Institute of Applied Electrody‐
namics, Photonics and Living Systems on the basis of coil of optical fiber Corning SMF-28 6
km long. At the pump power LDI-DFB 1550 5 mW, power of probing sideband components
90 nW we found the SMBS frequency shift is 10,54 GHz, gain coefficient – 20 dB, half-width –
36 MHz. The optical single-sideband modulator is based on a Mach-Zehnder JDS Uniphase
OC-192 design. The oscilloscope Agilent InfiniiVision 7000, stabilized power supply PSS-1, the
spectrum analyzer FTB 5240-S and the photodiode LSIPD-A75 were used [7].

So, a new method for characterization of gain spectrum of SMBS in single-mode optical fiber
is presented. It is based on the usage of advantages of the scanning single-sideband modulation
method and double-frequency probing method. For conversion of the complex SBS spectrum
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from optical to the electrical field single-sideband modulation is used. Detection of double-
frequency components position in the gain spectrum occurs through the amplitude modula‐
tion index of the envelope and the phase difference between envelopes of probing and passing
components. The method is characterized by high resolution, SNR of the measurements
increased of a two order, simplicity of the offered algorithms for finding the central frequency,
Q-factor and Mandelstam-Brillouin maximum gain coefficient. Measurement algorithm is
realized on simple and stable experimental setup. Among the methods of measurement
inaccuracy decreasing, caused by not completely suppressed upper sideband of the double-
frequency radiation, the usage of a chirp fiber Bragg grating, tuned on the suppression of it in
the bandwidth of possible position change at scanning, can be considered [7].

3.4. Two-frequency characterization of FBG reflection spectra

FBG represents a longitudinal, periodic variation in the refractive index in the core of an optical
fiber [2]. The main parameters of the grating are the distributions of the amplitude and period
of the refractive index modulation, as well as the average value of the induced refractive index
along the fiber axis. These parameters specify the spectral and dispersion parameters of
gratings and, thus, determine their use in different applications of the fiber optics. FBG are
widely used fiber lasers and amplifiers, in the fiber systems for measuring physical quantities,
optical communication lines, and etc.

One of possible ways to decide specified problems of FBG reflection spectra characteriza‐
tion is based on FBG probing by the two-frequency radiation which average frequency at
calibration point is adjusted on the central wavelength of FGB spectrum, and its detune
and-or  amplitudes  difference  between  components  are  used  as  informative  factors  for
definition  of  enclosed physical  field  parameter  [4,  41].  The  two-frequency measurement
technique finds more and more appendices in various problems, for example: research of
atmospheric  gases  absorption  contours  [42,43],  measurement  of  dielectric  coverings
thickness  [44],  the analysis  of  FBG spectrum contour [45],  an estimation of  communica‐
tion lines selective devices temperature drift [46], etc. Distinctions consist in parameters of
used  two-frequency  signal  or  radiation,  the  requirements  shown  to  their  stability  and
techniques of measuring transformation.

In the given part we will use the two-frequency radiation received by Il’in-Morozov technique
in Mach-Zender modulator [4], differing as high spectral cleanliness and stability at admissible
change of formation parameters, and possibility of differential frequency simple tuning for
use with various FBG characteristics. The specified generalized characteristics meet require‐
ments to construction of probing radiations sources for fiber-optical nets [3]. As a technique
of measuring transformation we will choose an integrated technique of the passed through or
reflected from FBG two-frequency radiation envelope characteristics analysis.

At FBG contour shift caused by the application of physical fields, there is inequality R1 ≠ R2 and
restoration phase opposition of two-frequency radiation components. The kind of an inequal‐
ity and a phase sign is defined by a direction of FBG contour shift, i.e. increase or reduction of
the enclosed field parameter. The analysis of amplitudes and phases of the received compo‐
nents can be spent separately after their allocation by optical filters or time division in the
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disperse environment; however these methods return us to problems of difficult spectral
verification [47]. Therefore it was offered to spend processing of two-frequency radiation
envelope [41].

Envelope amplitude UR defined as:
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where ϕR1
, ϕR2

 are accordingly the phases of output components R1 and R2.

For processing of the received values on amplitude we will enter modulation factor m:

( ) ( )( )2 2
0 01 2 1 2 ,m d d d d» + + D + - D (22)

and on phase – we will find a difference of phases between envelopes of input and output
radiations Δϕ [41].

The example of the received measuring characteristics of the temperature FBG sensor on
amplitude and a phase is presented accordingly on fig. 5,a and fig. 5,b. Analysis of the envelope
2 Δf  parameters (22) and (21) made it possible to depict the measurement characteristics for
determination of the central frequency of the gain spectrum by its amplitude (Fig. 5, а) and
phase difference or sign of the phase difference (Fig. 5, b) between the envelopes at the FBG’s
input and output, similar to [48]. If the amplitude characteristic of measurements (fig. 5,a) has
symmetric character, phase (fig. 5,b) allows resolving shift sign. Advantages of the amplitude
characteristic are shown at operation in the field of "zero" detune parameter where there is an
area of small signals for the phase characteristic [41].

For practical realization a setup shown in fig. 6 was assembled. Setup consists of the laser
LDI-DFB  1550-20/50-T2-SM3-FA-CWP,  calibration  source  Superlum  SLD  Pilot-4,  the
oscilloscope  Agilent  InfiniVision  7000,  random  waveform  signal  generator  AFG3000,
multimeter,  MZM JDS Uniphase OC-192 Modulator,  stabilized power supply PSS-1,  the
spectrum analyzer FTB 5240-S, an optical splitter, a circulator, FBG, the photodiodes LSIPD-
A75 [59]. The spectra of two-frequency laser radiation is shown in Fig. 7, carried out in a

Poly-harmonic Analysis of Raman and Mandelstam-Brillouin Scatterings and Bragg Reflection Spectra
http://dx.doi.org/10.5772/59144

69



Mach-Zehnder modulator by the Il’in-Morozov method for frequencies 2 GHz (fig. 7,a) and
8 GHz (fig. 7,b) at the output of FBG [60].

Figure 6. Setup for four-frequency FBG reflection spectra characterization
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sensor (FBG) amplitudes and modules of the phases of both components are equal, the
modulation index of the output signal’s envelope is maximum and equal to 1, and the envelope
of the signal is matched in phase with the envelope of the probing signal at the input.
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Figure 7. The spectra of the two-frequency laser radiation at frequencies 2 GHz (a) and 8 GHz (b)

When the two-frequency probing method is used the maximum measurement sensitivity is
achieved by tuning its center frequency to the resonance frequency of a sensor (FBG), and the
value of the detuning between the two components should be close to its band pass width at
the half-maximum.

Inaccuracy of the measurements will depend on the correctness of maintaining the equality of
the amplitudes and modules of the phases of probing signal’s components, and on the signal/
noise ratio of measurements. The phase measurements in the 30-100 GHz band are a complex
task. Therefore, synthesis of poly-harmonic method that does not require processing of the
phase information is an important problem. This method has been found and is a four-
frequency method with two different average and difference frequencies. For reference, we
note that in Section 2.3 we considered the four-frequency method with the overall average and
different difference frequencies [7].

On fig.8 block diagram of device for precise four-frequency control method of FBG’s resonant
frequency is presented. In searching mode from driving generator of controller 10, which is
coupled with TFBG 3, is coming retuning single frequency signal to the input of amplitude-
phase four-frequency converter based on double port electro optic MZM.

Signal with frequency Ω, which corresponds the central peak half width of TFBG 3 or near it,
is coming to the control input of amplitude-phase converter. Formed two two-frequency
signals with two different average and difference frequencies is coming to the input of TFBG
3. Output signal from TFBG 3 sends to the input of first and second photo-detectors 4, 7. Output
four-frequency signal from TFBG 3 comes to the first and second selective filters 5, 9. Controller
10 receives information from first selective filter 5 on the frequency Ω1 and second selective
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filter 9 on the frequency Ω2. Searching mode continuous till moment, when modulation index
processing in controller detects UΩ1UΩ2=0. At the moment of resonance frequency adjustment
output signal from controller 10 comes to the interface 11, and computer 6 performs frequency
measuring and begins to monitoring FBG spectra characteristics. Second photo-detector 7 and
amplifier 8 are used for calibration between two two-frequency channels.

Fig. 9 shows the dependence of the amplitudes of the envelopes of the signals’ beats of the first
UΩ1 and the second UΩ2 pair, passed through FBG (left vertical axis), and their difference UΩ1-
UΩ2 (right vertical axis) on detuning of FBG pass band (horizontal axis) for the case of supplying
a signals with equal amplitude and center frequency matched with central frequency of pass
band. Difference frequencies of the pairs Ω1 and Ω2 are not identical and are in the range up
to 300 MHz. This allows the use of a narrow-band photo-detector [60].

In the generated pairs of signals passing through the FBG, amplitudes of the several compo‐
nents change according to the direction and value of frequency shift of pass band. When there
is a frequency shift of FBG pass band depending on temperature changes, position of generated
pair of signals’ components with respect to the pass band will change, amplitudes of the
envelopes of the pairs’ beats will change and the differences between amplitudes of the
envelopes of the first and second pairs’ beats will change (passed through FBG according to
presented dependence UΩ1-UΩ2). In this case, the measurements are taken at frequencies of
envelopes, which are in a region of minimal noise of the photo-detectors [60].

Tests of the skilled device have been spent on FBG, made in FORC of the Russian Academy of
Sciences (Moscow), calibrated in laboratories PGUTI (Samara), and have shown, that use of
two-frequency probing FGB has allowed to reach errors of measurement of temperature 0,01
°С in a range 50 °С [41]. Thus the measurement error was defined basically by error of analogue
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Figure 8. Device for precise four-frequency control method of FBG resonant frequency: 1 – four-frequency converter; 2
– DFB laser; 3 – FBG under test (TFBG); 4, 7 – first and second photo-detectors; 5, 9 – first and second selective filters; 6
– computer; 8 – amplifier; 10 – controller; 11-interface
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filter 9 on the frequency Ω2. Searching mode continuous till moment, when modulation index
processing in controller detects UΩ1UΩ2=0. At the moment of resonance frequency adjustment
output signal from controller 10 comes to the interface 11, and computer 6 performs frequency
measuring and begins to monitoring FBG spectra characteristics. Second photo-detector 7 and
amplifier 8 are used for calibration between two two-frequency channels.

Fig. 9 shows the dependence of the amplitudes of the envelopes of the signals’ beats of the first
UΩ1 and the second UΩ2 pair, passed through FBG (left vertical axis), and their difference UΩ1-
UΩ2 (right vertical axis) on detuning of FBG pass band (horizontal axis) for the case of supplying
a signals with equal amplitude and center frequency matched with central frequency of pass
band. Difference frequencies of the pairs Ω1 and Ω2 are not identical and are in the range up
to 300 MHz. This allows the use of a narrow-band photo-detector [60].

In the generated pairs of signals passing through the FBG, amplitudes of the several compo‐
nents change according to the direction and value of frequency shift of pass band. When there
is a frequency shift of FBG pass band depending on temperature changes, position of generated
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Figure 8. Device for precise four-frequency control method of FBG 
resonant frequency: 1 – four-frequency converter; 2 – DFB laser;   
3 – FBG under test (TFBG); 4, 7 – first and second photo-detectors;   
5, 9 –  first and second selective filters;  6 –  computer;  8  –  amplifier;  
10 – controller; 11 - interface 

Figure 8. Device for precise four-frequency control method of FBG resonant frequency: 1 – four-frequency converter; 2
– DFB laser; 3 – FBG under test (TFBG); 4, 7 – first and second photo-detectors; 5, 9 – first and second selective filters; 6
– computer; 8 – amplifier; 10 – controller; 11-interface
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to digital coder of the controller 10 for the definition of temperature. The range of measured
physical fields (temperature, pressure etc.) is defined by sensitivity of a grating to the measured
parameter and value of differential frequencies of probing radiation, so in extreme points of
frequency range displacement of a grating making radiations should not leave for level
(0,05-0,1) R0, where R0 – factor of FGB reflection on the central frequency.

So, to reduce the measurement inaccuracy caused by phase fluctuations of system elements
new poly-harmonic method was applied, based on a four-frequency narrow-band measure‐
ments without the use of phase analysis. The advantage of this approach is the ability of the
measurement in a band up to 300 MHz with narrow-band low-noise photo-detector [59].

3.6. Discussion of results

This part of the chapter is devoted to poly-harmonic characterization of Mandelstam-Brillouin
gain contour and FBG reflection spectra for telecommunication applications. Consideration of
stimulated Raman scattering (SRS) in this part will be carried out only in general terms because
of its negligible impact on the performance of telecommunication none-WDM lines [1]. We
discussed the basics of MBGS and FBG spectrums characterization and proposed for the first
time two new poly-harmonic methods. First is the four-frequency method with the overall
average and different difference frequencies, discussed in section 2.3. Second is a four-

Figure 9. The dependence of the difference between the amplitudes of the envelopes of the signals’ beats of the first
and the second pair UΩ1UΩ2 on detuning of pass band
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frequency method with two different average and difference frequencies, discussed in section
2.5. The advantage of both methods is the absence of the need to measure the phase charac‐
teristics of the tested contours. The results of its practical realization proved the results of
mathematical modelling.

We call the first as “the method of difference frequency variation” analogically to the methods
of frequency and capacity variations for Q-factor measuring. This method can be widely used
in different systems for Q-factor measuring as in optical, so in microwave range. For example,
in [49] we applied this method to monitoring of cure processes in composite materials. In
optical range it can be applied to the measuring of Q-factor of transmitting window of CFBG
with phase shift, for example presented in [23,50], which isn’t effected to shift of central
wavelength. The second method with it simple realization can be widely used in precise sensor
monitoring loops in laboratory conditions and special circuits for temperature control in the
range of 5-10 °C with accuracy 0,01°C [11,51].

4. Poly-harmonic characterization of SMBS and SRS gain and FBG
reflection spectra as the base of software defined down-hole telemetric
systems

4.1. State-of-the-art in modern down-hole telemetric systems

In the last decade, fiber optic technologies (FOT) more intensively penetrate the oil and gas
industry,  especially  in  those  interrelated  topics  in  this  industry  as  seismic,  drilling,
geophysical surveys in wells and oil and gas extraction. Different measuring system were
developed  based  on  FOT,  which  were  characterized  by  high  accuracy  and  better  than
electronic  devices  for  the  same  purpose  in  terms  of  mechanical  and  thermal  stability.
Measuring elements (fiber or FBG) of such systems are not affected by magnetic and electric
fields and are resistant to vibration and shock. Moreover, the measurements produced by
the fiber optic wire line systems are not part of the wellbore which requires a power supply
and operates only with the light sources.

Despite the fact that the installation of the pilot monitoring systems and production of oil
wells,  using  FOT,  began  in  1980  and  proved  to  be  a  number  of  positive  factors,  fiber
telemetry means (FTM) installed today only in a small part of the hundreds of thousands
of oil wells. On the one hand, this is due to the policy of preferential production of "easy"
oil,  on the other-a frequent haze fiber during hydrogen penetration into the ground and
operating at high temperatures and pressures typical of oil production, and finally, the third
one is the number of disadvantages of FTM structures themselves. Since stocks of "easy"
oil is not unlimited, and emerging technologies allow to create a protected sealed fiber with
the ability to work in the fields of temperatures up to 700 °C, the eyes of developers and
operational  organizations  turned  again  to  the  possibility  of  installing  FTM  in  wells  by
presenting  to  them  the  requirements  to  improve  the  metrological,  feasibility,  perform‐
ance, which resulted in the appearance of the need for the optimization and upgrading of
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the structural construction of complexes of the specified class. This shows the relevance of
the theme of alleged applied research.

The fiber-optic distributed temperature sensor DTS based on SRS is the most common and is
used in almost the entire world's oil companies. However, a number of shortcomings associ‐
ated with the complexity of instrumentation, instability of pulse parameters, the need for
complex calibration procedures, highlights the use of its concurrent methods based on SMBS
and the methods used pure system on FBG. If the methods based on SMBS can achieve a spatial
resolution of 0.1 m, the ones using FBG – 0.01 m.

Another important factor is the cost of FTM installing, which is for SRS equal to 50-100, SBS –
100-150, and FBG – 15-25 thousand of US dollars. It would seem the choice is clear, however,
for the complexes at SRS and SMBS simply fiber as sensor is need, but for complexes on FBG
it is necessary to “write” gratings in fiber and then to “pack” each of them in order to bring
the properties of sensors for temperature, strain, pressure, acoustic noise measuring flow
parameters. The FBG requires a significant investment in the pipeline sensor cable and makes
it significant costs during the operational phase.

FTM based on FBG are widely used for the construction of point sensors, such as temperature
control of the submersible pump and quazi-distributed temperature sensors. It is known their
use in wells with temperatures up to 374 °C and pressures up to 220 bar, when cable length is
up to 10 km and the error of measurement of pressure – up to 1%. FTM based on SMBS with
the analysis in the time domain allow you to measure the temperature and pressure at the
same time. The possibility of measuring the pressure reached with an accuracy of 2 , the
temperature with an accuracy of 0.1 °C with a spatial resolution of 0,1 m, which is comparable
with the characteristics of a wide class of FMT on FBG (1, 0,2 °C) at discrete installation
respectively. Discrete setting of FBG is determined by the presence of inter-grating distortion
when you install more than 5 arrays in series or a significant appreciation of the interrogator
with an increase in the number of gratings.

In recent years, SRS FTM with the analysis in the frequency domain of the company LIOS
Technology, GMBH are appeared on the market. These systems are the main competitors
of the systems developed by the authors since 2004. The main advantages of said system
are  lower  cost  as  compared  with  systems  with  time  analysis,  using  a  more  stable  cw-
laser  compared  to  pulse,  the  application  of  heterodyning  circuitry  for  increasing  the
sensitivity of measurements and thereby improve the metrological characteristics. Howev‐
er, the work of these systems is provided only up to a temperature of 90 °C, at what rate,
made by heterodyning, is realized in the secondary electron receiver, so the noise of the
photo-detector continue to play a significant role in reducing the metrological characteris‐
tics of this FTM type. Transfer of the heterodyning in the optical range is accompanied by
significant cost of the system through the use of additional Mach-Zehnder modulators (up
to $ 1,000 per channel).
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4.2. Background of software defined down-hole telemetric systems

Following conclusions about combined methods were made on the base of Weatherford,
Schlumberger, Halliburton companies patent and development analysis:

• Halliburton use the system of wells monitoring on SMBS, the benefits of which are based
on modern technological solutions in the field of measurement and application of the
reference temperature sensors or pressure to separate multiplicative Brillouin sensor
readings, such as, FBG;

• Schlumberger has patents with the use of FBG, which relate only to point measurements.
Particularly noteworthy is the patent for an integrated system of down-hole thermometry
that uses backscattered signal of one/any of the species: Rayleigh, Raman, Mandelstam-
Brillouin scattering;

• the patent portfolio of Weatherford differs from a similar Schlumberger one by presence of
a large number of FBG patents, which are using to some extent of complementary Raman
and Mandelstam-Brillouin reflectometry, and are also used as point sensors. Particularly
noteworthy is the patent for an integrated system of down-hole thermometry that uses
backscattered signal of one /any of the species: Rayleigh, Raman, Mandelstam-Brillouin
obtained for 7 years before such Schlumberger one.

In addition, it should be noted kinds of systems combined in pairs – Raman and Mandelstam-
Brillouin, Raman and Rayleigh. We did not find projects that would take advantage of all three
types of measurement procedures simultaneously. Modern technology, including patent
solutions of our research group lead to the formation of parallel procedures in the fiber
response of different nature (Raman, Mandelstam-Brillouin, Rayleigh and reflection from
FBG) on the temperature and pressure in the well and make a universal procedure of poly-
harmonic sensing responses, given their similar quasi-resonance character. These factors
determine the urgency of developing a fiber optic down-hole telemetry system based on a
combined non-linear reflectometry.

Scientific novelty of the research is to create a scientifically based methodological basis for the
construction and implementation of technical and algorithmic solutions for down-hole fiber
optic telemetry systems based on a combined nonlinear reflectometry, including methods and
means for:

• formation of quasi-resonant nonlinear response (Raman scattering, Mandelstam-Brillouin
scattering and reflection from FBG) in the fiber, carrying information about the distribution
of temperatures and pressures;

• probing of Raman, Mandelstam-Brillouin and Bragg structures based on poly-harmonic
radiation and quasi-coherent Rayleigh scattering poly-harmonic registration of temperature
and pressure profiles;

• design of algorithms and software procedures for measuring the temperature and pressure,
and flow rate of the liquid component composition, including the presence of occluded gas,
based on the information obtained from the distributed and point sensors.
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4.3. Planned research directions

Planned methods and approaches of down-hole fiber optic telemetry development based
on the software-defined combined nonlinear reflectometry based on unity structures formed
feedback from optical fiber to an external influence – temperature, pressure, flow parame‐
ters of the liquid (crude oil). If Mandelstam-Brillouin and Raman scatterings are carrying
distributed information of the measured parameters (temperature, pressure), the FBG allows
to receive its point localization and flow velocity data. For more information OTDR with
Rayleigh scattering can be  used and characterized to  the  Mandelstam-Brillouin ones  by
Landau-Plyachek relation. So way it seems reasonable to use a single radiation source for
getting fiber-forming response to external stimuli, forming its special signal shape or spectra,
optimized for recording spectrally separated responses from various nonlinear effects and
reflections, and monitoring their bound to the central wavelength of the radiation. Some
pair wise effects of such an implementation are known. Comprehensive option to gener‐
ate and use of responses from the three types of scattering and reflection from the Bragg
gratings not yet been studied. Its implementation could put information redundancy in the
process  of  measuring,  the  use  of  which  would  improve  the  metrological  characteristics
systems being developed.

The second approach is based on the poly-harmonic probing and resonance response obtain‐
ing. In recent years, significant progress in terms of accuracy and resolution of measurements,
as well as practicality, was registered in the use of narrowband poly-harmonic technology for
characterization of contour spectrums that makes them competitive for the above mentioned
methods in metrological characteristics, ease and cost of implementation. Their main advant‐
age is that no measurements in the resonance region of spectral characteristics are necessary,
that allows eliminating the influence of power instability of probing laser radiation and to
detect information on the difference inter-harmonic frequency in the region with small noise
level of photo-detector. The above-mentioned circumstances determine the relevance of the
topic and the scientific and technological objectives to develop poly-harmonic methods and
tools for the analysis of the spectral characteristics intended for separate registration of physical
fields of different nature (temperature, pressure, flow parameters of the three-phase) and the
construction on the basis of their optoelectronic down-hole telemetry using complex effects of
nonlinear reflectometry in their software-defined domain.

The third approach concerns the structure of  the construction of  down-hole flow-meter.
Over  the  past  five  years,  down-hole  monitoring  systems  installations  are  significantly
increased. More than 90% are deep and complex branched wells.  Traditionally,  continu‐
ous  monitoring  is  primarily  used  to  control  the  pressure  and  temperature  in  the  bore‐
hole. Thanks to the development and establishment of fiber optic down-hole flow-meters
it became possible to measure the productivity of wells in its branches. Sophisticated flow
structure defines the requirements for the construction of the flow-meter,  however,  note
that its  primary purpose is  the definition of a flow within the wellbore,  and not on the
surface.  To construct  the  flow set  point  is  used temperature  and acoustic  pressure  sen‐
sors. We have proposed to use for such purposes FBG-PS, FBG with a phase shift, which
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is characterized by high resolution and the ability to check-in without a shift of the center
wavelength, as shown in several studies [11,25,48,50].

4.4. Discussion of results

FOT systems and FTM for down-hole telemetry – a developing area of science and technology
in Russia, which would create a competition international manufacturers of similar systems
for the oil and gas industry and solve the problem of import substitution, significantly reduce
the cost of the components used, displace traditional systems on electronic components. Based
on the analysis of advanced domestic and foreign developments at the level of patents in the
field of fiber optic systems of down-hole telemetry shows the relevance and scientific novelty
of research areas, which determines the need to develop an integrated fiber optic down-hole
telemetry system which is used to record the measured parameters for all kinds of scatterings
assessments and distributed FBG – for point and the quasi ratings, including to resolve the
multiplicative response to temperature and deformation (pressure) for FBG and Brillouin
systems and error analysis in Raman systems. The studies will be established scientifically
based methodological basis for building and technical and algorithmic solutions for the down-
hole fiber optic telemetry systems based on a comprehensive nonlinear reflectometry and
universal poly-harmonic probing of generated responses. These results allow to significantly
improve the metrological characteristics of systems, including the reproducibility of results,
because it will be used the measurement results with high redundancy on the basis of three or
four feedback mechanisms of different nature of the optical fiber at the same environmental
exposure. Scientific and methodological foundations and principles of systems can be used to
monitor not only the down-hole structures, but any extended engineering structures and
natural systems.

Proposed by us for the first time the concept, approaches and methods for its implementation
allow reasonably formulate and solve the problem of creation of scientific and technical basis
for designing software-defined down-hole fiber optic telemetry systems based on the combi‐
nation of nonlinear reflectometry with improved metrological characteristics of poly-harmonic
probing of sensing structures, including the removal of multiplicative and measurement errors
caused by instability of the forming radiations in wide frequency range.

5. Elements of perspective reflectometeric systems with poly-harmonic
probing

On the basis of two-frequency signal information structure investigation [4], [61], [62] with the
purpose to find out main principles of combined interaction of its instantaneous values of
amplitude, phase and frequency with arbitrary contour has been defined:

• instantaneous phase of two-frequency signal has a saw-tooth dependence. Speed of
instantaneous phase changes is defined by components amplitude ratio. If A1/A2 =1 the
maximal speed of phase changing is observed. When two-frequency envelope has its
minimum value, instantaneous phase has a shift, which depends on harmonic components
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amplitude ratio. If the amplitudes of two-frequency signal components are equal, phase
shift is equal to π ;

• it has been shown, that instantaneous frequency of two-frequency signal changes with
deviation of it components amplitude ratio in range limited by signal frequencies. In case
of components amplitude equality, instantaneous frequency coincides with average
frequency of two-frequency signal ωa = (ω1 + ω2)/2. When the envelope of two-frequency
signal has its minimum value, frequency overriding occurs, which depends on harmonic
components amplitudes ratio. When amplitudes of two-frequency components are equal,
value of frequency overriding is infinity;

• modulation coefficient has a linear dependence on amplitudes ratio of two-frequency
components. When amplitudes of frequency components are equal, modulation coefficient
is maximal and equals unit value.

All obtained dependences can be used in symmetric poly-harmonic reflectometeric systems
as informative and directive functions and in order to get information from selective optical
fiber structures, like SRS, SMBS and FBG contours and so on [61], [62].

A joint analysis of given information allows us to determine the range of individual tasks that
must be addressed when constructing symmetrical poly-harmonic reflectometeric systems.
These tasks include following problems: integral self heterodyning (A0 =0,A1 =A2); integral
super heterodyning (A0 > >A1 =A2); differential self heterodyning (A0 =0,A1 ≠A2); differential
super heterodyning (A0 > >A1 ≠A2); receiving and processing frequency information
(ω0 ≠ (ω1 + ω2)/2) ; receiving and processing of phase information (ϕ0 ≠ϕ1 =ϕ2, ϕ1 ≠ϕ2); receiving
and processing the polarization (A0 ⊥A1 A2) and spatial information; information about
instability (A0≠0). Given the diversity of the set measuring tasks, their decisions, are presented
further in this part of chapter, describing the methods, tools and systems parameters of means
to get poly-harmonic radiation on the base of dual-drive MZM, scanning and poly-harmonic
(more than four harmonics) methods for SMBS characterization, designing of notch filters for
blocking of elastic Rayleigh scattering in SRS and SMBS measurements [61], [62].

Additionally Raman and Mandelstam-Brillouin scattering in sensor nets so as a FBG reflection
carry vast amount information about fiber conditions but sometime have low energy level.
That’s why it’s one more cause to detect these types of scattering with high SNR and determine
their properties. Applying of photo mixing allows significantly increase the reflectometeric
system sensitivity under the condition of weak signals and receives information from fre‐
quency pushing of backscattered signal spectrum. We offered previously to use two-frequency
heterodyne and the second nonlinear receiver in the structure of reflectometers and discuss
these questions in [4] [56].

5.1. Numerical simulation of poly-harmonic conversion in dual-drive Mach-Zehnder
modulator

The numerical simulation in dual-drive Mach-Zehnder modulator [31,52] was carried out for
signals with following parameters: amplitude of RF modulating signals was equal V1=V2=Vπ;
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DC bias voltage applied to arm one and two was Vbias 1=Uπ/2 and Vbias 2=3Uπ/2, respectively;

phase difference between RF signals of two arms was changing. Resulted spectrums of output

MZM signal for different phase difference between RF signals of two arms are presented on

fig. 10-14, [62].
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Figure 14. MZM output signal spectrum for the case of Δψ = 180 (a – dBm, b – W) 
 
Signal, containing only two spectral components, was obtained for a case of phase difference Δψ = 180. The career and the other 
side components were suppressed more than 20 dB. Signals, containing four spectral components, were obtained for a cases of phase 
difference Δψ = 45 and  Δψ = 90. In order to get four-frequency signal with equal components differential regime of dual-drive 
Mach-Zehnder modulator has to be used. But in this case problem of not full suppression of initial carrier (one-frequency) radiation 
may arise. Utilization of notch filter for purpose of carrier suppression will be discussed in 4.5. 
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Interaction between frequency modulated laser radiation and SMBS gain spectra causes power amplitude modulation (AM) of 
receiving signal. Modulation rate of such signal is straight to Q-factor, and AM envelope follows linear-frequency modulation 
(LFM). When central laser wavelength is tuned to central peak of SMBS gain spectra and frequency deviation equals spectrum half 
width, initial frequency of amplitude modulation is 0, and its frequency deviation is 2. 
 
In work has been held modeling of signals processing for such system for direct and coherent detection. Usually in frequency ranging 
for extraction low frequency signal of telemetric frequencies which carries information of SMBS gain spectra properties within 
analyzing distance R in reception path received signal mixes with reference signal. In all cases measurement of subcarrier frequency 
increment cRR  2  is performed by means of registration diversity between subcarrier frequencies of transmitted and received 
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Signal, containing only two spectral components, was obtained for a case of phase difference
Δψ=180°. The career and the other side components were suppressed more than 20 dB. Signals,
containing four spectral components, were obtained for a cases of phase difference Δψ=45°
and Δψ=90°. In order to get four-frequency signal with equal components differential regime
of dual-drive Mach-Zehnder modulator has to be used. But in this case problem of not full
suppression of initial carrier (one-frequency) radiation may arise. Utilization of notch filter for
purpose of carrier suppression will be discussed in 4.5.

5.2. Two-frequency scanning for SMBS gain spectra characterization

The questions of interaction between scanning two-frequency probing radiation and SMBS
gain spectra are considered. If the laser wavelength is modulated by the frequency:
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where ν0 is initial laser frequency, Δν is modulation rate, than the intensity of SMBS gain
spectra signal will could define from the equation:
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where T (ν0),  T (1)(ν0),  T (2)(ν0) are SMBS gain spectra transmittance (the reverse value of
reflection) and its derivative by , correspondingly, I0 is source intensity. Selective amplifier,
which is tuned to the frequency Ω or 2Ω, allowed signal recovering from SMBS GAIN
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containing four spectral components, were obtained for a cases of phase difference Δψ=45°
and Δψ=90°. In order to get four-frequency signal with equal components differential regime
of dual-drive Mach-Zehnder modulator has to be used. But in this case problem of not full
suppression of initial carrier (one-frequency) radiation may arise. Utilization of notch filter for
purpose of carrier suppression will be discussed in 4.5.

5.2. Two-frequency scanning for SMBS gain spectra characterization

The questions of interaction between scanning two-frequency probing radiation and SMBS
gain spectra are considered. If the laser wavelength is modulated by the frequency:
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where ν0 is initial laser frequency, Δν is modulation rate, than the intensity of SMBS gain
spectra signal will could define from the equation:
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reflection) and its derivative by , correspondingly, I0 is source intensity. Selective amplifier,
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SPECTRA even with low gain and eliminate high level constant component I0T (ν0) of the signal
[10].

Frequency modulation allows sensitivity increasing of spectral photometric method at least in
two orders with good SNR. Spectral resolution for derivative method is defined by frequency
modulation rate Δν. Time resolution defines by modulation frequency Ω. Spectrum recovering
accurate within constant component is accomplished by sequenced signal integration [8].

During two-frequency probing SMBS gain spectra is exploring by two signals with central
frequencies ν0 −νT  and ν0 + νT . When νT =Δν / 2 modulation of sweeping frequencies is defined
by:

( ) ( )
2 2

1 0 0 2 0 01 cos , 1 cos .
2 2 2 2
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(25)

Interaction between frequency modulated laser radiation and SMBS gain spectra causes power
amplitude modulation (AM) of receiving signal. Modulation rate of such signal is straight to
Q-factor, and AM envelope follows linear-frequency modulation (LFM). When central laser
wavelength is tuned to central peak of SMBS gain spectra and frequency deviation equals
spectrum half width, initial frequency of amplitude modulation is Ω0, and its frequency
deviation is 2ΔΩ [10].

In work has been held modeling of signals processing for such system for direct and coherent
detection. Usually in frequency ranging for extraction low frequency signal of telemetric
frequencies which carries information of SMBS gain spectra properties within analyzing
distance R in reception path received signal mixes with reference signal. In all cases measure‐
ment of subcarrier frequency increment ΔΩR =2βR / c is performed by means of registration
diversity between subcarrier frequencies of transmitted and received signals. Simulation has
shown that under matching the demands for scanning SMBS gain spectra and LFM chirp
resolution of spatial measurements, more strict conditions are applied by SMBS gain spectra
properties. That causes decrease of spatial resolution. In case of direct detection of double
frequency reflected signal auto heterodyning is performed with spatial coincidence of mixing
rays. In that case signal spectrum transfers to the zone with low noise level of photo detector.
Range control is performed by measurement the reduplicated frequency changes of modulat‐
ing LFM chirp signal, and output signal frequency from intermediate amplifier of receiving
system. SMBS gain spectra parameters control is performed by measurement of signal power
level at that frequency. For short fibers, which require bands of receiving paths in the range
20-100 MHz, sensitivity increasing may total two orders [8].

In some works has been shown the possibility of using additional signals, which were none
selectively influenced by testing SMBS gain spectra for increasing metrological properties of
a system. In case of two-frequency source frequency modulation could be accomplished by
two signals. The first confirms the demands for SMBS gain spectra scanning and LFM chirping,
the second represents modulating signal with constant frequency within the limits of SMBS
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gain spectra with amplitude two orders less than the scanning signal amplitude. In that case
measuring signal will contain two items. The first U1≈k1 f (I0, T , R)ϕ(τ) depends on SMBS gain
spectra optical properties, gauging equipment parameters and etc. The second item U2, mostly
is not under the influence of SMBS gain spectra, only from component k2 f (I0, T , R). After
normalization U1 regarding U2 for distance R (simultaneous signal selection) and assuming
that k1=k2, we will get equation, which depends only on SMBS gain spectra properties ϕ(τ).

Thus, two-frequency SMBS gain spectra scanning allows system increasing performance both
in direct detection mode and normalizing mode, because reference signal parameters are
determined and are not the signals of spurious modulation [8].

5.3. Multiple frequencies probing for SMBS gain spectra characterization

Analysis has shown that the main demand for SMBS gain spectra high precision measurements
is high synchronization of phase, frequency, amplitude and polarization of probe signals.
Sometimes it is impossible to fulfill those conditions even with the use of digital frequency
synthesizer and locked-in lasers. Therefore the task of getting two-frequency and two-band
oscillations with multiple frequencies and high synchronization is of current importance. Let
us consider such method based on amplitude-phase conversion (Il’in-Morozov’s method [4]).

Method is based on phase commutation by 180° of amplitude modulated signal at the moment
when its envelope has minimum value. The basic task of research is defining the form and
parameters of modulating signal S(t) to receive an output two-frequency oscillation with
suppressed carrier frequency ω0. Total suppression of side components with n ≥ 3 could be
achieved with the use amplitude modulating oscillation S(t)=S0|sinΩt|. Than the resulting
signal with amplitude modulation index b would have the following spectrum [8]:

( ) ( ){ } ( ) ( ){ }0 0
0 0 0 0

2 1( ) (1 ) cos cos cos cos .
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E E be t b n t n t t t
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pw w w w
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Amplitude of spectral components will be defined by Fourier series indexes, and for n=1
E1=[2E0/π][1b]+[πE0b/4], for n≥3 En=[2E0/πn][1b]. When bopt=1 spectrum contains two useful
components with frequencies ω0±Ω, and the spurious products are suppressed. When the
modulation index varies between (0,7-1)bopt output signal nonlinear-distortions coefficient
would be less than 1%.

Modulation signals given previously could be used for forming symmetric double band
spectrum for multi frequency measurement systems. To realize them it is essential to solve
equations set (25) for indexes, varying not only amplitude modulation index but also the value
of phase commutation θ. Using the oscillation S(t)=S0|sinΩt| we will get the following
equations for amplitudes of spectral components [8]:
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Equations (26) (27) allows to define spectral distribution of resulting signal with any b and θ.
However, from point of view of simple technical realization we should look for forming
oscillations without phase commutation using synthesis of oscillations with complex harmonic
composition with k components, for example [8]:
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where Sk are the partial amplitudes, En are the equations for Fourier indexes of its spectrum,
mk are partial indexes of amplitude modulation. Such approach of looking for forming
oscillations will also allowed to take into account influence of real devices modulation
characteristics nonlinearities on spectral distribution of output radiation, which are used to
realize amplitude-phase conversion.

Differential frequency of two-frequency oscillation (25) when bopt=1 is defined by frequency
Ω of phase commutation θ. Its stability unambiguously concerned with frequency stability of
driving voltages and instabilities of commutations devices. Really achievable value of
differential frequency’s instability with thermo-stating of driving generators is 108. During
differential frequency’s retuning, which is required in some types of measurements and rather
simple realized with the use of amplitude phase conversion, minimum frequency shift is
determined by modulators gain slope, and maximum frequency shift is determined by higher
cutoff frequency of modulator and correlation between modulator and modulated frequencies
[8].

Energy equality of side lobes and the effectiveness of their conversion are of great importance
in multiple frequencies systems. Using the derived equations for the spectrums of output
oscillations and taking into consideration properties of amplitude-phase conversion, i.e. using
the additional power of amplitude modulation and phase commutation for forming the side
lobes, we could determine, that power of the last one is nearly 60% of initial single frequency
oscillation, and conversion index equals unit value without taking into account the loss in real
modulators. Moreover multi frequency radiation allows any pair of formed frequencies using
for differential analysis without retuning central laser frequency [8].

As it has been mentioned above retuning both laser frequency and difference frequency
between spectral components either is very complex or is carried out nonlinearly. Simple way
of SMBS gain spectra analysis could be realized with its multiple frequencies probing (fig.15).

If initial SMBS gain spectra probing by two-frequency signal with components A1 and A2 did
not allowed the measurement of the central wavelength of SMBS gain spectra we should
change the conditions of amplitude phase forming of probe signal. Solving the equation (25)
with E3=0 and limiting to four components we will get multiple frequencies signal with A1, A2,
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A5 and A6. At that components A1, A2, A5 lie on the left slope and component A6 lies on the right.
It could be defined from phase characteristics. As far as A2>A6 what is evident from envelope
analysis of that pair cutout by band pass filter we should change the parameters of amplitude
phase conversion of probe signal one more time [10].
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At that components A1, A2, A5 lie on the left slope and component A6 lies on the right. It could
be defined from phase characteristics. As far as A2>A6 what is evident from envelope analysis
of that pair cutout by band pass filter we should change the parameters of amplitude phase
conversion of probe signal one more time. From equation (25) with E5=0 and limiting to four
components will get multi frequency signal with A1, A2, A3 and A4, and with А2=А4, for example,
what corresponds the tuning of that pair to the SMBS gain spectra central wavelength [10].

There are possible three types of analysis: analysis of each component alone (differential
analysis), analysis of the envelope of each double frequency pair (integral-differential analy‐
sis), and the analysis of energy correlation of all components (integral analysis). All of these
methods are possible and correspond to single, two-, and multiple frequencies probing of
SMBS gain spectra with limited number of optical band pass filters which are conjugated with
detuning frequency between spectral components [8].

In more complex way of searching the spectral center and half width we should solve an
equation set with amplitude and phase coefficients. Process of multiple frequencies analysis
of SMBS gain spectra consists on solving the following equations set [10]

[ ] [ ] [ ] [ ] ,*= ´ ´D A E E (30)

where [D] is matrix of output photo detector currents value with frequencies kΩ; [А] is matrix
describing required SMBS gain spectra components in band Δω; [E] is matrix describing
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spectrum of probe multiple frequencies oscillation with frequencies {ω0±kΩ}{Δω}, [E] is
complex conjugate matrix with [E].

On the first step SMBS gain spectra is probing by two-frequency oscillation, amplitude of the
components with n≥3 equals zero. At the same time hitting the SMBS gain spectra central peak
is not required. From the analysis of photo detector components on frequency Ω we can define
SMBS gain spectra slope, its steepness, frequency shift from central peak of reflection8. During
the second step we use multi frequency oscillation, which component with n=3 does not equal
zero. During the third step we use multi frequency oscillation, which component with n=3
equals zero, and component with n=5 does not equal zero. At the same time we analyze
amplitudes of photo detector components with frequenciesΩ, 2Ω, 3Ω. As far as the amplitude
of probe signal components is known and stable, as it has been shown before, we could with
given precision define SMBS gain spectra, such as central wavelength, steepness, symmetry
of the spectrum curve, and etc. At the third step varying the frequency Ω, number of compo‐
nents n and working filters with frequencies kΩ, we could optimize SMBS gain spectra analysis
and tune the central frequency of probe laser to the reflection peak to take a tracking signal [8].

5.4. Some remarks for SNR of spectra characterization

Let’s consider some different situations with single, two-, and multiple frequencies probing of
real selective structures with limited number of optical band pass filters which are conjugated
with detuning frequency between spectral components [8]. SMBS gain spectra characterization
from optical to the electrical field by single-sideband amplitude modulated radiation, in which
the upper sideband is suppressed and single frequency probing is used in [6]. SMBS gain
spectra characterization in single-mode optical fiber was presented in [7]. It is based on the use
of advantages of single-sideband modulation and two-frequency probing radiation, which
gives possibility of transfer the data signal’s spectrum in the low noise region of a photo
detector. Two-frequency scanning and multiple frequencies probing of SMBS gain spectra are
discussed in sections 4.2-4.3 and were partly considered in [8]. SMBS gain spectra characteri‐
zation with two-frequency heterodyne and single frequency scanning was discussed in [4].

As we can see from [6,7] the needed bandwidth of photo detector is determined by Mandel‐
stam-Brillouin frequency shift and equal to 10-20 GHz. One version of signal processing may
be realized on the envelope of differential frequency 2Δf [7]. So the needed bandwidth of photo
detector is determined by Mandelstam-Brillouin gain and equal to 20-100 MHz. The same
value of bandwidth is a feature of methods which are presented now and discussed in [8].
Additional advantage of method [4] is heterodyning. Applying of photo heterodyning allows
significantly increase the system sensitivity under the condition of weak signals and receives
information from frequency pushing of counter propagated signal spectrum [8].

If we don't go into details of the physical nature phenomena, the basic noises level of the
radiance receivers is more than background noises level and determine the detect ability of
receiving signal. The gain in SNR relative to single frequency measurements can be calculated
as [63]
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where S(f) – spectral density of radiance receiver noises, Δf – bandwidth of photo receiver.

The gain will be determined by different nature and level of noise in different frequency
regions (fig. 16)

Figure 16. To SNR gain remarks

There are current noises with distribution type 1/f and other powerful noises of low frequency
nature for region {0...Δf}for variants 2,4. There are thermal agitations and shot noises with low
intension for region {f0 Δf... f0+Δf} for present methods and heterodyning 9. For little distance
routes the gain in SNR can be mount to 1–2 orders. All these summaries are correct and for
multiple frequencies probing [8]. The results are much closed to [53].

5.5. Notch filters for suppressing of Rayleigh scattering

The Raman scattering of light is known to be accompanied by the emergence of spectral
components shifted in terms of frequency [15]. The number and the spectral positions of these
lines depend on the structural characteristics of the scattering medium. It is known that the
intensity of the anti-Stokes line is very low (30 dB weaker than the amplitude of elastic Rayleigh
scattering); therefore, registration of the ratio of intensities of the Stokes and anti-Stokes
components is a difficult task. In addition, the power of the probing radiation should not
exceed several watts to avoid such nonlinear effects as the stimulated Raman scattering and
the stimulated Mandelstam-Brillouin scattering. The principle of the SMBS distributed
temperature sensors is based on the Landau-Placzek ratio where the temperature-insensitive
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lines depend on the structural characteristics of the scattering medium. It is known that the
intensity of the anti-Stokes line is very low (30 dB weaker than the amplitude of elastic Rayleigh
scattering); therefore, registration of the ratio of intensities of the Stokes and anti-Stokes
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exceed several watts to avoid such nonlinear effects as the stimulated Raman scattering and
the stimulated Mandelstam-Brillouin scattering. The principle of the SMBS distributed
temperature sensors is based on the Landau-Placzek ratio where the temperature-insensitive
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Rayleigh signal provides a reference measurement of the fiber background losses and the
temperature-sensitive Brillouin signal provides a measurement of the temperature [16]. It is
estimated that the Rayleigh signal must be suppressed by at least 33 dB to reduce the effects
of SRN to an acceptable level. In these circumstances, in order to achieve high accuracy of
temperature measurement is required to choose the optimal method of Rayleigh scattering
filtration and separation of the desired signal with minimal loss of information.

The separation of the relatively weak Brillouin signal from the Rayleigh has been reported
using a bulk Fabry-Pérot interferometer (FPI) [54], which is lossy and expensive. A fiber Mach–
Zehnder interferometer (MZI) has been demonstrated to achieve 27-dB Rayleigh rejection
using a-switched fiber laser probe of 1.5-GHz bandwidth [55]. However, with a narrow-band
source (20 MHz) and the resultant increased coherent Rayleigh noise, this is insufficient to
achieve a temperature resolution of 1 °C. In [16] reports on the use of a narrow-band fiber
Bragg grating filter (FBGF), which achieves recovery of the Brillouin signal by suppressing the
Rayleigh signal. In this way, the Brillouin light path is subject to minimum attenuation and is
frequency independent. Typically, the filter uses fiber Bragg gratings that produce narrow-
band signals of the Stokes and anti-Stokes components [14], which are then sent on different
channels registration. However, this method makes great demands on the quality of lattices:
a spectral width (which should be as much as possible), the reflection coefficient, losses, and
so on. Unfortunately, even under optimal conditions, a significant portion of the desired signal
is lost during filtration. So, FBG is more effective to suppress Rayleigh scattering, then to detail
Stokes and anti-Stokes components.

In [14,15] FBG with a spectral width of 0.5 nm reflection used to suppress the central Rayleigh
line, which allowed to minimize the noise introduced by Rayleigh scattering without a
substantial reduction in the integrated intensity of Raman shift lines. After filtering, the signal
components of the SRS were separated by directional couplers with the appropriate wave‐
lengths and sent to pin-photodiodes. It was not possible in [16] to obtain a single grating that
would provide rejection of Rayleigh line. Hence, the filter comprises two cascaded gratings
separated with an isolator to prevent the formation of an étalon. The rating characteristics were
all supplied to the following specifications: bandwidth 0.13 nm, reflectivity 0.98%. In this way
the FBG offers minimum attenuation to the two Brillouin sidebands, which, therefore, pass
relatively unaffected through the filter.

We developed a new method of FBG writing on the basis of phase mask and restrictive object
positioned between mask and fiber. Such optical scheme was realized and we got FBG, which
allowed measurements of intensity of the Raman or Mandelstam-Brillouin scattering compo‐
nents in a wide spectral range with the minimum losses; the sensitivity of a conventional
InGaAs photo-detector turned out to be sufficient for these measurements. This filter sup‐
pressed the central area of the spectrum at the wavelength of 1552,6 nm and transmitted the
anti-Stokes and Stokes lines of the Raman or Brillouin scattering. The spectra of FBG for
Rayleigh line filtration in SMBS gain spectra characterization, obtained by the spectrum
analyzer 5240 FTB-S with a resolution of 2 pm, is shown on fig. 17.
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Figure 17. Spectra of FBG filter

Figure 18. Setup for FBG recording

FBG for the experiments was manufactured by a given method of continuous recording with
restrictive object in the setup, shown in Fig. 18, at the R&D Institute of Applied Electrody‐
namics, Photonics and Living Systems. The setup for FBG recording was made in Novosibrsk
State University on the base of amplitude-modulated ultraviolet laser with the conversion of
the second harmonic on the Ar+. Laser was focused on the core of the aged in hydrogen-doped
germanium-silicon fiber (SMF-28).
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5.6. Discussion of results

On the basis of two-frequency signal information structure investigation main principles of
combined interaction of its instantaneous values of amplitude, phase and frequency with
arbitrary contour has been defined. The numerical simulation in dual-drive MZM was carried
out and different poly-harmonic spectrums were realized. Novel methods for multiple
frequency characterization of stimulated SMBS gain spectrum in single-mode optical fiber are
presented. This method is based on the usage of multiple frequencies probing radiation [8].
For conversion of the complex SMBS gain spectra from optical to the electrical field single-
sideband modulation, direct or heterodyne detection are used. Determining of a multiple
frequencies positions over the gain spectrum occurs through the amplitude modulation index
of the envelope or the phase difference between envelopes of probing and passing components.
The methods are characterized by high resolution, SNR of the measurements increased of a
two order, simplicity of the offered algorithms for finding the central frequency, Q-factor and
SMBS maximum gain coefficient. Measurement algorithm is realized on simple and stable
experimental setup. Applying of photo heterodyning allows significantly increase the system
sensitivity under the condition of weak signals and receives information from frequency
pushing of counter propagated signal spectrum. We developed a new method of FBG writing
on the basis of phase mask and restrictive object positioned between mask and fiber. Such
optical scheme was realized and we got FBG, which allowed measurements of intensity of the
Raman or Mandelstam-Brillouin scattering components in a wide spectral range with the
minimum losses and deep suppression of Rayleigh scattering line.

6. Conclusion

We reviewed the principle and the applications of the poly-harmonic (two-frequency or four-
frequency) cw laser systems for characterization of Mandelstam-Brillouin gain contour, Raman
scattering contours and FBG reflection spectra. Investigation methods and approaches are
based on the unity of resonant structures of generated fiber responses on exciting and probing
radiation or external physical fields for all given effects. The main decision is based on poly-
harmonic probing of formed resonance responses. A variety of multiplexed measuring
functions can be provided by the technique for telecom and sensing applications. As the
examples, we introduced new four-frequency methods for Mandelstam-Brillouin gain contour
and FBG spectra characterization classified by average and difference frequencies of probing
radiation. These systems possess the advantages of the continuous-wave operation, high
resolution, high accuracy, and absence of the need to measure the phase characteristics of the
tested contours. We proposed for the first time the concept, approaches and methods for its
implementation, which allowed reasonably formulate and solve the problem of creation of
scientific and technical basis for designing software-defined down-hole fiber optic telemetry
systems based on the combination of nonlinear reflectometry (inelastic Raman and Mandel‐
stam-Brillouin, elastic Rayleigh and FBG) with improved metrological characteristics of poly-
harmonic probing of sensing structures, including the removal of multiplicative and
measurement errors caused by instability of the common source of forming radiations in wide
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frequency range. Universal poly-harmonic source of probing radiation, variants of scanning
and multiple methods of probing, notch filters for Rayleigh scattering line suppression were
demonstrated as elements of perspective systems of given class. Applications of designed
methods and means in microwave range were also discussed.
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1. Introduction

Chromatic dispersion (CD) of optical pulses in an optical fibre influences their width. It refers
to changes in propagation of particular frequency components contained in optical pulses
causing extension of optical pulses. The fibre reach is then significantly limited, unless signal
regenerators are used. Because the pulse spread degrades optical systems, it is necessary to
prevent its origination or to eliminate its results. CD ought to be suppressed or one shall
prevent its origination by specialty optical fibres, including both conventional and micro‐
structured optical fibres (MOF). To keep the pulse length nearly constant, it is possible to use
Dispersion Compensating Fibre (DCF) that shall be installed at the regenerators that provide
amplification, renewal of timing and pulse duration. DCFs have negative dispersion param‐
eter; CD accumulating between regenerators is then suppressed. Consequently, bit error rate
could be improved and the fibre reach could be extended [1].

Photonic Crystal Fibres (PCF) could be a suitable solution for the problem of CD in high-speed
transmission systems, especially those using Wavelength Division Multiplexing (WDM) to
increase the symbol rate [2].

We systematize design approaches for specialty dispersion-tailored optical fibres in order to
offer a guideline to flexibly design optical fibres used in telecommunications whose optimized
CD is a key property. Last but not least, we present selected fibre designs prepared in last few
years, including CD plots and information about structural parameters.

The knowledge about how to design fibres could be useful to design optical fibres, such as for
example a submicron flat CD compensating fibre. In addition, fluoride compounds, as
compared with silica glass, exhibit higher effective refractive index, the wider spectrum of
working wavelengths (λ) or lower insertion losses. Additives using these materials are
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promising for extending the application towards infrared region, where fluoride glasses are
usually transparent.

2. Fibres with optimized dispersion [3]

DCFs could regenerate signals that are spread as a consequence of CD. This practically means
that the bit error rate at the receiver’s side could be improved or the spaces between adjacent
symbols could be reduced. As a result, potential bit rate could be increased. One of the
approaches how to deal with CD is to use zero CD fibres, offering near zero CD at the operating
λs. (It shouldn’t be exactly zero because of Four Wave Mixing problem occurring when
propagation is with zero dispersion and the phases of all the frequency components are
matched). Another approach is to use already mentioned DCFs at the signal regenerators. CD
tailoring fibres could work at some λ, e.g. at 1.55 μm, where they could have negative value
of CD being few hundred picoseconds (ps/nm/km), which expresses the delay between the
slowest and fastest frequency component measured at the distance of 1 km, assuming the
source of radiation emitting the spectrum of 1 nm. Sample compensating fibre was published
in Refs. [4] and [5]. Very low CD parameter is observed whose properties could benefit in
compensation of CD accumulating in some optical network. An unsolved problem seems to
be relatively narrow window of λs. Such a fibre could then compensate CD in just one λ channel
of a WDM system [3].

Resultant CD is a balance between waveguide and material component. In order to obtain flat
CD, the evolution of waveguide dispersion has to be exactly opposite to the one of material
dispersion, which means that both ought to be optimized at each channel step by step. The
situation is simple when material dispersion is linear upon λ. Then, one could employ an
algorithmic approach with iterations to calculate and precisely adjust the CD at each λ. A very
important assumption is that the balance between both dispersion components could be a very
useful tool in designing fibres for CD tailoring by optimizing material dispersion (through the
material properties) and waveguide dispersion (as a result of optimization of the shape of the
waveguide) [3] [6].

2.1. Dispersion compensating fibres [2]

When a compensating fibre works at some λ, optical symbols ought to be transmitted at small
spectrum of light waves, without multiplying the bit rate in many channels. Such narrowband
fibres can have very low value of CD that is possible without using additives (e.g. germanium
dioxide). In Ref. [7], it could be found that CD of -18 ns/nm/km is possible. Other works
concentrate rather on the optimization of the structural parameters of MOFs to obtain flat CD
diagram. Microstructured fibres offer much greater flexibility because geometry could be
optimized not only through the core and cladding diameter, but also by changing the air filling
fraction, and the lattice pitch including its arrangements. In Ref. [8], flat CD over all the telecom
bands is shown [2].
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Index guiding MOFs (the one without the central inclusion, having solid core) offer high
flexibility in CD compensating fibres design. For example microstructured based DCFs could
have dual cores [9] or they could be doped [10]. Negative value of CD parameter in DCFs with
dual core structure could also be combined with the idea of making some rings with smaller
holes [7][10]. Such a DCF with low CD parameter in broad telecom band is shown in Ref. [11],
in addition, a square lattice (with the defining angle of 90°) was proposed. The performance
of DCFs with the concentric cores could be increased by using germanium dioxide in the core
[12]. The relation between the amount of additives and resultant CD is shown in Ref. [13]. Some
other substrates could be used to lower the effective index (neff), such as for example fluorides
[14]. On the contrary, germanium dioxide raises neff. The key feature is not to raise or lower a
certain index, but to create large index contrast between the fibre’s core index and its neff of the
cladding [2].

Fibres with flat CD, i.e. those having low value of CD in many λ channels concurrently are
often considered as  wideband fibres,  but  they can’t  be used to compensate CD in all  λ
channels at  once,  because accumulated CD in each WDM channel  is  different.  They are
rather  suitable  to  compensate  CD at  one channel,  which can be selected from the wide
range of λs that are compatible with the used DCF.Real wideband fibres should compen‐
sate  CD at  every  λ  channel  at  the  same time.  They  must  have  CD exactly  opposite  to
dispersion in each channel. In Ref. [15], it is shown that larger lattice pitch in the 1st ring
of holes is responsible for the CD slope that must be optimized for this purpose. In addition,
the hole radius in the 1st ring should be larger to enhance dispersion. CD slope property
is studied in Ref. [16] in the context of wavelength division multiplexing. Another slope
compensating DCF is shown in Refs. [2] and [17].

2.2. Zero dispersion wavelengths in DCFs

Because a great part of MOFs have parabolic wavelength evolution of CD and the minimum
CD at low values, those fibres can have two zero-CD wavelengths (ZDW). The 1st ZDW is
the  one  utilized  at  visible  wavelengths,  whereas  the  longer  ZDW  is  used  at  telecom
wavelengths [18]. Such Highly Nonlinear PCF (HNPCF) could exhibit positive slope at 1st

ZDW and negative slope at 2nd ZDW, as shown in Ref. [19]; the 1st ZDW was at 900 nm,
the 2nd one at the λ of 1.6 μm.

The high index difference between the air-filled microstructure and pure or doped silica core
enables tight mode confinement resulting in a low effective area and, thereby, a non-conven‐
tional behaviour of CD. Modifying the periodic cladding (i.e., hole-sizes, lattice pitch), the
waveguide dispersion and the origination of ZDWs are influenced, keeping the fibre still in
single-mode operation regime [20]. Then, the strong wavelength dependence in the charac‐
teristics of the fibre will be used to determine either huge CD with large slope or nearly-zero
flat CD.

The bandwidth, at which MOFs are designed to have zero CD, could be divided into three
categories: working in the region between 0.55 μm and 1 μm, where 1st zero-CD point could
be determined; another region between 1 μm and 1.2 μm, where 1st or 2nd ZDW could be found.
The 3rd region, starting at 1.2 μm and going up to longer λs, is used to create the 2nd zero CD
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and is not available for the 1st zero CD. An overview of the obtainable ZDWs as a function of
MOF’s structure was shown in Ref. [21].

Both core size and the radius of holes exhibit significant influence on the location of both ZDWs.
Increasing core size tunes the ZDW to longer λ. The increase in air percentage in the cladding
could extend the origination of the 1st ZDW at longer wavelengths and the 2nd ZDW at shorter
λs (i.e. less negative CD is obtained for larger air-filling fraction).

2.3. Dispersion flattened fibres and wideband fibres [2][3]

Some compensating fibres could work at short spectrum of λs. When a compensating fibre
works at a certain λ, optical pulses can be transmitted using one or – in general – low amount
of WDM channels. As it has already been mentioned above, MOFs are suitable for designing
the compensating fibres because they allow huge index contrast and offer many parameters
to be optimized (core size, hole radius, lattice pitch, amount of rings of holes) in order to
optimize waveguide dispersion [2].

Currently,  flat CD fibres could for example be referred to as near zero CD transmission
medium. In Ref. [22], a DCF made of pure (undoped) material is shown. Advanced DCFs
with flat CD property over broad spectrum of working λs could be found in Ref. [23]. An
interesting fibre with CD parameter close to zero with CD fluctuations less than 0.5 ps in
S to L bands is shown in Ref. [24]. Results were obtained by careful optimization of holes
in particular rings. To reduce losses, it is often required avoiding doping the MOF’s core.
Instead,  one  could  consider  using  octagonal  [25]  and  decagonal  [26]  lattice,  or  more
sophisticated lattice arrangements [2].

Recent analyses concentrate on the low, flat CD over telecommunication λs for any telecom
wavelength compensation. The value of CD and the width of the working range is a compro‐
mise. A DSF could have large negative CD value, but for medium-wide wavelength range, or,
acceptable CD parameter, but designed for very broad spectrum of λ. Currently, the strongest
demand is to design DCFs mainly for C and L bands, where modern WDM systems can work.

The idea how to obtain flat CD properties is to tune the 1st ZDW to shorter λs and the 2nd ZDW
to longer λs, having little negative CD over the whole bandwidth at the same time. Practically,
predicted CD diagram is a wide parabola. Considered properties are related to the diameter
of the core and the radius of the holes in particular rings. Both were found to have different
impact on the origination of each ZDW. There are requirements to locate the zero CD point at
the λ of 1.55 μm or, in general, in the C-band [8]. Changing the air filling fraction and lattice
pitch is not the only idea that could be used to optimize CD. For example elliptical holes instead
of circular holes exhibit potential low and very stable CD properties, i.e. 0.6-1 ps/nm/km in the
range from 1 μm to 1.9 μm [3].

Finally, there are a few examples that are worth to be noticed: a DCF in Ref. [27], with CD
parameter being –1350 ps/nm/km at 1.55 μm; another one in Ref. [28] has CD of –440 to –480
ps/nm/km at the band of 1.5-1.62 μm [3].
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3. State of the art

The employment of the considered fibres is mainly in high-speed transmission systems using
wavelength division multiplexing and signal recovery, offering transmission rates of even
more than 1 Tb/s, where it is proved that non-optimized CD could destroy the pulse spreading,
but as well it could generate some nonlinear effects, such as four wave mixing, among others.
Although the properties of the fibres significantly differ from one another, the techniques used
for optimized CD could be systematized so that one could design a fibre with desired CD value
and slope at a specific λ.

Understanding of the mechanisms governing CD tailoring is necessary not only permits for
the fibre design, CD suppression and avoidance, but also to predict the potential manufactur‐
ing tolerances. There are a few techniques used to obtain the expected CD and we describe
them in more details in the following sections.

3.1. Fibre designs [1]

One of the techniques applied is to dope the fibre’s core. By inserting small doped inclusion
in a MOF’s core, the index contrast with result in much larger mode confinement. Because the
waveguide dispersion is related to it and because the length of propagated light waves is of
the range that is comparable to the core size, the inserted region will be responsible for very
low waveguide dispersion component.

There is another technique that could be used to optimize dispersion, it assumes to inject some
liquids into the microstructured holes. In Ref. [29], the 4th ring of holes is doped by using liquids
for this purpose. But liquid’s properties are strongly dependent on temperature, which means
that constant temperature must be ensured. This means that such a fibre could for example be
used for some experiments in laboratory conditions (e.g. sensors), but they can’t be used in
outdoor installations of telecommunication systems [1].

Germanium dioxide is very often used to raise the effective index. In Ref. [13] and [30], the
idea how to use it to dope the microstructured fibre’s core is described in details. But this
solution is not perfect in terms of effective area of the mode which is rather small in the doped
fibres, as well as from the perspective of increased attenuation caused by material absorption,
which is high for germanium dioxide [1].

Another technique to be described and systematized is the one using air holes located close to
the fibre centre. The 1st mode could be confined within the core by the index contrast, and the
effective diameter of a mode is then usually small enough to control CD. Stronger confinement
could be obtained in a MOF using other type of a lattice, like for example octagonal, decagonal
or spiral.

An alternative way, how to control the effective index, is to have core defects. A “defect core”
is usually understood as one allowing light coupling to some other regions by some imper‐
fection that is introduced intentionally. This technique uses weak interactions between the
core-guided mode and a mode localized in an intentionally introduced defect of the crystal.
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Finally, the idea of concentric cores could be considered. What feature in dual core technique
is responsible for low CD? It is large value of neff produced by significant asymmetry between
the two cores where light is coupled. Light is propagated in both cores concurrently. Dual cores
are responsible for the phase matching at a certain λ, and consequently at this wavelength
large CD parameter is obtained.

Low value of CD parameter is possible in concentric cores. They could be obtained by removing
[7],[10] or reducing [7],[31] the air fraction in some rings of holes [1].

There are many aspects that could influence resultant CD; it could be coupling modes and the
phase matching wavelength, at which CD control is possible, could be obtained in many ways,
for example by fibre bending. We found these conclusions as interesting, because many works
assume that the most important consequence of bending a fibre is increased attenuation. It
could be shown that large negative value of CD parameter could be the accompanying process.

3.2. Extension of transmission band towards infrared — Fluoride fibres [32]

Dealing with the structural parameters of MOFs is a solution to find optimal CD. They could
be enhanced by very careful optimizing the material composition. For example fluorides could
be used as additives, but they could also be used as a background material instead of silicon
dioxide, which could be evaluated as significant progress in the field [32]. The fluorides have
low effective index, broad range of λs and low attenuation. One could consider the use of
BaF2, CaF2 and more advanced ZBGA (ZrF4-BaF2-GdF3-AlF3) or ZBLAN (ZrF4-BaF2-LaF3-AlF3-
NaF) [32]. In addition, because those materials are composite, it is possible to change their
composition in a compound in order to obtain neff value or its slope in the investigated area
of λ. Last but not least, these materials are transparent in infrared region (as well as in the
telecommunication bands) which makes them interesting for some applications in sensors. The
properties of fluorides allow using them in MOFs [33]. They would lower the effective index
of the cladding or the index at the second, larger concentric core. It is usually combined with
doping the main core by using germania. This idea could be considered as a significant
progress in fibre optic technology. Then a fibre with a W-type profile or refractive index could
be created. For example, the core doped by using germanium dioxide would exhibit the neff of
about 1.48 and concurrently the cladding index doped by using F-SiO2 would exhibit the index
of about 1.43. Similar solution (in general modified W-type index profile fibre) could be
employed in systems with WDM [32],[34].

Material and structural parameters are key features in order to obtain exact CD at each λ, but
the accuracy and quality of production could become a critical issue, especially in submicron
fibres whose small holes with the diameter being less than one micron is problematic for some
manufacturing technologies. All this combined with the application of new materials that
should be processed in different way compared to siliceous materials could result in both
attenuation and CD properties far from the expectations [32].

At the telecommunication band both ZBLAN and ZBGA showed similar attenuation proper‐
ties like the one of silicon dioxide, but their CD properties significantly differ [35], in addition
fluorides have different mechanical properties and they have to be fused at different temper‐
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ature than temperature for silica. The theoretical attenuation could even be of 0.01 dB/km, in
the range from 0.3 μm to 4.3 μm. The neff in telecom band is 1.47 – 1.52 [32, 36].

4. Design approaches

To describe propagation of light in a given optical glass, we could consider the constant of
propagation of a wave that is related to the phase variation [32]:

( )k jb a= - (1)

The real part β and the imaginary part ω could be specified [37]:
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Where ω is angular velocity, σ is conductivity, a µ is permeability and ε is permittivity. Because
MOFs are dielectric it could be assumed that:
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Both real and imaginary part of propagation constant in (3) could be simplified to a form:

b w e= (5)

1a = (6)

MOFs could be described by an effective index neff, which expresses “the refractive index at
the boundary of two entities”, which in this particular case are the core and the cladding [32]:
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β is real part of the constant of propagation of core, k0 is the constant of propagation in vacuum.
Propagation constant depends on λ, it could be written that:

2k p
l

= (8)

Group velocity that integrates optical waves in an “envelope” could be considered to describe
its velocity. It refers to CD and is less than the speed of electromagnetic wave in vacuum [32]:
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Then group delay τg could be calculated as time necessary for the propagation of wave to
certain distance with velocity of vg (9):
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In general, chromatic dispersion CD is known as the dependence of group delay τg on the
wavelength λ, at which the signal is transmitted [38]:
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In simulations it is more suitable to use material dispersion equation described by using
Sellmeier approximation. CD equation suitable for Sellmeier approximations is following [39]:
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Designs of MOFs could be calculated by Finite-Difference Frequency Domain (FDFD) method.
The distribution of light could be calculated by discretizing electric (13) and magnetic (14) field,
it is described in Refs. [32, 40], and [41]:
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k0 is wavenumber in free space, β is real part of the propagation constant, εr is dielectric constant
as in (5). The FDFD method uses the discretization scheme shown in Ref. [42][32].

FDFD is used in many commercial simulators of mode distribution and neff calculators. In most
of them, it is possible to use user friendly graphical interface, but when a very accurate result
is demanded, many iterations ought to be done by creating a loop using an appropriate
scripting language. We use a mode solver from the Lumerical Inc. When the fibre’s cross section
is proposed and the simulation parameters and monitors are set, the simulation is run [3].

Creation of realistic models of sophisticated optical glasses is an interesting feature. To
introduce materials to the simulator, we used the Sellmeier approximation [32, 43],[44]:
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where A, Bi, Ci are coefficients referring to index n. As a result, the wavelength evolution of
refractive index could be plot by using the Sellmeier equation. The coefficients for the expand‐
ed version of Sellmeier equation (16) could found in [32][45]:
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where B1,3,5 C2,4,6 are material constants and λ is wavelength.

5. Exemplary results

In this section, we present some selected fibre designs covering the wide area of telecom
photonic fibres for CD tailoring, such as DCFs with large negative CD parameter, wideband
fibres or slope compensating fibres, or fibre designs suitable for CD prevention, such as near
zero CD fibres. We employ different design approaches and optimize them based on para‐
metric investigation.

5.1. Dual core dispersion compensating fibre with large negative dispersion parameter [1]

A concentric core DCF based on microstructured optical fibre is proposed [1]. There is an
assumption for the proposed structure to keep the 1st mode in a central core over the wide
working spectrum of λ and in order to obtain low CD at 1.55 μm, and with low theoretical
losses. The refractive index is optimized by making smaller the hole diameter in the 2nd ring.
The design is specified in Table 1, the cross section is shown in Figure 1 [1].

Dispersion Compensating Fibres for Fibre Optic Telecommunication Systems
http://dx.doi.org/10.5772/59152

107



Quantity [unit] Value Value Value Value Value

Lattice pitch Λ [μm] 1.55 1.52 1.50 1.48 1.45

Minimum D at 1.55 μm [ps/nm/km] -1010 -1180 -1300 -1460 -1690

Core index [-] 1.44 1.44 1.44 1.44 1.44

Theoretical loss [dB/cm] 9·10-10 7·10-10 3.8·10-7 3.8·10-4 7·10-2

Full width at half maximum [nm] 142 132 129 125 122

Hole diameter d1 [μm] 1.33 1.34 1.314 1.27 1.23

Hole diameter d2 [μm] 0.55 0.54 0.574 0.63 0.67

Hole diameter d3 [μm] 1.35 1.35 1.2 1.04 0.92

Number of rings [-] 6 6 6 6 6

Table 1. Parameters of a dual core MOF for CD suppression [1].

Figure 1. Structural parameters and the cross section of a dual core MOF for CD suppression purposes [1].

CD of the considered fibre is shown in Figure 2. Obtained CD parameter was -1460 ps/nm/km.
The designed fibre work in the C-band, and the lowest CD is at 1.55 μm. Theoretical losses are
3.8 10-4 dB/cm. It could be concerned as one of the advantages of the MOF, when we have a
look at losses presented for some other fibres [1].

In order to obtain very accurate results, a number of iterations were performed to find the most
suitable structural parameters of a fibre. One could conclude that smaller holes in the 3rd ring,
and concurrently larger radius of holes in the 2nd ring could result in improved CD properties
(Figure 3). Optimized solution could be found in Table 2 [1].
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Quantity [unit] Value Quantity [unit] Value

Minimum CD [ps/nm/km] -3290 Lattice pitch Λ [μm] 1.45

Core index [-] 1.44 Hole diam. d1 [μm] 1.23

Theoretical losses [dB/cm] 7.50 Hole diam. d2 [μm] 0.73

Number of rings [-] 6.00 Hole diam. d3 [μm] 0.86

Table 2. Specification of parameters for dual core MOF for CD suppression [1].

Figure 3. Dispersion in proposed dual core microstructured DCF [1].

Figure 2. Chromatic dispersion in a dual core MOF for CD suppression at 1.55 μm [1].
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In Figure 3, it could be observed that λ at which there is minimum CD is function of normalized
hole diameter d/Λ of the holes; CD is mostly sensitive to the holes located in the 2nd ring. To
move the operating λ towards 1.5 μm, one has to increase the size of the holes in this ring.
Concurrently, the value of lowest CD is less. Summarizing, a one km long section of the
designed DCF should be sufficient to tailor CD in a network that is created by using 75 km
long conventional SMF with CD parameter being 17 ps/nm/km, (this value is in agreement
with the recommendation of ITU-T for SMFs). The insertion losses of such a CD compensator
are about 0.04 dB [1].

5.2. DCF with optimized dispersion slope [3]

Another design is done with the scope on fibres that could compensate CD in each channel of
a system using wavelength multiplexing. It means that the fibre should be wideband, and its
CD mustn’t be flat, but it should have exactly opposite CD to CD of a fibre that is used in a
WDM system. The proposal is shown in Figure 4 and in Table 3 [3].

neff [-] 1.47 Hole diameter [μm] 3.64

Core index [-] 1.48 Normalized hole diameter d/Λ [-] 0.58

Core size [μm] 4.46 Number of rings [-] 5

Table 3. Structural parameters of the HNPCF with dispersion evolution opposite to one in conventional MOF [3].

Figure 4. Cross section of a MOF with negative CD parameter [3].
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Figure 5. Reversed CD slope of the proposed DCF [3].

From Figure 5 it could be concluded that CD is reversed CD of conventional MOFs. The fibre
is wideband. It could be optimized in terms of larger values of CD parameters, for example to
exactly match CD evolution of conventional fibres. One shall also pay attention to the fact that
larger d/Λ would result in multimode operation [3].

5.3. Dispersion flattened fibres and wideband dispersion compensating fibres [1][3]

A MOF with flat CD is demanded in design of transmission fibres (not suppression fibres)
where it is d to have identical CD at each λ channel. Such a fibre could be doped in the core
by using germania. The proposed core diameter could be 7.4 μm. In Figure 6, the 1st mode is
kept in the core and the fibre is single-mode. Manufacturing of the MOF’s core could be
challenging, because of huge doping area; the fibre has large mode area. The proposed
geometry is described in Table 4 [3].

Hole diameter d [μm] 1.32 Silica index [-] 1.46

Lattice pitch Λ [μm] 4.4 Propagating λ [μm] 1.55

Normalized hole diameter d/Λ [-] 0.3 Core size [μm] 7.4

Air index [-] 1 Effective cladding index at 1.55 μm 1.47

Core index [-] 1.48 Number of rings [-] 3

Table 4. Structure parameters for HNPCF flattened CD curve [3].

Obtained CD property could be evaluated as flat and oscillating around the value of -0.025 ps/
nm/km. In Figure 7, comparison of CD in conventional MOF and the designed fibre is shown [3].
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Figure 6. Wideband large mode area MOF with near zero flattened CD [3].

Figure 7. Dispersion in conventional microstructured fibre and proposed highly nonlinear MOF [3].

Wideband fibre could exhibit negative CD parameter, too. We propose a MOF for suppression
in the band of 1.25-1.7 μm. We do not use any additives. Mode confinement is done by
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optimizing the geometry of the core and the normalized hole diameter d/Λ, the accepted view
is that the core size should be small. In the 1st ring, there is d1/Λ=0.9. The proposal could be
found in Figure 8. Doping the core could additionally improve CD properties, but it would
surely worsen attenuation. One should pay attention to the fact that optimization of CD shall
be done in the context of attenuation properties. Optimizing one parameter and ignoring
another is unacceptable in high-speed transmission system fibres [1].

Figure 8. Cross section of designed microstructured fibre for wideband suppression of CD [1].

Having larger holes in the 1st t ring, d1, is responsible for lower CD. On the contrary, by making
smaller all the other holes (d) results in increasing dispersion. In Table 5, optimized structure
is shown and its cross section is in Figure 9 [1].

Quantity [unit] Value Value Value Value Value

CD [ps/nm/km] -1580 -2040 -2259 -2094 -1930

Core index [-] 1.50 1.50 1.50 1.50 1.50

Theoretical losses [dB/cm] 9.1·10-6 1.9·10-3 4.8·10-2 7·10-2 1.5·101

FWHM [nm] Flat CD over 1.25-1.7 μm

Lattice pitch [μm] 0.70 0.65 0.62 0.6 0.55

Hole diameter in 1st ring d1 [μm] 0.70 0.65 0.62 0.6 0.55

Hole diameter d [μm] 0.70 0.65 0.62 0.6 0.55

Number of rings [-] 10 10 10 10 10

Table 5. Specification of parameters for wideband CD suppressing MOF [1].
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Figure 9. Resultant flattened negative value of CD over broad band of λs 1.25-1.7 μm (lattice pitch is a parameter) [1].

Concerning the values of CD, the best design is the one for Λ=0.62 μm, for which CD is -2259
ps/nm/km, obtained at 1.55 μm. Theoretical losses are 4.8 dB/cm. The optimized fibre is the
one with Λ=0.70 μm, where CD parameter is -1580 ps/nm/km at 1.55 μm. Theoretical loss is
lowered to 9.1 10-6 dB/cm. In this case it is possible to compensate dispersion of about 90 km
of standard SMF.

5.4. Fluoride doped dispersion compensating fibres [32]

The considered fibre is a MOF employing the idea of a W-profile fibre with the core doped by
using BaF2 (nBaF2 = 1.468 to raise its refractive index) and containing three holes in the 1st ring
doped by using CaF2, nCaF2 = 1.426 to reduce effective cladding index. Increased index contrast
is responsible for enhanced CD, as in eq. (12). As for example, models optical glasses could be
expressed using coefficients shown in Table 6.

Material B1 C2 B3 C4 B5 C6

Silica 0.6961663 0.0684043 0.4079426 0.11624 0.897479 9.89616

BaF2 0.6433560 0.0577890 0.5067620 0.109680 3.82610 46.3864

CaF2 0.5675888 0.0502636 0.4710914 0.10039 3.848472 34.6490

Table 6. Sellmeier coefficients for the fluoride additives used in investigated MOF [32].

The structural and material properties are in Table 7. Large radius of CaF2 holes and the low
core size are necessary for flat CD (Figure 10). CD is -413 ~ -415 ps/nm/km at 1.4 - 1.65 μm.
Theoretical loss is 1.75 10-4 dB/cm. CaF2 doped holes affect the CD (Figure 11). The larger are
the doped holes, the lower is resultant CD [32].
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Figure 10. Fluoride-doped W-profile fibre’s cross section for infrared and telecom band [32].

Proposed fibre:

Air hole diameter d [μm] 0.4

Lattice pitch Λ [μm] 0.7

Core size [μm] 1.3

Doped hole diameter d1 [μm] 0.76

Core dopant material BaF2 n = 1.468 at 1.55 μm

1st ring doping material CaF2 n = 1.426 at 1.55 μm

Normalized air-hole diameter d/Λ [-] 0.57

Table 7. Design specification of investigated W-profile MOF with doped holes in the 1st ring [32]

The air holes influence the dispersion slope. Larger d/Λ would limit the confinement losses.
An interesting feature is that we use fluorides, ZBGA or ZBLAN, not just to dope the cladding,
but we propose to use it as a background material instead of silicon dioxide (Figure 12). As a
result, optimization of CD is more flexible. Last but not least, temperature and mechanical
properties of such a fibre wouldn’t be worse [32].

Right combination and the composition of additives is responsible for optimized properties of
a compound. Let us consider zirconium (Zr), barium (Ba), gadolinium (Gd) or aluminium (Al)
that are the compounds of ZBGA material: ZrF4 – BaF2 – GdF3 – AlF3 [32].The neff of ZBGA
material could be represented by modified Sellmeier equation (17) [46], using the coefficients
in Table 8 [45].
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Material A B C D E

ZBGA at 25°C 2.98316e-6 3.39740e-3 6.81447e-3 -1.20276e-3 -5.48085e-6

Table 8. Sellmeier coefficients for the fluoride-background ZBGA fibre [45].

ZBGA has larger neff comparing with silicon dioxide. Tailored CD is expected [32].

Parametric sweep performed for the hole diameter showed that flatten CD is possible, which
is shown in Figure 6. For hole diameter being equal to 0.44 μm, the evolution of CD is similar
to one obtained for silicon dioxide. Larger neff of the ZBGA fibre requires larger radius of air-
holes in the cladding to tailor CD [32].

BaF2 could be used in the core and CaF2 in the 1st ring, ZBGA as a background material (Figure
13). CD parameter is then possible within the range of -435 ~ -438 ps/nm/km and over the entire
telecommunication band. At the same time, attenuation properties are not worse than those
obtainable in fibres with silica as a background material [32].

5.5. Submicron dispersion compensating fibres with modified geometry [2]

One of the trends is to use a lattice with the pitch being less than one micrometre (so-called
submicron lattice). Then, by careful adjustments of the diameter of holes (d1-d3 in Figure 14),

Figure 11. Wavelength evolution of CD with hole diameter of CaF2 as a parameter [32].
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where d1 is hole diameter in the 1st ring of holes, one could obtain nearly zero CD for the λs
from the window 1.25-1.7 μm. Hole diameter and lattice pitch are submicron. Then, high
confinement of light waves and strong waveguide dispersion is possible. The geometrical
parameters of the fibre are in Table 9 and in Figure 14 [2]. CD and loss are simulated for the
1st light mode. Confinement losses are 6.10-6 dB/km (Figure 15). Wavelength evolution of CD
is shown in Figure 15 [2].

Figure 12. CD in SiO2 and ZBGA used as a background material [32].

Figure 13. Proposed MOF with ZBGA material used as a background compared to a fibre with SiO2 as a background [32].
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Figure 15. Near zero flattened CD for wideband utilization in telecommunications [2].

Obtained CD parameter is from -7.7 ps/nm/km to 3.1 ps/nm/km at the band of (1.25, 1.7 μm)
and its average value is around 0.51 ps/nm/km. In the C-band, it is 1.35±0.46 ps/nm/km. For
both C and L bands CD is 0.12±1.32ps/nm/km [2]. Results for parametric iterations for air
fraction changed in three most internal rings are shown in Figures 15 and 16. From the results
summarized in Table 10 it could be concluded that the fibre has CD slope of -0.09
ps.nm-2.km-1 is obtained for little variation of d1 from other holes and is suited to the slope of
conventional ITU-T G.657 fibres. The slope is less than 0.09 ps.nm-2.km-1 [2].

Figure 14. Cross section of a near zero CD flattened MOF with modified rings [2].
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d1 d2 d3 d = const. Λ = const. CD at 1.55 µm

μm μm μm μm μm ps/nm/km

0.134 0.305 0.318 0.355 0.8 2.32

0.134 0.298 0.325 0.355 0.8 -0.22

0.134 0.290 0.325 0.355 0.8 -4.97

Table 9. Geometrical parameters of a fibre with nearly zero flattened CD [2].

Figure 16. Optimized CD slope by varying the hole diameter in the 1st ring [2].

d1 d2, constant d3, constant d, constant CD slope

hole diameter of
the 1st ring

μm μm μm μm ps.nm-2.km-1

0.18 0.31 0.355 0.355 0.01

0.20 0.31 0.355 0.355 -0.03

0.22 0.31 0.355 0.355 -0.07

0.24 0.31 0.355 0.355 -0.13

0.25 0.31 0.355 0.355 -0.18

Table 10. Optimized dispersion slope by varying diameter of holes in the 1st ring [2].

Larger CD slope is here obtained by adjusting the value of d3 (see Table 11, Fig. 16). At d1 being
fixed, linear wavelength evolution of CD is possible. It becomes nonlinear when the slope
exceeds -1 ps.nm-2.km-1. The obtained property could be applied in CD suppression performed
on a fibre with the slope of 0.5 ps.nm-2.km-1 [2].
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d1 = const. d2 = d, constant d3 d, constant CD slope

hole diameter of
the 3rd ring

μm μm μm μm ps.nm-2.km-1

0.265 0.355 0.35 0.355 -0.39

0.265 0.355 0.27 0.355 -0.63

0.265 0.355 0.23 0.355 -0.85

0.265 0.355 0.17 0.355 -1.32

Table 11. Large CD slope obtained by tuning the hole size in the 3rd ring [2].

6. Final conclusions

We described optical fibres from the perspective of their CD properties, which has to be solved
in telecommunication. The mechanisms governing CD properties in telecom fibres are shown.
The considered fibres are suitable for potential suppression of group velocity dispersion,
utilized mainly in the C-band (dual core fibres with high negative CD parameter) and in
wideband applications (CD flattened MOFs and exact slope suppression fibres).

A special family of fibres is so-called fluoride fibres that have CD optimized through material
dispersion. This idea is combined with the proposal of a W-type fibre, where particular regions
are doped by using different additives, including fluorides, among others. ZBLAN material
offers broader range with low attenuation (telecom and infrared range). It makes them very
attractive for getting eventually applied in spectrometry or in applications in fibre-optic
sensors.

The use of fluorides assessed their flexibility in CD optimization and potential use in wideband
CD suppression. Last but not least, it has been shown that optimization of fibre’s CD slope is
possible in submicron lattice pitch without additives, potentially for exact slope suppression
of standard International Telecommunication Union fibres.

Acknowledgements

This work has been supported by the CTU foundation, SGS13-201-OHK3-3T-13.

Author details

Michal Lucki* and Tomas Zeman

*Address all correspondence to: lucki@fel.cvut.cz

Department of Telecommunication Engineering, Faculty of Electrical Engineering, Czech
Technical University in Prague, Prague, Czech Republic

Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications120



d1 = const. d2 = d, constant d3 d, constant CD slope

hole diameter of
the 3rd ring

μm μm μm μm ps.nm-2.km-1

0.265 0.355 0.35 0.355 -0.39

0.265 0.355 0.27 0.355 -0.63

0.265 0.355 0.23 0.355 -0.85

0.265 0.355 0.17 0.355 -1.32

Table 11. Large CD slope obtained by tuning the hole size in the 3rd ring [2].

6. Final conclusions

We described optical fibres from the perspective of their CD properties, which has to be solved
in telecommunication. The mechanisms governing CD properties in telecom fibres are shown.
The considered fibres are suitable for potential suppression of group velocity dispersion,
utilized mainly in the C-band (dual core fibres with high negative CD parameter) and in
wideband applications (CD flattened MOFs and exact slope suppression fibres).

A special family of fibres is so-called fluoride fibres that have CD optimized through material
dispersion. This idea is combined with the proposal of a W-type fibre, where particular regions
are doped by using different additives, including fluorides, among others. ZBLAN material
offers broader range with low attenuation (telecom and infrared range). It makes them very
attractive for getting eventually applied in spectrometry or in applications in fibre-optic
sensors.

The use of fluorides assessed their flexibility in CD optimization and potential use in wideband
CD suppression. Last but not least, it has been shown that optimization of fibre’s CD slope is
possible in submicron lattice pitch without additives, potentially for exact slope suppression
of standard International Telecommunication Union fibres.

Acknowledgements

This work has been supported by the CTU foundation, SGS13-201-OHK3-3T-13.

Author details

Michal Lucki* and Tomas Zeman

*Address all correspondence to: lucki@fel.cvut.cz

Department of Telecommunication Engineering, Faculty of Electrical Engineering, Czech
Technical University in Prague, Prague, Czech Republic

Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications120

References

[1] Lucki, M., Zeleny, R. Broadband Dispersion Compensating Photonic Crystal Fibre:
conference proceedings, SPIE Vol. 8306. Bellingham (Washington): SPIE,
83060Z-1-83060Z-6, 2011.

[2] Lucki, M., Jiruse, D., Kraus, S. Single-Material Submicron Microstructured Fibres for
Broadband Applications in Exact Slope Compensation or Zero- Dispersion Propaga‐
tion: conference proceedings, 14th International Conference on Transparent Optical
Networks (ICTON). Piscataway: IEEE, Tu.P.28., 2012.

[3] Lucki, M. Optimization of Microstructured Fibre for Dispersion Compensation Pur‐
poses: conference proceedings, 2011 13th International Conference on Transparent
Optical Networks (ICTON). Piscataway: IEEE, p. Tu.P.12, 2011.

[4] Veng M., et al. Dispersion compensating fibres. Opt. Fibre Technol. 2000; 6 164-80.

[5] Antos A., Smith D. Design and characterization of dispersion compensating fibre
based on the LP01 mode. J. Lightwave Technol. 1994; 12(10) 1739-1745.

[6] Ferrando A., et al. Nearly zero ultraflattened dispersion in photonic crystal fibres.
Opt. Lett.2000; 25 790-792.

[7] Ni Y. et al. Dual-Core Photonic Crystal Fibre for Dispersion Compensation. IEEE
Photonics Technology Letters 2004; 16(6) 1516-1518.

[8] Liu Z. et al. A broadband ultra flattened CD microstructured fibre for optical com‐
munications. Optics Communications 2007; 272(1) 92-96.

[9] Fujisawa T. et al. Chromatic dispersion profile optimization of dual-concentric-core
photonic crystal fibres for broadband dispersion compensation. Opt. Express 2006;
14(2) 893-900.

[10] Yang S. et al. Theoretical study and experimental production of high negative disper‐
sion photonic crystal fibre with large area mode field. Opt. Express 2006; 14(7)
3015-3023.

[11] Nejad S. M., Ehtehsami N. A Novel Design to Compensate Dispersion for Square-lat‐
tice Photonic Crystal Fibre over E to L Wavelength Bands: conference proceedings,
Communication Systems, Networks and Digital Signal Processing Symposium,
654-658, 2010.

[12] Hosaka T. et al. Dispersion of pure GeO2 glass core and F-doped GeO2 glass clad‐
ding single-mode opticalfibre. Eelectron. Letters 1987; 23(1) 24-26.

[13] Hoo Y. et al. Design of photonic crystal fibres with ultra-low, ultra-flattened chro‐
matic dispersion. Optics Communications 2004; 242(4-6) 327-332.

[14] Ono-Kuwahara M. et al. Fluorine-doped silica fibre with high transparency and re‐
sistivity to deep ultra violet light, Lasers and Electro-Optics Lasers and Electro-Op‐

Dispersion Compensating Fibres for Fibre Optic Telecommunication Systems
http://dx.doi.org/10.5772/59152

121



tics: conference proceedings, Conference on Quantum Electronics and Laser Science.
CLEO/QELS 1-2, 2008.

[15] Olyaee S., Taghipour F. Ultra-Flattened Dispersion Photonic Crystal Fibre with Low
Confinement Loss: conference proceedings, Proceedings of the 11th International
Conference on Telecommunications, pp. 531-534, 2011.

[16] Peckham D. W. et al. Reduced Dispersion Slope, Non-Zero Dispersion Fibre: confer‐
ence proceedings, European Conferencce and Exhibition on Optical Communication,
139-140, 1998.

[17] Aikawa K. et al. High-performance Dispersion-slope and Dispersion Compensation
Modules. Fujikura Technical Review 2002; 31.

[18] Andersen P. A., Paulsen H. N., and Larsen J. J. A photonic crystal fibre with zero dis‐
persion at 1064 nm. Optical Communication 2002; 2 1-2.

[19] Hansen K. P. Introduction to nonlinear photonic crystal fibres. J. Opt. Fibre Com‐
mun. 2005; 2 226-254.

[20] Ferrando A., Silvestre E., and Andrés P. Designing the properties of dispersion flat‐
tened photonic crystal fibres. Opt. Express 2001; 9(13) 687-697.

[21] Lægsgaard J., Asger Mortensen N., and Bjarklev A. Mode areas and field energy dis‐
tribution in honeycomb photonic bandgap fibres. J. Opt. Soc. Am. B 2003; 20(10)
2037-2045.

[22] Birks T. et al. Dispersion compensation using single-material fibres. IEEE Photonics
Technology Letters 1999; 11 674-676.

[23] Haxha S., Ademgil H. Novel design of photonic crystal fibres with low confinement
losses, nearly zero ultra-flatted chromatic dispersion, negative chromatic dispersion
and improved effective mode area. Optics Communications 2008; 15(2) 278-286.

[24] Saitoh K. et al. Chromatic dispersion control in photonic crystal fibres: application to
ultra-flattened dispersion. Opt. Express 2003; 11(8).

[25] Razzak S. M. A. Proposal for Highly Nonlinear Dispersion Flattened Octagonal Pho‐
tonic Crystal Fibres. IEEE Photonics Technology Letters 2010; 20(4).

[26] Razzak S. M. A. et al. Chromatic Dispersion Properties of a Decagonal Photonic Crys‐
tal Fibre: conference proceedings, International Conference on Information and Com‐
munications Technology, 159-162, 2007.

[27] Ming W., et al. Broadband dispersion compensating fibre using index-guiding pho‐
tonic crystal fibre with defected core. Chin. Opt. Lett 2008; 6 22-24.

[28] Zsigri B., Lægsgaard J., Bjarklev A. A novel photonic crystal fibre design for disper‐
sion compensation. J. Opt. A: Pure Appl. Opt. 2004; 6 717-720.

Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications122



tics: conference proceedings, Conference on Quantum Electronics and Laser Science.
CLEO/QELS 1-2, 2008.

[15] Olyaee S., Taghipour F. Ultra-Flattened Dispersion Photonic Crystal Fibre with Low
Confinement Loss: conference proceedings, Proceedings of the 11th International
Conference on Telecommunications, pp. 531-534, 2011.

[16] Peckham D. W. et al. Reduced Dispersion Slope, Non-Zero Dispersion Fibre: confer‐
ence proceedings, European Conferencce and Exhibition on Optical Communication,
139-140, 1998.

[17] Aikawa K. et al. High-performance Dispersion-slope and Dispersion Compensation
Modules. Fujikura Technical Review 2002; 31.

[18] Andersen P. A., Paulsen H. N., and Larsen J. J. A photonic crystal fibre with zero dis‐
persion at 1064 nm. Optical Communication 2002; 2 1-2.

[19] Hansen K. P. Introduction to nonlinear photonic crystal fibres. J. Opt. Fibre Com‐
mun. 2005; 2 226-254.

[20] Ferrando A., Silvestre E., and Andrés P. Designing the properties of dispersion flat‐
tened photonic crystal fibres. Opt. Express 2001; 9(13) 687-697.

[21] Lægsgaard J., Asger Mortensen N., and Bjarklev A. Mode areas and field energy dis‐
tribution in honeycomb photonic bandgap fibres. J. Opt. Soc. Am. B 2003; 20(10)
2037-2045.

[22] Birks T. et al. Dispersion compensation using single-material fibres. IEEE Photonics
Technology Letters 1999; 11 674-676.

[23] Haxha S., Ademgil H. Novel design of photonic crystal fibres with low confinement
losses, nearly zero ultra-flatted chromatic dispersion, negative chromatic dispersion
and improved effective mode area. Optics Communications 2008; 15(2) 278-286.

[24] Saitoh K. et al. Chromatic dispersion control in photonic crystal fibres: application to
ultra-flattened dispersion. Opt. Express 2003; 11(8).

[25] Razzak S. M. A. Proposal for Highly Nonlinear Dispersion Flattened Octagonal Pho‐
tonic Crystal Fibres. IEEE Photonics Technology Letters 2010; 20(4).

[26] Razzak S. M. A. et al. Chromatic Dispersion Properties of a Decagonal Photonic Crys‐
tal Fibre: conference proceedings, International Conference on Information and Com‐
munications Technology, 159-162, 2007.

[27] Ming W., et al. Broadband dispersion compensating fibre using index-guiding pho‐
tonic crystal fibre with defected core. Chin. Opt. Lett 2008; 6 22-24.

[28] Zsigri B., Lægsgaard J., Bjarklev A. A novel photonic crystal fibre design for disper‐
sion compensation. J. Opt. A: Pure Appl. Opt. 2004; 6 717-720.

Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications122

[29] Yu Ch. et al. Tunable dual-core liquid-filled photonic crystal fibres for dispersion
compensation. Optics Express 4443 2008; 16(17) 4443-4451.

[30] Zhong, Q., Inniss, D. Characterisation of lightguiding structure of optical fibres by
atomic force microscopy. J. Lightwave. Technol. 1994; 12 1517-1523.

[31] Huttunen, A., Torma, P. Optimization of dual-core and microstructure fibre geome‐
tries for dispersion compensation and large mode area. Optics Express 2005; 13(2)
627-635.

[32] Lucki, M., Zeleny, R.: Broadband submicron flattened dispersion compensating fibre
with asymmetrical fluoride doped core: conference proceedings, Micro-structured
and Specialty Optical Fibres II. Bellingham: SPIE, 87750M-1-87750M-8, 2013.

[33] Tefelska, M. et al. Propagation Effects in Photonic Liquid Crystal Fibres with a Com‐
plex Structure. Optical and Acoustical Methods in Science and Technology, 2010;
118(6) 1259-1261.

[34] Petruzzi, P., Lowry, C., Goldhar, J., Sivanesan, P., Dispersion compensation using on‐
ly Fibre Bragg Gratings: conference proceedings, Optical Fibre Communication Con‐
ference 4, 14-16, 1999.

[35] Saad, M. Fluoride glass fibres. Photonics Society Summer Topical Meeting Series
81-82; 2011.

[36] Tran, D., Sigel, G., Bendow, B. Heavy metal fluoride glasses and fibres: A review.
Journal of Lighwave Technology 1984; 2 566-586.

[37] Poli, F., Cucinotta, A., Selleri, S. Photonic Crystal Fibres: Properties and Applications.
Springer Series in Materials Science 102. The Nederlands; 2007.

[38] Hájek, M., Holomeček, P. Chromatická disperze jednovidových optických vláken a
její měření Mikrokom; 2006.

[39] Saitoh, K., Koshiba, M. Chromatic dispersion control in photonic crystal fibres: appli‐
cation to ultra-flattened dispersion. Optics Express 2003; 11(8) 843-852.

[40] Stern, M. S. Semivectorial polarised finite difference method for optical waveguides
with arbitary index profiles. Optoelectronics, IEE Proceedings 1988; 135 56-63.

[41] Huang, W. P., Xu, C. L. Simulation of three-dimensional optical waveguides by a
full-vector beam propagation method. IEEE Journal of Quantum Electronics 1993; 29
2639-2649.

[42] Yee, K. Numerical solution of initial boundary value problems involving maxwell’s
equations in isotropic media. IEEE Transactions on Antennas and Propagation 1966;
14 302-307.

[43] Ghosh, G., Yajima, H. Pressure-dependent Sellmeier coefficients and material disper‐
sions for silica fibre glass. Journal of Lightwave Technology 1998; 16 2002-2005.

Dispersion Compensating Fibres for Fibre Optic Telecommunication Systems
http://dx.doi.org/10.5772/59152

123



[44] Iwasaki, T., Endo, M., Ghosh, G. Temperature-dependent Sellmeier coefficients and
chromatic dispersions for some optical fibre glasses. Journal of Lightwave Technolo‐
gy 1994; 12 1338-1342.

[45] Weber. J. M. et al. Handbook of Optical Materials. The CRC Press Laser and Optical
Science and Technology Series; 2003.

[46] Mitachi, S. Dispersion measurement on fluoride glasses and fibres. Lightwave Tech‐
nology Journal 1989; 7(8) 1256-1263.

Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications124



[44] Iwasaki, T., Endo, M., Ghosh, G. Temperature-dependent Sellmeier coefficients and
chromatic dispersions for some optical fibre glasses. Journal of Lightwave Technolo‐
gy 1994; 12 1338-1342.

[45] Weber. J. M. et al. Handbook of Optical Materials. The CRC Press Laser and Optical
Science and Technology Series; 2003.

[46] Mitachi, S. Dispersion measurement on fluoride glasses and fibres. Lightwave Tech‐
nology Journal 1989; 7(8) 1256-1263.

Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications124

Chapter 4

Polarization Effects in Optical Fiber Links

Krzysztof Perlicki

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59000

1. Introduction

Polarization effects were already observed in the first optical fiber transmission experiments.
Initially, polarization effects in an optical fiber were a pure laboratory curiosity. During
telecom expansion in 1990s these effects became the focus of many research groups. Optical
fiber polarization effects and interaction between them become particular important as bit rate
of a single optical channel increases. These effects must be overcome to implement more than
10 Gb/s transmission in a single wavelength over fiber plants in long haul optical systems. It
can be a seriously limiting factor in systems in which the fiber plants were installed by 1998.
Because, these old fibers are characterised by high internal birefringence such as core asym‐
metry and built in stress. The current fiber plants are characterised by low internal birefrin‐
gence. However, external birefringence such as twists and external stress applied to optical
fiber, significantly contributes to polarization effects.

Polarization effects are now a fundamental requirement to understand the signal propagation
in modern long haul lighwave communication networks. The present chapter is designed to
cover: description of polarized light, polarization phenomena in optical fiber links, modeling
of polarization phenomena and polarizing component.

2. Description of polarized light

2.1. Polarization ellipse equation

All the important features of light wave follow from a detailed examination of Maxwell
equations. Electromagnetic waves have two polarization along the x axis and along the y axis.
The general form of polarized light wave propagating in z direction can be derived from two
linear polarized components in the x and y directions [1]:

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



( ) ( )x 0x xE z,t E cos ,w= t +f (1)

( )y 0y yE (z,t) E cos ,w= t + f (2)

where: x and y refers to the components in the x and y directions, E0x and E0y are the real
maximum amplitudes of electric field, ϕx and ϕy are the phases and τω is so called propagator,
which describes the propagation of the signal component in the z-direction.

Next,equations (1) and (2) can be written as: [1]:
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Squaring and adding (3) and (4) then yields:
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where: ϕ=ϕy-ϕx.

Equation (5) is an ellipse equation. This equation is called the polarization ellipse.

Figure 1 shows the polarization ellipse for optical field.

The polarization ellipse presents some important parameters enabling the characterization of
the state of light polarization (SOP) [2]:

1. Axis x and y are the initial, unrotated axes, ξ and η are a new set of axes along the rotated.

2. The area of polarization ellipse depends on the lengths of major and minor axes, ampli‐
tudes E0x and E0y and phase shift ϕ.

3. The angle βp=arctg(E0y/E0x) is called the auxiliary angle (0≤ψ≤π/2).

4. The rotation angle ψ (-βp ≤ψ≤βp) is the angle between axis x and major axis ξ. This angle
is called the azimuth angle.

5. The ellipticity is the major axis to minor axis ratio (b/a).
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the state of light polarization (SOP) [2]:

1. Axis x and y are the initial, unrotated axes, ξ and η are a new set of axes along the rotated.

2. The area of polarization ellipse depends on the lengths of major and minor axes, ampli‐
tudes E0x and E0y and phase shift ϕ.

3. The angle βp=arctg(E0y/E0x) is called the auxiliary angle (0≤ψ≤π/2).

4. The rotation angle ψ (-βp ≤ψ≤βp) is the angle between axis x and major axis ξ. This angle
is called the azimuth angle.

5. The ellipticity is the major axis to minor axis ratio (b/a).
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6. The angle equals to υ=arctg(b/a) is called ellipticity angle. For linearly polarized light
υ=0º; for circularly polarized light |υ|=45º. In turn, for right polarized light: 0º<υ≤45º and
for left polarized light:-45º≤υ<0º.

Figure 2 presents some polarization states; The phase shift ϕ is only changed.

Figure 2. Different shapes of the polarization ellipse as a function of phase shift

2.2. Jones notation

The light wave components in terms of complex quantities can be expressed by means of the
Jones vector [1]:

x

y

j
0xx

j
y 0y

E eE
.E E e

f

f

é ùé ù
ê ú=ê ú
ê úê úë û ë û

(6)

Figure 1. Polarization ellipse for optical field
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The Jones vector representation is suited to all problems related to the totally polarized light.

Table 1 gives the Jones vectors corresponding to the fundamental SOPs.

State of polarization Jones vector

Linear horizontal

E0y=0; E0x
2 =1

1
0

Linear vertical

E0x =0; E0y
2 =1

0
1

Linear 45º

E0x=E0y; 2E0x
2 =1

1
2

1
1

Linear -45º

E0x=-E0y; 2E0x
2 =1

1
2

1
−1

Right circular

E0x=E0y, ϕ=π/2; 2E0x
2 =1

1
2

1
j

Left circular

E0x=E0y, ϕ =-π/2; 2E0x
2 =1

1
2

1
− j

Table 1. Jones vectors of the fundamental SOPs

The Jones matrices for some polarization components are 2x2 matrices.

The relationship between the both output and input Jones vectors can be written as:

xx xyx,out x,in

y,out y,inyx yy

j jE E
.

E Ej j

é ùé ù é ù
ê ú= ×ê ú ê ú
ê úê ú ê úë û ë ûë û

(7)

Where 
jxx jxyjyx jyy  is the Jones matrix of a polarization component.

We now describe the matrix forms for the retarder (wave plate), rotator and polarizer (diatte‐
nuator), respectively.

1. Retarder

The retarder causes a phase shift of ϕ/2 along the fast (i.e. x) axis and a phase shift of-ϕ/2 along
slow (i.e. y) axis. This behavior is described by [3]:

j
2x,out x,in

jy,out y,in2

E Ee 0
.

E E
0 e

f

f
-

é ù
é ù é ùê ú

= ×ê ú ê úê ú
ê ú ê úê úë û ë û

ê úë û

(8)
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For quarter-wave plate ϕ is π/2 and for half-wave plate ϕ is π.

2. Rotator

If the angle of rotation is Θ then the components of light emerging from rotation are written
as [3]:

( ) ( )
( ) ( )

x,out x,in

y,out y,in

E Ecos sin
,

E Esin cos

é ù é ùé ùQ Q
= ×ê ú ê úê ú

- Q Qê ú ê úê úë ûë û ë û
(9)

3. Polarizer

The polarizer behavior is characterized by the transmission factor pxand py. Here, for complete
transmission px=py=1 and for complete attenuation px=py=0.

The output Jones vector for a polarizer is given by [3]:

x,out x,inx

yy,out y,in

E Ep 0
.0 pE E

é ù é ùé ù
= ×ê ú ê úê ú

ê ú ê úê úë ûë û ë û
(10)

The Jones matrix (Jar) a polarization component (J) rotated through an angle Θ is:

ar R R( )J J J ( ,)J= -Q ×× Q (11)

where JR(Θ) is the rotation matrix.

2.3. Stokes parameters

Let us introduce the S0, S1, S2 i S3 real quantities defined by the following relations [4]:

2 2
0 0x 0yS E E ,= + (12)

2 2
1 0x 0yS E E ,= - (13)

( )2 0x 0yS 2E E cos ,= f (14)

( )3 0x 0yS 2E E sin ,= f (15)
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where E0x, E0y are the real maximum amplitudes and ϕ is the phase difference.

These quantities are called the Stokes parameters. The Stokes parameters have a physical
meaning in terms of intensity. The parameter S0 represents the total intensity of light. The
second parameter S1 describes the difference in the intensities of the linearly horizontal
polarized light and the linearly vertical polarized light. The third parameter S2 represents the
difference in the intensities of the linearly 45º polarized light and linearly-45º polarized light.
The last parameter S3 represents the difference in the intensities of the right circularly polarized
light and the left circularly polarized light. The Stokes parameters are real values. The Stokes
representation is the most adequate representation in treating partially polarized and unpo‐
larized light problems. Moreover, Stokes representation is well suited to the definition of the
Degree Of Polarization (DOP). This parameter is equal to [2]:

2 2 2
1 2 3

0

S S S
DOP ,

S
+ +

= (16)

with value between 0 (unpolarized light) and 1 (totally polarized light).

Often the normalized Stokes parameters are used to describe the light polarization:S1S0 , S2S0 , S3S0 ; with value between-1 and 1.

Table 2 shows some Stokes vectors corresponding to the fundamental SOPs.

State of polarization Stokes vector

Linear horizontal

E0y=0, E0x
2 =1

1
1
0
0

Linear vertical

E0x=0, E0y
2 =1

1
−1
0
0

Linear 45º

E0x=E0y=E0, ϕ= 0, 2E0
2 =1

1
0
1
0

Linear 45º

E0x=E0y=E0, ϕ=π, 2E0
2 =1

1
0
−1
0
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1
1
0
0
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1
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0
0
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1
0

Linear 45º

E0x=E0y=E0, ϕ=π, 2E0
2 =1

1
0
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0
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State of polarization Stokes vector

Right circular

E0x=E0y=E0, ϕ=π/2, 2E0
2 =1

1
0
0
1

Left circular

E0x=E0y=E0, ϕ=3π/2, 2E0
2 =1

1
0
0
−1

Table 2. Stokes vectors of the fundamental SOPs

The Poincaré sphere (Figure 3) is a very useful graphical tool representation of polarization in
real three-dimensional space.

(0, 0, 1)

(0, 0, -1)

(0, 1, 0)

(0, -1, 0)

(1, 0, 0)

(-1, 0, 0)

Figure 3. The Poincaré sphere and fundamental SOPs on this sphere
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Each polarization is represented by a point on the Poincaré sphere (totally polarized light) or
within the Poincaré sphere (partially polarized light) centered on rectangular coordinate
system. Center of the Poincaré sphere represents unpolarized light. The coordinates of the
point are normalized Stokes parameters. All linear SOPs lie on the equator. The right circular
SOP and left one is located at the North and South Pole, respectively. Elliptically polarized
states are represented everywhere else on the surface of the Poincaré sphere. The two orthog‐
onal polarizations are located diametrically opposite on the Poincaré sphere. A continuous
evolution of SOP is represented on the Poincaré sphere as a continuous path on this sphere
(Figure 4).

Figure 4. Example of a continuous evolution of SOP on the Poincaré sphere

Figure 5 presents changing the SOPs by means of the retarder and rotator.

two orthogonal polarizations are located diametrically opposite on the Poincaré sphere. A 
continuous evolution of SOP is represented on the Poincaré sphere as a continuous path on 
this sphere (Figure 4). 

 

Figure 4. Example of a continuous evolution of SOP on the Poincaré sphere 

Dummy Text Figure 5 presents changing the SOPs by means of the retarder and rotator. 

a b 

  
Figure 5. The effect of changing the SOPs by the retarder (a) and the rotator (b) 

On the Poincaré sphere the phase shift causes that the intial SOP moves to a new SOP along 
the same longitude line (Figure 5a). The linear, elliptically and circular SOPs can be achieved 
by means of a single retarder. In turn, on the Poincaré sphere the rotation by a rotator causes 
that the intial SOP moves to a new SOP along the same latitude line (Figure 5b). 

2.4. Mueller notation 

Impact of an optical component (or optical system) properties on the polarization of light 
can be determined by constructing the Stokes vector for the input light and applying 
Mueller calculus, to obtain the Stokes vector of the light leaving the component: 

Figure 5. The effect of changing the SOPs by the retarder (a) and the rotator (b)
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On the Poincaré sphere the phase shift causes that the intial SOP moves to a new SOP along
the same longitude line (Figure 5a). The linear, elliptically and circular SOPs can be achieved
by means of a single retarder. In turn, on the Poincaré sphere the rotation by a rotator causes
that the intial SOP moves to a new SOP along the same latitude line (Figure 5b).

2.4. Mueller notation

Impact of an optical component (or optical system) properties on the polarization of light can
be determined by constructing the Stokes vector for the input light and applying Mueller
calculus, to obtain the Stokes vector of the light leaving the component:

out inMS S ,= ×
r r

(17)

where S→ in and S→ out  is the input and output Stokes vector, respectively, M is the Mueller matrix
of an optical component.

We now describe the Mueller matrix forms for the retarder, rotator and polarizer, respectively.

1. Retarder

The retarder causes a total phase shift ϕ between fast (x) and slow (y) axis. The Mueller matrix
of the retarder is seen to be [3]:

( ) ( )
( ) ( )

Ret

1 0 0 0
0 1 0 0

.0 0 cos sin
0 0 sin cos

M

é ù
ê ú
ê ú
ê úf - f
ê ú

f fê úë û

= (18)

2. Rotator

The Mueller matrix of the rotator is given [3]:

( ) ( )
( ) ( )Rot

1 0 0 0
0 cos 2 sin 2 0

.
0 sin 2 cos 2 0

0 1

M

0 0

é ù
ê úQ Qê ú
ê ú- Q Q
ê ú
ê úë û

= (19)

Because polarization effects are described in the intensity domain the physical rotation through
an angle Θ leeds to the appearance of 2Θ.

3. Polarizer

The Mueller matrix for polarizer is [3]:
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where px and py are so called transmission factors.

Here, the transmission factors are px=1 and py=0 for the linear horizontal polarizer. In turn, the
transmission factors px=1 and py=0 for the linear vertical polarizer.

The Mueller matrix (Mar) for a polarization component (M) rotated through an angle Θ is:

ar R R( )M M 2 M 2 ,( )M= - Q × Q× (21)

where MR(Θ) is the rotation matrix.

3. Polarization phenomena in optical fiber links

3.1. Polarization mode dispersion

The optical fiber transmission systems are exposed to some polarization effects. Changing of
tranmsission quality (e.g. transmission capacity) of an optical fiber links during high bit rate
transmission is caused by Polarization Mode Dispersion (PMD), Polarization Dependent Loss
(PDL), Polarization Dependent Gain (PDG).

Polarization Mode Dispersion is impairment phenomenon that limits the transmission speed
and distance in high bit rate optical fiber communication systems. The impairment results from
PMD is similar to chromatic dispersion impairment.

According to [5]: There always exists an orthogonal pair of polarization states output a
birefringent concatenation which are stationary to first order in frequency. These two states
are called Principle States of Polarization (PSP).

A diffrential delay exists between signals launched along one PSP and its orthogonal comple‐
ment. This effect is quantified by Differential Group Delay (DGD). There are many ways in
which an optical fiber can become birefringent. Birefringence can arise due to an asymmetric
fiber core or asymmetric fiber refractive index or can be introduced through internal stresses
during fiber manufacture or through external stresses during cabling and installation.
Polarization Mode Dispersion of an optical fiber link is proportional to the square root of the
fiber link length (strong coupling between the orthogonally polarized signal components) or
to the fiber link length (weak coupling between ones). The frequency dependent evolution of
SOPs in an optical fiber link (Figure 6) is described by the following equation [6]:
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Polarization Mode Dispersion is impairment phenomenon that limits the transmission speed
and distance in high bit rate optical fiber communication systems. The impairment results from
PMD is similar to chromatic dispersion impairment.

According to [5]: There always exists an orthogonal pair of polarization states output a
birefringent concatenation which are stationary to first order in frequency. These two states
are called Principle States of Polarization (PSP).

A diffrential delay exists between signals launched along one PSP and its orthogonal comple‐
ment. This effect is quantified by Differential Group Delay (DGD). There are many ways in
which an optical fiber can become birefringent. Birefringence can arise due to an asymmetric
fiber core or asymmetric fiber refractive index or can be introduced through internal stresses
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Polarization Mode Dispersion of an optical fiber link is proportional to the square root of the
fiber link length (strong coupling between the orthogonally polarized signal components) or
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SOPs in an optical fiber link (Figure 6) is described by the following equation [6]:
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where S→  is the Stokesa vector, ω is angular frequency and Ω→  is the PMD vector.

coupling between ones). The frequency dependent evolution of SOPs in an optical fiber link (Figure 
6) is described by the following equation [6]: 

S
d

Sd
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w
, (22) 

where S  is the Stokesa vector, w is angular frequency and W  is the PMD vector.  

PSP 
Figure 6. State of polarization transformation through the PMD vector 

The pointing direction of the PMD vector is aligned to the slow PSP. The length of the PMD vector is 
the DGD value between the slow and fast PSP. 
The Probability Density Function for DGD ( r,g ) is given by [7]: 
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where r,g  is average value of DGD. 

Figure 7 shows Probability Density Function for DGD. 
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Figure 6. State of polarization transformation through the PMD vector

The pointing direction of the PMD vector is aligned to the slow PSP. The length of the PMD
vector is the DGD value between the slow and fast PSP.

The Probability Density Function for DGD (τg ,r) is given by [7]:
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where τg ,r  is average value of DGD.

Figure 7 shows Probability Density Function for DGD.

Differential Group Delay distribution is Maxwellian distribution. Differential Group Delay
can be also expressed as [8]:

c

L2
2 Lc

g,r
B c

L1 L 1 e ,
3 cL L

  l   =  +        
(24)
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where: λ is wavelength, c is light wave velocity in vacuum, LB is beat length and Lc is correlation
length, L is optical fiber length.

Figure 7. Probability Density Function (PDF) for DGD; average value of DGD is 40 ps

The beat length describes the length required for SOP to rotate 2π (360 degrees). In turn, the
correlation length is defined to be length at which the difference between average power of
orthogonally polarized signal components is within 1/e2.

Second order PMD is generated by a change of the PMD with frequency (wavelength) [9]:

g,r
g,r

d dpd p ,
d d d

tW
= + t

w w w

urur ur
(25)

where p→  is the Stokes vector pointing in the direction of the fast PSP.

Differentiating the PMD vector with respect to frequency gives two components of second
order PMD. The first term on the right side of equation (25) is so called polarization dependent
chromatic dispersion, it is known to cause polarization-dependent pulse compression and
broadening, while the second term causes depolarization. Figure 8 illustrates changing the
SOP with frequency – second order PMD.

The Probability Density Function of second order PMD is given by [10]:
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32 4 4
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w w w
w

w w w
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Figure 9 shows Probability Density Function of second order PMD.

Figure 9. Probability Density Function (PDF) of second order PMD; average value of second order PMD is 10,0 ps2

It  should  be  note  that  concatenation  of  two  birefringent  optical  components  (e.g.  two
sections of polarization-maintaining optical fiber) generates only first order PMD (Figure
10a).  These birefringent sections are orientated randomly relative to each other.  In turn,
concatenation of  three  (and more)  birefringent  optical  components  generates  high order
PMD (Figure 10b).

Figure 8. The effect of changing the SOP with frequency
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Figure 10. State of polarization evolution through rotating two birefringent optical components (a) and 
three birefringent optical components (b) which are orientated randomly relative to each other Figure 10. State of polarization evolution through rotating two birefringent optical components (a) and three birefrin‐

gent optical components (b) which are orientated randomly relative to each other

3.2. Polarization Dependent Loss

Polarization Dependent Loss is defined as absolute value or the relative difference between
an optical component maximium and minimum transmission loss given all possible input
SOPs [3]. Dichroism phenomenon is responsible for the PDL effect. Dichroism can be achived
by optical fiber bending or interaction between optical beam and tilted glass plate. The PDL
value can be given by the following relationship [11]:
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T
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where Tr,max and Tr,min are the maximum and minimum transmission intensities through an
optical component.

The PDL can be also written as [11]:
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1
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where Γ→  is the PDL vector.

This vector is equal to: 
Tr,max−Tr,minTr,max + Tr,min . The pointing direction of the PDL vector is aligned to

maximum transmission direction. In other words, this vector is aligned to a polarization vector
that imparts the least PDL value. The cumulative PDL vector over concatenate two optical
components with the PDL vectors (Γ1→ , Γ2→) is [12]:
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Figure 9 shows Probability Density Function of second order PMD. 

 

Figure 9. Probability Density Function (PDF) of second order PMD; average value of second order PMD 
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concatenation of three (and more) birefringent optical components generates high order 
PMD (Figure 10b). 
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If we want to calculate the resulting PDL value from PDL of each optical component we need
to average over all possible orientation between Γ1→  and Γ2→  vectors [12]:

( )

1 2 2 2 2 2 2 2
1 2 1 2 1 2 a 1 2 a

12 a2
1 1 2 a

21 d ,
2 1-

G + G - G G + G G h + G G h
G = h

+ G G h
ò (30)

where ηa is angle between Γ1→  and Γ2→  vectors.

Concatenation of N optical components with PDL gives the following result:
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N
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ur uur

(31)

Polarization Dependent Loss distribution is Rayleigh distribution (Figure 11).

Figure 11. Probability density function (PDF) of PDL; average value of PDL is 0.5 dB

In the presence of PMD the PDL distribution is closed to Maxwellian distribution. It is
important to note that in the case of single mode fiber the orthogonal SOPs pairs at the input
lead to orthogonal output SOPs pairs, although the input SOP is not maintained in general.
But, when the optical fiber link includes PDL the SOPs are no longer orthogonal. Moreover,
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polarization effects due to interaction between PMD and PDL can significantly impair optical
fiber transmission systems. The accumulative PMD and PDL impairment is more dangerous
for lightwave communication systems than a pure PMD or PDL impairment.

3.3. Polarization Dependent Gain

Another polarization effect which is closely related to PDL is PDG.This phenomenon is present
in optical amplifiers (first of all in Semiconductor Optical Amplifier). Polarization dependent
gain can be defined as absolute value or the relative difference between an optical amplifier
maximium gain (Gmax) and minimum one (Gmin):

max
10

min

G
PDG[dB] 10log ,

G
æ ö

= ç ÷ç ÷
è ø

(32)

Polarization Hole Burning phenomenon is responsible for the PDG effect. It is important to
know that PDG effect is observed for linear polarized optical signals which are amplified.
Polarization Dependent Gain for circular polarization can be neglected [13].

4. Modeling of polarization phenomena

The analysis of impact of optical fiber polarization properties on optical signal transmissions
requires a detailed description of polarization effects. The most popular approaches are using
an optical fiber links modeling based on homogeneous polarization segments and electro‐
magnetic wave propagation equations.

In general, an optical fiber exhibits axially-varing birefringence and can be represented by a
series of short and homogeneous polarization segments. Each polarization is described as the
randomly rotated polarization elements. These polarization elements are characterised by
birefringence (i.e. PMD) or dichroism (i.e. PDL).

The birefringent element can be represented by retarder (phase shifter). In terms of the Jones
matrix this element is described by:

j
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e 0
J ,
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ê ú

= ê ú
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ê úë û

(33)

where ϕ is is the total phase shift between the polarization signal components (two polarization
modes).

In terms of the Mueller matrix the birefringent element is given by:
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The value of phase shift can be given by:

g ,r
,f = t ×w (35)

where τg,r is DGD and ω is angular frequency.

The phase shift between the two polarization signal components (two polarization modes) can
be also expressed as:

elb L ,f = × (36)

where b is birefringence of birefringent element and Lel is birefringent element length.

Then PDL element is described by the following Jones matrix [14]:
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where αl is defined as: PDL [dB]=10log10(exp(2αl)).

The Mueller matrix corresponding to equation (37) is equal to:
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Here, value of α equals to: α=10− PDL dB10 .

Figure 12 illustrates an optical fiber link which is split into some polarization segments (rotated
polarization elements).

Polarization Effects in Optical Fiber Links
http://dx.doi.org/10.5772/59000

141



Figure 12. Optical fiber link model consists of N polarization segments; Ms,1, Ms,2, Ms,n – matrix of polarization ele‐
ments, Θ1, Θ2, Θn – angle of rotation

If we take into account only the PMD effect then the matrix of a single polarization segment
Ms,n is given by:

s,n R,n n DGD,n R,n nM M 2 M( ) (M 2 .)- × ×= Q Q (39)

When considering the PMD and PDL effect, matrix of a single polarization segment is can be
writing as:

s,n R,n n PDL,n DGD,n R,n nM M 2 M M M 2 .( ) ( )× ×= - Q Q× (40)

The matrix MT of the whole optical fiber link which consists of N polarization segments is equal
to:

T s,N s,3 s,2 s,1M  M ... M M M ,× × ×= × (41)

Furthermore, the PDG element matrix (MPDG) can be described by the following equation:

2 2
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2 2

g 1 g 1 ,0 0
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ê ú
ê ú
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(42)

where g is the PDG coefficient equals to g =10 PDG dB10 .

Moreover, to describe the backscattering process we treat an optical fiber link as a cascade
of  backscattering  elements.  We  treat  Rayleigh  backscattering  as  many  small  reflections
distributed over  the  optical  fiber  link.  For  a  single  element  the  matrix  representing  the
round-trip propagation (fiber in forward direction, reflector, fiber in backward direction) is
computed by:

Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications142



Figure 12. Optical fiber link model consists of N polarization segments; Ms,1, Ms,2, Ms,n – matrix of polarization ele‐
ments, Θ1, Θ2, Θn – angle of rotation

If we take into account only the PMD effect then the matrix of a single polarization segment
Ms,n is given by:

s,n R,n n DGD,n R,n nM M 2 M( ) (M 2 .)- × ×= Q Q (39)

When considering the PMD and PDL effect, matrix of a single polarization segment is can be
writing as:

s,n R,n n PDL,n DGD,n R,n nM M 2 M M M 2 .( ) ( )× ×= - Q Q× (40)

The matrix MT of the whole optical fiber link which consists of N polarization segments is equal
to:

T s,N s,3 s,2 s,1M  M ... M M M ,× × ×= × (41)

Furthermore, the PDG element matrix (MPDG) can be described by the following equation:

2 2

2 2

g 1 g 1 0 0
2 2

g 1 g 1 ,0 0
2 2
0 0 g 0
0 0 0 g

é ù+ -
ê ú
ê ú
ê ú- +
ê ú
ê ú
ê ú
ê ú
ë û

(42)

where g is the PDG coefficient equals to g =10 PDG dB10 .

Moreover, to describe the backscattering process we treat an optical fiber link as a cascade
of  backscattering  elements.  We  treat  Rayleigh  backscattering  as  many  small  reflections
distributed over  the  optical  fiber  link.  For  a  single  element  the  matrix  representing  the
round-trip propagation (fiber in forward direction, reflector, fiber in backward direction) is
computed by:

Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications142

T
Rs,1 s,1 R s,1M M M M ,= × × (43)

where Ms,1T  is the transpose of Ms,1, and MR is the Mueller matrix of a reflection:
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For light propagating to the end of the N-th element the round-trip Mueller matrix has the
following form [4]:

T T T
s,1 s,2 s,Rs,N R s,N s,2 1N s,M M M ...M .MM M M× × × × ×××= ×K (45)

We can use polarization segments model for the DGD and PDL values calculation. We should
take into account Jones and Muller notation.

4.1. Jones notation

Differential Group Delay value can be found by the following relationship [15]:
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where: Arg denotes the argument function, λτ,1 and λτ,2 are two eigenvalues of matrixMT (ω + dω) ⋅MT−1(ω); MT−1 is inverse matrix.

Polarization Dependent Loss in the unit of dB at angular frequency ω is given by [16]:
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where: λα,1 and λα,2 are two eigenvalues of matrix MTT(ω) ⋅MT (ω), where MTT is transpose matrix.

4.2. Mueller notation

Differential Group Delay value can be expressed as the length of the PMD vector Ω→  [6]:
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The PMD vector after (n+1)-th polarization segment may be written as [6]:

n 1 n 1 nM ,D B+ +W W + W=
ur ur ur

(49)

where Ω→  n is the PMD dispersion vector of the first n polarization segments, Δ Ω→  n+1 is the PMD
vector of the (n+1)-th polarization segments, matrix MB represents a transformation of the
PMD vector caused by the propagation through the (n+1)-th polarization segment.

The recursive relation for the PMD vector is given by:
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(50)

We use 3x3 matrix in equation (50). Because we assume that SOP=1.

To calculation the PDL value of an optical component or optical fiber link, one must determine
the minimum and maximum transmission. Because of this we should take into account 4x4
matrix:
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Polarization Dependent Loss in the unit of dB is [17]:
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(52)

For an understanding of linear and, first of all, nonlinear optical effects in optical fiber links it
is necessary to consider the electromagnetic wave propagation. The linear and nonlinear
optical effects in an optical fiber are described by so called nonlinear Schroedinger propagation
equation. The nonlinear coupled Schroedinger propagation equations governing evolution of
an optical pulse consisiting of the two polarization components along a fiber link (z) are given
by [18]:
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Where Ex, Ey are slowly varying amplitudes, αx and αy is attenuation coefficient for Ex and Ey,
respectively. Moreover, β2 is second-order term of the expansion of the propagation constant
(the group velocity dispersion parameter), γ is the nonlinear parameter,* designates complex
conjugation, j is imaginary unit.

A numerical approach is necessary for the polarization and nonlinear propagation equations
solution.

The most popular numerical method is Split-Step Fourier Method. There is useful to write
equations (53) and (54) formally in the following form [19]:
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where: E→= ExEy  and T=t-β1z; t is time, β1 is first-order term of the expansion of the propagation

constant (differential coefficient of the propagation constant with respect to optical frequency).

The operators on the right side of equation (55) are linear ℓ1(T ), ℓ2(T ) and nonlinear ℵ(z). These
operators have the following definitions [19]:
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Where β0 is zeroth-order term of the expansion of the propagation constant, β3 is third-order
term of the expansion of the propagation constant (third differential coefficient of the propa‐
gation constant with respect to optical frequency). The symbol I stands for the identity matrix.

The linear operators describe first-order and high-order PMD effect. It is a function of T alone.
The nonlinear operator includes phenomena that do not depend on T i.e. PMD, nonlinear
effects. It is a function of z alone.

The Split-Step Fourier Method obtains an aproximate solution by assuming that in propagating
an optical pulse over a small distance h optical effects are independent [19].

( ) ( )1 2E T,z h NL L E T,z ,+ » (59)

where:
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( )2 2L exp h ,= l (61)
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Propagation from z to z+h is carried out in two steps. In the first step linear effects only (L1≠0,
L2≠0, N=0) are taken into account. In the first step vice versa (L1=0, L2=0, N≠0).

Figure 13 shows schematic illustration of the Split-Step Fourier Method. Fiber length is split
into a large number of small sygments of width h.

Figure 13. Schematic illustration of the Split-Step Fourier Method

It is important to know, that the linear operators are evaluated on the Fourier domain. In turn,
nonlinear operator is evaluated on the time domain.
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5. Polarizing components

Optical polarizing components belong to a class of optical components characterized by the
modyfication of some polarization properties of light wave. Optical polarizing components
are very useful for optical fiber communication technologies. Some of them are used for PMD
and PDL compensating, Polarization Division Multiplexing transmission technique and
measurement procedures. Ones of the most important optical polarizing components for
modern, high capacity optical communication solutions are: polarization controller, polariza‐
tion attractor, polarization scrambler and polarization effects emulator.

5.1. Polarization controller

The polarization controller is an optical component which allows one to modify the polariza‐
tion state of light. The polarization controller is used to change polarized (or unpolarized) light
into any well-defined SOP. Typically, the polarization controller consists of rotated retarders
(wave plates). We can distingush the polarization controllers which are based on: two rotated
quarter-wave plates, two rotated quarter-wave plates and one rotated half-wave plate or one
rotated quarter-wave plate and one rotated half-wave plate. Figure 14 presents structure of
polarization controller which is based on two rotated quarter-wave plates and distribution of
SOPs at the polarization controller output port.

Figure 14. Polarization controller based on two rotated quarter-wave plates; structure of polarization controller (a),
output SOPs distribution on the Poincaré sphere (b)

This polarization controller changes an arbitrary SOP into the other arbitrary SOP.

Figure 15 shows structure of polarization controller which is based on two rotated quarter-
wave plates, one rotated half-wave plate and distribution of SOPs at the polarization controller
output port.

This polarization controller is similar to above one. It transforms an arbitrary SOP into the
other arbitrary SOP. Finally, Figure 16 presents structure of polarization controller which is
based on one rotated quarter-wave plate, one rotated half-wave plate and distribution of SOPs
at the polarization controller output port.
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Figure 16. Polarization controller based on one rotated quarter-wave plate and one rotated half-wave plate; structure
of polarization controller (a), output SOPs distribution on the Poincaré sphere (b)

This type of polarization controller only transforms linear polarization into an arbitrary SOP.
We would expect flowed operation of this polarization controller with the other input SOP.
This case is shown in Figure 17.

Figure 17. Distribution of SOPs at the polarization controller output port for circular input SOP

Figure 15. Polarization controller based on two rotated quarter-wave plates and one rotated half-wave plate; structure
of polarization controller (a), output SOPs distribution on the Poincaré sphere (b)
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Figure 17. Distribution of SOPs at the polarization controller output port for circular input SOP

Figure 15. Polarization controller based on two rotated quarter-wave plates and one rotated half-wave plate; structure
of polarization controller (a), output SOPs distribution on the Poincaré sphere (b)
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5.2. Polarization attractor

In real fibers the SOPs are not preserved because of the random birefringence. The uncontrolled
SOPs variable can dramatically affect the performances of telecommunication systems. This
phenomenon is very important, especially for demultiplexing process for Polarization Division
Multiplexing transmission system. Possibility of polarization controlling is key issue for
modern optical fiber communication technologies. The optical component which can stabilize
an arbitrary polarized optical signal by lossless and instantaneous interaction is polarization
attractor. This type of controlling the optical signal polarization can be based on: stimulated
Brillouin scattering, stimulated Raman scattering or four wave mixing phenomenon. Here we
focuse on the stimulated Raman scattering for polarization attraction effect [2, 3]. An arbitrary
input SOP of the optical signal is pulled (attracted) by the SOP of the propagating pump
(Raman pump), so that at the fiber output the signal SOP is matched the pump SOP. The power
evolution of the pump (P→) and signal (S→) for copumped configuration along the optical fiber
link can be modeled by means of coupled equations, respectively [20]:

( ) ( )p NL
R 0 0 p p
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d
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where ωp and ωs are pump and signal carrier angular frequencies, αp and αs are optical fiber
attenuation coefficients for the pump and signal wavelengths, respectively. The gR component
is the Raman gain coefficient. The vector lengths P0=| P→  | and S0=| S→  | represent the pump and
signal powers, respectively. The vector b→  is the local linear birefringence vector for optical fiber.
The vectors WpNL→  and WsNL→  are given by [20]:
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where γp and γs are the nonlinear coefficients, SP,1, SP,2,SP,3, SS,1, SS,2, SS,3 are the Stokes parameters
for the pump and signal, respectively.

The values of polarization attractor parameters (i.e.: pump power, pump SOP) should be
accurately selected depending on expected polarization pulling.

Figure 18 shows scheme of polarization attractor based on stimulated Raman scattering.
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Figure 18. Polarization attractor based on Raman scattering

Figures 19 and 20 demonstrate simulated examples of polarization pulling effect for pump
power equals to 1 W, 2W and 5 W. The simulated polarization attractor is based on standard
single mode optical fiber [21].

Figure 19. Simulated examples of polarization pulling; distribution of polarized signals at the attractor input port (a),
distribution of output signal SOPs at the output attractor port for pump power 1 W (b)

Figure 20. Simulated examples of polarization pulling; distribution of output signal SOPs at the output attractor port
for pump power 2 W (a), distribution of output signal SOPs at the output attractor port for pump power 5 W (b)
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It should be note that for stimulated Raman scattering the proper Raman polarization pulling
and amplification for optical fiber communication systems may be simultaneously achieved.

5.3. Polarization scrambler

It is known that, d ue to the random nature of polarization mode coupling in an optical fiber
several polarization effects (PMD, PDL, PDG) may occur that lead to impairments in long haul
and high bit rate optical fiber transmission systems. Polarization scrambling the states of
polarization has been shown to be technique that can reduction polarization impairments or
the reduction of measurement uncertainly. A polarization scrambler actively changes the SOPs
using polarization modulation method. In generally, the polarization scrambler configuration
consists of rotating retarders (wave plates) or phase shifting elements. Furthermore, it is often
necessary that the scrambler output SOPs are distributed uniformly on the entire Poincarè
sphere. The spherical radial distribution function is very useful tool for the SOPs distribution
analysis on the Poincarè sphere [22]. The spherical radial distribution function is the modified
form of the well known plane radial distribution function. The spherical radial distribution
function is defined as follows [22]:

T

T

K(d)A
g(d) ,

A(d)K
= (67)

where K(d) is the total number of pairs of the points separated by a given range of radial
distances (d, d+Δd), A(d) is area of the sphere between two circles cd and cd+Δd, KT is the total
number of pairs of the points on the sphere; KT is equal to N2-N, where N is number of points
on the sphere, AT is area of the sphere (Figure 21).

Figure 21. Example of spherical radial distribution function calculation for one reference point

The value of radial distance d changes from 0 to π-Δd, step is equal to Δd. The “great circle”
distance between two points nn and nk (Figure 21), whose coordinates are (Θn, ϕn) and (Θk, ϕk),
is given by so called Haversine formula:
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where R is the sphere radius.

We can distinguish three typical theoretical distributions: uniform (Figure 22a), random
(Figure 23a) and clustered (Figure 24a). In turn, Figures 22b, 23b and 24b show the spherical
radial distribution as a function of the distance d for the uniform, random and clustered
distribution, respectively [22].

Figure 22. Theoretical uniform distribution; SOPs distribution on the Poincarè sphere (a), spherical radial distribution
function versus radial distance (b)

Figure 23. Theoretical random distribution; SOPs distribution on the Poincarè sphere (a), spherical radial distribution
function versus radial distance (b)
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Figure 24. Theoretical clustered distribution; SOPs distribution on the Poincarè sphere (a), spherical radial distribution
function versus radial distance (b)

For the uniform distribution (Figure 22b) the peaks on the g(d) curve provides information
about the mean distance of the following neighbouring points (SOPs) on the Poincarè sphere.
In the case of the random distribution (Figure 23b) the value of g(d) is close to 1. For the
clustered distribution (Figure 24b) the localization of the first minimum on the g(d) curve
provide information about the mean dimension (diameter) of the clusters. The location of the
first lower peaks on the curve indicates the mean distance between clusters.

The analysis of the distribution of SOPs generated by polarization scramblers shows that SOPs
distribution is clustered for three (and less) rotating retarders and for four (and less) phase
shifting elements. For four and more rotating retarders and for five and more phase shifting
elements random distribution is obtained [22].

5.4. Polarization effects emulator

You know well that polarization effects due to interaction between PMD and PDL can
significantly impair optical fiber transmission systems. When PMD and PDL are both present
they interact must be studied together. Emulating of PMD and PDL is one way to test and
verify new transmission systems in the presence of PMD and PDL effects. Polarization effects
emulation play a useful role, since it is possible to examine a large ensemble of system states
far more rapidly than in a test bed with commercially available fiber optics. The polarization
effects emulation devices can be split into two groups: statistical and deterministic emulators.
Devices which are intended to mimic the random statistical behavior of a long single mode
fiber links are termed as statistical emulators. Statistical polarization effect emulators should
accurately reproduce the statistics of the polarization effect that a signal would see on a real
link, as well as have good stability and repeatability. Devices that map the polarization effect
space to the emulator settings and predictably generate the desired values are generally termed
as deterministic emulators.

We typically have PMD and PDL statistical emulators and PDL deterministic emulators.
Through pure statistical nature of the PMD effect, the PMD deterministic emulators should
not be used for an optical communication systems testing.
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Each statistical emulator that realistically simulates real optical fiber links should fulfil two
criteria [6]:

1. Differential Group Delay should be Maxwellian distributed at any fixed optical frequency.
This condition is also valid for the PDL effect. In the absence of the PMD the PDL
distribution is Rayleigh distribution. But in the presence of PMD the PDL distribution is
closed to Maxwellian distribution. Thus the PDL distribution in real optical fiber links can
be also approximated by a Maxwellian function.

2. Frequency AutoCorrelation Function (ACF) of PMD and PDL vectors should tend toward
zero as the frequency separation increases; so called Autocorrelation Function Back‐
ground (BAC) should be lower than 10 %. Autocorrelation Function Background is
defined as the mean absolute deviation of the ACF from the expected (mean) value of ACF
for the frequencies larger than the autocorrelation bandwidth where the frequency
autocorrelation bandwidth of the ACF is the frequency at the half of the variation of the
ACF.

In [23] is demonstrated that 15 rotated polarization elements (e.g. sections of polarization
maintaining fiber) realistically simulate the DGD and PDL distribution and BAC of real optical
fiber links. Below, results for statistical emulator consisting of 15 rotated polarization elements.
Figure 25 shows the histograms of DGD and PDL. For the statistical PMD emulator the DGD
distribution is always indistinguishable from theoretical Maxwellian distribution. In turn, the
PDL distribution (in the presence of PMD) is similar to Maxwellian distribution [24].

  
Figure 25. Statistical distribution of DGD values (a) and PDL values (b) 

The theoretical and normalized ACF for both PMD and PDL vectors is shown in Figure 26. 

 

Figure 26. Theoretical normalized frequency autocorrelation function for PMD 

Now, coming to to the PDL emulator, the simplest deterministic PDL emulator consists of 
tilted glass plate. The transmission coeffcients of a dielectric surface between two media 
were derived by Fresnel. They field the orthogonal component i.e. perpendicular coeffcient 
(Ts) and parallel coeffcient (Tp) to the plane of incidence [25]: 
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The theoretical and normalized ACF for both PMD and PDL vectors is shown in Figure 26.

Now, coming to to the PDL emulator, the simplest deterministic PDL emulator consists of
tilted glass plate. The transmission coeffcients of a dielectric surface between two media were
derived by Fresnel. They field the orthogonal component i.e. perpendicular coeffcient (Ts) and
parallel coeffcient (Tp) to the plane of incidence [25]:
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For above equations (69-73): angle ξi is the angle of incidence, angle ξt is the angle of refraction,
ns is the index of glass refraction. We assume that the index of air refraction is equal to 1.

Next, the PDL value is given by the following relation:

Figure 26. Theoretical normalized frequency autocorrelation function for PMD
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The PDL value is strong dependent on the angle of incidence. Figure 27 presents PDL in
function of this angle. These PDL values are typically for some optical components which are
used for optical fiber communication technologies.

Figure 27. Polarization Dependent Loss value versus the angle of incidence; ns=1.75

In conclusion, polarization issues become very important especially for long haul and high bit
rate lightwave communication systems for which polarization effects, first of all, polarization
mode dispersion and polarization dependent loss, become limiting factor. Optical fiber
polarization phenomena must be taken into account during planning, installing and monitor‐
ing optical fiber communication systems. Additionally, the fast evolution of optical fiber
transmission technologies requires powerful analysis and testing tools that must provide
information about all relevant polarization phenomena in optical fiber links.
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1. Introduction

By utilizing dense wavelength-division-multiplexed (DWDM) transmission systems using an
optical-fiber amplifier, large amount of data can be exchanged at a rate of over 60 Tbit/s [1].
In connection with this achievement, the danger of the “fiber fuse phenomenon" occurring
has been pointed out. This occurs when high-power (W order) optical signals are transmitted
in an optical-fiber cable [2].

The fiber fuse phenomenon was first observed in 1987 by British investigators [3]–[6]. A fiber
fuse can be generated by bringing the end of a fiber into contact with an absorbing material,
or melting a small region of a fiber by using an arc discharge of a fusion splice machine [3].
If a fiber fuse is generated, an intense blue-white flash occurs in the fiber core, and this flash
propagates along the core in the direction of the optical power source at a velocity on the
order of 1 m/s (see Figure 1). Fuses are terminated by gradually reducing the laser power to
provide a termination threshold at which the energy balance at a fuse is broken.

When a fiber fuse is generated, the core layer in which the fuse propagates is seriously
damaged, and the damaged fiber cannot be used in an optical communication system. The
damage is made manifest by periodic or nonperiodic bullet-shaped cavities left in the core
[7]–[13]. It was found that molecular oxygen was released and remained in the cavities while
maintaining high pressure (about 4 atmospheres) at room temperature [4].

Several review articles [14], [15], [16] and a book [17] have been recently published, which
cover many aspects of the current understanding of the fiber fuse.

Most experimental results of fiber fuse generation have focused on an intensity of 0.35–25
MW/cm2 [3]–[13], [18]–[39]. This is many orders of magnitude below the intrinsic damage
limit for silica, which exceeds 10 GW/cm2 [3]. The threshold power for an SMF required to
generate and/or terminate a fiber fuse was estimated at about 1.0 [7], 1.19 [37], 1.33 [37], and
1.4 W [30] at λ0 = 1.064, 1.31, 1.48, and 1.56 µm, respectively.
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2 Optical Fiber

Figure 1. Fiber fuse phenomenon.

On the other hand, the fiber fuse effect in a microstructured optical fiber, in which thirty air
holes are arranged around the fiber center, was reported by Dianov et al. [40]. No propagation
of the fiber fuse was observed at the power of ≤ 3 W and λ0 = 0.5 µm. This threshold power
(3 W) was an order of magnitude higher than that of a conventional fiber. They also reported
that the propagation of the fiber fuse was not observed when the laser light of up to 9 W and
λ0 = 1.064 µm entered in the microstructured optical fiber.

It has recently been reported that a hole-assisted fiber (HAF) [41], in which several air holes
are arranged near the core of the optical fiber, exhibits high tolerance to fiber fuses [42]–[51].
The fiber fuse propagation in a HAF is affected by both the diameter of an inscribed circle
linking the air holes (Dhole) and the diameter of the air hole (dh) (see Figure 2).

dh

Dhole

2rc

Core

Air hole

Cladding

2rc

Core

Cladding

SMF HAF

Figure 2. Schematic view of SMF and HAF.

No propagation of fiber fuse was observed in HAFs with dh = rc = 4.5 µm and a ratio Rh of
the Dhole to the core diameter (2 rc) of 2 or less when the laser power P0 of 13.5 and/or 15.6
W at λ0 = 1.48 + 1.55 µm was incident to HAFs [43], [45], [46].

Takenaga et al. investigated the power dependence of penetration length at a splice point of
SMF and the HAF with dh of about 16.3–16.9 µm and Rh of about 2.3, called “HAF2+" [42],
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[47]. The fiber fuse propagation immediately stopped in HAF2+ for P0 of 2.0–8.1 W at λ0

= 1.55 µm, where the penetration length was maintained constant (about 120 µm). But the
penetration length in HAF2+ increased by nearly 600 µm when P0 decreased from 2.0 W to
1.5 W.

They supposed that an inner ring area, which was observed around the cavities after fiber
fuse propagation, was the trail of glass being melted. Dmelted defined as the diameter of
melting area (see Fugure 3) was considered as the radial size of plasma generated in the fiber
fuse.

2rc

P0

Dmelted

Cavity

Figure 3. Schematic view of damaged SMF.

Dmelted of HAF2+ was maintained constant (about 20–22 µm) in the P0 range of 2.0–8.1 W,
and decreased with decreasing P0 in the P0 range of 1.33–2.0 W [42], [47]. The constant
Dmelted value (about 20–22 µm) was almost equal to the Dhole value (21.2 µm) of HAF2+ in
the P0 range of 2.0–8.1 W. Therefore, an increase in penetration length observed in HAF2+
for P0 ≤ 2 W was considered to be induced by the reduction of plasma size. On the other
hand, Dmelted of an SMF increased monotonously with increasing P0 in the P0 range of 4–14
W [46].

Several hypotheses have been put forward to explain the fiber fuse phenomenon. These
include a chemical reaction involving the exothermal formation of germanium (Ge) defects
[18], self-propelled self-focusing [3], thermal lensing of the light in the fiber via a solitary
thermal shock wave [5], and the radiative collision of SiO and O complexes [52]–[55].

The similarities between the fiber fuse propagation and the combustion flame propagation
were pointed out by Facão et al. [56], Todoroki [15], and Ankiewicz [57]. A fast
detonation-like mode of fiber fuse propagation with a velocity of 3.2 km/s was observed
under intense laser radiation intensity of 4,000 MW/cm2 [58]. Combustion processes,
including thermal self-ignition, can be mathematically expressed by the reaction-diffusion
equations for temperature and fuel concentration [59], [60], [61]. If the reaction term for
fuel concentration in these equations is replaced by the heat source term resulting from light
absorption, the fiber fuse propagation can be described by solving the equations [56], [57],
[62].

The optical absorption coefficient α of a fiber core at high temperatures is closely related to
the generation of the fiber fuse. Kashyap reported a remarkable increase in the α value of a
Ge-doped silica core above the critical temperature T0 (∼ 1,323 K), while the α value of about
0 dB/km at room temperature remained unchanged until the temperature (T) approached
T0 [4]. The α value increased by nearly 1,900 dB/km (∼ 0.44 m−1) at λ0 = 1.064 µm when T
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changed from T0 to T0 + 50 K. Furthermore, Kashyap et al. reported that the best fit between
the experimental and theoretical fiber fuse velocities was obtained when the α value of the
Ge-doped silica core at high temperatures of above T0 was fixed to be 4.0 ×104 m−1 at 1.064
µm [19].

Hand and Russell found that this phenomenon was initiated by the generation of large
numbers of Ge-related defects at high temperatures of above about 1,273 K, and the α values
at λ0 = 0.5 µm obtained at temperatures of below 1873 K were modeled quite accurately
using an Arrhenius equation [5], [6]. By contrast, they reported that the best fit between
the experimental and theoretical fiber fuse velocities was obtained when the α value of the
Ge-doped silica core at 2,293 K was assumed to be 5.6 ×104 m−1 at 0.5 µm [5]. This large
α value, however, could not be estimated using their Arrhenius equation [6]. As the focal
length F of thermal lense effect is inversely as the α value [63], large α value of 5.6 ×104

m−1 is necessary to obtain small F value of 10 µm order, which is comparable with observed
interval and/or large front size of the cavities (see Appendix).

Furthermore, Hand and Russell reported that the electrical conductivity σ of the fiber core
increased with the temperature and that the hot spot at the fiber fuse center was plasmalike
[5]. Kashyap considered that the large α values may be attributable to an increase in the σ
value of the fiber core at high temperatures of above T0 [4].

It is well known that silica glass is a good insulator at room temperature, and the electrical
conductivity in silica glass below 1,073 K is due to positively charged alkali ions moving
under the influence of an applied field [64], [65]. The ionic conduction in the glass is not
related solely to optical absorption.

We previously investigated the optical absorption mechanism causing the increase in the σ
value and reported the relationship between σ and α in silica glass at high temperatures
of above 1,273 K [66]–[69]. It was found that the increase in loss observed at 1.064 µm
can be well explained by the electronic conductivity induced by the thermal ionization of a

Ge-doped silica core, and it is not directly related to the absorption of Ge E
′

centers.

However, the calculated α values resulting from the electronic conductivity at 1.064 µm were
of 102 m−1 order at 2,873 K, about two orders smaller than the α values (1.0–4.0 ×104 m−1)
reported by Kashyap et al. [4], [19]. Therefore, we need another mechanism to explain the
increase in loss at high temperatures of above 2,273 K to account for the large (104 m−1 order)
α values.

To satisfy this requirement, we proposed a thermochemical SiOx production model in 2004
[68], [69]. Using this model, we theoretically estimated large α values of 104 m−1 order as
a result of SiOx absorption at high temperatures of 2,800 K or above. This model was able
to quantitatively explain the relation between the fiber fuse propagation velocity and the
incident laser-power intensity previously reported by other research institutions.

On the other hand, since the parameters (particularly the light-absorbing parameter) used
for the numerical simulation were not optimized, the shortcoming that the maximum
temperature of the core center obtained by calculation became unusually high (105 K order)
was observed.

We have improved this model by optimizing several parameters required for the numerical
computation, and we proposed an improved model in 2014 [70].
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In the first half of this chapter we describe the improved model in detail. That is, we
explain the mechanism of the increased absorption in optical fibers at high temperatures
due to the thermochemical production of SiOx, and estimate high-temperature α values
at λ0 = 1.064 µm. Then, using these values, we theoretically study the non-steady-state
thermal conduction process in a single-mode optical fiber using the explicit finite-difference
technique.

Next we have analyzed the heat transfer of HAFs with dh = rc on the basis of the improved
model, and simulated the fiber fuse propagation behavior when a high optical power of 1–20
W at λ0 = 1.55 µm is injected into an HAF. In the latter half of this chapter we describe the
results of this analysis.

2. High-temperature optical absorption in optical fibers

2.1. Effect of SiOx formation on absorption

It has been reported that, at elevated temperatures, silica glass is thermally decomposed by
the reaction [71]

SiO2 ⇄ SiOx + (x/2)O2. (1)

Among the reductants of the silica generated by this pyrolysis reaction with the formula
SiOx, the most thermally stable material is SiO (x = 1).

The internal core space heated at the elevated temperature is shielded from the external
conditions. Thus, with increasing temperature, the internal pressure increases and the
internal volume decreases. Dianov et al. reported that the internal core temperature is
about 10,000 K and the internal pressure is about 10,000 atmospheres at the time of fiber
fuse evolution [72]. It is thought that SiOx generated under the high-temperature and
high-pressure conditions is densely packed into the internal core space because it is not
allowed to expand, and it exists in a liquidlike form. For this reason, it is thought that the
optical absorption spectrum of the high-density SiOx in the core space is similar to that of
solid SiOx.

Philipp reported that the optical absorption spectrum of a SiOx film is similar to that of
amorphous Si because of the many Si–Si bonds in a SiOx film, and that the absorption
coefficient αSiO for SiO (x = 1) near the threshold energy should be about one-twentieth of
that for amorphous Si αSi [73]. Furthermore, Philipp estimated the theoretical concentration
fSi of Si–(Si4) when the five possible tetrahedral conformations centering on Si, Si–(Si4),
Si–(Si3O), Si–(Si2O2), Si–(SiO3), and Si–(O4), were completely distributed at random within
amorphous SiOx [74]. The relationship between fSi and x for SiOx is illustrated in Figure 4.
According to Figure 4, fSi for a SiO (x = 1) film is 6.25% (= 1/16). This is very close to the
factor by which the α value was reduced (about 1/20) as reported by Philipp [73].

The optical absorption near the absorption edge of a SiOx film is dominated by that
of amorphous Si with the Si–(Si4) tetrahedral conformation, and the optical absorption
coefficient αSiOx

near the absorption edge of a SiOx film can be calculated by multiplying
the value of αSi for amorphous Si by fSi. That is, if the production rate of SiOx given by Eq.
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(1) is denoted by gSiOx
, then αSiOx

at temperature T is given by

αSiOx
(T) = gSiOx

(T) fSi(x)αSi(T). (2)

2.2. Production rate of SiOx

The most thermally stable compound in SiOx generated via Eq. (1) is SiO (x = 1). Therefore,
the production rate gSiOx

of SiOx in Eq. (2) is assumed to be almost equal to the production
rate gSiO of SiO.

gSiO at temperature T can be calculated as the ratio of the molar concentration cSiO of SiO at
temperature T to the maximum value c0

SiO. This c0
SiO is the molar concentration when SiO2

changes to SiO via Eq. (1) with a yield of about 100%.

We assumed that the pyrolysis reaction system given by Eq. (1) reaches its equilibrium state
during fiber fuse propagation. The equilibrium constant for Eq. (1) is denoted as Kc. The
value of cSiO at temperature T was calculated using Kc as described below.

First, the initial molar concentration cs
SiO2

(= 0.0366 mol cm−3) is denoted by a. We consider

the case that the SiO2 concentration decreases to a − y via the pyrolysis reaction of Eq. (1). In
this case, the molar concentration of SiO and the molar concentration cO2

of O2 are expressed
as y and y/2, respectively. Kc is given in terms of a and y as follows:

Kc =
cSiOc1/2

O2

cSiO2

=
y(y/2)1/2

a − y
. (3)

Rearranging Eq. (3), we obtain a cubic equation in y. The solution of this equation is given
by

y =
3
√

C +
4K2

c

3 3
√

C

(

K2
c

3
− a

)

+
2K2

c

3
, (4)
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where

C = a2K2
c −

4

3
aK4

c +
8

27
K6

c

+ a2K2
c

√

1 −
8K2

c

27a
. (5)

It is well known that the equilibrium constant Kc is related to the standard Gibbs energy
change ∆rG0 for Eq. (1). The relationship between Kc and ∆rG0 is given by [75]

ln Kc =
−∆rG0

RT
, (6)

where R is the gas constant. The ∆rG0 value for Eq. (1) is given by

∆rG0
= ∆ f G0

SiO + (1/2)∆ f G0
O2

− ∆ f G0
SiO2

, (7)

where ∆ f G0 is the standard production Gibbs energy of a reactant and/or a product.

Vitreous silica (SiO2) is a solid at the standard temperature (298.15 K). It melts at high
temeperatures of above 1,996 K, and becomes a liquid. It also becomes a vapor at
temperatures of above 3,000 K.

The standard production Gibbs energies ∆ f G0
SiO2

, ∆ f G0
SiO, and ∆ f G0

O2
in each phase have

been published [76]. Thus, using these ∆ f G0 values, we first calculated the standard Gibbs

energy change ∆rG0 for Eq. (1). Next, we calculated Kc by substituting the ∆rG0 value into
Eq. (6). In this way, we computed cSiO (= y) at temperature T by substituting Kc and a (=
0.0366 mol cm−3) into Eqs. (4) and (5). The relationship between cSiO and T is shown in
Figure 5. cSiO increases with increasing T and gradually approaches its maximum value
(c0

SiO
∼= 0.0366 mol cm−3) at T of about 3,200 K.

Therefore, gSiOx
at temperature T was estimated by dividing the value of cSiO calculated

above by c0
SiO (∼= 0.0366 mol cm−3).

2.3. Absorption coefficient of amorphous Si

The optical absorption spectrum of amorphous Si was reported by Brodsky et al. [77]. The
absorption coefficient αSi of amorphous Si in Eq. (2) was estimated as follows.
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First, we consider the absorption coefficient αSi of an interband transition region, where the
photon energy h̄ω is larger than the energy gap Eg (= 1.26 eV) of amorphous Si. In this case,

the values of αSi (cm−1 unit) near Eg is given by

αSi(ω) = B
(h̄ω − Eg)

2

h̄ω
, (8)

where the parameter B is 5.06 × 105 cm−1 eV−1. The αSi values calculated by Eq. (8) are in
good agreement with the experimental values reported by Brodsky et al. [77] for the case of
h̄ω > 1.5 eV.

Next, we consider the values of αSi in the low-energy region, where h̄ω < Eg. In this
region, an absorption edge spectrum is broadened as a result of the interaction between
optical phonons and electrons (or excitons). αSi in this region exhibits exponential behavior
(referred to as an“exponential tail" or “Urbach tail") as follows [78]:

αSi(ω) = α0 exp

[

γ(h̄ω − Eg)

kT∗

]

, (9)

where α0 and γ are parameters and k is the Boltzmann constant. T∗ is the effective
temperature. If the characteristic temperature of phonons is denoted by θ, then T∗ is given
by [79]

T∗
=

θ

2
coth

(

θ

2T

)

. (10)

For Si, θ = 600 K [80]. α0 and γ are estimated to be 9.016 × 103 cm−1 and 0.14, respectively,
by simulation using the experimental αSi values reported by Brodsky et al. [77].
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For Si, θ = 600 K [80]. α0 and γ are estimated to be 9.016 × 103 cm−1 and 0.14, respectively,
by simulation using the experimental αSi values reported by Brodsky et al. [77].
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It is known that the energy gap Eg of Si decreases linearly with increasing T at T > 200 K
[81]. The temperature dependence of Eg (eV unit) at T > 300 K is given by

Eg = 1.26 − βT, (11)

where β is the temperature coefficient of the energy gap and takes a value of 4.2 × 10−4

eV/K [82].

2.4. Absorption coefficient of SiOx

On the basis of the above results, the temperature dependence of αSiOx
at 1.064 µm (h̄ω =

1.17 eV) was calculated using Eq. (2) and the cSiO values shown in Figure 5. fSi = 0.0625 (x
= 1) was used in the calculation. The results are shown in Figure 6.
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Figure 6. Absorption coefficient of SiOx at 1.064 µm vs. temperature. The thick solid line was calculated using Eq. (2). The
dotted line shows the values estimated by Kashyap et al.

The αSiOx
values (shown as the thick solid line in Figure 6) are about 1.5 × 104 m−1 at 2,800

K and about 3.5 × 104 m−1 at 2,950 K. These values are close to 4 × 104 m−1 (shown as the
dotted line in Figure 6), which was estimated by simulation using the finite element method
[19].

Moreover, it turns out that αSiOx
reaches its maxium value (about 9.47 × 104 m−1) at about

3,150 K, then decreases gradually with increasing temperature.

Compared with the stepwise shape (dotted line in Figure 6) of the absorption coefficient
assumed by Kashyap et al., the maximum value (about 9.47 × 104 m−1) of αSiOx

is about 2.4

times the assumed value (4 × 104 m−1), and the graph has the shape of a somewhat distorted
echelon form.

As mentioned above, SiOx is produced in the pyrolysis of vitreous silica, and it induces a very
large amount of optical absorption with a large absorption coefficient of 104 m−1 order at
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high temperatures of above 2,800 K. It is thought that the large amount of optical absorption
at high temperatures is the cause of the genesis of the fiber fuse phenomenon.

We investigated the thermal conduction behavior within an SMF by numerical computation
using the thermochemical SiOx production model. In the next section, we describe the results
of some numerical calculations related to the thermal conduction process in an SMF.

3. Simulation of fiber fuse in SMF

3.1. Heat conduction in SMF

We assume the SMF to have a radius of r f and to be in an atmosphere with temperature T
= Ta. We also assume that part of the core layer of length ∆L is heated to a temperature of
T0

c (> Ta) (see Figure 7). Such a region, called the “hot zone" in Figure 7, can be generated
by heating the fiber end faces using the arc discharge of a fusion splice machine.

∆L

rf

Ta

Tc
0

P0

Figure 7. Hot zone in the core layer.

As explained above, the optical absorption coefficient α of the core layer in an optical fiber is
a function of temperature T, and α increases with increasing T. In the hot zone in Figure 7,
the α values are larger than those in the remainder of the core region because of its elevated
temperature. Thus, as light propagates along the positive direction (away from the light
source) in this zone, considerable heat is produced by light absorption.

In the case of a heat source in part of the core layer, the nonsteady heat conduction equation
for the temperature field T(r, z, t) in the SMF is given by [83]

ρCp
∂T

∂t
= λ

(

∂2T

∂r2
+

1

r

∂T

∂r
+

∂2T

∂z2

)

+ Q̇, (12)

where ρ, Cp, and λ are the density, specific heat, and thermal conductivity of the fiber,
respectively. The values of ρ, Cp, and λ used for the calculation are described in the next
subsection.

The last term Q̇ in Eq. (12) represents the heat source resulting from light absorption, which
is only required for the hot zone in the fiber core. Q̇ can be expressed by
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As explained above, the optical absorption coefficient α of the core layer in an optical fiber is
a function of temperature T, and α increases with increasing T. In the hot zone in Figure 7,
the α values are larger than those in the remainder of the core region because of its elevated
temperature. Thus, as light propagates along the positive direction (away from the light
source) in this zone, considerable heat is produced by light absorption.
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respectively. The values of ρ, Cp, and λ used for the calculation are described in the next
subsection.

The last term Q̇ in Eq. (12) represents the heat source resulting from light absorption, which
is only required for the hot zone in the fiber core. Q̇ can be expressed by
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Q̇ = αI, (13)

where I is the optical power intensity in the core layer, which can be estimated by dividing
the incident optical power P by the effective area Ae f f of the fiber.

3.2. Heat conduction parameters

In the heat conduction calculation for SMFs, we used the following values of λ (W m−1 K−1),
ρ (kg m−3), and Cp (J kg−1 K−1) in each temperature range. The unit of T is K (Kelvin).

(1) Parameters in the temperature range from room temperature (298 K) to 1,996 K [84]:

Cp = 1194.564 + 31.541 × 10−3T

−651.396 × 105T−2

λ = 9.2

ρ = 2, 200.0.

(2) Parameters in the temperature range from 1,996 to 3,000 K [84]:

Cp = 1, 430.490

λ = 9.2

ρ = 2, 200.0.

(3) Parameters for T > 3,000 K:

Cp = 844.4

λ = 0.0025247
√

T

+1.84275 × 10−13T5/2

ρ = 2, 024.0.

In (3), the first term in the expression for λ was estimated by substituting the parameters
for SiO in the following equation, which represents the thermal conductivity of diatomic
molecules derived from the kinetic theory of gases [85]:

λ =
5

3σ2

√

(

k

π

)3 NA

M

√
T, (14)

where NA is Avogadro’s number, M (=44.0854) is the molecular weight of SiO, and σ (= 1.5
Å) is half of the collision diameter.
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Moreover, in (3), the second term in the expression for λ was estimated by mutiplying the
following thermal conductivity equation for weakly ionized gas plasma [86] by the correction
factor of 1/20:

λ =
5Nek2T

2meνc

, (15)

where me is the electron mass, Ne is the number density of electrons in the plasma, and νc is
the collision frequency. If we assume that electrons mainly collide with ions with a charge of
+1 in the plasma, then νc is given by [87]

νc =

√

2

9π

Nee4

ε2
0m2

f e

(

me

3kT

)3/2
ln Λ, (16)

where e is the electron charge and ε0 is the permittivity of free space. ln Λ is the so-called
Coulomb logarithm, and it takes values of 4–34 in the electron temperature range of 102–108

K and the Ne range of 1–1024 cm−3 [88]. In our calculation, we used ln Λ = 16.155, which
corresponds to the case of T ∼ 104 K and Ne ∼ 106 cm−3.

3.3. Boundary and initial conditions for heat conduction

We solved Eq. (12) using the explicit finite-difference method (FDM) [89] under the boundary
and initial conditions described below.

The area in the numerical calculation had a length of 2L (= 4 cm) in the axial (z) direction and
a width of 2r f (= 125 µm) in the radial (r) direction. There were 24 and 2,000 divisions in the
r and z directions, respectively, and we set the calculation time interval to 1 µs. We assumed
that the hot zone was located at the center of the fiber (length 2L) and that the length ∆L of
the hot zone was 40 µm.

The boundary conditions are as follows:

(1) Since the temperature distribution of the optical fiber is axisymmetric, the amount of heat
conducted per unit area (heat flux) in the r direction is set to 0 at the fiber center (r = 0) as
follows:

− λ
∂T

∂r

∣

∣

∣

∣

r=0

= 0. (17)

(2) At the outer fiber surface (r = r f ), the amount of heat conducted per unit area (heat flux)
is dissipated by radiative transfer or heat transfer to the open air and/or the jacketing layer
(T = Ta) as follows:

− λ
∂T

∂r

∣

∣

∣

∣

r=r f

= σSǫe

(

T
4
− T

4
a

)

+
λ

δrt

(T − Ta) , (18)
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where σS is the Stefan-Boltzmann constant and ǫe (∼ 0.9) is the emissivity of the surface. δrt

is the thickness of the thermal boundary layer and δrt = δr is assumed in our calculation,
where δr is the step size along the r axis.

(3) At the center (z = 0) of the hot zone, the temperature of the fiber core center is T0
c . Also,

there is heat inflow along the z axis only at the core center (r = 0), which is attributable
to light absorption. Moreover, when r �= 0 and z = 0, there is neither heat inflow nor heat
outflow along the z axis. These conditions are given by

−λ
∂T

∂z

�

�

�

�

z=0

=

�

αI, if r = 0

0 if r �= 0.
(19)

(4) At both fiber ends (z = ±L), the amount of heat conducted per unit area (heat flux) is
dissipated by radiation transfer to the open air (T = Ta) as follows:

− λ
∂T

∂z

�

�

�

�

z=±L

= σSǫe

�

T
4
− T

4
a

�

. (20)

In contrast, as initial conditions, T = Ta in the optical fiber at t = 0, except in the hot zone,
and the core-center temperature in the hot zone is equal to T0

c (> Ta) as follows:

T(0, z, 0) =











Ta, if −L ≤ z < −∆L/2

T0
c , if −∆L/2 ≤ z ≤ ∆L/2

Ta if ∆L/2 < z ≤ L.

(21)

When light propagates through the fiber core (r = 0) along the z direction (away from the
light source), the incident laser power P decreases because of the nonzero optical absorption
coefficient α. When the laser light propagates from z to z + δz along the z axis at r = 0, the P

value is given by

P = P0 exp

�

−αδz −

�

z

−L

α(T)dz

�

, (22)

where P0 is the initial laser power. The second term on the right-hand side expresses the
optical absorption loss when the light propagates through a distance of z − L.

The results described above assume that the laser light propagates through the fiber core
along the positive z direction (away from the light source).

When the core layer is heated to above the vaporization point of silica (∼ 3273 K), an enclosed
hollow cavity is produced in the core center. This cavity contains oxygen, which is produced
by the pyrolysis reaction of Eq. (1). The heat conductivity κ of the oxygen (0.03 W m−1 K−1)
is two orders smaller than that of the silicate glass. Therefore, the heat transferred in the
silica core is stopped at the cavity.
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Moreover, as the cavity has a refractive index of n ∼ 1, which is smaller than that of the silica
core (n1 = 1.46), the light propagating in the core layer is reflected at the cavity wall. When
the light direction is reversed at the cavity, the heat source term αIr resulting from the optical
absorption of the reflected light is added to αI in Eq. (13), where Ir is the optical power
intensity of the reflected laser light.

We consider the P value at a z position located near the cavity wall. The length of this
position is assumed to be δz. The laser light reaches z, propagates through a distance of δz,
and then reaches the cavity wall, whose coordinate is zv. Next, the light is reflected at the
cavity wall and propagates in the negative z direction, and then reaches z again. In such a
case, the P value at z is given by

P = P0 exp

(

−αδz −

∫

z

−L

α(T)dz

)

× R exp

(

−2
∫

zv

z+δz

α(T)dz

)

, (23)

where R is the reflectivity at the boundary of the silica core and the cavity. R is given by

R =

(

n1 − 1

n1 + 1

)2

. (24)

The second integral on the right-hand side of Eq. (23), which is related to the reflected
light, slightly affects the occurrence of the fiber fuse. However, by taking this term into
consideration, the calculated fiber fuse velocities fit the experimental values. For this reason,
in the present work, we decided to take into account the effect of the reflected light.

In the following section, we describe the calculated time (t) dependence of T(r, z) in an SMF.

3.4. Propagation of fiber fuse in SMF

In the calculation, we used T0
c = 2923 K and Ta = 298 K. It was assumed that laser light of

wavelength λ0 = 1.064 µm and P0 = 2 W was incident to an SMF-28 optical fiber, which has a
core diameter of 2 rc = 8.2 µm, a refractive index difference of ∆ = 0.36%, and Ae f f = 49.4091

× 10−12 m2.

We calculated the T(r, z) values at t = 1, 11, and 21 ms after the incidence of the 2 W laser
light. The calculated results are shown in Figures 8 ∼ 10, respectively.

As shown in Figure 8, the core center temperature near the end of the hot zone (z = -0.7
mm) changes abruptly to a large value of about 3.4 ×104 K after 1 ms. This rapid rise in the
temperature initiates the fiber fuse phenomenon as shown in Figures 9 and 10. After 11 and
21 ms, the high-temperature front in the core layer reached z values of -6.1 and -11.5 mm,
respectively. The average propagation velocity v f was estimated to be 0.54 m/s using these
data.
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Figure 8. Temperature field in SMF-28 after 1 ms when P0 = 2 W at λ0 = 1.064 µm.
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Figure 9. Temperature field in SMF-28 after 11 ms when P0 = 2 W at λ0 = 1.064 µm.
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Figure 10. Temperature field in SMF-28 after 21 ms when P0 = 2 W at λ0 = 1.064 µm.
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When the laser light of λ0 = 1.064 µm and P0 = 2 W is incident to the SMF-28 optical fiber,
the optical power intensity is I = 4.048 MW/cm2. The fiber fuse velocity at this value of I is
estimated to be about 0.55 m/s (see Figure 10 in [69]). This value is in very good agreement
with the upper value obtained by calculation (0.54 m/s).

On the other hand, Hand and Russell measured the fiber fuse temperature to be 5,400 K [5],
and Dianov et al. obtained a temperature of 4,700–10,500 K [28],[90] by measurement. They
estimated the temperatures from precisely measured spectral data in the 600–1,400 nm [5]
and 500–800 nm [28],[90] regions, while assuming blackbody radiation.

In our calculation, the temperature distribution of the fiber fuse in the core center is shown
in Figure 11. Similar shapes of temperature distribution were reported by Kashyap et al. [19]
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Figure 11. Temperature distribution of the SMF-28 core center vs. length along the z direction when P0 = 2 W at λ0 = 1.064

µm. The time after the laser incidence is 10 ms.

and Facão et al. [56].

As shown in Figure 11, it is clear that the sharp temperature peak is located near the light
source, and a relatively high temperature plateau of about 5,000 K extends over about 1.5
mm behind the sharp peak. This region, called the “radiation zone" in Figure 11, exhibits
high temperatures of above 323 K.

When gaseous SiO and/or SiO2 molecules are heated to high temperatures above 5,000 K,
they decompose to form Si and O atoms, and finally becomes Si+ and O+ ions and electrons
in the ionized gas plasma state [91]. The numbers of electrons and ions in the plasma front,
which exhibits sharp temperature peak, are larger than those in the plateau region. However,
as the plasma tends to restore electrical neutrality, the motions of the electrons and ions
will not produce any change on the initial temperature distribution shown in Figure 11,
except for the peak temperature reduction of the plasma front due to energy loss induced by
electron-ion collisions.

In the ionized gas plasma, electron-ion collisions generate electromagnatic radiation because
of the deceleration during the collisions. This bremsstrahlung emission [92], [93] is a
universal and irreducible process of energy loss. If we assume that electrons mainly collide
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as the plasma tends to restore electrical neutrality, the motions of the electrons and ions
will not produce any change on the initial temperature distribution shown in Figure 11,
except for the peak temperature reduction of the plasma front due to energy loss induced by
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In the ionized gas plasma, electron-ion collisions generate electromagnatic radiation because
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with ions with a charge of +1 in the plasma, the spectral radiance function Ip for the
bremsstrahlung emission is given by [94]

Ip =
N2

e ν2

√
Tc2

exp

(

−
hν

kT

)

, (25)

where Ne is the number density of electrons in the plasma, h is Planck’s constant, and ν is
the optical frequency. This functin is directly proportionate to ν2 in the case of hν ≪ kT.

On the other hand, in the case of hν ≪ kT, the spectral radiance function Ib for blackbody
radiation is given by [95]

Ib =
2πν2

c2
kT. (26)

This is well-known as the Rayleigh-Jeans formula, and this function is proportional to ν2,
too. Therefore, we assumed that the radiation zone, in which the bremsstrahlung emission
of the plasma is liberated, can be treated as a blackbody because of its similar dependence
on ν.

If we consider the radiation zone as a blackbody, that is isolated from the surrounding
nonheated regions, it is expected that the radiation zone will exhibit a radiation spectrum
with a broad range of optical frequencies ranging from ultraviolet to infrared. The blackbody
temerature Tb of the zone is related to the frequency νm of the spectral peak as follows [95]:

νm =
2.82kTb

h
. (27)

If Tav is defined as the average temperature of the radiation zone, the Tb will be close to the
Tav.

The relationship between the Tav value and the time after fiber fuse generation is shown in
Figure 12. Tav exceeds 10000 K immediately after fiber fuse generation but is less than 7000
K after 4 ms. Then it gradually approaches about 5,700 K. The value of 5,760 K shown in
Figure 12 is the average Tav value from 4 to 30 ms. This temperature (5,760 K) is close to the
reported temperatures of 5,400 K [5] and about 5,800 K [90].

Thus, it was found that if a fiber fuse, which exhibits a sharp temperature peak located near
the light source, is approximated as a blackbody isolated from the surrounding nonheated
regions, its average temperature from 4 ms after the generation of the fiber fuse approaches
the experimentally estimated radiation temperatures.

4. Modeling of Hole-Assisted Fiber

In a Hole-Assisted Fiber (HAF), some holes exist around the main core as shown in Figure 1.
In this HAF, the minimum distance of the holes from the main core is only (Dhole − 2rc)/2.
These holes are filled with air at the same temperature as the surrounding air (Ta). Therefore,
at the inner surfaces of the holes, it can be expected that heat transfer or radiative transfer

Simulation of Fiber Fuse Phenomenon in Single-Mode Optical Fibers
http://dx.doi.org/10.5772/58959

175



18 Optical Fiber

T a
v (

x1
03

 K
)

t (ms)

P = 2W

0

2

4

6

8

10

12

14

16

18

0 5 10 15 20 25 30

5760 K

Figure 12. Average temperature of radiation zone vs. time after fiber fuse generation.

will occur between the heated solid inner surfaces of the holes and the gaseous fluid (air)
with the low temperature of T = Ta. This is expected to affect the heat conduction behavior
in the core center of the HAF.

Thus, we used the model proposed by Takara et al. [44] for heat conduction analysis, which
includes heat transfer or radiative transfer between the inner surfaces of the holes and the
gaseous air in the HAF. The proposed model for the HAF is shown in Figure 13.

dh

Dhole

2rc

Core

Air hole

Cladding

dh

Dhole

2rc

Core

First cladding

Hole

Second cladding

Figure 13. Heat conduction model of HAF [44].

Although bridges of silica glass exist between the holes in an actual HAF, to simplify the
calculation, the first cladding layer was assumed to be a cylindrical layer of Dhole diameter,
and the hole layer was treated as a gap of dh width, which was inserted between the first
and second cladding layers (see Figure 13). The hole layer was assumed to be fulfilled with
a silica-air mixture. In the hole layer, the volume ratio of a silica glass to an air was (1 - γ)
: γ, where γ1 is the occupancy of the 6-air holes in the cross section of HAF. Furthermore,
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Figure 12. Average temperature of radiation zone vs. time after fiber fuse generation.

will occur between the heated solid inner surfaces of the holes and the gaseous fluid (air)
with the low temperature of T = Ta. This is expected to affect the heat conduction behavior
in the core center of the HAF.

Thus, we used the model proposed by Takara et al. [44] for heat conduction analysis, which
includes heat transfer or radiative transfer between the inner surfaces of the holes and the
gaseous air in the HAF. The proposed model for the HAF is shown in Figure 13.
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Figure 13. Heat conduction model of HAF [44].

Although bridges of silica glass exist between the holes in an actual HAF, to simplify the
calculation, the first cladding layer was assumed to be a cylindrical layer of Dhole diameter,
and the hole layer was treated as a gap of dh width, which was inserted between the first
and second cladding layers (see Figure 13). The hole layer was assumed to be fulfilled with
a silica-air mixture. In the hole layer, the volume ratio of a silica glass to an air was (1 - γ)
: γ, where γ1 is the occupancy of the 6-air holes in the cross section of HAF. Furthermore,
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it was assumed that heat transfer and radiative transfer occurred at the inner surface of the
hole layer in addition to heat conduction between the silica glass and the silica-air mixture.

When a certain quantity of heat per unit area (heat flux) is conducted from the heated core
center to the end of the first cladding layer (r = Dhole/2) of an optical fiber, a considerable
amount of the heat flux is transmitted through the hole layer, and the residual heat flux
stagnates in the first cladding layer because the thermal conductivity κ of the hole layer is
lower than that of silica glass.

This heat flux stagnating in the first cladding layer can be dissipated by radiative transfer
and heat transfer between the outer surface of the first cladding layer and the air in the hole
layer with a temperature of Ta.

It is noteworthy here that the total surface area of the 6-air holes existing in an actual HAF is
larger than the outer surface area of the first cladding layer when Rh = 2 (see Table 1).

The heat transfer results from the convection of air, which is generated by warming the
air near the outer surface of the first cladding layer. In this heat transfer, there is a region
(called the “thermal boundary layer") near the surface of the first cladding layer where the
temperature of the air changes rapidly from a high value to Ta.

5. Heat conduction modeling of HAF

We assume the HAF to have a radius of r f and to be in an atmosphere with temperature T

= Ta. We also assume that part of the core layer of ∆L length is heated to a temperature of
T0

c (> Ta) (see Figure 14).
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Figure 14. Hot zone in core layer of HAF.

The optical absorption coefficient α of the core layer in a HAF is a function of temperature
(T), and it increases with increasing T [70]. In the heating zone (called the “hot zone")
shown in Figure 14, α is larger than in other parts of the core because of its high temperature
T0

c (> Ta). Thus, as light propagates along the positive direction (away from the light source)
in this zone, considerable amount of heat is produced by light absorption.

In the case of a heat source in part of the core layer, the nonsteady heat conduction equation
for the temperature field T(r, z, t) in the HAF is given by Eq. (12). We can solve Eq. (12)
using the explicit finite-difference method (FDM) under the boundary and initial conditions,
described in section 3.3, and the additional boundary conditions as follows:
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(1) At the outer surface (r = Dhole/2) of the first cladding layer, the amount of heat
conducted per unit area (heat flux) is dissipated by radiative transfer or heat transfer to the
air (T = Ta) in the hole layer as follows:
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where γ1 is the ratio of the total surface area of the 6-air holes existing in an actual HAF to
the outer surface area of the first cladding layer, δrt is the thickness of the thermal boundary
layer, and δrt = x δr is assumed in the HAF calculation, where x = 0.5.

(2) At the inner surface (r =Dhole/2 + dh) of the second cladding layer, the amount of heat
conducted per unit area (heat flux) is dissipated by radiative transfer or heat transfer to the
air (T = Ta) in the hole layer as follows:
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where γ2 is the ratio of the total surface area of the 6-air holes existing in an actual HAF to
the inner surface area of the second cladding layer.

The fiber parameters of the HAFs used for calculation were dh = rc = 4.5 µm, which were
used in the experiments reported by Hanzawa et al. [45]. Rh was set to 2, 3, and 4. In the
following, HAFs with Rh = 2, 3, and 4 are called HAF2, HAF3, and HAF4, respectively.

The parameters γ, γ1, γ2 for HAF2, HAF3, HAF4 are shown in Table 1.

Type γ γ1 γ2

HAF2 0.300 1.50 1.00
HAF3 0.214 1.00 0.75
HAF4 0.167 0.75 0.60

Table 1. Parameters for HAFs.

The area in the numerical calculation has a length of 2L (= 4 cm) in the axial (z) direction and
a width of 2r f (= 125 µm) in the radial (r) direction. There were 28 and 2,000 divisions in the
r and z directions, respectively, and we set the calculation time interval to 1 µs. We assume
that the hot zone is located at the center of the fiber (length 2L) and that the length ∆L of the
hot zone is 40 µm.
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6. Simulation of fiber fuse in HAF

On the basis of the model described above, we calculated the generation and propagation
behavior of a fiber fuse in HAFs with dh = rc = 4.5 µm using the FDM.

For reference, we also carried out the calculation for an SMF which has rc = 4.5 µm, a
refractive index difference ∆ = 0.3%, and Ae f f = 98.1318 × 10−12 m2.

The calculation using the FDM was conducted in accordance with the procedure in [70]. In
the calculation, we set the time interval δt to 1 µs, the step size along the r axis δr to r f /14,

the step size along the z axis δz to 20 µm, respectively, and assumed that T0
c = 2,923 K and

Ta = 298 K.

We estimated the temperature field T(r, z) of HAFs and/or SMF at t = 10 ms after the
incidence of laser light with wavelength λ0 = 1.55 µm and an initial power P0 of 4 W. The
calculation results for HAF2, HAF3, and HAF4 are shown in Figures 15–17, respectively, and
the result for the SMF is shown in Figure 18.
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Figure 15. Temperature field in HAF2 after 10 ms after when P0 = 4 W at λ0 = 1.55 µm.
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Figure 16. Temperature field in HAF3 after 10 ms when P0 = 4 W at λ0 = 1.55 µm.
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Figure 17. Temperature field in HAF4 after 10 ms when P0 = 4 W at λ0 = 1.55 µm.
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Figure 18. Temperature field in SMF after 10 ms when P0 = 4 W at λ0 = 1.55 µm.

As shown in Figures 15–18, the core center temperature at the thermal peak position of HAF2,
HAF3, HAF4, and SMF are 2,923 K, 8,756 K, 11,603 K, and 17,528 K, respectively. The papid
rise in the temperature shown in HAF3, HAF4, and SMF initiates the fiber fuse phenomenon.
In SMF, the propagation velocity v f of the fiber fuse was estimated to about 0.43 m/s from
the peak shift distance (4.3 mm) per 10ms of the core center temperature shown in Figure 18.
In HAF3 and HAF4, the propagation velocities of the fiber fuse were estimated to about 0.26
and 0.36 m/s, respectively, by using the same procedure as above.

On the other hand, in HAF2, there is no temperature increase in the core layer, as shown in
Figure 15, and it means that a fiber fuse was not generated when P0 = 4 W.

We investigated the temperature field T(r, 0) at the end (z = 0 mm) of the hot zone in HAF2
after 10 ms when P0 = 4–10 W at λ0 = 1.55 µm. The calculated temperature fields are shown
in Figure 19.

When the power of the light entering HAF2 increases from 4 W to 5 W, a thermal wave with
a peak temperature of higher than 60,000 K was generated at the end of the hot zone, as
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Figure 17. Temperature field in HAF4 after 10 ms when P0 = 4 W at λ0 = 1.55 µm.
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Figure 18. Temperature field in SMF after 10 ms when P0 = 4 W at λ0 = 1.55 µm.

As shown in Figures 15–18, the core center temperature at the thermal peak position of HAF2,
HAF3, HAF4, and SMF are 2,923 K, 8,756 K, 11,603 K, and 17,528 K, respectively. The papid
rise in the temperature shown in HAF3, HAF4, and SMF initiates the fiber fuse phenomenon.
In SMF, the propagation velocity v f of the fiber fuse was estimated to about 0.43 m/s from
the peak shift distance (4.3 mm) per 10ms of the core center temperature shown in Figure 18.
In HAF3 and HAF4, the propagation velocities of the fiber fuse were estimated to about 0.26
and 0.36 m/s, respectively, by using the same procedure as above.

On the other hand, in HAF2, there is no temperature increase in the core layer, as shown in
Figure 15, and it means that a fiber fuse was not generated when P0 = 4 W.

We investigated the temperature field T(r, 0) at the end (z = 0 mm) of the hot zone in HAF2
after 10 ms when P0 = 4–10 W at λ0 = 1.55 µm. The calculated temperature fields are shown
in Figure 19.

When the power of the light entering HAF2 increases from 4 W to 5 W, a thermal wave with
a peak temperature of higher than 60,000 K was generated at the end of the hot zone, as
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Figure 19. Temperature field at the end of the hot zone in HAF2 after 10 ms when P0 = 4–10 W at λ0 = 1.55 µm.

shown in Figure 19. Figure 20 shows the peak temperature change at the core center (r = 0
µm) with passage of time after the incidence of laser light with P0 = 5 W at λ0 = 1.55 µm.
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Figure 20. Peak temperature at the core center vs. time after the incidence of laser light with P0 = 5 W at λ0 = 1.55 µm.

The core center temperature at the end of the hot zone (z = 0 mm) changes abruptly to a
large value of ≥ 50,000 K after 28 µs.

Although a thermal wave with a peak temperature of higher than 60,000 K was generated
at the end of the hot zone, it was found that this thermal wave did not increase in size or
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propagate in the negative z direction when P0 increased from 5 W to 10 W, as shown in
Figure 19. Such a “stationary" thermal wave was reported by Kashyap [14].

If P0 is further increased to 11 W and above, the thermal wave increases in size and
propagates in the negative z direction toward the light source, as shown in Figure 21.
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Figure 21. Temperature field in HAF2 after 10 ms after when P0 = 11 W at λ0 = 1.55 µm.

When P0 = 11 W, the propagation velocities of the fiber fuse were estimated to about 0.38
m/s by using the same procedure as above.

We calculated the power intensity dependence of the propagation velocity vp for each HAF
and the SMF at λ0 = 1.55 µm. The calculation results for the SMF, HAF2, HAF3, and HAF4
are shown in Figure 22.
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Figure 22. Power intensity vs fiber-fuse propagation velocity for SMF, HAF2, HAF3, and HAF4.

It is clear that the propagation velocity of the HAF4 and/or HAF3 approaches that of the
SMF with increasing power intensity.

The threshold power intensity Ith for HAF2, HAF3, HAF4, and SMF are shown in Table 2.
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When P0 = 11 W, the propagation velocities of the fiber fuse were estimated to about 0.38
m/s by using the same procedure as above.

We calculated the power intensity dependence of the propagation velocity vp for each HAF
and the SMF at λ0 = 1.55 µm. The calculation results for the SMF, HAF2, HAF3, and HAF4
are shown in Figure 22.

0.0

0.4

0.8

1.2

1.6

2.0

0 2 4 6 8 10 12 14 16 18 20

SMF

Power intensity  (MW/cm2)

Ve
lo

ci
ty

 (m
/s

)

λ = 1.55 µm

HAF4

HAF3

HAF2

Figure 22. Power intensity vs fiber-fuse propagation velocity for SMF, HAF2, HAF3, and HAF4.

It is clear that the propagation velocity of the HAF4 and/or HAF3 approaches that of the
SMF with increasing power intensity.

The threshold power intensity Ith for HAF2, HAF3, HAF4, and SMF are shown in Table 2.
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Type Ith (MW/cm2)

HAF2 10.41
HAF3 3.27
HAF4 2.65
SMF 1.63

Table 2. Threshold power intensity for HAFs and SMF.

On the other hand, in HAF2, fiber fuse propagation begins at a threshold power intensity Ith

of about 10.4 MW/cm2 (P0 = 10.2 W), which is much higher than that in HAF3 (about 3.3
MW/cm2) or HAF4 (about 2.7 MW/cm2), as shown in Table 2. The Ith of HAF2 is six times
that of SMF.

When laser light enters the hot zone of the core layer, heat is produced in the zone by
optical absorption of the incident light. In HAF2, the heat generated by optical absorption is
effectively dissipated by the heat transfer and radiative transfer between the inner surfaces
of the hole layer and the gaseous air. The dissipation of heat in HAF2 is more effective than
that in HAF3 or HAF4 because the first cladding layer in HAF2 is thinner than that in HAF3
or HAF4.

Figure 23 shows a schematic view of the relationship between P0 and the accumulated heat
in the hot zone of the core layer for HAF2 and SMF.
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Figure 23. Schematic view of incident laser power vs accumulated heat in hot zone for HAF2 and SMF.

When the light power is small, the heat generated in the hot zone flows into the adjacent
cladding layer, and the rise in the temperature of the zone is prevented. However, if light
with a threshold power Pth and above enters the hot zone, it becomes difficult for all the
generated heat to escape into the cladding layer, and part of the heat accumulates in the hot
zone.

In the SMF, the accumulated heat raises the temperature in the hot zone and a thermal wave,
i.e., fiber fuse, is generated at the center of the zone. The thermal wave then rapidly increases
in size and starts to propagate toward the light source as shown in Figure 23.
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On the other hand, in HAF2, a large P0 value is required to obtain sufficient accumulated
heat for both the generation and propagation of a thermal wave, compared with that in the
SMF.

Several researchers observed the dynamics of fiber fuse termination near a splice point
between a HAF and an SMF by using a high-speed camera [42], [46], [48], [51].

Takenaga et al. reported that when a laser light of P0 = 8.1 W and λ0 = 1.55 µm was
input into HAF2+, a fiber fuse was generated at the splice point between the HAF and the
SMF, propagated about 100 µm in the direction of the light source, and then stopped [42].
Kurokawa and Hanzawa [46] defined the length between the splice point and the termination
point of fiber fuse as a penetration length Lp. In this case, Lp ≃ 100 µm.

Similarly, Kurokawa and Hanzawa investigated the power dependence of both the
propagation velocity v f for the SMF and Lp for HAF2 at λ0 = 1.48 µm [46]. When a laser
light of P0 = 8.1 W was input into HAF2, the observed v f for the SMF was 1.1 m/s and Lp

for HAF2 was ≃ 80 µm.

As shown in Figure 19, even if a high power of 9 W was input into HAF2, a fiber fuse with a
high peak temperature of about 80,000 K was generated at the center of the heated core, but
it did not propagate forward the light source. This phenomenon, in which the propagation
of a fiber fuse is controlled, is in good agreement with the experimental results observed by
Takenaga et al. and Kurokawa and Hanzawa [46] for HAF2.

On the other hand, Kurokawa and Hanzawa reported that v f = 1.3 m/s and Lp = 110 µm
when a laser light of P0 = 12.0 W (6.0 W at both 1.48 µm and 1.55 µm) was input into HAF2
[46]. This behavior for HAF2 cannot be explained by our calculation described above. As
shown in Figure 22, a fiber fuse, generated at the splice point between the HAF2 and the
SMF, was expected to maintain propagation in the direction of the light source when Ith =
12.2 MW/cm2 (P0 = 12.0 W). However, it was reported that the fiber fuse propagated only
about 120 µm, and then stopped.

Furthermore, they reported that the hole part in the HAF disappeared in the domain in
which the fiber fuse penetrated [46]. They considered that the plasma density of the core
decreased in connection with the disappearance of the hole part and that the propagation of
a fiber fuse can be controlled even if a high power of 10 W order is input into an HAF. In
practice, they observed the dynamics of fiber fuse termination near the splice point between
HAF2 and the SMF and found that the termination was accompanied by the evolution of a
gas jet in the case of P0 = 12 W [48] and 18.1 W (6.6 W at 1.48 µm and 11.5 W at 1.55 µm)
[51].

In order for the hole part to disappear with the gas jet, it is necessary for the (first) cladding
layer inscribed in this hole part to be destroyed by the incident high power.

We considered the destruction of the cladding layer using our heat conduction model, the
results of which are described below.

7. Destruction mechanism of inner cladding layer of HAF

The internal core space of an HAF heated to an elevated temperature is shielded from the
external conditions. Thus, with increasing temperature, the internal pressure increases and
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about 120 µm, and then stopped.

Furthermore, they reported that the hole part in the HAF disappeared in the domain in
which the fiber fuse penetrated [46]. They considered that the plasma density of the core
decreased in connection with the disappearance of the hole part and that the propagation of
a fiber fuse can be controlled even if a high power of 10 W order is input into an HAF. In
practice, they observed the dynamics of fiber fuse termination near the splice point between
HAF2 and the SMF and found that the termination was accompanied by the evolution of a
gas jet in the case of P0 = 12 W [48] and 18.1 W (6.6 W at 1.48 µm and 11.5 W at 1.55 µm)
[51].

In order for the hole part to disappear with the gas jet, it is necessary for the (first) cladding
layer inscribed in this hole part to be destroyed by the incident high power.

We considered the destruction of the cladding layer using our heat conduction model, the
results of which are described below.

7. Destruction mechanism of inner cladding layer of HAF

The internal core space of an HAF heated to an elevated temperature is shielded from the
external conditions. Thus, with increasing temperature, the internal pressure increases and
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the internal volume decreases. Dianov et al. reported an internal core temperature of about
10,000 K and an internal pressure of about 10,000 atmospheres (1 GPa) at the time of fiber
fuse evolution [72].

In HAF2, Dhole/2 = 9.0 µm and rc = 4.5 µm. Therefore, the thickness h of the first cladding
layer was 4.5 µm before the core was heated to a high temperature. When the core is heated
to a high temperature and the internal pressure p reaches 1 GPa, the first cladding layer
is partially melted by heat transmitted from the core and h becomes smaller than its initial
value (4.5 µm).

We consider a tensile stress σθ acting on the inner wall of the first cladding layer with
thickness h, as shown in Figure 24.

σθ

h

σθ

Dhole
2

Figure 24. Tensile stress acting on inner wall of first cladding layer in HAF.

σθ is related to p by the following expression [96]:

σθ =
D2

hole − 2Dholeh + 2h2

2Dholeh − 2h2
· p. (30)

σθ increases with increasing p. If σθ exceeds the ideal fracture strength σ0 of the silica glass,
a crack will generate on the inner wall of the first cladding layer.

On the other hand, it is well known for various solid materials that the σ0 value is related to
the Young’s modulus E of the material by the following equation [97]:

σ0 ≈ E/10. (31)

By using Eq. (31) and E = 73 GPa for silica glass, we can estimate σ0 to be approximately 7.3
GPa.

For the HAF2, we estimated the relationship between h and the tensile stress σθ acting on the
inner wall of the first cladding layer for p = 1 GPa using Eq. (30). The calculation result is
shown in Figure 25.
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Figure 25. Thickness vs tensile stress acting on inner wall of cladding layer in HAF2.

σθ increases with decreasing h. It was found that when h decreases to a critical thickness h0

(∼ 1.2 µm), σθ becomes to σ0 (∼ 7.3 GPa). That is, σθ becomes larger than σ0 when h < h0.
This means that the inner wall of the first cladding layer will crack and be destroyed when
h < h0.

Silica glass has a melting temperature of Tm = 1,973 K. If solid silica glass is heated above Tm,
it will become a liquid “melt" and its mechanical properties, such as tensile tolerance, will be
lost.

If the heat conduction model discussed above is used, the temperature distribution along the
internal radial direction can be estimated for the HAF2.

We can estimate the radial distance (equivalent to h in Figure 24) from the outer wall of
the first cladding layer with temperature Ta to an inner point at which T reaches Tm using
the heat conduction model. Then, the minimum power of incident laser light necessary for
h < h0 to be satisfied can be determined by estimating the h value when laser light with
various powers enters the HAF2.

For incident laser powers P0 of 4–10 W with λ0 = 1.55 µm, the temperature distribution in
the first cladding layer as a function of the radial distance h′ was calculated for the HAF2.
The result is shown in Figure 26.

The horizontal axis h′ in Figure 26 represents the distance between the outer wall of the first
cladding layer and an inner point located closer to the core center.

When P0 is 4 W or less, the temperature T in the cladding layer is lower than Tm, and the
cladding layer is not destroyed.

On the other hand, when P0 is 5 W and above, T increases with increasing h′. When P0 = 10
W, T reaches ∼ Tm at h′ ∼ 1.2 µm. This value of h′ (∼ 1.2 µm) is the same as the threshold
value of h0 (∼ 1.2 µm) for crack generation on the inner wall of the cladding layer. Therefore,
the destruction of the cladding layer is predicted when laser light with P0 ≥ 10 W enters the
HAF2.
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Figure 26. Temperature field in first cladding layer of HAF2 when P0 = 4–10 W at λ0 = 1.55 µm.

If a thermal wave propagates along the fiber axis, because of the pressure difference of about
10,000 atmospheres between the internal core and the air hole layer, the destruction of the
cladding layer will change the propagation direction of the thermal wave from the axial
direction to the radial direction. As a result, the thermal wave will propagate toward the air
hole layer with a low pressure (about 1 atmosphere). This is the reason for the observation
of a gas jet reported by Kurokawa et al. [48].

When the thermal wave propagates into the air hole layer, the hole layer disappears as a
result of thermal heating and the core temperature decreases owing to the departure of the
thermal wave. Such cooling of the core will prevent the generation of a new thermal wave in
the core, and the propagation of the thermal wave will stop at this time.

Kurokawa and Hanzawa [46] reported that when laser light with a high power entered HAF2,
the increase in penetration length started at an incident power of 8 W.

As described above, if the incident power increases from 9 W to 10 W, the cladding layer
is destroyed and the direction of propagation of the thermal wave changes to the radial
direction, and the air hole layer vanishes owing to the melting of the cladding layer.

There is a slight time delay τ for an crack propagating from the inner surface to the outer
surface of the first cladding layer. The crack generated on the inner surface of the first
cladding layer grows and propagates to the outer surface of the cladding layer. When the
crack reaches the outer surface, the first cladding layer is destroyed because of the pressure
difference of about 10,000 atmospheres between the internal core and the air hole layer.

The crack propagation rate Vc of the silica glass is related to the sonic rate Vs of the glass as
follows [98]:

0 ≤ Vc ≤ 0.38Vs. (32)

The value of Vs for silica glass is 5,570 m/s. For a crack propagating through a small length
of ∼ 1.2 µm (= h0), the minimum time delay τm was estimated to be
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τm ≡
h0

0.38Vs
= 5.7 × 10−10s. (33)

This time delay is not dependent on the incident power, as indicated by Eq. (32), and the
propagation velocity v f of the thermal wave increases with increasing incident power.

We assumed that τ for the HAF2 corresponded to the time (50–90 µs) for rapid rise in the
core temperature after the incidence of fiber fuse, which propagated in the SMF. If we assume
that τ ∼ 80 µs and the penetration length Lp is the product of v f and τ, the Lp values at a
incident light of P0 = 8.1 W and 12.0 W are 88 µm and 104 µm. These values are fairly good
agreement with the experimental results (∼ 80 µm and 110 µm) reported by Kurokawa and
Hanzawa [46].

In closing, we should comment on the fiber fuse propagation with a long-period damage
track, which was observed in the HAF2 with dh of smaller than rc [46], [48]–[50]. The most
striking characteristic of this phenomenon is the long period (several 100 µm order) of the
cavities, which were generated by entering of a relatively low power (about 1.5–4.5 W) into
HAF2.

The long period damage tracks such as those in HAF2 were reported by Bufetov et al. [99].
They found that such a phenomenon was observed as a result of the interference of LP01 and
LP02 modes excited in an optical fiber with a W-index profile. However HAF2 is a step-index
optical fiber, and only LP01 (or TE11) mode can be excited in HAF2 at 1.48 and/or 1.55 µm.
Therefore, it is very difficult to consider that the mode interference is responsible for the long
period damage tracks observed in HAF2.

Instead of the mode interference, we consider that this phenomenon may relate to a thermal
lense effect [63], [101]. The focal length F of thermal lense effect is given by (see Appendix)

F =
n0πκω0

2

αPl(∂n/∂T)
, (34)

where n0 (= 1.46) is the characteristic refractive index of the core layer, P is the incident power
of the light reflecting from the cavity wall, which is estimated by Eq. (24). ω0 (∼ 4.5 µm) is
the spot size radius of the laser beam when optical power in the optical fiber was assumed
to take on Gaussian distribution, ∂n/∂T (= 1.23 × 10−5 K−1 [5]) is the thermal coefficient of
refractive index for silica glass, and l is the length of the heating core, where α exhibits large
value.

As F is inversely as the product of α and P, large F value may be obtained by small α and/or
P value, which is comparable with observed long period of the cavities. If we assume λ = 9.2
W/mK [5], l = 20 µm, and α = 5 × 104 m−1, the F value at P = 0.158 W (P0 = 4.5 W) can be
estimated to about 440 µm by using Eq. (34). This value is fairly good agreement with the
observed period (460 µm) of the cavities [46], [48]–[50].

The cause of mechanism of the long-period damage track has yet to be sufficiently clarified.
It largely depends upon future multilateral studies.
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8. Conclusions

We investigated the unsteady thermal conduction status in a single-mode optical fiber by
numerical computation in order to visualize the mode of fiber fuse propagation. We assumed
that the vitreous silica optical fiber underwent pyrolysis at elevated temperatures to form
SiOx (x ∼ 1). We also proposed a model in which the optical absorption coefficient of the
core layer increased with increasing molar concentration of SiOx. By using the model, we
calculated the temperature distribution in the fiber with the explicit finite-difference method.
It was found that when a short core with 40 µm length was heated to 2,923 K and a 2
W laser light (wavelength of 1.064 µm) entered the core layer of an SMF-28 optical fiber, a
thermal wave, i.e., a fiber fuse, with a peak temperature of about 34,000 K was generated at
the boundary of the heating region near the light source. The fiber fuse was enlarged and
propagated toward the light source at a rate of about 0.54 m/s. The calculated propagation
velocity of the fiber fuse was in agreement with the experimental value. Moreover, the
average temperature of the radiated region of the core layer was less than 7,000 K at a time of
4 ms after the generation of the fiber fuse and gradually approached a temperature of about
5,700 K. The final average temperature was close to the experimentally reported values.

We evaluated the threshold power of fiber fuse propagation in hole-assisted fibers (HAFs)
using the finite-difference method and the model proposed by Takara et al. The HAFs with
ratios of hole-space distance to core diameter of 3 and 4 exhibited fiber fuse propagation
when a 1.55 µm laser with a power of 4 W was input into the core layer, as observed for an
SM optical fiber.

On the other hand, the HAF with a ratio of hole-space distance to core diameter of 2 exhibited
no fiber fuse generation or propagation when a 1.55 µm laser with a power of 10 W was input
into the core layer.

Furthermore, when the incident power was 5 W and above, the temperature of the central
core increased owing to the absorption of a large amount of power, causing the melting of
the first cladding layer adjacent to the heated core. Thus, the thickness of the first cladding
layer decreased below the value at which the solid cladding layer could be maintained, and
the cladding layer was destroyed following the disappearance of the air hole layer. The
destruction of the cladding layer caused the direction of the thermal wave to change from
the axial direction to the radial direction, stopping the propagation of the thermal wave. By
using this phenomenon, Kurokawa and Hanzawa proposed a novel fiber fuse terminotor
composed of a short length of HAF [100].

Appendix: Focal length of thermal lens effect

If part of the core layer is heated by light absorption, the refractive-index gradient in the core
is induced by the thermal coefficient of the refractive index ∂n/∂T of the silica glass and the
temperature distribution ∆T in the core layer. The refractive index n of the heated core is
expressed as follows:

n(r, t) = n0 +
∂n

∂T
∆T(r, t) (35)

where n0 (= 1.46) is the characteristic n value of the core layer, r is the radial distance from
the center of the optical fiber, and t is time, respectively.
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If we assume that optical power in the optical fiber takes on Gaussian distribution, ∆T in the
core layer is given by [63], [101]

∆T(r, t) =
αP

4πλ

[

ln

(

1 +
8Dt

ω0
2

)

−
16Dt

ω0
2 + 8Dt

r2

ω0
2

]

(36)

where α is the absorption coefficient, P is the incident optical power, ω0 is the spot size
radius of the laser beam, and λ is the thermal conductivity of the silica glass, respectively.
Parameter D = λ/Cpρ, where Cp and ρ are the specific heat and dnsity of the silica glass.

Substitution of Eq. (36) into Eq. (35) gives

n ∼= n0

[

1 + δ

(

r

ω0

)2
]

, (37)

δ = −
2αP

4n0πλ

(

∂n

∂T

)

8Dt

ω0
2 + 8Dt

. (38)

When refractive index of the core layer takes a radial distribution as shown in Eq. (37),
propagating laser beam will be focussed as a result of the thermal lens effect. In this case,
the focal length F is given by [63], [101]

F(t) =
n0πλω0

2
(ω0

2
+ 8Dt)

αPl(∂n/∂T)(8Dt)
= F∞

[

1 +
tc

2t

]

, (39)

F∞ =
n0πλω0

2

αPl(∂n/∂T)
, (40)

tc =
ω0

2

4D
(41)

where l is the length of the heating core, where α exhibits large value. In typical SM fiber,
λ = 9.2 W/mK, Cp = 788 J/kgK, ρ = 2,200 kg/m3 [5], and ω0 ∼ 4.5 µm. If we insert these
values into Eqs. (39)–(41), we obtain tc ∼ 0.95 µs. This means that F ∼= F∞ when t is 10 µs
or above. If we assume P = 2W, l ∼ 40 µm, α = 5.6 × 104 m−1 [5], and ∂n/∂T = 1.23 × 10−5

K−1 [5], F is given by

F ∼= F∞ ∼ 15.5µm

This F value is of the same order of the observed interval and/or large front size of the
cavities [11], [23].
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1. Introduction

Radiation pressure force (RPF) indeced by a focused laser beam has bean widely utlized for
the manipulation of small particles, and has found more and more applications in various
fields including physics [1], biology [2], and optofludics [3, 4]. Accurate prediction of optical
force exerted on particles enables better understanding of the physical mechanicsm, and is of
great help for the design and improvement of optical tweezers.

Many researches have been devoted to the prediction of radiation pressure force (RPF), and
different approaches have been developed for the theoretical calculation of RPF exerted on a
homogeneous sphere. The geometrical optics [5-7] and Rayleigh theory [8] are respectively
considered for the particles much larger and smaller than the wavelength of incident beam.
Since geometrical optics and Rayleigh theory are both approximation theories, rigorous
theories based on Maxwell's theory have been considered [9-13]. Generalized Lorenz-Mie
Theory (GLMT) [14] has been used to investigate the RPFs exerted on some regular parti‐
cles[10-13, 15, 16] induced by a Gaussian beam. GLMT can rigorously calculate RPF induced
by any beam. To isolate the contribution of various scattering process to RPF, Debye series is
introduced [17, 18].

Traditional optical tweezers use Gaussian beams as trapping light sources. This approach
works well for the manipulation of microscopic spheres. However, the deveopment of science
and technology brings new challenges to optical tweezers, and several approaches have been
developed. Holographic methods have been used to increase the strength and dexterity of
optical trap [19]. Another approch is the employment of non-Gaussian beam including
Laguerre-Gaussian beams [20] and Bessel beams [28]. Laguerre-Gaussian beams have zero on-

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.



axis intensity, and can increase the strength of optical trap. Bessel beams consist of a series of
concentric rings of decreasing intensity, and have characteristics of non-diffraction and self-
reconstruction. A single Bessel beam can be used to simultaneously trap and manipulate,
accelerate, rotate, or guide many particles. Bessel beams can trap and manipulate both high-
index and low-index particles.

In addition to Laguerre-Gaussian and Bessel beams, there is a speical class of beams which
have cylindrical symmetry in both amplitude and polarization, hence the name Cylindrical
Vector Beams (CVBs) [29-32]. CVBs are solutions of vector wave equation in the paraxial limit.
The special features of CVBs have attracted considerable interest for a variety of novel
applications, including lithography, particle acceleration, material processing, high-resolution
metrology, atom guiding, optical trapping and manipulation. The most interesting features
for optical trapping arise from the focusing properties of CVBs. A radially polarized beam
focused by a high numerical aperture objective has a peak at the focus, and can trap a high-
index particle. On the contrary, an azimuthally polarized beam has null central intensity, and
can trap low-index particle. These two kinds of beams can be experimentally switched.

CVBs can be generated by many methods, which are categorized as active or passive depend‐
ing on whether amplifying media is used. The simplest mothod is to convert an incident
Gaussian beam to a radially polarized beam using a radial polariser. However this method
does not produce very high purity tansverse modes. Moer efficient methods use interferom‐
etry. Since a CVB can be expressed as the linear superpostion of two Hermite-Gaussian or
Laguerre-Gaussian beams with different orientations of polarization. Another efficient
method is based on optical fiber [33]. This technique takes advantage of the similarity between
the poarization propeties of the modes that propagate inside a step-index optical fiber and
CVBs. When TE01 or TM01 is excited in the fibre, it excites a CVB in free space. Fiber-generated
CVB, taking Bessel-Gaussian as example, and its applicaions top optical manipulations will
be discussed in this chapter.

2. Mathematical description of cylindrical vector beams

Cylindrical vector beams are solutions of vector wave equation

2 0,Ñ´Ñ´ + =
r r
E k E (1)

where k=2π/λ is wavenumber with λ being the wavelength. In the paraxial approximation, the
radially and azimuthally polarized vector Bessel-Gaussian beams, two kinds of typical CVBs,
can be expressed as
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where r and ϕ are respectively the radial and azimuthal coordinates, êρ  and êϕ are unit vectors
in ρ and ϕ directions, and the subscripts rad and azi denote the polarization state. w0 is the
width of beam waist, and E0 is a constant. Fig. 1(a) and (b) respectively give the intensity
distribution of radially and azimuthally polarized Bessel-Gaussian beam in the plane z=0. Note
that the longitudial component of CVB is negligible under the condition of paraxial approxi‐
mation. A general CVB can be considered as a linear superposition of a radially polarized CVB
and an azimuthally polarized one.

 

 
(a) Radially polarized CVB 

 
(b) Azimuthally polarized CVB 

 
Figure 1. Intensity distribution of CVB. The arrows indicate the direction of polarization

3. Radiation force induced by CVB

3.1. Optical force on Rayleigh particles

In the Rayleigh regime, particles can be considered as infinitesimal induced dipoles which
interact with incident beam. Here we assume that the particle is a microsphere. RPF will be
decomposed into scattering force and gradient force.

The oscillating dipole, which is induced by time-harmonic fields, can be considered as an
antenna. The antenna will radiate energy. The difference between energy removed from
incident beam and energy radiated by the antenna accounts for the change of momentum flux,
and hence rusults in a scattering force. The scattering force can be expressed as

22
1 0ˆ e=

r
scat z prC nF e E (4)
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with

22
4 2
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3 2

( )p
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= = ç ÷+è ø
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m
k mC C a (5)

and

2 1/=m n n (6)

where n1 is the refractive index of surrounding media, and n2 is the refractive index of the
particle. a is the radius of microsphere. ε0 is the dielectric constant in the vacumm. Note that
the scattering force always points in the direction of incident beam.

When a particle is illuminated by a non-uniform electric field, it will experience a gradient
force.
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For a time-harmonic field, the gradient force can also be expressed in terms of the intensity I
of incident beam:
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where c is the speed of light in the vacumm. It is obvious that the gradient force depends on
the gradient of the intensity. By sbustituting Eqs. (2) and (3) into Eqs. (4) and (7), we can obtain
the scattering and gradient force of vector Bessel-Gaussian beams exerted on a microsphere.
For radially polarized Bessel-Gaussian beam, they can be expressed as
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From Eq. (10), we can find that the gradient force has only ρ component. This is because |E|2

is only dependent on ρ. Here we give only the force for radially polarized beam incidence, and
that for azimuthally polarized beam incidence can be derived in the same way.

3.2. Radiation force exerted on Mie particles

Many practical particles manipulated with optical tweezers, such as bioloical cells, are Mie
particles, whose size is in the order of the wavelength of trapping beam. To calculate the
radiation force exerted on such particles, a rigorous electromagnetic theory based on the
Maxwell equations must be considered. Generalized Lorenz-Mie Thoery (GLMT) developed
by Gouesbet et al. can solve the interaction between homogeneous spheres and focused beams
with any shape, and has been entended to solve the scattering of shaped beam by multilayered
spheres, homogeneous and multilayered cylinders, and homogeneous and multilayered
spheroids. GLMT has been applied to the rigorous calculation of radiation pressure and optical
torque. In GLMT, the incident beam is described by a set of beam shape coefficients(BSCs),
which can be evaluated by integral localized approximation (ILA) [34].

This section is devoted to the GLMT for radiation force exerted on a sphere illuminated by a
vetor Bessel-Gaussian beam. The general theory for radiation force based on electromagnetic
scattering theory is followed by BSCs for CVB. To clarify the physical interpretation of various
features of RPF that are implicit in the GLMT, Debye Series Expansion (DSE) is introduced.

3.2.1. Generization Lorenz-Mie theory

Consider a sphere with radius a and refractive index m1 illuminated by a CVB of wavelength
λ in the surrounding media. The center of the sphere is located at OP, origin of the Cartesian
coordinate system OP-xyz. The beam center is at OG, origin of coordinate system OG-uvw, with u
axis parallel to x and similarly for the others. The coordinates of OG in the system OP-xyz is (x0,
y0, z0). The refractive index of surrounding media is m2. The other parameters are defined in
Fig. 2.

When a sphere is illuminated by focused beam, the RPF is proportional to the net momentum
removed from the incident beam, and can be expressed in terms of the surface integration of
Maxwell stress tensor

·
·< >=< >ò
t

ÑS
TdSF n (11)

where < > represents a time average, n
^
 the outward normal unit vector, and S a surface

enclosing the particle. The Maxwell stress tensor T
↔

 is given by

( )2 21 1
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Where the electromagnetic fields E  and H  are the total fields, namely the sum of the incident

and scattered fields, given by

, = + = +i s i sE E E H H H (13)

Ei and H i are the incident electromagnetic wave, and can be expaned as:
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Figure 2. Coordinate systems in GLMT. OP-xyz is attached to the sphere, and OG-uvw to the incident beam.
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where Pn
m(cosθ) represents the associated Legendre polynomials of degree n and order m, ψ( · )

is the spherical Ricatti-Bessel functions of first kind, and the prime indicates the derivative of
the function with respect to its argument. gn,TM

m  and gn,TE
m  are so-called BSCs and will be

discussed in next subsection.

Similarly, the scattered fields Es and Hs have the expression :
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Where ξn(k0r) is Ricatti-Hankel functions, and scattering coefficients An
m and Bn

m can be

expressed by traditional Mie scattering coefficients an, bn and BSCs gn,TM
m , gn,TE

m  :
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Substituting Eqs. (14) - (19) and (23) - (28) into Eqs. (11) - (12), and after some algebra, we can
get the formula for RPFs which can be characterized by radiation pressure cross section (RPCS):

2 0
, , ,

2 ˆ ˆ ˆ( ) ( ) ( ) ( )é ù= + +ë ûpr x pr y pr z
I

C C C
c x y zF r e r e r e r (33)

where RPCS Cpr ,i (i = x, y, z) has a longitudinal cross section Cpr ,z
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and two transverse cross section Cpr ,x and Cpr ,y

, ,Re( ) Im( )= =pr x pr yC C C C (35)

where
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and two transverse cross section Cpr ,x and Cpr ,y

, ,Re( ) Im( )= =pr x pr yC C C C (35)

where
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with
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Note that substituting Eq. (13) into Eqs. (11) - (12) shows that the total RPF can be devided into
thress parts:

< >=< > + < > + < >i mix sF F F F (41)

where < F i >  depends only on the incident fields, < Fs >  is associated with the scattered fields,
and < Fmix >  involves the interactions of the incident beam with the scattered field. After a great
deal of algebra, we can get that < F i > =0, which can be understood by the momentum conser‐
vation law for monochromatic fields in free space. The RPCS for < Fmix >  and < Fs >  can be
directly given using Eqs. (34) - (40) by changing Eqs. (38) - (40) using
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for < Fs > .

3.2.2. Beam shape coefficients for CVB

This section is devoted the derivation of BSCs for CVB using ILA. In the ILA, the beam shape
coefficients gn,TM

m  and gn,TE
m  are obtained respectively from the radial component of electric and

magnetic field Er  and Hr  according to [34]
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Er̄  and Hr̄  are respectively the localized fields of Er  and Hr , and they are obtained by changing
kr  to (n + 1 / 2) and θ to π / 2 in their expression. For a radially polarized Bessel-Gaussian beam,
the localized radial component of electric field are derived from Eq. (2):

[ ]
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0 0 0 0 0 0sin , cosx r f h r f= = (50)

Substituting Eq. (47) into Eq. (45), and considering the formula of Bessel function
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we can obtain the final expression of BSCs

[ ]0,
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1 2 ( 2 ) ( ( 2 ) ( 2 ))
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Here we only derive gn,TM
m,rad , and gn,TE

m,rad  can be derived in the similar way.

3.2.3. Debye series expansion

GLMT is a rigorous electromagnetic theory, and can exactly predict the RPF exerted on a sphere
by focused beam. Whereas the solution is complicated combinations of Bessel functions, and
the mathematical complexity obscures the physical interpretation of various features of RPF.
The DSE, which is a rigorous electromagnetic theory, expresses the Mie scattering coefficients
into a series of Fresnel coefficients and gives physical interpretation of different scattering
processes. The DSE is an efficient technique to make explicit the physical interpretation of
various features of RPF which are implicit in the GLMT. The DSE is firstly presented by Debye
in 1908 for the interaction between electromagnetic waves and cylinders. Since then, the DSE
for electromagnetic scattering by homogeneous, coated, multilayered spheres, multilayered
cylinders at normal incidence, homogeneous, multilayered cylinder at oblique incidence, and
spherical gratings are studied. In our previous work, DSE has been employed to the analysis
of RPF exerted on a sphere induced by a Gaussian and Bessel beam.

As shown in Fig. 3, when an incoming spherical multipole wave, which is
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(53)

encounters the interface of the sphere at r=a, portion of it will be transmitted into the sphere,
and another portion will reflected back. The transmitted and reflected waves are respectively:
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Figure 3. Debye model of light scattering by a sphere

Applying the boundary conditions, which reqires continuity of the tangential components of

filds at the interface, to the incident, transmitted and reflected waves,we can obtain:
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Similarly, the consideration of outgoing multipole waves can get

12 2
=n

n

iT
D (61)

(2) (2) (2) (2)
2 1 2 1121 ( ) ( ) ( ) ( )ax k x k bx k x k

¢ ¢

=
-

n
n

n n n nR
D

(62)

Substituting all Fresnel coefficients into

( )( )121 212 21 121 1- - -n n n nR R T T (63)

and after much algebra, we get
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where the prime indicates the derivative of the function with respect to its argument. ξn
(1)( · )

and ξn
(2)( · ) are respectively the spherical Ricatti-Hankel functions of first and second kinds.

The definition of all Fresnel coefficients and Debye term p are given in Fig. 3. For convenience,
we note p = - 1 and p = 0 respectively for the diffraction and direct reflection. In our previous
work, we have theoretically and numerically proved that when p ranges from 1 to , the Eq.
(64) is identical to the traditional Mie scattering coefficients. Here we provide the DSE for
homogeneous spheres, and the DSE for multilayered spheres can be found in our previous
work.

4. Numerical results and discussions

In this section, the GLMT and DSE will be employed to analyze the RPF exerted on a homo‐
geneous sphere induced by a radially polarized vector Bessel-Gaussian beam. Xu et al. used
GLMT to analyze the RPF exerted on a slightly volatile silocone oil of refractive index , which
can be levitated in the air by a beam of wavelength . We first use GLMT to analyze the RPF
exerted on such oil induced by vector Bessel-Gaussian beam, and DSE will be employed to the
study of the contribution of various scattering process to RPF. In our calculation, the radius of
the particle is .
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We first explore the influence of beam center location on the RPF. In our calculation, we assume
the beam center is located on the x axis so that . Fig. 4 gives the transverse RPCS ∞ versus
m1 =1.5 for various beam-waist radius λ =0.5µm. Here we consider a =2.5µm and y0 = z0 =0, which
are respectively larger, equal and smaller than the radius of the particle. We can find that the
particle can not be trapped at the beam center Cpr ,x for all beams. This results from the fact all
beams have null central intensity. It is worth pointing out that a stable trap corresponds to a
particle position where the RPF is zero and its slope is positive. All curves have two equilibrium
points, which are symmetric with respect to beam axis (x0). This is decided by the intensity
maxima of beams. So a vector Bessel-Gaussian beam can simultaneously trap more than one
particles. We can also find that the interval of equilibrium points increases with the increasing
of w0. This can be easily explained from the fact that the interval of intensity peaks increases
with the increasing of w0 =5µm, 2.5µm.
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Figure 4. Transverse cross-section 1µm versus x0 =0 with parameter x0 =0. w0, w0, Cpr ,x, x0, w0 and λ =0.5µm

To clarify the physical explanation of some features of RPCS, it is necessary for us to consider
the contribution of each mode p to RPCS. The contribution of each p mode to RPCS can be
computed separately by considering a single term in Eq. (64). Now we consider the contribu‐
tion of a single p mode to transverse RPCS m1 =1.5. Here we set beam-waist radius m2 =1.

It is shown in Fig. 5 the transverse RPCS y0 =0 versus a =2.5µm with parameter pmax =∞. In the
calculation, the beam-waist radius is assumed Cpr ,x. Comparison of Fig. 5 with Fig. 4 shows
that when w0 =5µm the results obtained by DSE are identical to those by GLMT. In fact, when
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Cpr ,x is large enough, the difference between two theories should be negilible. For example, if
x0, the results of DSE is very close to GLMT results. Special attention should be paid to the case
of pmax. Fig. 5 shows that when w0 =5µm, the agreement between the results of GLMT and DSE
is already good. This concludes that main contribution of RPF comes from the scattering
processes of diffraction (pmax →∞), specular reflection (pmax) and direct transmission (
pmax =100).

should<$%&?>be<$%&?>negilible.<$%&?>For<$%&?>example,<$%&?>if<$%&?>
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Figure 5. Transverse<$%&?>cross-section<$%&?> ,pr xC versus<$%&?> 0x <$%&?>with<$%&?>parameter<$%&?> maxp .<$%&?>

0.5 m  ,<$%&?> 1 1.5m  ,<$%&?> 2 1m  ,<$%&?> 0 0y  ,<$%&?> 2.5a m and<$%&?> 0 5w m . 

To<$%&?>clarify<$%&?>the<$%&?>physical<$%&?>explanation<$%&?>of<$%&?>some<$%&?>phenomena<$%&?>of<$
%&?>RPF,<$%&?>it<$%&?>is<$%&?>necessary<$%&?>to<$%&?>consider<$%&?>the<$%&?>contribution<$%&?>of<$%
&?>each<$%&?>mode<$%&?>p<$%&?>to<$%&?>RPCS,<$%&?>which<$%&?>can<$%&?>be<$%&?>computed<$%&?>se
parately<$%&?>by<$%&?>considering<$%&?>a<$%&?>single<$%&?>term<$%&?>in<$%&?>Eq.<$%&?>(64).<$%&?>No
w<$%&?>we<$%&?>consider<$%&?>the<$%&?>contribution<$%&?>of<$%&?>a<$%&?>single<$%&?>p<$%&?>mode<$
%&?>to<$%&?>transverse<$%&?>RPCS<$%&?>

,pr xC .<$%&?>Fig<$%&?>.6<$%&?>depicts<$%&?>the<$%&?>transverse<$%&?>RPCS<$%&?> ,pr xC versus<$%&?> 0x
<$%&?>for<$%&?> 1p  <$%&?>and<$%&?> 2p  .<$%&?>Generally,<$%&?>the<$%&?>RPF<$%&?>at<$%&?> 0 0x 
is<$%&?>zero<$%&?>for<$%&?>any<$%&?>mode<$%&?>p<$%&?>because<$%&?>of<$%&?>the<$%&?>symmetry.<$%
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<$%&?>is<$%&?>much<$%&?>greater<$%&?>than<$%&?>that<$%&?>for<$%&?>
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0 0x  .<$%&?>Near<$%&?>the<$%&?>beam<$%&?>axis<$%&?>( 0 0x  ),<$%&?>the<$%&?>curvesfor<$%&?> 1p 
<$%&?>has<$%&?>positive<$%&?>slope,<$%&?>while<$%&?>that<$%&?>for<$%&?> 2p 
has<$%&?>negative<$%&?>one.<$%&?>To<$%&?>explain<$%&?>such<$%&?>phenomena,<$%&?>we<$%&?>must<$%
&?>consider<$%&?>the<$%&?>integral<$%&?>effect<$%&?>of<$%&?>all<$%&?>intensity<$%&?>peaks. 

Figure 5. Transverse cross-section pmax =1 versus pmax =1 with parameter p = −1. p =0, p =1, Cpr ,x, x0, pmax and

λ =0.5µm.

To clarify the physical explanation of some phenomena of RPF, it is necessary to consider the
contribution of each mode p to RPCS, which can be computed separately by considering a
single term in Eq. (64). Now we consider the contribution of a single p mode to transverse RPCS
m1 =1.5. Fig.6 depicts the transverse RPCS m2 =1 versus y0 =0 for a =2.5µm and w0 =5µm. Gener‐
ally, the RPF at Cpr ,x is zero for any mode p because of the symmetry. The magnitude of Cpr ,x

for x0 is much greater than that for p =1. This validates that the transverse RPCS p =2 is
dominated by the contributions of direct transmission (x0 =0). Note that the curve for Cpr ,x has
two equilibrium points at about p =1, while the curve for p =2 has only one points at Cpr ,x. Near
the beam axis (p =1), the curvesfor p =2 has positive slope, while that for x0 = ± 1.3µm has
negative one. To explain such phenomena, we must consider the integral effect of all intensity
peaks.
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5. Conclusions

Rigorous theories including GLMT and DSE for RPF exerted on spheres induced by CVB is
derived. The incident beam is described by a set of BSCs which is calculated by integral
localized approximation, and the scattering coefficients are expanded using Debye series. For
very small particles, namely Rayleigh particles, an approximation model is also given. Such
thoery can be easily extended to the RPF exerted on multilayered sphere, and also to the RPF
induced by other beams. Debye series is used to isolate the contribution of various scattering
process to the RPF. The results are of special importance for the improvement of optical
tweezers system.
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1. Introduction

The nonlinear limits of conventional single-mode fibers were well recognized in the nineties
during the earlier efforts to scale the peak powers of pulsed fiber lasers. These earlier efforts
focused on lowering the NA and optimizing the refractive index profile of optical fibers to
increase the effective mode area [1, 2]. The emergence of photonic crystal fibers in the late
nineties gave new impetus to the mode area scaling of single-mode optical fibers. The
observation of the “endlessly single-mode” nature of photonic crystal fibers (PCF) at small hole
sizes in 1996 [3] led to an early realization of the dispersive nature of a photonic crystal cladding
[4], which limits the increase of normalized frequency V at short wavelengths. It was quickly
realized that the scalability of Maxwell’s equation allows for single-mode operation at a very
short wavelengths in a small core to be directly translated into single-mode operation in a large
core at longer wavelengths [5]. This led to a rapid progress in scaling of core diameters of
single-mode PCF, culminating in the 100μm-core diameter demonstrated in 2006 [6].

The design and fabrication techniques developed for photonic crystal fibers also led to a
realization of the potential of optical fibers with more open cladding structures than the closed
concentric circles found in conventional optical fibers. It then became possible to design and
fabricate leaky waveguides where differential mode losses can be used to control the number
of propagation modes. As a consequence, leakage channel fibers (LCF) were proposed and first
demonstrated in 2005 [7]. Two years later, single-mode operation in a record core diameter of
~180μm was demonstrated in a LCF [8].

Many other approaches based on conventional fibers were also pioneered during the last
decade. One notable example is the chirally coupled core (CCC) fiber [9, 10], which relies on out-
coupling of higher-order modes (HOM) to side cores adjacent to the main core. Phase-matching
is achieved with the help of angular momentum from the helical side cores, which are formed
by spinning the preform during fiber drawing. Another notable example is based on the

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



propagation of a higher-order mode in a specially designed multimode fiber [11, 12]. It is
argued that perturbations mostly have anti-symmetry in optical fibers and promote mode
coupling mostly between modes of opposite symmetries. The mode spacing between a radially
symmetric LP0n mode and its nearest neighbor modes with opposite symmetry is, in fact,
larger for higher order modes. These higher-order modes are also more resistant to bend-
induced mode compression. A special fiber design facilitates the ease of mode conversion to
and from the LP0n mode using a long period grating (LPG).

In this chapter, we will give a brief introduction to the key approaches to effective mode area
scaling which have shown great promise for future high power fiber lasers. Basic concepts are
introduced and the latest developments are also discussed.

2. Photonic crystal fibers

The authors of the paper in 1996 [3] were looking for photonic bandgap guidance in the defect
core of the PCF with a core size of ~4.6 μm. The reason for the absence of photonic bandgap
guidance in a solid-core PCF with air holes in the cladding only became clear a few years later.
To their surprise, they observed very broadband single-mode guidance from 458–1550 nm
(extended to 337-1550 nm in [4]). A conventional single-mode step-index optical fiber would
become multimode at shorter wavelength. Even more surprising, the diffraction angle of the
output beam was smaller at shorter wavelengths, indicating a smaller fiber numerical aperture
at short wavelength.

2.1. Fundamental space-filling mode of photonic crystal cladding

In a follow-on paper [4] the initial observation of the “endlessly single-mode” nature of
photonic crystal fibers was explained by the dispersive nature of the cladding, which can be
viewed as a composite of two materials, i.e. silica and air. The effective refractive index of the
composite cladding was identified for the first time as the effective index of the fundamental
mode of the composite cladding, referred to as the fundamental space-filling mode (FSM). In the
extreme case of conventional optical fibers with an infinite cladding, the effective index of the
fundamental space-filling mode becomes the refractive index of the cladding. In PCFs with air
holes, the cladding index ncl, i.e. the effective index of the fundamental space-filling mode, is
lower than the refractive index of the background glass nb due to the existence of the air holes,
i.e. ncl<nb. The core index nco is the same as the index of the background glass, nco=nb. Funda‐
mental optical guidance in PCFs can, therefore, in principle, be understood in a similar way
to that in conventional optical fibers (see Figure 1).

This paper [4] established the principle for understanding the basic guidance properties of
PCFs. In conventional optical fibers, the refractive indexes of core and cladding are only weakly
dependent on wavelength due to material dispersion. This is also expected of the core
refractive index of a PCF. The refractive index of the composite photonic crystal cladding,
however, behaves very differently. At the long wavelength extreme, i.e. λ→∞, the wavelength
is much larger than the air holes and the fundamental space-filling mode will occupy all areas
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of the cladding equally. In this case, the refractive index of the FSM can be obtained by
averaging the square of the refractive index of the composite photonic crystal cladding, i.e.
ncl

2=nb
2(1-F)+nair

2F=nb
2-F(nb

2-nair
2) where F is the area fraction of air; and nair is the refractive

index of air. The effective NA of the PCF for λ→∞ is, therefore, F1/2(nb
2-nair

2)1/2. At the short
wavelength extreme, i.e. λ→0, the wavelength is much smaller than the pitch of the air holes
and the fundamental space-filling mode is mostly in the region with high refractive index, i.e.
the background glass. In this case, the cladding index is the refractive index of the background
glass nb. The effective NA of a PCF at λ→0 trends to zero. The guidance of a PCF still gets
weaker at large λ, as in a conventional optical fiber, due to the inverse wavelength dependence
of the normalized frequency V. In addition, its guidance also gets weaker at short wavelengths
due to the diminishing NA, which also limits the growth of V and leads to the “endlessly single-
mode” nature of the PCFs with small air holes. Guidance of PCF will, therefore, diminish at
both long and short wavelength ends, possessing two bend-induced cut-off edges.

2.2. Single mode and multimode regime of photonic crystal fibers

In conventional fibers, a mode is guided when the effective mode index neff is between the core
and cladding index, i.e. nco>neff>ncl. The mode cut-off can be identified when neff=ncl. The
second-order mode cuts off in a step-index fiber at V=2.405. In the first reported work on
determining the single-mode regime of PCFs with a 1-cell core, i.e. one hole missing at the
defect core, by Birks et al [4], a somewhat arbitrary equivalent step-index core radius equaling
pitchΛ, i.e. center-to-center hole separation, was used to calculate the V value. Work by Saitoh
[13] using a finite element model (FEM) to determine nFSM and the condition neff=ncl to determine
the second-order mode cut-off, put the effective step-index core radius to be Λ/31/2 for a one-
cell core. Later work by Saitoh [14] determined the effective step-index core radius to be Λ for
a 3-cell core and 21/2Λ for a 7-cell core.

The optical waveguide equation allows the scaling of all parameters measured in the length
scale by the same factor. For PCF, the most convenient scaling factor is 1/Λ. The second-order
mode cut-off is typically plotted as a normalized wavelength λ/Λ versus normalized hole
diameter d/Λ plot. This is shown for PCFs with 1-cell, 3-cell and 7-cell core in Figure 2 [14].
For each of the curves, the area above the curve is in the single-mode regime, i.e. the wave‐

Figure 1. Refractive index of photonic crystal fiber cladding.
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lengths above the second-order mode cut-off wavelength, and, below it, multimode regime.
The “endlessly single-mode” nature of PCFs can be easily identified in Figure 2. When d/
Λ<0.424, 0.165 and 0.046 respectively for 1-cell, 3-cell and 7-cell core PCFs, the PCFs will remain
in the single-mode regime for all wavelengths. It is worth noting that Figure 2 is for PCFs with
infinite cladding. For PCFs with finite cladding, guidance is weaker and the second-order-
mode cut-off is expected to happen at slightly shorter wavelengths. The curves in Figure 2 are
expected to move downwards slightly. It needs to be noted as discussed earlier, that the PCFs
are too weak to guide any light at long and short extremes of wavelength. The critical bend
radius at the short wavelength edge is determined to be dependent on pitch Λ and wavelength
λ such that [4]

Rc∝ Λ3λ2 (1)

The critical bend radius at the short length edge increases in proportion to 1/λ2 as wavelength
decreases. This relation was verified experimentally for the critical bend radius at 3dB
excessive bend loss [4]. It comes directly from the dispersive nature of the photonic crystal
cladding.

Figure 2. The second-order mode cut-off determined by neff=nFSM (dots) and V=2.405 (solid lines) using core radius
ρ=Λ/31/2, Λ and 21/2Λ respectively for 1-cell, 3-cell and 7-cell cores [14].

2.3. Waveguide loss of photonic crystal fibers

PCFs are intrinsically leaky, i.e. there is always a finite waveguide loss for each mode in a PCF
with a finite cladding. The waveguide loss can be found by calculating the imaginary part of
the effective mode index using a numerical mode solver. When plotting the waveguide loss
versus wavelength, the slope is expected to change around cut-off. This can also be used to
determine the second-order-mode cut-off. This was done for a 1-cell core PCF [15]. The results
are consistent with those in [13].

In conventional optical fibers, the fully enclosed core and cladding boundary ensures that
waveguide loss is zero for all guided modes, i.e. those that satisfy the conditions for total
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lengths above the second-order mode cut-off wavelength, and, below it, multimode regime.
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radius at the short wavelength edge is determined to be dependent on pitch Λ and wavelength
λ such that [4]
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The critical bend radius at the short length edge increases in proportion to 1/λ2 as wavelength
decreases. This relation was verified experimentally for the critical bend radius at 3dB
excessive bend loss [4]. It comes directly from the dispersive nature of the photonic crystal
cladding.

Figure 2. The second-order mode cut-off determined by neff=nFSM (dots) and V=2.405 (solid lines) using core radius
ρ=Λ/31/2, Λ and 21/2Λ respectively for 1-cell, 3-cell and 7-cell cores [14].

2.3. Waveguide loss of photonic crystal fibers

PCFs are intrinsically leaky, i.e. there is always a finite waveguide loss for each mode in a PCF
with a finite cladding. The waveguide loss can be found by calculating the imaginary part of
the effective mode index using a numerical mode solver. When plotting the waveguide loss
versus wavelength, the slope is expected to change around cut-off. This can also be used to
determine the second-order-mode cut-off. This was done for a 1-cell core PCF [15]. The results
are consistent with those in [13].

In conventional optical fibers, the fully enclosed core and cladding boundary ensures that
waveguide loss is zero for all guided modes, i.e. those that satisfy the conditions for total
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internal reflection at the boundary. For the open structure of PCFs with a finite cladding, all
modes are leaky with finite waveguide losses. At the extreme of an infinite number of layers,
the waveguide losses are zero. The waveguide losses are lower for larger air holes and can be
substantially lowered by increasing the number of air-hole layers. In practice, the waveguide
loss can be made below other material and process related losses. By employing appropriate
polishing, etching and dehydration processes, a PCF with a loss 0.28dB/km at 1550nm has been
demonstrated [16]. For applications in fiber lasers where a length of not more than a few tens
of meters is used, the waveguide loss does not present any problem if appropriate designs are
used.

2.4. Modeling of photonic crystal fibers

Due to the complexity of the geometrical structures of PCFs, numerical models are typically
used to find mode properties including the effective mode index, waveguide loss and effective
mode area. For any numerical mode solvers, electric and magnetic fields are described by an
expansion series. Eigenvalue equations are then established by requiring the fields to satisfy
all boundary conditions. These equations are typically expressed as a set of linear equations,
which can be solved for complex effective mode index. The more complex a waveguide design
is, the larger is the number of linear equations. The waveguide dispersion can be calculated
from the real part of the complex effective mode index. The waveguide loss can be obtained
from the imaginary part of the complex effective mode index. Electric and magnetic fields can
be calculated once the effective mode index is determined. The most common and flexible
numerical mode solver is a finite element mode solver (FEM). This is commercially available from
COMSOL (http://www.comsol.com/). A FEM is capable of handling practically any design. It can,
however, be computationally very demanding. If only circular boundaries are involved, a
Multipole mode solver is a good option [17, 18]. It is based on the decomposition of fields into
circular Bessel series, which are the most accurate and efficient method for modeling circular
boundaries. For non-commercial research and teaching purposes, it can be downloaded from
the University of Sydney website (http://sydney.edu.au/science/physics/cudos/research/mofsoft‐
ware.shtml). A plane wave expansion method can also be used. This, however, assumes an
infinite cladding and, therefore, cannot determine the waveguide loss.

2.5. Mode area scaling with photonic crystal fibers

The first demonstration of a large-core PCF was performed by Knight el at [5]. The 1-cell PCF
with relative hole diameter d/Λ≈0.12 and a core diameter of 2ρ=22.5μm, provided robust
single-mode guidance at 458nm. According to Figure 2, a 1-cell PCF with d/Λ<0.424 is expected
to be single-mode over its entire wavelength range. It is, therefore not surprising that the PCF
was single mode at 458nm. The critical bend radius was measured to be 50cm at 458nm and
4cm at 1.55μm [5]. This fiber is expected to have a critical bend radius of ~10cm at 1μm using
equation 1.

Considering the wavelength scalability of the waveguide equation, this 1-cell PCF with 2ρ/
λ≈50 can be scaled by a factor of ~2.2 to a ~50μm core diameter to operate at 1μm. The critical
bend radius for this single-mode PCF with 50μm core diameter is expected to be ~1.1m at 1μm
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according to equation 1! A similarly scaled 1-cell PCF with a core diameter of 30μm will have
a critical bending radius of ~24cm. This is probably close to the practical limit of coiled single-
mode 1-cell PCFs. Above a core diameter of ~40μm, 1-cell single-mode PCF can only be used
in a straight configuration in practice. The single-mode operation of PCFs with large core
diameters comes at the cost of weak guidance as a result of the diminishing effective NA. This
fundamentally limits the use of single-mode PCFs with large cores in coiled configurations. If
PCFs are allowed to operate in the few-moded regime, coiled PCFs with slightly larger core
diameters are possible. For high average power fiber lasers with outputs exceeding kW,
effective thermal management becomes increasingly critical. Long fiber lengths of many
meters are required. The constraint of not being able to coil the fibers can become a major issue
considering the additional space constraints.

2.6. Rare-earth-doped glass for large-core photonic crystal fibers

The diminishing NA of PCFs with large cores also has additional implications, as realized by
the authors of [5]. To fabricate rare-earth-doped large-core PCFs, the core refractive index
needs to be accurately controlled at levels far below the very small effective index difference
between the core and cladding in order not to disturb the guidance properties of the PCFs.
This requires much improved techniques for the fabrication of the active core in large-core
PCFs.

The first ytterbium-doped large-core PCF with 15μm core diameter was reported in 2001 at
Bath University [19]. The effective mode area at 1μm was ~100μm2. The laser operated in single
mode with poor efficiency. The key advance was the use of a repeated stack-and-draw process
to achieve a uniformly doped core with a refractive index close to silica. Conventional
fabrication techniques for rare-earth doped silica fibers result in significant non-uniformity in
refractive index across the core as well as a raised refractive index above silica. Due to the weak
guidance in large-core PCFs, any index non-uniformity across the core can lead to mode
distortion. It also requires the refractive index of the core to be very close to the silica back‐
ground in PCFs. The authors of [19] fabricated ytterbium-doped glass with low doping levels.
The doped glass is surrounded by some undoped silica glass. The glass is stacked and drawn
twice before being finally incorporated into the core of a PCF. The resulting PCF has an
ytterbium-doped core which consists of 425 original doped glass sections. The dimension of
each of the original doped glass sections is much smaller than the wavelength of light and the
core of the PCF, therefore, appears to be homogeneous to light at the operating optical
wavelength. The doped core is also heavily diluted by the addition of silica glass (90%), leading
to an average refractive index close to that of silica [20]. In the same paper, it was pointed out
that rare-earth-doped glass with a higher index can be stacked and drawn with undoped glass
with a low index to achieve a better match to that of silica background [20].

2.7. Double-clad photonic crystal fibers with high NA air-clad for pump guidance

The concept of a composite air-glass clad with a high air-filling fraction to provide a high NA
pump guide in a double-clad fiber was first proposed in 1999 at what was then then Lucent
Technologies [21]. The high pump NA can enable a significant improvement in pump coupling
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especially from low brightness multimode diode lasers for a given pump waveguide dimen‐
sion. In conventional double-clad fibers, low-index polymer coatings are typically used to form
the pump cladding. The air-clad pump isolates high pump powers from the polymer coatings,
leading to potentially improved reliability.

The first such fiber was demonstrated in 2000, where the pump cladding was mostly air except
for a single connecting element [22]. The measured pump NA over 1m was below 0.2. The fiber
was passive and there was no laser demonstration in this first attempt. The first cladding-
pumping demonstration in an active fiber with an air-clad pump guide and a conventional
core design was in 2001 at Southampton University [23]. The measured NA of the pump guide
with air-cladding was 0.4-0.5. In a separate demonstration from Southampton University later
in the same year, a conventional core with a very low NA together with a photonic crystal
cladding was used in combination with a pump guide with air-cladding [24]. The core
guidance came from a combination of the raised core index and the photonic crystal cladding.
Cladding pumping with a low brightness laser diode at 915nm (100μm core with a NA=0.22)
was demonstrated with a slope efficiency of 70% relative to the absorbed pump power. The
measured pump NA over a short length (~10cm) was 0.3-0.4. NA over much longer fiber length
as in a fiber laser is expected to be lower. The first true active double-clad photonic crystal
fibers with a pump air-cladding was demonstrated in 2003 with a measured pump NA of 0.8
at 1μm [20].

The theoretical basis for the high NA of optical waveguides formed by air-cladding was
established in [25]. It had been understood previously that the effective index of a glass and
air composite can be obtained by the effective index of the fundamental space filling mode.
An example of high NA air-clad used in double-clad fibers is shown in Figure 3 from [25]. In
such air-glass composites, the glass webs can be considered as slab waveguides. The separa‐
tions between the webs are typically far enough that the webs can be considered as isolated.
In this case, the effective index of the glass-air composite cladding can be well approximated
by that of the fundamental slab waveguide mode. This can be easily calculated. The resulting
pump NA is only dependent on the ratio of the web width w and wavelengthλ. This is plotted
in Figure 3(c), showing that a small w/λ is critical for high NA.

Figure 3. (a) High NA air-clad from [25], (b) close-up of the high NA air-clad, and (c) NA of air-clad waveguide based
on slab waveguide model plotted against the ratio of waveguide width w and wavelength λ.

Advanced Optical Fibers for High Power Fiber Lasers
http://dx.doi.org/10.5772/58958

227



2.8. Progress of active large-core photonic crystal fibers

Since 2003, the group at Friedrich-Schiller-University Jena has been playing a significant role
in the development large-mode-area photonic crystal fibers with pump air-clad. In their first
work in collaboration with then Crystal Fibre A/S, now NKT Photonics, an ytterbium-doped
PCF with effective mode area of ~350μm2 and mode field diameter (MFD) of 21μm was
demonstrated [26] (see Figure 4). The 3-cell PCF had a hole diameter d=2μm and pitch Λ=11.5,
giving an d/Λ=0.18. The core diameter was 28μm. A relatively small circular area of 9μm was
doped in the 3-cell core. The doped area had a high ytterbium-doping level of ~0.6 at%. It was
further co-doped with aluminum and fluorine to provide an index merely 2×10-4 above the
silica background. The PCF with the raised index in the doped area was simulated, showing
that the fiber guides the second-order mode, which is, however, close to cut-off. The fiber had
a 150μm pump guide with an air clad. The webs in the air clad were ~50μm long with a
thickness of ~390nm, giving w/λ=~0.4 at 976nm. The measured pump NA was 0.55, slightly
below the NA=0.68 predicated by the slab model in Figure 3. The fiber had an outer glass
diameter of 450μm and was coated with standard acrylic coating. Due to the high doping level,
the fiber has a pump absorption of ~9.6dB/m at 976nm. An impressive slope efficiency of 78%
was demonstrated with respect to the launched pump power.

 
 Figure 4 SEM image of the air‐clad ytterbium‐doped large‐mode‐area photonic crystal fiber in [26]. 

In a subsequent paper in 2003 [27], the fiber in [26] and a new fiber with narrower pump air‐clad were studied 
with  the  FEM  for  temperature distributions  in  the  fiber  at  various  thermal  loads  in  the  core,  considering both 
convective  and  radiative  heat  transportation  by  air  at  the  fiber  surface.  The  results  show  that,  in  the  case  of 
natural cooling, the thermal transportation is mainly limited by the heat transfer at the fiber surface. The air‐clad 
impedes heat flow, especially when the width of the air clad  is  large. A narrower pump air‐clad  is advantageous, 
especially in actively cooled fiber lasers.  

 
Figure 5 Microscope image of the air‐clad ytterbium‐doped single‐mode PCF and close‐up to the 

40‐μm core formed by seven missing air holes [28]. 

In 2004, the bar was raised in a collaborative work between Friedrich Schiller University Jena and Crystal Fibre 
A/S [28]. Their 7‐cell fiber has an effective area of ~1000m2 and MFD of ~35m (see Figure 5). Core diameter is 
~40m. Hole  diameter  d  is  1.1m  and  the  pitch   is  12.3m,  giving  a  d/=0.09.  The  fiber  has  a  pump  guide 
diameter of 170m and a measured pump NA of 0.62 at 950nm. The pump absorption is ~13dB/m at 976nm. The 
pump  air‐clad  is much  narrower  for more  efficient  heat  diffusion.  It  is  worth  noting  that  the  fiber  is  in  the 
multimode regime for a 7‐cell PCF (see Figure 5). This helps to ease bend loss in the weakly guided fiber. 

 
 Figure 6 Microscope image of a rod‐type photonic crystal fiber and close‐up view of the inner 

cladding and core regions. 

To further mitigate bend loss, a rod‐type PCF was developed in 2005 [29] (see Figure 6). The rod had an outer 
diameter of 1.7mm so that it cannot be bent. A 48cm long length was used in the demonstration. The relative hole 
diameter was increased to d/=0.33. This reduces bend sensitivity. This larger d/ in a 7‐cell core PCF, however, 
puts this fiber firmly in the multimode regime (see Figure 2). The pump guide was reduced to a hexagon with flat‐
to‐flat  dimension  of  117m  and  corner‐to‐corner  dimension  of  141m,  similar  to  earlier  fibers.  The  ytterbium 

Figure 4. SEM image of the air-clad ytterbium-doped large-mode-area photonic crystal fiber in [26].

In a subsequent paper in 2003 [27], the fiber in [26] and a new fiber with narrower pump air-
clad were studied with the FEM for temperature distributions in the fiber at various thermal
loads in the core, considering both convective and radiative heat transportation by air at the
fiber surface. The results show that, in the case of natural cooling, the thermal transportation
is mainly limited by the heat transfer at the fiber surface. The air-clad impedes heat flow,
especially when the width of the air clad is large. A narrower pump air-clad is advantageous,
especially in actively cooled fiber lasers.

In 2004, the bar was raised in a collaborative work between Friedrich Schiller University Jena
and Crystal Fibre A/S [28]. Their 7-cell fiber has an effective area of ~1000μm2 and MFD of
~35μm (see Figure 5). Core diameter is ~40μm. Hole diameter d is 1.1μm and the pitch Λ is
12.3μm, giving a d/Λ=0.09. The fiber has a pump guide diameter of 170μm and a measured
pump NA of 0.62 at 950nm. The pump absorption is ~13dB/m at 976nm. The pump air-clad is

Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications228



2.8. Progress of active large-core photonic crystal fibers

Since 2003, the group at Friedrich-Schiller-University Jena has been playing a significant role
in the development large-mode-area photonic crystal fibers with pump air-clad. In their first
work in collaboration with then Crystal Fibre A/S, now NKT Photonics, an ytterbium-doped
PCF with effective mode area of ~350μm2 and mode field diameter (MFD) of 21μm was
demonstrated [26] (see Figure 4). The 3-cell PCF had a hole diameter d=2μm and pitch Λ=11.5,
giving an d/Λ=0.18. The core diameter was 28μm. A relatively small circular area of 9μm was
doped in the 3-cell core. The doped area had a high ytterbium-doping level of ~0.6 at%. It was
further co-doped with aluminum and fluorine to provide an index merely 2×10-4 above the
silica background. The PCF with the raised index in the doped area was simulated, showing
that the fiber guides the second-order mode, which is, however, close to cut-off. The fiber had
a 150μm pump guide with an air clad. The webs in the air clad were ~50μm long with a
thickness of ~390nm, giving w/λ=~0.4 at 976nm. The measured pump NA was 0.55, slightly
below the NA=0.68 predicated by the slab model in Figure 3. The fiber had an outer glass
diameter of 450μm and was coated with standard acrylic coating. Due to the high doping level,
the fiber has a pump absorption of ~9.6dB/m at 976nm. An impressive slope efficiency of 78%
was demonstrated with respect to the launched pump power.

 
 Figure 4 SEM image of the air‐clad ytterbium‐doped large‐mode‐area photonic crystal fiber in [26]. 

In a subsequent paper in 2003 [27], the fiber in [26] and a new fiber with narrower pump air‐clad were studied 
with  the  FEM  for  temperature distributions  in  the  fiber  at  various  thermal  loads  in  the  core,  considering both 
convective  and  radiative  heat  transportation  by  air  at  the  fiber  surface.  The  results  show  that,  in  the  case  of 
natural cooling, the thermal transportation is mainly limited by the heat transfer at the fiber surface. The air‐clad 
impedes heat flow, especially when the width of the air clad  is  large. A narrower pump air‐clad  is advantageous, 
especially in actively cooled fiber lasers.  

 
Figure 5 Microscope image of the air‐clad ytterbium‐doped single‐mode PCF and close‐up to the 

40‐μm core formed by seven missing air holes [28]. 

In 2004, the bar was raised in a collaborative work between Friedrich Schiller University Jena and Crystal Fibre 
A/S [28]. Their 7‐cell fiber has an effective area of ~1000m2 and MFD of ~35m (see Figure 5). Core diameter is 
~40m. Hole  diameter  d  is  1.1m  and  the  pitch   is  12.3m,  giving  a  d/=0.09.  The  fiber  has  a  pump  guide 
diameter of 170m and a measured pump NA of 0.62 at 950nm. The pump absorption is ~13dB/m at 976nm. The 
pump  air‐clad  is much  narrower  for more  efficient  heat  diffusion.  It  is  worth  noting  that  the  fiber  is  in  the 
multimode regime for a 7‐cell PCF (see Figure 5). This helps to ease bend loss in the weakly guided fiber. 

 
 Figure 6 Microscope image of a rod‐type photonic crystal fiber and close‐up view of the inner 

cladding and core regions. 

To further mitigate bend loss, a rod‐type PCF was developed in 2005 [29] (see Figure 6). The rod had an outer 
diameter of 1.7mm so that it cannot be bent. A 48cm long length was used in the demonstration. The relative hole 
diameter was increased to d/=0.33. This reduces bend sensitivity. This larger d/ in a 7‐cell core PCF, however, 
puts this fiber firmly in the multimode regime (see Figure 2). The pump guide was reduced to a hexagon with flat‐
to‐flat  dimension  of  117m  and  corner‐to‐corner  dimension  of  141m,  similar  to  earlier  fibers.  The  ytterbium 

Figure 4. SEM image of the air-clad ytterbium-doped large-mode-area photonic crystal fiber in [26].

In a subsequent paper in 2003 [27], the fiber in [26] and a new fiber with narrower pump air-
clad were studied with the FEM for temperature distributions in the fiber at various thermal
loads in the core, considering both convective and radiative heat transportation by air at the
fiber surface. The results show that, in the case of natural cooling, the thermal transportation
is mainly limited by the heat transfer at the fiber surface. The air-clad impedes heat flow,
especially when the width of the air clad is large. A narrower pump air-clad is advantageous,
especially in actively cooled fiber lasers.

In 2004, the bar was raised in a collaborative work between Friedrich Schiller University Jena
and Crystal Fibre A/S [28]. Their 7-cell fiber has an effective area of ~1000μm2 and MFD of
~35μm (see Figure 5). Core diameter is ~40μm. Hole diameter d is 1.1μm and the pitch Λ is
12.3μm, giving a d/Λ=0.09. The fiber has a pump guide diameter of 170μm and a measured
pump NA of 0.62 at 950nm. The pump absorption is ~13dB/m at 976nm. The pump air-clad is

Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications228

much narrower for more efficient heat diffusion. It is worth noting that the fiber is in the
multimode regime for a 7-cell PCF (see Figure 5). This helps to ease bend loss in the weakly
guided fiber.

 
 Figure 4 SEM image of the air‐clad ytterbium‐doped large‐mode‐area photonic crystal fiber in [26]. 

In a subsequent paper in 2003 [27], the fiber in [26] and a new fiber with narrower pump air‐clad were studied 
with  the  FEM  for  temperature distributions  in  the  fiber  at  various  thermal  loads  in  the  core,  considering both 
convective  and  radiative  heat  transportation  by  air  at  the  fiber  surface.  The  results  show  that,  in  the  case  of 
natural cooling, the thermal transportation is mainly limited by the heat transfer at the fiber surface. The air‐clad 
impedes heat flow, especially when the width of the air clad  is  large. A narrower pump air‐clad  is advantageous, 
especially in actively cooled fiber lasers.  

 
Figure 5 Microscope image of the air‐clad ytterbium‐doped single‐mode PCF and close‐up to the 

40‐μm core formed by seven missing air holes [28]. 

In 2004, the bar was raised in a collaborative work between Friedrich Schiller University Jena and Crystal Fibre 
A/S [28]. Their 7‐cell fiber has an effective area of ~1000m2 and MFD of ~35m (see Figure 5). Core diameter is 
~40m. Hole  diameter  d  is  1.1m  and  the  pitch   is  12.3m,  giving  a  d/=0.09.  The  fiber  has  a  pump  guide 
diameter of 170m and a measured pump NA of 0.62 at 950nm. The pump absorption is ~13dB/m at 976nm. The 
pump  air‐clad  is much  narrower  for more  efficient  heat  diffusion.  It  is  worth  noting  that  the  fiber  is  in  the 
multimode regime for a 7‐cell PCF (see Figure 5). This helps to ease bend loss in the weakly guided fiber. 
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To further mitigate bend loss, a rod‐type PCF was developed in 2005 [29] (see Figure 6). The rod had an outer 
diameter of 1.7mm so that it cannot be bent. A 48cm long length was used in the demonstration. The relative hole 
diameter was increased to d/=0.33. This reduces bend sensitivity. This larger d/ in a 7‐cell core PCF, however, 
puts this fiber firmly in the multimode regime (see Figure 2). The pump guide was reduced to a hexagon with flat‐
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7). The fiber had a d/Λ=0.19, again firmly in the multimode regime (19-cell PCF not shown in
Figure 2). The pump guide was 175μm in diameter. The pump air-clad had a web thickness
of 400nm, which was 10μm long. The measured pump NA was 0.6 at 975nm, fairly close to
the 0.67 NA predicted by the slab model (see Figure 3). The pump absorption is ~30dB/m at
976nm. The rod diameter is ~1.5mm. A 58cm long fiber was used to demonstrate 55W/m power
extraction. In the same paper, a passive 100μm core fiber was also demonstrated. The 19-cell
fiber had a d/Λ=0.2, again in the multimode regime. The effective mode area was ~4500μm2

and MFD was ~75μm.

doping level was also increased compared with earlier fibers. The increased doping level and reduced pump guide 
led  to a high pump absorption of ~30dB/m at 976nm. The  fiber was used  to demonstrate power extraction of 
~250W/m. 

 The  rod‐type PCF was  further developed with  the demonstration of a 19‐cell PCF with a  core diameter of 
60m, effective mode area of ~2000m2 and MFD of 75m in 2006 [30] (see Figure 7). The fiber had a d/=0.19, 
again firmly in the multimode regime (19‐cell PCF not shown in Figure 2). The pump guide was 175m in diameter. 
The pump  air‐clad had  a web  thickness of 400nm, which was 10m  long.  The measured pump NA was 0.6  at 
975nm, fairly close to the 0.67 NA predicted by the slab model (see Figure 3). The pump absorption is ~30dB/m at 
976nm. The rod diameter is ~1.5mm. A 58cm long fiber was used to demonstrate 55W/m power extraction. In the 
same paper,  a passive 100m  core  fiber was  also demonstrated. The 19‐cell  fiber had  a d/=0.2,  again  in  the 
multimode regime. The effective mode area was ~4500m2 and MFD was ~75m. 

 
Figure 7 Microscope‐image of the extended‐mode‐area rod‐type photonic crystal fiber, SEM‐picture of the micro‐

structured region and measured near‐field intensity profile of the 60μm core fiber [30]. 

The demonstration of a 100m active 19‐cell PCF finally came in 2006 [6]. The pump guide had a diameter of 
290m. The rod diameter was 1.5mm. A 90cm long fiber was used to amplify 1ns pulses at 9.6kHz to record peak 
power of 4.5MW and pulse energy of 4.3mJ with M2=1.3. 

 

 Figure 8 SEM image of the single polarization PCF with an effective area of ~700m2 [31] (left) and 2300m2 
(right) [32]. 

 Polarization‐maintaining (PM) PCFs have also been developed by introducing stress elements. A PM 7‐cell PCF 
with a mode area of ~700m2 was demonstrated in 2005 [31] (see left figure in Figure 8). The pitch  was 12.3m 
with a d/ of 0.2.  In  the weakly guided PCFs,  the polarization modes on slow and  fast axis have different bend 
losses. This enables single‐polarization operation where the polarization mode on the slow axis is still guided while 
polarization  mode  on  the  fast  axis  suffers  high  bend  loss.  Another  single‐polarization  19‐cell  PCF  was 
demonstrated in 2008 with a mode area of ~2300m2 (right figure in Figure 8) [32]. The corner‐to‐corner distance 
of the core was 70μm. The pitch  was 11m with a d/ of 0.1. 

3 Leakage channel fibers 

A  2D micro‐structured  cladding,  which  is made  possible  by  the  stack‐and‐draw  technique  developed  for 
photonic  crystal  fibers,  enables  new  designs  which  do  not  possess  the  closed  core‐and‐clad  boundaries  of 
conventional  optical  fibers.  When  a  mode  is  guided  in  a  conventional  optical  fiber,  total  internal  reflection 
everywhere around the closed core‐and‐clad boundary, traps light entirely in the core, leading to zero waveguide 

Figure 7. Microscope-image of the extended-mode-area rod-type photonic crystal fiber, SEM-picture of the micro-
structured region and measured near-field intensity profile of the 60μm core fiber [30].

The demonstration of a 100μm active 19-cell PCF finally came in 2006 [6]. The pump guide
had a diameter of 290μm. The rod diameter was 1.5mm. A 90cm long fiber was used to amplify
1ns pulses at 9.6kHz to record peak power of 4.5MW and pulse energy of 4.3mJ with M2=1.3.

doping level was also increased compared with earlier fibers. The increased doping level and reduced pump guide 
led  to a high pump absorption of ~30dB/m at 976nm. The  fiber was used  to demonstrate power extraction of 
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The pump  air‐clad had  a web  thickness of 400nm, which was 10m  long.  The measured pump NA was 0.6  at 
975nm, fairly close to the 0.67 NA predicted by the slab model (see Figure 3). The pump absorption is ~30dB/m at 
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 Polarization‐maintaining (PM) PCFs have also been developed by introducing stress elements. A PM 7‐cell PCF 
with a mode area of ~700m2 was demonstrated in 2005 [31] (see left figure in Figure 8). The pitch  was 12.3m 
with a d/ of 0.2.  In  the weakly guided PCFs,  the polarization modes on slow and  fast axis have different bend 
losses. This enables single‐polarization operation where the polarization mode on the slow axis is still guided while 
polarization  mode  on  the  fast  axis  suffers  high  bend  loss.  Another  single‐polarization  19‐cell  PCF  was 
demonstrated in 2008 with a mode area of ~2300m2 (right figure in Figure 8) [32]. The corner‐to‐corner distance 
of the core was 70μm. The pitch  was 11m with a d/ of 0.1. 

3 Leakage channel fibers 

A  2D micro‐structured  cladding,  which  is made  possible  by  the  stack‐and‐draw  technique  developed  for 
photonic  crystal  fibers,  enables  new  designs  which  do  not  possess  the  closed  core‐and‐clad  boundaries  of 
conventional  optical  fibers.  When  a  mode  is  guided  in  a  conventional  optical  fiber,  total  internal  reflection 
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Figure 8. SEM image of the single polarization PCF with an effective area of ~700μm2 [31] (left) and 2300μm2 (right)
[32].

Polarization-maintaining (PM) PCFs have also been developed by introducing stress elements.
A PM 7-cell PCF with a mode area of ~700μm2 was demonstrated in 2005 [31] (see left figure
in Figure 8). The pitch Λ was 12.3μm with a d/Λ of 0.2. In the weakly guided PCFs, the
polarization modes on slow and fast axis have different bend losses. This enables single-
polarization operation where the polarization mode on the slow axis is still guided while
polarization mode on the fast axis suffers high bend loss. Another single-polarization 19-cell
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Figure 2). The pump guide was 175μm in diameter. The pump air-clad had a web thickness
of 400nm, which was 10μm long. The measured pump NA was 0.6 at 975nm, fairly close to
the 0.67 NA predicted by the slab model (see Figure 3). The pump absorption is ~30dB/m at
976nm. The rod diameter is ~1.5mm. A 58cm long fiber was used to demonstrate 55W/m power
extraction. In the same paper, a passive 100μm core fiber was also demonstrated. The 19-cell
fiber had a d/Λ=0.2, again in the multimode regime. The effective mode area was ~4500μm2
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A  2D micro‐structured  cladding,  which  is made  possible  by  the  stack‐and‐draw  technique  developed  for 
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Figure 8. SEM image of the single polarization PCF with an effective area of ~700μm2 [31] (left) and 2300μm2 (right)
[32].

Polarization-maintaining (PM) PCFs have also been developed by introducing stress elements.
A PM 7-cell PCF with a mode area of ~700μm2 was demonstrated in 2005 [31] (see left figure
in Figure 8). The pitch Λ was 12.3μm with a d/Λ of 0.2. In the weakly guided PCFs, the
polarization modes on slow and fast axis have different bend losses. This enables single-
polarization operation where the polarization mode on the slow axis is still guided while
polarization mode on the fast axis suffers high bend loss. Another single-polarization 19-cell
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PCF was demonstrated in 2008 with a mode area of ~2300μm2 (right figure in Figure 8) [32].
The corner-to-corner distance of the core was 70μm. The pitch Λ was 11μm with a d/Λ of 0.1.

3. Leakage channel fibers

A 2D micro-structured cladding, which is made possible by the stack-and-draw technique
developed for photonic crystal fibers, enables new designs which do not possess the closed
core-and-clad boundaries of conventional optical fibers. When a mode is guided in a conven‐
tional optical fiber, total internal reflection everywhere around the closed core-and-clad
boundary, traps light entirely in the core, leading to zero waveguide loss. In designs with an
open cladding, light can leak out, leading to finite waveguide loss associated with each mode.
The waveguide loss is mode-dependent, providing opportunities for mode control by
minimizing loss of the desired mode while maximizing loss of the unwanted modes. Leakage
channel fibers (LCF) takes advantages of these new opportunities made possible by open
cladding designs. A LCF can be precisely engineered to have high confinement loss for all
higher order modes and low confinement loss for the fundamental mode and can, therefore,
significantly extend the effective mode area of the fundamental mode. LCFs essentially exploit
the increased ability of higher order modes to leak through small gaps in the cladding while
maintaining good fundamental mode confinement.

3.1. Leakage channel fibers with air holes

The first LCF was demonstrated in 2005 [7]. It has a simple cladding design with air holes in
the cladding [7]. The LCF is shown in in the left figure in Figure 9. The LCF had an outer
diameter of ~270μm. The two smaller holes had a diameter of d=39.6μm and pitch Λ=51.2μm.
The four larger holes had a diameter of d=46.0μm and pitch Λ=51.1μm. The passive LCF
provided robust single-mode operation with a measured mode area of ~1417μm2

(MFD=42.5μm). The most significant aspect of this work is that the LCF can be coiled down to
15cm with negligible loss penalty. This is a significant improvement over PCFs.

loss.  In designs with an open cladding,  light can  leak out,  leading  to  finite waveguide  loss associated with each 
mode. The waveguide loss is mode‐dependent, providing opportunities for mode control by minimizing loss of the 
desired mode while maximizing  loss of  the unwanted modes.  Leakage  channel  fibers  (LCF)  takes advantages of 
these new opportunities made possible by open cladding designs. A LCF can be precisely engineered to have high 
confinement  loss  for  all  higher  order modes  and  low  confinement  loss  for  the  fundamental mode  and  can, 
therefore,  significantly  extend  the  effective mode  area  of  the  fundamental mode.  LCFs  essentially  exploit  the 
increased  ability  of  higher  order  modes  to  leak  through  small  gaps  in  the  cladding  while  maintaining  good 
fundamental mode confinement. 

3.1 Leakage channel fibers with air holes 

The first LCF was demonstrated in 2005 [7]. It has a simple cladding design with air holes  in the cladding [7]. 
The LCF is shown in in the left figure in Figure 9. The LCF had an outer diameter of ~270m. The two smaller holes 
had a diameter of d=39.6m and pitch =51.2m. The  four  larger holes had a diameter of d=46.0m and pitch 
=51.1m. The  passive  LCF  provided  robust  single‐mode  operation with  a measured mode  area  of  ~1417m2 
(MFD=42.5m). The most significant aspect of this work is that the LCF can be coiled down to 15cm with negligible 
loss penalty. This is a significant improvement over PCFs.    

 
Figure 9 The LCF used in the first demonstration [7] (left), the first ytterbium‐doped LCF (center) [33] and the first 

ytterbium‐doped PM LCF (right) [34]. 
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outer diameter was ~350m and it was coated with a low index polymer to give a pump NA of 0.46. The average 
hole diameter was ~55m and average pitch was ~67m, giving an average d/=0.82. The effective mode area 
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launched power was measured to be ~60% in a 5m long amplifier coiled at 40cm diameter. M2 was measured to be 
~1.3. 
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High  refractive  index  contrast  is not necessary  for  large  core  fiber designs.  Low  refractive  index  contrast  is 
sufficient and often advantageous for further limiting higher order mode propagation. Fluorine‐doped silica can be 
used to replace air holes  in the LCFs described  in the  last section. The all‐glass LCFs can provide much  improved 
ease of fabrication and use, compared with fibers with air holes. 

Despite the fact that air is a readily available ingredient, there are a number of drawbacks related to the use of 
air  holes  in  fibers.  The  first  one  is  the  difficulty  in  precisely  controlling  the  dimension  of  air  holes  in  fiber 
fabrication. This is an intrinsic problem of a holey structure due to the air hole’s tendency to collapse during fiber 
drawing. This is usually countered by a precise control of pressurization of the air holes, a process dependent on 
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Figure 9. The LCF used in the first demonstration [7] (left), the first ytterbium-doped LCF (center) [33] and the first
ytterbium-doped PM LCF (right) [34].
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The first Ytterbium-doped LCF was demonstrated in 2006 [33] (see the middle figure in Figure
9). The fiber outer diameter was ~350μm and it was coated with a low index polymer to give
a pump NA of 0.46. The average hole diameter was ~55μm and average pitch was ~67μm,
giving an average d/Λ=0.82. The effective mode area was 3160μm2 (MFD=63.4μm). Pump
absorption was measured to be ~3.6dB/m at 976nm. Slope efficiency versus launched power
was measured to be ~60% in a 5m long amplifier coiled at 40cm diameter. M2 was measured
to be ~1.3.

The first ytterbium-doped PM LCF was also demonstrated in 2006 [34] (see the right figure in
Figure 9). A pair of boron-doped silica stress rods was used to replace two opposing air holes.
The hole diameter was ~37μm. The effective mode area was ~1400μm2 (MFD=42.2μm). The
birefringence was measured to be ~2.1×10-4 over 1010-1080nm. The LCF had an outer diameter
of ~245μm and was coated with a low index polymer to give a pump NA of ~0.46. The pump
absorption was ~2.6dB/m at 976nm. Slope efficiency versus launched power was measured to
be ~60%. M2 was measured to be ~1.2. The PM LCF could be coiled to 12cm diameter with
negligible bend loss.

3.2. All-glass leakage channel fibers

High refractive index contrast is not necessary for large core fiber designs. Low refractive index
contrast is sufficient and often advantageous for further limiting higher order mode propa‐
gation. Fluorine-doped silica can be used to replace air holes in the LCFs described in the last
section. The all-glass LCFs can provide much improved ease of fabrication and use, compared
with fibers with air holes.

Despite the fact that air is a readily available ingredient, there are a number of drawbacks
related to the use of air holes in fibers. The first one is the difficulty in precisely controlling the
dimension of air holes in fiber fabrication. This is an intrinsic problem of a holey structure due
to the air hole’s tendency to collapse during fiber drawing. This is usually countered by a
precise control of pressurization of the air holes, a process dependent on drawing conditions
such as furnace temperature, feed rate, and drawing speed. When small air holes are desirable
as in endless single-mode PCFs, higher pressure is required to maintain air hole dimensions
due to the significantly increased tendency for the air holes to collapse by surface tension in
this regime. This can make air hole dimensions to become highly sensitive to drawing
conditions. This delicate balance of pressurization and collapse can lead to issues of controll‐
ability and repeatability in PCF fabrication. Air holes can also disturb smooth fracture wave
propagation during fiber cleaving, leading to a poor cleaved surface due to the appearance of
deep fractures behind the air holes, a problem often aggravated by large air holes and high
cleaving tensions. In addition, air holes often have to be thermally sealed at the fiber ends to
minimize environmental contamination. Mode distortion can occur from the air holes collaps‐
ing during splicing. This is especially true for large-mode-area fibers, which are much more
susceptible to small perturbations.

A detailed analysis of all-glass LCFs was reported in [35]. For a LCF formed by one layer of
features as shown in the inset of Figure 10, the core of diameter 2ρ is formed by six features
with diameter d and refractive index nf. Center-to-center feature spacing is Λ. The refractive
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index of the background glass, usually silica, is nb. The fiber was studied by a multipole mode
solver for the effect of index contrast Δn=nb−nf. For the simulation in Figure 10, the following
parameters were used: 2ρ=50 μm, d/Λ=0.675, and nb=1.444. The wavelength of the simulations
was at 1.05μm. It can be seen from the left figure in Figure 10 that confinement loss for both
fundamental, αFM, and second-order modes, α2nd, increases with a reduction of index contrast
Δn, with the loss of the second-order mode, α2nd, remaining over an order of magnitude higher
than the loss of the fundamental mode, αFM. The modal index difference, the difference between
the effective mode indices of the fundamental and second modes, decreases toward low index
with Δn by just ∼40% over three orders of magnitude change in Δn.

The effect of normalized hole diameter d/Λ was also studied in [35] and is shown in the right
figure in Figure 10 for confinement losses and the ratio of the second-mode loss to the
fundamental-mode loss. The confinement loss for both the fundamental and second modes
increases toward small d/Λ with the loss ratio changing very little over the entire range of d/Λ,
from 22 to 28. The normalized hole diameter d/Λ is typically chosen to give an acceptable
fundamental-mode loss. For LCFs with one layer of features as shown in Figure 10, the loss
ratio of all-glass LCFs is very similar to that of an LCF with air holes. Slightly larger d/Λ is,
however, required for achieving a similar confinement loss.

LCFs with two layers of features can be used to further improve the differential confinement
loss between the fundamental and second-order modes at the expense of bending perform‐
ance. Acceptable fundamental-mode loss at smaller feature sizes can be realized in LCFs with
two layers of features, while leakage of higher order modes is substantially increased by a
reduction of feature size despite the additional layer of features. Higher differential loss
between modes can therefore be realized. Since bending loss of the fundamental mode is very
strongly dependent on feature size, a reduction of feature size increases the bend loss of the
fundamental mode in LCFs. An LCF with two layers of features was studied in [35] and the
results are shown in Figure 11. Both the fundamental mode and second-order-mode loss shows
the characteristic increase at small d/Λ, while the loss ratio α2nd/αFM is increased by over an
order of magnitude compared to the one-layer designs in Figure 10. At d/Λ ≈ 0.548, the

increased  tendency  for  the  air  holes  to  collapse  by  surface  tension  in  this  regime.  This  can  make  air  hole 
dimensions to become highly sensitive to drawing conditions. This delicate balance of pressurization and collapse 
can lead to issues of controllability and repeatability in PCF fabrication. Air holes can also disturb smooth fracture 
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much more susceptible to small perturbations. 

 
Figure 10 Effect of index contrast on confinement loss and modal index difference for one‐cladding‐layer LCFs with 
d/Λ = 0.675 and 2ρ = 50μm (left) and effect of d/Λ on confinement loss and the loss ratio between the second‐

order mode and fundamental mode for LCFs with Δn=1.2×10−3 and 2ρ=50μm (right) [35]. 
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over  the  entire  range  of  d/Λ,  from  22  to  28.  The  normalized  hole  diameter  d/Λ  is  typically  chosen  to  give  an 
acceptable fundamental‐mode loss. For LCFs with one layer of features as shown in Figure 10, the loss ratio of all‐
glass LCFs  is very similar to that of an LCF with air holes. Slightly  larger d/Λ  is, however, required for achieving a 
similar confinement loss. 

LCFs with two layers of features can be used to further improve the differential confinement loss between the 
fundamental and second‐order modes at the expense of bending performance. Acceptable fundamental‐mode loss 
at smaller feature sizes can be realized in LCFs with two layers of features, while leakage of higher order modes is 
substantially  increased by a reduction of  feature size despite  the additional  layer of  features. Higher differential 
loss  between modes  can  therefore  be  realized.  Since  bending  loss  of  the  fundamental mode  is  very  strongly 
dependent on feature size, a reduction of feature size increases the bend loss of the fundamental mode in LCFs. An 
LCF with two layers of features was studied in [35] and the results are shown in Figure 11. Both the fundamental 
mode and second‐order‐mode  loss shows the characteristic  increase at small d/Λ, while the  loss ratio α2nd/αFM  is 
increased by over  an order of magnitude  compared  to  the one‐layer designs  in  Figure 10. At d/Λ  ≈ 0.548,  the 
fundamental‐mode loss αFM ≈ 0.1 dB/m, while the second‐order‐mode loss α2nd ≈ 48 dB/m, a loss ratio α2nd/αFM of 
∼480. A very high loss ratio α2nd/αFM of ∼700 is possible at d/Λ = 0.62.  

Figure 10. Effect of index contrast on confinement loss and modal index difference for one-cladding-layer LCFs with d/
Λ=0.675 and 2ρ=50μm (left) and effect of d/Λ on confinement loss and the loss ratio between the second-order mode
and fundamental mode for LCFs with Δn=1.2×10−3 and 2ρ=50μm (right) [35].
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fundamental-mode loss αFM ≈ 0.1 dB/m, while the second-order-mode loss α2nd ≈ 48 dB/m, a
loss ratio α2nd/αFM of ∼480. A very high loss ratio α2nd/αFM of ∼700 is possible at d/Λ=0.62.

Figure 11. Effect of d/Λ on confinement loss and the loss ratio between the second-order mode and fundamental mode
for an LCF with two layers of features, Δn=1.2×10−3 and 2ρ=50μm. [35].

Figure 12. Some examples of fabricated all Glass LCFs. Core diameter is given above the fiber [35].

A wide range of all-glass LCFs were fabricated from core diameters from 35μm to well over
100μm [35] (see Figure 12). All fibers were made with silica glass as the background glass and
slightly fluorine-doped silica glass as the cladding features and coated with standard coating
with index of 1.54. The refractive index difference between the background and the low index
feature wasΔ n=1.2×10−3. LCFs with both circular and hexagonal features were fabricated and
tested. The conditions for the fabrication of LCFs with hexagonal features also created LCFs
with a rounded hexagonal outline. Such a shape is known to be preferred for the pump mode
mixing in a double clad fiber where the pump light propagates in a much larger cladding
guide. All the fabricated LCFs in Figure 12 operated in the fundamental mode with a varying
degree of bend loss performance. In general, bend loss increases rapidly with core diameter
increase (see Figure 13). This effect is fundamentally related to the fact that the ability of guided
modes to navigate a bend is related to how rapidly a mode can change its spatial pattern
without breaking up while propagating, i.e. maintain adiabatic transition. As the mode gets
larger, this ability to change diminishes very quickly due to larger Rayleigh range.
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Figure 13. Cross section, measured mode and fiber details are given for the LCF with 101μm core, left inset, and the
LCF with 183.3μm core, right inset. Measured bend loss for LCFs with various core diameters [36].

The LCF, shown on the top left inset in Figure 13, had 2ρ=101μm, and d/Λ=0.9. The effective
mode area of the LCF was calculated to be 5117μm2 (MFD=80.7μm). A length of the LCF ~6m
long was loosely coiled in a 1m coil and the measured M2 was M2

x=1.26 and M2
y=1.29. The LCF,

shown on the top right inset, had 2ρ=183.3μm, and d/Λ=0.8. A conventional single mode optical
fiber of the same scale is also shown for comparison. The effective mode area of this LCF was
calculated to be 15861μm2 (MFD=142.1μm), a record effective mode area for single-mode
operation. The Measured M2 of a 1m straight fiber is M2

x=1.22 and M2
y=1.23. Measured mode

patterns at the output of the fibers are also shown in Figure 13.

3.3. Polarization maintaining all-glass leakage channel fibers

A PM all-glass LCF was first reported in [37] (see Figure 14). The passive all-glass PM LCF had
a core diameter of 50μm. A high d/Λ=0.9 was used for a smaller critical bend radius. The LCF
had a refractive index difference between the background and the low index feature of
Δn=1.2×10−3. The low index features were made of slightly fluorine-doped silica. Two stress
elements with a refractive index of ~13 × 10−3 below that of the background silica glass were
used instead of the regular features on either sides of the core to provide birefringence. The
fiber had an outer diameter of ~885μm and was coated with standard acrylic coating. The near
field image measured with a single lens is shown in Figure 14(c) for the 1.8m long sample and
in Figure 14(d) for the 30m sample. Due to the much higher d/Λ=0.9 used for this fiber, some
bending was necessary for fundamental mode operation in a short length of this fiber. The
output was robustly single mode in a 30m long sample of this passive LCF coiled in 40cm
diameter coils (see Figure 14(d)). The critical bend radius for 1dB/m loss, expected to be ~11cm
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by FEM simulation, matched very well to the 10.5cm measured. Polarization extinction ratio
(PER) was characterized at the output of a 1.8m long sample to be >15dB over 1010-1100nm.

Figure 14. (a) Cross section of the passive PM LCF, (b) magnified cross section, (c) near field from the 1.8m long fiber in
a 40cm-diameter coil, (d) near field from the 30m long fiber in a 40cm-diameter coil [37].

3.4. Characterization of mode losses in all-glass leaky channel fibers

Recently, fundamental and higher order mode losses have been characterized and compared
to simulations based on the assumption of an infinite cladding [38]. A LCF with a ~50μm core
diameter and a hexagonal cladding boundary (see Figure 15(a)) was spliced to a tunable source
to ensure launch stability during the measurements. The passive LCF was coated with a low-
index polymer to simulate a double-clad fiber with a pump NA of ~0.45. Power in various
modes at the output was measured using the S2 method [39]. The fiber was cut back several
times to determine the propagation losses of various modes. The measurement was repeated
at various coil diameters. The results are summarized in Figure 15(b) and show remarkable
agreement between the measured and simulated losses of fundamental and higher-order
modes. LP11 mode loss as high as ~20dB/m was measured, demonstrating the validity of the
design. A similar LCF with a circular cladding boundary was also measured, showing
significant less higher-order mode losses than those predicted by simulations. It is speculated
that the coherent reflection at the circular cladding boundary played a significant role in
enhancing the guidance of leaky higher-order modes in this case. It is, therefore, critical to have
a non-circular cladding boundary to achieve the maximum possible higher-order mode losses.

3.5. Ytterbium-doped all-glass leakage channel fibers

An ytterbium-doped all-glass LCF with one layer of cladding features was also reported in
[37]. The LCF was coated with a low index polymer, providing a pump NA of 0.45. This LCF
had pump absorption of 11dB/m at ~976nm. The LCF also had 2ρ=52.7μm and d/Λ=0.8. This
gives a simulated effective area of 1548μm2 at 1.05μm. The LCF has a rounded hexagonal shape
and a flat-to-flat dimension of 254.2μm. The fiber was used to demonstrate amplification of
600ps pulses (with 600μJ pulse energy) to 1MW peak power.
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Figure 16. An all glass active LCF (left) and an all glass PM active LCF with highly fluorine-doped pump cladding
(right) [37].

Ytterbium double-clad all-glass LCFs with highly fluorine-doped silica as pump cladding were
also demonstrated (see Figure 16) [37]. All-glass LCFs have no polymer in the pump path and
have independent control of the fiber outer diameters and pump cladding dimensions. This,
therefore, enables designs with smaller pump guides for higher pump absorption and, at the
same time, with larger fiber diameters to minimize micro and macro bending effects, a much
desired feature for large core fibers where intermodal coupling could be an issue due much
increased mode density. Stress rods can also be added for PM LCFs (see Figure 16).

The LCFs had a refractive index difference between the background and the low index feature
of Δn=1.2×10−3. The non-PM LCF (see the left figure in Figure 16) had an inner layer d/Λ=0.8
and outer layer d/Λ=0.7. It had a 47μm core diameter, a rounded hexagon pump guide with a
dimension of 238μm by 256μm, a pump NA of 0.28, pump absorption of ~12dB/m, and an
outer diameter of ~538μm coated with standard high index coating, shown as the outermost

Figure 15. (a) The hexagonal LCF used in the measurement and (b) simulated and measured mode loss in the hexago‐
nal Re-LCF [38].
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layer in Figure 16(a). A 3.5m fiber coiled in 53cm diameter was used to demonstrate a slope
efficiency of 75% in an amplifier [37]. A single stage gain of 33dB was demonstrated using this
fiber. It was also used to directly amplify 15ps pulses to a peak power of ~1MW.

The PM LCF (see Figure 16(b)) had a core diameter of 80μm and had a fluorine-doped pump
cladding, providing a pump NA of ~0.28. Low index features with an inner layer d/Λ of 0.8
and an outer layer d/Λ of 0.7 were used. This active PM LCF had a pump guide diameter of
~400μm (flat-to-flat), a fiber outer diameter of ~835μm, and was coated with standard acrylic
coating. Pump absorption was estimated to be ~12dB/m. The mode field diameter was
measured to be ~62μm. The fiber was used as an amplifier in a single coil 76cm in diameter
with a length of straight section at each end, demonstrating a slope efficiency of ~74% and a
maximum single-path gain in excess of 30dB [37]. It demonstrated direct amplification of
14.2ps pulses to 190kW peak power with pulse energy of 2.74μJ and negligible SPM spectral
broadening. M2 was measured to be below 1.35 for the entire output power range.

Figure 17. (a) The ytterbium-doped LCF with an index depression in the core center, (b) measured near field intensity
of the guided mode, (c) measured mode intensity distribution, (d) simulated effective mode area versus the index de‐
pression, and (d) measured laser output and near field patters at various powers [40].

Recently, a flat-top mode has been demonstrated in an ytterbium-doped LCF with a ~50μm
core by introducing an area ~30μm in diameter in the core center with a refractive index of
~2×10-4 lower than that of the background glass (Figure 17(a)) [40]. The flat-top mode (see
Figure 17(b) and (c)) increased the effective mode area of the LCF from ~1200μm2 to
~1900μm2, a ~50% increase (see Figure 17(d)). The LCF also demonstrated near quantum-
limited efficiency (see Figure 17(e)). Lasing wavelength was 1026nm and the pump was at
976nm.
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4. Higher-order-mode fibers

The concept and demonstration of robust propagation of higher-order-modes (HOM) with large
effective mode areas were first reported in 2006 [11]. It was argued that the stability of mode
propagation in multimode fibers is critically dependent on the effective mode index difference
between the propagating mode and its nearest neighbor anti-symmetric mode. This effective
mode index difference is actually larger for the higher-order LP04-LP07 modes than for the
fundamental mode (see Figure 18). In addition, a long period grating (LPG), a fairly matured
technology, can be used for broad band mode conversion to and from those higher-order LP0n
modes.

Figure 18. Effective index difference between nearest neighbor anti-symmetric mode versus Aeff. Top, near-field images
of LPG-excited HOMs after >2m propagation with 7cm bend and with Aeff ranging from 2100 to 3200μm2 [11].

Mode coupling first requires phase-matching. Perturbations on the fiber need to provide a
vector which equals the difference in the propagation constants of the two modes involved.
The larger the mode index difference between the two modes, the larger is the wave vector
required for phase matching. A large wave vector implies high spatial frequency and small
spatial period. For a mode index difference of 1.5×10-4, the required spatial period of the
perturbation at 1.55μm is ~10mm. Due to geometric constraints, the spatial frequency distri‐
bution of perturbations on fibers usually cuts off at a certain upper frequency limit. This would
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minimize mode coupling between modes with larger effective mode index differences. The
second requirement for mode coupling is that the overlap integral among the two modes and
the perturbation needs to be non-zero. This requires the perturbation to break up the mode
orthogonality. Although it was not explicitly spelled out in [11], it was assumed that the
perturbations on fibers are mostly anti-symmetric. In this case, mode coupling dominates
between LP0n and its anti-symmetric counterpart LP1n modes in optical fibers.

Figure 19. Characteristics of an HOM fiber. The horizontal and vertical scales of the images are identical. (a) Near-field
image of a fiber facet, showing the 86μm inner cladding. (b) Refractive-index profile of the HOM fiber, with a core
similar to an SMF with an 86μm inner cladding and a down-doped outer trench. (c) Near-field image of the LP07 mode
at 1600 nm after 12m propagation with a 4.5cm radius bend. (d) Intensity line scan of (c) and theoretical profile:
Aeff=~2100μm2 [11].

The effective mode index difference for LP01, LP04, LP05, LP06 and LP07 modes with their nearest
neighbor anti-symmetric modes are shown versus effective mode area in Figure 18 [11]. The
near-field images of the measured HOM modes are shown at the top of in Figure 18 and in
Figure 19. It is clear that the effective mode index difference is significantly larger for the LP04-
LP07 modes than for the LP01 mode with the same effective mode area. The effective mode index
difference also increases slightly for higher order LP0n modes with the same effective mode
area. For the same fiber, the effective mode area is actually larger for lower-mode-order LP0n

modes. The schematic of the proposed system is shown in Figure 20(a), where two identical
LPGs are required for mode conversion from the LP01 mode to the LP07 mode and back to the
LP01 mode. Robust propagation of the LP07 mode with an effective mode area of 2070μm2 was
demonstrated at 1600nm with the arrangement shown in Figure 19(c). The performance of the
mode converter with high efficiency over broad bandwidth is shown in Figure 20(b). It was
found that the LP07 mode suffered negligible bend loss at coil diameters down to 12cm. It was
also found that modal stability increases with mode order. In a second paper [12], the effective
mode areas of LP07 mode was simulated at various bend radii, showing stronger bend
resistance than both LP03 and LP01 modes.

Recently, an erbium-doped HOM amplifier was demonstrated [41]. A small inner core was
designed to have a LP01 mode MFD of 9μm, allowing for effective excitation of the LP01 mode
when the HOM fiber was spliced to a single-mode fiber. Higher-order modes expanded to
occupy the outer core. The LP010 mode had an effective mode area of 2700μm2. Both the inner
and the outer core were doped with erbium with absorption of ~30dB/m at 1530nm. The
amplifier was both seeded at 1564nm and pumped at 1480nm in the LP010 mode. The pump
was a Raman fiber laser.
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Recently, an erbium-doped HOM amplifier was demonstrated [41]. A small inner core was
designed to have a LP01 mode MFD of 9μm, allowing for effective excitation of the LP01 mode
when the HOM fiber was spliced to a single-mode fiber. Higher-order modes expanded to
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and the outer core were doped with erbium with absorption of ~30dB/m at 1530nm. The
amplifier was both seeded at 1564nm and pumped at 1480nm in the LP010 mode. The pump
was a Raman fiber laser.
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The difference in effective index between nearest neighbor anti-symmetric modes at λ=1564
nm as a function of their effective area is plotted as points in Figure 21(a) for the LP01 through
LP010 modes in the fiber. The LP02 and LP03 modes have a large Aeff, but small mode spacing.
As the mode order increases, mode spacing increases too, while Aeff decreases. Figure 21(b)
shows the calculated intensity profiles at λ=1564nm for the LP01 and LP010 mode.

Figure 21. (a) Mode spacing as a function of effective area for the LP0n modes in the HOM fiber (points) compared to a
conventional LP01 step-index fiber with V=5 (solid curve). (b) Intensity profiles of the LP01 and LP010 modes. These cal‐
culations were done at a wavelength of 1564 nm.

A narrow line width, external cavity laser was amplified to 50mW and combined with the
high-power, single mode Raman fiber laser at 1480 nm in a single-mode pump/signal combin‐
er. The output of the pump/signal combiner was fusion-spliced to the HOM fiber. The length
of the amplifier fiber after the LPG was 2.68 m. The measured slope efficiency at 1564nm was
43.2%. Over 20dB of gain was demonstrated by the amplifier.

Figure 20. (a) Device schematic: light is coupled into and out of HOM with LPGs whose conversion efficiency being
shown in (b). LPG with broadband coupling with efficiency >99% over 94 nm and with peak coupling efficiency as
high as 99.93%. (c) Alternative schematic for characterizing HOM fibers: the cleave serves to fold the device propaga‐
tion path so that the single LPG acts as both the input and the output LPG. X, splice; OSA, optical spectrum analyzer
[11].
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5. Chrially-coupled core fibers

A Chirally-coupled-core (CCC) fiber was first reported in 2007 [9]. The fiber had a large central
core and a smaller side core wound around the central core in a helical fashion (Figure 22). The
preform had two parallel cores and the fiber was spun during the draw to form the helical side
core. In this first report, the central core had a diameter of 35μm and a NA of 0.07. The side
core had a diameter of 12μm and NA of 0.09. Edge-to-edge core separation was 2μm. The
helical pitch was 6.2mm. The fiber was measured to be single-mode at 1550nm over a short
length of 25cm. It was multimode below 1500nm. The simulation predicted LP01 mode loss to
be 0.3dB/m and all HOM loss to be >130dB/m for λ>1550nm. The fiber was also confirmed to
be polarization-maintaining.

single‐mode fiber. Higher‐order modes expanded to occupy the outer core. The LP010 mode had an effective mode 
area of 2700μm2. Both  the  inner  and  the outer  core were doped with  erbium with  absorption of ~30dB/m  at 
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Figure 22 Structure of Chirally‐coupled‐core fiber [9]. 
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Figure 22. Structure of Chirally-coupled-core fiber [9].

The propagation of modes in the central core was affected by the coupling of modes between
the central and side cores. The fiber was designed to operate where there was no fundamental
mode coupling with modes in the side core. Higher-order modes in the central core were,
however, coupled with the side core modes at the operating wavelength. The modes in the
side core had high loss due to the tight bend from the helical arrangement. This led to high
loss for the higher-order modes in the central core which were coupled to modes in the side
core.

An ytterbium-doped CCC fiber was demonstrated in a subsequent paper [10]. The ytterbium-
doped central core had a 33μm diameter and 0.06 NA. The undoped side core had a 16μm
diameter and 0.1 NA. The helical pitch was 7.4mm and the edge-to-edge core separation was
4μm. The low index coating provided a pump NA of 0.47. The pump guide had a 250μm
diameter. The measured pump absorption was 2dB/m at 915nm. The fiber demonstrated 75%
slope efficiency at 1066nm in a laser configuration.

In a more recent paper [42], a more detailed theoretical analysis of quasi-phase-matching
(QPM) assisted by spin and orbital angular momentum was given. For two LP modes LPl1m1

and LPl2m2, QPM is achieved when

βl1m1 - βl2m2 1 + K 2R 2 - ΔmK =0 (2)
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A narrow  line width, external cavity  laser was amplified to 50mW and combined with the high‐power, single 
mode  Raman  fiber  laser  at  1480  nm  in  a  single‐mode  pump/signal  combiner.  The  output  of  the  pump/signal 
combiner was  fusion‐spliced  to  the HOM  fiber. The  length of  the amplifier  fiber after  the LPG was 2.68 m. The 
measured slope efficiency at 1564nm was 43.2%. Over 20dB of gain was demonstrated by the amplifier. 

5 Chrially‐coupled core fibers 

A Chirally‐coupled‐core  (CCC)  fiber was  first  reported  in 2007  [9]. The  fiber had  a  large  central  core  and  a 
smaller  side  core wound around  the  central  core  in a helical  fashion  (Figure 22). The preform had  two parallel 
cores and the fiber was spun during the draw to form the helical side core. In this first report, the central core had 
a diameter of 35µm and a NA of 0.07. The side core had a diameter of 12µm and NA of 0.09. Edge‐to‐edge core 
separation was 2µm. The helical pitch was 6.2mm. The fiber was measured to be single‐mode at 1550nm over a 
short  length of 25cm.  It was multimode below 1500nm. The simulation predicted LP01 mode  loss to be 0.3dB/m 
and all HOM loss to be >130dB/m for >1550nm. The fiber was also confirmed to be polarization‐maintaining. 

 
Figure 22 Structure of Chirally‐coupled‐core fiber [9]. 

The propagation of modes in the central core was affected by the coupling of modes between the central and 
side cores. The fiber was designed to operate where there was no fundamental mode coupling with modes in the 
side  core.  Higher‐order modes  in  the  central  core were,  however,  coupled with  the  side  core modes  at  the 
operating  wavelength.  The  modes  in  the  side  core  had  high  loss  due  to  the  tight  bend  from  the  helical 

Figure 22. Structure of Chirally-coupled-core fiber [9].

The propagation of modes in the central core was affected by the coupling of modes between
the central and side cores. The fiber was designed to operate where there was no fundamental
mode coupling with modes in the side core. Higher-order modes in the central core were,
however, coupled with the side core modes at the operating wavelength. The modes in the
side core had high loss due to the tight bend from the helical arrangement. This led to high
loss for the higher-order modes in the central core which were coupled to modes in the side
core.

An ytterbium-doped CCC fiber was demonstrated in a subsequent paper [10]. The ytterbium-
doped central core had a 33μm diameter and 0.06 NA. The undoped side core had a 16μm
diameter and 0.1 NA. The helical pitch was 7.4mm and the edge-to-edge core separation was
4μm. The low index coating provided a pump NA of 0.47. The pump guide had a 250μm
diameter. The measured pump absorption was 2dB/m at 915nm. The fiber demonstrated 75%
slope efficiency at 1066nm in a laser configuration.

In a more recent paper [42], a more detailed theoretical analysis of quasi-phase-matching
(QPM) assisted by spin and orbital angular momentum was given. For two LP modes LPl1m1

and LPl2m2, QPM is achieved when

βl1m1 - βl2m2 1 + K 2R 2 - ΔmK =0 (2)
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arrangement. This led to high loss for the higher‐order modes in the central core which were coupled to modes in 
the side core. 

An ytterbium‐doped CCC  fiber was demonstrated  in a subsequent paper  [10].   The ytterbium‐doped central 
core had a 33µm diameter and 0.06 NA. The undoped side core had a 16µm diameter and 0.1 NA. The helical pitch 
was 7.4mm and the edge‐to‐edge core separation was 4µm. The  low  index coating provided a pump NA of 0.47. 
The  pump  guide  had  a  250µm  diameter.  The  measured  pump  absorption  was  2dB/m  at  915nm.  The  fiber 
demonstrated 75% slope efficiency at 1066nm in a laser configuration.  

 

 

 
Figure 23 Calculation and measurement of quasi‐phase‐matching (QPM) for 1.5m‐long CCC fiber 
sample. (a) Calculated loss for side‐core LP11 and LP21 modes as a function of wavelength (top). 

(b) Calculated refractive indices of interacting modes and calculated QPM resonance positions. (c) Transmission of 
central core. (d) Simulated transmission of central core. 

In a more recent paper [42], a more detailed theoretical analysis of quasi‐phase‐matching (QPM) assisted by 
spin and orbital angular momentum was given. For two LP modes LPl1m1 and LPl2m2, QPM is achieved when 

����� � �����√� � ���� � �� � �         (2) 

where βl1m1 and βl1m2 are the respective propagation constants of the two modes; K=2π/; and  is helical pitch. 
m=l+s; l=±l1±l2; s=‐2, ‐1, 0, 1, 2. The loss versus wavelength for the LP11 and LP21 modes in the side core is 
plotted in Figure 23(a) showing high loss for these modes in certain wavelength regimes. The mode indices of the 
LP11 and LP21 modes of the side core and LP01 mode of the central core are plotted in Figure 23(b). It can be seen 
clearly that the LP11 mode and LP21 modes of the side core naturally phase‐match to the LP01 mode of the central 
core at ~1.22µm and ~0.81µm respectively. The QPM by angular momentum from the helical side core extends the 

Figure 23. Calculation and measurement of quasi-phase-matching (QPM) for 1.5m-long CCC fiber sample. (a) Calcu‐
lated loss for side-core LP11 and LP21 modes as a function of wavelength (top). (b) Calculated refractive indices of inter‐
acting modes and calculated QPM resonance positions. (c) Transmission of central core. (d) Simulated transmission of
central core.
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where βl1m1 and βl1m2 are the respective propagation constants of the two modes; K=2π/Λ; and
Λ is helical pitch. Δm=Δl+Δs; Δl=±l1±l2; Δs=-2,-1, 0, 1, 2. The loss versus wavelength for the
LP11 and LP21 modes in the side core is plotted in Figure 23(a) showing high loss for these modes
in certain wavelength regimes. The mode indices of the LP11 and LP21 modes of the side core
and LP01 mode of the central core are plotted in Figure 23(b). It can be seen clearly that the
LP11 mode and LP21 modes of the side core naturally phase-match to the LP01 mode of the central
core at ~1.22μm and ~0.81μm respectively. The QPM by angular momentum from the helical
side core extends the phase matching to a number of other wavelengths determined by
equation 2. These phase matching wavelengths are plotted in Figure 23(b) as red dotted vertical
lines for the LP11 mode of the side core and the LP01 mode of central core coupling and blue
dotted vertical lines for the LP21 mode of side core and LP01 mode of central core coupling. The
measured transmission of the central core is plotted in Figure 23(c). The analysis of the CCC
fiber can be simplified significantly in a helical coordination. The Maxwell equations keep the
same form in the new coordination system, but the tenor form of permittivity and permeability
needs to be transformed [42]. The resulting tenor does not have any z-dependence, which
significantly simplifies the analysis. The simulated loss of various modes is shown in Figure
23(d), demonstrating that the narrow peaks in the transmission arise from coupling between
the LP01 mode in the central core and the LP11 and LP21 modes in the side core.

The high loss of the LP01 mode in the central core at λ>1.3μm was not explained in the paper.
It may be due to the angular momentum assisted coupling between LP01 mode in the central
core and LP01 mode in the side core. This long wavelength cut-off has been used for the
suppression of stimulated Raman scattering in fibers [43].

The higher loss for the higher-order-modes in the central core between 1-1.1μm in Figure
23(d) was not clearly explained either. For the LP11 mode in the central core, one possible reason
for its high loss is coupling to LP21 mode of the side core through angular momentum-assisted
QPM. Recently, a 60μm core CCC fiber was also demonstrated [44].

6. Photonic bandgap fibers

The guidance of light in a defect in a photonic bandgap fiber is based on fundamentally
different principles compared to conventional optical fibers. In a conventional optical fiber,
the core has a higher refractive index than that of the cladding. Light is guided through total
internal reflection at the core-and-cladding boundary. In a photonic bandgap fiber, the
photonic crystal cladding is designed to have photonic bandgaps, where there is an absence
of modes propagating in the direction parallel to the fiber axis. Once a defect core is created
within such a photonic crystal cladding, light is trapped to propagate only in modes of the
defect core as it is forbidden to propagate in the cladding. This leads to significantly lower
waveguide loss for the modes in the defect core within the cladding photonic bandgaps. This
waveguide loss becomes zero when the photonic crystal cladding is infinite, but there is always
a finite loss for practical fibers with finite cladding. This waveguide loss can, however, be
significantly lowered by increasing the number of cladding layers.
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the core has a higher refractive index than that of the cladding. Light is guided through total
internal reflection at the core-and-cladding boundary. In a photonic bandgap fiber, the
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One unique feature of photonic bandgap fibers is that the defect core always has a lower
refractive index than that of the higher refractive index material in the cladding. This leads to
the possibility of hollow-core photonic bandgap fibers (see Figure 24, left), where light is
guided mostly in the air in the hollow-core of the fiber. These fibers have extremely low
nonlinearities and are well suited for high power laser delivery. The second type of photonic
bandgap fibers are made entirely of glass (see Figure 24, right). These all-solid photonic
bandgap fibers have a cladding which consists of a background glass and nodes of slightly
higher refractive index. The much lower refractive index contrast (typically just a few percent)
in the photonic crystal cladding of the all-solid photonic bandgap fibers still allows photonic
bandgaps for paraxial propagation. Another important feature of photonic bandgap fibers is
that their transmission is highly wavelength-dependent, i.e. low loss is possible only within
the photonic bandgaps of the photonic crystal cladding. This distributive spectral filtering
along a fiber can be very useful for range of potential applications including use in fiber lasers
at low gain regimes to minimize gain competition, the suppression of stimulated Raman
scattering, etc.

Birks et al. clearly explained the origin of the modes in the photonic crystal cladding of an all-
solid photonic bandgap fiber in [45]. The density of states (DOS) of modes in the photonic
crystal cladding is represented by the shades of grey in Figure 25 [45]. The refractive index of
the background glass is represented by the black horizontal line. It is the cut-off line for the
modes guided in the cladding nodes. The bandgap regime is represented by the red area. The
fundamental mode of the defect core is illustrated by the yellow lines. The modes in the
photonic crystal cladding clearly originate from the guided modes of the nodes, which are also
labeled at the top of the figure. Above the background index, the modes form relatively narrow
bands. Below the background index, the bands of modes significantly broaden, due to strong
coupling among nodes as a result of light becoming more spread into the background glass
below cut-off. The guidance property can be easily understood once it is recognized that there
is a simple analogue to conventional optical fibers [46]. The core index is simply the index of
the background glass and the equivalent cladding index is the upper boundary of the photonic
bandgap. The effective index of the modes in the defect core (see yellow lines in Figure 25)
falls between the core and cladding indices as in conventional optical fibers.

phase matching to a number of other wavelengths determined by equation 2. These phase matching wavelengths 
are plotted  in Figure 23(b) as  red dotted vertical  lines  for  the LP11 mode of  the side core and  the LP01 mode of 
central core coupling and blue dotted vertical  lines for the LP21 mode of side core and LP01 mode of central core 
coupling. The measured transmission of the central core is plotted in Figure 23(c). The analysis of the CCC fiber can 
be  simplified  significantly  in  a  helical  coordination.  The Maxwell  equations  keep  the  same  form  in  the  new 
coordination  system,  but  the  tenor  form  of  permittivity  and  permeability  needs  to  be  transformed  [42].  The 
resulting tenor does not have any z‐dependence, which significantly simplifies the analysis. The simulated  loss of 
various modes  is  shown  in  Figure  23(d),  demonstrating  that  the  narrow  peaks  in  the  transmission  arise  from 
coupling between the LP01 mode in the central core and the LP11 and LP21 modes in the side core.  

The high loss of the LP01 mode in the central core at >1.3µm was not explained in the paper. It may be due to 
the angular momentum assisted coupling between LP01 mode in the central core and LP01 mode in the side core. 
This long wavelength cut‐off has been used for the suppression of stimulated Raman scattering in fibers [43]. 

The  higher  loss  for  the  higher‐order‐modes  in  the  central  core  between  1‐1.1µm  in  Figure  23(d) was  not 
clearly explained either. For the LP11 mode in the central core, one possible reason for its high loss is coupling to 
LP21 mode of the side core through angular momentum‐assisted QPM. Recently, a 60µm core CCC fiber was also 
demonstrated [44].       

 6 Photonic Bandgap fibers 

The guidance of  light  in a defect  in a photonic bandgap  fiber  is based on  fundamentally different principles 
compared to conventional optical fibers. In a conventional optical fiber, the core has a higher refractive index than 
that  of  the  cladding.  Light  is  guided  through  total  internal  reflection  at  the  core‐and‐cladding  boundary.  In  a 
photonic bandgap  fiber, the photonic crystal cladding  is designed to have photonic bandgaps, where there  is an 
absence of modes propagating in the direction parallel to the fiber axis. Once a defect core is created within such a 
photonic  crystal  cladding,  light  is  trapped  to propagate only  in modes  of  the  defect  core  as  it  is  forbidden  to 
propagate in the cladding. This leads to significantly lower waveguide loss for the modes in the defect core within 
the cladding photonic bandgaps. This waveguide loss becomes zero when the photonic crystal cladding is infinite, 
but  there  is  always  a  finite  loss  for  practical  fibers with  finite  cladding.  This waveguide  loss  can,  however,  be 
significantly lowered by increasing the number of cladding layers.  

 
Figure 24 Images of a hollow‐core photonic bandgap fiber (left) and an all‐solid photonic bandgap fiber (right). 

One unique feature of photonic bandgap fibers is that the defect core always has a lower refractive index than 
that of  the higher  refractive  index material  in  the cladding. This  leads  to  the possibility of hollow‐core photonic 
bandgap fibers (see Figure 24,  left), where  light  is guided mostly  in the air  in the hollow‐core of the fiber. These 
fibers have extremely  low nonlinearities  and  are well  suited  for high power  laser delivery. The  second  type of 
photonic bandgap fibers are made entirely of glass (see Figure 24, right). These all‐solid photonic bandgap fibers 
have a cladding which consists of a background glass and nodes of slightly higher refractive index. The much lower 
refractive  index  contrast  (typically  just a  few percent)  in  the photonic  crystal  cladding of  the  all‐solid photonic 
bandgap  fibers  still  allows  photonic  bandgaps  for paraxial  propagation. Another  important  feature of photonic 
bandgap fibers  is that their transmission  is highly wavelength‐dependent,  i.e.  low  loss  is possible only within the 
photonic bandgaps of  the photonic  crystal  cladding. This distributive  spectral  filtering along a  fiber  can be very 
useful  for  range  of  potential  applications  including  use  in  fiber  lasers  at  low  gain  regimes  to minimize  gain 
competition, the suppression of stimulated Raman scattering, etc. 

Figure 24. Images of a hollow-core photonic bandgap fiber (left) and an all-solid photonic bandgap fiber (right).
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Figure 25. Plots of band structure for an example bandgap fiber. The bandgaps are shown in red. The node modes
from which the bands arise are labeled along the top. Density of states (DOS) calculated using the plane-wave method,
with light grey corresponding to high DOS. The yellow curve is the "fundamental" core-guided mode [45].

Figure 26. (a) Transmission of the 55μm core all-solid photonic bandgap fiber, (b) measured HOM contents with a S2

method in a 5m fiber coiled at 70cm diameter, and (c) measured mode images [51].

One interesting application of ytterbium-doped all-solid photonic bandgap fibers is for the
lasing of ytterbium at the long wavelength regime of 1150-1200nm [47]. It is normally difficult
to lase in ytterbium-doped fibers at these extremely long wavelengths due to strong gain
competition from the short wavelength regime of 1030-1070nm. The distributive spectral
filtering in a photonic bandgap fiber can be used to minimize gain at short wavelengths,
leading to efficient high power lasers in the extremely long wavelength regime.

In all-solid photonic bandgap fibers, a mode is guided only when it falls within the photonic
bandgap of the cladding lattice. Guidance can therefore be highly mode-dependent. This
provides great potential for creating designs that support only the fundamental mode, i.e.
selective mode guidance. Mode area scaling to 20μm mode field diameter using all-solid
photonic bandgap fibers was reported in [48]. Recently, all-solid photonic bandgap fibers with
up to ~700μm2 effective mode area have been demonstrated operating in the first bandgap [49,
50]. More recently, a fiber with a core diameter of ~55μm and an effective mode area of
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920μm2 at coil diameter of 50cm was demonstrated (see right figure in Figure 24). The fiber
operates in the third bandgap with transmission shown in Figure 24(6). At 70cm coil diameter,
a 5m fiber showed HOM contents below 25dB (see Figure 26(b) and (c)). At the design coil
diameter of 50cm, HOM content was below-30dB [51].

Figure 27. (a) Ytterbium-doped ~50μm core all-solid photonic bandgap fiber, (b) Laser efficiency, (c) M2 measurement
and (d) mode at various wavelengths across the bandgap [52].

Recently, an ytterbium-doped all-solid photonic bandgap fiber with ~50μm core diameter has
also been demonstrated (Figure 27(a)) [52]. The fiber demonstrated high efficiency and
excellent mode quality (see Figure 27(b) and (c)). The fiber also demonstrated robust single-
mode behavior near the short wavelength edge of the bandgap by monitoring the output when
moving away from the optimum launch condition (see Figure 27(d)). This is exactly expected
from the dispersive nature of the photonic bandgap cladding.

7. Conclusions

In this chapter, we have briefly introduced a number of emerging fiber technologies for mode
area scaling for fiber lasers. These new technologies are critical for the further power scaling
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of fiber lasers. The basic principles of these technologies were introduced and the latest
developments were discussed. This is still a very active area of research. With further devel‐
opment, there is great potential to significantly improve throughput and expand the capabil‐
ities of fiber lasers for use in manufacturing, as well as to meet future defense needs.
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of fiber lasers. The basic principles of these technologies were introduced and the latest
developments were discussed. This is still a very active area of research. With further devel‐
opment, there is great potential to significantly improve throughput and expand the capabil‐
ities of fiber lasers for use in manufacturing, as well as to meet future defense needs.
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Chapter 8

The Influence of Nonlinear Effects Upon Oscillation
Regimes of Erbium-Doped Fiber Lasers

Y.O. Barmenkov and A.V. Kir’yanov

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59146

1. Introduction

Erbium-doped fiber lasers (EDFLs) are contemporary sources of coherent radiation, attractive
for numerous applications requiring both continuous-wave (CW) and pulsed operations,
among which telecommunications in a wide wavelength range covering C and L bands ought
to be emphasized. Pulsed operation, presenting big interest for practice, is attained in EDFLs
by means of standard active and passive Q-switching and mode-locking techniques, capable
of enforcing a laser to generate short pulses with durations ranged from hundreds fs to
hundreds ns [1]. In the meantime, transients to CW lasing and a laser’s relaxation frequency
are also of close attention, e.g. when targeting the sensor applications [2, 3]. The detailed
knowledge of the processes involved in Erbium-doped fibers (EDFs) to be used, when
pumped, as a laser or amplifying medium in each of the referred regimes cannot be overesti‐
mated. The present work is a review of some of the most featuring nonlinear-optical effects
that affect the oscillation regimes of EDFLs.

In spite of certain advantages (availability at the market, low cost, and easiness of handling),
EDFLs demonstrate considerably lower efficiency as compared to the lasers based on Ytterbi‐
um-doped fibers. The basic cause is the multi-level energy scheme of Er3+ ions, which makes
unavoidable absorption of photons at both the pump and laser wavelengths by the ions being
at upper Er3+ levels, i.e. the “excited-state absorption” (ESA) [4, 5], including the state where
1.5-μm laser transition stems from. In other words, ESA presents a kind of “up-conversion”
(UC) loss inherent to EDF; see section 2.

Another, nonlinear in nature, source of UC loss in EDFs and EDFLs on their base relates to so-
called “collective” (concentration-related) effects arising in Er3+ ion pairs and in more compli‐
cate clusters (percentage of which grows with Er3+ concentration) [6]; see section 3. Appearance
of the latter phenomenon is also associated with the multi-level energy scheme of Er3+ ions.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.



Eventually, the cases of low-and heavily-doped EDFs are to be carefully segregated and
properly addressed if one looks for optimization of an EDFL.

One more kind of optical nonlinearity that arises in actively Q-switched (AQS) EDFLs is
stimulated Brillouin scattering (SBS). Depending of the EDF length and Q-cell’s modulation
frequency EDFLs may operate in one of the two QS regimes: either in the “conventional” QS
(CQS) one in which QS pulses are composed of several sub-pulses separated by a photon’s
round-trip time (with negligible pulse jitter) [7, 8], or in the essentially stochastic SBS-induced
QS (SBS-QS) one where pulse amplitude is bigger by an order of value as compared with CQS
but where pulses suffer severe jitter [9]. The results of an experimental study of the basins the
CQS and SBS-QS regimes belong to and the basic spectral features of these regimes are
discussed in section 4.

In section 5, the review’s conclusions are formulated.

2. ESA in EDF at the pump and laser wavelengths

In this section, we report a study aiming at determination of the ESA’s spectral depend‐
ence in EDF, covering the most important for applications spectral range, 1.48...1.59 μm,
and at ~978 nm, the wavelength that usually is used for pumping EDFs by laser diodes
(LDs). In the experiments discussed hereafter a low-doped silica EDF (Thorlabs M5-970-125,
∼300 ppm of Er3+  concentration,  Al-Ge-silicate host  composition,  NA=0.24,  cut-off  wave‐
length – 0.94 μm) was chosen to avoid possible effect of UC (observed in heavily-doped
EDFs;  see  section  3).  [This  fiber  belongs  to  M-series  (fabricated  through  the  modified
chemical  vapor  deposition (MCVD) process),  to  be  under  scope in  section 3  where  Er3+

concentration effects are treated; “M5” signifies that small-signal absorption peaked at 978
nm  is  5  dB/m.]  The  measurements  were  completed  by  modeling,  a  necessary  chain  in
interpretation  of  the  experimental  results.  The  developed  modeling  also  provides  an
estimate  for  the  so-called  ESA  parameter,  obtained  at  both  pump  and  laser  (signal)
wavelengths,  and  thereafter  allows  determination  of  the  EDF’s  net-gain  coefficient,
“deliberated” from the ESA interfere.

Figure 1 shows the fife level Er3+ ion energy scheme upon excitation at the pump (λp ≈980
nm) and signal (λs ≈1.5 μm) wavelengths, useful for the discussion presented in this section.

The equations that describe functioning of the Er3+ system, in accord to the scheme shown in
Figure 1, at excitation at sole or at both excitation wavelengths (λs and/or λp) in the steady-state
are written as follows:

12 21 24 32
1 2 2

21 32

0s s s
n n n t t

- - - + =s s s

s s s

I I I NNN N N
h h h (1)
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Figure 1 shows the fife level Er3+ ion energy scheme upon excitation at the pump (λp ≈980
nm) and signal (λs ≈1.5 μm) wavelengths, useful for the discussion presented in this section.

The equations that describe functioning of the Er3+ system, in accord to the scheme shown in
Figure 1, at excitation at sole or at both excitation wavelengths (λs and/or λp) in the steady-state
are written as follows:
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Figure 1. Fife-level scheme of Er3+ ion used in modeling. GSA and ESA indicate the ground-state and excited-state ab‐
sorptions, UCE marks the up-conversion emission transitions (weak but detectable), σij and τij are, respectively, the
cross-sections and decay times for the transitions between the levels i and j. Three closely-spaced energy levels 4S3/2,
2H11/2, and 4F7/2 are regarded as an effective level "5".
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where N0 is Er3+ concentration in the EDF core, Ni are the populations of the correspondent
Er3+ levels (i=1 to 5), h is Plank constant, νp and νs are the frequencies of the pump and signal
waves, and Is and Ip are the pump and signal waves’ intensities. The Er3+ parameters’ values
used in modeling are listed in Table 1.
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Parameter Value Units

Low-signal absorption at 1531 nm (experimental data) αs0 = 0.016 cm-1

Low-signal absorption at 977 nm (experimental data) αp0 = 0.012 cm-1

Relaxation time for 4I13/2 → 4I15/2 transition [10] τ21 = 10 ms

Relaxation time for 4I11/2 → 4I13/2 transition[11] τ32 = 5.2 μs

Relaxation time for 4I9/2 → 4I11/2 transition [12] τ43 = 5 ns

Relaxation time for (4F7/2/2H11/2/4S3/2) → 4I9/2 transition [13] τ54 = 1 μs

Cross-section of 4I15/2 → 4I13/2 transition @ 1531 nm [14] σ12 = 5.1×10-21 cm2

Cross-section of 4I15/2 → 4I11/2 transition @ 977 nm [14] σ13 = 1.7×10-21 cm2

Table 1. EDF “M5” / Er3+ parameters used in modeling

2.1. Spectral features of ESA in low-doped EDF within the 1.48 to 1.59-µm range

The first experiment serves to reveal the existence of the ESA process in the EDF at pumping
through 4I15/2→4I13/2 transition, refer to Figure 1. The UC emission (UCE) spectra were recorded
in the wavelengths range near 980 nm (4I11/2→4I15/2 transition). The pump source was a 12-mW
narrow-line LD (Anritsu Tunics Plus SC), tunable through the spectral interval, λs=1.48...1.59
μm. Experimentally, light from the LD was launched into the EDF (length, 1 m) through a
standard 980-nm / 1550-nm wavelength division multiplexer (WDM) while de-multiplexed
backward emission from the EDF was registered by an optical spectrum analyzer (OSA, Ando
AQ6315A). The recorded UCE spectra, at 10-mW in-fiber power and for four different excita‐
tion wavelengths λs, are shown in Figure 2(a). It is seen that UCE power depends on λs and
that the maximal UCE signal spectrally matches the peak wavelength of the Er3+ ground-state
absorption (GSA) contour. The appearance of the UCE spectra at λp ~980 nm is very similar to
that of 4I11/2→4I15/2 emission, thus testifying for effective populating of Er3+ 4 I11/2 state at pumping
the EDF at λs=1.48...1.59 μm and so for the presence of the ESA process (4I13/2→4I9/2), followed
by fast non-radiative (4I9/2→4I11/2) relaxation. Note that no UCE spectral components in the range
below 960 nm were detected.

The second experiment, allowing us to reveal the spectral dependence of ESA, was arranged
through measurement of the integral lateral emission power collected from the EDF’s lateral
surface, using a Si photo-detector directly placed above the fiber. Given Si is sensitive from the
visible to near-IR (Si band-gap wavelength is ∼1.1 μm), the Si photo-detector (PD) does register
the UCE signal (centered at ∼980 nm) and does not the spontaneous emission (SE) from level
4I13/2 (∼1.5 μm); a scattered pump-light component was found to be extremely weak. The results
obtained at various pump powers are shown in Figure 2(b) (see curves 1–3). For comparison,
we also plot in this figure (by curve 4) the integrated backward UCE power measured using
OSA (from a 10-cm EDF sample). It is seen that the spectral dependence of the UCE signal is
similar to the one of ESA power on the excitation wavelength. In fact, the shape of the presented
dependencies is established by a convolution of the known GSA and yet unknown ESA spectra
of Er3+ (notice that the latter depends on Er3+ ions population inversion).
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the EDF at λs=1.48...1.59 μm and so for the presence of the ESA process (4I13/2→4I9/2), followed
by fast non-radiative (4I9/2→4I11/2) relaxation. Note that no UCE spectral components in the range
below 960 nm were detected.

The second experiment, allowing us to reveal the spectral dependence of ESA, was arranged
through measurement of the integral lateral emission power collected from the EDF’s lateral
surface, using a Si photo-detector directly placed above the fiber. Given Si is sensitive from the
visible to near-IR (Si band-gap wavelength is ∼1.1 μm), the Si photo-detector (PD) does register
the UCE signal (centered at ∼980 nm) and does not the spontaneous emission (SE) from level
4I13/2 (∼1.5 μm); a scattered pump-light component was found to be extremely weak. The results
obtained at various pump powers are shown in Figure 2(b) (see curves 1–3). For comparison,
we also plot in this figure (by curve 4) the integrated backward UCE power measured using
OSA (from a 10-cm EDF sample). It is seen that the spectral dependence of the UCE signal is
similar to the one of ESA power on the excitation wavelength. In fact, the shape of the presented
dependencies is established by a convolution of the known GSA and yet unknown ESA spectra
of Er3+ (notice that the latter depends on Er3+ ions population inversion).
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Figure 2. (a) UCE spectra at λs ∼1.5-μm excitation. (b) Dependencies of PD signal (circles, left scale, curves 1 to 3) and
normalized frontal UCE power (stars, right scale, curve 4) on excitation wavelength. Curves 1, 2, and 3 correspond to
pump powers of 1, 5, and 10 mW; curve 4 is for 10-mW pump.

Considering the simplified Er3+ ion’s model and the processes involved at excitation at λs ~1.5
μm (see Figure 1 and formulas (1-5)), we obtain simple formula for the normalized population
of 4I11/2 state, n3=N3/N0 [11]:
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where εs=σ24/σ12 is the ESA parameter at signal wavelength, γs=τ42/τ21 ≈ τ32/τ21 (τ43 ≈5 ns is
neglected in simulations given its smallness respectively the other decay times), ξs=1+σ21/σ12 is
the spontaneous emission (SE) parameter at the signal wavelength, and ss=Is / Is
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the saturation parameter for signal wave (with Is being the signal wave intensity, Is
sat  =hνs/σ12τ21

the saturation intensity, Ps = AsIs, Ps
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sat  the signal wave power and saturation

power, respectively, and As the area of the Gaussian distribution of the signal wave in the EDF
core). Notice that since εsγsss << ξs (γs ≈7×10-4 and εs ≤ 0.6, see below), the term with a second
power on s in the denominator of (6) is omitted in further calculus. From formula (6), we find
the normalized population n3 averaged over the fiber core area if the pump wave intensity is
taken to obey the Gaussian law, ss(r)=ss0exp[–2(r/ws)2]:
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where ss0 is the on-axis saturation parameter that depends on the pump power, Ps, as Ps=Is
sat

ss0(πws
2/2), a is the EDF core radius, ws is the modal radius of the Gaussian wave, and Γs is the

mode’s to fiber core’s radii overlap factor at λs. The parameter ξs comprises the ESA parameter
εs, the measured EDF low-signal absorption coefficient αs0=Γsσ12N0, and the full-saturated fiber
gain gs=Γsσ21N0 – Γsσ24N0=gs0 – εsαs0 (gs0 is the EDF net gain at λs):
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Apparently, UCE power depends on n3 that in turns depends on εs. It is worth wising that the
latter can be easily found from the UCE lateral signal, registered using PD (see Figure 2(b)).
The results of calculation of the ESA parameters are plotted in Figure 3(a) by filled symbols
(left scale), where the εs-spectrum is normalized on the GSA peak value (at λs=1.531 μm). It is
seen that the ESA parameter weakly depends on λs within the spectral interval 1.48 μm to 1.55
μm whilst it sharply grows as λs approaches ∼1.6 μm; this behavior reminiscences the trend
reported in [15].

The method to find the absolute values of the ESA parameter εs is based on the measurements
of the EDF’s transmission coefficient T(λs, Ps), i.e. in function of excitation power, and subse‐
quent comparison of the experimental dependencies with the simulated ones, obtained after
integrating, through the fiber length, of the saturation parameter ss0(z), with the latter being
obtained from the equation for the excitation wave propagating in the fiber (z is the direction
of light propagation) (see [11]):
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Note that the contribution of amplified SE (ASE) to the output spectra was as low as 0.1–1.9%
respectively to the overall transmitted power, provided a short (50 cm) EDF piece has been
used.

The results of fitting of the experimental EDF transmission curves within the interval 1.48...1.59
μm are shown in Figure 3(a) by asterisks (see right scale). It is evident that these results, as the
ones regarding the UCE experiments, almost coincide. The solid curve shown in this figure is
the best fit of the experimental data by the polynomial regression.

The knowledge of the εs-spectrum for the 1.48...1.59 μm band allows one to find the spectral
dependence of the net-gain coefficient gs0 in the EDF, which is the real gain in the fiber, in
contrast to the gain coefficient gs, the quantity commonly but uncritically dealt with in
experiments and simulations with EDF and EDFL13: In fact gs0 is diminished by the ESA
parameter’s value. Figure 3(b) demonstrates the spectral dependences of the three coefficients
(gs0, gs, and αs0), where the spectra for gs and αs0 were measured using standard methods (see
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ones regarding the UCE experiments, almost coincide. The solid curve shown in this figure is
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The knowledge of the εs-spectrum for the 1.48...1.59 μm band allows one to find the spectral
dependence of the net-gain coefficient gs0 in the EDF, which is the real gain in the fiber, in
contrast to the gain coefficient gs, the quantity commonly but uncritically dealt with in
experiments and simulations with EDF and EDFL13: In fact gs0 is diminished by the ESA
parameter’s value. Figure 3(b) demonstrates the spectral dependences of the three coefficients
(gs0, gs, and αs0), where the spectra for gs and αs0 were measured using standard methods (see
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e.g. Ref. 7) and the spectrum for gs0 was calculated using the gs-and αs0-spectra and the fitted
εs-spectrum, taken from Figure 3(b). Worth noticing, the data obtained above are universal for
any silica-based EDF weakly doped with Er3+, where the “concentration” effects (to be
discussed in section 3) are negligible.

2.2. ESA in low-doped EDF at 977 nm

We report here the results of a study of the other ESA process, 4I11/2→4F7/2 (see Figure 1), which
takes the place when EDF is excited simultaneously at the two GSA wavelengths: λp ∼977 nm
(through 4I15/2→4I11/2 transition) and λs ∼1531 nm (through 4I15/2→4I13/2 transition), a situation
normally encountered in a diode-pumped (at λp∼980 nm) EDFL or EDF-based amplifier
(EDFA). Upon simultaneous excitation of EDF at these two wavelengths, population of 4I11/2

state increases, resulting in significant growth of the pump-induced ESA loss (when 4I11/2→4F7/2

transition gets “switched on”, see Figure 1). On the contrary, without the presence of a signal
wave in the fiber, almost all ions will be at the upper laser level 4I13/2, which leads to a lower
absorption at λp.

The first experiment was focused on the demonstration of the presence of “pump-ESA”, when
EDF is pumped simultaneously at λp=977 nm and at λs=1531 nm. It was aimed to reveal of
whether UCE is observed (through transitions 2H11/2→4I15/2 and 4S3/2→4I15/2 “5”→”3”, see Figure
1), as following the ESA process at λp. Experimentally, an EDF piece was pumped, using 980
nm / 1550 nm WDM supporting up to 1 W of optical power, by the pump and signal beams
from the same EDF’s side. These beams were delivered from a standard fibered LD (λp=977
nm) and from another semiconductor laser with wavelength λs=1531 nm, followed by an
EDFA. Figure 4 presents two photographs of lateral emission from the EDF sample when the
fiber was pumped, respectively, (i) solely at wavelength λp (Figure 4(a)) and (ii) simultaneously
at wavelengths λp and λs (Figure 4(b)); the incidence pump and signal powers were Pp=Ps=260

Figure 3. (a) ESA parameter εs calculated from the measurements of PD signal (filled symbols) and the ones of the EDF
transmission coefficient (stars); solid line is the best polynomial fit. (b) Spectral dependencies of the EDF’s small-signal
absorption coefficient αs0, full-saturated gain coefficient gs, and net-gain coefficient gs0.
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mW. One can readily see bright UCE (in the green spectral range, ~520–560 nm) when the EDF
is pumped at both the wavelengths, and very weak UCE when it is pumped at λp only.

coefficients (gs0, gs, and s0), where the spectra for gs and s0 were measured using 
standard methods (see e.g. Ref. 7) and the spectrum for gs0 was calculated using the gs-
and s0-spectra and the fitted s-spectrum, taken from Figure 3(b). Worth noticing, the data 
obtained above are universal for any silica-based EDF weakly doped with Er3+, where the 
“concentration” effects (to be discussed in section 3) are negligible.

2.2. ESA in low-doped EDF at 977 nm 

We report here the results of a study of the other ESA process, 4I11/2
4F7/2 (see Figure 1), 

which takes the place when EDF is excited simultaneously at the two GSA wavelengths: p

977 nm (through 4I15/2
4I11/2 transition) and s 1531 nm (through 4I15/2

4I13/2 transition), a 
situation normally encountered in a diode-pumped (at p980 nm) EDFL or EDF-based 
amplifier (EDFA). Upon simultaneous excitation of EDF at these two wavelengths, 
population of 4I11/2 state increases, resulting in significant growth of the pump-induced ESA 
loss (when 4I11/2

4F7/2 transition gets “switched on”, see Figure 1). On the contrary, without 
the presence of a signal wave in the fiber, almost all ions will be at the upper laser level 
4I13/2, which leads to a lower absorption at p.

The first experiment was focused on the demonstration of the presence of “pump-ESA”, 
when EDF is pumped simultaneously at p = 977 nm and at s = 1531 nm. It was aimed to 
reveal of whether UCE is observed (through transitions 2H11/2

4I15/2 and 4S3/2
4I15/2

“5””3”, see Figure 1), as following the ESA process at p. Experimentally, an EDF piece 
was pumped, using 980 nm / 1550 nm WDM supporting up to 1 W of optical power, by the 
pump and signal beams from the same EDF’s side. These beams were delivered from a 
standard fibered LD (p=977 nm) and from another semiconductor laser with wavelength 
s=1531 nm, followed by an EDFA. Figure 4 presents two photographs of lateral emission 
from the EDF sample when the fiber was pumped, respectively, (i) solely at wavelength p

(Figure 4(a)) and (ii) simultaneously at wavelengths p and s (Figure 4(b)); the incidence 
pump and signal powers were Pp = Ps = 260 mW. One can readily see bright UCE (in the 
green spectral range, ~520–560 nm) when the EDF is pumped at both the wavelengths, 
and very weak UCE when it is pumped at p only. 

Figure 4. (a) and (b) Photographs of ~520/~545 nm UCE obtained from the EDF’s surface at in-core 
excitation (a) only at p = 977 nm and (b) simultaneously at p = 977 nm and s = 1531 nm. (c) Frontal 
UCE spectra recorded from a 5-cm EDF sample at in-core excitation at pump wavelength (Pp = 260 
mW) and variable signal powers (Ps = 0, 25, and 260 mW). 

The UCE spectra, obtained using a 5-cm EDF sample, are shown in Figure 4(c). The 
spectra were recorded for three signal powers (0, 25, and 260 mW) while fixed pump power 
(260 mW). One can see from the figure that even low-power (25 mW) signal radiation 
tremendously enhances UCE (compare curves 1 and 2) and that at further increasing signal 

Figure 4. (a) and (b) Photographs of ~520/~545 nm UCE obtained from the EDF’s surface at in-core excitation (a) only at
λp=977 nm and (b) simultaneously at λp=977 nm and λs=1531 nm. (c) Frontal UCE spectra recorded from a 5-cm EDF
sample at in-core excitation at pump wavelength (Pp=260 mW) and variable signal powers (Ps=0,25, and 260 mW).

The UCE spectra, obtained using a 5-cm EDF sample, are shown in Figure 4(c). The spectra
were recorded for three signal powers (0, 25, and 260 mW) while fixed pump power (260 mW).
One can see from the figure that even low-power (25 mW) signal radiation tremendously
enhances UCE (compare curves 1 and 2) and that at further increasing signal power, up to
Ps=260 mW, growth of the UCE power becomes slower, demonstrating a saturating behavior
(compare curves 2 and 3). Thus, the signal at 1531 nm “ignites” the ESA process at λp and
thereby increases the number of Er3+ ions in the ground state, resulting in an increase of the
pump-light absorption. Consequently, there will be a non-negligible population of Er3+ ions
on 4I11/2 level and, as the fact of matter, a more effective ESA process at the pump wavelength,
seen as growth of pump-induced loss.

Figure 5 shows the dependence of “green” UCE signal (transition “5”→”3”, see Figure 1),
detected from the EDF, on powers of pump and signal radiations launched into the fiber (in
this case, again, the pump power was kept fixed, Pp=260 mW, and the signal power was varied,
Ps=0...290 mW). Experimentally, lateral UCE power PUCE(Ps) was measured using a photo-
multiplier with a cesium cathode from a short section (∼1 mm) of the EDF near its splice with
WDM. It is seen that the UCE’s behavior demonstrates the already noticed aspects: At very
low signal power UCE is extremely weak, whilst upon its increase UCE first strongly enhances
and then gets saturated.

Since UCE power is proportional to population of the 5th level of Er3+ ions, the experimental
data can be fitted well by a simulated curve of normalized population inversion n5=N5/N0 (N5

is the population of the 5th Er3+ ion’s level) averaged over the fiber core area, which confirms
the theory we built. Considering that both the excitation waves (at 977 nm and at 1531 nm)
have Gaussian spatial distributions, one can obtain from the steady-state rate equations for the
Er3+ ion (formulas 1-5) the following expression for the averaged population n̄5:
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The UCE spectra, obtained using a 5-cm EDF sample, are shown in Figure 4(c). The spectra
were recorded for three signal powers (0, 25, and 260 mW) while fixed pump power (260 mW).
One can see from the figure that even low-power (25 mW) signal radiation tremendously
enhances UCE (compare curves 1 and 2) and that at further increasing signal power, up to
Ps=260 mW, growth of the UCE power becomes slower, demonstrating a saturating behavior
(compare curves 2 and 3). Thus, the signal at 1531 nm “ignites” the ESA process at λp and
thereby increases the number of Er3+ ions in the ground state, resulting in an increase of the
pump-light absorption. Consequently, there will be a non-negligible population of Er3+ ions
on 4I11/2 level and, as the fact of matter, a more effective ESA process at the pump wavelength,
seen as growth of pump-induced loss.

Figure 5 shows the dependence of “green” UCE signal (transition “5”→”3”, see Figure 1),
detected from the EDF, on powers of pump and signal radiations launched into the fiber (in
this case, again, the pump power was kept fixed, Pp=260 mW, and the signal power was varied,
Ps=0...290 mW). Experimentally, lateral UCE power PUCE(Ps) was measured using a photo-
multiplier with a cesium cathode from a short section (∼1 mm) of the EDF near its splice with
WDM. It is seen that the UCE’s behavior demonstrates the already noticed aspects: At very
low signal power UCE is extremely weak, whilst upon its increase UCE first strongly enhances
and then gets saturated.

Since UCE power is proportional to population of the 5th level of Er3+ ions, the experimental
data can be fitted well by a simulated curve of normalized population inversion n5=N5/N0 (N5

is the population of the 5th Er3+ ion’s level) averaged over the fiber core area, which confirms
the theory we built. Considering that both the excitation waves (at 977 nm and at 1531 nm)
have Gaussian spatial distributions, one can obtain from the steady-state rate equations for the
Er3+ ion (formulas 1-5) the following expression for the averaged population n̄5:
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n̄5 =
εpγ2

a 2 ∫
0

a 1 - n1(r ) - n2(r )
1 + εpγ2s p(r ) sp(r)2rdr (10)

where the normalized populations n1(r) and n2(r) are taken from [16] (found from the same set
of rate equations for the Er3+ ion); εp=σ35/σ13 is the ESA parameter at λp, γp=τ53/τ31 (with τ53 ≈ τ54

≈1 μs and τ31 ≈ τ21 ≈10 ms, see Table 1), and sp= I p / I p
sat  is the saturation parameter at the pump

wavelength (Ip is the pump intensity, I p
sat  =hνp/σ13τ21, and hνp is the quanta energy at λp). As

seen from Figure 5, the simulated curve for population of the 5th level ( n̄5) fits well the

experimental data, thus confirming correctness of the theory.

We found that the best way to find the ESA parameter at the pump wavelength, λp=977 nm,
is to measure the EDF’s nonlinear transmission coefficient at the pump wavelength in function
of signal power, Tp(Ps), and then compare this data with the simulated ones, obtained from the
steady-state rate equations (formulas 1-5) for the fife level Er3+ energy diagram (see Figure 1).
Considering the Gaussian radial intensity distributions for the pump and signal waves, the
equations describing Tp(Ps) at fixed pump power (Pp=260 mW in our case) take the form [16]:

d P p(z)
dz = -

4αp0

Γ pwp
2 ∫

0

a
n1(r ,  z) - (ξp - εp)n3(r ,  z) exp -2( r

w p
)2 rdr + αBG Pp(z) (11)

d Ps(z)
dz =

4αs0

Γsws
2 ∫

0

a
(ξs - εs)n2(r ,  z) - n1(r ,  z) exp -2( r

ws
)2 rdr - αBG Ps(z) (12)

Figure 5. Dependence of UCE power on signal power (left scale): Circles and rhombs correspond to two different ex‐
perimental series; plain curve is a theoretical fit of normalized inversion of the 5th Er3+ level (right scale).
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where αp0 is the small-signal EDF absorption and Γp is the pump wave to fiber core overlap
factor, both at the pump wavelength, αBG is the small background EDF loss (~3 dB/km for the
EDF used), wp is the radius of the Gaussian distribution of pump wave, and ξp=1+σ31/σ13 is the
SE parameter at the pump wavelength. The normalized populations of Er3+ levels n1, n2, and
n3 are found from the rate equations for the Er3+ ion (the routine is not discussed here because
of its completeness; refer for details to [16]).

Actually, the coefficient adjacent to Pp from the left side (Equation (11)) is the EDF absorption
coefficient at the pump wavelength, whereas the one adjacent to Ps from the left side (Equation
(12)) is the EDF gain at the signal wavelength; both the coefficients depend on the pump and
the signal powers. It is worth of mentioning that the set of equations (11) and (12), added by
the corresponding boundary conditions, can be also used for modeling a CW EDFL.

Figure 6 shows the EDF transmissions measured for three different EDF lengths along with
the best fits obtained using equations (7) at varying εp and ξp (and as the result their most
relevant values found to be: εs=0.17 and ξs=1.08, both at 1531 nm). As seen from the figure, the
best fitting of the experimental EDF transmission at the pump wavelength is provided at
εp=0.95 and ξp=1.08. Thus, the ESA cross-section at the pump wavelength is strong enough
(being less than the GSA one only slightly), which ought to affect (decrease) an EDFL’s
efficiency via the pump-induced loss distributed along the active fiber.

Figure 6. Experimental (symbols) and theoretical (curves) dependencies of pump (λp=977 nm) wave’s transmission co‐
efficient on signal (λs=1531 nm) wave’s power; the data are obtained for three different EDF lengths (indicated in the
inset). Theoretical curves are the best fits to the experimental data obtained at εp=0.95 and ξp=1.08.
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2.3. Effect of ESA in EDF upon efficiency of CW EDFL.

We discuss hereafter the results of a theoretical study of influence of ESA inherent in Er3+ ions
upon efficiency of an EDFL assembled in the linear (Fabry-Perot) configuration. The laser setup
we shall deal with at modeling is shown in Figure 7. The low-doped EDF discussed above was
considered to be an active medium and two fiber Bragg Gratings (FBGs) – to form selective
couplers of the cavity, both centered at λs=1550 nm, the laser (signal) wavelength. The EDF
length was chosen to be 4 m whereas the EDFL cavity length Lc, including the EDF piece and
FBGs' tails, to be 6 m. Pump power on the EDF input was fixed in modeling at 200 mW.

Figure 7. Sketch of the EDFL’s geometry: Ps
+and Ps

- are the laser (signal) waves' powers propagating in the positive
(+) and negative (-) z direction, respectively; Pp is the pump power propagating in the positive z direction; t1 and t2 are
the transmissions on the fibers’ splices.

We imply (see Figure 7) that the pump wave at 977 nm (absorption peak of 4I15/2→4I11/2 transition,
see Figure 1) propagates rightward while the laser waves – rightward (marked by "+" super‐
script) and leftward (marked by "–" superscript), respectively. In the scheme, FBG1 plays the
role of a rear 100% reflector (reflection R1=1), transparent for the pump wave, whereas FBG2
forms an output coupler with reflection R2 varied for optimizing the laser efficiency. To
decrease loss on the fiber splices, both FBGs were considered to be written in a photosensitive
fiber with waveguide parameters similar to the EDF’s ones. At the laser wavelength the low-
signal EDF absorption αs0 was taken to be 0.0069 cm-1, according to [17].

The laser is simulated by applying the two contra-propagating laser waves' model discussed
in details in [17] with taking into account Gaussian distributions of the laser and pump waves.
In this model, the pump wave is described by equation (11) and the signal waves – by equation
(12) with a small modification being that powers of the two contra-propagating signal waves
are assumed to be governed by the equation:

d Ps
±(z)

dz = ±
4αs0

Γsws
2 ∫

0

a
(ξs - εs)n2(r ,  z) - n1(r ,  z) exp -2( r

ws
)2 rdr ∓ αBG Ps

±(z) (13)
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In equation (13) the superscripts "s" stand for the laser wavelength (1550 nm). The model
includes also the two contra-propagating waves of SE (not shown in Figure 7) spectrally
centered at λse=1531 nm (this wavelength corresponds to the GSA peak of 4I15/2→4I13/2 transition),
powers of which obey the equation:

d Pse
±(z)

dz = ± gse(z)Pse
±(z) ∓ Ω

4π
αse0Pse

sat

Γse
∫0

an2(r ,  z)2rdr (14)

where the second term on the right side is the SE power generated by a short fiber section dz,
αse0=0.016 cm-1 is the low-signal absorption at λse, Pse

sat  is the saturation power at 1531 nm, Γse is
the overlap factor for the SE waves, Ω=πNA/n2 is the fraction of SE photons guided by the EDF
core in each direction, and n is the modal refractive index at λse. The EDF gain at λse is written
as

gse(z)=
4αse0

Γsewse
2 ∫

0

a
(ξse - εse)n2(r ,  z) - n1(r ,  z) exp -2( r

wse
)2 rdr - αBG (15)

The boundary conditions are written as:

Pp(z =0,  t)= Pp0 (16)

Ps
+(z =0,  t)= Ps

-(z =0,  t)R1t1
2 (17)

Ps
-(z = L c,  t)= Ps

+(z = L c,  t)R2t2
2 (18)

Pse
+(z =0,  t)= Pse

- (z = L c,  t)=0 (19)

Ps
out(t)= Ps

+(z = L c,  t)(1 - R2)t2 =0 (20)

where Pp0 is the pump power at the EDF input and Ps
out  is the EDFL output power. To simplify

calculations, we considered that t1=t2=0 (i.e. no loss on the fiber splices).

The EDFL’s efficiency as a function of FBG2’s reflectivity R2, simulated using the laser model
described above, is depicted in Figure 8(a). The EDFL was modeled for four different “ver‐
sions” of the energy level system: Without considering all the ESA transitions (curve 1); with
considering the pump ESA only (curve 2) and the signal ESA only (curve 3); with considering
all the ESA transitions (curve 4).

The first important observation is that the optimal reflection of output FBG2, at which EDFL
demonstrates the maximal efficiency, is drastically decreased when the ESA transitions are
accounted for. For instance, the optimal reflection of FBG2 is ≈66% when only the EDF
background loss (3.1 dB/km, see Table 1) is present (curve 1), whereas it is ≈11% when all kinds
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of the ESA loss are accounted for (curve 4). The other important fact is that the range of FBG2’s
reflections, in which the output laser power varies within 10% (with respect to its maximum
value if all the ESA transitions are considered), is relatively broad: ~2.5% to ~34%. At the
optimal FBG2’s reflectivity (R2=11%) the laser efficiency reaches ~34% (implying all fiber splices
are made lossless).

The fractions of pump and signal photons spent on the ESA transitions with respect to the
absorbed by EDF pump photons are shown in Figure 8(b). It is seen that the contribution of
the signal ESA loss is bigger when FBG2’s reflection is bigger (curve 2). Furthermore, if
reflection of the output coupler approaches 100%, the absorbed pump power is spent entirely
on the ESA transitions (see curves 2 and 3) and no photons at the laser output are produced
(see curve 1). At optimal FBG2’s reflectivity (≈11%), about 23% of absorbed pump photons are
spent on ESA at the laser wavelength and about 9.5% on ESA at the pump wavelength. Note
that the sum of the relative photon numbers, as can be revealed from curves 1, 2 and 3, is
approximately equal to 1 in the whole range of FBG2’s reflections.

The reader is advised here to refer to [18] for comparison of the developed theory with some
of the experimental data on laser efficiency of EDFLs based on the EDF of M-type with
relatively high Er3+ concentrations.

Finally, we conclude that the ESA processes at the laser and pump wavelengths strongly affect
an EDFL’s efficiency and output coupler’s optimal reflectivity, at which the laser output power
is maximal.

3. Er3+ concentration effects in EDF

In this part, we shall discuss the Er3+ concentration effects in EDFs resulting in a reduced
efficiency of EDF based lasers and amplifiers, which is associated with the phenomenon of

Figure 8. (a) EDFL output power and (b) fractions of the absorbed pump photons spent on the laser output (quantum
efficiency) as functions of output (FBG2) reflectivity, R2. The designations of curves 1 to 4 are given in the text. The
small fraction of pump photons spent at the background loss and the ASE contribution are not shown.
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Er3+ ions’ clustering that leads, in turn, to non-saturable absorption (NSA) through inhomo‐
geneous up-conversion (IUC).

For our experiments we selected the most representative commercial EDFs fabricated through
the MCVD and direct nanoparticle deposition (DND) processes; all the fibers under scope in
this section are similar in the sense of Er3+ doped core’s chemical composition being the most
common alumino-silicate glass (in the case of MCVD-EDFs with addition of germanium). The
first series of the EDFs (MCVD-based, "M"-series) includes two fibers: M5-125-980 and
M12-125-980 (Fibercore), hereafter M5 and M12, and the second series (DND-based, "L"-series)
– three fibers: L20-4/125, L40-4/125, and L110-4/125 (Leikki / nLight), hereafter L20, L40 and
L110. These fibers have very similar waveguide parameters and differ mainly in Er3+ doping
level. [Notice that the EDFs employed in the whole of above experiments, see Section 2, belong
to M-series.]

3.1. Absorption and fluorescence spectra

The EDFs’ absorption spectra are shown in Figure 9(a) where Er3+ transitions 4I15/2 → 4I11/2

(within a 940...1020 nm range with a peak at 978 nm) and 4I15/2 → 4I13/2 (within a 1400...1600 nm
range with a peak at 1.53 μm) are featured. The spectra were obtained using a white light
source with fiber output and OSA with 1-nm resolution. It is seen that the absorption spectra
of the EDFs of both series have a very similar shape (given by similarity of core glass chemical
compositions), differing only in intensity. The ratio of the peaks’ magnitudes at 1.53 μm and
at 978 nm was measured to be equal to ∼1.6, for the M and L EDFs.

Figure 9(b) demonstrates the normalized fluorescence spectra for L fibers (to simplify the
picture the spectra for M fibers are not shown), measured at the maximal pump power at 978
nm, Pp ∼400 mW, within the 450...1650 spectral range (the area nearby the pump wavelength
is cut out). In this experiment the lateral geometry, when fluorescence is captured by a
multimode fiber patch cord from the lateral surface of the short fiber samples, was arranged.
In spite of Er3+ concentration increases in the row of fibers L20 → L40 → L110, the Er3+

fluorescence band, centered at ∼1.53 μm, is indistinguishable in shape. Although the 1.53-μm
band dominates in the EDFs’ fluorescence spectra, there also exist the spectral lines at its anti-
Stokes side (∼450...1100 nm), which evidences the presence of UC. Note that, in contrast to the
∼1.53-μm band’s stability against Er3+ concentration, the higher Er3+ content, the more intense
the UCE (compare curves 1 – 3 in Figure 9(b)).

To understand the origin of UCE and the dependence of UC intensity upon Er3+ concentration
in the EDFs, let’s refer to Figure 10 in which the scheme of Er3+ energy levels and a sketch of
the processes involved at the excitation at λp=978 nm are presented. UCE (shown in the figure
by grey arrows) seems to be mostly associated to Er3+ ion clusters being in states 4I11/2 and 4I13/2,
because the ESA process, equally acting for single and clustered Er3+ ions, is ineffective at 978-
nm excitation.
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Figure 10. Scheme of Er3+ energy levels, applicable for the EDFs with high Erbium content. Functioning of Er3+ clusters
(shown for simplicity as ion pairs) is sketched by the blue and red arrows for long-living manifolds 4I11/2 and 4I13/2; the
black dotted arrows depict non-radiative relaxations; the grey arrows show the UC and “fundamental” (1.53-μm)
emissions; the short-living levels are shown by dashed lines.

3.2. Fluorescence decay kinetics

Like at the fluorescence spectra’ measurements discussed above, the kinetics of near-IR
fluorescence at ∼1.53 μm was detected using the lateral geometry. However, the pump light

Figure 9. (a) Absorption spectra of the EDFs of L-(blue curves) and M-(red curves) series in the near-IR. (b) Fluores‐
cence spectra of the EDFs of L-series in the VIS...near-IR spectral range at 978-nm pumping.
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at 978 nm was in this case switched on / off by applying a rectangular modulation of LD current
at Hz-repetition rate. The launched into the EDF samples pump power was varied between
zero and ∼400 mW. The fluorescence signal was detected either using an InGaAs PD with a
Si filter placed between the fiber and a multimode patch cord delivering fluorescence to PD
(being so the measurements above ~1.1 μm where the use of Si filter allows cutting off the
pump light’s spectral component), or using a fast Si-PD with no spectral filtering applied (being
in fact the measurements below ~1.1 μm), placed directly above a slit segregating a portion of
fluorescence from the EDF’s surface. To diminish ASE and re-absorption on the results, we
used short (∼0.5 cm) EDF pieces.

Typical kinetics of the fluorescence signal, recorded after switching pump light at 978 nm off,
are presented in Figure 11 for the heavier doped EDFs M12 (a) and L110 (b); the data were
acquired using InGaAs-PD with Si filtering (transmission band above 1.1 μm). We don’t
present here the results for other, lower doped, EDFs as these showed similar but less featured
trends in the decay kinetics.

Figure 11. Fluorescence decay kinetics obtained for the EDFs M12 (a) and L110 (b). Curves 1 to 6 are captured for dif‐
ferent pump levels (see the insets in the right upper corners). Zero-time corresponds to the moment when the pump
light is switched off.

It is seen from Figure 11 that for these two EDFs fluorescence power, corresponding to 1.53-
μm spectral band, is saturated (as is saturated GSA of Er3+ ions) yet at a few mW of pump
power. However the key feature is deviation from the exponential law in the fluorescence
kinetics in EDF L110 (see Figure 11(b)). A similar trend occurs but is less expressed in the rest
of L and M fibers with lower Er3+ concentration; see e.g. Figure 11(a). Another fact deserving
attention is the presence of a sharp drop in the fluorescence signal in fiber L110 at high pump
powers, which happens after switching pump off (refer to curves 4–6 in Figure 11(b)). Such a
feature is present but in a smaller degree also in fibers L40, L20, and M12 (having substantially
lower Er3+ contents) and almost vanishes in fiber M5 (having the lowest Er3+ content). Note that
similar fluorescence kinetics were observed in some of the earlier reports, see e.g. [4, 10].
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power. However the key feature is deviation from the exponential law in the fluorescence
kinetics in EDF L110 (see Figure 11(b)). A similar trend occurs but is less expressed in the rest
of L and M fibers with lower Er3+ concentration; see e.g. Figure 11(a). Another fact deserving
attention is the presence of a sharp drop in the fluorescence signal in fiber L110 at high pump
powers, which happens after switching pump off (refer to curves 4–6 in Figure 11(b)). Such a
feature is present but in a smaller degree also in fibers L40, L20, and M12 (having substantially
lower Er3+ contents) and almost vanishes in fiber M5 (having the lowest Er3+ content). Note that
similar fluorescence kinetics were observed in some of the earlier reports, see e.g. [4, 10].
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Overview of the fluorescence decays for all the EDFs under scope is provided in Figure 12
(points). These data were obtained at maximal pump power, Pp at 978 nm (400 mW; the high
pump power was found to be the right choice for minimizing spatial diffusion of excitation;
see e.g. [10]). The dependences in the figure demonstrate the fluorescence decay “tails”
obtained after cutting off the short initial segments just after switching pump off (~30 μs),
which permits elimination of the influence of non-instant LD power decay (~8 μs).

As seen from Figure 12, 1.53-μm fluorescence decays get more and more deviated from the
single exponential law when Er3+ concentration increases: The fibers with smaller contents of
Er3+ ions (M5, M12, and L20) demonstrate decays nearly a single-exponent law whereas fibers
L40 and L110 – the decays, apparently different from this law. These features, associated to
the Er3+ concentration effect, can be addressed in terms of the IUC process – see Section 3.3
where the results of modeling of Er3+ fluorescence kinetics are presented. The modeling of the
fluorescence kinetics allowed us to get, for each EDF, lifetime τ0 and constant CHUP* (charac‐
terizing the homogeneous UC process, HUC; see modeling below) and thereafter to build their
dependences upon small-signal absorption value α0 at 1.53 μm (and hereby upon Er3+ ions
concentration, proportional to α0).

Figure 12. Normalized fluorescence decay kinetics obtained for the EDFs of L-(a) and M-(b) series; points – experimen‐
tal data (using InGaAs-PD with Si filtering); plain curves are the theoretical fits made using formula (22).

Furthermore, Figure 13 demonstrates the results of the fluorescence kinetics’ measurements
in the optical band below 1.1 μm within a short (tens of μs) interval just after switching pump
light off, for EDFs M12 (a), L40 (b), and L110 (c). The measurements were fulfilled using Si-PD
without optical filtering at Pp=400 mW. As is seen from the figure, there are two “fast”
components in the PD signal’s decay: The shortest (≈8 μs) one, being in fact the setup’s technical
resolution and originating from the scattered pump light, and the longer one, measured by 21
μs to 26 μs for fibers M12, L40, and L110 (for fibers M5 and L20 this component was not
resolved). A similar component was also detected in the 1.53-μm fluorescence kinetics; see
Figure 11, which evidences its non-radiative nature. Note that there are known the processes
in Er3+ -doped materials attributed by similar times [19, 20].
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Figure 13. Fluorescence decay kinetics in the EDFs measured using Si-PD: M12 (a), L40 (b), and L110 (c); the short-time
components of the fluorescence signals are specified in each plot.

We suggest that the found feature stems from a partial excitation relaxation in Er3+ clusters
since it is present in the heavier doped EDFs but almost vanishes in the lower doped ones. The
magnitude of the short-living component is a function of Er3+ concentration (and therefore of
α0), as seen when comparing the plots (a), (b), and (c) in Figure13: The higher Er3+ concentration
the larger is relative (to the technical, i.e. originated from pump-light scattering) magnitude
of this component.

3.3. Nonlinear absorption coefficient

The nonlinear absorption coefficient of a rare-earth doped fiber (e.g. EDF) as a function of
pump power α(Pp) contains the useful information about GSA saturation and, consequently,
about the fiber’s potential as a laser medium. On the other hand, such effects deteriorating
laser ‘quality’ of the fiber as ESA and concentration-related HUC / IUC (lifetime quenching
and non-saturable absorption) ought to affect the behavior of α(Pp), too [18].

In the study to be reported hereafter, pump light was delivered to an EDF sample from the
same LD operated at 978 nm (used in the measurements of fluorescence spectra and lifetimes);
pump power was varied from ≈0.5 to 400 mW. We measured first the nonlinear transmission
coefficient of the EDF sample with length L0, which is defined as T978 = PP

out / PP
in where PP

in and
PP

out  are the pump powers at the EDF’s input and output. Then we made a formal re-calculation
of the experimental transmission coefficient T978(PP

in) in the absorption coefficient, applying
formula: α(PP

in)= -ln(T978) / L 0. The EDFs’ lengths were chosen such that overall trends in the
dependences α(Pp

in) can be viewed within the whole range of pump powers. The ratio of the
EDFs' lengths was such that the optical density (the product α0L0) is almost the same for all the
samples, which is worth for estimation of the nonlinearity (saturation) of absorption at
increasing Er3+ concentration in the fibers. Using the OSA, we checked the ratio of pump to
ASE powers at the EDFs’ outputs; it was found that the ASE contribution is negligible in all
samples at Pp

in> 0.5 mW.
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Figure 14. (a) Nonlinear absorption coefficients of the EDFs of L-and M-types vs. pump power at 978 nm. Symbols:
experimental points; plain curves: theoretical fits obtained using Eqs. (25-27). Fiber lengths used in experiments and at
modeling were, correspondingly: 188.6 (M5, curve 1), 59.4 (M12, curve 2), 43.5 (L20, curve 3), 22.4 (L40, curve 4), and
9.5 (L110, curve 5) cm. (b) Non-saturable absorption β vs. small signal absorption α0, measured for the entire EDFs’ set;
the fitting curve is for guiding the eye.

The results obtained by applying the drawn procedure are shown in Figure 14(a) by symbols.
Coefficients α0 and β (saturated absorption at pump wavelength) marked in the upper left and
right corners of the figure correspond to the limits of small-signal and saturated pump
absorptions. First notice that absorption is "bleached" (in other words, transmission is “satu‐
rated”) by a more or less similar manner for either fiber. However, as is also seen from the
figure, the “residual” absorption (β) rises drastically with increasing Er3+ concentration in the
fibers’ sequences M5→M12 and L20→L40→L110. This trend points out that the ratio between
the residual (β) and small-signal (α0) absorptions is much bigger for the heavier doped fibers
(M12, L40 and L110). In fact, pump-induced (looking as residual) absorption β is the measure
of nonlinear absorption loss in EDF, as it stems from the modeling results (see Section 3.4
below). Furthermore, the dependence β(α0) plotted in Figure 14(b) allows one to reveal that
this pump-induced excessive loss in the EDFs appear as one of the most important Er3+

concentration effects.

3.4. Modeling

Firstly, the kinetics of near-IR (∼1.53 μm) fluorescence decays obtained for the entire set of the
EDF samples were modeled, which allows us to find Er3+ fluorescence lifetimes τ0 and HUC
coefficient CHUP. The model implicitly implies, in accord to the definition of the HUC process,
the only interactions between rather distant single Er3+ ions, not forming “chemical”, tightly
coupled, clusters, which are in turn supposed to interact via the IUC mechanism, discussed
further. At this step of modeling we disregard the short-time features in the fluorescence
decays, which are assumed to originate from Er3+ ions gathered into quenched (weakly
fluorescing) clusters. That fact that in the experiments on fluorescence kinetics we used
comparatively high pump powers (400 mW) allows us to neglect the intensity dependent HUC
contribution and excitation migration effects.
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For the normalized population density n2
s of single (index “s”) Er3+ ions being in the first excited

(laser) state 4I13/2, the following rate equation holds [21]:

dn2
s

dt = -
n2

s

τ0
- CHUP(n2

s)2 (21)

where n2
s = N2

s / N0
s; N0

s is the population density of single Er3+ ions in the excited state 2 (4I13/2),
N0

s is their concentration, and CHUP [s−1] is the UC parameter, being a product of the “volu‐
metric” HUC constant CHUP

*  [s−1cm3] and concentration N0
s: CHUP = N0

sCHUP
* .

Assuming that pump power at 978 nm is high enough to achieve maximal populating of the
excited state 4I13/2, i.e. at “infinite” pump power, the part of Er3+ ions being in the excited state
is k=σ12/(σ12+σ21). Furthermore, since in our experimental circumstances (where near-IR
fluorescence is detected at ∼1.53 μm while excitation is at λp=978 nm) the SE process can be
disregarded by means of formal zeroing cross-section σ21 in the dominator of this ratio (k=1).
Implying that n2

s(t =0)=1 and that pump is switched off at t=0, equation (21) is solved analyti‐
cally, giving:

n2
s(t)= e

-
t
τ0

1 + τ0CHUP
(
1 - e

-
t
τ0 ) (22)

Formula (21) is a worthy approximation for fitting of the whole of experimental near-IR
fluorescence decay kinetics, reported above for Pp ∼400 mW (providing maximal population
of manifold 4I13/2). The modeling results obtained by using formula (22) are shown by plain
curves in Figure 12 (the fitting procedure has been fulfilled until the residual sum R2 exceeded
0.99) and are seen to be in good agreement with the experimental decay kinetics (points in the
figure). The values of constants τ0 (lifetime of single Er3+ ions, found to be ~10.8 ms for all the
fibers under study), and CHUP (an attribute of the HUC process, determined as the result of
fitting) are plotted in Figure 15 in function of the small signal absorption α0 at 978 nm.

As seen from Figure 15, the parameter CHUP is proportional to Er3+ concentration (GSA α0 at
978 nm). From this figure we found the value of HUC constant: CHUP

* =2.7×10−18 s−1cm3. This
value agrees well with the published data for EDFs of similar types; see e.g. Refs. [22-24]. Note
that the quantity attributing the HUC phenomenon ( CHUP

*  constant) should be proportional
to the ESA cross-section (see e.g. [25]). As the latter does not depend on Er3+ concentration,
CHUP

*  should be concentration-independent. Indeed, the dependence CHUP vs. α0 is seen from
Figure 15 to be almost linear.

The next step in modeling is simulation of Er3+ clusters’ contribution on the base of the
experimental dependences of nonlinear absorption vs. pump power (see Figure 14(a)). A
method to model nonlinear absorption of an EDF is based on the idea that ensemble of Er3+

ions in a fiber consists of two independent subsystems, assumed to be single (“s”) and clustered
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ions in a fiber consists of two independent subsystems, assumed to be single (“s”) and clustered

Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications272

(“c”) ions. Considering this hypothesis, we generalize the model developed in [21] for
propagation of a pump wave through the system of single and paired resonantly absorbing
and fluorescing centers (pairs are the simplest case of clusters). The model’s generalization
signifies here that the clusters’ subsystem is meant to comprise an arbitrary number of centers
(Er3+ ions in our case) whereas the other subsystem – to consist of single species [6, 26].

We assume that a cluster of Er3+ ions can occupy only one of the two permitted states – the
state <11>, where all ions forming the cluster are in the ground state, and the state <12>, where
one excepted ion (an acceptor of energy transferred from the adjacent donor ions within the
cluster) is in the excited state. The latter holds because if other cluster’s constituents absorb
pump photons and move to the excited state, all them except one leave state 2 (down to state
1) immediately, whereas only this excepted one can stay in state 2.

We also take into account the presence of the short time τ1 (together with much longer τ0) for
Er3+ clusters as an essential element of the model, coming from the experimental data.

We consider that the populations of single ( N1, 2
S ) and clustered ( N1, 2

c ) Er3+ ions, satisfy the

following relations:

N1
s + N2

s = N0
s =(1 - χκ)N0 (23)

N1
c + N2

c = N0
c =χκN0 (24)

Figure 15. The values of HUC constant CHUP vs. Er3+ concentration (in terms of α0 at 978 nm), obtained for the entire set
of EDFs as the result of modeling of the experimental fluorescence kinetic using formula (22); the fitting line in for
guiding the eye.
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where κ is the partial weight of clustered ions in ensemble, χ is the effective (averaged) number
of Er3+ ions in a cluster, and N0 is the total Er3+ ions concentration. The correspondent normal‐
ized population densities are defined as n1, 2

s , c= N1, 2
s , c / N0, where the lower indices assign,

correspondingly, the ground (1 or <11>) and the excited (2 or <12>) states, and N0
s , c are the

concentrations of single ions and clusters, respectively.

The balance equations for pump power (Pp) and normalized dimensionless population
densities of single and clustered ions being in metastable states 2 and <12>, n2

s , c (0 ≤ n2
s , c ≤ 1),

are as follows [27]:

dP p(z)
dz = - αp0 1 - (1 + ξs - εs)(n2

s(z) + n2
c(z)) Pp(z) - αBGPp(z) (25)

α0

h νp N 0Γ p Ac
χκ - (1 + ξs)n2

c(z) Pp(z) - ( 1
τ0

+ 1
τ1

)n2
c(z)=0 (26)

αp0

h νp N 0Γ p Ac
1 - χκ - (1 + ξs)n2

s(z) Pp(z) -
n2

s

τ0
- CHUP(n2

s)2 =0 (27)

where majority of the quantities have been designated above, parameter Ac=πa2 is the EDF core
area (a=1.5 μm is the core radius), and αBG=0.03...0.1 dB/m, depending weakly upon the EDF
type). In formulas (25-27) we omit the ASE contribution as negligible in our experiments at
pump powers exceeding 0.5 mW (see above). Note that these formulas are written in a general
form, applicable not only to the Er3+ ion but also to any other resonantly absorbing center,
having a three equivalent level system and subjected to the aforementioned concentration
effects.

The modeling results are plotted by plain curves 1 to 5 in Figure 16(a). It is seen that they fit
well the whole of the experimental data for the EDFs of both (M and L) types. Thus, the IUC
process, treated by us as mostly non-radiative relaxation within Er3+ ion clusters, is justified as
the key mechanism responsible for nonlinear absorption (attributed by coefficient β). The
dependence of β upon Er3+ concentration in terms of small signal absorption αp0 is shown in
Figure 16(b) (see curve 1) as the result of modeling; the errors’ bars in the curve show uncer‐
tainties of fitting the experimental data by the theory.

When making the numerical calculations, we found that, once searching for the best fit of the
experiment by the theory, any χ-value (χ=2, 3, and so on) can be used, with κ-value being
varied accordingly. Thus, we have concluded that the product χκ (a relative number of
clustered Er3+ ions in the system) serves an adjusting parameter at fitting rather than quantities
χ and κ separately. Given by the modeling results, useful insight can be made to interrelation
between the relative number of clustered Er3+ ions χκ (modeling: Figure 16(a)) and the
measured nonlinear (saturated) absorption β (experiment: Figure 14(a)). Placing on the same
plot (at double logarithmic scaling) the dependences of these two quantities vs. small-signal
absorption αp0, we found that they have the slopes related as (∼1.44/∼0.63) ≈ 2.3; see Figure
16(b). The found slope’s value signifies the average number of Er3+ ions in clusters, whose
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presence, according to the model, is responsible for NSA. This result deserves attention since
it shows that NSA in the EDFs of both types mostly originates from paired Er3+ ions rather than
from more complicate aggregates. Thus, in contrast to [28] where the role of “heavier” clusters
in the IUC phenomenon is discussed, our results evidence for negligible contribution of Er3+

clusters, “heavier” than simple ion pairs.

Notice that the presence in EDFs of NSA at increasing Er3+ concentration affects net gain in
heavily-doped Er3+ fibers, which becomes more and more limited (saturated) as it stems from
the presence of single Er3+ ions being in the excited state, whereas the clustered ions, in their
big part, i.e. (χκ–1) ions in each cluster, are always in the ground state. As a consequence,
efficiency of an EDFL or EDFA is expected to drop down with increasing concentrations of
Er3+ ions in the active fiber. Some recent studies confirm a severe character of the problem
[29-30]. It seems that another problem could be encountered at the use of heavily-doped EDFs
for pulsed operation where extensive heating via excitation relaxation within Er3+ clusters
would affect the dispersive properties of the fibers and deteriorate the regime.

4. Effect of SBS upon operation of actively Q-switched EDFL

Actively Q-switched (AQS) EDFLs based on acousto-optics modulator (AOM), implemented
in the Fabry-Perot geometry, usually produce Q-switch (QS) pulses with duration from a few
to hundreds ns [1]. The QS pulses are normally composed of a few sub-pulses separated by
round-trip time of photon inside the cavity [31, 32]; this AQS regime will be called further
"conventional" (CQS). In the meantime, it is known that in certain conditions FLs demonstrate
stochastic QS pulsing, which stems, as it will be clearly demonstrated below, from intra-cavity
stimulated Brillouin scattering (SBS) [33]. Such pulses, referred further to as SBS-QS ones, are
characterized by dramatic increasing of power as compared to CQS pulses but, at the same

Figure 16. (a) Er3+ clusters’ contribution χκ vs. Er3+ concentration (in terms of αp0) obtained for the entire set of EDFs of
L-and M-types as the result of modeling the experimental dependences of nonlinear absorption coefficient using for‐
mulas (25-27); the fitting curve is for guiding the eye. (b) Er3+ clusters’ contribution χκ (left scale) and non-saturable
absorption loss β (right scale) vs. Er3+ concentration (in terms of αp0); the ratio of the slopes attributing the dependences
reveals an effective number of Er3+ ions in clusters.
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time, by perceptible jitters [34]. In this section, we show that in certain circumstances SBS-QS
pulsing is inherent in AOM-based AQS EDFLs. We also demonstrate that the areas (basins)
where CQS and SBS-QS regimes exist are defined by definite values of EDF length and AOM’s
repetition rate and that the most important condition for turning of the laser to one or another
pulsing regime is absence or presence of spurious narrow-line continuous wave (CW) lasing
in the intervals where the laser cavity is blocked (AOM is switched OFF).

4.1. Experimental setup

An experimental setup of the QS-EDFL is sketched in Figure 17. The laser cavity consists of a
piece of a standard low-doped “M” EDF (Thorlabs, M5-980-125), two FBGs (1 and 2) centered
at ~1549.4 nm (laser wavelength), which form Fabry-Perot cavity, and a standard down-
frequency shifting AOM with fiber outputs (Gooch & Housego, operation frequency – 111 MHz),
placed nearby FBG2. The full AOM’s rise time was measured to be 50 ns, AOM gate was fixed
at 2 μs in experiments. FBGs' reflection coefficients were ~ 30% (FBG1) and ~ 100% (FBG2). A
long period grating (LPG) tuned to ~1533 nm was used as in-line stop-band filter for neutral‐
izing fiber gain at Er3+ SE peak and thus avoiding spurious CW lasing at this wavelength, which
might otherwise discharge EDF and thereby reduce QS pulse energy and, via interfering with
targeted pulsed lasing at the wavelength selected by FBGs, produce instability of pulsing. The
EDF was pumped by a fiber-coupled 976-nm LD through a 980/1550-nm WDM. To decrease
the cavity loss, FBG1 and LPG were written in the EDF core after preliminary hydrogenation.
The laser signal was registered by OSA with a 50-pm resolution or by 1.2-GHz PD used in-line
with a 2.5-GHz oscilloscope. In experiments, pump power was fixed at 500 mW and AOM’s
repetition rate (fAOM) was varied within a 0...30-kHz range.

Figure 17. Experimental setup of the QS-EDFL (crosses indicate fiber splices).

4.2. Properties of CQS and SBS-QS regimes

As well-known, AQS FLs operated in CQS regime usually generate pulses consisting of train
of sub-pulses (ripples), separated by a time interval equal to a photon’s round-trip in the cavity.
Such kind operation is fully described by the model of two contra-propagated waves in Fabry-
Perot cavity, once considering the laser as a multi-pass amplifier of SE reflected several times
by selective mirrors (FBGs) [32]. CQS is observed at any fAOM when EDF length (LEDF) is shorter
than some specific value and at larger EDF when fAOM is high. The common features of CQS
pulsing observed experimentally and also modeled are as follows: Delay of a QS pulse with
respect to the moment of AOM opening increases while its energy and power decrease with

Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications276



time, by perceptible jitters [34]. In this section, we show that in certain circumstances SBS-QS
pulsing is inherent in AOM-based AQS EDFLs. We also demonstrate that the areas (basins)
where CQS and SBS-QS regimes exist are defined by definite values of EDF length and AOM’s
repetition rate and that the most important condition for turning of the laser to one or another
pulsing regime is absence or presence of spurious narrow-line continuous wave (CW) lasing
in the intervals where the laser cavity is blocked (AOM is switched OFF).

4.1. Experimental setup

An experimental setup of the QS-EDFL is sketched in Figure 17. The laser cavity consists of a
piece of a standard low-doped “M” EDF (Thorlabs, M5-980-125), two FBGs (1 and 2) centered
at ~1549.4 nm (laser wavelength), which form Fabry-Perot cavity, and a standard down-
frequency shifting AOM with fiber outputs (Gooch & Housego, operation frequency – 111 MHz),
placed nearby FBG2. The full AOM’s rise time was measured to be 50 ns, AOM gate was fixed
at 2 μs in experiments. FBGs' reflection coefficients were ~ 30% (FBG1) and ~ 100% (FBG2). A
long period grating (LPG) tuned to ~1533 nm was used as in-line stop-band filter for neutral‐
izing fiber gain at Er3+ SE peak and thus avoiding spurious CW lasing at this wavelength, which
might otherwise discharge EDF and thereby reduce QS pulse energy and, via interfering with
targeted pulsed lasing at the wavelength selected by FBGs, produce instability of pulsing. The
EDF was pumped by a fiber-coupled 976-nm LD through a 980/1550-nm WDM. To decrease
the cavity loss, FBG1 and LPG were written in the EDF core after preliminary hydrogenation.
The laser signal was registered by OSA with a 50-pm resolution or by 1.2-GHz PD used in-line
with a 2.5-GHz oscilloscope. In experiments, pump power was fixed at 500 mW and AOM’s
repetition rate (fAOM) was varied within a 0...30-kHz range.

Figure 17. Experimental setup of the QS-EDFL (crosses indicate fiber splices).

4.2. Properties of CQS and SBS-QS regimes

As well-known, AQS FLs operated in CQS regime usually generate pulses consisting of train
of sub-pulses (ripples), separated by a time interval equal to a photon’s round-trip in the cavity.
Such kind operation is fully described by the model of two contra-propagated waves in Fabry-
Perot cavity, once considering the laser as a multi-pass amplifier of SE reflected several times
by selective mirrors (FBGs) [32]. CQS is observed at any fAOM when EDF length (LEDF) is shorter
than some specific value and at larger EDF when fAOM is high. The common features of CQS
pulsing observed experimentally and also modeled are as follows: Delay of a QS pulse with
respect to the moment of AOM opening increases while its energy and power decrease with

Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications276

increasing AOM’s repetition rate. Usually, the first detectable sub-pulse arises in a few round-
trips of ASE after AOM got opened. For example, when LEDF=8.8 m and fAOM=8 kHz, the first
visible sub-pulse appears at ~250 ns (~2.5 photon round trips; see Figure 18(a)). The RF (FFT)
spectrum of pulse train measured at fAOM=16 kHz (see Figure 18(b)) has three peaks centered
at 0 MHz, ~10 MHz and ~20 MHz. Width of peak 0 relates to QS pulses width, whereas peaks
1 and 2 correspond to the first and the second harmonics of the round-trip frequency (an
inverted interval between sub-peaks, or round-trip time), respectively.

Figure 18. (a) CQS pulses registered on the EDFL output at LEDF=8.8 m and at various fAOM-values. Zero-time in both
snapshots corresponds to the moment when AOM gets opened. (b) Averaged RF spectrum of CQS pulsing at fAOM=16
kHz.

If the active fiber is long enough and AOM’s repetition rate is not too high the QS EDFL turns
into the regime of SBS-induced pulsing. This kind of pulsing is quite different as compared
with CQS. Typical SBS-QS pulses are shown in Figure 19(a) for LEDF=8.8 m and fAOM=1 kHz.
These pulses, as compared with CQS ones, arise earlier, approximately in ~180...280 ns after
the moment of AOM’s switching on; they are much narrower (~2.5...10 ns at 3-dB level); the
pulses amplitude is more than by 10 dB higher as compared with the one at CQS while their
envelop is apparently irregular. Emphasize that no SBS-QS pulses arisen within the intervals
between the adjacent AOM’s windows, in contrast to SBS-QS pulsing in an ytterbium-doped
FL [34].

Figure 19. (a) CQS pulses registered on the EDFL output at LEDF=8.8 m and fAOM=1 kHz. (b) Averaged RF spectrum of
CQS pulsing at fAOM=1 kHz.
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One more detail of SBS-QS is that pulses released in this regime suffer strong amplitude and
timing jitters. Apparently, the presence of jittering is an indication of the stochastic nature of
the SBS process involved. Furthermore, since the SBS-QS pulses are not composed of sub-
pulses spaced by photon round-trip time, their RF (FFT) spectrum does not have peaks at the
round-trip frequency (~10 MHz) and its harmonics (see Figure 19(b)).

4.3. Basins of CQS and SBS-QS regimes

To find basins of CQS and SBS-QS regimes existence, we measured the value of fAOM at which
the laser transits from one to another QS regime, for different LEDF. The experimental points in
the space (fAOM, LEDF) segregating CQS and SBS-QS operations were easily fixed since QS pulses
captured at the laser output in these two regimes differ drastically in pulse amplitude, duration
and shape (see snapshots in Figures 18(a) and 19(a)). We found that if LEDF is less than or equal
to a certain value (5.4 m in our arrangement) the laser operates in CQS regime, at any fAOM. But
if EDF is longer than 5.4 m, an operation regime depends on AOM’s repetition rate: At low
fAOM the laser generates SBS-QS pulses while at high fAOM it turns to CQS operation. The basins
of CQS and SBS-QS regimes are illustrated in Figure 20. As seen from the figure, the laser
operates in CQS and SBS-QS above and below the border line, respectively (this line schemat‐
ically marks a transition between the regimes).

Figure 20. Basins of CQS and SBS-QS regimes; symbols label the experimental points corresponding to the border (sol‐
id line) between the basins.

The reason of the AQS-EDFL’s switching to CQS or SBS-QS regime is the existence or the
absence of spurious narrow-line CW lasing when AOM is blocked. In the last case the cavity
is formed by the output reflector FBG1 and by a small reflection from closed AOM (~ –40 dB)
("bad" cavity). The overall loss of this cavity is estimated to be ~45-47 dB, revealing its very
low Q-factor. At long EDF and low AOM repetition rates (the area below the border line in
Figure 20) the EDF charge is sufficient to provide fiber gain capable of overcoming the cavity
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loss, which results in arising CW lasing. After switching AOM on, the CW wave starts to
propagate along the main laser cavity (formed by FBG1 and FBG2) with simultaneous
amplification of its power by the EDF until the latter reaches SBS-threshold and produces a
“giant” SBS-QS pulse. Thus, CW spurious lasing arising in the "bad" cavity is a startup
mechanism for SBS-QS pulsing. In the area above the border line in Figure 20 the spurious CW
lasing is not established since the EDF cannot accumulate gain sufficient to overcome the "bad"
cavity’s loss.

To confirm the hypothesis that the mechanism “igniting” SBS-QS pulsing relates to arising of
the narrow-line CW lasing in "bad" cavity (when AOM is closed), we fulfilled the experiments
on measuring the laser’s optical spectra.

Figure 21. (a) Normalized AQS EDFL spectrum measured at fAOM=8 kHz (open circles, left scale) and FBG1 spectrum
(solid line, right scale). (b) Normalized AQS EDFL spectra measured at fAOM=4 kHz (black crossed circles) and at AOM
being always blocked (CW lasing, blue circles). In both cases LEDF=7.6 m. OSA resolution is 50 pm.

Firstly, we compared the optical spectra of the laser operated in CQS and SBS-QS regimes; see
Figure 21. Comparing the lasing spectra at fAOM=8 kHz (CQS) and fAOM=4 kHz (SBS-QS), one
sees that in the former case (Figure 21(a)) the spectrum virtually repeats the reflection spectrum
of FBG1 (the one of FBG2 is broader), whereas in the latter case (Figure 21(b)) it consists of two
spectral lines A and B, spaced by ~90 pm (~11 GHz, a Brillouin shift at 1550 nm). Both laser
lines A and B are narrower (~60 pm) than the lasing (in fact ASE) spectrum at CQS, ~160 pm.
Supposedly, line A, centered at the FBG1’s peak, corresponds to CW lasing arisen when AOM
is in OFF state (between the adjacent AOM’s gates) whereas line B – to SBS-QS pulsing. To
provide more arguments in favor of this hypothesis, we plot in the same figure (Figure
21(b)) the spectrum of CW lasing, when the main cavity is always blocked (i.e. AOM is
continuously in OFF state). It is seen that line A vastly reproduces the CW lasing spectrum.
This allows us to reveal that the narrow line A is the signature of CW lasing and that it “ignites”
the SBS-process; accordingly, the narrow line B, shifted by ~90 pm to the Stokes side, is the
signature of SBS-lasing.

To shade more light on the scenario drawn above, we also measured the spectral width of
spurious CW lasing arising when AOM is closed by employing another technique that utilizes
a modified delayed self-heterodyne interferometer (DSHI, see Figure 22), described in details
in [35-37]. To carry out this, the laser output signal was split into two beams, one of which
being passed through an optical frequency shifter (AOM) and then through a long recirculating
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fiber delay line made using SMF-28 fiber (Ld=20 km in our case). As the result, optical frequency
was shifted by fAOM=111 MHz at each pass along the delay line. After that, the signals (un-
delayed and delayed) were combined and registered by a fast PD, connected to a RF spectrum
analyzer (RFSA). To increase the method’s sensitivity, an EDFA was included into the DSHI
scheme at the fiber delay line’s exit. We should note that the multi-pass self-heterodyne scheme
used for estimation the EDFL’s line width was chosen because, for correct measurements, the
path difference should be much higher that the light source’s coherence length (~ 20 km, see
below).

Figure 22. DSHI setup. AOM serves as a 111 MHz frequency shifter (always is open); 100%-FBG filters ASE produced
by EDFA (reflects light only at the wavelength of the EDFL’s "bad" cavity).

Figure 23. (a) An example of the CW EDFL RF-spectrum obtained from DSHI at 111 MHz; experimental data are
shown by circles, solid line is a Lorentzian fit that gives 9.8-kHz width of the spectrum. (b) Spectrum width of CW
EDFL measured using the DSHI technique at RF frequencies multiplied by AOM’s frequency shift (111 MHz) when the
cavity is blocked (circles). Solid line is a fit obtained using the theory presented in [37] (equation 16). The point at zero-
delay was obtained with a 111-MHz frequency shift in the absence of delay line, which gives the RFSA’s resolution (1
kHz).

Figure 23 shows the spectral width of the signals at the frequencies multiplied by the AOM’s
frequency shift, measured after fitting the DSHI signal by the Lorentzian law, in function of
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the delay-line length Ld × N (N is the number of passes through the line). As shown in [35-37],
at high N a signal’s width approaches the real value of an EDFL's optical width; in our case,
this value is ~30 kHz, which corresponds to coherence length of ~20 km. The earlier reports [38,
39] also revealed a very narrow EDFL’s line.

Consequently, a narrow-line CW laser wave developing in “bad” cavity and being a prereq‐
uisite of SBS-QS pulsing is highly coherent. This explains why SBS is unavoidably boosted by
spurious CW lasing in the “blocked” cavity after the moment of AOM’s opening, when the
EDF is strongly inverted and thus strongly amplifying. Indeed, “unlimited” in length and
therefore "uniform" Brillouin dynamic grating [40], induced in intra-cavity EDF (the fiber is
always shorter than the estimated coherence length, ~20 km), is the main cause of SBS-QS
pulsing.

5. Conclusions

In this Chapter, we reported some of the important nonlinear-optic features of EDFs, which,
on one hand, impact efficiency of CW EDFLs on their base and, on the other hand, underlie
the operation regimes established in EDFLs Q-switched using AOMs.

In particular, we showed that strong ESA transitions inherent in the Er3+ system at both the
pump (~978 nm) and the laser (~1550 nm) wavelengths and ions’ clustering inherent in the
EDFs heavily doped with Er3+ cause unavoidable nonlinear losses that, in turn, strongly reduce
efficiency of EDFLs, as compared to efficiency of Ytterbium-doped fiber lasers. We demon‐
strated as well that for making a correct numerical modeling of an EDFL one needs to consider
all kinds of the nonlinear losses intrinsic in EDFs.

We also discussed in details the peculiarities of EDFLs operated in actively Q-switched regime
using AOM. We demonstrated that the operation regimes of these lasers strongly depend on
EDF length and AOM’s repetition frequency. Specifically, at short EDF length or at high AOM’s
repetition frequency the laser operates in “conventional” Q-switching regime (being in fact
multi-pass amplification of Er3+ SE) where pulses with relatively moderate power and
relatively long in duration are composed of several, stable in time, sub-pulses, separated by a
photon’s round-trip time in the cavity. Furthermore, if EDF length is long enough and AOM’s
repetition frequency is not too high, the laser turns to the completely different pulsing regime,
characterized by much shorter and much powerful pulses; however, pulses of this type are
subjected to noticeable timing and amplitude jitters, originated from the stochastic in nature
SBS process, ignited by spurious narrow-line CW lasing in “bad” (at closed AOM) cavity.

Acknowledgements

Authors acknowledge support from the CONACyT, Mexico (Project No. 167945).

The Influence of Nonlinear Effects Upon Oscillation Regimes of Erbium-Doped Fiber Lasers
http://dx.doi.org/10.5772/59146

281



Author details

Y.O. Barmenkov* and A.V. Kir’yanov

*Address all correspondence to: yuri@cio.mx

Centro de Investigaciones en Optica, Leon, Guanajuato, Mexico

References

[1] Richardson D. J., Nilsson J., Clarkson W. A. High power fiber lasers: Current status
and future perspectives [Invited]. Journal of the Optical Society of America B
2010;27(11): B63–92.

[2] Barmenkov Yu. O., Ortigosa-Blanch A., Diez A., Cruz J. L., Andres M. V. Time-do‐
main fiber laser hydrogen sensor. Optics Letters 2004;29(21): 2461-3.

[3] Arellano-Sotelo H., Barmenkov Yu. O., Kir'yanov A. V. The use of erbium fiber laser
relaxation frequency for sensing refractive index and solute concentration of aqueous
solutions. Laser Physics Letters 2008;5(11): 825-9.

[4] Laming R. I., Poole S. B., Tarbox E. J. Pump excited-state absorption in erbium-doped
fibers. Optics Letters 1988;13(12): 1084-6.

[5] Miniscalco W. J. Erbium-Doped Glasses for Fiber Amplifiers at 1500 nm. Journal of
Lightwave Technology 1991;9(2): 234-50.

[6] Blixt P., Nilsson J., Carlinas T., Jaskorzynska B. Concentration-dependent upconver‐
sion in Er3+ -doped fiber amplifiers: Experiments and modeling. IEEE Transactions
Photonics Technology Letters 1991;3(11): 996-8.

[7] Myslinski P., Chrostowski J., Koningstein J. A. K., Simpson J. R. Self-mode locking in
a Q-switched erbium-doped fiber laser. Applied Optics 1993;32(3): 286-90.

[8] Escalante-Zarate L., Barmenkov Y. O., Cruz J. L., Andres M. V. Q-switch modulator
as a pulse shaper in Q-switched fiber lasers. IEEE Photonics Technology Letters
2012;24(4): 312-4.

[9] Barmenkov Y. O., Kir'yanov A. V., Cruz J. L., Andres M. V. Dual-kind Q-switching of
erbium fiber laser. Applied Physics Letters 2014;104(9): 091124.

[10] Nykolak G., Becker P. C., Shmulovich J., Wong Y. H., DiGiovanni D. J., Bruce A. J.
Concentration-dependent 4I13/2 lifetimes in Er3+ -doped fibers and Er3+ -doped planar
waveguides. IEEE Photonics Technology Letters 1993;5(9): 1014-6.

Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications282



Author details

Y.O. Barmenkov* and A.V. Kir’yanov

*Address all correspondence to: yuri@cio.mx

Centro de Investigaciones en Optica, Leon, Guanajuato, Mexico

References

[1] Richardson D. J., Nilsson J., Clarkson W. A. High power fiber lasers: Current status
and future perspectives [Invited]. Journal of the Optical Society of America B
2010;27(11): B63–92.

[2] Barmenkov Yu. O., Ortigosa-Blanch A., Diez A., Cruz J. L., Andres M. V. Time-do‐
main fiber laser hydrogen sensor. Optics Letters 2004;29(21): 2461-3.

[3] Arellano-Sotelo H., Barmenkov Yu. O., Kir'yanov A. V. The use of erbium fiber laser
relaxation frequency for sensing refractive index and solute concentration of aqueous
solutions. Laser Physics Letters 2008;5(11): 825-9.

[4] Laming R. I., Poole S. B., Tarbox E. J. Pump excited-state absorption in erbium-doped
fibers. Optics Letters 1988;13(12): 1084-6.

[5] Miniscalco W. J. Erbium-Doped Glasses for Fiber Amplifiers at 1500 nm. Journal of
Lightwave Technology 1991;9(2): 234-50.

[6] Blixt P., Nilsson J., Carlinas T., Jaskorzynska B. Concentration-dependent upconver‐
sion in Er3+ -doped fiber amplifiers: Experiments and modeling. IEEE Transactions
Photonics Technology Letters 1991;3(11): 996-8.

[7] Myslinski P., Chrostowski J., Koningstein J. A. K., Simpson J. R. Self-mode locking in
a Q-switched erbium-doped fiber laser. Applied Optics 1993;32(3): 286-90.

[8] Escalante-Zarate L., Barmenkov Y. O., Cruz J. L., Andres M. V. Q-switch modulator
as a pulse shaper in Q-switched fiber lasers. IEEE Photonics Technology Letters
2012;24(4): 312-4.

[9] Barmenkov Y. O., Kir'yanov A. V., Cruz J. L., Andres M. V. Dual-kind Q-switching of
erbium fiber laser. Applied Physics Letters 2014;104(9): 091124.

[10] Nykolak G., Becker P. C., Shmulovich J., Wong Y. H., DiGiovanni D. J., Bruce A. J.
Concentration-dependent 4I13/2 lifetimes in Er3+ -doped fibers and Er3+ -doped planar
waveguides. IEEE Photonics Technology Letters 1993;5(9): 1014-6.

Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications282

[11] Guzman-Chavez A. D., Barmenkov Y. O., Kir'yanov A. V. Spectral dependence of the
excited-state absorption of erbium in silica fiber within the 1.48–1.59 μm range, Ap‐
plied Physics Letters 2008;92(19): 191111.

[12] Bellemare A. Continuous-wave silica-based erbium-doped fibre lasers. Progress in
Quantum Electronics 2003;27(4): 211–66.

[13] Krug P. A., Sceats M. G., Atkins G. R., Guy S. C., Poole S. B. Intermediate excited-
state absorption in erbium-doped fiber strongly pumped at 980 nm. Optics Letters
1991;16(24): 1976-8.

[14] Barnes, W. L. Laming, R. I. Tarbox, E. J.; Morkel, P. R. Absorption and emission
cross-section of Er3+ doped silica fibers. IEEE Journal of Quantum Electronics
1991;27(4): 1004-10.

[15] Bolshtyansky M., Mandelbaum I., Pan F. Signal Excited-State Absorption in the L-
Band EDFA: Simulation and Measurements. Journal of Lightwave Technology
2005;23(9): 2796-9.

[16] Barmenkov Y. O., Kir'yanov A. V., Guzman-Chavez A. D., Cruz J. L., Andres M. V.
Excited-state absorption in erbium-doped silica fiber with simultaneous excitation at
977 and 1531 nm. Journal of Applied Physics 2009;106(8): 083108.

[17] del Valle-Hernandez J., Barmenkov Y. O., Kolpakov S. A., Cruz J. L., Andres M. V. A
distributed model for continuous-wave erbium-doped fiber laser. Optics Communi‐
cations 2011;284(22): 5342–7.

[18] Kir'yanov A. V., Barmenkov Y. O., Il'ichev N. N. Excited-state absorption and ion
pairs as sources of nonlinear losses in heavily doped Erbium silica fiber and Erbium
fiber laser. Optics Express 2005;13(21): 8498-507.

[19] Kik P. G., Polman A., Exciton–Erbium interactions in Si nanocrystal-doped SiO2.
Journal of Applied Physics 2000;88(4): 1992–8.

[20] Kik P. G., Brongersma M. L., Polman A. Strong exciton-Erbium coupling in Si nano‐
crystal-doped SiO2, Applied Physics Letters 2000;76(17): 2325–7.

[21] Kir'yanov A. V., Dvoyrin V. V., Mashinsky V. M., Barmenkov Y. O., Dianov E. M.
Nonsaturable absorption in alumino-silicate bismuth-doped fibers. Journal of Ap‐
plied Physics 2011;109(2): 023113.

[22] Berkdemir C., Ozsoy S. On the temperature-dependent gain and noise figure of C-
band high-concentration EDFAs with the effect of cooperative upconversion. Journal
of Lightwave Technology 2009;27(9): 1122–7.

[23] Jung M., Chang Y. M., Jhon Y. M., Lee J. H., Combined effect of pump excited state
absorption and pair-induced quenching on the gain and noise figure in bismuth ox‐
ide-based Er3+ -doped fiber amplifiers, Journal of the Optical Society of America B
2011;28(11): 2667–73.

The Influence of Nonlinear Effects Upon Oscillation Regimes of Erbium-Doped Fiber Lasers
http://dx.doi.org/10.5772/59146

283



[24] Valles J. A., Bordejo V., Rebolledo M. A., Diez A., Sanchez-Marin J. A., Andres M. V.
Dynamic characterization of upconversion in highly Er-doped silica photonic crystal
fibers. IEEE Journal of Quantum Electronics 2012;48(8), 1015–21.

[25] Hehlen M. P., Cockroft N. J., Gosnell T. R., Bruce A. L., Nikolak G., Shmulovich J.
Uniform upconversion in high concentration Er3+ -doped soda lime silicate and alu‐
minosilicate glasses. Optics Letters 1997;22(11): 772–4.

[26] Myslinski P., Nguyen D., Chrostowski L., Effects of concentration on the perform‐
ance of Erbium-doped fiber amplifiers. Journal of Lightwave Technology 1997;15(1):
112–9.

[27] Kir'yanov A. V., Barmenkov Y. O., Sandoval-Romero G. E., Escalante-Zarate L. Er3+

Concentration effects in commercial erbium-doped silica fibers fabricated through
the MCVD and DND technologies. IEEE Journal of Quantum Electronics 2013;49(6):
511-21.

[28] An H. L., Pun E. Y. B., Liu H. D., Lin X. Z. Effects of ion clusters on the performance
of heavily doped Erbium-doped fiber laser. Optics Letters 1998;23(15): 1197–9.

[29] Lim E.-L., Alam S. U., Richardson D. J., High energy in-band pumped Erbium doped
fibre amplifiers. Optics Express 2012;20(17): 18803–18.

[30] Lim E.-L., Alam S. U., Richardson D. J. Optimizing the pumping configuration for
the power scaling of in-band pumped Erbium doped fiber amplifiers. Optics Express
2012;20(13), 13886–95.

[31] Lim E. L., Alam S. U., Richardson D. J. The multipeak phenomena and nonlinear ef‐
fects in Q-switched fiber laser, ” IEEE Photonics Technology Letters 2011;23(23):
1763–5.

[32] Kolpakov S. A., Barmenkov Y. O., Guzman-Chavez A. D., A. V. Kir'yanov, Cruz J. L.,
A. Diez, Andres M. V. Distributed model for actively Q-switched erbium-doped fiber
lasers. IEEE Journal of Quantum Electronics 2011;47(7): 928–34.

[33] Fotiadi A. A., Megret P., Self-Q-switched Er-Brillouin fiber source with extra-cavity
generation of a Raman supercontinuum in a dispersion shifted fiber. Optics Letters
2006;31(11), 1621–3.

[34] Barmenkov Y. O., Kir'yanov A. V., Andres M. V. Experimental study of the nonlinear
dynamics of an actively Q-switched ytterbium doped fiber laser. IEEE Journal of
Quantum Electronics 2012;48(11): 1484–93.

[35] Tsuchida H. Simple technique for improving the resolution of the delayed self-heter‐
odyne method. Optics Letters 1990;15(11): 640–2.

[36] Dawson J. W., Park N., Vahala K. J., An improved delayed self-heterodyne interfer‐
ometer for linewidth measurements. IEEE Photonics Technology Letters 1992;4(9):
1063–5.

Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications284



[24] Valles J. A., Bordejo V., Rebolledo M. A., Diez A., Sanchez-Marin J. A., Andres M. V.
Dynamic characterization of upconversion in highly Er-doped silica photonic crystal
fibers. IEEE Journal of Quantum Electronics 2012;48(8), 1015–21.

[25] Hehlen M. P., Cockroft N. J., Gosnell T. R., Bruce A. L., Nikolak G., Shmulovich J.
Uniform upconversion in high concentration Er3+ -doped soda lime silicate and alu‐
minosilicate glasses. Optics Letters 1997;22(11): 772–4.

[26] Myslinski P., Nguyen D., Chrostowski L., Effects of concentration on the perform‐
ance of Erbium-doped fiber amplifiers. Journal of Lightwave Technology 1997;15(1):
112–9.

[27] Kir'yanov A. V., Barmenkov Y. O., Sandoval-Romero G. E., Escalante-Zarate L. Er3+

Concentration effects in commercial erbium-doped silica fibers fabricated through
the MCVD and DND technologies. IEEE Journal of Quantum Electronics 2013;49(6):
511-21.

[28] An H. L., Pun E. Y. B., Liu H. D., Lin X. Z. Effects of ion clusters on the performance
of heavily doped Erbium-doped fiber laser. Optics Letters 1998;23(15): 1197–9.

[29] Lim E.-L., Alam S. U., Richardson D. J., High energy in-band pumped Erbium doped
fibre amplifiers. Optics Express 2012;20(17): 18803–18.

[30] Lim E.-L., Alam S. U., Richardson D. J. Optimizing the pumping configuration for
the power scaling of in-band pumped Erbium doped fiber amplifiers. Optics Express
2012;20(13), 13886–95.

[31] Lim E. L., Alam S. U., Richardson D. J. The multipeak phenomena and nonlinear ef‐
fects in Q-switched fiber laser, ” IEEE Photonics Technology Letters 2011;23(23):
1763–5.

[32] Kolpakov S. A., Barmenkov Y. O., Guzman-Chavez A. D., A. V. Kir'yanov, Cruz J. L.,
A. Diez, Andres M. V. Distributed model for actively Q-switched erbium-doped fiber
lasers. IEEE Journal of Quantum Electronics 2011;47(7): 928–34.

[33] Fotiadi A. A., Megret P., Self-Q-switched Er-Brillouin fiber source with extra-cavity
generation of a Raman supercontinuum in a dispersion shifted fiber. Optics Letters
2006;31(11), 1621–3.

[34] Barmenkov Y. O., Kir'yanov A. V., Andres M. V. Experimental study of the nonlinear
dynamics of an actively Q-switched ytterbium doped fiber laser. IEEE Journal of
Quantum Electronics 2012;48(11): 1484–93.

[35] Tsuchida H. Simple technique for improving the resolution of the delayed self-heter‐
odyne method. Optics Letters 1990;15(11): 640–2.

[36] Dawson J. W., Park N., Vahala K. J., An improved delayed self-heterodyne interfer‐
ometer for linewidth measurements. IEEE Photonics Technology Letters 1992;4(9):
1063–5.

Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications284

[37] Horak P., Loh W. H. On the delayed self-heterodyne interferometric technique for
determining the linewidth of fiber lasers. Optics Express 2006;14(9): 3923–8.

[38] Chernikov S. V., Taylor J. R., Kashyap R., Coupled-cavity erbium doped lasers incor‐
porating fiber grating reflectors. Optics Letters 1993;18(23): 2023–5.

[39] Choi K. N., Taylor H. F. Spectrally stable Er-fiber laser for applications in phase-sen‐
sitive optical time-domain reflectometry. IEEE Photonics Technology Letters
2003;15(3): 386–8.

[40] Song K. Y. Operation of Brillouin dynamic grating in single-mode optical fibers. Op‐
tics Letters 2011;36(23): 4686–8.

The Influence of Nonlinear Effects Upon Oscillation Regimes of Erbium-Doped Fiber Lasers
http://dx.doi.org/10.5772/59146

285





Chapter 9

Writing of Long Period Fiber Gratings Using CO2 Laser
Radiation

João M.P. Coelho, Catarina Silva, Marta Nespereira,
Manuel Abreu and José Rebordão

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59153

1. Introduction

The development of optical fiber gratings (OFGs) had made significant advances both in terms
of research and development of optical communications and sensors. OFGs are intrinsic
devices that allow modulate the properties of light propagation within the fiber. Grating
structures are comparatively simple and in its most basic form, consist on a periodic modula‐
tion of the properties of an optical fiber (usually the refraction index of the core). Its application
as a sensing element is advantageous because of the intrinsic characteristics of the fiber sensors,
such as remote sensing, electromagnetic immunity, weight and compactness, and capability
for real time sensing and low cost [1].

Among OFGs, long period fiber gratings (LPFGs) are one of the most important fiber-based
sensors. They were first presented by Vengsarkar and co-workers in 1996 [1] as band-rejection
filters. Since then, LPFG technology has been receiving continuously growing attention from
scientific community. Due to their spectral characteristics, LPFGs have found many applica‐
tions in both optical communications and sensing systems. In the optical communications field,
they have been demonstrated as gain equalizers [1], dispersion compensators [2], optical
switches [3], components in wavelength division multiplexing (WDM) systems [4], band
rejection filters and mode converters [5]. For optical sensing applications, LPFGs have been
implemented as a temperature [6], strain [7] and refractive index sensor [8-10]. As element
sensor a LPFG exhibits high sensitivity to the refractive index (RI) of the material surrounding
the cladding surface. Other strengths are their low insertion losses, low back-reflection,
polarization independence, relatively simple fabrication, and remote sensing easily multi‐
plexed.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.



These gratings devices operate in transmission mode and are manufactured with periods
typically in the range from 100 μm to 1000 μm [6]. Their large modulation period promotes
the coupling of the light from the fundamental core mode to co-propagating cladding modes
in a single-mode fiber [1]. The light coupled to the cladding decays quickly due to the absorp‐
tion and scattering by the coating over the cladding.

A commonly-used optical fiber typically consists of a core and a cladding. In Figure 1 it is
schematized the coupling mode that occurs in a LPFGs inscribed in single-mode fiber (SMF).
As a result, the transmission spectrum of a LPFG has a series of resonant loss peaks (attenuation
bands) centered at discrete wavelengths. A typical (theoretical) example is shown in Figure 2.

Figure 1. Schematic diagram of a mode coupling in a long period grating [11].

Figure 2. Theoretical example of the spectrum of a 500 μm-LPFG inscribed in a Corning SMF-28 fiber.

The resonant wavelength at which coupling takes place satisfies the phase matching condition

( )l = - L, ,
m m
res eff co eff cln n (1)
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in which neff,co and neff,cl are the effective refractive indices of the fundamental core mode and
the mth cladding mode, respectively; λres is the center wavelength of the transmission resonance;
and Λ is the period of refractive index modulation [12].

Both resonant wavelength and attenuation amplitude of LPFGs are sensitive to a several
physical parameters: temperature, strain, external refractive index, fiber dimensions, grating
pitch, etc. These physical parameters affect the coupling between the core and cladding modes,
which could lead to both amplitude and wavelength shift of the attenuation bands in the
transmission spectrum [13]. The measurement of these spectral parameters in response to the
environment surrounding the grating region is the basis of sensing with these devices.

In particular, LPFGs exhibits high sensitivity to changes in the RI of the medium surrounding
the fiber due to the dependence of the phase matching condition upon the effective refractive
index of the cladding modes. This characteristic makes these structures very attractive for
sensing applications and several configurations, as well as applications, of LPFG devices for
the measurement of physical and chemical quantities have been studied [6-13].

As mentioned before, LPFGs are created by inducing a periodic refractive index modulation
(typically 10-4 [14-19]) in the core of an optical fiber with period lengths of several hundred
micrometers. This can be made by permanent modification of the refractive index of the optical
fiber’s core or by physical deformation of the fiber.

Since the first demonstration of these devices by writing the grating with ultraviolet (UV) laser
light through an amplitude mask in 1996 [1], several methods have been developed to create
and improve the quality of the LPFGs. The conventional UV writing method is based on the
exposure of photosensitive optical fibers to UV light through an amplitude mask, phase mask
or by interferometry [8-9]. In germanium-doped (Ge-doped) silica fibers, UV light changes the
refractive index of the core fiber, being this effect related with the formation of Ge-associated
defects [20]. However, this method has some inherent limitations. It requires complex and
time-consuming processes, including annealing and hydrogen loading for making the fibers
photosensitive, and different amplitude masks when different dimensions are required. Also,
the masks need replacement after prolonged usage and the required laser equipment is
expensive.

There are, however, many non-photochemical methods available for gratings inscription.
These include ion beam implantation [21], applying mechanical pressure [22], electric-arc
discharge [23, 24] and irradiation by femtosecond laser pulses [25] or CO2 laser beam [26, 27].
Among these methods, the latter is particularly flexible, as it can be applied to different types
of fibers and the writing process can be computer-controlled to fabricate complicated gratings
profiles without using amplitude masks. Furthermore, the use of infrared radiation as showed
that the resulting interaction mechanisms are more efficient and allow creating devices with
particular characteristics.

Taking this in consideration, this chapter addresses the application of CO2 laser radiation in
writing LPFGs and the physical principles involved in the process. A special emphasis will be
given to the modulation of the refractive index resultant from the interaction between the mid-
infrared (MIR) radiation (emitted by these lasers) and a conventional Ge-doped SMF.

Writing of Long Period Fiber Gratings Using CO2 Laser Radiation
http://dx.doi.org/10.5772/59153

289



In section 2 it will be described the fabrication process for applying the MIR radiation, starting
with a review on the use CO2 lasers in the creation of LPFGs. Experimental work is presented
as well as the physical principles that may be responsible to induce the periodic refractive
index modulation in the fiber‘s core.

Section 3 will address the subject of simulating the thermal mechanical processes involved in
the process. Analytical and numerical models will be analysed and compared. In particular, a
3D finite element method (FEM) model will be presented, including the temperature depend‐
ence of the fiber’s main parameters.

In section 4, it is presented a practical example of writing LPFGs on a Ge-doped fiber using a
CO2 laser. A comparison between calculated data and experimental data is made, and future
work towards a full understanding of the physical processes is foreseen.

2. CO2 laser induced LPFG

The use of CO2 lasers to write LPFGs has emerged as an important alternative. Compared with
other LPFG fabrication methods, this irradiation technique provides many advantages,
including high thermal stability, more flexibility, lower insertion loss, lower cost. This section
addresses the application of the CO2 laser irradiation in creation of LPFG and the physical
principles involved in this process.

The first results of the application of the 10.6 μm wavelength radiation emitted by CO2 lasers
for the fabrication of LPFG in a conventional fiber were published in 1998 [26-28]. Since then,
different experimental methodologies have been described. The most common is the point-to-
point technique using a static asymmetrical irradiation with a CO2 laser emitting in a specific
mode (continuous wave, CW, or pulsed) and a lens focusing the beam on the fiber. Akiyama
[28] used continuous wave emission, while Davis [26] applied laser pulses with powers of
about 0.5W.

In Figure 3 it is presented a schematic representation of a typical LPFG fabrication system
based on the point-to-point technique employing a CO2 laser. The optical fiber with its buffer
stripped is placed on a motorized translation stage. In order to keep the fiber straight during
the writing process, a small weight is applied at the end of the fiber and the laser beam is
focused on the fiber. In this technique the periodicity of the LPFG writing is accomplished by
moving the fiber along its axial direction via a computer controlled translation stage, which
also controls the CO2 laser beam emission. A broadband source and an optical spectrum
analyzer (OSA) are employed to monitor the evolution of the spectrum during the laser
irradiation. This method has the advantage of requiring a simpler setup, although the irradi‐
ation occurs on just one of the sides of the fiber. Also, the translation stage movement can
generate vibrations that may be transmitted to the fiber, affecting the quality and repeatability
of the LPFG. This problem can be solved using a system where the beam delivery system is
moving instead of the fiber [29] or if the fiber is maintained static and a two-dimensional
galvanometric mirrors system scans the beam over its surface [29-30]. Some authors reported
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hybrid methods, combining point-by-point and scanning [31,32]. In this chapter we will
consider the method presented by Alves et al. [32] that combines a translation stage to move
the fiber synchronized with a one-dimensional scan over a cylindrical lens.

Figure 3. Schematic diagram of a typical LPFG fabrication system based on the point-to-point technique using a CO2

laser.

Since the silica glass has strong absorption around the wavelength of the CO2 laser radiation,
the beam intensity is gradually attenuated along the incident direction, resulting in asymmetric
RI modulation. Such distribution could cause coupling of the core mode to both the symmetric
cladding modes and the asymmetric cladding modes [33]. As a result, high fiber grating
birefringence and high polarization-dependent loss can become inevitable [30].

In order to solve the birefringence problem, different methods have been proposed. Single–
side and symmetric exposures to the laser radiation were compared by Oh et al. [34], demon‐
strating that the polarization-dependent loss of the single-side exposure (1.85 dB at 1534 nm)
could be significantly reduced to 0.21 dB by applying the second method. Nevertheless, due
to its simplicity, the single-size exposure is the most common applied methodology. Grubsky
[35] proposed a simple fabrication method for obtaining high-quality LPFGs with a CO2 laser
using a reflector to make the fiber’s exposure axially uniform. Zhu et al. [36] used a high
frequency CO2 laser system to write LPFGs with uniform RI modulation by introducing twist
strains to the fiber and then exposing the two sides of the fiber to the laser radiation. Experi‐
mental results showed that twisted LPFGs (T-LPFGs) exhibited clear spectra, low insertion
losses, and low polarization-dependent losses when compared with those created by exposure
to a single-side CO2 laser beam [37].

Gratings inscription was also achieved through the use physical deformations (or geometrical
deformation). Wang et al. [38] proposed a new method for writing an asymmetric LPFG by
means of carving periodic grooves on one side of a fiber with a focused CO2 laser beam. The
periodic grooves do not cause a large insertion loss because these grooves are totally confined
within the cladding and have no influence on the light transmission in the fiber’s core. The
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grooves enhance the efficiency of grating fabrication and introduce unique optical properties
(extremely high strain sensitivity). In 2006, Su et al. [39] demonstrated the possibility of
producing long-period grating in multimode fibers by deforming the geometry of the fiber
periodically with a focused CO2 laser beam and applied them to strain measurements.

Besides conventional single-mode fibers (SMFs), CO2 laser have been used to write LPFGs in
other types of fiber, such as boron doped SMF [40,41], and photonic crystal fibers (PCFs) [42,44].

There have been many studies focused on the understanding of the physical mechanisms
involved in the CO2 laser writing process for different kinds of fibers. Most of the existing
works consider that the main mechanisms responsible for creating a refractive-index change
in the CO2 laser irradiation-induced LPFGs are residual stress relaxation processes
[26,29,35,40-44]. In these processes, heat created by the absorption of laser energy in the
material play an important role and, as will be explained next, modelling the writing process
requires considering both thermal and mechanical processes.

3. Thermo-mechanical modelling

As mentioned before, the main effect behind LPFG fabrication using CO2 lasers is heating,
where the refraction index change is achieved by irradiating a fiber submitted to a tensile stress.
The high absorption of the glass material to the MIR radiation emitted by these lasers leads to
an excess of energy due to the excitation of the lattice which is transformed into heat, increasing
the material’s temperature from its surface to its bulk by heat conduction. This effect depends
on the irradiation time and on the thermal diffusivity of the material, it is localized and
periodically induced in the fiber’s length, being responsible for the creation of the gratings.

Considering the temperature, T, changing with time, t, (transient regime) due to the action of
a heat source Q(r,t), the resulting energy balance leads to the heat conduction equation:

( ) ( ),p p
Tu C dT C u T K T q T Q r t

t t
r r ré ù æ ö¶ ¶
+ Ñ × + + ×Ñ -Ñ × Ñ = +ç ÷ê ú¶ ¶ë û è ø

ò
r r

(2)

where r represents the geometric coordinates (depending on the geometry) and being ρ the
density, ū the velocity vector, Cp the specific heat and K the thermal conductivity. The convec‐
tive and radiative heat flux is represented by [45]:

( ) ( ) ( )4 4
ext B ambq T h T T T Ts e= - + - (3)

being Text the external temperature, Tamb the ambient temperature, h the heat transfer coefficient,
σB the Stefan-Boltzmann constant and ε the surface emissivity.

If enough energy is applied, differences in the thermal expansion coefficients and viscosity of
core and cladding lead to residual thermal stresses and draw-induced residual stresses, and
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refractive index change results from frozen-in viscoelasticity [46]. The analysis of these effects
is complex and highly dependent on the physical characteristics of the different materials
composing the optical fiber. For simplifying the subject, we will consider silica-based single
mode fibers since they are at the base of most LPFGs manufactured using CO2 lasers. Also,
from the different irradiation methodologies explained in the previous section, we will
consider the coordinate referential illustrated in Figure 4. The main interfaces between regions
of interest in the fiber, illustrated in Figure 4(b), are represented by a point in the upper surface
(relative to laser incidence), two points in the cladding/core interface and one point in the
bottom interface. In order to simplify the plots regarding calculated data in section 4, and since
early work demonstrated low variation in temperature between the cladding/core interfaces
[47-49], we use the core’s middle point instead.

Figure 4. (a) Schematic of coordinates used in this work and (b) optical fiber cross-section indicating the considered
referential, the interfaces between the different regions, and points of interest: A – irradiated surface, B – core/cladding
interface (upper), C – core/cladding interface (lower), D – bottom surface and E – middle point. The origin of the refer‐
ence system is in the middle of the laser line.

3.1. Laser heating modelling

When considering an homogeneous isotropic material, the condition of mass conservation,
and introducing the thermal diffusivity k, given by K/(ρCp), Equation (2) can be simplified to:

( ) ( ),

p

Q r tT u T k T q T
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æ ö¶
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For a laser beam incident on a surface and propagating in the z-direction:
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where aT is the attenuation coefficient of the material, R its reflectance and I(r) the irradiance.
For continuous wave emission with a duration ton:
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Accordingly with the irradiation geometry schematized in Figure 4, and considering that the
laser beam has an elliptical Gaussian distribution at the surface being irradiated, then [50]:
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where rx and ry are the values of the ellipse’s semi-minor and semi-major axis, respectively.

If one neglects radiative and convective losses and considers temperature dependent material
properties, then it is possible to obtain analytical expressions to the temperature. Typically
[47,50,51], the heat equation is solved numerically using the Green’s function method and the
temperature can be obtained [49]:
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From (8) an on-axis approximation can be used [51] and the temperature rise can be approxi‐
mated through simple analytical expressions:
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for the steady state condition (t >> rx
2 ry

2 / 4k) and
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under transient conditions. Although Yang et al. [51] proved that these equations can be used
to study the thermal transport in CO2 laser irradiated fused silica, when modelling the effects
in writing LPFGs, the full 3D temperature distribution is required and a numerical approach
is mandatory [48]. Using a dedicated Finite Element Method (FEM) program, although
computationally demanding, allows not only considering all the physical phenomena, but also
including the temperature dependence of the materials and even the simulation of consecutive
periods. If two laser shots are considered, one centred in (0,0,0) and at t=0 s, and the other at
x=Δx and t=t2=ton+Δt. In the latter case (t=t2), equations (6) and (7) are altered accordingly to
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3.2. Residual elastic stresses modelling

Residual elastic stresses are considered those that are frozen into the fiber [52] and have an
important impact on the production of LPFG since they affect the refractive index of an optical
fiber. When using the considered MIR radiation, two categories of residual elastic stresses must
be considered: thermal and draw-induced stresses.

3.2.1. Residual thermal stresses

Residual thermal stresses appear as the optical fiber is cooled down from high temperatures
and regions with different thermal expansion coefficients contract differently in time. Dopants
introduced increase the differences in viscosity and thermal expansion coefficients.

A solution for the resulting residual thermal stresses of an initially unstressed axisymmetric
cylinder heated at a given temperature, T, can be obtained using the radial coordinate r [52,53]
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being rc the radius (cladding or core), E the Young’s modulus and υ the Poisson’s ratio. This
solution is valid when the elastic properties can be considered constant, which doesn’t applies
for optical fibers. Thus, and similarly to the approximated solution for heating, given by
equations (8) and (9), not taking in consideration the temperature dependence of the different
parameters can lead to non-accurate results. Again, the use of numerical methods, with
particular focus on FEM, are appropriated and give the opportunity to combine both heating
and thermal stresses models. In this case, by solving equation (4), the thermally-induced
residual stresses, σT, can be obtained considering the constitutive equations for a linear
isotropic thermoelastic material and the stress tensor obtained.

3.2.2. Draw-induced stresses

Residual stress effects on the refractive indices of fibers were reported for the first time by
Hibido et al. in 1987 [54,55] regarding undoped silica-core single mode fibers. Considering a
fiber with core and cladding, having different viscosities due to different dopants concentra‐
tions, during the draw process the higher viscosity glass will solidify first and support the
draw tension. The low-viscosity glass solidifies conforming with the elastically stretched high-
viscosity glass. Then, when the draw force is released at room temperature, the high-viscosity
glass cannot contract due to the already solidified low-viscosity glass. The resulting residual
axial elastic stresses can be expresses as
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being F the draw tension, A the cross-section area and E the Young’s module for the considered
regions. The indexes 1 and 2 in these equations represent the regions of low-viscosity and high-
viscosity glasses, respectively.
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Similarly to these stresses, frozen-in inelastic strains were also found if a fiber is rapidly cooled
to room temperature while under tension (as in the considered case) [46,52]. Using the
equivalent elastooptic relations [52], the isotropic perturbation on the refractive, Δn, index is

( )
3

6 F
nn T pc sD = - (19)

In the later expression, n is the nominal refractive index, χ(TF) is the relaxation compressibility
at the fictive temperature, TF, p is the orientation average elastooptic coefficient, and σ the
overall residual stresses (in MPa) in the fiber’s axial direction. Accordingly with Yablon [52],
stresses in the other directions can be neglected.

Besides stress-related refractive index change, localized heating can induce micro-deformation
of the fiber and changes in the glass structure. The latter is likely to occur in the core for which
the fictive temperature (the glass structure doesn’t change below the fictive temperature) is
lower [56,57]. As reported for a Ge-doped core (e.g. the fictive temperature ranges from 1150
K to 1500 K.

4. A practical example

To illustrate the application of the theory and also correlate it with experimental data, we will
consider a common example of LPFG writing using NIR radiation: a standard single-mode
fiber, SMF-28 [58], consisting of a core of 3.5 mol% Ge-doped SiO2, is irradiated by a CW 10.6
μm wavelength CO2 laser. For fused silica, n ≈ 1.45 (in the near-infrared), χ(TF) ≈ 0.0568
GPa-1 and p ≈ 0.22, which allows simplifying equation (19):

66.35 10n s-D » - ´ (20)

Also, in this case, equations (17) and (18) represent, respectively, the residual axial elastic
stresses at the core (low-viscosity glass) and the cladding (high-viscosity glass) [46].

The particular conditions used in both simulation and experimental works, as well as the
obtained results, will be detailed next.

4.1. Simulation

The simulation of the writing process was made implementing a 3D FEM model using the
COMSOL Multiphysics program. Whenever relevant, the material’s dependence with
temperature was considered and the proper geometry and FEM parameters defined.

Besides COMSOL, two other programs were used: Matcad and a simulation tool developed
in MatLab by Baptista [60] based on the three layer model developed by Erdogran [14,60]. The
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latter was used to apply the refractive index data obtained in the FEM model to simulate the
transmission spectrum of a LPFG. Matcad was used to solve equations (8) and (11) and
compare the temperature data with that obtained through the FEM model.

4.1.1. Fiber’s characteristics

When light interacts with matter, one of the main parameters is the absorption coefficient, aT.
As it can be deduced from the formulae of section 3, it plays a major role in the process of
heating the fiber. Besides its dependence with the wavelength of the light, it varies with
temperature. This variation is important and for the 10.59 μm CO2 laser wavelength (λ1), within
298 K–2,073 K temperature range can be obtained by [61]:

( ) ( )2 5

1

4 1.82 10 10.1 10 273.15Ta T Tp
l

- -é ù= ´ - ´ -ë û (21)

For the thermal conductivity, heat capacity, density and emissivity, the temperature depend‐
ence was modelled using native COMSOL functions for a Corning fused silica glass (7940) [48].
The doping effect on most of the parameters was disregarded mainly because the Ge concen‐
tration in the fiber’s core is very low [62]. However, for the Young’s modulus and Poisson’s
ratio (Figure 5), the function behaviour was extrapolated [63]. Also, both the heat transfer
coefficient and reflectivity were considered constant and equals to 418.68 W m−2 K−1 [45] and
0.15 [51], respectively.

Figure 5. Variation of (a) Young’s module and (b) Poisson’s ratio with temperature for both fused silica (from COM‐
SOL materials library) cladding and Ge-doped fused silica (extrapolated) core glasses.
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4.1.2. Implementation

The physical problem was mathematically solved using the FEM model implemented using
the COMSOL Multiphysics 3.5 program to create the transient heat conduction and (mechan‐
ical) stress-strain models under the conditions of this study. In order to introduce some of the
complexity of stress-related issues regarding the processing of the optical fibers, the residual
axial elastic stresses were implemented considering Equations (9) and (10) and the total
resulting stress was obtained adding the thermally-induced residual stresses obtained with
the program.

As  illustrated  in  Figure  4,  the  implemented  geometry  consists  of  a  set  of  (concentric)
cylinders  with  radius  of  curvatures  accordingly  with  the  characteristics  of  the  core  and
cladding of the fiber previously described. To avoid the influence of the external bounda‐
ries on the irradiated and analysed zones, the overall length for the geometry was set as
13 mm. However, to reduce the computational load and loosen the mesh dimensions in the
volumes not affected heat source, the cylinders were implemented as three separate sets;
the central one, where the laser incidence will be simulated, has a 1.7mm length. The outer
set of cylinders are asymmetric since the second laser shot will  be simulated just in the
positive x-direction.

Table 1 presents the 3D geometry data and the mesh statistics and Figure 6 shows the imple‐
mented mesh, with particular focus on the central irradiation zone. Both outer boundary
surfaces are defined as thermally isolated, being one of them fixed. The ambient temperature
was considered to be 295 K and equal to the external temperature, Text in Equation (3).

Central geometry External geometries

Cladding Core Cladding Core

Geometry Left Right Left Right

Length (mm) 1.7 5.15 6.15 5.15 6.15

Radius (μm) 62.5 4.1 62.5 4.1

Mesh (tetrahedral)

# elements 26,122 1,795 26,262 26,825 1,710 1,795

min. quality 0.0495 0.1659 0.2287 0.2284 0.2004 0.1956

volume ratio 8.47 × 10−4 0.1010 0.0028 0.0036 0.4906 0.3593

Table 1. Geometry data and mesh statistics.
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Figure 6. Image of the mesh implemented at the central zone of the FEM geometry. The coloured region corresponds
to the central geometry with finer mesh (Table 1).

4.2. Experimental methodologies

The implemented irradiation methodology combines a translation stage to move the fiber
synchronized with a one-dimensional scan over a cylindrical lens [32]. Figure 7 shows a
schematic of the setup and Figure 8 a picture of its implementation. The light source is a Synrad
48-2 CO2 laser emitting a 3.5 mm diameter CW laser beam with a wavelength of 10.6 μm. Two
mirrors direct the beam towards the focusing lens, a ULO Optics ZnSe cylindrical lens (50 mm
focal length) which produces a 0.15 mm x 1.75 mm (measured using the knife-edge method
[64]) elliptical spot on the fiber with its longer axis perpendicular to the fiber’s axis. One of the
mirrors is a galvanometric mirror (Cambridge Technology 6860) which allows a scan over the
lens (and, consequently, over the surface of the fiber).

A linear translation stage moves axially the fiber so the periodic refractive index change is
accomplished. During the process, one of its ends is fixed and a weight (typically ~50 g ± 0.5
g) hangs on the other, thus creating a tension. Thus, this system acts like a XY writing system.
The advantage of the translation stage is its long range with micrometric precision (10 cm with
a repeatability of 1 μm). However, it has the disadvantage of having relative low speed when
compared with a galvanometric system. Combining the two systems, we have the benefit of
having a long X-axis range with a fast Y-axis range and, by moving the laser spot very fast
over the fiber (Y-axis), lower interaction times can be achieved. Also, since the laser is not
always over the fiber, it’s possible to have the laser emitting continuously, which prevents the
transients during the laser start-up and allows easier control of its power. Uncertainties
regarding the irradiation data are: power, ±0.5 W; duration, ±1 ms.

To monitor the LPFG fabrication process, a broad band light source (Thorlabs S5FC1005S) and
an OSA (Agilent 86140B) were used. The irradiated zones were analysed using an optical
microscope (Zeiss AxioScope A1) with a maximum amplification of 1,000×. The LPFG period
is limited by the laser spot size and by the translation stage minimum movement. In the
considered setup, since the translation stage can have 1 μm steps, the laser spot size (150 μm)
constitutes the major limitation.
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4.3. Results and analysis

An example of the temperature distribution resulting from considering 6 W laser power,
irradiation duration of 0.6 s and 47 g weight (F=0.461 N) is shown in Figure 9(a). The result of
simulating a second irradiation (equivalent to have a LPFG period), 1 s after the first, at a
distance of 500 μm, is shown in Figure 9(b).

Figure 10 shows the equivalent plots of temperature with time for the irradiated front, core
(middle) and the back surfaces (Figure 4), at x=y=0 m and x=500 μm, y=0 m. These plots show
that the (spatial) proximity between shots raises the temperature even when they are not under
direct irradiation. As the distance reduces (shorter LPFG periods), this secondary heating
increases (Figure 11). This is particularly important when the second shot is applied because

Figure 7. (a) Top and (b) lateral schematic views of the optical setup. BS – beam splitter; CL-cylindrical lens; GM –
galvanometric mirror; M – mirror; OF – optical fiber; PM – power meter; TS – translation stage.

Figure 8. Picture of the setup implemented. The inset shows a detail view of the laser output area. BS – beam splitter;
CL – cylindrical lens; GM – galvanometric mirror; L – laser; M – mirror; OF – optical fiber; PM – power meter; TS –
translation stage.
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of the possibility of annealing, which could (totally or partially) relieve the previously induced
internal stresses.

Similarly, as we analyse the temperature distribution at the fiber’s axial direction plotted in
Figure 12(a) (for the same conditions of Figure 10), the superposition of thermally affected
areas in both shots underlines one critical aspect when writing LPFGs: the influence of the
grating’s period on the pitch width, and consequent “softening” of the spatial refractive index
gradient. As it can be seen in Figure 12(b), as the period decreases, the interception’s x-
coordinate values decreases and the temperature at that point increases.

The practical consequence of this behaviour it’s not clear at this time and further research is
necessary, but these phenomena can be responsible by the reduction of the success rate in
producing LPFGs with shorter periods found in other studies [65].

The importance of using the FEM simulation instead of the analytical equation (11) or the
approximated integral equation (8) is observed in Figure 13 for the temperature at the core
(middle). In fact, disregarding radiative and convective losses, adding to the important
variation on the parameters values with temperature, deviates the solution by a significant
amount (about 200 K at its maximum values, between each solution).

As expected, as the laser power increases, the temperature also increases. From the data
obtained using the FEM model and plotted in Figure 14, a 3rd order polynomial can be used to
relate these two parameters. Considering

( ) 3 2
3 2 1 0T P a P a P a P a= + + + (22)

Figure 9. Temperature distribution in the implemented 3D geometry for the laser irradiation of an optical fiber (P=6 W;
ton=0.6 s; F=0.461 N; Δt=1 s; Δx=500 μm), at (a) t=0.6 s and (b) t=2.2 s. Colour bar values are in K.
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(with the laser power, P, in W, and the temperature, T, in K), Table 2 gives the equivalent
parameters for the different zones of the fiber.

For the considered example, at t=0.6 s, axial residual thermal stresses values along z-axis were
determined as having a maximum of about −0.8 MPa. Axial elastic stresses act in the opposite
direction and were calculated as being σx,1=35 MPa and σx,2=0.153 MPa. This results in refractive
index changes (difference between final and initial values) for the core and cladding of the
order of −2 × 10−4 and 4 × 10–6, respectively. Figure 15 shows the calculated (maximum) changes
for different laser power. Under the considered conditions, it is clearly observed that for the
cladding, a well-defined step occurs between 4.5 W and 5 W. Regarding the core, although its
refractive index shows minor variations, it is possible to observe the beginning of the contri‐
bution of thermal stresses around 5 W.

Figure 10. Plots of the temperature evolution during laser irradiation and cooling at (a) x=0 m and (b) x=Δx. (P=6 W;
ton=0.6 s; F=0.461 N; Δt=1 s; Δx=500 μm).

Figure 11. Maximum temperature at x=0 m when the laser is irradiating at x=Δx for different values of Δx (LPFG peri‐
od). (P=6 W; ton=0.6 s; Δt=1 s; F=0.461 N).
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Figure 12. (a) Plots of the temperature distribution at the fiber’s axial direction simulated for t=0.6 s and t=2.1 s, with
Δx=500 μm (the label shows the position, in mm, and the temperature, in K, of the interception between plots), and (b)
the variation on the interception point for different values of Δx (LPFG period). (P=6 W; ton=0.6 s; Δt=1 s; F=0.461 N).

Figure 13. Plots of the temperature evolution during laser irradiation and cooling obtained using equations (11), ana‐
lytical, and (8), integral, and the FEM model. (P=6 W; ton=0.6 s; F=0.461 N).
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Figure 14. Maximum temperature calculated for different laser powers, at x=0 m. (P=6 W; ton=0.6 s; F=0.461 N).

a3 a2 a1 a0

Front surface 1.21 -26.64 256.4 295

Core, middle 1.06 -22.91 224.7 302

Back surface 0.97 -21.18 212.8 302

Table 2. Coefficients for equation (22), depending on the analysis point being considered (Figure 4).

Another parameter to take in consideration is the draw force due to the weight applied on the
fiber. Figure 16 shows the behaviour of the refractive index change with the applied force (and
corresponding weight), considering P=6 W and ton=0.6 s. This parameter affects mainly the core
and a linear relation (with F in N) can be obtained:

( ) 4
core 4.9388 0.0166 10n F -D = - + ´ (23)

A microscope photograph of an example of an irradiated fiber under the experimental
conditions considered in this work is shown in Figure 17. The imaged zone comprises one 500
μm period of a 25 mm grating irradiated with 6 W, for a duration of 0.6 s (each pulse) and
subjected to a weight of 47 g. It is also visible a (small) micrometric deformation of the fiber in
each irradiated region. Figure 18 shows the spectral transmission of the written LPFG,
comparing the experimental data with the simulated spectrum, obtained using the refractive
index changes calculated by the FEM model and using the simulation tool developed by
Baptista [59].

In spite the relative spectral transmission data agreement, the experimental work demonstrat‐
ed that different operational parameters can influence the resulting LPFG. In particular, the
way the weight is positioned and laser power fluctuations can easily change the final result.
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In general, the process involves monitoring the transmission spectrum and iterative action on
the length of the LPFG so a well-defined resonance is obtained. In our setup, the feedback on
the emitted laser power reduces the problem, but not completely.

Although theoretically we could simulate considering different laser powers and weights,
experimentally it was observed that using lower laser powers (<5 W) no LPFGs were obtained.
Also, using higher laser powers (>8 W) or higher weights (typically >60 g, F > 0.6 N) tapering
occurs, a phenomena not included in our model.

The values obtained by the model are in agreement with those estimated by other authors for
the refractive index modulations necessary for achieving a fiber optic grating. Temperatures

Figure 15. Calculated (maximum) refractive index change at the core and cladding for different applied laser powers.
(ton=0.6 s; F=0.461 N).

Figure 16. Calculated refractive index change (maximum change for core and cladding) for different applied draw ten‐
sions. (P=6 W; ton=0.6 s; F=0.461 N).
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calculated are similar to those obtained by other authors for arc-induced LPFG (e.g. in the
range 1,100 K–1,400 K according to [56]) and the refractive index changes are within the overall
range mentioned in other works [46,52,56]. Also, the behaviour of the refractive index change
as the applied drawing force increases complies with recent experimental indications that the
refractive index of the core decreases while the opposite occurs in the cladding, and that this
change occurs primarily in the core [66,67].

Nevertheless, a complete model of the complex physical phenomena involved, in particular
regarding the refractive index change dependence on stress, requires further research. It’s
expected that future work will focus on experimental measurements of temperature, stresses
and refractive index changes induced by the MIR laser radiation. Also, although published
works can contribute in assessing the validity of the results, the influence of specific charac‐

Figure 17. Picture showing two irradiated zones from a 25 mm LPFG with 500 μm period written on a SMF-28 optical
fiber. (P ≈ 6 W; ton=0.6 s; Δt=1 s; F ≈ 0.5 N)

Figure 18. Experimentally obtained and simulated relative normalized spectral transmission under the same condi‐
tions considered in Figure 17.
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teristics of the fibers is a well-recognized issue. In particular, the effect of pre-existing stresses
(typically from the fiber manufacture or preparation), differences in the materials, or other
unaccounted phenomena can influence the performance of the FEM model when compared
with real data. Similarly, the impact of the several approximations considered (e.g., transverse
stresses are neglected), unaccounted phenomena like eventual changes on the glass polariza‐
bility and using standard material data must be analysed in detail, as well as the influence of
the experimental data uncertainties on the model.

5. Conclusions

In Summary, the CO2 laser irradiation technique is a highly efficient, low cost and versatile
technique to write high-quality LPFGs in different types of optical fibers, such as conventional
single mode fibers, polarization-maintaining fibers, and photonic crystal fibers. This technique
offers a number of advantages over other fabrication techniques. It eliminates the need of using
a mask as well as the need for pre-hydrogenation of the fiber and consequent post-thermal
annealing to stabilize the gratings. The LPFGs induced by CO2 laser exhibits unique grating
properties, such as high thermal stability.

Although simplifications can lead to analytical equations, FEM modelling allows more realistic
simulations of the physical processes involved in the writing of LPFGs using MIR radiation.
The 3D model presented simulates the writing of one period and allows the analysis of both
thermal and stress data. All the main practical parameters are considered as inputs and thermal
dependence of the material’s data is included.

The model performance was evaluated by considering a practical example of writing LPFGs
on a Ge-doped fiber. Different analysis were presented and it was demonstrated that refractive
index changes predicted by the FEM model led to transmission spectra with resonance peaks
similar to those obtained experimentally. So, although additional work should be performed
to further validate the analysis done (mainly regarding the characterization of stresses acting
in the optical fiber and experimentally measuring refractive index changes), the FEM results
are in accordance with literature and experimental data.
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1. Introduction

This chapter covers recent advances in SiGe based detector technology, including device
operation,  fabrication processes,  and various optoelectronic  applications.  Optical  sensing
technology is  critical  for  defense and commercial  applications including telecommunica‐
tions, which requires near-infrared (NIR) detection in the 1300-1550 nm wavelength range.
[Here we consider the NIR wavelength band to span approximately 750-2000 nm; the upper
portion  of  this  band,  e.g.,  1400  nm  and  longer  wavelengths,  is  sometimes  elsewhere
designated short-wave infrared (SWIR).]  Although silicon (Si)  photodetectors  have been
widely used to detect in the visible to short NIR wavelength regime, the relatively large Si
band gap of 1.12 eV, corresponding to an absorption cutoff wavelength of ~1100 nm, hinders
the  application of  Si  photodetectors  for  longer  wavelengths  vital  for  medium-and long-
haul optical fiber communications.

Group III-V compound semiconductors possess the advantages of high absorption efficiency,
high carrier drift velocity, excellent noise characteristics, and mature design and fabrication
technology for optical devices, and are commonly used in IR detection related devices [1].
InGaAs based IR photodetectors have been developed for NIR (up to ~1700 nm) applications,
InSb for 3-5 μm applications, and HgCdTe for 1-3, 3-5 and 8-14 μm applications [2]; the spectral
responses of these and various other IR detector material systems are shown in Figure 1. While
it is possible to integrate III-V semiconductor materials on Si by wafer bonding or epitaxy [3],
III-V based detectors normally require cooling (typically down to 77 K), and incorporating III-
V materials into the prevalent silicon process is at the expense of high cost and increased
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complexity. In addition, there is the potential of introducing doping contaminants into the
silicon, since III-V semiconductors act as dopants for Group IV materials [4].

Figure 1. Spectral response characteristics of various IR detectors of different materials/technologies. Detectivity (verti‐
cal axis) is a measure of signal-to-noise ratio (SNR) of an imager normalized for its pixel area and noise bandwidth [5].

Germanium (Ge) is a Group IV material as is silicon, and thus avoids the cross contamination
issue [6]. Ge, which can now be produced with extremely high purities, has an absorption
spectrum similar to that of InGaAs, and can be alloyed with Si to improve the mobility
and/or velocity of mobile carriers [7]. Ge forms a covalent bond with Si, and a number of SiGe
based alloys involving the addition of hydrogen or oxygen are known. Amorphous alloys such
as a-SixGeyHz are characterized by the absence of long-range order, but often possess a
considerable degree of short-range order which is referred to as chemical ordering. A useful
table listing Si and Ge bond and defect energies is found in Ref. [8]. One property of Ge that
is of particular interest is the nature of its band gap. Though Ge like Si is predominately an
indirect band gap (Eg=0.66 eV) material, it has a direct band gap of 0.80 eV that is only 140 meV
above its indirect band gap [9]. This enables Ge to transform from an indirect gap material
towards a direct gap material through the incorporation of tensile strain, as will be discussed
in more detail in Section 5.2.
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Consequently, strained absorption layers composed of Ge/SiGe can provide much higher
optical absorption and enhanced transport properties over the ~1300-1600 nm wavelength
range than layers of pure Si, enabling SiGe based photodetectors with extended NIR capabil‐
ities. (Although potential drawbacks of Si-Ge integration exist including lattice mismatch
between the materials and a relatively low thermal budget for Ge, the growth processes can
be adjusted to compensate in each case.) While detectors based on Ge crystals have been used
for NIR detection for many years, these have required cooling down to 77 K, making them
expensive and limiting their use [10]. Detectors incorporating epitaxially grown Ge/SiGe on
Si substrates can operate at room temperature (RT), thus offering substantially reduced cost
and size, weight, and power (SWaP). Furthermore, SiGe photodetectors can be designed to
exhibit low dark currents (nA range) and dark current densities comparable to those of large
area Group III-V detectors, with accordingly high signal-to-noise ratios (SNRs) [11]. Conse‐
quently, SiGe based devices have become promising and practical candidates for many
applications requiring detection of radiation at visible to NIR wavelengths.

Perhaps the most important advantage of SiGe based devices is that SiGe epitaxial growth
processes are compatible with both front-and back-end silicon complementary metal-oxide-
semiconductor (CMOS) fabrication technologies. Consequently, SiGe detector devices can be
heterogeneously combined with CMOS circuitry using widely installed manufacturing
infrastructure used for production of CMOS integrated circuits (ICs). In addition, SiGe
photodetectors and Si CMOS receiver circuits can be simultaneously fabricated and then
monolithically integrated [12]. Fabricated SiGe detectors can be incorporated directly with low
noise Si readout integrated circuits (ROICs) to yield low-cost and highly uniform IR focal plane
arrays (FPAs) to maximize the fill factor, as will be discussed in Section 7. This allows SiGe
detector based imaging devices to be produced much less expensively and with less difficulty
than those based on III-V detectors. An attractive feature of CMOS-compatible SiGe IR
detectors/imagers is that they can be fabricated on large diameter (up to 450 mm) Si wafers [13],
further decreasing costs and maximizing production output.

2. Applications of SiGe detector technology

2.1. Telecommunications

The relatively recently realized capability of growing Ge epitaxially on Si has enabled the
incorporation of Ge in an expanded variety of detector applications. A primary application for
SiGe NIR detectors involves optical telecommunications networks. Due to fundamental
physical advantages over copper as well as improved bandwidth, power dissipation, cost, and
noise immunity, fiber optic based communications have been utilized to enhance available
bandwidths for services such as internet, cable television, and telephone, e.g., using fiber-to-
the-premises (FTTP) network architectures [14]. By replacing electrical wires with optical
fibers, data rates can be enhanced from 10 Mb/s up to the order of 10 Gb/s with much lower
power budgets [15].
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Monolithic integration of optics with Si electronics is a primary means to realize low-cost and
high performance interconnections, and Ge is a promising material to bridge low-cost
electronics with the advantages of optics [12]. Unlike their Si based counterparts, photodetec‐
tors with tensile strained Ge/SiGe layers can provide high optical absorption over the entire C
band (1530-1565 nm) and most of the L band (1565-1625 nm). The L band is commonly utilized
by dense wavelength division multiplexing (DWDM) systems, and it has been determined that
expanding the detection limit from 1605 nm to 1620 nm can enable 30 additional channels for
long-haul optical telecommunications [16]. The performance of SiGe based photodetectors
operating at extended NIR wavelengths is now comparable to or in some cases exceeds the
performance of InGaAs based devices that have traditionally been used in telecommunications
networks [10].

2.2. Optical interconnects

Conventional  copper  interconnects  become  bandwidth  limited  above  10  GHz  due  to
frequency-dependent losses such as skin effects and dielectric losses from printed circuit
board substrate materials [18]. In addition, RC delay and heat dissipation issues originat‐
ing from metal  interconnects on Si  ICs have become increasingly problematic as feature
sizes continue to shrink in accordance with Moore’s Law [15]. Consequently, recent years
have seen a rapid advancement in the adaption of Si based optical interconnects from rack-
to-rack and board-to board to chip-to-chip as well as to on-chip applications. The latter two
applications  require  a  large  number  of  high-speed,  low-cost  photodetectors  densely
integrated with Si electronics [12].

Figure 2. The compatibility of SiGe technology with standard CMOS processing makes new types of optoelectronic ICs
possible. Shown here is a new IC technology from IBM designated CMOS Integrated Silicon Nanophotonics [17].
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While compound semiconductor devices offer high performance due to their excellent light
emission and absorption properties, the process of integrating them in optical interconnects is
generally very complicated, as well as costly due to the overhead associated with manufac‐
turing in a separate facility combined with the costs associated with packaging and assembling
[19]. On the other hand, SiGe based photodetectors have been demonstrated that provide
nearly all of the characteristics desirable for integrated optoelectronic receivers [20]. SiGe
detectors offer high speeds (10 Gb/s and greater), high sensitivity, a broad detection spectrum,
and the potential for monolithic integration with IC CMOS fabrication technology as will be
discussed in Section 7.2. Thus, SiGe technology holds much promise for optical interconnects
in next generation ICs (Figure 2) to overcome bottlenecks inherent in conventional microelec‐
tronic devices.

2.3. Further commercial and military applications

The detection of visible-NIR radiation offered by SiGe based sensors and imaging devices
operating at RT make them useful for a variety of additional industrial, scientific, and medical
applications. Applications requiring low-cost NIR capable sensors include medical thermog‐
raphy for cancer and tumor detection during diagnosis and surgery, machine vision for
industrial process monitoring, sorting of agricultural products, biological imaging techniques
such as spectral-domain optical coherence tomography, and imaging for border surveillance
and law enforcement [21]. SiGe based NIR sensors/imagers also provide a low-cost solution
for a wide range of military applications. These military applications include, but are not
limited to, day-night vision, soldier robotics, plume chemical spectra analysis, biochemical
threat detection, and night vision for occupied and autonomous vehicles [13].

An additional military application of particular significance is hostile mortar fire detection and
muzzle flash (Figure 3). Muzzle flashes, which approximate a blackbody spectrum from 800
K to 1200 K [22], consist of an intermediate flash and, unless suppressed, a brighter secondary
flash [23]. Such incendiary events produce large amounts of energy in the NIR spectral region.
The ability to image flashes from hostile fire events combined with target detection capability
[e.g., by using spectral tags (chemical additives) for identification of friendly fire] provides a
vital function in the battlefield that can be key to saving the lives of soldiers as well as making
good strategic decisions such as knowing when and where to attack [24]. The realization of
small and low-cost SiGe devices that can detect hostile fire sources therefore has the potential
to greatly benefit our armed forces.

Another commercial application in view involves very small form factor SiGe based visible-
NIR cameras. Since imaging has become a core feature to most mobile phone users and
manufacturers, the industry puts much effort into related performance improvements and
optimization of camera manufacturing methods. Wafer-level packaging of CMOS image
sensors and wafer-level optics provide a cost-effective means of potentially equipping future
generations of camera smartphones with visible-NIR imaging capability with smaller form
factors [26]. Developing such miniature cameras based on SiGe integrated CMOS technology
will require demonstrating small pixel and format NIR detector arrays that enable wide field-
of-views. Producing a practical NIR imager will likewise involve further refining the thermal,
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mechanical, and optical analyses of encapsulation and optical materials to enable compatibility
with NIR FPA manufacturing.

3. SiGe sensor performance modeling

3.1. Performance model overview

This section deals with modeling of SiGe NIR FPA imaging performance over a wide range of
light levels that can occur for day-night operation [13]. The model predicts detector dark
currents, photocurrents, and readout and background noise associated with a novel small
pixel, low-cost SiGe visible-NIR prototype camera. This type of imager, based on the ability to
grow NIR-sensitive SiGe layers on silicon to form pixels utilizing existing high quality and
low-cost semiconductor and electronic architectures, is intended to provide NIR night vision
capability in addition to visible operation.

A fairly large matrix of variables, which include NIR background, pixel size, focal length, f-
number, integration time, spectral bandpass, dark current level, and readout noise level,
require a significantly complex model to perform the necessary design trade studies. This
model predicts values for sensor noise equivalent intensity (NEI) and SNR, and also generates
simulated 30 and 60 Hz NIR image sequences. The model was designed to assist in the

Figure 3. SiGe technology is associated with a number of military applications involving NIR sensitivity, including
muzzle flash detection [25].
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development of miniature NIR or visible-NIR cameras and FPA designs and predict NEI and
SNR performance of image or video quality (resolution and noise), so as to aid in the design
of SiGe detector based camera optics, FPA formats, readout electronics, and pixel size.

3.2. Variable NIR background

The NIR background radiance between overcast dark night and full daylight varies by about
eight orders of magnitude, spanning approximately 0.1 mlux to 25,000 lux. For daytime
operation, spectral filtering, aperture reduction, and/or integration time reduction are required
to prevent saturation of an FPA. The night radiance over the visible-NIR wavelength range
spanning 400-1750 nm can also be quite varied: ~1.0×10-9 W/cm2 for overcast rural settings,
~1.5×10-9 W/cm2 for overcast urban conditions, ~1.2×10-8 W/cm2 for clear night sky rural
conditions, and up to ~3.1×10-8 W/cm2 for clear moonlit night skies.

7

conditions or under a thick canopy.  Moonlight and light pollution that exist in more urban 
settings can also help to illuminate terrain, but such illumination occurs mostly at shorter 
wavelengths.  This situation is shown in Figure 4 in which the lunar radiance is mainly 
significant in the 400-1200 nm region, and is particularly evident in Figure 4(c) which shows the 
effects of city light pollution (where the radiance level is derived from a Toronto, Canada based 
spectral measurement).  These spectral radiances have been modeled in order to determine the 
electron noise level in NIR FPAs for a given FPA pixel size, spectral band, integration time, and 
set of optics.  This provides the background limited performance (BLIP) conditions to which 
dark currents and the readout noise must be added. 

Figure 4. Visible to NIR spectral radiance of night sky based on astronomical 
data [27] along with data from M. Vatsia [28] plotted in (a), and data from R. 
Littleton [29] plotted in (b); in (c), radiance includes light pollution (Toronto).  In 
these plots, airglow is shown in orange, moonlight in white, zodiacal IR in beige, 
lower atmosphere radiance in light blue, total radiance transmitted to ground in 
black, and total radiance to ground from airglow alone in dark blue.
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Figure 4. Visible to NIR spectral radiance of night sky based on astronomical data [27] along with data from M. Vatsia
[28] plotted in (a), and data from R. Littleton [29] plotted in (b); in (c), radiance includes light pollution (Toronto). In
these plots, airglow is shown in orange, moonlight in white, zodiacal IR in beige, lower atmosphere radiance in light
blue, total radiance transmitted to ground in black, and total radiance to ground from airglow alone in dark blue.

SiGe Based Visible-NIR Photodetector Technology for Optoelectronic Applications
http://dx.doi.org/10.5772/59065

321



Since the primary source of illumination in the NIR regime is upper atmosphere airglow, the
imaging performance NIR cameras typically degrades when used in dark night overcast
conditions or under a thick canopy. Moonlight and light pollution that exist in more urban
settings can also help to illuminate terrain, but such illumination occurs mostly at shorter
wavelengths. This situation is shown in Figure 4 in which the lunar radiance is mainly
significant in the 400-1200 nm region, and is particularly evident in Figure 4(c) which shows
the effects of city light pollution (where the radiance level is derived from a Toronto, Canada
based spectral measurement). These spectral radiances have been modeled in order to
determine the electron noise level in NIR FPAs for a given FPA pixel size, spectral band,
integration time, and set of optics. This provides the background limited performance (BLIP)
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3.3 Image Quality Metrics 

Figure 6 displays images from a simulated camera to illustrate the effects of resolution and SNR 
on image quality and potential image identification.  For 30 or 60 Hz image sequences, the eye 
can integrate some of the frames which allows for slightly better identification than is seen in 
these single images.  Motion of an object over the field-of-view also aids in identification, since 
the eye can compensate for pixilation when viewing a moving object. 
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3.3. Image quality metrics

Figure 6 displays images from a simulated camera to illustrate the effects of resolution and
SNR on image quality and potential image identification. For 30 or 60 Hz image sequences,
the eye can integrate some of the frames which allows for slightly better identification than is
seen in these single images. Motion of an object over the field-of-view also aids in identification,
since the eye can compensate for pixilation when viewing a moving object.
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3.3. Image quality metrics

Figure 6 displays images from a simulated camera to illustrate the effects of resolution and
SNR on image quality and potential image identification. For 30 or 60 Hz image sequences,
the eye can integrate some of the frames which allows for slightly better identification than is
seen in these single images. Motion of an object over the field-of-view also aids in identification,
since the eye can compensate for pixilation when viewing a moving object.
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Figure 6. Effects of SNR and resolution on imagery; middle column is typical of 
an f/1.5, 60 Hz, 15 µm pixel broadband NIR imager. The rows (top to bottom) 
show reduction in resolution (1X, 2X, and 4X).  The columns (left to right) show 
no noise, SNR = 3.5 or NEI = 2.2×1010 photons/s-cm2, and SNR = 1 or NEI = 
7.7×1010 photons/s-cm2.

3.4 Maximizing the Signal 

The available signal is determined based on the FPA integration time, quantum efficiency (QE), 
optics f-number (defined as the ratio of lens focal length to diameter of the entrance pupil), and 
visible-NIR background in the chosen spectral band.  The general SNR is calculated as [13]: 
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3.4. Maximizing the signal

The available signal is determined based on the FPA integration time, quantum efficiency (QE),
optics f-number (defined as the ratio of lens focal length to diameter of the entrance pupil),
and visible-NIR background in the chosen spectral band. The general SNR is calculated as [13]:
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where the noise level consists of background, read, and dark current noise. The signal as
measured by collected electrons esig is given by
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where ti is the integration time, G is the gain, τo is the optics transmittance, f is the fill factor, η
is the QE, Adet is the detector area, F# is the f-number, and Φbk is the visible-NIR background in
photons/sec-cm2. The background consists of airglow, moonlight and light pollution sources:
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where the transmittance τa occurs from ground to space.

3.5. Minimizing noise

The NIR camera noise is a combination of the background noise, readout noise (typically
consisting of a few electrons to tens of electrons), and dark current noise. In designing the
optics and setting the parameters of the FPA, the dark current and readout noise must be
maintained below the background noise. The f-number is the metric for signal and background
level noise; however, the focal length required for identifying the object of interest at the
desired range must first be specified before the f-number can be determined. It is necessary to
know the focal length along with the f-number in order to obtain an adequately accurate SNR
for the specific night sky background, which in turn is used to determine the required optical
aperture.

The readout noise en,read is normally in the range of 10-50 electrons. The background noise is
simply the square root of the background electrons collected:
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l
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Likewise, the dark current noise may be expressed as
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If the dark current, which is a function of the bias voltage, is further reduced by decreasing the
negative bias, uniformity and responsivity may be degraded.

In addition to these basic temporal noises, NIR cameras exhibit spatial noise. Although
calibrations usually reduce the spatial noise to levels below that of the temporal noise, spatial
noise varieties such as random pattern noise, fixed row and column noise, temporal row and
column noise, and frame fluctuation noise all can be observed in the images. The model
incorporates all the noise types described in a three-dimensional (3D) noise model, the concept
of which is illustrated in Figure 7.
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Figure 7. Method of deriving 3D noise from the model illustrated.
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The background SNR formula for specific dependencies is expressed as
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while the dark current SNR is given by the formula
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The sensor NEI condition is
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Typical NEIs are in the 8×108 to 5×109 photon/s-cm2 range and vary with integration time and
f-number, where nominal values are in the ranges of 16 to 33 ms and f/1.0 to f/1.5, respectively.
The SNRs in view are for single frames. As was noted, ability of the human eye/brain to
integrate some of the frames when perceiving 30 to 60 Hz imagery improves detection and
identification performance compared to single static frame viewing. The improvement for
random temporal noise dominated images generally varies with the square root of the number
of frames the eye can integrate. Eye integration is complicated and varies with light level,
resolution, and other factors. This improvement is not only limited by the temporal duration
of the eye integration, but also by the underlying spatial noise of the sensor image. Since the
level of spatial noise including row and column noise is often marginally below the level of
the temporal noise, the eye integration improvement ceases when temporal noise abatement
becomes equal to the spatial noise.

The SNR can also be improved by spatially binning pixels, but this is at the expense of
sacrificing spatial resolution. This SNR improvement is generally proportional to the square
root of the number of binned pixels. Thus, implementing 2×2 binning improves the SNR by a
factor of 2. Adding these two phenomena to the previously derived SNR gives:

= =
+ + +% 2 2 2
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This expression shows the improvement in SNR with the square root of the product of summed
pixels and summed frames for the temporal noise part, and demonstrates the ineffectiveness
of summing toward improving the SNR of spatial noise dominated imagery.

3.6. Predicting NEI and SNR

NEI vs. operating temperature for pixel sizes of 30, 20, 10 and 5 μm is shown plotted in Figure
8 using a diffusion expression derived from low dark current density data. For these simula‐
tions, the following parameters were employed: integration time of 33 ms, gain of unity, read
noise of 10 electrons rms, dark current residual nonuniformity calculated for a temperature
delta of 0.1 K, optics with f/1.25, QE of 80%, and wavelength range spanning 1000-1750 nm. It
can be seen that the NEI due to dark current (blue squares) increases as the pixel size is decreased,
since the dark current noise is a function of linear pixel size while light collection is a function
of pixel area. The NEI improves with pixel size because the number of photons collected increases
with detector area while the BLIP noise increases in proportion to the square root of the detector
area. For the sensor modeled, the BLIP NEI for 30 μm pixels is 1.5×109 photons/s-cm2, significant‐
ly lower than the value of 9×109 photons/s-cm2 determined for 5 μm pixels.
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Figure 8. NEI vs. operating temperature for visible-NIR sensors with various 
pixel sizes: (a) 30 µm, (b) 20 µm, (c) 10 µm, and (d) 5 µm.   

Minimizing dark current in SiGe detectors, especially for those with smaller pixels, is a driving 
requirement.  Figure 9 shows the SNR vs. dark current density for 7.5 and 12 µm pixels as a 
function of dark current density.  The level lines are the readout and background SNRs and the 
slanted lines are the dark current SNRs.  The background SNR is the best attainable SNR.  The 
intersection of the lines thus signifies the dark current level where the dark current SNR is equal 
to the readout or background SNR.  In Figure 9(a), the yellow lines signify the background or 
BLIP SNRs for clear skies with no moonlight for the two pixel sizes, with the upper yellow line 
showing the SNR for 12 µm pixels and 0.89 moonlight conditions.  In Figure 9(b), the readout 
noise SNR (red squares) has been added for both large and small pixels (based on 10 noise 
electrons per integration). 
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Figure 8. NEI vs. operating temperature for visible-NIR sensors with various pixel sizes: (a) 30 μm, (b) 20 μm, (c) 10
μm, and (d) 5 μm.
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Minimizing dark current in SiGe detectors, especially for those with smaller pixels, is a driving
requirement. Figure 9 shows the SNR vs. dark current density for 7.5 and 12 μm pixels as a
function of dark current density. The level lines are the readout and background SNRs and
the slanted lines are the dark current SNRs. The background SNR is the best attainable SNR.
The intersection of the lines thus signifies the dark current level where the dark current SNR
is equal to the readout or background SNR. In Figure 9(a), the yellow lines signify the back‐
ground or BLIP SNRs for clear skies with no moonlight for the two pixel sizes, with the upper
yellow line showing the SNR for 12 μm pixels and 0.89 moonlight conditions. In Figure 9(b),
the readout noise SNR (red squares) has been added for both large and small pixels (based on
10 noise electrons per integration).

14

Figure 9. (a) SNR vs. dark current density for 7.5 and 12 µm pixels for dark sky, 
0.89 moonlight conditions, f/1.25, 33 ms integration time, and 400-1750 nm 
bandpass; (b) shows the addition of read noise based SNR (10 electrons). 

Dark current appears to be the performance limiting factor for small pixel NIR FPAs operating at 
RT.  The performance can be improved by compensating for the dark currents using lookup 
tables, though nonuniformity due to uncompensated variance in dark current over the FPA must 
also be characterized.  While utilizing lookup tables should smooth out most of the 
nonuniformity, there will be residual nonuniformity as a result of the FPA pixels’ dark current to 
temperature difference ratios at RT in combination with the temperature increment used in the 
lookup tables.  The dark current residual nonuniformity must be kept below the average dark 
current noise level to preserve the performance, as illustrated in Figure 9.  

3.7 SiGe Imager Performance Based on Modeling Results 

Miniature SiGe detector based FPAs that can be incorporated into handheld cameras or inserted 
into smartphones require f/2 to f/3 optics and pixels approximately 5-7 µm in size.  These 
detectors will consequently have reduced light collection with relatively high dark currents at 
RT.  Such higher f-numbers, which are about twice those characteristic of an ideal NIR camera, 
effectively reduce the signal and SNR by about a factor of four. While small optics of f/1 to f/1.5 
are possible, these may require an increase in optics diameter.  Another method to improve the 
SNR in dark current limited NIR sensors is to incorporate a microlens array (e.g., having 20 µm 
lens centers) to focus light from the scene onto 5-7 µm detector pixels.  This maintains the signal 
strength while reducing detector dark current, enabling small pixel sizes within a larger cell that 
allows for extra on-chip signal processing electronics. 

Predictions based on the modeling that has been detailed in this section are summarized as 
follows:  Imaging under rural night sky conditions becomes challenging for small pixel, small 
optics designs, and dark currents can significantly impact performance in an uncooled NIR 
camera.  A small NIR camera will respond well to minimal amounts of illumination from a direct 
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Figure 9. (a) SNR vs. dark current density for 7.5 and 12 μm pixels for dark sky, 0.89 moonlight conditions, f/1.25, 33
ms integration time, and 400-1750 nm bandpass; (b) shows the addition of read noise based SNR (10 electrons).

Dark current appears to be the performance limiting factor for small pixel NIR FPAs operating
at RT. The performance can be improved by compensating for the dark currents using lookup
tables, though nonuniformity due to uncompensated variance in dark current over the FPA
must also be characterized. While utilizing lookup tables should smooth out most of the
nonuniformity, there will be residual nonuniformity as a result of the FPA pixels’ dark current
to temperature difference ratios at RT in combination with the temperature increment used in
the lookup tables. The dark current residual nonuniformity must be kept below the average
dark current noise level to preserve the performance, as illustrated in Figure 9.

3.7. SiGe imager performance based on modeling results

Miniature SiGe detector based FPAs that can be incorporated into handheld cameras or
inserted into smartphones require f/2 to f/3 optics and pixels approximately 5-7 μm in size.
These detectors will consequently have reduced light collection with relatively high dark
currents at RT. Such higher f-numbers, which are about twice those characteristic of an ideal
NIR camera, effectively reduce the signal and SNR by about a factor of four. While small optics
of f/1 to f/1.5 are possible, these may require an increase in optics diameter. Another method
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Minimizing dark current in SiGe detectors, especially for those with smaller pixels, is a driving
requirement. Figure 9 shows the SNR vs. dark current density for 7.5 and 12 μm pixels as a
function of dark current density. The level lines are the readout and background SNRs and
the slanted lines are the dark current SNRs. The background SNR is the best attainable SNR.
The intersection of the lines thus signifies the dark current level where the dark current SNR
is equal to the readout or background SNR. In Figure 9(a), the yellow lines signify the back‐
ground or BLIP SNRs for clear skies with no moonlight for the two pixel sizes, with the upper
yellow line showing the SNR for 12 μm pixels and 0.89 moonlight conditions. In Figure 9(b),
the readout noise SNR (red squares) has been added for both large and small pixels (based on
10 noise electrons per integration).
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Predictions based on the modeling that has been detailed in this section are summarized as 
follows:  Imaging under rural night sky conditions becomes challenging for small pixel, small 
optics designs, and dark currents can significantly impact performance in an uncooled NIR 
camera.  A small NIR camera will respond well to minimal amounts of illumination from a direct 
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Dark current appears to be the performance limiting factor for small pixel NIR FPAs operating
at RT. The performance can be improved by compensating for the dark currents using lookup
tables, though nonuniformity due to uncompensated variance in dark current over the FPA
must also be characterized. While utilizing lookup tables should smooth out most of the
nonuniformity, there will be residual nonuniformity as a result of the FPA pixels’ dark current
to temperature difference ratios at RT in combination with the temperature increment used in
the lookup tables. The dark current residual nonuniformity must be kept below the average
dark current noise level to preserve the performance, as illustrated in Figure 9.

3.7. SiGe imager performance based on modeling results

Miniature SiGe detector based FPAs that can be incorporated into handheld cameras or
inserted into smartphones require f/2 to f/3 optics and pixels approximately 5-7 μm in size.
These detectors will consequently have reduced light collection with relatively high dark
currents at RT. Such higher f-numbers, which are about twice those characteristic of an ideal
NIR camera, effectively reduce the signal and SNR by about a factor of four. While small optics
of f/1 to f/1.5 are possible, these may require an increase in optics diameter. Another method
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to improve the SNR in dark current limited NIR sensors is to incorporate a microlens array
(e.g., having 20 μm lens centers) to focus light from the scene onto 5-7 µm detector pixels. This
maintains the signal strength while reducing detector dark current, enabling small pixel sizes
within a larger cell that allows for extra on-chip signal processing electronics.

Predictions based on the modeling that has been detailed in this section are summarized as
follows: Imaging under rural night sky conditions becomes challenging for small pixel, small
optics designs, and dark currents can significantly impact performance in an uncooled NIR
camera. A small NIR camera will respond well to minimal amounts of illumination from a
direct NIR source, such as one imaged in indoor or shorter-range outdoor environments. In
addition, the performance limitations of small uncooled NIR cameras are not found to be
problematic for live fire detection and identification applications. Overall, these findings
indicate that low-cost, small pixel, uncooled detectors based on growth of SiGe on Si are
potentially advantageous for imaging in indoor or low light level outdoor environments.

4. Operation and performance of SiGe photodetectors

A photodetector may be basically defined as a device that converts an optical signal (photons)
into an electrical one (electrons). There exist three primary classes of semiconductor based
photodetectors: avalanche photodiodes (APDs), metal-semiconductor-metal (MSM) detectors,
and p-i-n (pin) detectors. [An additional type of detector device, known as a metal-insulator-
semiconductor (MIS) photodetector featuring an insulator layer inserted between metal and
semiconductor layers [30], has been developed as well but is not that common.] Detector
devices of each of these three main classifications based on SiGe technology have been
demonstrated. For the visible-NIR detection applications in view, SiGe based MSM and pin
devices are the best suited, with each having associated advantages and disadvantages that
will be discussed in some detail throughout the remainder of this section.

4.1. Avalanche Photodiodes (APDs)

APDs, which are commonly employed in high bitrate optical communication systems, achieve
high built-in gain through avalanche multiplication, and require high bias voltages (~20 V/μm)
to achieve desired ionization rates and provide detection of low power signals with high
sensitivity [12]. Under sufficiently high external bias, the electrical field in an APD’s depletion
region causes photogenerated electrons from the absorption layer to undergo a series of impact
ionization processes. This enables a single absorbed incoming photon to generate a large
number of electron/hole pairs (EHPs), which effectively amplifies the photocurrent and
improves the sensitivity, providing a QE potentially greater than unity. SiGe APDs typically
have separate absorption-charge-multiplication (SACM) structures (see Figure 10), in which
light is absorbed in an intrinsic Ge film and electrons are multiplied in an intrinsic Si film; such
structures allow optimization of both QE and multiplication gain [10].
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Figure 10. Schematic cross-section of a SiGe based APD device with a separate absorption-charge-multiplication
(SACM) structure and its internal electric field distribution [10].

The most important performance metrics for APDs are ionization ratio (which should be
minimized), internal electric field distribution, excess noise factor, gain-bandwidth product,
and sensitivity [4]. The device structure of a basic APD is similar to that of a pin photodetector.
Compared with their pin counterparts, APDs offer 5-10 dB better sensitivity and higher SNR
due to their internal multiplication gain, as well as high bandwidth-efficiency products [4,31].
However, the comparatively low operation bandwidths and the requirement of very high bias
voltages limit the integration potential of SiGe based APDs into practical CMOS-based devices.

4.2. Metal-Semiconductor-Metal (MSM) photodetectors

MSM photodetectors comprise two back-to-back Schottky contacts and feature a closely
spaced interdigitated metal electrode configuration on top of an active light absorption
semiconductor layer [32]. The material, physical, and electrical properties of MSM devices are
depicted in Figure 11(a), (b), and (c), respectively. MSM detectors are photoconductive devices
not functional under zero bias, and require sufficient external bias for the semiconductor layer
to become fully depleted. The Schottky junctions present in MSM detectors exhibit rectified
current-voltage (I-V) characteristics as do pn junctions, but occur at the metal-semiconductor
rather than semiconductor-semiconductor interfaces. Also, while pn junctions allow both
electrons and holes to flow under forward bias, Schottky junctions allow only majority carriers
to flow.

Advantages of MSM detectors include low capacitance and consequent low RC delay, which
enables high-speed operation. Detection bandwidths for SiGe based MSM devices are
comparatively high, making them suitable for fast optical fiber communications. In addition,
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rather than semiconductor-semiconductor interfaces. Also, while pn junctions allow both
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to flow.

Advantages of MSM detectors include low capacitance and consequent low RC delay, which
enables high-speed operation. Detection bandwidths for SiGe based MSM devices are
comparatively high, making them suitable for fast optical fiber communications. In addition,
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since MSM detectors are inherently planar and require only a single photolithography step,
they are relatively easy to fabricate, boosting their potential for practical integration. However,
the external QE and effective responsivity in MSM devices are generally lower than those in
pin detectors due to shadowing of the metal electrodes, which typically occupy 25-50% of the
surface area [18].
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Figure 11. (a) Cross-section of MSM photodetector fabricated on Ge layer grown 
on Si substrate [33]. (b) Scanning electron microscope (SEM) image of an 
evanescent waveguide-coupled Ge-on-SOI MSM photodetector [34]. (c) 
Schematic diagram of MSM structure and corresponding energy band diagram at 
thermal equilibrium [12]. 

In addition, high dark current associated with SiGe based MSM devices, primarily as a result of 
hole injection over the Schottky barrier [35], is a significant problem that raises the noise floor and 
increases standby power consumption [10].  This dark current may include current associated 
with thermally generated electron-hole pairs and carrier injection over the Schottky barriers, 
since SiGe MSM detectors typically have poor Schottky contacts with Ge [12].  While 
techniques to suppress dark current in MSM devices, such as dopant segregation and utilizing an 
intermediate layer of amorphous Ge and SiC, have suppressed dark current in detection devices 
significantly [36], MSM detectors generally still exhibit higher levels of dark current than 
comparable SiGe based pin devices [37] often resulting in an inferior level of performance [4].   

4.3 pin Photodetectors 

As their name may suggest, pin photodetectors consist of an intrinsic (i) region sandwiched 
between heavily doped p+ and n+ semiconductor layers.  A typical pin photodetector design 
cross-section is depicted in Figure 12(a).  The p+/n+ regions may be formed by implantation, in
situ doping, or consist of a highly doped monocrystalline Si substrate [15,38].  The depletion 
layer in which all absorption occurs is almost entirely defined by the thicker highly resistive 
intrinsic region.  This is in contrast to a common pn photodiode, in which the width of the 
depletion region (usually thinner than that in pin devices) is governed by the applied external 
electric field.  

SiGe based pin photodetector structures can exhibit significant built-in electric fields of several 
kV cm-1 inside the i-Ge/SiGe layers, which overcome recombination processes at lattice defects, 
improving the device quality and enabling smaller devices [10].  The uniform electric field F in 
the intrinsic region in a pin photodetector is given approximately by [41]: 
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Figure 11. (a) Cross-section of MSM photodetector fabricated on Ge layer grown on Si substrate [33]. (b) Scanning elec‐
tron microscope (SEM) image of an evanescent waveguide-coupled Ge-on-SOI MSM photodetector [34]. (c) Schematic
diagram of MSM structure and corresponding energy band diagram at thermal equilibrium [12].

In addition,  high dark current  associated with SiGe based MSM devices,  primarily as  a
result of hole injection over the Schottky barrier [35],  is a significant problem that raises
the  noise  floor  and  increases  standby  power  consumption  [10].  This  dark  current  may
include current associated with thermally generated electron-hole pairs and carrier injection
over the Schottky barriers, since SiGe MSM detectors typically have poor Schottky contacts
with Ge [12]. While techniques to suppress dark current in MSM devices, such as dopant
segregation  and  utilizing  an  intermediate  layer  of  amorphous  Ge  and  SiC,  have  sup‐
pressed dark current in detection devices significantly [36], MSM detectors generally still
exhibit  higher levels  of  dark current  than comparable  SiGe based pin  devices  [37]  often
resulting in an inferior level of performance [4].

4.3. Pin photodetectors

As their name may suggest, pin photodetectors consist of an intrinsic (i) region sandwiched
between heavily doped p+and n+semiconductor layers. A typical pin photodetector design
cross-section is depicted in Figure 12(a). The p+/n+regions may be formed by implantation, in
situ doping, or consist of a highly doped monocrystalline Si substrate [15,38]. The depletion
layer in which all absorption occurs is almost entirely defined by the thicker highly resistive
intrinsic region. This is in contrast to a common pn photodiode, in which the width of the
depletion region (usually thinner than that in pin devices) is governed by the applied external
electric field.

SiGe based pin photodetector structures can exhibit significant built-in electric fields of several
kV cm-1 inside the i-Ge/SiGe layers, which overcome recombination processes at lattice defects,
improving the device quality and enabling smaller devices [10]. The uniform electric field F in
the intrinsic region in a pin photodetector is given approximately by [41]:
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Figure 12. (a) Cross-sectional schematic view of SiGe based pin photodetector 
structure [39]. (b) Band diagram of pin Ge/Si heterojunction [40]. 

where V is the applied voltage, Vbi is the built-in voltage, and wD is the thickness of the depletion 
or intrinsic region.  Upon absorption of a photon in the intrinsic region of energy hν > Eg, EHPs 
are created and immediately separated by the external electric field resulting from reverse 
biasing the device, leading to generation of photocurrent.  Absorption outside the intrinsic region 
will also result in photocurrent if the minority carriers manage to diffuse to the intrinsic region.  
Since there are few charge carriers in the intrinsic region, the space charge region reaches 
completely from the p-type to the n-type region.  Figure 12(b) shows the energy band diagram of 
a p-Ge/i-Ge/n-Si heterojunction.   

The intrinsic/depletion region thickness, which is normally made substantially larger than that of 
the p+ and n+ regions, can be tailored to optimize detector performance [4].  Having a relatively 
thick depletion region with a strong internal electric field causes most of the generated EHPs to 
be transferred to the p+/n+ regions and collected as a result of carrier drift rather than diffusion.  
(Since the valence band offset is much larger than the conduction band offset, the higher barrier 
in the valence band limits the movement of holes, so the conductivity in pin heterojunctions is 
due to electrons in the conduction band [40].)  This in turn results in less carrier recombination at 
dislocations or point defects, leading to higher collection efficiency [10].  Because of this as well 
as other factors, a thicker depletion region in a pin photodetector is associated with higher 
responsivity and QE.  On the other hand, having a thinner intrinsic region in a pin detector 
reduces the transit time, thereby enhancing the response bandwidth [4].  However, a thinner 
intrinsic layer also effects a larger capacitance, which produces greater RC delay that can have a 
limiting effect on the detector speed of operation [12].   

There are two main classifications of SiGe based pin photodetectors structures: normal incidence 
(NI) and lateral.  As might be expected, in the former type of device light is incident vertically or 
normal to its top or bottom surface, while in the latter type the photons are incident horizontally 
or laterally.  In addition, a substantial portion of SiGe pin detectors now have waveguide-coupled 
(WC) designs, which circumvent alignment issues by featuring either evanescent coupling or 
butt-coupling between integrated SiGe detectors and Si optical waveguides.  Practically all 
lateral (and some NI) pin photodetectors are WC.  The advent of practical WC SiGe pin
photodetectors was relatively recent— virtually all such detector devices have been reported 
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where V is the applied voltage, Vbi is the built-in voltage, and wD is the thickness of the depletion
or intrinsic region. Upon absorption of a photon in the intrinsic region of energy hν > Eg, EHPs
are created and immediately separated by the external electric field resulting from reverse
biasing the device, leading to generation of photocurrent. Absorption outside the intrinsic
region will also result in photocurrent if the minority carriers manage to diffuse to the intrinsic
region. Since there are few charge carriers in the intrinsic region, the space charge region
reaches completely from the p-type to the n-type region. Figure 12(b) shows the energy band
diagram of a p-Si/i-Ge/n-Ge heterojunction.

The intrinsic/depletion region thickness, which is normally made substantially larger than that
of the p+and n+regions, can be tailored to optimize detector performance [4]. Having a relatively
thick depletion region with a strong internal electric field causes most of the generated EHPs
to be transferred to the p+/n+regions and collected as a result of carrier drift rather than diffusion.
(Since the valence band offset is much larger than the conduction band offset, the higher barrier
in the valence band limits the movement of holes, so the conductivity in pin heterojunctions is
due to electrons in the conduction band [40].) This in turn results in less carrier recombination
at dislocations or point defects, leading to higher collection efficiency [10]. Because of this as
well as other factors, a thicker depletion region in a pin photodetector is associated with higher
responsivity and QE. On the other hand, having a thinner intrinsic region in a pin detector
reduces the transit time, thereby enhancing the response bandwidth [4]. However, a thinner
intrinsic layer also effects a larger capacitance, which produces greater RC delay that can have
a limiting effect on the detector speed of operation [12].

There are two main classifications of SiGe based pin photodetectors structures: normal
incidence (NI) and lateral. As might be expected, in the former type of device light is incident
vertically or normal to its top or bottom surface, while in the latter type the photons are incident
horizontally or laterally. In addition, a substantial portion of SiGe pin detectors now have
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where V is the applied voltage, Vbi is the built-in voltage, and wD is the thickness of the depletion
or intrinsic region. Upon absorption of a photon in the intrinsic region of energy hν > Eg, EHPs
are created and immediately separated by the external electric field resulting from reverse
biasing the device, leading to generation of photocurrent. Absorption outside the intrinsic
region will also result in photocurrent if the minority carriers manage to diffuse to the intrinsic
region. Since there are few charge carriers in the intrinsic region, the space charge region
reaches completely from the p-type to the n-type region. Figure 12(b) shows the energy band
diagram of a p-Si/i-Ge/n-Ge heterojunction.

The intrinsic/depletion region thickness, which is normally made substantially larger than that
of the p+and n+regions, can be tailored to optimize detector performance [4]. Having a relatively
thick depletion region with a strong internal electric field causes most of the generated EHPs
to be transferred to the p+/n+regions and collected as a result of carrier drift rather than diffusion.
(Since the valence band offset is much larger than the conduction band offset, the higher barrier
in the valence band limits the movement of holes, so the conductivity in pin heterojunctions is
due to electrons in the conduction band [40].) This in turn results in less carrier recombination
at dislocations or point defects, leading to higher collection efficiency [10]. Because of this as
well as other factors, a thicker depletion region in a pin photodetector is associated with higher
responsivity and QE. On the other hand, having a thinner intrinsic region in a pin detector
reduces the transit time, thereby enhancing the response bandwidth [4]. However, a thinner
intrinsic layer also effects a larger capacitance, which produces greater RC delay that can have
a limiting effect on the detector speed of operation [12].

There are two main classifications of SiGe based pin photodetectors structures: normal
incidence (NI) and lateral. As might be expected, in the former type of device light is incident
vertically or normal to its top or bottom surface, while in the latter type the photons are incident
horizontally or laterally. In addition, a substantial portion of SiGe pin detectors now have
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waveguide-coupled (WC) designs, which circumvent alignment issues by featuring either
evanescent coupling or butt-coupling between integrated SiGe detectors and Si optical
waveguides. Practically all lateral (and some NI) pin photodetectors are WC. The advent of
practical WC SiGe pin photodetectors was relatively recent— virtually all such detector devices
have been reported within the past decade. While lengths of early WC pin photodetectors were
typically on the order of 100 μm to ensure full absorption of light around 1550 nm [4], more
recent devices are have been designed smaller (~10X) to reduce the RC delay and maximize
potential bandwidths [42].

4.4. Reported performance of SiGe pin photodetectors

Due to their comparative ease of fabrication, performance advantages, and prevalence, the
focus throughout the remainder of this chapter centers primarily on SiGe based pin photode‐
tectors and associated technology. Performance specifications reported for NI and WC pin SiGe
photodetectors are given in Table 1 and Table 2, respectively. In Table 3 and Table 4, typical
ranges of performance results for MSM detectors and typical APD specifications, respectively,
are presented for comparison.

WL (µm)
Resp.
(A/W)

DC Dens.
(mA/cm2)

DC (µA)
BW VBias

(V)
BW (GHz) VBias (V) Pub. Year 1st Author Ref.

1.3 0.13 0.2 0.2 -1 2.3 -3 1998 S. Samavedam [43]

1.55 0.33 30 12 -1 ~0.4 -4 2000 L. Colace [20]

1.55 0.75 15 0.14 -1 2.5 -1 2002 S. Fama [44]

1.55 0.035 100 0.31 -1 38.9 -2 2005 M. Jutzi [37]

1.55 0.56 10 0.79 -1 8.5 -1 2005 J. Liu [15]

1.55 — 375 0.075 — 39 -2 2006 M. Oehme [45]

1.3 0.45 6.4 0.20 -1 8.8 -2 2006 M. Morse [46]

1.55 0.28 180 0.57 -1 17 -10 2006 Z. Huang [47]

1.55 0.20 ~200 ~10 -1 10 -1 2006 L. Colace [48]

1.55 0.037 27 0.035 -1 15 -1 2007 T. Loh [49]

1.55 1.0 130 ~0.1 -1 49 -2 2009 S. Klinger [50]

1.55 0.8 — 0.042 -1 36 -3 2009 D. Suh [51]

Table 1. Reported performance specifications of NI pin SiGe photodetectors.

Compared to NI detectors, WC SiGe pin photodetectors generally have similar bandwidths
(up to 47 GHz), higher responsivity and QE, and dark currents and dark current densities that
are comparable in magnitude. Among pin WC detectors, lateral structures have demonstrated
higher QE values compared to NI devices due to less light consumption in the highly doped
region, while achieving similar response speeds [42].

SiGe Based Visible-NIR Photodetector Technology for Optoelectronic Applications
http://dx.doi.org/10.5772/59065

333



Resp. (A/W) @ 1.55
µm

DC Dens.
(mA/cm2)

DC (µA)
BW VBias

(V)
BW (GHz) VBias (V) Pub. Year 1st Author Ref.

0.87 1.3×103 0.9 -1 7.5 -1 2007 D. Ahn [54]

0.89 51 0.17 -2 31.3 -2 2007 T. Yin [55]

1.0 0.7 0.0002 -1 4.5 -3 2008 M. Beals [56]

0.65 — 0.06 -1 18 -1 2008 J. Wang [42]

1.0 60 ~1 -1 42 -4 2009 L. Vivien [57]

1.1 1.6×104 1.3 -1 32 -1 2009 D. Feng [52]

0.8 — 0.072 -1 47 -3 2009 D. Suh [58]

1.1 28 1.3 -1 36 -3 2010 D. Feng [59]

0.78 40 0.003 -1 45 -1 2011 C. DeRose [60]

0.8 71 0.025 -1 45 0 2013 L. Virot [61]

Table 2. Performance specifications of WC pin SiGe photodetectors.

In comparison to SiGe based MSM devices, SiGe pin detectors offer high bandwidths, low
noise, and high responsivities. Responsivities reported for some pin devices are as high as ~1
A/W (and even greater for certain WC detectors), and typically are substantially better than
those of MSM devices [50,52]. SiGe pin detectors generally also offer higher responsivities and
lower dark currents than SiGe APDs. SiGe pin detector devices have demonstrated respon‐
sivities at 1310 and 1550 nm that are similar to those of commercially available InGaAs
photodetectors [53].

Parameter Best Typical Worst

Responsivity @ 1.55 μm 0.8-1.2 A/W 0.53-0.75 A/W 0.10-0.14 A/W

Dark Current Density 85-100 mA/cm2 0.6-2.0 A/cm2 650-1000 A/cm2

Dark Current 0.011-0.020 μA 4-10 μA 90-4000 μA

Bandwidth 36.5-40.0 GHz 10-25 GHz 1.0-4.3 GHz

Table 3. General performance specification ranges of MSM type SiGe photodetectors.

Bandwidths of Ge/SiGe pin photodetectors have improved from several gigahertz to close to
50 GHz in recent years, and are presently comparable to those of MSM devices. Currently the
highest pin detector bandwidth is 49 GHz at-2 V reverse bias as reported by Klinger et al., and
three reported WC detectors can operate above 45 GHz, fast enough to accommodate future
40 Gb/s telecommunications applications [50]. Techniques considered to enhance bandwidths
further include limiting the thickness of the Ge/SiGe intrinsic layers in pin photodiodes to
reduce carrier transition times, and altering the device structure to limit undesirable parasitic
effects.
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Parameter Best Typical Worst

Responsivity @ 1.55 μm 0.80 A/W 0.40 A/W 0.17 A/W

Dark Current ~10 μA ~50 μA ~100 μA

Bandwidth ~35 GHz ~12 GHz ~5 GHz

Gain-bandwidth Product 350 GHz 105 GHz 50 GHz

Table 4. General performance specifications of SiGe APDs.

Reported dark currents and dark current densities in SiGe pin detectors are both on average
approximately two orders of magnitude lower compared to those of MSM devices, with
dark current densities of certain pin devices as low as in the μA/cm2 range [42]. The dark
current  and  dark  current  density  results  presented  were  almost  entirely  measured  for
devices biased at 1 V. To minimize dark current and operating power further, there has
recently been increasing research interest in the development of lower bias or even zero-
bias pin photodiodes. Zero-bias SiGe pin photodetectors have demonstrated responsivities
at  0  V  bias  nearly  equivalent  to  the  saturated  value  at  2  V  bias  [15],  as  well  as  3  dB
bandwidths as high as 25 GHz [38].

5. Design objectives of SiGe pin photodetectors

5.1. Si1-xGex photodetector design parameters

While some early attempts to develop SiGe IR detectors concentrated on potential LWIR
applications [62,63], in this chapter we focus solely the development of devices for applications
involving detection in the NIR band (up to ~1700 nm). The most straightforward method by
which to adjust the cutoff wavelength of a SiGe photodetector in order to tune its range of
response is to modify the Si1-xGex alloy composition. Si and Ge have the same type of crystal‐
lographic structure and the materials can thus be alloyed with varying Ge concentrations. For
Si1-xGex alloys, the lattice constant does not exactly follow Vegard’s law. The relative change
of the lattice constant is given by [63]:

-
= + +

1

2
Si Ge 0 5431 0 1992 0 0002733 nm

x x
a . . x . x ( ) (11)

The concentration of Ge in a layer of Si1-xGex may be accurately measured using characteriza‐
tion techniques such as X-ray diffraction (XRD). As the Ge concentration is increased, the band
gap of the material is reduced, and therefore the cutoff wavelength of a detector will increase
(extending its operational wavelength range) assuming all other factors remain constant.
However, from a practical device fabrication standpoint, depositing pure Ge or SiGe with very
high Ge concentration entails certain technical challenges; for instance, as predicted by
Equation (11), a higher Ge concentration of Si1-xGex grown on Si results in a larger lattice
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mismatch between the materials. This can lead to Stranski-Krastanov growth in which islands
form to relieve the misfit strain, which in turn leads to rougher surfaces [12]. However, as will
be discussed in the following section, the incorporation of even small amounts of tensile strain
can be utilized to extend the operating range of a SiGe photodetector having an absorption
layer of a given Ge concentration further into the NIR regime. In addition, modification of
parameters such as the doping concentration and growth temperature can be undertaken to
further fine-tune the spectral response of a device. Thus, there are multiple factors that more
or less influence the operational wavelength range of a SiGe based detector. These must be
properly balanced in the process of designing and developing a detector device that exhibits
required and optimal performance characteristics for a given application(s).

p+ - Si Substrate (100)

p+ - Ge seed layer

Photon Absorbtion Layer

>1 m Intrinsic Ge Layer

n+ - poly SiGe Layer
p - Ge Layerp - Ge Layer

Oxide Oxide

n+ - Ge Layer

Figure 13. SiGe pin photodetector structure used to evaluate impact of various fabrication methodologies [64].

A diagnostic pin photodetector device structure designed to evaluate the impact of various
fabrication methodologies to reduce leakage currents and produce higher detector perform‐
ance is shown in Figure 13 [64]. The structure, from the bottom up, consists of a p+Si substrate,
thin p+Ge seed layer, thicker i-Ge layer, and top n+polysilicon layer with an underlying n+doped
Ge region. The polysilicon layer covers sections of oxide deposited on the sides of the top
surface of the cylindrical detector, under which shallow p-Ge regions may form. This structure
can be used to help to assess the following: ability to grow high quality/low defect density Ge
on Si; layer thicknesses necessary for minimal topological and defect density requirements;
and isolation of defect states at the Ge/oxide interface from the signal carrying layers. Also of
relevance is the determination of the optimum doping level and thickness of the lighter doped
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p-type Ge regions under the oxide to isolate interface states and lateral leakage current that
could result between the highly doped n+Ge region below the polysilicon and the p-Ge regions.

5.2. Incorporating strain to improve NIR detection

Strains and consequent stresses normally arise during epitaxial growth of thin films on
substrates of different compositions and/or crystal structures. Internal strains and stresses can
result from a mismatch in the lattice constants of the individual layers, which is illustrated in
Figure 14. If the lattice mismatch between two materials is less than ~9%, the initial layers of
film will grow pseudomorphically, i.e., the films strain elastically in order to maintain the same
interatomic spacing. As the film grows thicker, the increasing strain will create a series of misfit
dislocations separated by regions of relatively good fit.

Figure 14. Relationship between lattice mismatch of Si and Ge and misfit dislocations that degrade detector perform‐
ance [18].

Since the lattice constant of Ge exceeds of that of Si  by 4.18%, very thin Si1-xGex (x  >  0)
layers grown on a Si substrates are initially compressively strained. Near perfect epitaxial
growth of such a strained heteroepitaxial layer can be achieved if  its thickness does not
exceed a critical thickness for stability. Since the pseudomorphic critical thickness for growth
of Ge on Si with strain due to lattice mismatch is less than 1 nm, a Ge layer that is grown
with a thickness that is substantially larger than this limit will  relax through the forma‐
tion of misfit dislocations [7,10].

However, the difference in thermal expansion coefficients between the layers can also play a
significant role in the development of strain following epitaxial growth. Since Ge has a larger
thermal expansion coefficient than Si, when the temperature cools to RT after growth the
consequent reduction in the lattice constant of a deposited Ge/SiGe layer will be suppressed
by the Si substrate [65]. This results in the generation of residual tensile strain in the Ge/SiGe
layer normally within the range of 0.15-0.30% [9,66]. The changes in band gap energy and
absorption that occur with the introduction of strain are depicted in Figure 15(a) and (b),
respectively.
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Figure 14. Relationship between lattice mismatch of Si and Ge and misfit 
dislocations that degrade detector performance [18].

Since the lattice constant of Ge exceeds of that of Si by 4.18%, very thin Si1-xGex (x > 0) layers 
grown on a Si substrates are initially compressively strained.  Near perfect epitaxial growth of 
such a strained heteroepitaxial layer can be achieved if its thickness does not exceed a critical 
thickness for stability.  Since the pseudomorphic critical thickness for growth of Ge on Si with 
strain due to lattice mismatch is less than 1 nm, a Ge layer that is grown with a thickness that is 
substantially larger than this limit will relax through the formation of misfit dislocations [7,10].     

However, the difference in thermal expansion coefficients between the layers can also play a 
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thermal expansion coefficient than Si, when the temperature cools to RT after growth the 
consequent reduction in the lattice constant of a deposited Ge/SiGe layer will be suppressed by 
the Si substrate [65].  This results in the generation of residual tensile strain in the Ge/SiGe layer 
normally within the range of 0.15-0.30% [9,66].  The changes in band gap energy and absorption 
that occur with the introduction of strain are depicted in Figure 15(a) and (b), respectively. 

Figure 15. (a) Calculated change in direct band gap energy as a function of strain 
in Ge [65].  (b) Absorption spectra of bulk Ge, and 0.20% and 0.25% tensile 
strained Ge [53]. 
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Figure 15. (a) Calculated change in direct band gap energy as a function of strain in Ge [65]. (b) Absorption spectra of
bulk Ge, and 0.20% and 0.25% tensile strained Ge [53].

The presence of this biaxial tensile stress in Ge causes the valence subbands to split, where the
top of the valence band comprises the light hole band. The light hole band energy increases
and consequently both the direct and indirect gaps shrink, with the direct gap shrinking more
rapidly. Thus, with the increase of tensile strain, Ge transforms from an indirect gap material
towards a direct gap material. This stress-induced shift in valence subbands is depicted in
Figure 16(a).

Upon application of tensile strain, e.g., of 0.2%, the direct band gap of Ge reduces from 0.80
eV for unstrained material to ~0.77 eV, which effectively increases the corresponding cutoff
wavelength from 1550 to 1610 nm [15,65]. As shown in Figure 16(b), this provides greater
sensitivity for sensor operation at NIR wavelengths of 1600 nm and above due to the higher
absorption coefficient (~5X) and recombination rates of the strained Ge over this range [9]. This
extended operational range is very useful for telecommunications, since strained layer SiGe
based sensors can operate over most or all of the L band spanning 1560-1620 nm, as well as for
other applications requiring detection of longer wavelengths in the NIR regime.
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Figure 16. (a) Shift of Ge from indirect gap toward direct gap material with 
application of tensile stain [10]. (b) Comparison of responsivity spectra for pin
photodetectors having unstrained and strained Ge layers [67]. 

5.3 Reducing Dark Current 

The growth of Ge on Si can be characterized as Stranski-Krastanov growth, an example of which 
is shown in Figure 17(a).  For film thicknesses below the critical thickness, a 2D wetting layer is 
formed, beyond which a transition to 3D islanding growth mode occurs to relieve the built-in 
strain in the Ge layers [66].  Defects and threading dislocations arising during Stranski-
Krastanov growth typically form recombination centers.  At RT, dark current in pin
photodetectors, i.e., the current measured under reverse bias with no illumination, is mainly due to 
generation current through such traps [68].  Higher levels of dark current result in increased 
power consumption that reduces detector performance, and shot noise associated with this 
leakage current can also degrade the SNR [5] and lower sensitivity for NIR systems [1].  Figure 
17(b) shows typical I-V characteristics SiGe devices where the dark current at negative bias 
increases proportionally to devices size. 

(a) (b)

Figure 16. (a) Shift of Ge from indirect gap toward direct gap material with application of tensile strain [10]. (b) Com‐
parison of responsivity spectra for pin photodetectors having unstrained and strained Ge layers [67].
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5.3. Reducing dark current

The growth of Ge on Si can be characterized as Stranski-Krastanov growth, an example of
which is shown in Figure 17(a). For film thicknesses below the critical thickness, a 2D wetting
layer is formed, beyond which a transition to 3D islanding growth mode occurs to relieve the
built-in strain in the Ge layers [66]. Defects and threading dislocations arising during Stranski-
Krastanov growth typically form recombination centers. At RT, dark current in pin photode‐
tectors, i.e., the current measured under reverse bias with no illumination, is mainly due to
generation current through such traps [68]. Higher levels of dark current result in increased
power consumption that reduces detector performance, and shot noise associated with this
leakage current can also degrade the SNR [5] and lower sensitivity for NIR systems [1]. Figure
17(b) shows typical I-V characteristics SiGe devices where the dark current at negative bias
increases proportionally to device size.
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Figure 17. (a) Ge-on-Si Stranski-Krastanov epitaxial growth [10].  (b) Measured 
RT I-V characteristics for large area diodes with 20, 50 and 200 µm unit cells; the 
inset shows a schematic of the device cross-section [24]. 

Since dark current can be particularly high in SiGe based photodetectors, a major research thrust 
has been to reduce the dark current to the greatest extent possible in order to enhance sensitivity 
and boost overall device performance.  (It is noted that in SiGe pin photodetectors dark current 
increases with applied electric field and does not saturate, and thus the measured dark current is 
usually specified at a given reverse bias, e.g., -1 V.)  The goal is to limit the dark current to 
levels acceptable for high-speed operation usually considered to be not more than 1 µA [54] (or 
dark current densities of 1-10 mA/cm2), above which the transimpedance amplifier noise will be 
exceeded [35] and the SNR reduced [1].  However, a precise value of the required dark current is 
dependent upon the particular speed of operation and the amplifier design.  Thermionic emission 
limits the dark current density in SiGe photodetectors down to ~10-2 mA/cm2 at RT, which is 
around two orders of magnitude higher than that of standard InGaAs based photodetectors [10]. 

Various approaches have been proposed to further reduce the dark current in SiGe detectors by 
several orders of magnitude, including superlattice structures [24], incorporation of quantum dots 
[63], use of buried junctions [69], and graded compositional layer designs [68].  Dark current 
generally scales with device area, so reducing the overall size of SiGe detector devices is one 
means of limiting leakage current for a given photodetector design.  For the fabrication of SiGe 
pin detectors, a two-step growth process and high temperature anneal (which will be covered in 
Section 6) can reduce threading dislocations and thus resultant dark current and dark current 
density [43,70].  The effects of a buffer layer grown by two-step growth and high temperature 
annealing on dark current density are shown in Figure 18(a) and (b), respectively.  The splitting 
of the valence bands in Ge due to the presence of tensile strain also lowers the density of states 
for holes, leading to reduction of intrinsic carrier density that can likewise contribute to reduced 
reverse dark current in devices [65].  Further methods to effect reductions in dark current include 
improving surface passivation and/or utilizing smaller selective growth regions during device 
fabrication [63]. 

(a) (b)

Figure 17. (a) Ge-on-Si Stranski-Krastanov epitaxial growth [10]. (b) Measured RT I-V characteristics for large area di‐
odes with 20, 50 and 200 μm unit cells; the inset shows a schematic of the device cross-section [24].

Since dark current can be particularly high in SiGe based photodetectors, a major research
thrust has been to reduce the dark current to the greatest extent possible in order to enhance
sensitivity and boost overall device performance. (It is noted that in SiGe pin photodetectors
dark current increases with applied electric field and does not saturate, and thus the measured
dark current is usually specified at a given reverse bias, e.g.,-1 V.) The goal is to limit the dark
current to levels acceptable for high-speed operation usually considered to be not more than
1 μA [54] (or dark current densities of 1-10 mA/cm2), above which the transimpedance
amplifier noise will be exceeded [35] and the SNR reduced [1]. However, a precise value of the
required dark current is dependent upon the particular speed of operation and the amplifier
design. Thermionic emission limits the dark current density in SiGe photodetectors down to
~10-2 mA/cm2 at RT, which is around two orders of magnitude higher than that of standard
InGaAs based photodetectors [10].
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Various approaches have been proposed to further reduce the dark current in SiGe detectors
by several orders of magnitude, including superlattice structures [24], incorporation of
quantum dots [63], use of buried junctions [69], and graded compositional layer designs [68].
Dark current generally scales with device area, so reducing the overall size of SiGe detector
devices is one means of limiting leakage current for a given photodetector design. For the
fabrication of SiGe pin detectors, a two-step growth process and high temperature anneal
(which will be covered in Section 6) can reduce threading dislocations and thus resultant dark
current and dark current density [43,70]. The effects of a buffer layer grown by two-step growth
and high temperature annealing on dark current density are shown in Figure 18(a) and (b),
respectively. The splitting of the valence bands in Ge due to the presence of tensile strain also
lowers the density of states for holes, leading to reduction of intrinsic carrier density that can
likewise contribute to reduced reverse dark current in devices [65]. Further methods to effect
reductions in dark current include improving surface passivation and/or utilizing smaller
selective growth regions during device fabrication [63].
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Figure 18. Effect of (a) buffer layer grown by two-step growth, and (b) high 
temperature annealing, on dark current density characteristics [68]. 

6.0 Fabrication of SiGe pin Photodetectors 

6.1 SiGe Detector Growth Methods 
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dislocations are more effectively utilized to relieve stress [43].  However, this method requires 
significant time and resources as well as necessitates films at least 6 µm thick that are associated 
with large residual surface roughness, which are problematic for the fabrication of practical, cost 
effective-devices [4,72].

In recent years the most prevalent and useful method to deposit Ge/SiGe layers to form 
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The two-step growth process commonly used for fabricating NI pin detectors consists of initial 
low temperature (LT) epitaxial growth of Ge/SiGe to form a thin strain-relaxed layer, followed 
by relatively high temperature (HT) growth to form the thicker absorbing film, and a subsequent 
HT anneal [16,70,74].  In general, the growth steps are primarily designed to prevent islanding.  
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6. Fabrication of SiGe pin photodetectors

6.1. SiGe detector growth methods

Epitaxial growth of Si/SiGe using gas precursors has been utilized for the past three decades
[10]. Selective growth of Ge/SiGe epitaxial films, using mask layers such as SiO2 and Si3N4,
generally requires the formation of vertical sidewalls [usually by reactive ion etching (RIE)] to
minimize faceting and enhance trench filling [9]. An early method for growing Ge on Si, first
proposed by Luryi et al. in 1984 [71] and later optimized by other groups, involved using
graded SiGe buffer layers to reduce the density of threading dislocations arising in the Ge
layer. Such graded structures lead to an optimized relaxation of the graded layers, where
existing threading dislocations are more effectively utilized to relieve stress [43]. However,
this method requires significant time and resources as well as necessitates films at least 6 μm
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Various approaches have been proposed to further reduce the dark current in SiGe detectors
by several orders of magnitude, including superlattice structures [24], incorporation of
quantum dots [63], use of buried junctions [69], and graded compositional layer designs [68].
Dark current generally scales with device area, so reducing the overall size of SiGe detector
devices is one means of limiting leakage current for a given photodetector design. For the
fabrication of SiGe pin detectors, a two-step growth process and high temperature anneal
(which will be covered in Section 6) can reduce threading dislocations and thus resultant dark
current and dark current density [43,70]. The effects of a buffer layer grown by two-step growth
and high temperature annealing on dark current density are shown in Figure 18(a) and (b),
respectively. The splitting of the valence bands in Ge due to the presence of tensile strain also
lowers the density of states for holes, leading to reduction of intrinsic carrier density that can
likewise contribute to reduced reverse dark current in devices [65]. Further methods to effect
reductions in dark current include improving surface passivation and/or utilizing smaller
selective growth regions during device fabrication [63].
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6. Fabrication of SiGe pin photodetectors

6.1. SiGe detector growth methods

Epitaxial growth of Si/SiGe using gas precursors has been utilized for the past three decades
[10]. Selective growth of Ge/SiGe epitaxial films, using mask layers such as SiO2 and Si3N4,
generally requires the formation of vertical sidewalls [usually by reactive ion etching (RIE)] to
minimize faceting and enhance trench filling [9]. An early method for growing Ge on Si, first
proposed by Luryi et al. in 1984 [71] and later optimized by other groups, involved using
graded SiGe buffer layers to reduce the density of threading dislocations arising in the Ge
layer. Such graded structures lead to an optimized relaxation of the graded layers, where
existing threading dislocations are more effectively utilized to relieve stress [43]. However,
this method requires significant time and resources as well as necessitates films at least 6 μm
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thick that are associated with large residual surface roughness, which are problematic for the
fabrication of practical, cost effective-devices [4,72].

In recent years the most prevalent and useful method to deposit Ge/SiGe layers to form
functional pin detector devices has involved a two-step growth process where the growth
temperature is ramped up between the growth steps. This technique was first applied to
epitaxial grown Ge on Si by Colace et al. in 1998 [73], and it has since been commonly adopted
for Ge epitaxial growth. This method most often involves deposition of Ge/SiGe on intrinsic
Si, but growth of Ge on silicon-on-insulator (SOI) surfaces has also been demonstrated [20].

6.2. Two-step growth process overview

The two-step growth process commonly used for fabricating NI pin detectors consists of initial
low temperature (LT) epitaxial growth of Ge/SiGe to form a thin strain-relaxed layer, followed
by relatively high temperature (HT) growth to form the thicker absorbing film, and a subse‐
quent HT anneal [16,70,74]. In general, the growth steps are primarily designed to prevent
islanding. The first LT growth step is crucial in governing the film crystalline quality and the
surface morphology and also the final strain state in the Ge films [66]. Ge/SiGe films grown
using this process have been shown to have reduced rms surface roughness of less than 1 nm
[15,70]. In addition, the HT anneal reduces threading dislocations arising from lattice mismatch
between the Si and Ge to enable a higher quality Ge film with reduced dark current [9]. Figure
19(a) shows a cross-sectional view of a Ge layer grown on Si with a close-up view of the Ge-
Si interface, while Figure 19(b) comprises a top view of the fabricated pin photodetector.
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Figure 19. (a) Cross-sectional transmission electron microscope (TEM) image of 
Ge grown on Si substrate, where the inset shows Ge atoms coherently matched up 
to the Si substrate on a lattice scale; and (b) top view SEM image of fabricated Ge 
pin photodetector device [51]. 

The epitaxial growth in this two-step process is usually performed using a variant of the 
chemical vapor deposition (CVD) method.  The most commonly employed variant is ultrahigh 
vacuum CVD (UHV-CVD) [53,75], in which the operating pressures are high enough to control 
oxygen background contamination levels.  However, SiGe based devices have also been grown 
using low-pressure CVD (LP-CVD) [74] more broadly utilized by industry [7], low-energy 
plasma-enhanced CVD (LEPE-CVD) [48], reduced pressure CVD (RP-CVD) [46], and rapid 
thermal CVD (RT-CVD) [40].  These CVD based methods enable high control of layer and 
multi-layer thickness and suitability for future large wafer-scale fabrication.  The two-step 
process is likewise compatible with the molecular beam epitaxy (MBE) method, which has been 
employed in fewer but still a considerable number of instances [37,45,70,76].  Primary 
advantages of MBE are allowance of lower thermal budgets [66] and tight control over doping 
profiles [1]. 

6.3 LT Growth 

In the first LT (slower growth rate) step of this low/high temperature growth process, fully planar 
homoepitaxial deposition of a thin Ge/SiGe seed or buffer layer on a Si wafer is performed to 
ensure smooth surface morphology and to avoid islanding of the film [10].  Si wafers with (100) 
orientation are associated with lower leakage currents than (001) oriented wafers [1].  The Ge 
seed layer is deposited on the surface of the substrate, which is often highly doped to facilitate 
the future requirement of low resistance ohmic contacts.  This seed layer is designed to prevent 
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Figure 19. (a) Cross-sectional transmission electron microscope (TEM) image of Ge grown on Si substrate, where the
inset shows Ge atoms coherently matched up to the Si substrate on a lattice scale; and (b) top view SEM image of fabri‐
cated Ge pin photodetector device [51].

The epitaxial growth in this two-step process is usually performed using a variant of the
chemical  vapor  deposition  (CVD)  method.  The  most  commonly  employed  variant  is
ultrahigh  vacuum CVD (UHV-CVD)  [53,75],  in  which  the  operating  pressures  are  high
enough to control  oxygen background contamination levels.  However,  SiGe based devi‐
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ces have also been grown using low-pressure CVD (LP-CVD) [74] more broadly utilized
by industry [7], low-energy plasma-enhanced CVD (LEPE-CVD) [48], reduced pressure CVD
(RP-CVD) [46], and rapid thermal CVD (RT-CVD) [40]. These CVD based methods enable
high control of layer and multi-layer thickness and suitability for future large wafer-scale
fabrication. The two-step process is likewise compatible with the molecular beam epitaxy
(MBE)  method,  which  has  been  employed  in  fewer  but  still  a  considerable  number  of
instances [37,45,70,76]. Primary advantages of MBE are allowance of lower thermal budgets
[66] and tight control over doping profiles [1].

6.3. LT growth

In the first LT (slower growth rate) step of this low/high temperature growth process, fully
planar homoepitaxial  deposition of  a thin Ge/SiGe seed or buffer layer on a Si  wafer is
performed to ensure smooth surface morphology and to avoid islanding of the film [10].
Si  wafers  with  (100)  orientation  are  associated  with  lower  leakage  currents  than  (001)
oriented wafers [1]. The Ge seed layer is deposited on the surface of the substrate, which
is  often  highly  doped  to  facilitate  the  future  requirement  of  low resistance  ohmic  con‐
tacts.  This  seed  layer  is  designed  to  prevent  strain  release  from  undesirable  3D  island
growth,  reduce  surface  roughness,  and enhance  the  migration  of  threading  dislocations
(Figure 20) to decrease their proliferation. Buffer/seed layer thicknesses in the range of 30-75
nm are most  optimal  to withstand the temperature ramp and homoepitaxially grow Ge
films with smooth surface morphologies [77] with reduced threading dislocation densities
[68]; for layers less than 30 nm thick, islanded surfaces have a tendency to form [74]. The
first ~0.7 nm (i.e., below the critical thickness) of the buffer layer will be strained due to
the  4.18%  lattice  mismatch  between  it  and  the  underlying  Si  substrate,  after  which  a
progressive  strain  relaxation  takes  place,  and  a  fully  strain-relaxed  Ge  epilayer  is  pro‐
duced for growth beyond a few additional nanometers [66]. Therefore, this layer, assum‐
ing it is of sufficient thickness, is initially predominately relaxed.

The seed layer growth temperature influences adatom processes on the surface, crystalline
growth, surface morphology, abruptness of doping transitions, and relaxation processes [68].
Temperatures employed for seed layer deposition are predominately in the 300-400°C range,
and usually from 320-360°C [9]. Depositing seed layers at temperatures below 300°C can lead
to crystallographic defect formation, while temperatures above 400°C have been found to
produce surface roughening due to increased surface mobility of Ge [7]. At such relatively low
growth temperatures, the low surface diffusivity of Ge kinetically suppresses undesired
islanding that can otherwise result [10].

In situ doping (e.g., with boron) of this layer can be utilized to enhance the seed growth rate
and lower the Ge/Si interfacial oxygen level [7]. Seed layer doping has been found to scale
linearly with boron doping levels up to 1020 cm-3 [74]. It has also been determined to reduce
series resistance under forward bias and lower dark current under reverse bias [63].
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to crystallographic defect formation, while temperatures above 400°C have been found to
produce surface roughening due to increased surface mobility of Ge [7]. At such relatively low
growth temperatures, the low surface diffusivity of Ge kinetically suppresses undesired
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strain release from undesirable 3D island growth, reduce surface roughness, and enhance the 
migration of threading dislocations (Figure 20) to decrease their proliferation.  Buffer/seed layer 
thicknesses in the range of 30-75 nm are most optimal to withstand the temperature ramp and 
homoepitaxially grow Ge films with smooth surface morphologies [77] with reduced threading 
dislocation densities [68]; for layers less than 30 nm thick, islanded surfaces have a tendency to 
form [74].  The first ~0.7 nm (i.e., below the critical thickness) of the buffer layer will be 
strained due to the 4.18% lattice mismatch between it and the underlying Si substrate, after 
which a progressive strain relaxation takes place, and a fully strain-relaxed Ge epilayer is 
produced for growth beyond a few additional nanometers [66].  Therefore, this layer, assuming 
its final thickness is ~30 nm or greater, is initially predominately relaxed. 

The seed layer growth temperature influences adatom processes on the surface, crystalline 
growth, surface morphology, abruptness of doping transitions, and relaxation processes [68].  
Temperatures employed for seed layer deposition are predominately in the 300-400°C range, and 
usually from 320-360°C) [9].  Depositing seed layers at temperatures below 300°C can lead to 
crystallographic defect formation, while temperatures above 400°C have been found to produce 
surface roughening due to increased surface mobility of Ge [7].  At such relatively low growth 
temperatures, the low surface diffusivity of Ge kinetically suppresses undesired islanding that 
can otherwise result [10]. 

Figure 20. Cross-sectional TEM image of Ge layer grown on Si; (b) Enlargement 
of layer in (a) near the interface region, showing a high density of misfit 
dislocations; and (c) TEM image of the Ge layer grown following a two-step 
growth process, where threading dislocations are less evident [66]. 

In situ doping (e.g., with boron) of this layer can be utilized to enhance the seed growth rate and 
lower the Ge/Si interfacial oxygen level [7].  Seed layer doping has been found to scale linearly 
with boron doping levels up to 1020 cm-3 [74].  It has also been determined to reduce series 
resistance under forward bias and lower dark current under reverse bias [63].

6.4 HT Growth 

In the subsequent HT step of the growth process, a layer of intrinsic Ge or SiGe serving as the 
pin detector absorption region is grown in the temperature range of 500-800°C above the relaxed 
buffer/seed layer.  The growth temperatures utilized are most commonly in the 600-700°C range, 
which has been found to produce a satisfactory growth rate and sufficient degree of tensile strain 
while also providing a smooth high crystal quality Ge/SiGe film [10].  Using a layer composed 
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Figure 20. (a) Cross-sectional TEM image of Ge layer grown on Si; (b) enlargement of layer in (a) near the interface
region, showing a high density of misfit dislocations; and (c) TEM image of the Ge layer grown following a two-step
growth process, where threading dislocations are less evident [66].

6.4. HT growth

In the subsequent HT step of the growth process, a layer of intrinsic Ge or SiGe serving as the
pin detector absorption region is grown in the temperature range of 500-800°C above the
relaxed buffer/seed layer. The growth temperatures utilized are most commonly in the
600-700°C range, which has been found to produce a satisfactory growth rate and sufficient
degree of tensile strain while also providing a smooth high crystal quality Ge/SiGe film [10].
Using a layer composed of Ge (rather than SiGe) maximizes the potential cutoff wavelength
of device, but high Ge content Si1-xGex (x ≥ 0.8) can likewise be effective. In general, as this i-
Ge/SiGe layer is made thicker, the transit time increases which reduces the device bandwidth,
while the responsivity rises due to higher absorption and junction capacitance is reduced [15].
However, topological and defect density concerns limit the i-layer thickness for practical pin
devices to 2 μm or less [64]. The doping level of this intrinsic SiGe layer is typically three to
four orders of magnitude lower than that of the highly doped n+and p+layers of a pin detector
[76]. Upon cooling following the HT growth, this layer becomes strained due to the difference
in the thermal expansion coefficients between the Ge/SiGe layer material and the Si substrate.
In one instance the level of strain present after cooling was found to rise as the layer thickness
increased up to ~150 nm, and then remain essentially constant as its thickness grew further [66].

6.5. HT anneal

Following the LT/HT growth steps, HT in situ annealing, often cyclic in nature, is usually
performed. The cyclic annealing process enables a reduction in sessile threading dislocation
density by transforming sessile threading dislocations to glissile ones, which due to thermal
stress glide effectively annihilate dislocations [78]. This annealing process is intended to reduce
the threading dislocation density by up to two orders of magnitude (e.g., from 109 to 107 cm-2

[9]) and thereby diminish resultant dark/leakage currents, and also to enhance the strain/stress
of the i-Ge layer [48]. To have an optimal effect, the high anneal temperature is usually chosen
to be marginally less than the Ge melting temperature (939°C), with the low temperature at
least 50°C below high anneal temperature and above ambient [78]. Typical cyclic anneal
temperatures span the 700-900°C range.
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Cyclic annealing for up to 10 cycles compared to a single cycle was found in multiple cases to
further reduce the dislocation density by a significant degree [70]. On the other hand, a single
anneal cycle can result in lower boron diffusion out from the p+SiGe layer while still main‐
taining acceptably low dislocation density [47]. High and low cyclic annealing durations are
most commonly 10 min; however, a single anneal lasting up to 2 h has been found to be equally
effective in certain cases [68]. As the anneal time increases, Ge/Si interdiffusion can become an
issue and limit tensile strain [66]. An alternate approach involves a hydrogen ambient, by
which annealing at ~800ºC for 30 min can effectively reduce surface roughness and threading
dislocation density attributed to enhanced atomic mobility from the annealing [79].

6.6. Subsequent fabrication steps

Following selective two-step LT/HT growth and annealing, additional processing steps are
required in the development of a practical Ge/SiGe pin photodetector device. The top contact
of the detector can comprise a thin (100-200 nm) layer of polysilicon deposited on the intrinsic
Ge/SiGe layer, in situ doped with phosphorus [53]. This forms the n+layer that provides a
conductive path to the opposite site of the detector. Free-carrier absorption, which can be
significant in Si at NIR wavelengths, was modeled using the Drude equation [18] for a
polysilicon layer of 200 nm thickness with dopant concentration of 1019 cm-3, and was found
to have an acceptably minor impact on performance. However, if the doping level is increased
significantly the layer thickness will need to be reduced, and vice versa, in order to prevent
free-carrier absorption from significantly degrading detector performance.thickness will need to be reduced, and vice versa,  in order to prevent free‐carrier absorption from significantly 
degrading detector performance. 

 
Figure 21. (a) I-V characteristics for 10×10 μm2 SiGe pin detector devices with and without 400°C post-
metallization anneal in N2; at -1 V, the dark current is reduced by ~1000X with 400°C by the annealing 
[24]. (b) Schematic showing composition of a prospective SiGe pin photodetector device after 
fabrication. 

Following deposition of the polysilicon layer, an activation anneal can be performed, which 
serves to out-diffuse dopant atoms from the polysilicon layer into the underlying Ge/SiGe to 
form a vertical pin junction [63]. A passivation layer (e.g., of SiO2) may then be deposited at 
relatively low temperatures using a CVD based process, which serves to reduce leakage 
currents and isolate active elements [1]. This oxide layer can be patterned using a 
photolithographic process to open a window to the underlying Si1-xGex surface. The next 
prospective step in this process, nearly completing the photodetector design, involves sputter 
depositing metal (e.g., aluminum or titanium) to form low resistance top and bottom contacts. 
Silicidation annealing may subsequently be performed at temperatures in the 600-900°C 
range to ensure highly conductive ohmic contacts enabling higher photocurrent [53]; this has 
also been observed to marginally increase the tensile strain in the Ge/SiGe layer [16]. 
Following this metallization process, the samples may be annealed in nitrogen, as shown in 
Figure 21(a), which has been found reduce dark current by up to three orders of magnitude 
for small area Ge/SiGe pin photodetectors [24]. A potential design layout of a fabricated 
SiGe pin photodetector device having undergone these processing steps is depicted in Figure 
21(b). 

 
7.0 Practical Integration SiGe Detectors for Imaging Arrays 

7.1 IR FPA and ROIC Technology 

Because of the compatibility of Ge growth methods with standard silicon based CMOS processes, photodetectors 
developed through selective epitaxial growth of Ge/SiGe can be heterogeneously integrated with CMOS circuitry 
using manufacturing infrastructure already widely installed for the production of BiCMOS and CMOS integrated 
circuits.  In addition, unlike charge‐coupled device  (CCD) based  imagers that require specialized and relatively 
complicated  processing  techniques,  CMOS  based  imagers  can  be  built  on  fabrication  lines  designed  for 
commercial microprocessors. This has enabled the resolution of CMOS imagers  to continue to  increase rapidly 
due to the ongoing transition to finer lithographies as predicted by Moore’s Law. This in turn has led to higher 
circuit density and levels of integration, better image quality, lower voltages, and lower overall system costs for 
CMOS devices in comparison with traditional CCD based solutions [80]. 

(a)  (b)

Figure 21. (a) I-V characteristics for 10×10 μm2 SiGe pin detector devices with and without 400°C post-metallization
anneal in N2; at-1 V, the dark current is reduced by ~1000X with 400°C by the annealing [24]. (b) Schematic showing
composition of a prospective SiGe pin photodetector device after fabrication.

Following deposition of the polysilicon layer, an activation anneal can be performed, which
serves to out-diffuse dopant atoms from the polysilicon layer into the underlying Ge/SiGe to
form a vertical pin junction [63]. A passivation layer (e.g., of SiO2) may then be deposited at
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Cyclic annealing for up to 10 cycles compared to a single cycle was found in multiple cases to
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anneal cycle can result in lower boron diffusion out from the p+SiGe layer while still main‐
taining acceptably low dislocation density [47]. High and low cyclic annealing durations are
most commonly 10 min; however, a single anneal lasting up to 2 h has been found to be equally
effective in certain cases [68]. As the anneal time increases, Ge/Si interdiffusion can become an
issue and limit tensile strain [66]. An alternate approach involves a hydrogen ambient, by
which annealing at ~800ºC for 30 min can effectively reduce surface roughness and threading
dislocation density attributed to enhanced atomic mobility from the annealing [79].

6.6. Subsequent fabrication steps

Following selective two-step LT/HT growth and annealing, additional processing steps are
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Following deposition of the polysilicon layer, an activation anneal can be performed, which 
serves to out-diffuse dopant atoms from the polysilicon layer into the underlying Ge/SiGe to 
form a vertical pin junction [63]. A passivation layer (e.g., of SiO2) may then be deposited at 
relatively low temperatures using a CVD based process, which serves to reduce leakage 
currents and isolate active elements [1]. This oxide layer can be patterned using a 
photolithographic process to open a window to the underlying Si1-xGex surface. The next 
prospective step in this process, nearly completing the photodetector design, involves sputter 
depositing metal (e.g., aluminum or titanium) to form low resistance top and bottom contacts. 
Silicidation annealing may subsequently be performed at temperatures in the 600-900°C 
range to ensure highly conductive ohmic contacts enabling higher photocurrent [53]; this has 
also been observed to marginally increase the tensile strain in the Ge/SiGe layer [16]. 
Following this metallization process, the samples may be annealed in nitrogen, as shown in 
Figure 21(a), which has been found reduce dark current by up to three orders of magnitude 
for small area Ge/SiGe pin photodetectors [24]. A potential design layout of a fabricated 
SiGe pin photodetector device having undergone these processing steps is depicted in Figure 
21(b). 
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Figure 21. (a) I-V characteristics for 10×10 μm2 SiGe pin detector devices with and without 400°C post-metallization
anneal in N2; at-1 V, the dark current is reduced by ~1000X with 400°C by the annealing [24]. (b) Schematic showing
composition of a prospective SiGe pin photodetector device after fabrication.

Following deposition of the polysilicon layer, an activation anneal can be performed, which
serves to out-diffuse dopant atoms from the polysilicon layer into the underlying Ge/SiGe to
form a vertical pin junction [63]. A passivation layer (e.g., of SiO2) may then be deposited at
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relatively low temperatures using a CVD based process, which serves to reduce leakage
currents and isolate active elements [1]. This oxide layer can be patterned using a photolitho‐
graphic process to open a window to the underlying Si1-xGex surface. The next prospective step
in this process, nearly completing the photodetector design, involves sputter depositing metal
(e.g., aluminum or titanium) to form low resistance top and bottom contacts. Silicidation
annealing may subsequently be performed at temperatures in the 600-900°C range to ensure
highly conductive ohmic contacts enabling higher photocurrent [53]; this has also been
observed to marginally increase the tensile strain in the Ge/SiGe layer [16]. Following this
metallization process, the samples may be annealed in nitrogen, as shown in Figure 21(a),
which has been found reduce dark current by up to three orders of magnitude for small area
Ge/SiGe pin photodetectors [24]. A potential design layout of a fabricated SiGe pin photode‐
tector device having undergone these processing steps is depicted in Figure 21(b).

7. Practical integration SiGe detectors for imaging arrays

7.1. IR FPA and ROIC technology

Because of the compatibility of Ge growth methods with standard silicon based CMOS
processes, photodetectors developed through selective epitaxial growth of Ge/SiGe can be
heterogeneously integrated with CMOS circuitry using manufacturing infrastructure already
widely installed for the production of BiCMOS and CMOS integrated circuits. In addition,
unlike charge-coupled device (CCD) based imagers that require specialized and relatively
complicated processing techniques, CMOS based imagers can be built on fabrication lines
designed for commercial microprocessors. This has enabled the resolution of CMOS imagers
to continue to increase rapidly due to the ongoing transition to finer lithographies as predicted
by Moore’s Law. This in turn has led to higher circuit density and levels of integration, better
image quality, lower voltages, and lower overall system costs for CMOS devices in comparison
with traditional CCD based solutions [80].

The term focal plane array (FPA) refers to a 2D assemblage of individual detector pixels located
at the focal plane of an imaging system [21]. FPAs convert optical images into electrical signals
that can then be read out and processed and/or stored in digital format. Staring array FPAs,
in which the associated optics serve solely to focus the visual image onto the detectors in the
array, are scanned electronically usually using circuits integrated with the arrays. The electrical
output from the array can be either an analog or digital signal, which in the latter case requires
the inclusion of analog-to-digital conversion electronics. CMOS based silicon addressing
circuits, the dominant technology for large scale arrays, are mature with respect to fabrication
yield and attainment of near-theoretical sensitivity.

Readout integrated circuits (ROICs) enable a FPA to be fully functional by accumulating
photocurrent from each pixel to provide parallel signal processing circuitry for readout. ROIC
functions include pixel deselecting, antiblooming on each pixel, subframe imaging, and output
preamplification [80]. In monolithically integrated ROICs, both detection of light and signal
readout (multiplexing) is performed in the detector material in the spacing between the pixels

SiGe Based Visible-NIR Photodetector Technology for Optoelectronic Applications
http://dx.doi.org/10.5772/59065

345



rather than in an external readout circuit [75]. Advantages of this approach include reduced
number of processing steps, increased yields, and reduced costs. Another common architecture
for IR FPAs uses a hybrid based approach, in which the individual pixels are directly connected
with readout electronics providing for multiplexing [21]. Some benefits of this method are the
potential for near 100% fill factor, increased signal processing area, and the ability to optimize
the detector and multiplexer independently.

Figure 22. Photograph and schematic of a focal plane array (FPA) consisting of a hybridized chip stack with readout
integrated circuit (ROIC), pixel array, and microlens array [81].

ROICs comprise input cells or unit cells, which in the case of hybrid FPAs consist of the areas
located directly under each pixel that are connected to the pixels through indium bumps that
bond the aligned FPA and ROIC together [82]. This procedure allows multiplexing the signals
from thousands of pixels onto a few output lines. FPAs can utilize either frontside illumination,
where photons pass through the ROIC, or backside illumination, where photons pass through
a transparent detector array substrate; the latter is often the most advantageous since ROICs
typically have areas of metallization and other opaque regions that effectively reduce optical
area of the structure [21]. ROICs are processed in standard commercial foundries, and can be
custom designed to feature any type of circuit that will fit in the unit cells, though this space
is often quite limited. Microlenses deposited above each pixel arrays concentrate incoming
light into photosensitive regions, and thus offer a means of further improving sensitivity for
devices having relatively low fill factors. A typical indium bonded hybrid architecture FPA
utilizing a microlens array is depicted in Figure 22.

7.2. Integration of SiGe technology in CMOS processes

The progressing technological development of low dark current SiGe detector arrays has made
possible the fabrication of high density large format SiGe NIR FPAs. The frontside illumination
process flow shown sequentially in Figure 23 was developed by DRS Technologies and
provides various potential steps for the processes for fabrication and integration of FPA pixels
with SOI wafers [63]. In this process, the SOI wafers have a thin, high quality Si layer on top,
and a buried oxide layer below. The detector p+base layer and intrinsic (i) layer are deposited
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process flow shown sequentially in Figure 23 was developed by DRS Technologies and
provides various potential steps for the processes for fabrication and integration of FPA pixels
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and a buried oxide layer below. The detector p+base layer and intrinsic (i) layer are deposited
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by SiGe epitaxy (Step 1). Vias into SiGe are then etched by RIE, where the buried oxide layer
provides the etch stop (Step 2). Next, an oxide layer is deposited to provide dielectric isolation
for the via structure. Doped polysilicon deposition completes the top n+layer of the pin
photodiode structure and provides a conductive path to the opposite site of the detector (Step
3). A Si handle is bonded to the detector wafer (Step 4) to provide support during the etching
and thinning. The Si wafer is then etched (Step 5), where the buried oxide layer again provides
an etch stop (selectivity > 1000:1). Next, vias are opened though the oxide to access the top n
+detector layer and the p+base layer (Step 6). This step is followed by via metal fill. The detector
wafer will then be ready for direct CMOS bonding to interconnects (Step 7); this enabling
technology is associated with low temperatures, high density, ultra-small pitch, and pixel scale
reductions. Following bonding, the handle wafer is removed (Step 8). Finally, a pixel isolation
etch completes the detector array (Step 9).

Figure 23. Process flow for fabrication of NIR front side illuminated SiGe FPA and CMOS ROIC for SiGe detection and
imaging applications [63].
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The first monolithic integration of Ge NIR photodetectors in a CMOS process that produced
multichannel, high-speed optical receivers was reported by Masini et al. in 2007 [83]. With this
approach, the Ge epitaxy step was integrated at the end of the frontend processing and before
the contact module. RP-CVD deposition of Ge at a temperature of 350ºC without HT annealing
was performed to avoid potential damage resulting from high temperature epitaxy. Since high
temperatures are necessary for gate oxide growth, the Ge module was inserted after the gate
processing. The integrated WC pin detectors, which are depicted with the Si CMOS circuit in
Figure 24, operated at 1550 nm at a bandwidth of 10 Gb/s with sensitivity greater than-14 dBm.

Figure 24. Integration approach for monolithic fabrication of a Ge pin photodetector and Si CMOS circuit on a com‐
mon SOI platform [83].

In 2010, Ang et al. [19] developed and monolithically integrated highly efficient WC pin Ge-
on-SOI photodetectors with a CMOS circuits. They utilized an “electronic-first, photonic-last”
approach to avoid Ge degradation and cross contamination to fabricate both vertical and lateral
devices, where the former were found to offer superior performance in relation to bandwidth
and dark current density. A closely matched integrated CMOS inverter circuit was demon‐
strated capable of performing logic functions. A high temperature (800°C) prebake treatment
was used before the Ge epitaxy growth, which was found to not have any observable detri‐
mental impact on the operation of the CMOS devices. The vertical pin detectors achieved a
responsivity of 0.92 A/W at 1550 nm, QE of 73%, bandwidth of 11.3 GHz, and dark current of
0.57 μA. Figure 25(a) and (b) show the design of the evanescent coupled Ge photodetectors in
vertical and lateral pin configurations, respectively, while Figure 25(c) shows the integration
approach for monolithically fabricating the Ge pin photodetector and Si CMOS circuit.
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Figure 24. Integration approach for monolithic fabrication of a Ge pin photodetector and Si CMOS 
circuit on a common SOI platform [83]. 

In  2010,  Ang  et  al.  [19]  developed  and  monolithically  integrated  highly  efficient  WC  pin  Ge‐on‐SOI 
photodetectors with  a CMOS  circuits. They  utilized  an  “electronic‐first, photonic‐last”  approach  to  avoid Ge 
degradation and cross contamination to fabricate both vertical and lateral devices, where the former were found 
to offer superior performance  in relation to bandwidth and dark current density. A closely matched  integrated 
CMOS  inverter  circuit was demonstrated  capable  of  performing  logic  functions. A  high  temperature  (800°C) 
prebake  treatment  was  used  before  the  Ge  epitaxy  growth,  which  was  found  to  not  have  any  observable 
detrimental impact on the operation of the CMOS devices. The vertical pin detectors achieved a responsivity of 
0.92 A/W at 1550 nm, QE of 73%, bandwidth of 11.3 GHz, and dark current of 0.57 μA. Figure 25(a) and (b) show 
the design of the evanescent coupled Ge photodetectors in vertical and lateral pin configurations, respectively, while Figure 
25(c) shows the integration approach for monolithically fabricating the Ge pin photodetector and Si CMOS circuit. 

      

Figure 25. (a) SEM micrograph showing design of evanescent coupled Ge photodetector featuring 
vertical pin configuration; (b) Ge photodetector design with lateral pin configuration; and (c) schematic 
showing “electronic-first and photonic-last” integration approach for monolithically fabricating the WC 
Ge pin photodetector and Si CMOS circuit on a common SOI platform [19]. 

7.3 Development of SiGe Detector Arrays for Imaging 

IR FPAs have  traditionally been based on conventional materials utilized  for  IR detection  including HgCdTe, 
InSb, InGaAs, and VOx [64]. SiGe FPAs for NIR detection are relatively new to the scene. SiGe based FPAs with 
associated ROICs can leverage low-voltage, deeply scaled, nanometer class IC processes that enable high yield of low-
power, high-component density designs with large dynamic, on-chip digital image processing (for SWaP-efficient sensor 
designs) and high-speed readouts.  A common objective is to produce large format NIR FPAs that are very compact. 
Colace et al. in 2007 [6] demonstrated an optoelectronic chip incorporating a fully functional 2D array of 512 polycrystalline 
heterojunction Ge pixels integrated on CMOS electronics and operating in the NIR. The ROIC was serial and made use of an 
8-bit data bus and 9-bit address bus. In order to compensate for a significant level of dark current, the chip was equipped 
with offset control and a dark current cancellation circuit. It also featured addressing and signal processing electronics 
including 64 analog-to-digital converters. This integrated circuit, which operated up to and above 1550 nm, was found to 
exhibit good photoresponse and could acquire simple images. The chip, its architecture, and its cross-section are illustrated 
in Figure 26. 

(c)

Figure 25. (a) SEM micrograph showing design of evanescent coupled Ge photodetector featuring vertical pin configu‐
ration; (b) Ge photodetector design with lateral pin configuration; and (c) schematic showing “electronic-first and pho‐
tonic-last” integration approach for monolithically fabricating the WC Ge pin photodetector and Si CMOS circuit on a
common SOI platform [19].

7.3. Development of SiGe detector arrays for imaging

IR FPAs have traditionally been based on conventional materials utilized for IR detection
including HgCdTe, InSb, InGaAs, and VOx [64]. SiGe FPAs for NIR detection are relatively
new to the scene. SiGe based FPAs with associated ROICs can leverage low-voltage, deeply
scaled, nanometer class IC processes that enable high yield of low-power, high-component
density designs with large dynamic, on-chip digital image processing (for SWaP-efficient
sensor designs) and high-speed readouts. A common objective is to produce large format NIR
FPAs that are very compact.

Colace et al. in 2007 [6] demonstrated an optoelectronic chip incorporating a fully functional
2D array of 512 polycrystalline heterojunction Ge pixels integrated on CMOS electronics and
operating in the NIR. The ROIC was serial and made use of an 8-bit data bus and 9-bit address
bus. In order to compensate for a significant level of dark current, the chip was equipped with
offset control and a dark current cancellation circuit. It also featured addressing and signal
processing electronics including 64 analog-to-digital converters. This integrated circuit, which
operated up to and above 1550 nm, was found to exhibit good photoresponse and could acquire
simple images. The chip, its architecture, and its cross-section are illustrated in Figure 26.
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Figure 26. (a) Photograph of optoelectronic chip featuring 2D Ge photodetector array, showing zoomed-
in images of a portion of the array; (b) chip architecture, comprising readout electronics; and (c) 
photograph of individual pixel [6]. 

In 2010 Vu et al. [75] developed arrays of both vertical and  lateral pin photodetectors that were  integrated  into 
electronic‐photonic FPAs. Layers of metal were employed to connect the detector electrodes to transimpedance 
amplifiers and CMOS circuits, and light signals were then coupled from waveguides or inserted directly into the 
side of the Ge intrinsic layer via optical fibers. A responsivity of 1.11 A/W at 1550 nm, bandwidth of 15 GHz, and 
dark current density on the order of 100 nA/cm2 were achieved for the NI photodetectors. The integrated chips 
were  produced  in  a  standard  CMOS  foundry,  where  the  fabrication  processes  was  optimized  for 
manufacturability. 

 
Figure 27. (a) Schematic cross-section, and (b) top view, of a linear photodetector array consisting of 16 
detectors [84]. 

In 2014, Chong et al. [84] reported a parallel system of 16 element pin photodetector arrays, shown in Figure 27, 
for parallel optical interconnect applications. The detectors comprised Ge absorption layers epitaxially grown on 
a  SOI  substrate  by UHV‐CVD  using  the  two‐step LT/HT  growth  process,  and  incorporated  a  plasma  etched 
double mesa vertical structure to reduce parasitic capacitance. The array featured responsivities of 0.38 and 0.23 
A/W at 1310 and 1550 nm, respectively, with a very low dark current density of ~5 mA/cm2 with no applied bias 
and a bandwidth of up to 8 GHz. 

8.0 Optoelectronic Properties of Si/Ge Based Nanostructures

8.1 Quantum Confinement and Strain in Si/Ge Nanostructures 

(a) 

(b) 

(c) 

(a)

(b)

Figure 26. (a) Photograph of optoelectronic chip featuring 2D Ge photodetector array, showing zoomed-in image of a
portion of the array; (b) chip architecture, comprising readout electronics; and (c) photograph of individual pixel [6].

In 2010 Vu et al. [75] developed arrays of both vertical and lateral pin photodetectors that were
integrated into electronic-photonic FPAs. Layers of metal were employed to connect the
detector electrodes to transimpedance amplifiers and CMOS circuits, and light signals were
then coupled from waveguides or inserted directly into the side of the Ge intrinsic layer via
optical fibers. A responsivity of 1.11 A/W at 1550 nm, bandwidth of 15 GHz, and dark current
density on the order of 100 nA/cm2 were achieved for the NI photodetectors. The integrated
chips were produced in a standard CMOS foundry, where the fabrication processes was
optimized for manufacturability.
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Figure 27. (a) Schematic cross-section, and (b) top view, of a linear photodetector array consisting of 16 detectors [84].
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Figure 26. (a) Photograph of optoelectronic chip featuring 2D Ge photodetector array, showing zoomed-in image of a
portion of the array; (b) chip architecture, comprising readout electronics; and (c) photograph of individual pixel [6].

In 2010 Vu et al. [75] developed arrays of both vertical and lateral pin photodetectors that were
integrated into electronic-photonic FPAs. Layers of metal were employed to connect the
detector electrodes to transimpedance amplifiers and CMOS circuits, and light signals were
then coupled from waveguides or inserted directly into the side of the Ge intrinsic layer via
optical fibers. A responsivity of 1.11 A/W at 1550 nm, bandwidth of 15 GHz, and dark current
density on the order of 100 nA/cm2 were achieved for the NI photodetectors. The integrated
chips were produced in a standard CMOS foundry, where the fabrication processes was
optimized for manufacturability.
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in images of a portion of the array; (b) chip architecture, comprising readout electronics; and (c) 
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dark current density on the order of 100 nA/cm2 were achieved for the NI photodetectors. The integrated chips 
were  produced  in  a  standard  CMOS  foundry,  where  the  fabrication  processes  was  optimized  for 
manufacturability. 

 
Figure 27. (a) Schematic cross-section, and (b) top view, of a linear photodetector array consisting of 16 
detectors [84]. 

In 2014, Chong et al. [84] reported a parallel system of 16 element pin photodetector arrays, shown in Figure 27, 
for parallel optical interconnect applications. The detectors comprised Ge absorption layers epitaxially grown on 
a  SOI  substrate  by UHV‐CVD  using  the  two‐step LT/HT  growth  process,  and  incorporated  a  plasma  etched 
double mesa vertical structure to reduce parasitic capacitance. The array featured responsivities of 0.38 and 0.23 
A/W at 1310 and 1550 nm, respectively, with a very low dark current density of ~5 mA/cm2 with no applied bias 
and a bandwidth of up to 8 GHz. 
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Figure 27. (a) Schematic cross-section, and (b) top view, of a linear photodetector array consisting of 16 detectors [84].
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In 2014, Chong et al. [84] reported a parallel system of 16 element pin photodetector arrays,
shown in Figure 27, for parallel optical interconnect applications. The detectors comprised Ge
absorption layers epitaxially grown on a SOI substrate by UHV-CVD using the two-step
LT/HT growth process, and incorporated a plasma etched double mesa vertical structure to
reduce parasitic capacitance. The array featured responsivities of 0.38 and 0.23 A/W at 1310
and 1550 nm, respectively, with a very low dark current density of ~5 mA/cm2 with no applied
bias and a bandwidth of up to 8 GHz.

8. Optoelectronic properties of Si/Ge based nanostructures

8.1. Quantum confinement and strain in Si/Ge nanostructures

A growing number of optoelectronic devices including photodetectors are being developed
that employ low-dimensional nanostructures (NSs), particularly quantum wires (Q-wires) and
quantum dots (QDs), to enhance their performance. NSs offer unique optical and electronic
properties resulting from the quantum confinement of electrons and holes. Such quantum
confinement in NSs, which is directly affected by their dimensions, has a substantial impact
on band gap energy. The quantum confinement effect (QCE) causes the band gap of crystalline
Si and Ge Q-wires and QDs to increase as their diameters are reduced according to the relation
Eg ~ 1/Ra, where Eg is the band gap and a falls between 1 and 2 [85]. Figure 28(a) and (b) show
a comparison of band gap energy reported by various groups as a function of QD diameter in
crystalline Si and Ge QD structures, respectively, where it can be seen that the band gap
energies of the Si QDs follow a much more uniform and predictable pattern than those of their
Ge counterparts. As a result of larger exciton energy, the QCE effect is stronger in Ge than in
Si, and the electronic properties Ge QDs can thus be more easily modulated by the QCE than
can those of Si QDs [85,88]. In addition, making the length scale in NSs small enough produces
uncertainty in the momentum k vectors that consequently allows the k selection rules to be
broken, causing the band gap to change from indirect toward direct that allows electron-hole
recombination to take place without the need of phonons [86].
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Figure 28. Comparison of band gap energy as a function of QD diameter for 
(a) Si and (b) Ge [87]. 

As was  shown  to  be  the  case with bulk  SiGe  alloys,  strain  alters  the  intrinsic  interatomic distances  and  thus 
affects  the band gap energy, and also  impacts  the effective masses and mobility  [85]. However,  their  reduced 
dimensionality  and  small  size  allow  NSs  to  tolerate  relatively  large  stress  and  strain  without  introducing 
significant dislocations or other defects that could undermine their electrical properties. Due to the nature of their 
geometry, NWs—especially  the core‐shell variety—experience  tensile stress due  to bending  in addition  to  that 
caused by lattice mismatch [86]. By applying an external tensile strain of around 2.8% to Si‐core/Ge‐shell NWs, a 
transformation from direct band gap to indirect one can likewise be achieved [89]. 

8.2 Photodetectors Based on SiGe Nanowires and Quantum Dots 

In addition  to  the enhancement of performance properties due  to  the QCE and strain, detectors based on one‐
dimensional Q‐wires [i.e., nanowires (NWs)] offer potentially greater sensitivity primarily due to larger surface‐
to‐volume ratios [90]. There  is still progress to be made  in this area, however, as Ge NW based photodetectors 
currently have significantly longer photocurrent rise and decay kinetics and associated time constants than those 
based on bulk Ge/SiGe. As illustrated in Figure 29(a), the optical absorption of Si1‐xGex NWs is largely affected by 
the material  concentration, with  the  band  gap  (and  thus  SiGe NW  based photodetector  response)  shifting  to 
lower energies and longer wavelengths as x increases. As might be expected based on the previous discussion on 
QDs,  a  shift  to  lower  energies was  observed with  increasing NW  diameter  for  both  Si  and Ge NWs,  again 
evidencing  the  potential  for  tuning  the  optical  properties  of NS  based  photodetector devices  by  varying  the 
constituent NS sizes. 
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Figure 28. Comparison of band gap energy as a function of QD diameter for (a) Si and (b) Ge [87].
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As was shown to be the case with bulk SiGe alloys, strain alters the intrinsic interatomic
distances and thus affects the band gap energy, and also impacts the effective masses and
mobility [85]. However, their reduced dimensionality and small size allow NSs to tolerate
relatively large stress and strain without introducing significant dislocations or other defects
that could undermine their electrical properties. Due to the nature of their geometry, NWs—
especially the core-shell variety—experience tensile stress due to bending in addition to that
caused by lattice mismatch [86]. By applying an external tensile strain of around 2.8% to Si-
core/Ge-shell NWs, a transformation from direct band gap to indirect one can likewise be
achieved [89].

8.2. Photodetectors based on SiGe nanowires and quantum dots

In addition to the enhancement of performance properties due to the QCE and strain, detectors
based on one-dimensional Q-wires [i.e., nanowires (NWs)] offer potentially greater sensitivity
primarily due to larger surface-to-volume ratios [90]. There is still progress to be made in this
area, however, as Ge NW based photodetectors currently have significantly longer photocur‐
rent rise and decay kinetics and associated time constants than those based on bulk Ge/SiGe.
As illustrated in Figure 29(a), the optical absorption of Si1-xGex NWs is largely affected by the
material concentration, with the band gap (and thus SiGe NW based photodetector response)
shifting to lower energies and longer wavelengths as x increases. As might be expected based
on the previous discussion on QDs, a shift to lower energies was observed with increasing NW
diameter for both Si and Ge NWs, again evidencing the potential for tuning the optical
properties of NS based photodetector devices by varying the constituent NS sizes.

 
 

Figure  29.  (a)  Optical  absorption  spectra  vs.  band  gap  energy  of  Si1‐xGex  NWs  of  five 
representative compositions  (following  the arrow,  the  spectrum corresponds  to Ge, Si0.3Ge0.7, 
Si0.5Ge0.5, Si0.7Ge0.3, and Si NWs,  respectively);  the  inset  summarizes variation of optical band 
edges  with  the  known  values  from  bulk    Si1‐xGex  crystals  [91].  (b)  I‐V  characteristics  for 
amorphous Ge QD photodetector at different illumination powers; the inset shows a schematic 
of the device [92]. 

In the past few years, a number of detector devices comprising QDs, which exhibit quantum confinement in all 
three dimensions, have been developed. QD detectors offer the advantages of  increased sensitivity to normally 
incident radiation as a result of breaking of  the polarization selection rules,  large photoelectric gain associated 
with a  reduced  capture probability of photoexcited  carriers due  to  suppression of electron‐phonon  scattering, 
and small thermal generation rate resulting from the zero‐dimensional character of the electronic spectrum that 
renders improved SNR [93]. Compared to Si QDs, Ge QDs have higher absorption coefficients due to localized 
defect  states  [92].  SiGe QD  detectors  have  been  reported  that  operate  up  to  the  LWIR  regime;  however,  the 
responsivity of these devices is typically much greater at NIR wavelengths, i.e., below 2000 nm [93]. The response 
at NIR wavelengths  of  photodetectors  comprising Ge QDs  grown  on  SiGe  has  been  attributed  to  interband 
transitions  between  electrons  in  Ge/SiGe  layers  and  holes  in  the  Ge  QDs.  Figure  29(b)  shows  the  I‐V 
characteristics of a Ge QD photodetector exposed  to different  intensities of visible  illumination. Ge QD based 
photodetectors have recently demonstrated peak responsivities as high as 4 A/W at ‐10 V bias and response times 
down to ~40 ns [92]. 

9.0 Summary
This  chapter  has  covered  the  operation,  design,  fabrication,  and  applications  of  SiGe  based  photodetector 
technology. A model  to predict SiGe sensor performance over a wide range of  light  levels has been presented, 
which indicates that a low‐cost, small pixel, uncooled SiGe based detector will respond well to small amounts of 
illumination  from  a  direct NIR  source.  The  operation  and  relative  performance  characteristics  of  Ge  based 
avalanche  photodiodes  (APDs),  metal‐semiconductor‐metal  (MSM)  detectors,  and  pin  detectors  have  been 
discussed.  SiGe  pin  photodetectors  offer  performance  advantages  including  high  responsivities,  high 
bandwidths, low bias voltage requirements, and low dark current compared to other types of SiGe detectors. The 
impact of detector dark current and techniques for reducing it in pin photodetector devices have been examined. 
The nature and impact of strain and stress on extending SiGe based detector response to longer NIR wavelengths 
were also discussed. 
Installed  infrastructure  and  heterogeneous  integration  can  be  leveraged  to  fabricate  small  feature  CMOS‐
compatible SiGe based pin detector array devices exhibiting optimal properties  for NIR detection. A  common 
fabrication  process  for  SiGe  based  pin  photodetectors  incorporating  two‐step  low/high  temperature  epitaxial 
growth of Ge/SiGe layers on Si substrates followed by a high temperature anneal and additional processing steps 
has been outlined, which was found to reduce threading dislocation density and thereby improve device quality. 
In addition, fabricated SiGe detectors can be directly integrated with low noise Si readout integrated circuits to yield 
low  SWaP,  low  cost,  and  highly  uniform  IR  focal plane  arrays  (FPAs)  that  can  function  as  imaging devices. 
Various  integrated SiGe based FPA  imagers have been demonstrated  that  exhibit  enhanced  functionality  and 
performance characteristics. Finally, the impact of the quantum confinement effect and strain on band gap in low 
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Figure 29. (a) Optical absorption spectra vs. band gap energy of Si1-xGex NWs of five representative compositions (follow‐
ing the arrow, the spectrum corresponds to Ge, Si0.3Ge0.7, Si0.5Ge0.5, Si0.7Ge0.3, and Si NWs, respectively); the inset summariz‐
es variation of optical band edges with the known values from bulk Si1-xGex crystals [91]. (b) I-V characteristics for
amorphous Ge QD photodetector at different illumination powers; the inset shows a schematic of the device [92].

In the past few years, a number of detector devices comprising QDs, which exhibit quantum
confinement in all three dimensions, have been developed. QD detectors offer the advantages
of increased sensitivity to normally incident radiation as a result of breaking of the polarization
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Figure 29. (a) Optical absorption spectra vs. band gap energy of Si1-xGex NWs of five representative compositions (follow‐
ing the arrow, the spectrum corresponds to Ge, Si0.3Ge0.7, Si0.5Ge0.5, Si0.7Ge0.3, and Si NWs, respectively); the inset summariz‐
es variation of optical band edges with the known values from bulk Si1-xGex crystals [91]. (b) I-V characteristics for
amorphous Ge QD photodetector at different illumination powers; the inset shows a schematic of the device [92].

In the past few years, a number of detector devices comprising QDs, which exhibit quantum
confinement in all three dimensions, have been developed. QD detectors offer the advantages
of increased sensitivity to normally incident radiation as a result of breaking of the polarization
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selection rules, large photoelectric gain associated with a reduced capture probability of
photoexcited carriers due to suppression of electron-phonon scattering, and small thermal
generation rate resulting from the zero-dimensional character of the electronic spectrum that
renders improved SNR [93]. Compared to Si QDs, Ge QDs have higher absorption coefficients
due to localized defect states [92]. SiGe QD detectors have been reported that operate up to
the LWIR regime; however, the responsivity of these devices is typically much greater at NIR
wavelengths, i.e., below 2000 nm [93]. The response at NIR wavelengths of photodetectors
comprising Ge QDs grown on SiGe has been attributed to interband transitions between
electrons in Ge/SiGe layers and holes in the Ge QDs. Figure 29(b) shows the I-V characteristics
of a Ge QD photodetector exposed to different intensities of visible illumination. Ge QD based
photodetectors have recently demonstrated peak responsivities as high as 4 A/W at-10 V bias
and response times down to ~40 ns [92].

9. Summary

This chapter has covered the operation, design, fabrication, and applications of SiGe based
photodetector technology. A model to predict SiGe sensor performance over a wide range of
light levels has been presented, which indicates that a low-cost, small pixel, uncooled SiGe
based detector will respond well to small amounts of illumination from a direct NIR source.
The operation and relative performance characteristics of Ge based avalanche photodiodes
(APDs), metal-semiconductor-metal (MSM) detectors, and pin detectors have been discussed.
SiGe pin photodetectors offer performance advantages including high responsivities, high
bandwidths, low bias voltage requirements, and low dark current compared to other types of
SiGe detectors. The impact of detector dark current and techniques for reducing it in pin
photodetector devices have been examined. The nature and impact of strain and stress on
extending SiGe based detector response to longer NIR wavelengths were also discussed.

Installed infrastructure and heterogeneous integration can be leveraged to fabricate small
feature CMOS-compatible SiGe based pin detector array devices exhibiting optimal properties
for NIR detection. A common fabrication process for SiGe based pin photodetectors incorpo‐
rating two-step low/high temperature epitaxial growth of Ge/SiGe layers on Si substrates
followed by a high temperature anneal and additional processing steps has been outlined,
which was found to reduce threading dislocation density and thereby improve device quality.
In addition, fabricated SiGe detectors can be directly integrated with low noise Si readout
integrated circuits to yield low SWaP, low cost, and highly uniform IR focal plane arrays (FPAs)
that can function as imaging devices. Various integrated SiGe based FPA imagers have been
demonstrated that exhibit enhanced functionality and performance characteristics. Finally, the
impact of the quantum confinement effect and strain on band gap in low dimensional
nanostructures was analyzed, and the characteristics of photodetectors based on quantum dots
and nanowires were discussed.
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1. Introduction

Fiber optic access networks are the necessary infrastructural approach for a real broadband
delivery, allowing the fiber to arrive closer to the final customer, eventually up to the premises
equipment; such infrastructures, depending on the depth of reach of the fiber, are usually
referred to as FTTX (Fiber To The X), where X stands for H (Home), B (Building), C (Curb) or
Cab (Cabinet). They are the basis for broadband access networks, enabling high-speed Internet
access, digital TV broadcast (IPTV), video on demand (VOD) and other services. Comparing
with copper technologies, like for example DSL (digital subscriber line), higher bandwidths
(up to several 10 Gbit/s) and higher distances (up to several tens of km) are possible. FTTX
infrastructures can address both residential and business access, and support mobile back-
hauling.

Access networks can be divided in two main categories: Active Optical Networks (AONs) and
Passive Optical Networks (PONs):

• AONs are a point-to-point (P2P) network structure, where all users have their own fiber
optic line that is terminated on an optical access node, which can be designed differently
depending on specifications;

• PONs feature a point-to-multi-point (P2MP) tree-like architecture (as shown in Fig. 1 below)
to provide broadband access, based on a network composed by an Optical Line Terminal
(OLT) at the service provider’s Central Office (CO) and several Optical Network Units
(ONUs) at the users’ premises. PONs allow only passive elements along the Optical
Distribution Network (ODN) that connects the OLT to the ONUs. The main advantages are
that PONs do not require electrical power in the outside plant to power the distribution
elements, thereby lowering operational costs and complexity and, moreover, they allow to
highly reduce the number of required optical ports in the CO compared to P2P solutions.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.



The OLT is the interface between backbone and access networks, and it is also responsible for
the enforcement of any media access control (MAC) protocol for upstream bandwidth
arbitration. The ONU cooperates with the OLT in order to control and monitor all PON
transmission and to enforce the MAC protocol for upstream bandwidth arbitration; it also acts
as the residential gateway, coupling the ODN with the in-home network.

The ODN consists of the distribution fibers and all the passive optical distribution elements,
mainly optical splitters and/or wavelength-selective elements (WDM filters), that are located
in sockets or cabinets. The splitting ratio in most cases is between 1:8 and 1:128, and can be
performed in lumped or cascaded elements. The ODN power budget is usually taken as a
reference for PON reach calculations, and is computed as the difference between the trans‐
ceiver back-to-back power budget (i.e. OLT transmitter directly coupled into ONU receiver or
vice versa) and the passive optical equipment necessary inside the OLT and the ONU to
perform all multiplexing of PON signals into a single fiber. Hence, the ODN power budget
considers the remaining power budget that can be spent for the distribution fibers and the
distribution elements in the remote nodes.

Figure 1. Passive Optical Network architecture

During the last 20 years, the Full Service Access Network (FSAN) and the Ethernet in the First
Mile alliance (EFM) working groups, in cooperation with the International Telecommunica‐
tions Union (ITU) and the Institute of Electrical and Electronics Engineers (IEEE) standardi‐
zation bodies, defined several PON standards, as summarized in Figure 2.
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For the purposes of this Chapter, we will not go through all these standards, since none of
these has been approached with self-coherent reflective architectures that will be presented in
this Chapter, but we will mention only the most recent one, called NG-PON2 (Next Generation
PON 2), in progress of standardization at the time of writing and with still open technological
issues. In particular, we will address only physical layer aspects. The definition of such
standard started in 2010 by FSAN.

Since about the 70% of the total investments in deploying PONs is due to the optical distribu‐
tion networks, it is crucial for the NG-PON2 evolution to be compatible with the deployed
networks and to reuse the outside plant. Moreover, NG-PON2 technology must outperform
existing PON technologies in terms of ODN compatibility, bandwidth, capacity and cost-
efficiency. For this reason, the initial “wish list” for NG-PON2 was originally very demanding,
requiring not only an increase of bit rates with respect to previous generations, but also in
terms of total number of users per PON tree and reach.

The major original general requirements of NG-PON2 can be summarized as follows:

• increase the aggregate rate to 40 Gbit/s in downstream or upstream;

• increase the reach to 40-60 km (or more);

• increase the splitting ratio up to 256 users (or more);

• compatibility with the attenuation classes defined in XG-PON, as reported in Table 1;

• increase the effective bit rate per user (in both directions) to a value closer to 1 Gbit/s per
ONU.

Figure 2. PON standards

Self-Coherent Reflective Passive Optical Networks
http://dx.doi.org/10.5772/58999

367



‘Nominal1’ class (N1
class)

‘Nominal2’ class (N2
class)

‘Extended1’ class (E1
class)

‘Extended2’ class (E2
class)

Minimum loss 14 dB 16 dB 18 dB 20 dB

Maximum loss 29 dB 31 dB 33 dB 35 dB

Table taken from G.987.2

Table 1. Classes for optical XG-PON path loss

Many PON technologies have been proposed to provide broadband optical access beyond 10
Gbit/s, like for example:

• the 40 Gigabit time-division multiplexed PON (XLG-PON) proposal [1] which increases the
single carrier serial downstream bit rate of a 10 Gigabit PON (XG-PON) to 40 Gbit/s;

• a set of orthogonal frequency-division multiplexed (OFDM)-based PON proposals which
employ quadrature amplitude modulation and fast Fourier transform to generate digital
OFDM signals for transmission [2, 3];

• a group of WDM-PON proposals which provide a dedicated wavelength channel at the rate
of 1 Gbit/s to each ONU with different WDM transmit or receive technologies [4, 5];

• the time-and wavelength-division multiplexed PON (TWDM-PON) proposal which stacks
multiple XG-PONs using WDM [6].

The first proposal, based on a single wavelength (per direction) at very high bit rate, was finally
discarded, since it was perceived as too expensive. Indeed, it had to include a duo-binary
modulation and a downstream transmission around 1300 nm to avoid dispersion compensa‐
tion. Moreover, it was not scalable, thus no future upgrades above 40 Gbit/s downstream
seemed feasible on a single wavelength.

The proposals based on OFDM are very interesting and technologically advanced solutions,
but they do not easily guarantee a complete compatibility with existing deployed networks
and devices.

Regarding the WDM-PON architectures, a key point is whether the WDM filters are inside the
ODN or in the ONU.

The “pure” WDM-PON approach, based on WDM filters inside the ODN, generates some
constraints to Telecom operators:

• all passive splitters installed in the already deployed PON (brown field scenario) need to
be substituted with Arrayed Waveguide Grating (AWG) filters;

• limited backward compatibility with already deployed standards (GPON, EPON, XG-PON,
etc.);

• a dedicated wavelength per user is a “circuit” per individual user, thus no sharing or
statistical multiplexing is possible.
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For these reasons, this solution seems to be out of question for NG-PON2 standard. Among
all of the aforementioned proposals, TWDM-PON has attracted the majority support from
global vendors and was selected by the FSAN community in the April 2012 meeting as a
primary solution to NG-PON2. TWDM-PON increases the aggregate PON rate by stacking
XG-PONs via multiple pairs of wavelengths; since an XG-PON system offers the access rates
of 10 Gbit/s in downstream and 2.5 Gbit/s in upstream, a TWDM-PON system with four pairs
of wavelengths will then be characterized by:

• 4 wavelengths (upgradable to 8) at 100 GHz WDM spacing:

• 1595-1600 nm for downstream (up to 1605 nm with 8 wavelengths);

• 1535-1540 nm for upstream (up to 1545 nm with 8 wavelengths);

• 40 Gbit/s in downstream (10 Gbit/s per wavelength) and 10 Gbit/s in upstream (2.5 Gbit/s
per wavelength);

• up to 64 ONUs (16 per wavelength);

• up to 40 km;

• up to 35 dB of power budget;

• full backward compatibility.

The basic TWDM-PON architecture is shown in Figure 3. Four XG-PONs are stacked by using
four pairs of wavelengths (e.g., wavelength pairs of {λ1,  λ5}, {λ2,  λ6}, {λ3,  λ7} and {λ4,  λ8},
in Figure 3). ONUs are equipped with tunable transmitters and receivers. The tunable
transmitter is tunable to any of the four upstream wavelengths; the receiver is tunable to any
of the four downstream wavelengths. In order to achieve power budget higher than that of
XG-PON, optical amplifiers (OAs) are used at the OLT side to boost the downstream signals
as well as to pre-amplify the upstream signals. The ODN remains passive since OAs are placed
at the OLT side, together with WDM Mux/DeMux.

Therefore, the TDWM-PON key features are:

• colorless ONUs;

• splitter-based ODN.

Most of the TWDM-PON components are commercially available in access networks today.
Comparing to previous generations of PONs (e.g., GPON, XG-PON), the only, but technically
very challenging, new components in TWDM-PON are the tunable receivers and tunable
transmitters at the ONU.

For what concerns the tunable receiver, it should tune its wavelength to any of the TWDM-
PON downstream wavelengths by following the OLT commands. This function can be
implemented by using candidate technologies such as:

• thermally tuned Fabry–Perot (FP) filter [7];

• angle-tuned FP filter, injection-tuned silicon ring resonator [8];
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• liquid crystal tunable filter [9];

• thermally tunable FP detector [10].

The ONU tunable transmitter can tune its wavelength to any of the upstream wavelengths.
The related implementation technologies are:

• distributed feedback (DFB) laser with temperature control (TC) [11];

• DFB laser with partial TC [12];

• multi-section distributed Bragg reflector laser (electrical control) without cooling [13];

• external cavity laser (ECL) with mechanical control without cooling [14];

• ECL with thermo/electro/piezo/magneto-optic control without cooling [15, 16].

All these solutions are today under consideration for NG-PON2, but none has yet completely
demonstrated to be achievable at the (very low) target prices for ONU. Purpose of this Chapter
is to describe a solution for the upstream transmission that avoids the need for a tunable laser
at the ONU side: it is based on self-coherent reflective PON architectures as a possible

Picture taken from [6]

Figure 3. TWDM-PON system diagram
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technological approach to the NG-PON2 requirements. In the following we will then first show
the concept of the reflective PON, describing the key components it needs, the problems it
solves and the limitations it encounters; then, we will propose the self-coherent detection
enhancement and will give an overview of the latest research results available in literature.

2. The reflective PON approach

A very basic schematic view of a WDM-PON architecture is depicted in Figure 4. It makes use
of integrated multichannel transmit (TX) and receive (RX) arrays in the OLT, and tunable laser
(T-TX) and filters (TOF) in the ONUs. From the OLT, all downstream wavelengths are
broadcast via the ODN; therefore, a tunable filter is necessary at each ONU in order to select
the correct wavelength. Similarly, each ONU has to be provided with a tunable laser for the
correct upstream wavelength selection.

Figure 4. WDM-PON architecture

One of the few physical layer problems over which FSAN is still working today before the final
NG-PON2 Recommendation release, is related to these two devices at the ONU. Indeed, they
should both have a precision compatible with a 100 GHz wavelength grid, and be able to tune
on (at least) four wavelengths, adopting some protection systems during their switch-on time,
in order to avoid interferences with other channels (due to the uncontrolled wavelength
transmission at the laser power on); moreover, they should operate on a very wide temperature
range and they should have a target price compatible with equipment to be installed at the
customer premises. Moreover, in the longer term, if more than four wavelengths will be used
(for instance for WDM overly), this issue will be particularly critical.

An alternative solution to overcome this problem is represented by reflective PON architec‐
tures, whose key idea is to generate the unmodulated upstream wavelengths at the OLT side,
and modulate them in reflection at the ONU side, as schematically depicted in Figure 5. With
respect to the setup depicted in Figure 4, the OLT is equipped by an additional multichannel
transmit array, for the unmodulated seed signals generation, and the tunable laser at the ONU
side is replaced by a reflective transmitter (R-TX). This way, the costs and the technical issues
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(the wavelength control in particular) related to the tunable lasers are moved from the ONU
to the OLT, where they can be more easily managed.

Figure 5. Scheme of a possible solution for Reflective-PON ONUs

2.1. Key components for the reflective ONU

Many variants of WDM reflective PON architectures can be found in literature, all around the
common denominator of avoiding expensive tunable lasers at the ONU by means of using a
reflective modulator for the upstream transmission that sends back a centrally-generated seed
signal. One of the most common approaches adopted in order to obtain this effect at the ONU
side is based on the use of Reflective Semiconductor Optical Amplifier (RSOA), which combine
the amplification and modulation capabilities in a single device. They are composed by a high
reflectivity coating on one facet, along with a curved waveguide and ultra-low reflectivity
coating on the other facet, to produce a highly versatile reflective gain medium [17]. Today,
few optical devices manufacturers propose commercial RSOA devices (e.g. as CIP, MEL and
Kamelian), since they are just used in the reflective PON scenario and at a research level.

Figure 6 schematically depicts a RSOA in a typical low-cost TO-CAN package, while Figure
7 shows the electrical bandwidth measurement result of a typical commercial RSOA (butterfly-
packaged solutions may have higher bandwidth, but their cost seems too high for application
in the extremely cost-sensitive scenario of ONU). From this graph, it is possible to notice that
the 3 dB electrical bandwidth of the device under test is about 500 MHz; anyway, the signal
obtained by modulating the RSOA bias current Ib with a 1 Gbit/s OOK modulation (shown in
the inset of Figure 7) is received without inter-symbol interference.

Since 2000, the interest of RSOA as upstream transmitters for WDM-PON applications based
on reflective ONU has grown-up. The first results have been proposed in [18], where the uplink
data stream was reflected and modulated via the RSOA at 1.25 Gbit/s, as then further devel‐
oped and investigated in several later works (e.g. [19-22]).
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In order to increase the upstream data rate up to 10 Gbit/s in such an architecture, using this
low-bandwidth devices, different approaches have been proposed by research groups, like the
use of optical filtering and electronic equalization [23-25] or the adoption of advanced
modulation formats [26].

Another device that can be adopted as reflective transmitter at the ONU side is the Reflective
Electro-Absorption Modulator (REAM). EAM are semiconductor devices usually made in the
form of a waveguide with electrodes for applying an electric field in a direction perpendicular
to the modulated light beam. Their principle of operation is based on a change in the absorption
spectrum caused by the applied electric field, which changes the band-gap energy without
involving the excitation of carriers by the electric field: the so called Franz-Keldysh effect [27].
Reflective EAM include an EAM and a mirror, as schematically depicted in Figure 8, and they
can be used to reflect and modulate the incoming light by means of the applied electrical signal
(Vb). Thanks to EAM, a modulation bandwidth close to 10 GHz can be achieved, as shown in
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Figure 9, which makes these devices useful for optical fiber communication at 10 Gbit/s and
above.

Differently from the RSOA, these devices do not amplify the light but, if coupled in cascade
to a Semiconductor Optical Amplifier (SOA), they represent a very interesting solution for the
ONU of a reflective PON architecture, since they provide a high-speed modulation capability,
combined with the linear amplification of signal provided by the SOA. This solution has been
proposed in several works, like for example [28, 29], in order to achieve a 10 Gbit/s upstream
transmission in a WDM-PON scenario.

Figure 8 Schematic view of a REAM 

Figure 9 Characterization of a REAM 

At the time of writing this Chapter, another solution for the reflective transmitter implementation is 
under analysis inside the FP7 EU STREP project titled “FABULOUS”[30]. It consists on a Mach-
Zehnder based subsystem allowing polarization independent reflective carrier suppressed optical 
modulation for application in frequency division multiple access (FDMA) PON. The architecture of 
this subsystem, presented at first in [31], relies on using a Mach-Zehnder modulator (MZM) 
simultaneously in both directions within a polarization diversity loop made of a polarization beam 
splitter (PBS) looped on itself through the modulator. The MZM provides RF access to both the 
electrodes independently, allowing modulation to be efficient in both the forward and the backward 
directions. On one electrode of the MZM, RF drive power is applied in the forward direction while, 
on the other electrode, the modulation is applied in the backward direction (the same signal is applied 
to both sides). The two polarizations of the incoming optical signal are split through the PBS and sent 
to the MZM in counter-propagating directions (the MZM having polarization maintaining fibers on 
both the input and the output). After being modulated, they are recombined through the PBS and sent 
back towards the OLT, as schematically depicted in Figure 10. 
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suppressed optical modulation for application in frequency division multiple access (FDMA)
PON. The architecture of this subsystem, presented at first in [31], relies on using a Mach-
Zehnder modulator (MZM) simultaneously in both directions within a polarization diversity
loop made of a polarization beam splitter (PBS) looped on itself through the modulator. The
MZM provides RF access to both the electrodes independently, allowing modulation to be
efficient in both the forward and the backward directions. On one electrode of the MZM, RF
drive power is applied in the forward direction while, on the other electrode, the modulation
is applied in the backward direction (the same signal is applied to both sides). The two
polarizations of the incoming optical signal are split through the PBS and sent to the MZM in
counter-propagating directions (the MZM having polarization maintaining fibers on both the
input and the output). After being modulated, they are recombined through the PBS and sent
back towards the OLT, as schematically depicted in Figure 10.

Figure 10. Architecture of R-MZM subsystem

2.2. Transmission issues in reflective PON

The reflective WDM-PON architectures proposed in literature in the last ten years seem to be
completely incompatible with TWDM-PON for a set of different reasons such as:

• most of them require the use of AWGs in the ODN, while as previously mentioned most
telecom operators believes that backward compatibility in PON is a must, and thus the
splitter-based architecture should be maintained also in NG-PON2;

• the achievable ODN loss is limited to typically 20-25 dB, due to several spurious effects such
as the Rayleigh back-scattering and the low received optical power;

• most of them use a dedicated wavelength for each ONU, and do not support burst-mode
TDMA in the upstream.
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In a reflective architecture like the one depicted in Figure 5, the upstream signal undergoes
the ODN path loss twice (from the OLT to the ONU as CW seed signal and back to the OLT
after the ONU reflection). The optical power at the OLT input is thus determined by the
following formula:

S = P
→

CW - 2L ODN + GRONU (1)

where P
→

CW  is the optical power of the CW signal at the input of the fiber, L ODN  is the ODN
loss andGRONU  is the gain of the optical amplifier installed at the ONU. Since the TWDM-PON
standard fixed the maximum value for the launched optical power at the ODN input to +11
dBm per wavelength and the gain of the optical amplifier at the ONU is typically of the order
of GRONU =20 dB, the optical power at the OLT input, for the lowest ODN class N1
(L ODN =29 dB), is of the order of S = - 27 dBm, which is lower than the sensitivity of the standard
direct-detection receivers. Moreover, it is well known that, in such an architecture, the spurious
back reflections for a SMF fiber are of the order of 30-35 dB below the forward propagating
signal, due to the concentrated reflections on components and the Rayleigh backscattering.

Rayleigh backscattering is an unavoidable phenomenon in optical fiber propagation. It is a
fundamental loss mechanism arising from random density fluctuations frozen in the fiber
during manufacturing. There is a growing interest in understanding Rayleigh backscattering
since it can be a limiting factor in various optical systems. It must be taken into account in the
performance computation of bidirectional lightwave system, especially in a wavelength-reuse
system, like for example the reflective PON architecture depicted in Figure 11.
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where  is the power of the reflections. Therefore, the signal to interference ratio is given by: 
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For a standard direct-detection receiver, even if the best solutions proposed in literature to mitigate 
the Rayleigh backscattering effect are adopted, the signal to interference ratio should be greater than 
5-10 dB. This sets an important limit to the maximum achievable ODN loss. Indeed, the maximum 
reachable ODN loss is lower than 25 dB, since the optical power of the spurious back reflections is 
about 30-35 dB below the forward propagating signal. 
To improve the performance, one could in principle increase the , but there are technological 
component issues that limit the maximum reachable gain of optical amplifiers; in addition, another 
issue can arise from the Rayleigh backscattering that is generated at the ONU side, as depicted in 
Figure12 and explained in details in [32]. This means that, in order to satisfy the NG-PON2 
requirements with a reflective PON architecture, direct-detection at the OLT side is out of question. 
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In such a system, the received optical power is composed by the useful signal S, as specified
above, and the interference signal I due to reflections, given by:

I = P
→

CW - RODN (2)
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where RODN  is the power of the reflections. Therefore, the signal to interference ratio is given
by:

( S
I )dB = - 2L ODN + GRONU + RODN (3)

For a standard direct-detection receiver, even if the best solutions proposed in literature to
mitigate the Rayleigh backscattering effect are adopted, the signal to interference ratio should
be greater than 5-10 dB. This sets an important limit to the maximum achievable ODN loss.
Indeed, the maximum reachable ODN loss is lower than 25 dB, since the optical power of the
spurious back reflections is about 30-35 dB below the forward propagating signal.

To improve the performance, one could in principle increase the GRONU , but there are techno‐
logical component issues that limit the maximum reachable gain of optical amplifiers; in
addition, another issue can arise from the Rayleigh backscattering that is generated at the ONU
side, as depicted in Figure 12 and explained in details in [32]. This means that, in order to satisfy
the NG-PON2 requirements with a reflective PON architecture, direct-detection at the OLT
side is out of question.

Figure12 Rayleigh backscattering effect in reflective PON architecture at the ONU 
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A possible implementation of coherent detection in a reflective PON architecture is depicted 
inFigure14: in this case, the CW light source placed at the OLT side is used both as a feed to be sent 
downstream to the reflective ONU and as a local oscillator for the OLT coherent receiver, executing a 
self-coherent detection. Therefore, after the optical-to-electrical conversion, the signal is down-
converted to baseband. 
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Figure 12. Rayleigh backscattering effect in reflective PON architecture at the ONU

2.3. Self-coherent detection in RPONs

Because of the aforementioned problems related to direct-detection, a coherent detection at
the OLT seems to be a must in order to satisfy the NG-PON2 requirements, whether a reflective
architecture approach is adopted.

The fundamental concept behind coherent detection is to use the product of the electrical fields
of the modulated signal light (centred at f S) and a CW local oscillator (centred at f LO). This
produces a frequency down-conversion of the signal to the frequency f IF =| f S - f LO|, as
schematically depicted in Figure 13.

A possible implementation of coherent detection in a reflective PON architecture is depicted
in Figure 14: in this case, the CW light source placed at the OLT side is used both as a feed to
be sent downstream to the reflective ONU and as a local oscillator for the OLT coherent
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receiver, executing a self-coherent detection. Therefore, after the optical-to-electrical conver‐
sion, the signal is down-converted to baseband.

Figure 14. Scheme of a possible solution for self-coherent OLT in a reflective-PON architecture

Figure 15. Spectral analysis of signal and reflections in reflective PON

Figure 13. Spectra of (a) the optical signal and (b) the down-converted IF signal
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As demonstrated by the results available in literature presented in the following, this setup
supports higher ODN loss values with respect to the limit of reflective PONs based on direct-
detection, in particular for the following reasons:

• much better sensitivity than direct-detection;

• much larger resilience to spurious back reflections.

Indeed, using a coherent receiver, the Rayleigh backscattering reflections appear as added
close to the “electrical” DC, as depicted in Figure 15, thus they can be easily filtered out by
electrical high-pass filters.

3. Latest research results

WDM reflective PON “variant”, characterized by self-coherent detection at the OLT side, was
initially proposed in [33], where a RSOA-based WDM PON architecture, employing a novel
self-homodyne receiver and a novel signal processing technique to eliminate the penalty
caused by the back-reflection of the seed light, is proposed. In addition, they successfully
demonstrated a long-reach fiber-loopback system of over 100 km. These results indicate that
the proposed architecture could provide an attractive solution to realize a long-reach WDM
PON with high-split ratio.

Figure 16. Scheme of self-coherent reflective PON architecture (only upstream transmission)
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A possible implementation of the upstream transmission in a self-coherent reflective PON is
shown in Figure 16; this architecture may offer the following advantages:

• the upstream wavelengths comb accuracy is completely set by the OLT and not by each
individual ONU. In this solution, each ONU needs to tune its optical filter by locking it on
one of the Nλ already existing wavelength;

• subsequent upgrades to dense-WDM (DWDM) seem more feasible when using a number
of wavelengths Nλ significantly higher than 4, and possibly a narrower frequency spacing
(such as 50 GHz), since it is possible to avoid tunable lasers at the ONU;

• for each upstream wavelength, the required CW laser and coherent receiver at the OLT are
shared by several ONUs (of the order of NONU / Nλ) so that their cost may be more reasonably
justified.

In addition to WDM, a second level of multiplexing is necessary in order to overcome the limit
of a dedicated wavelength per user; this can be obtained sharing time, basing on Time Division
Multiplexing (TDM) in the downstream and Time Division Multiple Access (TDMA) in the
upstream, or frequency (FDM and FDMA) between users.

3.1. TDM-WDM results

Basing on the architecture depicted in Figure 16, the results presented in [34] experimentally
demonstrate the simultaneous transmission of two independent TDMA ONUs with upstream
bit rate equal to 2.5 Gbit/s, working in TDMA burst mode and with performance compatible
with E2 XG-PON class, thus compatible with US TWDM-PON requirements. At the OLT, the
signal demodulation is performed thanks to a self-coherent receiver and a custom burst-mode
digital-signal processing technique. In particular, a conventional DSP solution based on
Viterbi-Viterbi carrier-phase estimation and LMS adaptive equalization [35, 36] has been
modified to work in burst mode operation, focusing on the alignment procedures on the
received packets and on the convergence speed of the LMS algorithm [37, 38].

The reflective ONU of such architecture is emulated as depicted in Figure 17. The CW signal
reaching the ONU is reflected and modulated by means of a REAM. The SOA placed in front
of the REAM amplifies the optical signal twice, first on the feed CW downstream, and then on
the reflected and modulated upstream signal. In order to emulate the ONU wavelength
selection functionality, a TOF is placed between the SOA and the REAM. This TOF is also
useful to partially filter out the ASE noise and, thanks to its approximately 4 dB insertion loss,
to avoid excessive SOA saturation in the upstream direction. The SOA+REAM structure, even
though not yet commercial, has been integrated in several research projects (such as in [40]).
The 2.5 Gbit/s upstream signal is generated at the ONU by driving the REAM by pure NRZ
signal, while the optical packets are generated by switching on and off the SOA.

Each packet contains a short dummy-pattern at the beginning and end of each burst, 127 bits
of sync-pattern and 1000 bits payload (8B/10B coded), as shown in Figure 18. The dummy-
pattern is useful for “absorbing” the rise and fall-time of the SOA acting as a gate, and also the
transient effect of the coherent receiver AC-coupling. The sync-pattern is used for identifying
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bit rate equal to 2.5 Gbit/s, working in TDMA burst mode and with performance compatible
with E2 XG-PON class, thus compatible with US TWDM-PON requirements. At the OLT, the
signal demodulation is performed thanks to a self-coherent receiver and a custom burst-mode
digital-signal processing technique. In particular, a conventional DSP solution based on
Viterbi-Viterbi carrier-phase estimation and LMS adaptive equalization [35, 36] has been
modified to work in burst mode operation, focusing on the alignment procedures on the
received packets and on the convergence speed of the LMS algorithm [37, 38].

The reflective ONU of such architecture is emulated as depicted in Figure 17. The CW signal
reaching the ONU is reflected and modulated by means of a REAM. The SOA placed in front
of the REAM amplifies the optical signal twice, first on the feed CW downstream, and then on
the reflected and modulated upstream signal. In order to emulate the ONU wavelength
selection functionality, a TOF is placed between the SOA and the REAM. This TOF is also
useful to partially filter out the ASE noise and, thanks to its approximately 4 dB insertion loss,
to avoid excessive SOA saturation in the upstream direction. The SOA+REAM structure, even
though not yet commercial, has been integrated in several research projects (such as in [40]).
The 2.5 Gbit/s upstream signal is generated at the ONU by driving the REAM by pure NRZ
signal, while the optical packets are generated by switching on and off the SOA.

Each packet contains a short dummy-pattern at the beginning and end of each burst, 127 bits
of sync-pattern and 1000 bits payload (8B/10B coded), as shown in Figure 18. The dummy-
pattern is useful for “absorbing” the rise and fall-time of the SOA acting as a gate, and also the
transient effect of the coherent receiver AC-coupling. The sync-pattern is used for identifying
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the start of each packet and also for training the LMS algorithm, before switching to the LMS
“decision-directed” mode, which should carry out the burst payload elaboration. This system
emulates a TDMA transmission from two independent ONUs with 25 ns guard-time, where
the ONU 1 is the reference ONU and the ONU 2 is the interfering ONU, reproducing the worst-
case condition in terms of interference for such a system.
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The authors of [34] expressed the performance of the system in terms of Bit Error Rate (BER)
as a function of the ODN loss and the acceptable differential optical path loss (DOPL).
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simple FECs, as those used in XG-PON) is obtained up to 35 dB of ODN loss and more than
15 dB of DOPL, as required by XG-PON class E2.
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3.2. FDM-WDM results

One of the main drawbacks of the more traditional TDMA-PON approach deployed nowa‐
days, is that it does not scale well above 10 Gbit/s per wavelength in term of cost/complexity
and power efficiency, mostly due to the fact that each ONU should work on the aggregated
bit rate.

On the contrary, FDM/FDMA approach allows ONUs to operate at low DSP speeds (and so
reduce their cost and power consumption); indeed, the speed at which the ONUs operates is
equal to the maximum speed that the customers are allowed to communicate at (e.g. 1 Gbit/s)
which is much smaller than the aggregated line rate (e.g. 20 Gbit/s).

The work presented in [41] proposes an innovative reflective PON approach for the upstream
transmission using a special configuration based on FDMA, where each ONU is assigned a
portion of the available electrical spectrum to perform an high spectral efficiency M-QAM
modulation format as depicted in Figure 19.

Figure 19. FDMA reflective PON architecture

The results presented in [41] demonstrate that this architecture targets an upstream capacity
of 32 Gbit/s per optical carrier, outperforming NG-PON2 with a tenfold increase in the
upstream capacity, with power budget and max reach overcoming ITU-T class N2, as defined
in the XG-PON standard (up to 40 km and 31 dB ODN loss). An important feature of this
approach consists in the fact that, due to the absence of optical sources at the customer
premises, the ONU can be realized as a Photonic Integrated Circuit with an unprecedented
level of integration. This holds true for self-coherent reflective PONs in general, but the highest
level of integration is to date relevant to the architecture shown in [41], where the Mach
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Zehnder Modulator, the two tunable filters (for multi-wavelength transmission) and the
polarizing beam splitter that characterize the proposed ONU will be realized on silicon
platform, the two SOA will be suitable for photonic integration and finally the electrical driver
will be flip-chipped on top; for a detailed description see [42, 43].

4. Conclusions

In this Chapter, we have given a general description of the self-coherent reflective PON
architecture as a possible technological approach to the NG-PON2 requirements. We have
shown that, thanks to reflective ONU and the self-coherent detection at the OLT side, the
performance required by NG-PON2 are satisfied even without the need for a tunable laser at
the ONU side. If properly integrated, the reflective ONU structure can be less expensive than
the TWDM-PON solution in term of CAPEX, and have a much simpler wavelength control.
The only significant increase in cost in the proposed solution is due to the presence of one
coherent receiver per each upstream wavelength (a cost to be shared among all the users with
the same wavelength). While the cost of coherent receivers used today for long-haul is likely
still too high for an OLT, it can be observed an enormous effort in the long-haul technical
community to make small-form factor and low-power coherent receivers possible, so that it is
reasonable to envision a sharp decrease in coherent receiver costs that may allow the use of
coherent detection at OLT in the near term.
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1. Introduction

Growing research interests are focused on the high-speed telecommunications and data
communications networks with increasing demand for accessing even from the home, due to
the huge successes during the last decade of new multimedia services (high-definition (HD),
three-dimensional visual information (3D) or remote “face-to-face communication”) which
forecast requirements for data transmission speed more than 40Gbps by 2020, which can be
achievable only with optical network [1]. Regarding this data transmission capability, Polymer
Optical Fiber (POF) technology has emerged as a useful medium for short-reach distances
scenarios such as Local Area Networks (LANs), in-home and office networks, automotive and
avionic multimedia buses or data center connections among others. However, its potential
capacity for communication needs a greater exploitation to meet user requirements for higher-
data rates.

The strong increase of bandwidth demand presents an increasing challenge for service
operators to delivery their high-quality service to the end user's device. At this moment,
commercially available progressive service plans range between the 50-100Mbps while
premium services typically range around 100-150Mbps. And it should be reminded that the
bandwidth in the local loop is forecasted to grow with an average of 20-50% annually. Recent
interests are focused on gigabit-order data transmission, being desirable, at the same time, to
introduce optical fiber networks even to the customer´s premises for covering more than
10Gbps in the near future, introducing the concept of FTTx (Fiber To The Home/Node/

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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Building/Curb) deployments. There is a worldwide consensus that the optical fiber solution
provides enough bandwidth to attend user's demand at the required transmission distances
in the short-reach domain (typically up to 200m).

In this optical fiber network deployment scenario, POF offers several advantages over
conventional silica multimode optical fiber over short distances. Such fiber type can provide
an effective solution as its great advantage is the even potential lower cost associated with its
easiness of installation, splicing and connecting. This is due to the fact that POF have higher
dimensions, larger numerical aperture (NA) and larger critical curvature radius in comparison
with glass optical fibers [2]. Moreover, it is more flexible and ductile, making it easier to handle.
Consequently, POF termination can be realized not only faster but also cheaper than in the
case of multimode silica optical fiber [3]. To summarize, POFs have multiple applications in
sensor systems at low or competitive cost compared to the well–established conventional
technologies [4].

To date, most used POF type is the step index POF (SI-POF) but many variants have been
manufactured and tested showing different performances between them [5]. SI-POF is made
of polymethyl-methacrylate (PMMA), (also called standard POF) and it has 980 μm core
diameter, 10 μm cladding thickness and 0.5 NA. However, SI-POF suffers from high modal
dispersion, which reduces the usable bandwidth to typically 50 MHz × 100 m [6]. And it is only
used in the visible spectrum range (VIS), where it can provide acceptable attenuation (e.g. 100
dB/Km at 650 nm) [5]. This is because of the large attenuation due to the high harmonic
absorption loss by carbon-hydrogen (C-H) vibration (C-H overtone). However, improvements
in the bandwidth of POF fiber can be obtained by grading the refractive index, thus introducing
the so-called Graded-Index POFs (GIPOFs). Although firstly developed PMMA-GIPOFs were
demonstrated to obtain very high transmission bandwidth compared to that of SI counterparts
[7], the use of PMMA is not still attractive due to its strong absorption at the near-infrared
(near-IR) to infrared (IR) regions. As a result, PMMA-based GIPOFs can only be used at a few
wavelengths in the visible portion of the spectrum. Today, unfortunately, almost all gigabit
optical sources operate in the near-infrared (typically 850nm or 1300nm), where PMMA and
similar polymers are essentially opaque. Reduction of loss has been achieved by using
amorphous perfluorinated polymers for the core material. This new type of POF has been
named perfluorinated GIPOF (PF GIPOF), and has a relative low loss wavelength region
ranging from 650nm to 1300nm (even theoretically in the third transmission window) [8].
Consequently, available off-the-shelf light sources for silica fiber based systems can be used
with PF-GIPOF systems. In 1998, the PF-based GIPOF had an attenuation of around 30dB/km
at 1310nm. Attenuation around 20dB/km was achieved only three years after and lower and
lower values of attenuation are being achieved. The theoretical limit of PF-based GIPOFs is
~0.5 dB/km at 1250-1390nm [9]. Nevertheless, although these losses are coming down steadily
due to ongoing improvements in the production processes of this still young technology, the
higher than silica attenuation inhibits their use in relative long link applications, being mainly
driven for covering in-building optical networks link lengths for in-building/home optical
networks (with link lengths less than 1 km), and thus the loss per unit length is of less
importance. In addition, PF-GIPOF can provide a bandwidth per length product ~400MHz x
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km at both 850nm and 1300nm, respectively, and can support bit rates of 40Gbps up to 200m
for any launch condition [10]. This fact is due to the PF-GIPOF low material dispersion
characteristics (even lower compared to silica multimode optical fibers) [11].

Although POFs reveal a cost effective solution for short-reach optical deployments, their
bandwidth characteristics still limit the reach distances and the capacity to attend future end
users' transmission requirements. These facts hamper the desired integration of multiple
broadband services into a common multimode fiber access or in-building/home network.
Overcoming the bandwidth limitation of such fibers requires the development of techniques
oriented to extend the capabilities of POF networks to attend the consumer’s demand for
multimedia services. Different efficient and advanced modulation formats and/or adaptive
electrical equalization schemes can alternatively be applied. Considering the industry’s
extensive experience and the large economies of scale, orthogonal frequency division multi‐
plexing (OFDM) [12], subcarrier multiplexing (SCM) [13] and discrete multitone modulation
(DMT) [14] are seen as promising technologies for low-cost, reliable, and robust Gigabit
transmission through hundreds of meters of POF. Particularly, DMT modulation has been
demonstrated to achieve near-optimum performance and to enable highly spectral efficient
transmission at high bit-rates over silica multimode fibers (MMFs) and POFs [15, 16]. Initially,
transmission with SI–POF has been realized with only one channel, typically at 650 nm,
reaching data rates of 100 Mb/s over links of 275 m [17]; even multi−gigabit transmission over
links of 50 m has been reached [18]. Commercial systems with data rates of 1 Gbit/s via up to
50 m of SI−POF with a single channel have also been reported [19]. Moreover, theoretical
simulations with data rates of 1.25 Gbit/s, 2.1 Gbit/s [20] and 6.2 Gbit/s [21], via up to 50 m of
SI-POF using a single channel with NRZ, CAP-64 and QAM512 modulations, respectively,
have been demonstrated.

After exploiting the capabilities of a single channel, the next step to increase the capacity of an
individual POF is to use multiple channels over a single fiber what is well known as wave‐
length division multiplexing (WDM). In the last years, WDM techniques over POFs are being
proposed to expand the usable bandwidth of POF-based systems. For instance, Jončić et al. [22]
firstly reported a 10 Gbit/s transmission over 25 m of SI−POF using offline-processed NRZ
modulation. Beyond that, same authors achieved data rates up to 14.77 Gbit/s, with 4 channels
via up to 50 m of a SI−POF link using offline-processed discrete multitone modulation [23]. In
the same way, many POF based sensors implement self–referencing schemes by transmitting
different wavelengths over a single fiber [4]. However, there are some constrains that must be
addressed in order to perform the same capabilities as in the case of silica-based WDM
approaches. In the WDM technique, different wavelengths which are jointly transmitted over
the fiber must be separated to regain all information. Therefore, for a typical WDM optical
communication link two key-elements are, at the very least, indispensable and have to be
introduced, a multiplexer and a demultiplexer. The former is placed before the single fiber to
integrate every wavelength to a single waveguide. The latter is placed behind the fiber lead to
regain every discrete wavelength. These two components have long been established for silica-
based infrared telecom systems, bust must be developed completely new for POF-based WDM
applications. The most common and grave disadvantage almost all of these approaches exhibit
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is their costly production, which makes them unsuitable for today's price sensitive mass
markets. The underlying reason behind this lack of development is the mismatch between the
optimum operating wavelength regions of POFs and the optical devices exploited for tele‐
communications purposes. The latter are developed for a wavelength region (C- and L-bands)
totally unsuitable for POF-based transmission over medium-distances (hundreds of meters or
greater) due to the high attenuation of PMMA based POF of around 1dB/cm@1550nm. A
similar conclusion can be obtained for PF-GIPOFs which attenuation characteristics are not at
par with that of standard silica based fibers, but still superior to that of copper based technol‐
ogies and PMMA-POF fibers. Another question to be addressed is the large POF dimensions
and NA, which produce beams with high divergence thus being difficult to be routed. In
addition, multiplexed systems operating in VIS range for POF networks may need reconfigu‐
ration because they do not have standard channels as well as provide flexibility in the networks
to be developed.

In this framework, this chapter is intended to be a progress report and it will focus on the state-
of-the art, description and experimental validation of different POF-based key devices that
provide an easy-reconfigurable performance for WDM applications. Novel multiplexers/
demultiplexers, variable optical attenuators, interleavers, switches and optical filters to
separate and to route the different transmitted wavelengths are described. The main target is
to bridge the gap of the WDM POF-based network deployment bottleneck in the final leg of
delivering. In addition, a hybrid silica-POF WDM-PON network is analyzed showing the
capabilities of novel Fiber Bragg Gratings (FBG) inscribed on microestructured POF devices
to be compatible with WDM topologies for both sensing and communication schemes.
Moreover, the theoretical capacity for a future WDM-GIPOF deployment is addressed taking
advantage of the performance of this recent fiber type. Finally the main conclusions are
presented.

2. Optical multiplexers and demultiplexers in POF technology

Multiplexers, combiners and variable optical attenuators are basic elements in POF networks
when using the WDM approach but are not widely spread yet on the market due to the
aforementioned reasons yielding their associated insertion losses. Nevertheless, reconfigura‐
tion can be an additional feature for those networks but most of them developed in POF
technology do not provide such a characteristic. In this section, novel POF devices with
reconfigurable characteristics for WDM applications addressing compact, scalable and low
consumption solutions and with low insertion losses will be described. They operate at the
wavelengths of interest for POF applications and their performance will be compared to
current state-of-the-art approaches reported in literature. Some of them will take advantage
of the properties of liquid crystal materials.

Several technologies have been reported for implementing optical multiplexers. Arrayed
Waveguides Gratings (AWG), based on two multimode interference sections joined through
several waveguides of different lengths, are proposed to be used in short distance communi‐
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cations [24]. However, this approach is unsuitable for the wavelength range of operation of
POF networks with affordable losses and, therefore, cannot be used. On the other hand, in the
WDM approach many transmitters with different light colors can carry individual information.
In WDM-POF systems, most multiplexers used in POF links are based on N:1 splitting devices
which their function is to combine the optical signals from multiple different single-wave‐
length end devices at their inputs onto a single output fiber. For example, red light can be
modulated with Ethernet data while blue, green and yellow light can carry image information,
radio frequency (RF) and television signal, respectively. There have been many techniques of
fabricating POF couplers. These techniques include twisting and fusion, side polishing,
chemical etching, cutting and gluing, thermal deformation, molding, biconical body and
reflective body [25]. The main drawback of the use of POF couplers as multiplexers are: a) their
high associated insertion losses, typically up to 8dB per branch [26] if we consider 3:1 and 4:1
POF couplers; and b) in this kind of multiplexers input ports are not interchangeable and each
input port must be excited by a pre-allocated wavelength source. To solve this latter disad‐
vantage, another approaches make use of novel reconfigurable POF multiplexing devices,
where inputs are wavelength independent, as they work in the same way for different
wavelengths, thus allowing more flexibility in WDM-POF networks. They will be described
in the following section.

From the POF demultiplexer perspective, solutions for WDM SI-POF networks reported in
literature are based on bulk optics and take advantage of discrete devices such as prisms [27],
thin-film filters [28] or diffraction gratings [29, 30]. Thin-film based demultiplexers are easy to
implement and are a good choice to design demuxes with low insertion loss and multiple
channels. However, they are large, require many elements (typically the number of elements
doubles the number of channels) and their channel isolation (crosstalk) is mainly limited by
the rejection ratio of the thin-film filters used. Optical filtering at each output channel is usually
employed to enhance the crosstalk performance in this type of demultiplexers thus adding
complexity into the system. In contrast, prism-based demultiplexers have few elements and
are cheaper but usually show a low performance in terms of both insertion loss and crosstalk.
Most common proposals are based on concave gratings. These proposals have good expecta‐
tions as they have a small size and because the light spatial separation and its focusing are
performed with a single element. However, they require diffractive elements that to date are
not easy to manufacture and have not reached large market volumes yet, being a costly
solution. Moreover their experimental performance has not yet been tested on a mass basis
real scenario. However, it is expected to experience the price reductions accompanying
economy-of-scale in a near future.

2.1. Designs of reconfigurable optical multiplexers

Among the different technologies used for implementing optical multiplexers (as well as for
optical switches) those based on liquid crystals (LC) are very interesting because they do not
have mobile parts, need low excitation voltages and have a low power consumption. In the
last years, liquid crystal has been widely used in displays applications. Liquid crystals are
organic compounds that have properties intermediates between liquid and crystalline solids
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[31]. They have anisotropic characteristics such as the dielectric constant or the refractive index,
like solids, but simultaneously they are fluids. There are mainly two types of LC used in optical
multiplexing, Ferroelectric Liquid Crystals (FLC) [32] and Nematic Liquid Crystal (NLC)
[33-35], both normally using the structure of a Twisted Nematic Liquid Crystal cell (TN-LC).
The first ones have a better response time but they can operate in a smaller wavelength range.
The second ones have worst response times (tens of milliseconds in conventional mixtures),
but they can operate in a wider wavelength range because they only have to fulfill Mauguin's
regime Δn x d/λ >> 1 in order to obtain the polarization shift, where Δn is the birefringence of
the LC, d the LC cell thickness and λ the wavelength, respectively.

In the following, different topologies of optical multiplexers based on liquid crystals are
described. The first design is based on Polymer Dispersed Liquid Crystal (PDLC), which is a
special case of NLC, while the other devices are based on TN-LC cells. A brief introduction
about both LC types is provided within each section for a better understanding.

2.1.1. Optical multiplexer and variable optical attenuator based on polymer dispersed liquid crystal

The first design of the proposed multiplexers is based on PDLC. PDLC is composed by
microdroplets with liquid crystal molecules dispersed in a polymeric matrix. Liquid Crystal
molecules have electrical and optical birefringence, which means that the molecules have
different dielectric constants and refractive indexes depending on the molecule axes. This
mixture is sandwiched between glasses and covered with a transparent conductor [36]. In this
way, an electric field can be applied to the mixture allowing the reorientation of the liquid
crystal molecules that are inside the microdroplets thanks to the molecule birefringence. The
structure of the PDLC cell is shown in Fig. 1.

Figure 1. Structure of a Polymer Dispersed Liquid Crystal cell
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The principle of operation is the following. At resting state, i.e. there is no voltage applied to
the transparent conductors (electrodes), the liquid crystal molecules inside the droplets do not
have a predominant orientation and the light that passes through the mixture find different
refractive indexes. Therefore, it is highly scattered into different directions. On the other hand,
if enough voltage is applied between the transparent conductors, an electric field is created
inside the mixture and the liquid crystal molecules are forced to follow the induced electric
field. In this case, the mixture has a homogeneous refractive index and the light that passes
through the mixture is not refracted and maintains the same propagation direction. In addition
to this, there is a gradual transition in the liquid crystal molecules reorientation, thus, if the
voltage applied is not high enough, the molecules are not fully oriented but the light that passes
through the mixture is less scattered [37].

Due to the possibility for controlling the transmission of light through the PDLC, the latter
have been mainly reported for implementing Variable Optical Attenuators (VOA) [38, 39]. A
VOA based on a 2 x 2 coupler made of POF is presented in [38]. The idea for implementing a
reconfigurable optical multiplexer based on PDLC is to use the PDLC cell with several pixels
as the active element [40]. The structure is shown in Fig. 2. The input ports, that are optical
fibers, are placed in front of each pixel of the PDLC cell. The light that comes out from the fiber
is spreaded according to the numerical aperture of the optical fiber, thus, the lenses placed in
front of each input port are required for collimating the light that comes out from the optical
fibers. The light from each input port passes through one pixel of the PDLC cell and finally,
the lens placed at the output focuses the light into the output fiber. 
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Figure 2. Structure of the reconfigurable optical multiplexer based on PDLC

By using the proposed structure, when no voltage is applied to the PDLC pixel, the light that
comes from the input port is scattered in the PDLC cell and, therefore, it is not focused in the
output port. On the contrary, when enough voltage is applied to the PDLC cell, the light can
pass through the PDLC cell being focused on the output port. In addition, variable attenuation
can be achieved by applying intermediates voltages. Each pixel can be addressed independ‐
ently from the adjacent ones, so each input port can be switched on/off without affecting the
others.

Recent Advances in Wavelength-Division-Multiplexing Plastic Optical Fiber Technologies
http://dx.doi.org/10.5772/59518

393



The introduced reconfigurable optical multiplexer can also acts as a variable optical attenuator.
It can operate in the visible range as POF do. The typical voltage value for switching the PDLC
is tenths of volts. The achieved insertion loss is about 1.6dB, the crosstalk obtained is in the
range of 30dB, and finally, the response time of the PDLC is in the order of tenths of millisec‐
onds.

2.1.2. Optical multiplexers based on Twisted Nematic Liquid Crystals (TN-LC)

Other way in which liquid crystal is used is known as TN-LC. In this kind of devices, the liquid
crystal is also sandwiched between two glasses covered with a transparent conductor (elec‐
trode). However, the glasses have an additional rubbed alignment film that forces the LC
molecules to have an orientation. In a TN-LC the orientation of the LC molecules in one glass
is perpendicular to the molecular orientation in the other glass. Thanks to these constraints,
the LC molecules inside the cell perform a helix from one glass to the other. The structure of
a TN-LC cell is shown in Fig. 3.

VGlass
Transparent Electrode

Alignment layer
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Figure 3. Structure of a twisted nematic liquid crystal cell.

The principle of operation is the following. If no voltage is applied to the LC, the polarization
of the light that passes through the TN-LC cell is ideally rotated 90 degrees. On the other hand,
when enough voltage is applied between the transparent conductors of each glass, an electric
field is generated inside the cell, and the molecules are reoriented to be perpendicular to the
glasses. In this scenario, the polarization of the incident light remains when passes through
the LC.

In this way, the polarization of the light that transverse the TN-LC cell can be controlled. Thus,
by placing the TN-LC cell between polarizers, the transmission of the incident light can be
modified by means of the voltage applied to the cell. A polarizer placed before the TN-LC cell
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The principle of operation is the following. If no voltage is applied to the LC, the polarization
of the light that passes through the TN-LC cell is ideally rotated 90 degrees. On the other hand,
when enough voltage is applied between the transparent conductors of each glass, an electric
field is generated inside the cell, and the molecules are reoriented to be perpendicular to the
glasses. In this scenario, the polarization of the incident light remains when passes through
the LC.

In this way, the polarization of the light that transverse the TN-LC cell can be controlled. Thus,
by placing the TN-LC cell between polarizers, the transmission of the incident light can be
modified by means of the voltage applied to the cell. A polarizer placed before the TN-LC cell
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allows passing only one polarization of the incident light. In this way, a polarized light beam
enters in the TN-LC cell. The TN-LC controls its polarization stage depending on the voltage
applied to the cell. Finally, the polarizer placed after the TN-LC filters, or not, the light that
comes out from the TN-LC cell. According to the TN-LC operation, there are two ways of
implementing the device for controlling the light transmission: a) putting the TN-LC cell
between crossed polarizers, or b) putting it between parallel polarizers. In the first case, the
light passes through the device when there is no voltage applied to TN-LC while light is
stopped when enough voltage is applied to the LC cell. On the contrary, the input light is
blocked by the device when no voltage is applied to the TN-LC cell and the light passes through
the device when enough voltage is applied to the TN-LC cell. The procedure described has
been mainly used in displays applications [41], but it can also been used for optical multiplex‐
ing as well as for optical switching. The latter will be seen in a following section.

As previously reported, multiplexers and demultiplexers are basic elements in those optical
networks where WDM is implemented because they combine different wavelengths in a single
fiber. POF fiber has a low attenuation in the visible wavelength region (at 450nm, 550nm and
650nm), for this reason, the optical multiplexers must work in this wavelength range. An
example of a reconfigurable multiplexer based on TN-LC cells is presented in Fig. 4 [42]. The
introduced structure of the multiplexer can be used in several wavelength ranges depending
on the bulk elements used.
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Figure 4. Structure of the reconfigurable 3x1 optical multiplexer.

The structure is composed by Polarizing Beam Splitters (PBS1 and PBS2), TN-LC cells (NLCa
and NLCb), polarizers and lenses. There are three input ports, and a single output port. Each
TN-LC cell has three pixels, and each pixel controls the transmission of one input port.
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Consequently each input port can be managed independently of the others. The input lenses
are required for collimating the light that comes from each input fiber, and the output lens
focuses each beam into the output port.

The operation of the optical multiplexer makes that the light from one input port is guided to
the output port when there is no voltage applied to the corresponding pair of pixels of liquid
crystal cells. If a voltage is applied to theses pixels, the light from the input port is not guided
to the output port.

2.1.3. Advanced multifunctional optical multiplexer for multimode optical fiber networks

In passive optical networks where there is no additional amplification, it is important to have
few insertion losses. It could be also interesting to have additional functions in the same device
and thus reducing the number of devices in the optical network. In addition to that, reconfig‐
urable optical networks in critical applications where an alternative path is required when
there is a failure in the main path would be useful.

An improvement in terms of flexibility of the 3x1 multiplexer shown in the above figure is
presented in Fig. 5 [43]. The structure has two set of three inputs and two outputs, and
depending on the configuration each input of the one set of inputs can be guided to one of the
two possible outputs.

The structure can implement different functionalities only by selecting the inputs, the outputs
and modifying the voltage applied to the TN-LC pixels of each cell. It can behave as a 3x1
multiplexer (or combiner) using only three inputs and one of the outputs, each input port can
be switched on/off independently of the other three inputs thus also acting as an optical switch
if required.

The same device can operate as two complementary 3x1 Multiplexers. Inputs to the device are
grouped in pairs, when the Input Port a is guided to Output Port 1, the other input of this pair,
Input Port b, is coupled to Output Port 2. On the other hand, when the multiplexer is switched,
Input Port a is directed to Output Port 2 and the matched Input Port b is propagated to Output
Port 1. As a matter of fact, it can also work as a 2x2 optical switch by using only the adequate
pair of inputs and the two outputs.

The use of TN-LC cells allows having intermediate values of light transmission by applying
lower voltage, so the device can also implement a VOA by using a single input port and only
one of its outputs. Finally, it can also implement a variable optical power splitter by using one
input and its two outputs.

The introduced reconfigurable Advanced Multifunctional Optical Multiplexer has fiber to
fiber insertion losses when operating as a 2x2 optical switch, in the range from 10dB to 15dB
within 200nm wavelength range; with a non-optimized optics for collimation and coupling.
Lower losses can be achieved for a smaller wavelength range. The crosstalk measured is better
than -15dB at 532nm, 660nm and 850nm. Switching is achieved at voltage levels of 4VRMS.

Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications396



Consequently each input port can be managed independently of the others. The input lenses
are required for collimating the light that comes from each input fiber, and the output lens
focuses each beam into the output port.

The operation of the optical multiplexer makes that the light from one input port is guided to
the output port when there is no voltage applied to the corresponding pair of pixels of liquid
crystal cells. If a voltage is applied to theses pixels, the light from the input port is not guided
to the output port.

2.1.3. Advanced multifunctional optical multiplexer for multimode optical fiber networks

In passive optical networks where there is no additional amplification, it is important to have
few insertion losses. It could be also interesting to have additional functions in the same device
and thus reducing the number of devices in the optical network. In addition to that, reconfig‐
urable optical networks in critical applications where an alternative path is required when
there is a failure in the main path would be useful.

An improvement in terms of flexibility of the 3x1 multiplexer shown in the above figure is
presented in Fig. 5 [43]. The structure has two set of three inputs and two outputs, and
depending on the configuration each input of the one set of inputs can be guided to one of the
two possible outputs.

The structure can implement different functionalities only by selecting the inputs, the outputs
and modifying the voltage applied to the TN-LC pixels of each cell. It can behave as a 3x1
multiplexer (or combiner) using only three inputs and one of the outputs, each input port can
be switched on/off independently of the other three inputs thus also acting as an optical switch
if required.

The same device can operate as two complementary 3x1 Multiplexers. Inputs to the device are
grouped in pairs, when the Input Port a is guided to Output Port 1, the other input of this pair,
Input Port b, is coupled to Output Port 2. On the other hand, when the multiplexer is switched,
Input Port a is directed to Output Port 2 and the matched Input Port b is propagated to Output
Port 1. As a matter of fact, it can also work as a 2x2 optical switch by using only the adequate
pair of inputs and the two outputs.

The use of TN-LC cells allows having intermediate values of light transmission by applying
lower voltage, so the device can also implement a VOA by using a single input port and only
one of its outputs. Finally, it can also implement a variable optical power splitter by using one
input and its two outputs.

The introduced reconfigurable Advanced Multifunctional Optical Multiplexer has fiber to
fiber insertion losses when operating as a 2x2 optical switch, in the range from 10dB to 15dB
within 200nm wavelength range; with a non-optimized optics for collimation and coupling.
Lower losses can be achieved for a smaller wavelength range. The crosstalk measured is better
than -15dB at 532nm, 660nm and 850nm. Switching is achieved at voltage levels of 4VRMS.

Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications396

3. Optical routing for WDM POF-based applications

For WDM routing, key devices such as interleavers, routers and switches are also indispensable
to combine, to separate and to re-direct the different transmitted wavelengths. Nowadays,
WDM devices are well-established in the IR and near IR (NIR) for silica optical fibers. However,
they require a complete re–design for being implemented in SI–POF WDM systems. This is
mainly due to their distinct attenuation behavior (compared to silica fiber) and new wave‐
length channels need to be determined. Nevertheless, there is no a widely spread consensus
about the characteristics for these WDM channels for POF applications, although some authors
have already proposed a spectral grid [44], which includes channels between 400 nm and 700
nm and spectral bandwidths up to 50 nm (LED sources) [45].

Nowadays, optical routers are key components in optical communications and sensor
networks. Optical switches allow optical routing without converting the transmitted infor‐
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mation into the electrical domain. The elimination of the two required conversions (optical to
electrical and electrical to optical) improves the system characteristics, reducing the network
equipment and increasing their bandwidth. These devices work by selectively switching
optical signals delivered through one or more input ports to one or more output ports, in
response to supervisory control signals. Different technologies could be applied to route
optical signals, applications of which depend on the topology of the optical network and the
switching speed required [46]. Cutting-edge optical switching technologies depending on their
principle of operation include micro-electromechanical systems (MEMS) as well as acousto-
optical, thermo-optical, opto-optical and electro-optical (EO) devices.

Opto-Mechanical switches are based on the movement of some mechanical devices such as
prisms, mirrors or directional couplers. As a subsection of the opto-mechanical technology,
MEMS have a great interest in telecommunications applications. MEMS consist of small mobile
refractive surface mirrors that route the incident light beams to their destination [47, 48].

Acousto-optic switches are based on the acousto-optic effect of some materials, such as the
peratellurite [49] or LiNbO3 [50], where an acoustic wave travelling along the material induces
a periodical strain that alters its refractive index. The refractive index modulation induced in
the material causes a dynamic phase grating than can diffract light. If the material is isotropic,
the diffraction induced by the acousto-optic effect causes beam deflection, and if the material
is anisotropic the deflection caused comes along with variation in light polarization.

Other solutions are the thermo-optic switches whose operation consists on the variation of the
refraction index of the material by modifying its temperature. This type of switches has a great
variety of implementations, but mainly based on using an interferometric mechanism in which
the refractive index variation induces a change in the interference condition. This effect
facilitates the light switching [51, 52].

Opto-optical switches are based on the intensity-dependent nonlinear effects in optical
waveguides, such as the Two-Photon Absorption phenomenon (TPA) [53], the lightwave self
action that induces the Self Phase Modulation (SPM) phenomenon and the Kerr Effect that
causes the Four Wave Mixing (FWM) and the Cross Phase Modulation (XPM) [54].

Finally, electro-optic switches perform switching by using electro-optics effects. The main
technologies are based on Lithium Niobate (LiNbO3) [55], Semiconductor Optical Amplifiers
(SOA) [56], Electro-holographic (EH) [57], Bragg Gratings electronically switched [58] and LC.
Focusing on the latter, LC switches use different physical mechanisms to steer the light such
as polarization management, reflection, wave-guiding and beam-steering (2D or 3D). Main
advantages of this technology include no need of moving parts for switch reconfiguration, low
driving voltage and low power consumption. In the last years, different devices based on
nematic LCs for SI-POF networks have been reported. Some of them are described below.

3.1. Optical Switches based on twisted nematic liquid crystals

The polarization rotation is the first configuration used in LC switches [59]. A simple example
of a 1x2 switch based on TN-LC is presented in Fig. 6 [60]. Depending on the voltage applied
to the TN-LC, the light from the input (Port 1) is guided to one of its outputs (Port 2 or Port 3).
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Figure 6. Structure of the 1x2 LC optical switch.

As a consequence of the use of the input polarizer for the operation of the TN-LC half of the
incoming optical power is filtered. The solution for reducing the insertion losses of the optical
switch based on TN-LC cells is by using the polarization diversity method, see Fig. 7. In this
technique, the input light is decomposed into its TE (S-Polarized light) and TM (P-Polarized
light) components. Both components are treated separately and finally recombined. In this
way, the device becomes polarization insensitive, and less insertion losses are expected. The
same principle of the reconfigurable multiplexer design reported in the previous section.
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Figure 7. Structure of the 1x2 LC optical switch.

Different configurations have been proposed in literature for implementing optical switches
based on the polarization diversity method. A polarization insensitive 2 x 2 optical switch
based on TN-LC is presented in Fig. 8 [61]. The structure is composed by Polarizing Beam
Splitters (PBS1-PBS4), TN-LC cells (NLC1-NLC4), quarter wave plates (Plate 1- Plate 4), and
mirrors (Mirrors 1 – Mirror 3). The 2x2 optical switch allows up to three operation modes by
applying voltage to the suitable pair of TN-LC cells, see Fig. 9:
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3.2. Optical router with output power control

TN-LCs can also be used in routers (LC−OR) based on the polarization diversity method
following the same principle of operation as in the case of optical multiplexers. The polarization
modulation of a TN cell in combination with space polarization selective calcite crystals or
polarization beam splitters (PBS) allows optical space-switching. Fig. 10 shows the structures
of a typical 1x2 nematic LC−OR (Fig. 10.a) and a 1x2 nematic LC−OR with independent output
power control (Fig. 10.b).
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3.2. Optical router with output power control

TN-LCs can also be used in routers (LC−OR) based on the polarization diversity method
following the same principle of operation as in the case of optical multiplexers. The polarization
modulation of a TN cell in combination with space polarization selective calcite crystals or
polarization beam splitters (PBS) allows optical space-switching. Fig. 10 shows the structures
of a typical 1x2 nematic LC−OR (Fig. 10.a) and a 1x2 nematic LC−OR with independent output
power control (Fig. 10.b).

Advances in Optical Fiber Technology: Fundamental Optical Phenomena and Applications400

Figure 10. a) Structure of a typical 1x2 nematic LC−OR based on polarization diversity and, b) structure of a 1x2 nemat‐
ic LC−OR with independent output power control.

In the scheme shown in Fig. 10.a, the TN-LC 1 has an input polarizer that changes the polari‐
zation state of the transmitted beam depending on the voltage V1. The scheme of Fig. 10.b
additionally provides the possibility of stabilizing the optical power that is transmitted by each
port. This feature was reported in [62]. In that scheme, TN-LC 2 and 3 have both an input and
an output crossed polarizer, with the input polarizer parallel to the respective polarization
component transmitted by the PBS. Then, in this scheme each LC cell controls the transmitted
power depending on the voltages V2 and V3. Fig. 11 shows an example of the power stabilization
capacity of the router reported in [62].

Figure 11. Example of the output power control capacity of a 1x2 LC-OR based in polarization diversity. Input power
is obtained from a LED source at 650 nm.

LC-OR based on nematic LC cells cannot respond faster than several microseconds. This fact
limits its use to telecom and sensor applications for protection and recovery, or optical add/
drop multiplexing which need fewer restrictions about switching time, like WDM transport
network restoration [63]. However, in the last years, nematic LCs with response times lower
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than 3 ms [64] and 2 ms [65], as well as nanosecond response [66] have appeared. And different
techniques to reduce the response time below 1 ms [67] have also been reported.

3.3. Broadband LC-OR

It is a matter of fact that the performance of a twisted nematic LC-OR is optimum only for
specific wavelengths (those given by Mauguin Minima) [68]. Besides, the LC birefringence,
which defines Mauguin Minima, is very temperature dependent, requiring temperature
compensated designs or controllers. These two limitations can be overcome by replacing the
twisted nematic cells (see Fig. 10.a) with optimized polarization rotators (PRs) based on
structures of stacked LC cells, as reported in [69]. Figure 12 shows an example of the perform‐
ance of the broadband 1×2 LC–OR reported in [69].

Figure 12. Scheme of a broadband 1×2 LC–OR for POF networks.

Figure 13. Spectral performance of the outputs 1 (dashed lines) and 2 (solid lines) of a broadband 1×2 LC–OR for POF
networks in the a) OFF state (V<<Vth) and b) ON state (V>>Vth).

The proposed design illustrated above is composed by 3 LC cells and allows a significant
improvement of the spectral response of LC optical routers, compared to those previously
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reported [43, 62, 70] in a broadband range. The proposed router has quite similar insertion loss
values in both outputs in the range from 400 nm to 700 nm, as well as crosstalk values lower
than –18.7 dB, as shown in Fig. 13. This performance is required for routing channels in SI–
POF–WDM networks uniformly, since in these networks the channels may have wide
bandwidths and the proposed grid is very wide, as it was aforementioned. In [69] it has been
shown that the router performance is quite constant with temperature changes of up to 10 °C.
And it was also demonstrated that it is able to control the split ratio of the output power with
good uniformity in the range from 400 nm to 700 nm.

3.4. LC wavelength selective switch

A 1×M wavelength selective switch (WSS) is an optical device that allows switching any
incoming wavelength from its input port to any of the M output ports, without the need for
optical to electrical conversions. These devices play a key role in protection and reconfiguration
tasks of next generation optical networks. A huge number of approaches to implement WSS
have been demonstrated. Some are based on gratings that spatially disperse the input channels,
on MEMS, or on LC spatial light modulators [70, 71]. Other approaches use silica-based planar
lightwave circuits (PLCs) [72] or ring resonators [73].

Some LC reconfigurable devices for the VIS range have been reported, such as tunable filters
[74] or a multifunctional device operating as a switch/combiner/variable optical attenuator
[43], as well as a 1x2 WSS [74]. The latter is based on an inverted Lyot filter structure. This
configuration allows demultiplexing, switching or blocking any channel through any output
port using voltages from 0 to 3 VRMS, the same for all the LC cells, with maximum insertion loss
of 6 dB, and rejection ratios better than 12 dB. Fig. 14 shows two examples of the eight possible
transmission states of the 1x2 LC WSS reported in [74].

Figure 14. Performance example of a 1x2 LC WSS considering 2 LED channels at 589nm (solid lines) and 650nm (dash‐
ed lines) with 20 nm full width at half maximum. Where: a) output 1 and b) output 2. V1 = 1.18 VRMS and V2 = 0.21
VRMS.
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4. Optical filters in POF technology

Optical filters are basic components as part of routing devices for optical communications
networks. Optical interleavers are filters that due to their periodicity: a) separate an incoming
spectrum into two complementary set of periodic spectra (odd and even channels), or b)
combine them into a composite spectrum. Filters and interleavers play a key role in dense
wavelength division multiplexing (DWDM) systems, usually employed in gain equalization,
dispersion compensation, prefiltering, and channels add/drop applications.

Literature provides many optical filtering and interleaving devices. Some filters are based on
birefringent structures such as the Lyot and Solc filters due to their low dispersion, high
reliability, easy fabrication process and low cost [75], with recent applications in VIS for POF
networks [69, 74]. However, these solutions mainly operate in DWDM systems (infrared
range). In this section, the basic structures of birefringent filters (Lyot and Solc) are presented
and compared against birefringent filters designed in the Z transform domain, which can be
used in future WDM-POF systems.

4.1. Birefringent filters

Birefringent filters base their operation on the interference of an input light beam with multiple
delayed versions of itself. Typically there are two types of birefringent filters, the Lyot and
Solc. An excellent discussion of both types of filters can be found in [76]. In general, a Lyot
filter consists of a set of delay stages composed by retarder plates of different widths between
polarizers, as the 3-stage Lyot filter shown in Fig. 15.a. The optical axis of the retarder plates
are at 45º with respect to the polarizers (azimuth angle) and each stage has twice the delay (Γ)
of the previous one. Focusing on the second approach, Solc filters eliminate the need of Lyot
filters for using multiple polarizers. Solc filters consist of a stack of M retarder plates between
only two linear polarizers. In this case, all the retarder plates have the same delay and each
one are at a specific azimuth angles, α1,... αM, e.g. a fan Solc filter has parallel polarizers (αA =
0º) and α1 = α, α2 = 3α, α3 = 5α,..., αM = (2M-1)α, being α = 45º/M, see Fig. 15.b.

Figure 15. General structures of: a) Lyot filter of 3 stages and b) Solc Filters
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Now, let us compare Lyot and Solc filters. For example, 3-stage Lyot filters require 4 polarizers
and the equivalent of 7 retarder plates with delays Γ, as shown in Fig. 15.a. In contrast, a Solc
filter with the same number of retarder plates requires only 2 polarizers. From this point of
view Solc filters are a more interesting choice than Lyot filters. However, as is shown in Fig.
16, the adjacent side lobes suppression is better for the case of Lyot filters.

However, the potential of the structure of Solc filters can be exploited by placing the retarder
plates illustrated in Fig. 15.b at arbitrary azimuth angles, in a type of filters called lattice or
birefringent filters. Birefringent filters can be designed by using optimization methods or in
the Z-transform domain, by using their relation with FIR (Finite Impulse Response) filters. A
detailed method for transform FIR filters into birefringent filters can be found in [75]. For
example, an arbitrary birefringent filter of seven retarder plates, obtained from a 7th order FIR
filter, is presented in Fig. 16. The azimuth angles of the retarder plates are: α1 = 6.07º, α2 =
15.18º, α3 = 28.65º, α4 = 45.00º, α5 = 61.35º, α6 = 74.81º, α7 = 83.92º and αA = 0º. This filter performs
a uniform suppression of the adjacent side lobes with a maximum value better than both the
Lyot and Solc filters. It could even be designed to have a narrow bandpass. Birefringent
structures are a versatile solution for designing devices for POF WDM networks due to their
reconfiguration capacity, since they can be easily manufactured with LC technology, and
flexibility, since any FIR filters synthesis method can be used [75].

Figure 16. Transfer functions of different birefringent filters: 3 stages Lyot Filter (dash-dot line), Solc filter with 7 re‐
tarder plates (dashed line) and arbitrary birefringent filter of 7 retarder plates designed in the Z-transform domain
(solid line). Retarder plates with Γ = 2π×1.98μm/λ are considered in all the filters.

It should be mentioned that demultiplexer devices may be easily built up by combining the
switches and filter schemes described in former sections or by using filter plus the addition of
POF splitting devices.

5. WDM approach using Polymer Optical Fiber Bragg Gratings (POFBGs)

As previously stated, one solution to increase the POF's bandwidth, and thus its capacity, is
the transmission of information over more than just a single wavelength. This is what is known
the WDM approach. This architecture not only has been proved to be suitable for transmission
information purposes but also has been demonstrated to be fully compatible with the inter‐
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rogation of multiple remotely located intensity-based optical fiber sensors, thus taking
advantage of the power loss reduction as well as the high scalability provided by the use of
WDM devices.

The basis of WDM systems is the spectral characteristics of the optical multiplexers and
demultiplexers which are used in the fiber plant instead of optical power splitters. Moreover,
within these approaches, FBGs are usually employed both for monitoring purposes or
providing an effective and compact strategy to operate in reflective configuration [77, 78].
These devices are a wavelength-selective filter fabricated inside the core of an optical fiber for
which the reflected wavelength changes under the influence of external perturbations [79].
First FBGs were traditionally manufactured on silica optical fiber. More recently, FBGs have
been inscribed into SI-POF [80] and microstructured Polymer Optical Fiber (mPOF) [81] based
on PMMA, leading to what is called polymer optical fiber Bragg gratings (POFBGs). The reason
for this development is the exploitation of polymer benefits such as larger elastic limit, higher
maximum strain limit, larger temperature and humidity responses and low cost compared to
silica, while maintaining the benefits of FBGs. And this fact is also true when considering FBGs
as optical sensing elements [82, 83]. In addition, polymer reveals to be intrinsically more
biocompatible than silica for as it may be used for in vivo biomedical applications where the
use of glass is inappropriate due to danger from breakages. Nevertheless, limited effort has
been directed towards synergizing biocompatible POF-based photonic sensing with the WDM
interrogation method that allows multiplexing by the use of FBGs, with just a few exceptions
[84]. The main underlying reason behind this lack of development is the mismatch between
the optimum operating wavelength regions of POFs and the optical devices exploited for
telecommunications purposes as aforementioned at the beginning of this chapter.

In this section, we intend to bridge the gap between a WDM compatible topology and the use
of novel POFBGs by analyzing the feasibility of a hybrid silica-POF WDM network for remotely
addressing multiple intensity-based self-referenced fiber-optic sensors. The proposed topol‐
ogy is compatible with the target of developing a single optical broadband network architec‐
ture which is capable of carrying many types of services without mutual interference nor
design compromises. It may include the access network domain (e.g. FTTx) as well as up to
the indoor scenario with the aim of a full converged network solution. This solution will open
up the path for the development of converged WDM POF communication networks in the
near future. Moreover, potential medical environments and biomedical applications based on
all-optical POF-based solutions are also targeted taking advantage of the intrinsic POF
biocompatible characteristics.

The proposed self-referenced hybrid topology above described is illustrated in Fig. 17. The
novelties of this configuration in comparison with previous works [78, 85] are: a) the combi‐
nation of silica- and polymer- FBGs (the latter may be used for in vivo scenarios or just simply
at the patient's vicinity if the target is a biocompatible optical system for medical applications);
b) the usage of a single reference FBG; and c) an improved centralized monitoring unit (that
can be remotely located up to units of km) which includes virtual instrumentation techniques
and data processing. A broadband light source (BLS) is, either internally or externally,
modulated at a single frequency ( f ). This modulated signal is launched into the remote sensing
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points via a broadband circulator and a Coarse Wavelength-Division Multiplexer (CWDM).
Each remote sensing point located consists of a sensing POFBG placed after the fiber-optic
sensor (FOS). A single silica FBG is located before the CWDM acting as a reference channel for
the topology. Let assume the central wavelengths of the reference and sensing FBGs to be λSi

and λPOF, respectively. The broadband optical circulator receives the reflected multiplexing
signals from the reference and the sensor channels, in which the sensor information is encoded.
At the remote monitoring unit, the optical signal is demultiplexed by a CWDM device and
distributed to an array of photodetectors (PD) by means of a data acquisition board (DAQ)
together with a band-pass filter (BPF), used to eliminate noise from all signals at frequencies
outside the system frequency. Then, a phase-shift is applied to the reference and sensor digital
signals. Finally, a virtual lock-in amplifier is used to interrogate all available sensor channels.
A measurement parameter can be defined, φK , corresponding to the output phase of the signal
for different phase-shifts (virtual delays) at the reception stage, see Eq. 1.

φK =tan-1
-(sin θSi + βk ∙ sin θPOF k

)
cos θSi + βk ∙ cos θPOF k

(1)

where θSi and θPOF k
 are, respectively, the phase shifts for the reference and each sensor signal

k, and βk  is relates to the optical power received at the remote central unit being a function of
the modulation index, the reflectivity of the silica FBG and the photodetector responsivity (for
both sensing and reference wavelengths), the sensor power loss modulation, the insertion loss
of the CWDM device, and the insertion loss related to the reflectivity, intrinsic attenuation and
connectorization of the POFBGs. Further details of the mathematical framework can be seen
in the works reported in [78, 86]. Parameter φK  is insensitive to power fluctuations except for
the sensor modulation thus performing as a self-reference measurement parameter. Its
performance, i.e. linear behavior, maximum sensitivity, etc., is directly related to the digital
phase-shifts applied at reception.

To test the feasibility of the topology shown in Fig. 17, a 2-sensor network was analyzed by
modulating the BLS at f=1kHz by an acousto-optic modulator. The optical power was launched
into the configuration via a broadband circulator. One silica FBG was used for reference
purpose, being placed before the CWDM mux/demux. Its central wavelength and reflectivity
were λSi =1550nm and 49%, respectively. A POFBG in 150μm cladding diameter few-moded
mPOF was used for each remote sensing point, with central wavelengths λPOF1

=1525.2nm for
FOS1 and λPOF2

=1567.0nm for FOS2. Their reflectivities were 27 % and 36 %, respectively. A
singlemode VOA was used to emulate the sensor response and for calibration purposes. The
reflected signals were demultiplexed by a CWDM and detected by three amplified InGaAs
detectors. The amplifier gain was fixed at 70 dB for all measurements. A 14-bit low-cost DAQ
was used to convert the electrical signals from the photodetectors to digital signals. Virtual
instrumentation techniques were developed to implement the bandpass filter, the phase-shifts
and the lock-in amplifiers at the reception stage.
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The self-reference property was tested inducing power fluctuations in the modulated optical
source through a VOA. Fig. 18 showed no changes in φK   values after inducing 10 dB of power
attenuation. It is worth mentioning that the proposed topology performs no noticeable
crosstalk between adjacent channels. This means that both (or more) sensors could be inter‐
rogated simultaneously without mutual interference because of the high channel isolation of
the CWDM demultiplexer. Experiments were carried out for the following phase shifts at the
reception stage: θSi =0.83π,   θPOF 1 =0.33π.

The performance of the proposed topology was further investigated obtaining resolution
values far below than that of provided by most of the POF intensity based sensing solution
reported in literature, and particularly for biomedical applications. Another interesting point
is computing the power budget, which provides information about the maximum remote
interrogation reaching distance and/or the maximum insertion losses only for sensing pur‐
poses. At the most restrictive sensing wavelength (in terms of reaching distance), a maximum
length of 11 km could be obtained. For this calculation, a FOS power variation of 6 dB was
considered, high enough to cover any biomedical input magnitude span. However, this reach
distance can be easily improved by launching more optical power into the system, using optical
devices with better insertion loss performance or using a more efficient technique to connect
POFBGs. The aforementioned reaching distance could provide a remote monitoring service
unit fully compliant for both short-reach networks (typically less than 1 km), i.e. LANs and in-
building/in-hospital networks as well as suitable for medium reach-distances (typically up to
10 km). Furthermore, the latter value ensures applications in inter-hospital networks or to
provide a convergent all-optical and straightforward connection between patient's homes and
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Figure 17. Hybrid silica-POF WDM self-referenced topology for remotely addresing generic remote sensing points lo‐
cated at the patient's vicinity. Fiber-optic sensor (FOS).
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a general practice service for telemedicine purposes. It should be mentioned that the above
reaching distances are unbeatable if an all-POF-based optical network is intended to be
deployed and a hybrid approach should be considered. Following this analysis, it can be
concluded that the proposed topology do not provide limitations thus serving as the bottleneck
of a multiple remote sensing scheme.
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6. WDM extension over PF GIPOF links

In this section a comparison between the achievable capacity over a single fiber channel and
over a WDM PF-GIPOF-based approach will be presented. It has been previously stated that
a typical WDM optical communication link requires both a multiplexer and a demultiplexer.
However, the addition of POF-WDM multiplexer and demultiplexer devices, results in a bit-
rate penalty as the available optical power on the system decreases due to their insertion losses.
To establish the channel capacity comparative, a bit loading algorithm for DMT modulation
format over PF-GIPOF has been considered. New power margin resulting from the additional
losses considered in the system due to the WDM over POF approach are analyzed demon‐
strating the feasibility of PF-GIPOF WDM systems.

The resulting theoretical Shannon capacity of an optical fiber channel can be calculated if
its  f3dB  is  known [14],  modeled  as  a  Gaussian  low-pass  filter.  Therefore,  from measure‐
ments  of  frequency  response  of  different  PF-GIPOF  lengths,  3dB  bandwidths  can  be
obtained, and so their theoretical capacity limits operating in a single channel. This type of
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fiber  has  been demonstrated to  enable  robust  2GbE (GbE,  Gigabit  Ethernet)  and 10GbE
baseband transmission over short reach distances ranging from 25m up to 100m for different
link  scenarios  [87],  even  at  OverFilled  Launching  (OFL)  condition.  These  values  are
considered as an underneath estimation of the transmission limit  of  PF-GIPOFs as com‐
plex modulation formats,  restricted mode launching schemes,  equalization techniques or
simultaneous data transmission over high-order latent PF-GIPOF passbands can be applied
to enhance its aggregated capacity [88-90].

Previous works have studied, analyzed and modeled the PF-GIPOF frequency response taking
into account most of the parameters that affect the latter. Some noteworthy PF-GIPOF
frequency response measurements are shown in Fig. 19, in which a good agreement between
experimental results and the theoretical curves predicted by the model is observed. This figure
shows the measured and theoretical frequency responses for a 50m, 75m and 100m-long
62.5μm core diameter PF-GIPOF link with OFL condition and employing a Fabry-Perot laser
source operating at 1300nm. Further details of the mathematical framework and experiments
are reported on [91] for the benefit of the readers.
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Figure 19. Measured (solid line) and theoretical (dashed line) electrical responses for different 62.5 μm core diameter
PF-GIPOF lengths.

From frequency response measurements, as shown in the above figure, the 3dB baseband
bandwidth can be easily identified and, therefore, the channel capacity can be calculated.
The PF-GIPOFs used are commercially available from Chromis Fiber with an attenuation
of 55dB/km at 1300nm. For the frequency response measurements, a FP laser diode used
as transmitter was externally AM modulated with a RF sinusoidal signal (up to 20GHz of
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fiber  has  been demonstrated to  enable  robust  2GbE (GbE,  Gigabit  Ethernet)  and 10GbE
baseband transmission over short reach distances ranging from 25m up to 100m for different
link  scenarios  [87],  even  at  OverFilled  Launching  (OFL)  condition.  These  values  are
considered as an underneath estimation of the transmission limit  of  PF-GIPOFs as com‐
plex modulation formats,  restricted mode launching schemes,  equalization techniques or
simultaneous data transmission over high-order latent PF-GIPOF passbands can be applied
to enhance its aggregated capacity [88-90].

Previous works have studied, analyzed and modeled the PF-GIPOF frequency response taking
into account most of the parameters that affect the latter. Some noteworthy PF-GIPOF
frequency response measurements are shown in Fig. 19, in which a good agreement between
experimental results and the theoretical curves predicted by the model is observed. This figure
shows the measured and theoretical frequency responses for a 50m, 75m and 100m-long
62.5μm core diameter PF-GIPOF link with OFL condition and employing a Fabry-Perot laser
source operating at 1300nm. Further details of the mathematical framework and experiments
are reported on [91] for the benefit of the readers.
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Figure 19. Measured (solid line) and theoretical (dashed line) electrical responses for different 62.5 μm core diameter
PF-GIPOF lengths.

From frequency response measurements, as shown in the above figure, the 3dB baseband
bandwidth can be easily identified and, therefore, the channel capacity can be calculated.
The PF-GIPOFs used are commercially available from Chromis Fiber with an attenuation
of 55dB/km at 1300nm. For the frequency response measurements, a FP laser diode used
as transmitter was externally AM modulated with a RF sinusoidal signal (up to 20GHz of
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modulation  bandwidth)  by  means  of  an  E/O  Mach-Zehnder  modulator  (16GHz  band‐
width).  An  InGaAs-photodetector  (22GHz  bandwidth)  is  used  as  receiver.  Bandwidth
limitation from both transmitter and receiver can be neglected for links >50m. The channel
capacity for each length, is calculated based on the transmission characteristics listed below,
and is displayed in Table 1. For some applications, e.g. home network Ethernet transceiv‐
ers, eye safety operation is required and a limited averaged transmitted optical power of
0dBm has been considered.

Length (m)
Measured electrical -3dB

bandwidth (GHz)
Capacity
(Gbps)

a) Average transmitted optical power=0dBm

25m 18.4 590.5

50m 9.2 299.6
b) Fiber attenuation @1300nm= 55dB/km

75m 6.7 208.8

100m 3.2 101.9
c) Clipping factor=3

125m 1.7 54.4

150m 1.2 36.9 d) Noise equivalent power: NEP=17.3·10-12 W/√Hz

Table 1. Calculated theoretical capacity over 62.5μm core diameter PF-GIPOF, at 1300nm.

However, this capacity analysis from the frequency response may result in large discrepancies
at frequencies beyond the 3dB point and the PF-GIPOF has some latent high-order passbands
[88]. Consequently, the Gaussian low-pass approximation reveals itself as a pessimistic
approximation of the PF-GIPOF channel capacity, and expected capacity values of PF-GIPOF
can be larger than those calculated in Table 1, even more if Restricted Mode Launching (RML)
schemes are applied to the injection of light into the fiber.

On the other hand, DMT allows the possibility to allocate the number of bits and energy per
subcarrier according to its corresponding signal-to-noise ratio (SNR), typically known as bit-
loading. To compute rate-adaptive bit-loading for the DMT over PF-GIPOF consideration
Chow's algorithm has been implemented [92]. Initially, all subchannels were loaded with 4
information bits each. Table 2 shows the theoretical results on capacity when applying DMT
over a single channel, based on the measured frequency response values up to 150m-long PF-
GIPOFs. Compared to the results given in Table 1, it can be seen that for the shortest length
(25m), the numerically computed capacity value is lower than theoretical counterpart. This
result from bandwidth limitation of the external modulator bandwidth, considered in the
computation. From lengths > 50m, the computed capacity is larger because the PF-GIPOF
frequency response dominates over other bandwidth limitation factors. Due to the bandwidth
limitation of the PF-GIPOF link itself, the signal-to-noise-ratio decreases for higher frequencies.
Bit allocation resulting from the bit loading is shown in Fig. 20 for a 100m- and 150m-long PF-
GIPOF single channel link, respectively.
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Length (m) Numerical DMT over PF-GIPOF Capacity (Gbps)

25m 577.1

50m 380.0

75m 276.9

100m 164.1

150m 77.1

Note: targeted BER=10-3

Table 2. Theoretical DMT capacity over 62.5μm core diameter PF-GIPOF, at 1300nm.
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Figure 20. Bit allocation per subchannel, resulting from bit-loading at 100m and 150m.

It has been previously stated that for flexible high capacity GIPOF optical networks, applying
the WDM approach seems to be necessary. Apart from the physical transmission characteris‐
tics of the PF-GIPOF, it is equally important to consider the optical components introduced to
deploy advanced WDM-based optical architectures. The addition of these POF WDM multi‐
plexers and demultiplexers limits the available optical power budget within the fiber link thus
resulting in a bit-rate penalty. This is due to the fact that the OSNR (Optical Signal-to-Noise
ratio) of the system is being reduced, and so the fiber transmission capacity.
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Figure 20. Bit allocation per subchannel, resulting from bit-loading at 100m and 150m.

It has been previously stated that for flexible high capacity GIPOF optical networks, applying
the WDM approach seems to be necessary. Apart from the physical transmission characteris‐
tics of the PF-GIPOF, it is equally important to consider the optical components introduced to
deploy advanced WDM-based optical architectures. The addition of these POF WDM multi‐
plexers and demultiplexers limits the available optical power budget within the fiber link thus
resulting in a bit-rate penalty. This is due to the fact that the OSNR (Optical Signal-to-Noise
ratio) of the system is being reduced, and so the fiber transmission capacity.
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To establish a comparison between the PF-GIPOF single channel operation and its WDM
extension a 4-λ WDM approach has been considered. Regarding the latter, the PF-GIPOF
transmission capacity must be recalculated from: a) the new bit loading resulting from the
DMT modulation scheme and, b) the restriction on power margin resulting from the new losses
considered in the system due to the addition of the mux/demux devices in the optical link. An
insertion loss for a future PF-GIPOF 4-λ multiplexer/demultiplexer device of around 2dB per
channel [93, 94] is considered. Such a performance is better in terms of insertion loss with
respect to PMMA-GIPOF based splitters which can provide insertion losses greater than 6dB
(in the symmetric-case) [95]. Consequently, the power budget of the WDM system, consisting
of one PF-GIPOF based multiplexer or demultiplexer device at each side of the optical fiber
link, results in a 5dB power reduction per channel, if an optical crosstalk of 1dB is also
considered. It is worth mentioning that some authors have evaluated power penalties close to
2.4dB when combining a 62.5μm core diameter PF-GIPOF and WDM devices based on 50μm
core diameter MMF [90]. Set of Fig. 21 shows the theoretical bit loading including the afore‐
mentioned restriction in power budget due to the 4- λ WDM approach.
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Fig. 21. Theoretical bit loading for the 4- λ WDM approach over PF-GIPOF. (a) 100m ; (b) 1 
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Figure 21. Theoretical bit loading for the 4- λ WDM approach over PF-GIPOF. (a) 100m ; (b) 150m.

The corresponding aggregated WDM capacity is summarized in Fig. 22 and compared to the
single channel operation. The achievable capacity of a single-λ WDM system does not reach
the best single channel results. For a single channel operation more than twice the capacity
compared to the single-λ capacity in the WDM approach. Therefore, assuming a 4-λ WDM
system using the full available optical power and with similar bit rate transmission perform‐
ances in each channel the total achievable capacity would overcome the OSNR and bit-rate
limitation due to the optical losses introduced in the power budget of the system. It is also
noticed that for longer PF-GIPOF lengths the ratio between transmission capacities for single
channel and single- λ operation diminishes. This fact is attributed to differential mode
attenuation (DMA) together with mode coupling effects in PF-GIPOF that leads to a sub-linear
increase dependency of the fiber bandwidth regarding its length. This favours the resulting
transmission capacity.
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Figure 22. Comparison of single channel operation and WDM extension over 62.5μm core diameter PF-GIPOFs.

On the other hand, capacity values for a 50μm core diameter PF-GIPOF following the same
procedure and under the same constraints are also shown (from its frequency response
measurements). Greater capacities can be achieved as increasing the core diameter due to the
presence of strong mode coupling effects and less modal noise effect, as shown in Fig. 23.
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Fig. 23. Comparison of single channel operation and WDM extension over a 100m- and 10 

150m-long link, at 1300nm, for different core diameter PF-GIPOFs. 11 
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Figure 22. Comparison of single channel operation and WDM extension over 62.5μm core diameter PF-GIPOFs.

On the other hand, capacity values for a 50μm core diameter PF-GIPOF following the same
procedure and under the same constraints are also shown (from its frequency response
measurements). Greater capacities can be achieved as increasing the core diameter due to the
presence of strong mode coupling effects and less modal noise effect, as shown in Fig. 23.
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7. Discussion and conclusions

Applying WDM can further enhance the transmission capacity via POF systems. This chapter
is intended to bridge the gap of WDM POF-based networks for in-home deployments, where
POFs have become a competitive and low-cost solution as a physical medium infrastructure.
In-home link lengths are relatively short thus leading to a more relaxed requirements regarding
bandwidth x length product and attenuation per unit length, respectively. However, due to
the continuous increase of bit-rate demands from end-users for multimedia services new
techniques oriented to overcome the POF bandwidth limitation are being required. Beyond
complex modulation formats in which the main goal is to provide a single channel commu‐
nication link with a high spectral efficient (i.e. bit/Hz), one potential solution to expand the
usable bandwidth of POF systems is to perform multiple channels over a single POF. This is
known as the WDM approach.

Nowadays, WDM is well-established in the infrared transmission windows for silica optical
fibers, but this technique needs to be adapted to VIS for POFs due to their spectral attenuation
behavior. And novel WDM POF devices and network topologies are necessary to a final success
of POF in-home penetration. These devices include POF multiplexers/demultiplexers, variable
optical attenuators, interleavers, switches, POFBGs and/or optical filters to separate and to
route the different transmitted wavelengths. And an easy-reconfigurable performance can be
an additional feature among all the spectrum of future designed and manufactured devices
for the WDM POF solution, with the aim of increasing the flexibility of multiplexing, demul‐
tiplexing, switching and routing optical signals as well as modifying the optical network if
required. Moreover, devices that can perform different functionalities are interesting in terms
of reducing the power consumption and insertion losses. It is also important to follow the
progression in stable and low cost light sources in the visible range, apart from 650nm, to
successfully achieve the WDM POF implementation. And new devices, benefiting from
nanoparticles principles to reach novel plasmonic switches among others.

Anyway, progresses in these POF devices for the WDM approach have been discussed. They
can operate in the visible range as POFs do. Among the different technologies, within this
chapter two multiplexers based on TN-LC have been introduced. The use of this technology
has been demonstrated to provide several advantages as they do not have mobile parts, need
low excitation voltages and have a low power comsuption. In addition, a reconfigurable optical
multiplexer based on PDLC has been presented which can also acts as a variable optical
attenuator. It has also been designed switches operating in a broadband range with a uniform
spectral response and low thermal dependence. Birefringent structures are proved to be a
versatile solution for designing devices for POF WDM networks due to their reconfiguration
capacity, since they can be easily manufactured with LC technology, and flexibility, since any
FIR filters synthesis method can be used.

On the other hand, the capabilities of novel POFBG devices to be compatible with WDM
topologies for both sensing and communication schemes have been addressed. High scalability
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and power budget enhancement in comparison with all POF based network solutions is
achieved due to the use of off-the shelf silica WDM devices in combination with POFBGs.
Reaching distances of tens of km can be easily achieved with the proposed topology fully
compliant with both short-reach networks (typically less than 1 km), i.e. LANs, in-
building/in-home networks etc. as well as medium-reach distances (typically up to 10km)
covering the access domain. The above reaching distances are unbeatable if an all-POF-based
WDM optical network is intended to be deployed and a hybrid approach should be considered.

Finally, to mitigate both the impact of the high attenuation as well as the limited bandwidth
of standard POFs recently developed PF-GIPOFs should be also considered. This fiber type
outperforms these two features compared to their Step-Index and PMMA-based counterparts,
respectively. Nevertheless its achievable capacity under the WDM-GIPOF approach must be
analyzed. A future 4-λ WDM-GIPOF deployment is studied showing that its total achievable
capacity can overcome the OSNR and the bit-rate limitation due to the optical losses introduced
in the power budget of the system due to the addition of future GIPOF-based WDM devices.

We believe the results reported in this chapter may encourage the development of WDM-POF
networks and low insertion loss POF-based WDM devices opening up the path for future in-
home systems at very high bit rates. However, further improvements on mux/demux manu‐
facturing would make WDM-POF systems a future-proof and feasible solution for in-home/
building networks to attend end-users’ high-speed demands.
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1. Introduction

Recent advances in In-Car Entertainment System will play an important role on automotive
industry. It was assumed that in the year 2015, every new car, especially built in Europe will
be equipped with Internet connection. As cars become connected to the Internet, the demand
for Internet-based entertainment and applications and services increases [1].

Polymer optical fibers (POFs) are in a great demand for the data transmission and processing
of optical communications compatible with the Internet, which is one of the fastest growing
industries in automotive field. POFs become replacement for copper cable technology for
future IVI system.

In this chapter reports experimental demonstration of a POFs based solutions in wavelength
division multiplexing (WDM) network and some effects due to the placement of color filters
as a demultiplexer for the In-Car Entertainment System. A weakly fused (WF) and a highly
fused (HF) POF star coupler based on fusing and combining a group of POFs are designed and
experimentally investigated. A low-cost demultiplexer is realized by using color filters. The
specialized designed plastic-based interference films are used to filter out any other wave‐
length (color) that is not within the range. Variation of temperature were applied directly to
the fused tapered region and an LED fiber source is launched into the fiber input, while the
optical power deviation is measured at each output port. The effect of the return optical power
and the coupling ratio to the temperature variation of 20 °C to 125 °C were investigated. The
excess loss, EL0 for the WF and the HF coupler at 20 °C is ~ 2 dB and ~ 8 dB, respectively.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.



Media Oriented Systems Transport (MOST) is one of the advance IVI system provider
company which also utilized a POF-LED technology to transmit numerous signals represent
a different data transmission via time division multiplexing (TDM) network (refer Fig. 1).

Figure 1. Recent technology on ring topology IVI system with single line of optical fiber cable facing main problem
with no backup line when failure occurred.

In our research, we offered a wavelength division multiplexing (WDM) communication
network over POF due to the rapid increase of traffic demands [2, 3]. WDM is the network that
allows the transmission of multimedia data in IVI system over multiple wavelength (color)
and thus greatly increases the POF's bandwidth. Beside, this network proposes a backup path
in order to mitigate a serious breakdown in TDM-based network in IVI system.

Refer to Fig. 2, the proposed WDM-POF system, three unit of transmitters with different color
of LED will carry single information simultaneously. For example in IVI network, red LED
with 650nm wavelength modulated with video signal while blue (λ1), green (λ2), and yellow
(λ3) lights carry ethernet, audio and RF signal, respectively. The light has to be combined by
the multiplexer (MUX) at the sending side. And to separate the wavelength channels at the
receiver side, a wavelength demultiplexer (DEMUX) has to be used.

Demultiplexing, perform the reverse process with the same WDM techniques, in which the
data stream with multiple wavelengths decomposed into multiple single wavelength data
streams. POF coupler has similar function, operates to combine a number of optical data pulses
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as a single coupled signal. Hence, the development of MUX based on POF coupler is possible.
A low-cost solution for POF-WDM system application will be presented.

A novel fused POF couplers has been fabricated by a fusion technique, as an effective trans‐
mission media to split and couple numerous different wavelengths which represents different
signals. These novel coupler, however, suffer from several disadvantages. The high cost of the
available couplers was raised as a challenge to the development of WDM systems in short-
haul networks [5-8]. In addition, from the stand point of device design, the diameter of the
fused tapered region, where stress is concentrated, is too small in conventional couplers. The
structure causes a high incidence of fiber fracture, which results in poor reliability [9-12].

Thus a cost-effective 3×3 POF couplers based on a fused tapered structure to address these
drawbacks of conventional couplers is demonstrated. The coupler is fabricated by a new and
simple fabrication method, using a Bunsen burner and a metal tube. In this study, two types
of fused couplers method focused of weakly fused (WF) and highly fused (HF). The WF coupler
is, however, not considered to be a low-loss device, as the excess loss of the coupler was high,
12 to 22 dB.

The HF coupler is then developed to be the successor of the WF coupler. The excess loss of the
HF coupler is very low, 0.3 to 5 dB. The device is developed as an optical switch which optical
power can be switched completely from one fiber to another fiber at a temperature increase of
T=55°C [13]. The switching characteristic can be achieved by varying the refractive index of
the cladding at the coupling region of the coupler by temperature.

One of the aim of this chapter is to examine and optimize the feasibility of both methods of
3×3 POF couplers as thermal optical switches to be integrate in WDM-POF-based network for
IVI system. The investigation is also to determine whether the thermal treatment is required

Figure 2. Simple schematic of a 4-channels WDM system.
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to improve the quality and shift the device specification. Hence, a study of thermal effect on
both polymer-based WF and HF couplers by varying the temperature of a hot plate from 20
°C to 125 °C is studied. The fused tapered fiber in the coupling region is exposed to the hot
plate surface and optical power is launched into the input fiber of the coupler. In this temper‐
ature-dependence experiment, we investigate a relationship between temperature and several
parameters such as coupling ratio, insertion loss and excess loss of the couplers.

In this chapter, red LED (650nm) has been utilized to transmit Ethernet data while green LED
(520nm) can transmit a video image generated from CCTV network or DVD player, and blue
LED with 470nm wavelength represents an audio transmission system for home networking.
Refer to Fig. 3, special polymer color filters has been located between the coupler and receiver-
end to ensure the entire WDM system can select a single signal as desired [4].

Figure 3. Each of those color filter lets pass exactly one wavelength and reflects all the others. By using several of those
filters, the different wavelengths can be sorted out in a very low-cost way.

The performance of the novel coupler either with or without attachment of color filter can be
evaluated in terms of insertion loss (IL). Some experiments in order the optimized the
performance of WDM-POF based system for IVI system need to be conduct to minimized the
value of the insertion loss (IL) in the network. The insertion loss (IL) is the amount of power
loss that arises in the fiber optic line from input to the output of the fabricated coupler,
expressed below,

IL port(dB)=10log
Po port

Pi

Some wavelengths interfere with their reflected parts constructively, whereas others interfere
destructively. Those wavelengths that interfere constructively can pass the filter, whereas the
others get reflected. Besides the material parameters, the incident angle plays a major role, as
each layer gets relatively thicker when tilting the filter. Color filters are manufactured for a
long time and therefore high quality filters are readily available. They usually have sizes of
several square millimeters. Color filters therefore are a valid choice to build DEMUX.
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2. WDM-POF integrated network for in-car entertainment system

Adapting the fused tapering technique for conventional multimode fiber, we successfully
established fabrication process for 1×3 POF twisted and fused couplers to be used as a MUX
and DEMUX in IVI system. The 1×3 low cost coupler is an optical device, which ended by 3
number of POF output ports, while the other side ended by one POF port.

Similar to common coupler, it is also possible to work bidirectional, whereby it works from
the 3 ports into 1 port (for coupling signal purpose), or vice versa (for splitting signals purpose).
Optical 3×3 coupler has been symmetrically cut into two part to generate a pair of 1×3 couplers
by the jointing of three polymethylmethacrylate (PMMA) POF [14]. Other specification for the
design, the input POF is designed and fabricated to be twisted and fused shape as the fabri‐
cation process and 1×3 POF coupler is illustrated in Fig. 4.

Figure 4. Thermal resistance at the coupling region of POF coupler in which all fibers are fused together.

Standard multimode SI-POF is used with its core diameter of 980 μm and cladding thickness
of 10 μm. To obtain the results, DEMUX is realized using a special color filter attached using
epoxy resin to the end of the connectors. The components are chosen because they are low cost
and are easily found in the market.

Almost similar to POF material itself, the color filters are comprised of two types of plastic.
More than 65% of the line is made from co-extruded polycarbonate plastic. The remainder of
the line is deep dyed polyester [15, 16]. Filters create color by subtracting certain wavelengths
of color. Thus, a red filter absorbs blue and green, allowing only the red wavelengths to pass.
The process is subtractive not additive, so the light source must emit a full spectrum.

The swatch book provides detailed information on the spectral energy curve of each filter. The
curve describes the wavelengths of color transmitted through each filter. For example,
Supergel 342 transmits approximately 40% of the violet and blue energy of the spectrum and
75% of the orange and red energy. It absorbs all energy in the yellow and green range [15, 16].
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After putting the resin onto the filter to be attached to the socket, the component then is hold
together tightly for about two minutes to assure that no gap or air bubbles all over and also to
assure the strong bond. This part has to be done gently since the epoxy resin has to be avoided
covering the fiber’s surface as much as possible so that any power losses can be minimized
when the measurement is taken. However, since the edge of the socket is quite thin and sharp,
the spread of the epoxy resin to the fiber surface cannot be 100% avoided.

After the fabrication is done, readings and measurements are taken for insertion loss for each
of the fiber using a power meter. In this experiment, a lot of samples were fabricated to get the
optimal results and to see which of the color filters that shows the most transmission and gives
least losses. The length of the POFs is fixed at 3 meters long.

In this study, for fused plastic optical fiber, the optical loss is categorized as extrinsic loss due
to the physical change of POF, LED projection to POF and the core-to-core connection and [17,
18]. It is obtained that the physical change of POF caused by fabrication process, where by
diameter of POFs increasingly decrease to approach 1 mm and the POFs finally has twisted
and fused shape. In characterization process, optical loss may present through the direct LED
projection to POF surface. Besides, optical loss may also present through the connection
between the fused tapered POF and POF cable [17].

3. Results and discussion

Comparison for the optical line either using the color filter or not, has been analyzed. The
insertion loss of as much as 21 samples for the output terminal over POF has been utilized in
3-channels IVI system through red filter (internet data) have been visualized in Fig. 5. From
the results gathered, it is seen that when all the components are set up and red LED (650nm)
was injected, the insertion loss measured by the power meter shows small increase of losses
when the film is attached to the socket.

This is also true when blue and green LEDs are injected. For the characterization of same film
using different sources, we take a red film A (filter labeled #4690) as the primary filter and it
is injected with all three LEDs, red, green and blue transmitters. As the results depict, the red
filter injected with red transmitter shows a small increase of losses which averagely IL<~3 dB
compared to the initial loss before the film is attached to the fiber. Same goes to the power
output when the film is attached to the fiber.

The effect of plastic-based filter attachment at the receiver-end did not indicate a significant
deviation in power efficiency since both PMMA and Co-extruded Polycarbonate for fiber core
and plastic filter’s material have the same refractive index which approaching 1.59 [16].

Study on the saturation level of each color filters – red, green and blue – has been carried out.
As much as eleven best samples chosen with different level of color saturation labeled from 1
to 11 which sample number 1 indicate the darkest (more saturated) color filter while number
11 with the lightest color (less saturated). Each of different color filter has been injected by LED
in a range of blue to red light (470~650nm) and the result can be obtained in Fig. 6.
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From the result in Fig. 6(a), it is observed that sample 1 to 7 shows highest losses and decrease
of efficiency. Since sample 1 to 7 being among the darkest film color meaning that only small
or narrow transmission percentage of red LED or transmitter is allowed to get through. This
phenomena also found in Fig 6(b), for the first six sample has quite high losses especially when
it was injected by LED in blue to green range (470-580nm). However, red filter in Fig 6(c) did
not indicate a significant deviation of loss by variying the saturation of the filter.

Compare with others, red filters block most of the green and blue LED transmission since it is
clear that only red wavelength (λ=600~650nm) will be allowed to get through the film. The
film filters out any other wavelength transmission that is not within the range. This concept is
used as the primary idea for designing the demultiplexer.

It has been proven that, when blue filter was injected by all three optical source (blue, green
and red color) all the data were more fluctuated right after the light hit the filter through the
fiber. Same goes to green filter, all light sources will fluctuated the efficiency of the data
transmission. This fluctuation generated as an effect from the SED percentage of each filters
and also came from the intensity of each light source. The higher intensity of the light source
transmitted the more oscillated graph plotted and the less significant of SED percentage
deviation the less effect on fluctuation.

For the temperature-dependence experiment, two samples of 3×3 fused couplers with multi‐
mode SI PMMA POF are tested: WF and HF couplers. For the WF coupler, the fabrication
method includes three processes: fiber bundle configuration, fabrication of spiral fiber and
fiber tapering. Firstly, a fiber bundle consists of N core unjacketed polymer fibers (where N=3)
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is inserted into the metal tube and placed in symmetrical coordination. The fibers bundle is
exposed to the heat of the flame repeatedly twisted while pulled continuously to produce a
spiral fiber with a particular number of twists in the centre of the fiber bundle. The length of
the fused region is limited to 8 cm. While the indirect heating process continues, fiber bundle
is pulled and twisted. When the POFs reach the melting point, the fiber bundle is pulled to
fuse the fibers, and the fused tapered fiber is formed. Each fiber ports (output and input) are
insulated with PVC sleeve.

The HF coupler fabrication method includes four processes, as a new process was introduced
to enhance the coupling characteristic of the fused tapered fiber by removing twisting effects
on the fused fiber. A twisting effect implies that each fiber is not melted sufficiently to combine
with each other. Firstly, a fiber bundle consisting of N core unjacketed polymer fibers (where
N=3) are inserted into the metal tube and placed in symmetrical coordination. The fibers bundle
are pulled and exposed to the heat of the flame repeatedly and continuously to produce a spiral
fiber with a particular number of twists in the centre of fiber bundle. The length of the fused
region is limited to 5 cm.

The fiber bundle is pulled and twisted from both sides repeatedly and continuously over a
long fusion time, tf < 65s, to reach a sufficiently high melting temperature to remove twisting
effects. While indirect heating process continued, fibers bundle is pulled and twisted. When
the POFs reach the sufficient melting point, the fiber bundle is pulled to fuse the fiber, and the
fused tapered fiber is formed. Each fiber ports (output and input) are insulated with a PVC
sleeve.

The experimental setup has been setup, which consisted of a digital hot plate, an AF-OM110A
power meter and an LED fiber source with a 650 nm wavelength. Refer to Fig. 4, each fibers
on the left side of the coupler are defined as Port A, B, or C, whereas on the other side, each
fiber ports are termed as Port D, E, or F. In the experimental setup, for each coupler, the hot
plate is exposed directly to the centre region (the fused and tapered fiber) and the temperature
of the hot plate is varied from 30 °C to 125 °C to investigate the light propagation behavior and
power loss for each fiber port. The LED source is launched into a single input fiber, while each
output fibers was connected into an optical power meter using a suitable adapter to measure
the output power. In the meantime, another optical power meter is also placed at the end of
each input fibers to measure the returned power for both fiber ports. By using the optical power
acquired from the measurement, several parameters were calculated for both couplers, such
as the excess loss and the coupling ratio.

When the heating temperature is increased to T > 85°C, the behavior of power dissipation at
the other input port differs from that in the first case described above. This phenomenon
reveals that the induced thermal resistance in the centre of the coupler reaches a very high
resistivity, where large heat capacity stored in the coupling region is sufficient to oppose
optical power transferred between input and output fibers. In addition, there is a possibility
that the optical power is switched incompletely from output to input fibers. While output
power Po in through-put and cross-coupled fibers remains fall to zero, the returned optical
power Pret in other input fiber increase drastically. In this case, the optical power tends to be
reflected and coupled to other input fibers, instead of output ports. As the fused tapered fiber
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is overheated (T >> 85°C), however, the returned optical power begins to break down as the
fused fiber in the coupling region is approaching damage threshold at which the coupler
lifetime begins to decrease. The same behavior is also exhibited by using the optical power at
the output fibers.

The heating temperature of the hot plate T ,  is increased gradually from 30°C to 125°C to
examine the thermal effect each port of the fibers. Previous experimental results show that the
refractive index variation with temperature is analyzed for large-core PMMA POF [13]. The

repeatedly and continuously to produce a spiral fiber with a particular number of twists in 
the centre of fiber bundle. The length of the fused region is limited to 5 cm.  
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Figure 6. Comparison on before (left side) and after (right side) effect on injection of 
different saturation of color filter. Three basic colors have been investigated for (a) blue, (b) 
green and (c) red filter, before (left side) and after (right side) injected with LED in visible 
light range (450~650 nm). 
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following function is used to describe the variation of the refractive index by performing a
nonlinear least-square fit: n(T )=n0 + aT + bT 2. The symbol-α=dn/dT (°C-1) denotes the thermal
dispersion of the refractive index, where α=-5 × 10-4 for PMMA and α=-4 × 10-4 for fluorinated
polymer [19, 20], which are the materials of the core and the cladding, respectively. At room
temperature (T=20°C), the refractive index of the core is higher than that the cladding. For
typical POF, it has been found that the index for the PMMA core and the fluorinated polymer
cladding at 20°C are nco=1.490 and ncl=1.402, respectively [21]. The refractive indices of the
cladding and the core at the fused region exhibit different temperature-dependence behavior.
As the heating temperature is increased (T > 20°C), the difference in refractive index between
the core and the cladding, ∆n =nco - ncl  becomes smaller. In comparison, the percentage of the
core index reduction is higher than in the cladding material, as the thermal dispersion dn/dT
for the PMMA core is greater. As calculated, at temperature T=100°C, the refractive indices for
both material would be equal ( nco =ncl) and the difference of the two indices would be zero
( ∆n =0). At this point, the fiber stops confining light to the core, and the output light intensity
drops to near zero. In practice, optical loss and/or power dissipation increase gradually; they
do not cut off abruptly.

While heat energy is supplied from a hot plate to the coupling region at the fused coupler and
an LED fiber source with wavelength of 650 nm is injected into an input fiber, thermal
resistance would be induced at the centre of the fused coupler to oppose light propagation
from a single input fiber into multiple output fibers. The symbols TR and Tm denote room
temperature and melting point temperature, respectively. It is known that TR=20°C and
Tm=85°C. In the experiment, there are two cases of power dissipation occurring within different
behavior.

Firstly, when the temperature is increased to T > 20°C, a small heat capacity is stored in the
fused and tapered fiber, while heat energy is distributed along its taper length z. In this case,
the heat capacity accumulated in the coupling region represents thermal resistance. As the
induced thermal resistance is not sufficient to block optical power transmission completely,
optical power can pass through coupling region to output fibers with low power intensity. As
the coupling region is heated directly, the change in the refractive indices of the core and the
cladding result an optical power loss in each of the fiber output port.

The optical power was measured for one directions, the LED fiber source was injected into
Port A, while the optical power meter was positioned at the ends of the output fibers (Ports
D, E, and F). The room temperature T=20 was taken as a reference value before the experiment
was started. In the experiment, the temperature of the hot plate was increased in steps of 5 °C,
with a time delay of 60 – 70 s to reach a stable condition. Fig 7 shows the influence of varying
temperature T from 30 °C to 125 °C on output power Po for both fused couplers (HF and WF)
wherein the LED fiber was injected into the input fiber from the left side to the right side of
the coupler.

As shown in Fig 7(a) and 7(b), in each fiber port, output power decreases as temperature rises.
Both types of fused polymer couplers will be damaged when the heating temperature
increased to T=125°C. In the case of the HF coupler, as shown in Fig 7(a), optical power
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decreased gradually when temperature varied from 30°C to 95°C. At 30°C, the differences
between the transmitted power at Port D and the coupled power at other output fibers were
significantly large. However when the temperature of the hot plate increased to T>> 95°C,
however, the difference became relatively small (Δ ≈ 0) such that the optical power in each
output fiber fell down drastically to zero. The temperature point at 95°C thus defined as the
damage threshold, because the coupler lost temperature stability at this point. As the melting
point of the polymer material at 85°C, it is believed that the polymer fiber suffered from
excessive bond rupture at 95°C.

 

 
(a) 

 

 
(b) 

 
Figure 7. The relationship between temperature variation (30 °C to 125 °C) and optical 
power for (a) the HF coupler and (b) the WF coupler. 
 
In the case of the WF coupler, as shown in Fig 7(b), the optical power reduction in the cross-
coupled fibers (Ports E and F) was not significant, as the power intensities for both cross 
coupled ports were too small, less than 0.5 μW at 30°C. It was found that the throughput 
port D decreased with similar behavior as that seen in the WF coupler, with the power 
falling to zero suddenly when the temperature of the hot plate increased to T>> 95 °C. 
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In the case of the WF coupler, as shown in Fig 7(b), the optical power reduction in the cross-
coupled fibers (Ports E and F) was not significant, as the power intensities for both cross
coupled ports were too small, less than 0.5 μW at 30°C. It was found that the throughput port
D decreased with similar behavior as that seen in the WF coupler, with the power falling to
zero suddenly when the temperature of the hot plate increased to T>> 95 °C.

However, for temperature variations from 30°C to 85°C, the downward slope for the WF
coupler (−dP/dT) was greater than for the HF coupler. It is believed that the geometrical taper
design (in the coupling region) influenced the −dP/dT slope. As the twisting effect was featured
in the fused tapered fiber in the centre of the WF coupler, it is believed that the large fiber
imperfection in the fused fiber region changes the total optical transmission characteristic of
the polymer fiber. Therefore, the twisting effect is considered to be a minor factor in deter‐
mining the power loss in the WF coupler.

Another effect to take into account is the heating time delay that occurred during power
measurement for each fiber port. The delay caused the temperature of the polymer material
to increase and thus resulted in optical loss. At T>> 95°C, the results show that the optical
power P0 in each output fiber (Ports D, E, and F) decreased drastically to zero with high
−dP/dT slope. In this case, it was believed that the refractive indices of the core and the cladding
were equal,  (nco =ncl). As the PMMA core has a large dn/dT coefficient, the core index reduced
faster than the cladding index, and as a result, the indices for the core and the cladding became
equal at a certain point before the coupler damage occurred.

In addition to the measurement presented above, the returned power Pret was measured at the
other input fibers to investigate the thermal switching behavior the couplers. During the
measurement, the optical power meter was placed at the ends of the two other input fibers.

Fig 8 shows the temperature dependence of the coupling ratio for both couplers in their
throughput and cross-coupled fiber ports for both directions of lightguide propagation. The
coupling ratio in the throughput port is defined as CRT  (%)= Pt / Ps, whereas the cross-coupled
port is CRc (%)= Pc / Ps. The symbols Ps and Pt  denote the transmitted power at the throughput
port and the coupled power at the throughput port, respectively.

As both the WF and the HF multimode PPMA POF fiber couplers are wavelength independent,
their coupling ratios are not periodic functions. For an ideal wavelength-independent 3×3
coupler, it is assumed that the fused fiber in the coupling region has a strong coupling; the
output power ratio in the throughput fiber and the cross-coupled fibers at room temperature,
T=20 °C, is thus equal to 33 % and 66 %, respectively. For practical couplers, however, the
couplers are afflicted with large error in the power ratio, as the coupling ratio at the throughput
outlet is significantly higher than the power ratio at the cross-coupled port.

For the WF coupler, as shown in Fig 8, the ratio error ε at 20 °C is less than ± 50 %, whereas for
the HF coupler, ε=± 36 %. It is believed that, for both couplers, the fused fibers in the coupling
zone were not completely fused. In the other words, the fibers were not coupled to each other
with a 100 % coupling ratio. The WF coupler has a lower coupling efficiency than the HF
coupler, as the HF coupler’s coupling ratio error is smaller. It is known that the HF coupler
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zero suddenly when the temperature of the hot plate increased to T>> 95 °C.

However, for temperature variations from 30°C to 85°C, the downward slope for the WF
coupler (−dP/dT) was greater than for the HF coupler. It is believed that the geometrical taper
design (in the coupling region) influenced the −dP/dT slope. As the twisting effect was featured
in the fused tapered fiber in the centre of the WF coupler, it is believed that the large fiber
imperfection in the fused fiber region changes the total optical transmission characteristic of
the polymer fiber. Therefore, the twisting effect is considered to be a minor factor in deter‐
mining the power loss in the WF coupler.

Another effect to take into account is the heating time delay that occurred during power
measurement for each fiber port. The delay caused the temperature of the polymer material
to increase and thus resulted in optical loss. At T>> 95°C, the results show that the optical
power P0 in each output fiber (Ports D, E, and F) decreased drastically to zero with high
−dP/dT slope. In this case, it was believed that the refractive indices of the core and the cladding
were equal,  (nco =ncl). As the PMMA core has a large dn/dT coefficient, the core index reduced
faster than the cladding index, and as a result, the indices for the core and the cladding became
equal at a certain point before the coupler damage occurred.

In addition to the measurement presented above, the returned power Pret was measured at the
other input fibers to investigate the thermal switching behavior the couplers. During the
measurement, the optical power meter was placed at the ends of the two other input fibers.

Fig 8 shows the temperature dependence of the coupling ratio for both couplers in their
throughput and cross-coupled fiber ports for both directions of lightguide propagation. The
coupling ratio in the throughput port is defined as CRT  (%)= Pt / Ps, whereas the cross-coupled
port is CRc (%)= Pc / Ps. The symbols Ps and Pt  denote the transmitted power at the throughput
port and the coupled power at the throughput port, respectively.

As both the WF and the HF multimode PPMA POF fiber couplers are wavelength independent,
their coupling ratios are not periodic functions. For an ideal wavelength-independent 3×3
coupler, it is assumed that the fused fiber in the coupling region has a strong coupling; the
output power ratio in the throughput fiber and the cross-coupled fibers at room temperature,
T=20 °C, is thus equal to 33 % and 66 %, respectively. For practical couplers, however, the
couplers are afflicted with large error in the power ratio, as the coupling ratio at the throughput
outlet is significantly higher than the power ratio at the cross-coupled port.

For the WF coupler, as shown in Fig 8, the ratio error ε at 20 °C is less than ± 50 %, whereas for
the HF coupler, ε=± 36 %. It is believed that, for both couplers, the fused fibers in the coupling
zone were not completely fused. In the other words, the fibers were not coupled to each other
with a 100 % coupling ratio. The WF coupler has a lower coupling efficiency than the HF
coupler, as the HF coupler’s coupling ratio error is smaller. It is known that the HF coupler
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was fabricated to have a plane surface on its fused tapered fiber, with no twisting effect
featuring in the structure. The twisting effect is an undesired design characteristic; as the fibers
in the coupling region may not be highly fused and thus have low optical power coupled.

As mentioned before, the refractive index of the fused tapered fiber decreases with tempera‐
ture. The thermal change of the refractive index in the core and the cladding in the coupling
region will result in the variation of the relative phase velocity of the interaction light modes,
and the coupling ratio of the fused coupler will be thus influenced by rising temperature [22].

As shown in Fig 8, the variation of the coupling ratio for both couplers is a linear function. The
experimental result shows that, for both couplers, the ratio of the transmitted power increases
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Figure 8. Coupling ratio variations with temperature increase for (a) HF and (b) WF coupler. 
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with rising temperature from 30 °C to 125 °C, while the ratio of the coupled power decreases
in the meantime.

Fig 8(a) indicates that, for the HF coupler, the average ratio of the coupled power reduces from
35 % to 23 %, whereas the ratio of the output power in the throughput fiber increases linearly
from 68 % to 74 %. Fig 8(b) shows that, in contrast to the HF coupler, the WF coupler’s power
ratio in the cross-coupled fiber decreases linearly from 18% to 16%. Moreover, the ratio of the
transmitted power increases from 82% to 86%. As the ΔCR/ΔT slope is small, it can be seen
that the influence of the temperature effect on the coupling ratio is minor, and the couplers are
thermally stable with respect to their coupling ratios.

In this study, at room temperature (T=20 °C), extrinsic loss is considered as major contributing
factor to optical loss for both the HF and WF couplers, as the fused fiber in the coupling region
was degraded by structural fiber imperfections. These fiber imperfections include the change
in fiber diameter from 2.8 mm to ~1 mm, twisting effects and polymer degradation via
liquefaction.

In normal conditions without temperature influence, the power splitting performance of the
HF coupler is more significant than that of the WF coupler, as the fused fibers in HF coupler
suffer from relatively few imperfections. In spite of the different levels of power loss for the
two couplers, the fiber imperfections that are characteristic of the fused fiber regions can be
considered a design constant, as the excess losses of both couplers decrease with similar ΔEL/
ΔT slopes.

On  the  other  hand,  the  efficiencies  of  both  couplers  lie  at  the  same  point  when  the
temperature has been increased to T>95 °C, as both couplers are close to the ends of their
lifetimes. Both couplers are destroyed when the temperature is increased to 125 °C. It is
realised that the highest temperature to which polymer material  may be exposed to the
heat  while  still  retaining  its  structural  integrity  is  ~85  °C  and  that  the  glass  transition
temperature  for  POF is  90  °C.  The experimental  results  show that  each coupler  lost  its
temperature stability when its fused tapered fiber is overheated to T >95 °C, bringing the
device close to the end of its lifetime. It is known that supplying thermal energy of 290 kJ/
mol – 375 kJ/mol causes the bond rupture of the polymer chains and thus changes the total
performance characteristics of the fused coupler [23, 24].

In the experiment, 95 °C is thus defined as the PMMA POF damage threshold. In the case of
polymer material, the dn/dT coefficient is negative because the material’s thermal expansion
is higher than the temperature coefficient of the electronic polarisability [25]. Hence, the
thermal expansion coefficient is dominant. As the dn/dT coefficients for the PMMA core and
the cladding are negative, the refractive indices of both materials decrease with increasing
temperature. It is realised that the dn/dT coefficient for the PMMA core is higher than that of
the cladding. As a result, the refractive index of the core decreases more rapidly, and the indices
of both materials become nearly equal when the temperature increases to 95 °C. At T >>100 °C,
the output power in each fiber port suddenly breaks down to zero, as no power reflection and/
or transmission occurs through the medium of the fused fibers.
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4. Conclusion

The combination of WDM with POF will broaden the horizon of low cost optical customer
premises networks [26]. A technique has been used for fabricating the optical coupler based
on POFs technology using multimode SI-POF type with 1 mm core size. Fabrication and
characterization stages have been carried out to develop the coupler [14]. A technique also has
been used to develop a demultiplexer for short-haul communication based on plastic optical
fibers. This experiment shows the transmission of multiple signals with different wavelengths
carried through one fiber. The concept of multiplexer and demultiplexer are the basic of this
system. The system only utilizes three colors for the transmitters and also the filters for the
demultiplexer which are blue, green and red (λ=430, 570 and 650nm). Light source from the
red, green and blue transmitters are combined by using multiplexer. In order to separate the
combined signals, special separators – called demultiplexers (DEMUX) – are utilized. These
DEMUX are realized by employing the principle of the Color filters.

Filters play an important role in giving a higher insertion loss from the WDM-POF system, but
the quality of a number of output port is not badly destructed due to the color band gap from
the filter itself, speed rate of the Internet still stable and the resolution of the video image is
quite good. Some parameters, such as optical output power and power losses on the devices
were observed, and not to mention about the effect of filter placement and the efficiency of the
handmade 1 × N coupler itself.

Red LED with a 650 nm wavelength has been injected to different Color filters for the purpose
of characterization test in order to analyze the level of power efficiency of the demultiplexer.
Analysis shows that efficiency maintains for filter of the same wavelength as the transmitter
while other range of wavelengths will mostly be filtered out or blocked. This main idea is fully
utilized for the designing of demultiplexer for WDM-POF-based IVI-Systems applications.
Final analysis shows that efficiency of the filter can reach up to 70%. Improvement of per‐
formance can be made through practice. Although the setup IVI system exhibits very high
attenuation of the transmission, this concept of handmade optical coupler and demultiplexer
has been tested for sending data for video, audio and Ethernet and the output shows successful
performance.

In the temperature-dependence experiment, it was proven that thermal resistance exists in the
fused tapered fiber at the centre of the coupler. The thermal resistance of the fused fiber is
dependent on the heat capacity stored in the coupling region. As the heat capacity of the fused
tapered fiber reaches its level of saturation, the internally induced thermal resistance is
sufficient to block light propagation from the input fibers. Thus, some portion of the total input
power is reflected along the opposite path to the two other input fibers. The resultant light
guide propagation is called thermal switching.

Hence, the obtained result reveals that WDM-POF has great potential to be employed as
economical wavelength divisions multiplexer because it is able to couple different wave‐
lengths with main advantages that are low optical loss and low cost. An intensive study
suggested in order improving the homogeneity of this prototype. In fact, fusion technique
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afflicted with some disadvantages has no consistency of producing coupler as it was almost
not possible to fabricate POF coupler with good performance consistently. This WDM-POF
technology can be improved gradually through experience and practice. This device is highly
recommended for WDM-POF system as it is not as costly as other commercial POF coupler.
Furthermore, the fabrication and installation process is simple, easy and suitable to be used
for WDM-POF based IVI-system application.
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