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Preface

This book covers a few different aspects of solid-state and fiber-based optical amplifiers in
terms of fundamental understanding and applications. Some of the chapters highlight the
design principles to be used for communication channels, whereas some review on the re-
cent developments. As such, the book essentially provides readers a glimpse of a few differ-
ent dimensions in which the operation of optical amplifiers relies on.

Chapter 1 remains the introductory type, wherein a revisit is made up of optical amplifiers
and their operational principles. A few different types of fundamentally used optical ampli-
fiers are touched upon in this chapter in cursory form, so that the novice readers would
have enough foundation before they jump into the following chapters in the book. This
chapter partially says about semiconductor optical amplifiers (SOAs), which constitute one
of the prime areas of research on solid-state kind of optical amplifiers. These are much use-
ful in applications like wavelength converters and preamplifiers to increase the receiver sen-
sitivity. However, these suffer from the drawbacks of polarization sensitivity, interchannel
cross talk, and large coupling loss. Within the context, Chapter 2 of this book emphasizes on
a new form of SOA, namely, quantum-dot SOA, in which Ezra and Lembrikov discussed the
dynamics of these amplifiers theoretically and highlighted the applications. This chapter
gives a glimpse of quantum dot-based SOAs, which the readers would benefit from, in or-
der to design different amplifier configurations.

While the fiber-based amplifiers are in use, intense incident electric fields result into nonlin-
ear effects. These would be useful in designing efficient parametric amplifiers with im-
proved signal-to-noise ratio. Jing Huang reviews such amplifiers in Chapter 3, wherein the
discussions are made on the ways to exploit these in optical communication systems. The
chapter digs into the theoretical understanding of the subject and enlightens a few relevant
configurations. The applications of parametric amplifiers for phase and amplitude regenera-
tion of differential forms of signals are touched upon.

Raman scattering is a nonlinear phenomenon, which would take place in optical fibers, and
can be used in achieving laser action. As a consequence, Raman fiber lasers can be devel-
oped upon utilizing Raman scattering. Mingming Tan puts a detailed study of Raman fiber
laser-based amplification techniques and their applications in distant communication links
(Chapter 4). Within the context, the author takes up different design issues and discusses
their relative merits and demerits.

As fiber lasers are prudent in optical communication systems, the doping media in the host
play vital roles in determining the gain and noise figure-related properties of amplifier.
Chapter 5 by Amira Tandirovic Gursel reviews a few different forms of doped fiber amplifiers
and incorporates the exploitation of the features of fiber lasers in medical arena. The chapter
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Preface

remains informative in the sense of throwing knowledge with respect to fundamentals of
fiber lasers and their applications in medical diagnostics.

During the operation of optical amplifiers, the noise-related parameters remain of high im-
portance as these essentially degrade the signal quality. In Chapter 6 of this book, Kyo Inoue
discusses the topic of quantum noise in optical amplifiers. Within the context, the quantum
mechanical treatment based on the Heisenberg equation for physical quantity operators is
taken up to determine quantum optical properties of amplifiers. The presented study essen-
tially remains of paramount importance owing to the reasons as discussed before.

The aforementioned glimpse of the book—Optical Amplifiers: A Few Different Dimensions—es-
sentially leaves the impression of the volume highlighting on some fundamental and ad-
vanced aspects of solid-state and fiber-based amplifiers and their applications in optical
communication channels. The six chapters of this book stand in their own ways to meet the
expectations of the authors. The editor hopes the book to be useful for R&D scientists in
laboratories and academic setups.

Pankaj Kumar Choudhury

Institute of Microengineering and Nanoelectronics
Universiti Kebangsaan Malaysia

Bangi, Malaysia



Chapter 1

Introductory Chapter: A Revisit to Optical Amplifiers

Pankaj Kumar Choudhury

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.78671

1. Introduction

The modern age of information may be regarded as the era of fast- and high-bandwidth
communication, which exploits fiber-optic communication system. Transmission of signals
spanning distances of over thousands of kilometers essentially cause signal degradation. Due
to varieties of loss mechanisms in the medium (the optical channel used for transmission),
there happens gradual attenuation in the power of signals being transmitted, as those propa-
gate through a communication channel. Clearly, the attenuation imposed by the medium
remains a serious issue that affects light propagating ultra-long distances through a fiber-
optic cable (the communication link). The degradation of signal must be overcome, which
makes the utilization of the process of amplification (of signal) vital. Further, in order for the
information carried by a signal to be detectable at the receiving end, there must be a minimum
amount of threshold power, which the signal must possess. As such, optical amplifiers, which
would incorporate optical fibers and/or waveguides, remain indispensable in fiber-optic com-
munication systems owing to the limitations imposed by the transmission channels/systems.
These limitations would arrive in the form of fiber loss and dispersion, which are usually
overcome by exploiting varieties of amplifiers. In reality, loss and dispersion are related to
each other [1], which can be well-understood upon giving a thought to a pulse shape—more
broad a pulse becomes (causing dispersion), more will be the decrease in power (causing loss),
and vice-versa.

In earlier days, optoelectronic repeaters were in use for the purpose of amplification, wherein
the optical signal is first converted into an electric current, and then regenerated using a
transmitter [2]. However, the process of regeneration used to be quite complex and expensive,
in particular, when multichannel optical systems are in use. As such, the exploitation of optical
amplifier evolved as the alternative approach for amplifying optical signals during transmis-
sion. It is a device that directly amplifies an optical signal, without the need of conversion to an
electrical signal —the feature needed in the so-called repeaters.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen 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. [{(cc) ExgIN
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2. The mechanism involved

To the very fundamental level, optical amplifiers amplify the incident light through the process
of stimulated emission—the mechanism similar to what exploited in the operation of lasers.
One would say that optical amplifiers are, in fact, lasers without feedback mechanism, and the
optical gain is realized when the amplifier is pumped to achieve population inversion [3]. The
achieved optical gain depends not only on the frequency of the incident optical signal, but also,
the local beam intensity at any point inside the amplifier. As such, the bandwidth of an
amplifier remains greatly important as it determines the frequency and intensity dependence
of the optical gain (of an amplifier).

3. A few different amplifier types

Optical amplifiers can be of varieties of forms ranging from the solid-state type to the fiber-
based ones [2]. Usually the operation of an optical amplifier relies on the process of feedback,
which essentially yields enough gain corresponding to the frequency of signal. An optical
amplifier can also be without feedback —the category addressed as traveling wave amplifiers
[4]. In these, the amplified signal travels in the forward direction only. In solid-state kind of
amplifiers, the resonator is generally made of certain solid materials (e.g., semiconductors), the
shape and structure of which tailor the gain parameter. On the other hand, fiber-based ampli-
fiers would rely on the phenomenon of inelastic scattering of light, and/or certain dopants (in
the fiber) would make the guide itself an all-optical type of structure to yield the required
amount of gain. In this section, a few different types of optical amplifiers are touched upon in
cursory form.

3.1. Semiconductor optical amplifiers

Semiconductor optical amplifiers (SOAs) fall in the category of solid-state amplifier, wherein
semiconductor lasers are used [5]. These experience a relatively large amount of feedback
because of multiple reflections (of light) occurring at the cleaved facets of the Fabry-Perot (FP)
kind of laser cavity. As such, SOAs can be used as amplifiers when biased below threshold.
These amplifiers are easy to fabricate, but the optical signal gain remains highly sensitive to the
variations in temperature (of amplifier) and the input optical frequency.

If the SOA is to be of the traveling wave type, the feedback due to reflection from the end facets
is to be suppressed. A simple way to reduce the reflectivity would be to coat the facets with
a kind of antireflection coating. Indeed, the reflectivity of one of the facets must be extremely
small (<0.1%) for the SOA to be operated as a traveling wave amplifier. The minimum amount
reflectivity would depend on the amplifier gain. However, it remains almost impossible to
realize low reflectivity values of facets in a predictable form—the feature that motivated to
investigate other possibilities to achieve the same. Within the context, one of the possibilities
would be to use a tilted resonator cavity in laser. In such a kind of laser structure, the angled-facet
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makes the reflected light to be physically separated from the light propagating in the forward
direction. However, to attain a vanishing amount of feedback is almost impossible, due to the
physical properties of light propagating in a guiding channel. Apart from this kind of structure,
another form would be to use a window-facet structure, wherein a transparent window in
implanted between the ends of active region and the facets. Losses take place in such structures
due to the spreading of signal in the window section— the feature that causes to minimize the
reflectivity.

3.2. Fiber Raman amplifiers

It has been known that the response of any dielectric medium to light becomes nonlinear in the
case of high electric fields. Such nonlinearities would result in nonlinear (or inelastic) scatter-
ing, and the frequency of the scattered light would be downshifted, thereby resulting into a
kind of loss (in the fiber). As such, the scattering of photon contributes to the loss of power at
the incident frequency. However, corresponding to low incident power levels, the scattering
cross-sections remain very small, and therefore, the loss becomes negligible. On the other
hand, for high incident optical fields, the nonlinear phenomenon of stimulated Raman scatter-
ing (SRS) takes place that leads to a considerable amount of loss. Once the incident optical
power exceeds a threshold value, the intensity of the scattered light grows exponentially.

In fiber Raman amplifiers, SRS takes place in silica fibers in the case, when an intense optical
pump signal propagates through it [6]. Here the incident pump photon gives up its energy to
create another photon of reduced energy at a lower frequency. The remaining amount of
energy is absorbed by the medium in the form of molecular vibrations, thereby generating
optical phonons. As such, fiber Raman amplifiers are pumped optically to achieve gain. The
difference in energy is known as Stokes shift. The pump and signal frequencies are injected
into a fiber, and the energy is transferred from the pump beam to the signal beam through the
process of SRS, as the two beams co-propagate along the fiber. The pump and signal beams can
also be injected into the fiber in such a way that they would counter-propagate (inside the
fiber). Indeed, it depends on the pumping configurations used to achieve the required amount
of gain with certain merits and demerits.

Fiber Raman amplifiers exhibit broad bandwidth— the feature which remains useful for ampli-
fying several channels simultaneously, and also, short optical pulses [7]. These amplifiers can
also be used to overcome fiber loss in soliton-based communication systems, and therefore,
highly recommended for distributed amplification. However, these suffer from the drawback
of the need of high-power lasers for optical pumping, thereby making the communication not
enough cost-effective.

3.3. Fiber Brillouin amplifiers

Fiber Brillouin amplifiers operate similarly to fiber Raman amplifiers except that the gain in
this case is provided by the process of stimulated Brillouin scattering (SBS), instead of SRS.
When such amplifiers are pumped optically, a part of the pump power is transferred to the
signal through SBS [8-13]. Each pump photon uses most of its energy to create a signal photon,



4 Optical Amplifiers - A Few Different Dimensions

and the remaining amount of energy is used to excite an acoustic phonon. As such, the
amplifier system relies on acoustic phonons, instead of optical phonons, as we come across in
the case of fiber Raman amplifiers [14, 15]. The phenomenon of SBS differs from SRS in the
following forms:

¢  InSBS, amplification occurs only when the signal beam propagates in a direction opposite
to that of the pump beam (backward pumping configuration), whereas in the case of SRS,
both kinds of configurations would be exploited.

*  The Stokes shift in SBS is smaller (nearly 10 GHz) by three orders of magnitude compared
with that obtained in SRS.

*  The Brillouin gain spectrum is narrow (less than 100 MHz).

This much amount of narrow bandwidth results into low gain-bandwidth product provided
by fiber Brillouin amplifiers, which is the prime disadvantage of this kind of device for the
usage in amplifying optical signals in lightwave communication systems. As such, better usage
of Fiber Brillouin amplifier would be as preamplifier to improve the receiver sensitivity. In
addition, the noise figure of such amplifiers is quite large (over 15 dB).

3.4. Doped-fiber amplifiers

Doped-fiber amplifiers make use of rare earth elements (namely erbium, holmium, neodym-
ium, samarium, thulium and ytterbium) as a gain medium (i.e., the cavity resonator). Such
elements are doped in usual silica fibers, and therefore, the characteristics of these amplifiers
are determined by the dopants rather than by the silica fiber [2]; the latter one plays the role of
host medium only. The use of different types of dopants makes the fiber amplifier to operate in
different wavelengths covering a range of 0.5-3.5 pm. Among the others, the erbium-doped
fiber amplifiers (EDFAs) are greatly attractive as these operate near 1.55 pm wavelength,
corresponding to which the fiber loss remains minimum [16, 17]. The key element in EDFA is
erbium — a rare earth element in the lanthanide series.

Erbium was a relatively unimportant element in the past, but now it has been postulated that
what silicon is to the semiconductor technology, erbium will be to the photonics technology.
According to Emmanuel Desurvire [18], small amount of erbium doping in optical fibers
—“makes it possible to distribute the gain over the fiber itself, thereby minimizing the power excursion
of the signal. Such an approach makes possible virtually lossless signal transmission from one fiber
network to the next.”

EDFAs can be designed to operate in such a way that the pump and signal beams propagate
along the same direction (unidirectional pumping configuration). In bidirectional pumping,
the amplifier is pumped in both directions simultaneously by using two semiconductor lasers
located at the two fiber ends. Both the types of configurations have their relative merits and
demerits. Some of such relevant configurations have been reported before in Refs. [19-21].

The gain characteristics of EDFAs depend on the pumping scheme as well as the other co-
dopants, such as germania and alumina—the materials that remain present in the fiber core.
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The amorphous nature of silica broadens the energy levels of Er’" ions into Er’* bands—the
feature facilitating different possible transitions that can be used to pump the EDFA. Structural
disorders lead to inhomogeneous broadening of the EDFA gain profile, whereas Stark splitting
of various energy levels is responsible for homogeneous broadening. The addition of alumina
to the core broadens the gain spectrum even more.

Efficient EDFA pumping generally requires semiconductor lasers operating near 0.98 and
1.48 um. The required amount of pump power can be reduced by using silica fibers doped
with aluminum and phosphorous or by using fluorophosphate fibers. Within the context, the
EDFA gain spectrum can vary from amplifier to amplifier even when the core composition is
the same. This is because the EDFA gain also depends on the length of amplifier, that is, the
size of FP cavity resonator wherein multiple reflections take place. Gain essentially depends on
both the absorption and emission cross-sections, which have distinct spectral characteristics.
Apart from these, other device as well as operational parameters, such as Er’* ion concentra-
tion, amplifier length, core radius and pump power, also play vital roles to determine EDFA
gain spectrum.

EDFAs exhibit relatively low noise levels, making them suitable for applications in lightwave
communication systems. Nevertheless, long haul fiber-optic communication systems employ-
ing multiple EDFAs suffer from the issues related to amplifier noise. Such problems become
severe when the system operates in the anomalous dispersion region of fiber. This happens
primarily due to the fact that the nonlinear phenomenon, known as modulation instability,
plays a prime role to enhance the amplifier noise, thereby degrading the spectral characteris-
tics of signal.

As stated before, EDFAs are ideal for lightwave communication systems operating near
1.55 um wavelength. However, worldwide telecommunication network contains huge span
of communication link optimized for operations at other wavelengths as well, at 1.3 pm.
Clearly, signal amplification in such communication networks needs other forms of amplifiers.
Within the context, silica fibers, doped with neodymium ions, would provide fiber amplifiers
that can be operated in the 1.30-1.36 pm wavelength span. However, such amplifiers suffer
from the undesirable effects, such as excited-state absorption and radiative transitions, thereby
limiting the performance characteristics. To overcome the issues, varieties of other forms of
amplifiers, such as Nd* ion-doped fluoride fibers, ZABLAN (ZrF,-BaF,-LaF;-AlF;-NaF) fibers
doped with praseodymium (Pr**) ions, ytterbium-doped fibers, etc., were investigated with
their relative merits and demerits [2].

4. Applications

There can be various forms of applications of optical amplifiers. For example, as stated earlier,
the use of optical amplifiers is particularly attractive for multichannel systems since they can
amplify all channels simultaneously. The use of SOAs as preamplifiers increases the sensitivity
of optical receivers. In such a kind of application, the signal is optically amplified before it falls
on the receiver. The preamplifier boosts the signal to a level that the receiver performance is
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improved in terms of noise figure. Such amplifiers are used in local area networks (LANs) as
well in order to compensate the loss due to the distribution of signal. SOAs can also be used as
power amplifiers to boost the signal power. Further, a power amplifier can increase the
distance of optical transmission by 100 km or more. However, it essentially depends on the
amplifier gain and channel loss. Finally, the purpose of using amplifiers in transmission links is
to boost the propagating power [2].

After all these different types of applications of SOA, it must be emphasized that these suffer
from many drawbacks, namely polarization sensitivity, interchannel cross-talk, and large
coupling loss, which essentially limit their usage as in-line amplifiers. Fiber amplifiers do not
suffer from such severe issues and can be exploited satisfactorily for signal amplification in the
1.55 um-based communication links. However, as to the 1.3 pm-based lightwave systems,
SOAs remain better alternative because fiber amplifiers do not perform well in this wave-
length. Furthermore, SOAs can be used as wavelength converter and fast switch for wave-
length routing in wavelength-division-multiplexed (WDM) networks [22].

5. Current scenario

Varieties of optical amplifiers have been put forward by the investigators that are capable for
usages based on specific needs. The scope of the present introductory chapter remains out of
accounting all those in concise forms. Just to state a few, one may focus on the organic
semiconductor lasers, which contribute to major advances in the area of organic light emitting
diodes (LEDs). Such semiconductors exhibit high absorption and broadband spectra. Further,
their operations in the visible spectrum regime make them highly prudent for many applica-
tions [23]. These amplifiers are pumped optically, and day-by-day, the pumping scheme has
seen improvements to the extent that compact sources, such as microchip lasers [24], have been
in use with high efficiency. High absorption yields large gain, and therefore, the gain-
bandwidth product becomes very large for such solid-state amplifiers [25]. Furthermore, these
amplifiers exhibit good compatibility with polymer-based optical fibers.

The communication schemes currently employ WDM systems, and therefore, optical amplifiers
are designed accordingly so that all the channels with different wavelengths can be simulta-
neously amplified. As such, the demand remains for optical amplifiers with better performance,
in terms of optical nonlinearities, channel crosstalk, gain flatness, large gain-bandwidth product,
etc. Meeting these specifications only would make the amplifier suitable for dense-WDM sys-
tems. Within the context, hybrid optical amplifiers (HOAs) are of promising use as these are
suitably applicable for high-speed broadband applications in cost-effective ways [26]. In fact, the
combination of more than one optical amplifier in any configuration is termed as HOA. The
implementation of such scheme has the potential benefits of large gain over a broad bandwidth
with large channel spacing and reduced nonlinear losses. However, these also suffer from cross
talk, noise and nonlinear losses. HOA can be used in DWDM systems where high gain and/or
gain bandwidth with less variation is required. However, relative merits and demerits of differ-
ent configurations have been making the investigators engaged in coming up with new ideas to
design such amplifiers with enhanced efficiencies [27-31].
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6. Summary

Optical amplifiers are the key components in the present-day distant communication systems,
wherein fiber-based networks are vigorously exploited under the principle of WDM. Indeed,
merits and demerits remain in adopting different configurations, which essentially depend on
the need of operation. The very basic principles of some of the forms of optical amplifiers are
discussed in this introductory chapter. This is made primarily with the aim of creating the
background before authors read the contributions by the different authors in this Book. Apart
from this chapter, there are six other chapters included —all of which are dedicated to the recent
advancements in the area of optical amplifiers; the introductory chapter would make the under-
standing of the remaining part (of the Book) fairly simpler. With such thoughts, the editor of the
Book expects the volume to be of help for graduate students as well as established scientists—the
former group of readers would generate their own ideas, where the latter ones would foster own
research with having glimpse of the ongoing investigations in the relevant field.
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Abstract

Quantum dot-semiconductor optical amplifiers (QD-SOA) attracted strong interest for
applications in optical communications and in all-optical signal processing due to their
high operation rate, strong nonlinearity, small gain recovery time of about few picosec-
onds, broadband gain, low injection current and low noise figure (NF). In this chapter, we
present the theoretical investigation of the gain recovery time acceleration in DQ SOA; the
specific features of the cross gain modulation (XGM) in QD-SOA; the influence of the
optical injection on the dynamics of QD-SOA based on the QD in a well (QDWELL)
structure. We describe the following applications of QD-SOA: the all-optical ultra-
wideband (UWB) pulse generation based on the Mach-Zehnder interferometer (MZI) with
a QD-SOA; the ultra-fast all-optical signal processor based on QD-SOA-MZI; the ultra-fast
all-optical memory based on QD-SOA. The contents of the chapter are mainly based on
the original results.

Keywords: quantum dot, semiconductor optical amplifier, cross-gain modulation,
all-optical processor, all-optical radio signal generation

1. Introduction

Quantum dot-semiconductor optical amplifiers (QD-SOA) are characterized by ultrafast gain
recovery time (GRT) of the order of magnitude of several picoseconds, broadband gain, low
noise figure (NS), high saturation output power, and high four-wave mixing (FWM) efficiency
[1]. QD-SOA can be used as ultra-wideband (UWB) polarization-insensitive high-power
amplifiers, high-speed signal regenerators, and wideband wavelength converters (WC) [1-5].
These unique features of QD-SOA are essentially due to the concentration of the injected
electrons and holes into nanosized QD [1]. QD is a nanostructure characterized by the electron

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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and hole confinement in all three dimensions [2, 6]. QD is a cluster with the dimensions of
several nanometers made of a semiconductor material [2]. In a QD charge carriers occupy a
limited number of energy levels similarly to an atom, and the density of states is quantized [2].
As aresult, QD has freedom of a wavelength choice [1]. A QD contains hundreds of thousands of
atoms [2]. Typically, III-V QD are epitaxially grown on a semiconductor substrate [2]. The
process of the spontaneous formation of three-dimensional islands during strained layer epitax-
ial growth is known as the Stranski-Krastanov mechanism [2]. A continuous film of a quantum
well (QW) thickness lies underneath QD, and it is called the wetting layer (WL) [2]. The lattice
constant of the deposited semiconductor material must be larger than that of the substrate [2].
For instance, an InAs film with the lattice constant of 6.06 A can be deposited on a GaAs
substrate with the lattice constant of 5.64 A or on an InP substrate with the lattice constant of
5.87 A [2]. Stranski-Krastanov grown QD typically has a pyramidal shape with a base of 15—
20 nm and a height of about 5 nm; the QD density per unit area is between 10” and 10" cm > [1,
2]. The methods of the QD energy levels and density of states evaluation are presented in Ref. [6].

The theory of the optical signal amplification and processing based on the density matrix
equations for the electron-light interaction and the optical pulse propagation equations has
been developed [7]. The QD spatial localization, the inhomogeneous spectral broadening
caused by the QD size, shape, composition, and stain distribution, the carrier capture from
WL, the carrier emission to WL, intradot population relaxation, and homogeneous spectral
broadening have been taken into account, and the nonlinear optical response has been also
investigated [7]. The phenomenological approach to the QD-SOA theory is based on the
system of rate equations for photons and charge carriers in QD [2, 5, 8]. In such a case, the
QD is considered as a three-state system including the ground state (GS), the excited state (ES)
and WL [2, 5, 8]. The electron dynamics in QD is assumed to be slower than the hole dynamics,
and for this reason, only the rate equations for electron populations of GS, ES and WL are
included in the dynamic model [2, 5, 8]. Using this model, we investigated theoretically
acceleration of gain recovery and dynamics of electrons in QD-SOA [9, 10]. We have shown
that the QD-SOA GRT may be substantially decreased, and the patterning effect is reduced by
increasing the optical pump power, while the chirp in QD-SOA is about one order of magni-
tude lower than the one in the bulk SOA [9, 10]. We studied theoretically the cross-gain
modulation (XGM) process in QD-SOA taking into account the QD-SOA inhomogeneous
spectral broadening [11]. We have shown that XGM in QD-SOA occurs at larger detuning
between the pump and signal light waves as compared to the bulk SOA, the asymmetric chirp
may be diminished by the bias current increase, and XGM process slows down in the
nonlinear regime [11].

Recently, QD-SOA and lasers based on a novel quantum dot-in-a-well (QDWELL) structure
have been proposed where the self-assembled QD has been grown into QW with the discrete
energy levels and the two-dimensional (2D) electron gas instead of ordinary QD laser and SOA
with the continuous carrier energy in WL [12, 13]. The operation of QD-SOA based on a
QDWELL structure (QDWELL SOA) has been investigated both theoretically and experimen-
tally [12-16]. The complicated dynamics of QDWELL SOA is described by the system of the
rate equations for the electrons and holes in QD and QW including the strongly nonlinear
electron and hole scattering rates for the carrier scattering between QD and QW [12, 17]. The
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operation rate of QDWELL SOA is limited by the desynchronized recovery dynamics of
electrons and holes caused by the different microscopic scattering rates [15]. We have shown
theoretically that the electron and hole dynamics in QDWELL lasers and SOA can be synchro-
nized by a sufficiently strong optical injection and consequently the QDWELL lasers and SOA
performance including the operation rate can be significantly improved [18-22].

Optical signal processing is based on the linear and nonlinear optical techniques for the digital,
analogous and quantum information [23]. It is a promising technology for increasing the
processing speed of devices, the capacity of optical links, and reducing of energy consumption
[23]. In particular, QD-SOA are excellent candidates for high-speed data and telecommunica-
tion applications due to their ultrafast gain dynamics and pattern effect-free amplification [15].
We proposed the following novel applications of QD-SOA in optical communications:

1. anovel all-optical method of the impulse radio ultra-wideband (IR-UWB) pulse generation
based in an integrated Mach-Zehnder interferometer (MZI) with QD-SOA as an active
element inserted into one arm of the integrated MZI [24-26];

2. an ultra-fast all-optical processor based on QD-SOA [27, 28]; and
3. an ultra-fast all-optical memory based on QD-SOA [29, 30].

The detailed results of the numerical simulations are presented in Refs. [9-11, 18-22, 24-30]. In
this work, we discuss the theoretical models of QD-SOA, QDWELL SOA, and some devices for
the all-optical signal processing, summarize the results obtained and present the necessary
numerical estimations. The chapter is organized as follows. In Section 2, we discuss the
dynamics of the gain recovery and XGM processes in QD-SOA. In Section 3, we consider the
influence of the optical injection on the QDWELL SOA performance. The applications of QD-
SOA in optical signal processing are discussed in Section 4. The conclusions are presented in
Section 5.

2. Specific features of the QD-SOA dynamics

2.1. Theoretical model of QD-SOA

In this section, we theoretically investigate the gain recovery process and XGM in QD-SOA.
The analysis is based on the simultaneous solution of the rate equations for the electron density
per unit volume in WL N, electron occupation probabilities f and /1 of GS and ES, respectively,
and the equations for pump and signal wave photon densities S, ; and phases 0,,; [9-11]. The
energy band structure of QD-SOA is shown in Figure 1.

The carrier transitions between WL, ES and GS are characterized by different relaxation times.
The fast transition processes between WL and ES, and between ES and GS are described by the

relaxation times T, To1, T12 ~ (10_12 — 10_“)5 [5, 8]. The transitions from ES to WL are char-

acterized by the much larger carrier escape time 7y, ~ 10~’s [5]. The rate equations for the
spatially averaged over the QD-SOA length L values of Ny, f, h have the form [5, 8-11]:
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Figure 1. The QD-SOA energy band structure.
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The equations for Sy, ; and 0, ; are given by [8-11, 31]:
0Sy,5(2,7)
VT = (gp,s - aim) Sy,s(2,7) 4)
00,5 1
Ohe = Leg, ©

Here, | is the bias current density, Ng is the QD density per unit area, L, is the effective
thickness of the active layer, 7,, 71z are the spontaneous lifetime in WL and QD, respectively,
c is the free space light velocity, e is the electron charge, ¢, is the active layer permittivity, ain is
the absorption coefficient of the QD-SOA material, a is the linewidth enhancement factor
(LEF), 1 =tFz/v, is the temporal variable related to the wave propagation in a retarded
frame, v, = c/n, is the light group velocity, n, is the group refraction index, S, s = P, s/

(ha)p,s(vg)p sAgﬁc), P, s are the pump and signal wave power, & = h/2m, h is the Planck con-
stant, Ay is the QD-SOA effective cross-section, g, , are the pump and signal wave modal
gains. They are given by [31]:

2TNg
a

g, (o) = deF(w)a(wo)(Zf 1) ©)

where I is the confinement factor which is the same for both light waves, a is the mean size of
QD, factor 2 takes into account the spin degeneracy of the QD levels, F(w) is the Gaussian
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distribution of the transition frequency. It is related to the inhomogeneous broadening, and it
has the form [31]:

(@ - @)
(8w)?

F(w) @)

1
T Awym o P|T

where @ is the average transition frequency, Aw is related to the inhomogeneous linewidth y;,,

as follows: 7, 1. = 2vIn2Aw [31]. Typically, the inhomogeneous broadening of QD lasers and
SOA ¢ is about 30-40 meV and the homogeneous broadening is about 15-20 meV at room
temperature [3]. The QD device inhomogeneous broadening has both advantages and disadvan-
tages for different applications. The generation, propagation, and amplification of ultrafast
pulses can be realized due to the wide bandwidth [2]. On the other hand, the inhomogeneous
broadening caused by the QD size fluctuations increases the transparency current and reduces
the modal and differential gain [2]. The cross-section o(wy) of interaction of photons of frequency
wo with the carriers in QD at the transition frequency w is given by [31]:

1
a(wp) = Ores P ®)
1+ ((1) - a)()) T2

The cross-section o(wy) at the frequency w = wy has its maximum value of the resonant cross
section 0,,s which has the form [31]:

2
1% a)oT2
cngeoh

©)

Ores =

where p is the dipole moment of the optical transition, T, =2y, is the dephasing time
related to the homogeneous linewidth y, ., €0 is the free space permittivity.

In our analysis of the QD-SOA dynamics, we are interested in the temporal dependence of the
power P, s and phase 0, ; of the lightwave pulses with the bit rates B<40 Gb/s at the output of
the QD-SOA [9-11]. In such a case, the lightwave radiation is filling the QD-SOA active region
of the length L ~ 1 mm and interacts with all QD. For this reason, the light intensity can be
averaged over the QD-SOA length L [9-11]. Integrating Eq. (4) over z and averaging the result
over the QD-SOA active region length L, we obtain [11]:

L z
1 /
SPrS(T) = Z (SP/S(T))in szexp |:J (gp,s - aint) dz ] (10)
0 0
Integrating Eq. (5), we obtain the phases 6,,; [11]:

L
04
0,5 = —Ejgp/sdz (11)
0

15
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The chirp 6v,, s is given by [11]:
OVps = —m——n (12)

System of Egs. (1)—(3) with the average pump and signal photon densities (10) describes the
gain recovery and XGM processes in QD-SOA. These equations are strongly nonlinear, and
for this reason, they are extremely complicated. Their analytical solution in a closed form is
hardly possible. We solved the system of Egs. (1)-(5) numerically for the following typical
values of the material parameters: L = 2 mm, L, = 0.1 — 0.2 um, the QD-SOA width W = 10 um,
I'~3x 1072, T2 = 3PS, Ty1 = 0.16 ps, T12 = 1.2 ps, 1R = 0.4 ns, Tow = TyR = 1 ns, NQ =5x
10 cm™2, g, =115 cm™", op =30 meV, 112 = 11pexp(AEa1 /ksT), p=1, tiy =3 cm™!, a =
0.1, the energy separation between ES and GS AE;; = 30 meV, the temperature T = 300 K, kg is
the Boltzmann constant [5, 8, 31, 32]. The simulation results for the case of the QD-SOA gain
recovery process [9, 10] and XGM in QD-SOA [11] are discussed in subsections 2.2 and 2.3,
respectively.

2.2. Theoretical analysis of the gain recovery process in QD-SOA

The QD-SOA performance is mainly determined by their GRT and the magnitude of the chirp
0vp,s. GRT is limited by the carrier lifetime which can be decreased by the increase of the
applied bias current and the light intensity in the active layer of SOA [9, 10]. Consider first
the two lightwaves with the same wavelength A = 1550 nm inserted into the QD-SOA: a
continuous wave (CW) probe lightwave and a pump lightwave representing a Gaussian pulse
with a full-width of half maximum (FWHM) of 150 fs [9]. In such a case, the numerical
simulation results for the probe power P, = 10uW and the bias current of 20 mA show that
the 10-90% GRT is about 378 fs, which is comparable to the experimental results for SOA
based on self-assembled InAs-InGaAS QD [2, 33, 34]. It is much smaller than the GRT of about
100 ps for the QW SOA and several hundred ps for the bulk SOA [2, 35]. The low GRT in QD-
SOA is related to the small electron transition time from ES to GS 7y ~ 107! ps. The GRT
decreases with the increase of the input probe wave power P, ;, due to the high stimulated
transition rates [9]. The chirp (12) increases with the increase of Py, ;; due to the increase of the
photo carrier density, which results in a larger change of the QD-SOA refractive index An [9].

Consider now the influence of the bias current and the CW probe optical wave intensity on the
QD-SOA dynamics in two cases of the optical signal wave with the power of P; =1mW,
wavelength A = 1550 nm and a bit rate B =40 Gb/s: (1) the pseudorandom bit sequence
(PRBS) of the length (2" — 1); (2) the Gaussian pulse with FWHM T, = 15 ps [10].

We start with the analysis of the QD-SOA dynamics in the absence of the probe optical wave.
In the PRBS case, the simulation results show that at a low bias current of an order of
magnitude of I = 10 mA close to the transparency value of about 6 mA, the patterning effect
is strongly pronounced. In such a case, the QD-SOA does not respond adequately to the fast
changes of the input optical signal. The electron exchange processes between WL and ES are
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substantially slower than the transitions between ES and GS. As a result, only the GS electron
occupation probability f(¢) follows the PRBS. The rise time of the WL electron density Ny(f)
coincides with time duration of long pulses At, ~ 100 ps since it is determined by 75, = 1 ns.
On the contrary, the decrease of Ny, (t) determined by the faster electron transitions from WL to
ES is characterized by the short characteristic time Aty ~ Typ ~ 10725 [10]. The QD-SOA
dynamics for the Gaussian pulse at the low bias current is similar since the recovery times for
the dynamic variables are quite different: it is about 50 ps for N, (t), 25 ps for h(t), and 17 ps for
£(t) [10]. The pulse broadening for each one of the dynamic variables is different which results
in the patterning effect. For the bias current I = 30 mA which is much larger than the transpar-
ency current, the strong injection of the charge carriers increases the ES population and the
number of fast transitions from ES to GS with a characteristic timescale of 712 ~ 1 ps. These fast
transitions become dominant. However, the WL population dynamics determined by slow
processes does not change significantly. For this reason, the patterning effect decreases for
large bias current, but it still exists [10]. The numerical simulation results show that in the
absence of the optical probe wave the increase of the bias current does not improve signifi-
cantly the QD-SOA performance both for the Gaussian pulse and for the PRBS signal [10].
Consider now the influence of the counter-propagating strong probe wave with the power
P, ~1mW and wavelength A = 1535 nm on the QD-SOA carrier dynamics [10]. This optical
injection gives rise to the stimulated emission between the GS and the valence band. Conse-
quently, the transitions from ES to GS accelerate, the ES population is rapidly decreasing, and
the fast transitions from WL to ES characterized by 7,, = 3 ps become dominant. The numer-
ical simulation results show that in such a case, the changes of N, (), h(t), f(t) do not exceed
10%, GRT is about 15 ps, the pulse broadening and the delay time are approximately the same
for all dynamic variables Ny, (t), h(t), f(t), and the patterning effect completely vanishes [10]. At
probe wave, power of several milliwatts and FWHM of 150 fs, the GRT reduces to 0.2 ps since
the GRT lower limit is determined by the QD-SOA lowest transition time between ES and GS
To1 = 0.16 ps. GRT of 39 ps in the bulk SOA has been demonstrated experimentally for the
optical injection power of 100 mW, or by the bias currents of 150-450 mA without optical
injection [35].

2.3. Peculiarities of XGM in QD-SOA

Consider now the peculiarities of XGM in QD-SOA caused by the gain inhomogeneous
broadening which is due to the variation of QD size, shape, and local strain [11]. XGM is an
essentially nonlinear process in SOA caused by the carrier density change influence on the
input signal waves [36]. Typically, XGM in SOA may realize the wavelength conversion [36].
The XGM process in QD-SOA involves three types of transitions: (1) fast transitions between
ES and GS characterized by 71, 712 ~ (0.1 — 1) ps; (2) intermediate timescale transitions from
WL to ES with the relaxation time 7., of several picoseconds; (3) slow escape transitions from
ES to WL determined by the spontaneous recombination time in WL T,r = 7o, ~ 1 15. We
investigated theoretically the wavelength conversion in QD-SOA for the CW pump wave with
the power P, = 0.1 mW and the wavelength A, = 1530 nm and the input PRBS nonreturn-to-

zero (NRZ) signal of the length 21 — 1 with the wavelength A, = 1550 nm. We solved
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numerically system of Eqgs. (1)—(3) with the modal gains 8y, (6), the average photon densities

Sp,s (10), phases 0, (11) and the typical values of the material parameters mentioned in
subsection 2.1 [11]. For the sake of definiteness, we consider the counter-propagating signal
and pumping waves [11]. A schematic diagram of the traveling wave (TW) QD-SOA is shown
in Figure 2.

We used the bias current values I = 10 mA, I = 30 mA, and the bit rates of 10, 40 Gb/s [11]. We
start with the analysis of the bias current, the optical power, and the signal bit rate influence on
the XGM in QD-SOA. The numerical simulation results show that at the low input signal
power level Py = 0.1 mW and I = 30 mA, QD-SOA operates close to the linear regime where
f=1 and the variations of the ES and GS populations of about 10-20% are relatively small [11].
However, in the linear regime, the population exchange between ES and GS is sulfficient for the
required level of XGM. In the nonlinear regime corresponding to the strong enough signal
wave power P; = 10 mW, an additional number of electrons in GS is necessary for maintaining
the gain level. As a result, the electron concentration Ny, in WL reduces to about 30% of its
maximum value; WL refilling is necessary, and the slow transitions between ES and WL
become essential. The XGM process is slowing down [11].

Consider now the temporal dependence of the input signal power P; and the output power
P, The patterning effect is strongly pronounced for the bit rate of 10 Gb/s and a low bias
current | = 10 mA, and it becomes even stronger for the bit rate of 40 Gb/s. The patterning
effect can be reduced by the increase of the bias current for comparatively low bit rates.
Indeed, for the increased bias current I = 30 mA and for the bit rate of 10 Gb/s, the patterning
effect practically vanishes. However, at higher bit rate of 40 Gb/s, the increase of the bias
current does not reduce the patterning effect because the QD-SOA operation rate is still limited

Injection current

Signal Wave P-type region Purngmﬁ1 Wave
P.\' k] j’_\- Pr? “I,u

- : -
—_— Active layer with QD

i
P™ 2

Amplified
Output Signal
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QD SOA

Figure 2. Schematic diagram of the traveling wave (TW) QD-SOA with the counter-propagating signal and pumping
optical waves.
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by the comparatively slow processes in WL. The chirp 6v,, s evaluated according to Eq. (12)
increases substantially up to 20 GHz for the bias current I = 30 mA and the bit rate of 40 Gb/s,
and it is strongly asymmetric with the magnitude of the negative chirp substantially larger
than the positive one [11].

Consider the possibility of XGM in QD-SOA between the waves with the detuning larger than
the QD-SOA homogeneous broadening. In such a case, we divide QD into groups with
different resonant frequencies caused by the inhomogeneous broadening. This time, we solve
Egs. (1)—(3) numerically for the QD group 1 and 2 with a detuning substantially larger than the
QD-SOA homogeneous broadening [11]. The numerical simulation results show that the
strong interaction through WL for these QD groups occurs for a comparatively low bit rate of
10 Gb/s and significantly diminishes at 40 Gb/s. At the large bit rates, the ES and GS
populations of the first QD group do not follow the changes of the ES and GS populations of
the second QD group, the WL electron concentration is slightly varying, and the XGM effect
vanishes. The output optical power P,,; and the output signal chirp correlate with the input
power for the bit rate of 10 Gb/s, but they do not correlate anymore for the bit rate of 40 Gb/s.

The comparison of the performance of bulk, multiquantum well (MQW) and QD-SOA shows
that XGM can be realized in the bulk SOA for the bias current of (160 —200) mA, in MQW
SOA for the bias current of (30 — 150) mA, while in QD-SOA, similar results for XGM can be
achieved for the bias current of 30 mA (see [11] and references therein). The bulk and MQW
SOA performance significantly deteriorates at the bit rates of about 10 Gb/s because of the
large radiative relaxation time. On the ontrary, the pattern-effect-free XGM in QD-SOA is
possible at 10 Gb/s due to the small relaxation time T5; ~ 10~! ps: 75, > B = 10 Gb/s. XGM in
the columnar QD (CQD) SOA at the wavelength of 1550 nm has been demonstrated experi-
mentally [37]. CQD-SOA based on near isotropically shaped CQD make possible polarization-
independent WC [37]. It has been shown in particular that the bit rate of 40 Gb/s is cut-off
transmission capacity for the distortion-free XGM wavelength conversion [37].

3. The influence of the optical injection on the QDWELL SOA
performance

In this section, we consider XGM in the TW QDWELL SOA mainly following references [20-22].

The block diagram of the TW QDWELL SOA is presented in Figure 3. Typically, a QDWELL
active region structure consists of 10-15 InGaAs quantum well (QW) layers with a height of
about 4 nm containing embedded InAs QD with a size of approximately 4 nm x 18 nm x 18 nm
[12]. The layers of InGaAs/InAS QD are separated by 33 nm GaAS spacers providing the strain
relaxation between successive QD layers [13]. The electric bias current is injected into the QW
layers which represent the reservoir of the 2D carrier gas unlike the WL with the continuous
energy of carriers in ordinary QD-SOA [12]. The ridge width and the waveguide length are
2 —4 um and 1 — 2 mm, respectively [13]. The co-propagating optical signal and pumping
waves with the power P, ; and wavelength A, ; are fed into the QDWELL SOA. GS is in the
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Figure 3. The block diagram of the TW QDWELL SOA with the co-propagating optical signal wave (Ps, A;) and pumping
wave (P, Ap).

resonance with the signal wave to be amplified [13]. The GS is filled by the carriers from ES
and QW carrier reservoir [13]. The fast transitions between ES and GS provide the ultrafast GS
recovery time of about 130 fs, the scattering time from the QW into the QD is about 1 — 2 ps,
and the time of slow recovery of the QW reservoir after depletion is about 100 — 150 ps [13]. As
a result, the maximum frequency bandwidth of the QW carrier reservoir is about 7 — 10 GHz
while the fast QD dynamics bandwidth is beyond 100 GHz [13]. The QDWELL SOA dynamics
is described by the system of Liidge-Scholl (LS) rate equations for the electron and hole
occupation probabilities p, , in the confined GS of QD and for the electron and hole densities
per unit area w, ;, in QW [12, 17]. The energy levels of the QDWELL structure are shown in
Figure 4.

For the moderate bias currents and comparatively slow processes, the dynamics of the ES-GS
transitions can be adiabatically eliminated [12]. Then, the LS rate equations have the form [12, 17]:

ape,h
5 = ~WintA(pe o1 = 1) (M p + 1pis) = Rop (pes 1) 13
+Sl€1,1h(we’ wh) (1 - pe,h) - Sg,u;(weﬂ wh)pe,h
awe,h J i -
ot = E - ZNQD [Se’jh (wf’ wh)(l - pe,h) - Sg/u}f(wm wh)pe,h} - Rsp (14)

where W, is the Einstein coefficient for the induced emission, A is the in-plane area of QW,
Nop is the total QD density per unit area in all QW layers, S?h(we,wh),

out
el

1 (We, wy) are the

strongly nonlinear electron and hole scattering rates for the scattering in and out of QD,

respectively, Rs,(pe,py) = Weppepp Ry are the spontaneous emission rates in QD and QW,

respectively, Wy, is the Einstein coefficient for the spontaneous emission. The complicated
out

analytical expressions of Sfjfh(we, wy), Sy (We, wy,) can be found in Ref. [17]. The carrier lifetimes
7., determined by the Coulomb scattering between QD and QW are defined by these
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Figure 4. Energy diagram of the QDWELL structure. AE,, ;, determines the position of the electron and hole GS in QD.

scattering rates as follows [17]: 7, = (S + S’;”tf1 and 7, = (S} + i) !, Comparison of
Egs. (1), (2) and (13), (14) clearly shows that the QDWELL SOA dynamics is much more
complicated than the dynamics of the ordinary QD-SOA. In the case of the QDWELL lasers
and SOA, there exist different timescales for electrons and holes in QD and QW reservoir, and
for this reason, the carrier dynamics is desynchronized limiting the QDWELL SOA operation
rate [12, 38]. The strong optical injection can synchronize the QDWELL laser carrier dynamics
in QDWELL lasers and improve their performance [18]. Similarly, in the case of the XGM in the
QDWELL SOA, the pumping and signal optical waves play a role of the optical injection
according to Eq. (13) and synchronize the carrier dynamics improving QDWELL SOA perfor-
mance [20-22].

The equations for the pumping and signal wave photon density per unit area 1, , s and phases
@, s have the form [20-22, 31]:

My, p,s(2,7)
D2 — (o — i) (2. 7) (15)
oD, a
Oz = 7§gmodp,s (16)

The photon density per unit area 1y, 5, s and the photon density S,, s per unit volume are related

as follows: S, s = Oy, p,s/0z, and nyy,p,5(0,7) = S,/ (gmodp,s - 21<> [20]. The QDWELL SOA

modal gain g4, ; has the form [20]:

21
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oty o (0) = 222 [ doF(@)alwn) o + o1~ 1) @)

where I' = a how /hy, is the confinement factor, a; is the number of QW layers, hgw =4 is the
height of the QW layer with QD, and h, is the height of the waveguide. The term (p, + p;, — 1)
in Egs. (13) and (17) describes the electron and hole population inversion in the two-level
system of QD. Comparison of Egs. (13), (15) and (17) shows that the population inversion
(p. + pp, — 1) > 0 is the necessary condition of the amplification in the QDWELL SOA. Simi-
larly to the previous case of the QD-SOA, we evaluate the spatially averaged over the
QDWELL SOA length L photon density per unit area n,, () [20]:

L z
1

nPhP/S(T) = Z (nPhP/S(T))m sz €Xp |:«[ (gmodp,s - aim) dZ/] (18)

0 0

The phases @, s and the chirp Avf;’;rp are given by [20]:

i 1 0D
a ’

Dy = = | Sy 5 85, = = 5T (19)

0

The relation between the pumping and signal wave optical power Py, p,s(z, T) and instanta-
neous pumping and signal photon densities per unit area 1y, ;s can be obtained by using the
expressions of S, ;. It has the form [20]:

ai’lph,p,s Popt,p,s(z7 T)\/a

oz 2hwcAw (20)

where Ay is the optical waveguide cross-section area.

We solved numerically the system of Egs. (13)-(16) for the typical values of the material
parameters Wy, = 0.7 ns, Wig = 0.11 ‘us’l, L=1mm, ti =1256cm™!, A =4 x 10 cm?,
the bias current density corresponding to the transparency ], = 6.72 x 10> Am™?, a; = 15,
Ngp = 10" cm™2, the central pumping and signal wavelengths are A, =1.25um and
As = 1.35 um, respectively [17]. In our case, the detuning between the pumping and signal
waves fi(w, — ws) =73.5meV > Ay, Ay, and we have taken into account the modal gain

inhomogeneous broadening according to Eqs. (17) and (7)-(9). LEF has been chosen to be
a = 10, which is feasible for QD-SOA [2].

We evaluated the QDWELL SOA gain for A; = 1.35 um and for the optical pumping power
b, =2mW,5mW, 10 mW [20]. The numerical simulation results show that the gain magni-
tude reaches the level of 20 dB and then decreases with the further increase of the pumping
power due to XGM and gain saturation. The QDWELL SOA bandwidth is strongly enhanced
due to the fast stimulated transitions in QD caused by the strong optical pumping. The bias
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current density slightly influences the gain because of the weak connection between the QW
carrier reservoir and QD in the XGM process.

Consider now the synchronization of the carrier dynamics and gain recovery process for the
super-Gaussian pulse of the signal wave ~ exp(—t*/Tj), To = 20 ps and the bias current density
J =2J, [20]. For the small pumping power P, = 1uW <« P; =1 mW, the electron and hole
dynamics in QD is desynchronized, and the temporal dependences of p, , are essentially differ-
ent since their dynamics is determined by the different QD carrier-carrier scattering rates
SZ’h (we, wy), So' (we, wy). These nonlinear scattering rates strongly depend on the bias current
providing the carriers into the QW reservoir. A comparatively large time interval is necessary for
the filling of the QD levels from the QW reservoir. The numerical simulation results show that
the QW carrier densities are slightly varying with the deviation of about 1% due to the bias
current, while the QD carrier occupation probabilities are approximately equal and varying by
10-20% [20]. The situation changes when the pumping and signal powers are equal and strong
enough: P, = P; = 1 mW. In such a case, GRT is approximately two times smaller than in the
weak pumping case. The behavior of the QD electron and hole occupation probabilities p, j, is
determined by the sign of the right-hand side (RHS) of Eq. (13). In the case of the strong
pumping power Py, the first term in the RHS of Eq. (13) is dominant providing the fast stimu-
lated transitions in QD. The QD carrier dynamics in such a case synchronized due to the strong
optical pumping. The population inversion term (p, + p;, — 1) reaches its minimum value due to

the fast recombination process, and the the positive definite term le”h (we,wy) (1 = p,,;,) > Ointhe

RHS of Eq. (13) becomes dominant. Then, the QD electron and hole occupation probabilities p, ,
rapidly increase again. The GRT decreases due to the strong optical pumping.

Consider now the QDWELL SOA large signal response for the electrical PRBS signal with the
length of (2!' — 1), repetition frequency of 140 Gb/s, a signal wave power P; = 1 mW, and the
bias current density of 2], [20]. The numerical simulation results show that for the small optical
pumping power P, =1 uW, the QD and QW carrier dynamics is desynchronized and deter-
mined by the scattering rates S, (w.,wy), ST (we, wy). The QD levels cannot be filled
completely by the capture of carriers from the QW reservoir since the scattering rates

S (we, wy), o' (we,wy) are different for electrons and holes, and the corresponding lifetimes

T = (S" + 5‘;‘”)71 and 7, = (S + S‘;f“)fl are large. As a result, QDWELL SOA exhibits the

pattern effect. The chirp )AV;,W

=80 GHz is large and asymmetric.

The QW and QD carrier behavior changes drastically in the case of the strong optical pumping
P, = P; =1 mW even at the same bias current density of 2J,. The QD carrier dynamics now is
synchronized, the QD electron and hole occupation probabilities p, , remain practically con-
stant at the level of p, = (0.635 — 0.638) and p;, = (0.425 — 0.4285) while the positive popula-
tion inversion (p, +p, —1) >0 is slightly varying. The QW carrier dynamics is also
synchronized, and the relative variations of the QW carrier densities w,, ; are about 1074 [20].
The oscillation period is determined by the optically enhanced GRT. The pattern effect van-

ishes, and the chirp ‘AVS =5 GHz sharply reduces and becomes symmetric [20].

chirp
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Consider now the influence of the optical pumping on the XGM and cross-phase modulation
(XPM) of the co-propagating pumping and signal optical waves in QDWELL SOA [20-22]. We
suppose that these waves have the same polarization corresponding to a maximum value of
the gain since the gain in QDWELL SOA has strong polarization dependence [4]. We investi-
gated the XGM in the in QDWELL SOA both in the pulse regime and in the PRBS regime.

In the pulse regime, for the pulse duration of 5 ps, pump wave power P, = 0.4 uW, the signal
wave power P; =1mW and the bias current density | = 3], the QD carrier dynamics is
synchronized, and the XGM efficiency is high since the pump wave optical power is depleted
almost down to zero [21]. For the pulse duration of 3 ps and the signal wave power increase up
to P; =10 mW, the QW carrier is also synchronized because the fast light stimulated transi-
tions in QD are dominant. The GRT decreases, the XGM efficiency remains high, the fall time
of the signal pulse significantly decreases from about 0.05 ns for P; = 1 mW to about 0.01 s for
P; = 10 mW while the rise and fall time of the weak pumping pulse do not change [21]. The
optical injection enhances the QDWELL SOA bandwidth facilitating the ultra-fast pulse prop-
agation, decreases the spectral broadening, and preserves the pulse waveform.

The synchronized dynamics of the QW and QD carriers in the PRBS regime due to the high
level of the optical power also provides the efficient XGM and eliminates the pattern effect [21].

The chirp of output signal wave ‘Avihiw

The QDWELL SOA performance is high even at the repetition rate of 140 Gb/s for the signal
wave power P; = 1 mW and a comparatively strong pumping power P, =2 mW [21]. It dete-

<2 GHz remains comparatively small and symmetric.

riorates at the extremely high repetition rate of 250 Gb/s because of the slow carrier dynamics.
However, even in such a case, the QDWELL SOA performance can be improved by increasing
optical pumping power P, up to 20 mW [21]. However, for such a strong pumping, the XGM
efficiency is decreasing since the gain saturates due to the depletion of the QD carriers. The QD
levels are not filling rapidly enough from the QW carrier reservoir.

We theoretically investigated the extinction ratio (ER) dependence on the CW pumping power
P, and the detuning between the signal and pumping optical waves for P, = 0.01 mW and
0.1 mW, signal wave optical power P; = 1 mW and the signal wavelength A; = 1.35 um [21]. It
has been shown that ER reduces with the increase of the CW pumping power P, and with the
increase of the detuning [21].

4. The applications of QD-SOA in optical signal processing

In this section, we discuss the applications of QD-SOA in all-optical generation of UWB impulse
radio signals [24, 25], ultra-fast all-optical processor [27, 28] and all-optical memory [29, 30].

4.1. All-optical generation of UWB impulse radio signals based on MZI with QD-SOA

UWB communication systems are characterized by low power consumption, immunity to
multipath fading, precise object location, and high data rates [39]. However, they can operate in
the frequency range from 3.1 to 10.6 GHz with an effective isotropic radiated power level of less
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than -41 dBm/MHz according to the U.S. Federal Communication Commission (FCC) decision
[24, 40]. For this reason, UWB wireless systems are limited by short distances of a several tens of
meters [40]. In order to increase the area of coverage, the UWB- over-optical-fiber (UROOF)
technology had been proposed [24, 39, 40]. UWB-over-fiber technology can be used for radars,
wideband wireless personal area networks (WPAN), sensor networks, imaging systems UWB
positioning systems, and so on (see [24] and references therein). In particular, impulse-radio (IR)
UWSB technology is important where the information is carried by a set of narrow electromag-
netic pulses with a bandwidth inversely proportional to the pulse width [24]. Carrier-free
impulse modulation avoids complicated frequency mixer, intermediate frequency carrier and
filter circuits and has better pass-through characteristic due to the base-band transmission [39].
For instance, Gaussian monocycle and doublet pulses, which are the first and second order
derivatives of Gaussian pulse, respectively have lower bit error rate better multipath perfor-
mance and wider bandwidth as compared to other impulse signals [39, 40].

There exist different methods of the optical IR UWB generation [39-44]. Different optically
based systems for the generation of the Gaussian IR UWB monocycles and doublets may
include an electro-optic phase modulator (EOPM), a single mode fiber (SMF), erbium-doped
fiber amplifier (EDFA), SOA, a fiber Bragg grating (FBG), a photodetector (PD), a Sagnac
interferometer, photonic microwave filters [39-44]. The shortages of such systems are the
necessity of the complicate electronic circuit for the generation of the short electric Gaussian
pulses, the use of EOM and long SMEF.

We proposed a novel all-optical method of IR UWB pulse generation based on the integrated
MZI with QD-SOA inserted into one arm of the integrated MZI [24]. An intensity-dependent
signal interference occurs at the output of the MZI with QD-SOA. The proposed UWB IR signal
generation process is based on the XGM and XPM processes in QD-SOA, which are character-
ized by strong optical nonlinearity and high operation rate as it has been mentioned earlier.

The block diagram of the proposed all-optical UWB IR signal consisting of a CW laser, MZI with
a QD-SOA as an active element in the upper arm of the MZI, and a pulsed laser is shown in
Figure 5. A CW signal of a wavelength A and an optical power Py is split into two signals with
the equal optical power Py/2 and inserted into the two ports of the integrated MZI. The train of
the short Gaussian pulses generated by the pulsed laser is counter-propagating with respect to
the CW optical wave. The optical signal in the lower signal of MZI remains CW while the CW
signal propagating through the MZI upper arm transforms into the Gaussian pulse at the MZI
output due to the XGM and XPM in the QD-SOA. These pulses from the lower and upper arms
interfere at the MZI output. The shape of the output pulse is determined by the power-
dependent phase difference AO(t) = 61(t) — 02(t) where 0y ,(t) are the phase shifts in the upper
and lower MZI arms, respectively. The MZI output optical power P, is given by [24]

Pout(£) = % [Gl () + Ga(b) — 21/G (t)Gz(t)cosAe(t)] @1)

where Gy,»(t) are the amplification factors of the upper and lower MZI arms. In our case, the
upper arm amplification factor exp(g,,L) <Gi(t) = exp(gL) <exp(g,L) is limited by the QD-
SOA saturation gain g, and the maximum modal gain g, for the linear regime. The lower arm
amplification factor G, = 1. We neglect the losses in the proposed system because of the small
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Figure 5. Block diagram of the all-optical UWB IR signal generator based on the MZI with QD-SOA as an active element.

lengths of the integrated elements. The XGM and XPM in QD-SOA are described by Egs. (1)—(5).
The relation between the MZI phase shift AO(t) and the upper arm amplification factor G;(t)
has the form AO(t) = —(a/2)InG; (t). We solved numerically Eqs. (1)~(5) for the typical values
of the QD-SOA material parameters mentioned above, the QD-SOA active region length
L =2 mm, its width W = 10 um, confinement factor I' = 3 x 1072, the maximum QD-SOA gain
Smax = 11.5 cm~1, and the QD-SOA losses ajne = 3 cm~! [24]. The simulation results show that at
the high Gaussian pulse power levels, QD-SOA passes to the saturation regime accompanied by
the decrease of the XPM phase shift AG(t) and the upper arm amplification factor G;(t) to their
minimum values. In such a case, the MZI output signal power P, also has its minimum value
due to the maximum value of the oscillating term in Eq. (21). Then, the XPM process is dominant,
and the Gaussian doublet occurs at the MZI output [24]. In the opposite case of the weak
Gaussian pulse, QD-SOA operates in the linear regime, and the Gaussian pulse remains
unchanged [24]. The simulation results for the temporal dependence of the output signal power,
optical signal power in the MZI upper and lower arms, and the MZI phase difference for the
pulse power P, = 0.5mW and the CW power Pcw = 0.005mW are presented in Figure 6.
Different input power levels provide different contributions of the XGM and XPM processes in
QD-SOA, which results in the different shapes of the MZI output pulses. Actually, the shape of
the signal and its spectrum can be tailor-made [24].

The spectrum of the simulated UWB IR signal exhibits the filtering features of the proposed
generator [24]. Indeed, for the Gaussian pulses duration ~ 10~ 5, a rise time and a fall time of
the pulse propagating through the QD-SOA are limited by the fast transition time 71, ~ 1 ps
between GS and ES.

4.2, Ultrafast all-optical processor based on QD-SOA

The major application areas of SOA-based MZI are all-optical logic gates, optical WC, and
optical regenerators. The latter devices provide the so-called 3R regeneration [3], that is,
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Figure 6. The temporal dependence: Gaussian doublet (solid line) and the second derivative of the Gaussian pulse
(dashed line) for P, = 0.5 mW and Pcw = 0.005 mW (the upper box); the optical signal power in the MZI upper arm
(solid line) and the lower arm (dashed line) (intermediate box); the phase difference (lower box).

re-amplification, re-shaping, and re-timing which are necessary for the elimination of the
noise, crosstalk and nonlinear distortions and for the transmission of the good quality
signals over sufficiently large distances in all-optical networks (see [27, 28] and references
therein).

We proposed a theoretical model of an ultrafast all-optical signal processor based on MZI
containing QD-SOA in each arm (QD-SOA-MZI) where XOR logic operation, wavelength
conversion, and 3R signal regeneration can be realized simultaneously by AO-XOR logic gates
for the bit rates up to 100 Gb/s for the bias current [ =30 mA and 200 Gb/s for the bias current
1=50 mA [27].

The block diagram of AO-XOR logic gate based on the QD-SOA-MZI is shown in Figure 7.
The theoretical analysis of the proposed processor is based on the QD-SOA dynamics

described by Egs. (1)-(5) and the expression for the MZI output power (21). However, this
time, QD-SOA are situated in both arms of the MZI, and the QD-SOA amplification factors

Gi,2(t) have the form Gy, (t) = exp (81,2L1,2) where g, ,; Ly > are the first and second QD-50A

gains and active region lengths, respectively. When the control signal A and/or B are fed into
the two QD-SOA, they modulate the SOA gains and also phase of the co-propagating CW
signal due to LEF & according to Eq. (5). The phase shift at the QD-SOA-MZI has the form [27]:

27
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AO(t) = —(a/2)In[G1 (1) /Ga(t)] (22)

For the typical values of LEF a = (5 —7), gain g, , = 11.5 cm™" and Ly, = 1500 pm the phase
shift of about 7t can be achieved.

We start with the operation of the logic gate based on the QD-SOA-MZI, which consists of a
symmetrical MZI with one QD-SOA in each arm [27, 28]. Two optical control beams A and B at
the same wavelength A are fed into the ports A and B of QD-SOA-MZI separately. A third signal
representing a clock stream of CW series of unit pulses is split into two equal parts and injected
in two QD-SOA. Two cases of the detuning between the signals A, B and the clock stream may
occur. If the detuning is less than the QD homogeneous broadening, then the ultrafast operation
can be realized. If the detuning is large and compared to the QD inhomogeneous broadening
XGM in DQ SOA is also possible due to the QD interaction through WL for the comparatively
low bit rates up to 10 Gb/s [11]. Such a case is discussed in subsection 2.3.

Suppose that the data stream at the input of the QD-SOA-MZI is absent: A = B = 0. In such a
case, the phase difference of the signal propagating through both arms of QD-SOA-MZI is m,
and the output signal is “0” because of the destructive interference [27]. Letnow A =1, B = 0.
Then, the signal propagating through the upper arm and interacting with the data stream A
acquires the additional phase determined by XPM between the signal and A while the phase of
the signal propagating through the lower arm of the QD-SOA-MZI does not change. As a
result, the output signal is “1” [27]. Evidently, the same output corresponds to the input
A =0, B =1. Finally, in the case when A =1, B =1 the phase changes of the signal in both
arms of the QD-SOA-MZI are equal, and the output signal is “0” [27].

Consider now the wavelength conversion in the proposed processor. An ideal WC must be
characterized by the following properties: transparency to different bit rates and signal formats,
fast setup of the output wavelength, the possibility of conversion to shorter and longer wave-
lengths, moderate input power levels, the possibility for no conversion regime, insensitivity to

Data Stream A A
- LT QD-SOA1
Clock stream C - XOR
— = I: QD SOA-MZI :I—b
B
. ] QD-SOA 2
Data Stream

AO-XOR gate based on QD SOA-MZI|

Figure 7. The block diagram of the AO-XOR logic gate based on QD-SOA-MZL
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the input signal polarization, the output signal with low chirp, high ER and large signal-to-noise
ratio (SNR), and simple implementation [45]. SOA is a promising candidate for applications in
WC because it possesses these characteristics.

WC performance can be substantially improved by replacing the bulk SOA with QD-SOA due
to its specific features discussed in Section 2: the pattern-free high-speed wavelength conver-
sion of optical signals by XGM, a low threshold current density, a high material gain, high
saturation power, broad gain bandwidth, and a weak temperature dependence as compared to
bulk and MQW SOA [9-11]. In the proposed ultrafast all-optical processor, the advantages of
the QD-SOA as a nonlinear component and of the MZI as a system with the controlled output
signal [27, 28]. Consider the situation where one of the inputs signals A or B is absent. In such a
case, CW signal with the required output wavelength is split asymmetrically between the QD-
SOA-MZI arms and interferes at the QD-SOA-MZI constructively or destructively with the
intensity modulated input signal at another wavelength. The interference result depends on
the phase difference between the two QD-SOA-MZI arms output, which is actually deter-
mined by the corresponding QD-SOA. The QD-SOA-MZI operates as an amplifier of the
propagating signal. The operation with the output “1” can be defined as a wavelength conver-
sion caused by XGM between the input signal A or B and the clock stream signal [27, 28]. The
(10 —40) Gb/s pattern-effect-free wavelength conversion by XGM at the wavelength
A =13 um using QD-SOA with InGaAs/GaAs self-assembled QD had been demonstrated
experimentally [7].

The deterioration of the ultrafast all-optical processor with the bit rate increase is shown in
Figures 8 and 9. For the bias current [ = 30 mA and the bit rate of 100 Gb/s, the patterning
effect is moderate, and the eye in the eye diagram is open (Figure 8). For the bit rate of 200 Gb/s
at the same bias current, the patterning effect is strongly pronounced, and the eye is closed
(Figure 9).
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Figure 8. The eye diagram for the bit rate 100 Gb/s, the bias current I = 30 mA.
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Figure 9. The eye diagram for the bit rate 200 Gb/s, the bias current I = 30 mA.

The proposed ultrafast all-optical processor can solve three problems of the short pulse 3R
regeneration mentioned above [27, 28]. The efficient pattern-effect-free signal re-amplification
can be realized in each of the QD-SOA-MZI by the corresponding QD-SOA. The wavelength
conversion based on all-optical logic gate discussed above can provide the reshaping since
only the data signals can close the gate, while the comparatively weak noise cannot close the
gate. The re-timing in the QD-SOA-MZI-based processor is provided by the optical clock
stream, which is also necessary for the re-shaping. If the CW input signal is replaced with the
optical clock stream, the 3R regeneration can be carried out simultaneously with the logic
operations [27, 28].

4.3. Ultrafast all-optical memory based on QD-SOA

Optically assisted signal processing combines optical and electronic components [46]. For
instance, optical components characterized by high operation rate can carry out some func-
tions very fast, while the electronic components can realize the complex computations using
buffers and memory [46]. In optical networks, the bandwidth mismatch between optical
transmission and electronic routers requires a different optical signal processing and the study
of the optical packet switching (OPS) [47]. The packet switching is used when it is necessary to
select a packet of tens or hundreds of bits from a bit stream [48]. The flip-flop memory is an
essential component of the packet switch in OPS networks, which is necessary for avoiding the
packet collisions during packet routing [48, 49]. Usually, this memory consists of two coupled
lasers switching the output signal between the wavelengths A; and A, [48]. We proposed a
novel architecture of the all-optical memory loop based on the ultra-fast all-optical signal
processor discussed in subsection 4.2 [29, 30]. The block diagram of the all-optical memory
loop is shown in Figure 10.
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Figure 10. The block diagram of the ultrafast all-optical memory based on the QD-SOA-MZI.

The novel all-optical memory loop is characterized by the following advantages: (1) it includes
only one QD-SOA-MZI reducing the complexity of the electronic synchronization scheme; (2)
it can operate at the high bit rates up to 100 Gb/s due to fast GRT of QD-SOA discussed in
subsection 2.2; (3) a regenerator is included into the loop for the optical fiber loss compensation
and increasing of the loop length [28, 29]. The regenerator can be also based on SOA as it was
mentioned above.

The QD-SOA dynamics and the ultra-fast all-optical processor operation principle have been
discussed in detail in Section 2 and subsection 4.2, respectively. The theoretical model of the
proposed all-optical memory loop is based on the QD-SOA carrier rate Egs. (1)—(3), the average
pump and signal wave photon densities S, s(7) expression (10), the pump and signal wave
phase 0,5 expression (11), the modal gain g, ; expression (6), and the MZI output power Poy

and phase difference AO expressions (21), (22), respectively. The phase difference AQ at the
output of the QD-SOA-MZI is defined by the optical signal power difference in the upper and
lower arms of the QD-SOA-MZI. Typically, 80% and 20% of the input signal power were
injected through the coupler into the upper and lower arms of the QD-SOA-MZI, respectively.
Consequently, the dynamic processes in QD-SOA placed into the upper and lower arms of
MZI are determined by different carrier relaxation time and GRT as it was mentioned in
Section 2.
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Figure 11. The eye diagram for the 4 PAM modulation format, a bit rate of 100 Gb/s; the signal is after one round in the
all-optical memory loop.

We solved numerically Egs. (1)-(3), (10), (11), (21), and (22) for the typical values of the
material parameters presented in Section 2 in two cases: (1) the on-off keying (OOK) modula-
tion format, the loop length Ly,,, = 2 km, the bit rate 50 Gb/s and the quality factor at the input
Q = 15.8932; (2) the pulse modulation 4 (4-PAM) format, the loop length L;,,, = 1 km, the bit
rates 50 Gb/s and 100 Gb/s [28, 29]. In the case of the OOK modulation format, the numerical
simulation results show that after four rounds in the loop the signal quality factor Q decreases
by approximately 18% to 13.3156, and the patterning effect is slightly pronounced [28, 29]. In
the case of the 4-PAM format, the patterning effect is negligible after two rounds in the loop for
the bit rate of 50 Gb/s and it is slightly pronounced for the bit rate of 100 Gb/s [28, 29]. Hence,
the performance of the QD-SOA-based all-optical memory does not deteriorate substantially
up to the bit rate of 100 Gb/s.

For instance, the eye diagram for the 4 PAM modulation format and a bit rate of 100 Gb/s after
1 round in the all-optical memory loop is shown in Figure 11.

The numerical estimations show that for the loop length Ly,,, = 1 km, the light velocity in the

optical fiber v~2 x 10° m/s and the bit rates of 50 Gb/s and 100 Gb/s the all-optical storage
values are of 0.25Mb and 0.5Mb, and the storage times are 5us and 10us, respectively [28, 29].

5. Conclusions

We studied theoretically the dynamics of QD-SOA. We solved numerically the QD-SOA carrier
rate equations simultaneously with the truncated equations for the light wave photon density
and phase. We have shown that the injection of the additional light wave drastically changes
the QD-SOA dynamics. As a result, GRT may be strongly reduced by using the short Gaussian
pulses and strong additional light wave. The lower GRT limit is defined by the QD-SOA fastest
transition between ES and GS with the transition time 7, = 0.16 ps. We investigated
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theoretically the specific features of XGM in QD-SOA. We have shown that the patterning
effect manifests for the bit rates of about 10 Gb/s, but it can be diminished by increase of the
bias current. However, at the higher bit rates of about 40 Gb/s, the bias current does not
influence the patterning effect. The interaction between the nonresonant QD groups for the
signal and pumping light waves with the detuning larger than the QD homogeneous broad-
ening is possible for the large bias currents and fast pulses with the duration of nanoseconds
and several dozen picoseconds. In such a case, QD can interact through WL due to the
sufficiently fast relaxation carrier from WL to QD. QD-SOA have the lowest bias current, the
highest operation bit rate, and the large gain bandwidth as compared to the bulk and MQW
SOA. For this reason, they are the promising candidates for the all-optical signal processing.

The novel generation of QD lasers and SOA is based on the QDWELL structures where the
self-assembled QD is imbedded into QW layers. The QW layers play a role of the reservoir for
the 2D carrier gas instead of WL with the continuous carrier energy in ordinary QD-SOA. The
complicated QDWELL laser and SOA dynamics are described by the system of LS rate equa-
tions for electrons and holes in QD and QW. The QDWELL laser and SOA performance are
limited by the strongly desynchronized dynamics of electrons and holes in QD and QW. The
different relaxation times of the electrons and holes in QW and QD are determined by the
strongly nonlinear electron and hole scattering rates in and out of QD.

We solved numerically the modified LS rate equations and the truncated equations for the
pumping and signal waves in the QDWELL SOA for the pulse regime and the large PRBS
signal. We have shown that the strong optical injection with the power (1 — 10) mW synchro-
nizes the carrier dynamics in QDWELL SOA because the fast light stimulated transitions
become dominant. The bias current remains comparatively low preventing the device heating.
The propagation of the signal and CW pumping waves gives rise to the XGM. In such a case,
the pumping wave in QDWELL SOA plays a role of the synchronizing optical injection. As a
result, the QDWELL SOA performance significantly improves, the fast gain recovery occurs,
the patterning effect vanishes, and the operation rate increases up to 140 Gb/s.

The QD-SOA can be successfully used in the all-optical signal processing due to their strong
nonlinearity, high operation rate, and low bias current. We proposed a novel all-optical
method of the UWB IR signal generation based on the integrated MZI with QD-SOA in each
arm as a nonlinear element. The proposed method does not need SMF, EOPM, and FBG
reducing complexity and cost of the UWB IR generator. The UWB IR signal generated by the
QD-SOA-based MZI has a form of the Gaussian doublet.

We proposed a theoretical model of the ultrafast all-optical signal processor also based on
QD-SOA-MZI structure. We have shown theoretically that such a processor may realize logic
gate XOR operation, wavelength conversion, and 3R regeneration of the moderately distorted
optical signals. The operation of the processor is based on the XGM and XPM in QD-SOA in
both arms of the MZI. The processor limiting bit rate depends on the bias current I and may
reach 200 Gb/s for I = 50 mA.

We proposed a novel architecture of the ultra-fast all-optical memory based on MZI with two
QD-SOAs. The numerical simulation results for the OOK and 4 PAM modulation format show
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that the proposed memory is characterized by high operation rate up to 100 Gb/s due to the
QD-SOA fast dynamics and in particular rapid gain recovery process. Evaluations show that

for the 4 PAM modulation format, I = 1km light velocity in the optical fiber v=2 x 10® m/s and
typical values of the bit rate of 50 Gb/s and 100 Gb/s the memory storage values are 0.25 Mb
and 0.5 Mb, respectively. The corresponding storage times are 5 s and 10 us, respectively.

Author details

Yossef Ben Ezra and Boris I. Lembrikov*
*Address all correspondence to: borisle@hit.ac.il

Department of Electrical Engineering and Electronics, Holon Institute of Technology (HIT),
Holon, Israel

References

[1] Akiyama T, Sugawara M, Arakawa Y. Quantum-dot semiconductor optical amplifiers.
Proceedings of the IEEE. 2007;95:1757-1766. DOI: 10.1109/JPROC2007.900899

[2] Rafailov EU, Cataluna MA, Avrutin EA. Ultrafast Lasers Based on Quantum Dot Struc-
tures. 1st ed. Wiley-VCH: Weinheim; 2011. p. 261. ISBN: 978-3-527-40928-0

[3] Sugawara M, Akiyama T, Hatori N, Nakata Y, Ebe H, Ishikawa H. Quantum-dot semi-
conductor optical amplifiers for high-bit-rate signal processing up to 160 Gbs ™

new scheme of 3R regenarators. Measurement Science and Technology. 2002;13:1683-
1691. DOI: 10.1088/0957-0233/13/11/304

and a

[4] Bakonyi Z, Onishchukov G, Lester LF, Gray AL, Newell TC, Tiinnermann A. High-gain
quantum-dot semiconductor optical amplifier for 1300 nm. IEEE Journal of Quantum
Electronics. 2003;39:1409-1414. DOI: 10.1109/JQE.2003.818306

[5] Qasaimeh O. Optical gain and saturation characteristics of quantum-dot semiconductor
optical amplifiers. IEEE Journal of Quantum Electronics. 2003;39:793-798. DOI: 10.1109/
JQE.2003.810770

[6] Harrison P. Quantum Wells, Wires and Dots. 2nd ed. UK: Wiley; 2005. p. 508. ISBN: 978-
0-470-01080-8 (PB)

[7] Sugawara M, Ebe H, Hatori N, Isida M, Arakawa Y, Akiyama T, Otsubo K, Nakata Y.
Theory of optical signal amplification and processing by quantum-dot optical amplifiers.
Physical Review B. 2004;69:235332-1-235332-39. DOI: 10.1103/PhysRevB.69.235332

[8] Qasaimeh O. Characteristics of cross-gain (XG) wavelength conversion in quantum-dot
semiconductor optical amplifiers. IEEE Photonics Technology Letters. 2004;16:542-544.
DOI: 10.1109/LPT.2003.821047



(%]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

Quantum Dot-Semiconductor Optical Amplifiers (QD-SOA): Dynamics and Applications
http://dx.doi.org/10.5772/intechopen.74655

Ben-Ezra Y, Haridim M, Lembrikov Bl Theoretical analysis of gain-recovery time and
chirp in QD-SOA. IEEE Photonics Technology Letters. 2005;17:1803-1805. DOI: 10.1109/
LPT.2005.853030

Ben-Ezra Y, Haridim M, Lembrikov BI. Acceleration of gain recovery and dynamics of
electrons in QD-SOA. IEEE Journal of Quantum Electronics. 2005;41:1268-1273. DOI:
10.1109/JQE.2005.854131

Ben-Ezra Y, Haridim M, Lembrikov BI. Specific features of XGM in QD-SOA. IEEE
Journal of Quantum Electronics. 2007;43:730-737. DOI: 10.1109/JQE.2007.901587

Liidge K. Modeling quantum-dot-based devices. In: Liidge K, editor. Nonlinear Laser
Dynamics. Weinheim, Germany: Wiley; 2012. pp. 3-33. ISBN: 978-3-527-41100-9

Meuer C, Kim ], Laemmlin M, et al. High-speed small-signal cross-gain modulation in
quantum-dot semiconductor optical amplifiers at 1.3 pm. IEEE Journal of Selected Topics
in Quantum Electronics. 2009;15:749-756. DOI: 10.1109/J]STQE.2009.2012395

Kim J, Laemmlin M, Meuer C, Bimberg D, Eisenstein G. Theoretical and experimental
study of high-speed small-signal cross-gain modulation of quantum-dot semiconductor
optical amplifiers. IEEE Journal of Quantum Electronics. 2009;45:240-248. DOI: 10.1109/
JQE.2008.2010881

Wegert M, Majer N, Liidge K, et al. Nonlinear gain dynamics of quantum dot optical
amplifiers. Semiconductor Science Technology. 2011;26:1-11. DOI: 10.1088/0268-1242/26/
1/014008

Wilkinson S, Lingnau B, Korn J, Scholl E, Liidge K: Influence of noise on the signal
quality of quantum-dot semiconductor optical amplifiers. IEEE Journal of Selected
Topics in Quantum Electronics 2013; 19: 1900106-1-1900106-6. DOI: 10.1109/JSTQE.
2012.2233464

Pausch J, Otto C, Tylaite E, Majer N, Scholl E, Liidge K. Optically injected quantum dot
lasers: Impact of nonlinear carrier lifetimes on frequency-locking dynamics. New Journal
of Physics. 2012;14:1-20. DOI: 10.1088/1367-2630/14/053018

Ben-Ezra Y, Lembrikov BI. Synchronized carrier dynamics in quantum dot-in-a-well
(QDWELL) laser under an optical injection. IEEE Journal of Selected Topics in Quantum
Electronics. 2013;19:1901508-1-1901508-8. DOI: 10.1109/JSTQE.2013.2246770

Ben-Ezra Y, Lembrikov BI. Quantum dot-in-a-well (QDWELL) laser dynamics under
optical injection. Optical and Quantum Electronics. 2014;46:1239-1245. DOI: 10.1007/s1
1082-013-9829-3

Ben-Ezra Y, Lembrikov BI. Semiconductor optical amplifier based on a quantum dot-in-a-
well (QDWELL) structure under optical pumping. IEEE Journal of Quantum Electronics.
2014;50:340-347. DOI: 10.1109/JQE.2014.2308393

Ben-Ezra Y, Lembrikov BL Investigation of a cross-gain modulation (XGM) in a semicon-
ductor optical amplifier (SOA) based on a quantum dot-in-a-well (QDWELL) structure.
IET Optoelectronics. 2015;9:43-51. DOI: 10.1049/iet-opt.2014.0061

35



36 Optical Amplifiers - A Few Different Dimensions

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Ben-Ezra Y, Lembrikov B. I: Improvement of the quantum dot-in-a-well (QDWELL) laser
and amplifier performance under the optical injection. In: Pinho P, editor. Optical Com-
munication Technology. Rijeka, Croatia: InTech; 2017. pp. 75-99. DOI: 10.5772/intechopen.
69946

Agrell E, Karlsson M, Chraplyvy AR, et al. Roadmap of optical communications. Journal
of Optics. 2016;18(063002):1-40. DOI: 10.1088/2040-8978/18/6/063002

Ben-Ezra Y, Haridim M, Lembrikov BI, Ran M. Proposal for all-optical generation of ultra
wideband impulse radio signals in Mach-Zehnder interferometer with quantum dot
optical amplifier. IEEE Photonics Technology Letters. 2008;20:484-486. DOI: 10.1109/
LPT.2008.918256

Ben Ezra Y, Lembrikov Bl, Ran M, Haridim M. All-optical generation and processing of
IR UWB signals. In: Lethien C, editor. Optical Fibre, New Developments. Vucovar, Croa-
tia: InTech; 2009. pp. 425-444. ISBN: 978-953-7619-50-3

Ran M, Ben-Ezra Y, Lembrikov BI. High performance analog optical links based on
quantum dot devices for UWB signal transmission. In: Lembrikov BI, editor. Ultra-
Wideband. InTech: Croatia; 2010. pp. 75-96. ISBN: 978-953-307-139-8

Ben Ezra Y, Lembrikov BI, Haridim M. Ultra-fast all-optical processor based on quantum
dot semiconductor optical amplifiers. IEEE Journal of Quantum Electronics. 2009;45:34-41.
DQI: 10.1109/JQE.2008.2003497

Ben Ezra Y, Lembrikov BI. New approach to ultra-fast all-optical signal processing based
on quantum dot devices. In: Grym ], editor. Semiconductor Technologies. Croatia: InTech;
2010. pp. 419-436. ISBN: 978-953-307-080-3

Ben Ezra Y, Lembrikov Bl. All-optical memory based on quantum dot semiconductor
optical amplifiers (QD-SOAs) for advanced modulation formats. In: Proceedings of 18th
Intl. Conf. on Transparent Optical Networks (ICTON 2016); July 10-14, 2016; Trento,
Italy, Tu.A5.3 1-3. ISBN: 978-1-5090-1466-8

Ben Ezra Y, Lembrikov BI. Ultra-fast all-optical memory based on quantum dot semicon-
ductor optical amplifiers (QD-SOA). In: Roka R, editor. Optical Fiber and Wireless Com-
munications. Rijeka, Croatia: InTech; 2017. pp. 279-293. DOI: 10.5772/intechopen.68527

Uskov AV, Berg WT, Mork ]. Theory of pulse-train amplification without patterning
effects in quantum-dot semiconductor optical amplifiers. IEEE Journal of Quantum Elec-
tronics. 2004;40:306-320. DOIL: 10.1109/JQE.2003.823032

Qasaimeh O. Novel closed-form model for multiple-state quantum-dot semiconductor
optical amplifiers. IEEE Journal of Quantum Electronics. 2008;44:652-657. DOI: 10.1109/
JQE.2008.922324

Borri P, Langbein W, Hvam JM, Heinrichsdorff F, Mao M-H, Bimberg D. Ultrafast gain
dynamics in InAs-InGaAs quantum-dot amplifiers. IEEE Photonics Technology Letters.
2000;12:594-596. DOL: S 1041-1135(00)04605-X



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Quantum Dot-Semiconductor Optical Amplifiers (QD-SOA): Dynamics and Applications
http://dx.doi.org/10.5772/intechopen.74655

Berg WT, Bischoff S, Magnusdottir I, Mork J. Ultrafast gain recovery and modulation
limitations in self-assembled quantum-dot devices. IEEE Photonics Technology Letters.
2001;13:541-543. DOI: S 1041-1135(01)04546-3

Pleumeekers JL, Kauer M, Dreyer K, et al. Acceleration of gain recovery by optical
injection in semiconductor optical amplifiers by optical injection near transparency wave-
length. IEEE Photonics Technology Letters. 2002;14:12-14. DOI: S 1041-1135(02)00011-3

Connely M]J. Semiconductor Optical Amplifiers. Dordrecht, The Netherlands: Cluver;
2002. p. 169. ISBN: 0-7923-7657-9

Contestabile G, Maruta A, Sekiguchi S, Morito K, Sugawara M, Kitayama K. Cross-gain
modulation in quantum-dot SOA at 1550 nm. IEEE Journal of Quantum Electronics. 2010;
46:1696-1703. DOI: 10.1109/JQE.2010.2060714

Lidge K, Scholl E. Quantum-dot lasers desynchronized nonlinear dynamics of electrons
and holes. IEEE Journal of Quantum Electronics. 2009;45:1396-1403. DOI: 10.1109/JQE.2009.
2028159

Chen H, Chen M, Wang T, Li M, Xie S. Methods for ultra-wideband pulse generation
based on optical cross-polarization modulation. Journal of Lightwave Technology. 2008;
26:2492-2499. DOI: 10.1109/JLT.2008.927616

Zeng F, Yao]. An approach to ultra-wideband pulse generation and distribution over optical
fiber. IEEE Photonics Technology Letters. 2006;18:823-825. DOI: 10.1109/LPT.2006.871844

Lin W-P, Chen Y-C. Design of a new optical impulse radio system for ultra-wideband
wireless communications. IEEE Journal of Selected Topics in Quantum Electronics. 2006;
12:882-887. DOLI: 10.1109/JSTQE.2006.876613

LiJ, Xu K, Fu S, et al. Ultra-wideband pulse generation with flexible pulse shape and
polarity control using a Sagnac-interferometer-based intensity modulator. Optics Express.
2007;15:18156-18161. ISSN: 1094-4087

Zeng F, Wang Q, Yao J. All-optical UWB impulse generation based on cross-phase modu-
lation and frequency discrimination. Electronics Letters. 2007;43:121-122. ISSN: 0013-5194

Zeng F, Yao J. Ultra-wideband impulse radio signal generation using a high-speed
electro-optic phase modualtor and a fiber-Bragg-grating—based frequency discriminator.
IEEE Photonics Technology Letters. 2006,18:2062-2064. DOI: 10.1109/LPT.2006.883310

Ramamurthy B. Swithches, wavelength routers, and wavelength converters. In:
Sivalingam KM, Subramaniam S, editors. Optical WDM Networks. Principles and Prac-
tice. Boston: Kluwer; 2001. pp. 51-75 0-7923-7825-3

Willner AE, Khaleghi S, Chitgarha MR, Yilmaz OF. All-optical signal processing. Journal
of Lightwave Technology. 2014;32:660-680. DOI: 10.1109/JLT.2013.2287219

Liu Y, Hill M T, Calabretta N, Tangdiongga E, Geldenhuys R, Zhang S, Li Z, De Waardt
H, Khoe G D and Dorren HJ S: All-optical signal processing for optical packet switching

37



38 Optical Amplifiers - A Few Different Dimensions

networks. In: Proceedings of SPIE; 15 September 2005; San Diego, California, USA; 2005,
59070J-1-12. DOI: 10.1117/12.621346

[48] Agrawal GP. Fiber-Optic Communication Systems. 4th ed. New York: Wiley; 2010. p. 603.
ISBN: 978-0-470-50511-3

[49] Xuelin Y, Qiwei W, Weisheng H. High-speed all-optical long-term memory using SOA
MZIs: Simulation and experiment. Optics Communication. 2012;285:4043-4047. DOI:
10.1016/j.optcom.2012.06.027



Chapter 3

Parametric Amplifiers in Optical Communication
Systems: From Fundamentals to Applications

Jing Huang
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.73696

Abstract

Optical parametric amplifiers (PAs) utilize highly efficient nonlinear effects in an optical
fiber and they have the ability to operate in phase-sensitive mode. The inclusion of PAs in
optical systems can give an ultimate limit for lumped amplified links in terms of achiev-
able signal to noise ratio. The drawback is the complexity stemming from the requirement
of phase matching a number of waves at each amplifier, phase lock, and the extra spec-
trum consumed by idler waves. In this chapter, the theories of a parametric amplifier,
including the quantum-optical equations, are given. The properties of the gain saturation
and the noise figure are presented. Practical amplifier systems and their applications in
phase-sensitive amplification, all-optical signal regeneration, and squeeze state generation
are outlined.

Keywords: four-wave mixing (FWM), modulation interaction (MI), gain, noise figure
(NF), second harmonic generation (SHG), phase-sensitive amplification, parametric
amplification

1. Introduction

Ultra-dense multi-channel transmissions at higher speed are required for the high capacity
optical networks. These results in phase-based modulation such as binary and quadrature
phase-shift keying (BPSK, QPSK) became increasingly interesting for optic communications
in the years after 2000. And the application of optical parametric amplifiers (OPA) also
becomes promising. The main reason for the current interest for parametric amplifiers is the
ability to operate in phase-sensitive mode. Furthermore, OPA provides high gain (reaching to
10% and it can be used to handle high average powers. The drawback is the complexity

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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stemming from the requirement of phase matching a number of waves at each amplifier, and
the extra spectrum consumed by idler waves [1].

In 1985, Pocholle et al. explored FWM for fiber-optic amplification [2]. The first phase-sensitive
gain in an optical fiber was observed by Bar-Joseph et al. [3]. In 1993, Levenson et al. [4]
observed the first optical amplification (in a KTP crystal) with a noise figure below the 3 dB
limit. Marhic et al. [5] used a fiber Sagnac interferometer to realize parametric gain via
degenerate FWM, and a similar structure was used by Imajuku et al. in 1999 [6], who reported
the first x”-based parametric amplifier with a noise figure of 1.8 dB.

In parametric amplifiers, the stimulated Brillouin scattering (SBS) was suppressed by a broad-
band phase modulation of the pump. This pump phase modulation has some unwanted effects,
such as idler spectral broadening and it is generally deleterious (but no fundamental obstacle)
when realizing phase-sensitive amplifiers. However, such a fiber, with an induced strain gradi-
ent to suppress SBS, enabled phase-modulation-free CW pumping with 10 dB gain [7].

In 2005, Tang et al. [8] demonstrated phase-sensitive gain in a highly nonlinear fiber (HNLF)
by first generating three phase-locked waves in a conventional phase-insensitive fiber-optic
parametric amplifier (FOPA) and then injecting these into a second FOPA, which now became
phase sensitive. The phase-sensitive nature was elegantly manifested as wavelength oscilla-
tions of the FOPA noise spectrum by inserting a dispersive fiber between the two FOPAs. This
was the first realization of the copier-phase-sensitive amplifier (PSA) scheme. A number of
important theoretical contributions to FOPAs and PSAs were published around this as well;
notably by McKinstrie who analyzed phase-sensitive amplification classically [9] as well as
quantum mechanically [10, 11]. Also, Marhic et al. contributed significantly, e.g., with work on
the FOPA gain spectrum [12, 13]. Michel Marhic, who tragically passed away in 2014, also
published the first book [14] on parametric fiber devices in 2008. In a series of papers by
Croussore et al. [15-17], phase regenerators were realized and evaluated, being among the
first PS devices to gain traction in the community. These were based on interferometric,
degenerate parametric fiber devices.

The organization of this paper is as follows: Section 2 discusses fiber FWM from a fundamental
perspective leading to the work on parametric amplifiers and the various flavors of these that
exist; Section 3 presents the mathematical theory of FWM in fibers, Section 4 presents the
2-mode PSA and the coherent superposition; and Section 5 describes the PSA noise properties,
both from a semi-classical and a quantum mechanical perspective, and gain saturation prop-
erties. At the last parts, the copier-PSA setup that has been used in experiments including the
polarization properties and nonlinear tolerance, the practical systems of parametric amplifier,
and their applications are introduced.

2. Fiber optic parametric amplifier theory

In fibers, the refractive index is a function of the light intensity. If two waves (w; and w,)
copropagate in a medium, they will interfere and create a moving grating, and a third wave
w3 may scatter, and then a fourth wave at w, may generate. This is named as four-wave
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mixing. The fourth wave will be generated at a frequency which is the Doppler-shifted from
scattering wave, ws = w3 + w, — w1. For the process to be efficient, the corresponding Bragg
condition B4 = 5 + 2 — f1 must also be satisfied, where fy is the propagation constants of wave
k. This is also commonly referred to as the phase-matching condition. Note that both the
Doppler and Bragg conditions need to be fulfilled for FWM to be efficient, and for a given
dispersion relation f(w), both conditions are not generally satisfied. However, around the zero-
dispersion wavelength they are. This is the classical picture of FWM, and it is also very useful
in understanding the polarization properties.

Light propagation in optical fibers is remarkably well described by the nonlinear Schrodinger
Equation (NLSE), in a slightly generalized form with all dispersive orders as

.Ou .0 2
1$+‘B(wo—l&)u+y|u| u=0 1)

where f(w) is the dispersion relation of the fiber, wy is the carrier frequency, the independent
variable z is the fiber length, and the local time is t. As written, f(wo — i0/0t) should be
interpreted as a differential operator, defined by the Taylor expansion of § around wy. The field
amplitude u(z, t) is chosen so that |u1? is the propagated power in Watt units. The nonlinear
coefficient y is around 15 (W km) ' for HNLFs. Losses are neglected as the propagation is only
over a few 100 m of HNLF.

Consider the propagation of three waves, a pump symmetrically surrounded by a signal and
an idler wave, i.e., u = upexp(iwpt) + usexp(iwst) + uexp(iv;t), where 2w, = w; + ws. We assume
CWs, so that u,, ) are the functions of z only. After inserting this into the NLSE, we collect
terms oscillating at the three separate frequencies and neglect the others. The result is the
coupled system

aa% = iy |:18p + V(ZP - |”p’2>} + 1y 2u,usu; @
% — g |, + 7 (2P [us?) ] + iy2eu; ®)
W — il +y (2P — )] + iy @)

P = |u* + |up]2 + |u;|? is the total power.

The pump power is much larger than the signal power, i.e., lu,|> = P, >> luy;1* Then (2) for
the pump can be approximately solved as u,(z)=+/Pyexp[i(B, + yP,)z]. After inserting this into
(3) and (4) and peeling off the phase via the substitution u,; = e, exp(i(x + fs)z), one has a
coupled first-order system with constant coefficients as

de; . ) N

d_zs = ixes + iyPye; ®)
de*
T ket — iyPye, ©)

dz

41



42  Optical Amplifiers - A Few Different Dimensions

Here, we introduced the notation « = yP, + Ap/2, where Af = 2§, — f; — p; is the linear phase
mismatch. In matrix form

K yPy

E(z) =i E=ME @)

& =

-yP, —x

where M is the coefficient matrix and E (z) = . A convenient way is to use the matrix

ef(z
exponential, to write the solution as

E (z) = exp (iMz) E (0) = K(2) E (0) ®)

The transfer matrix K(z) can be explicitly expressed as

K =Icosh (gz) + iMsmhgﬂ
K. .Vpp .
cosh (gz) + 1§5mh (32) 1?smh (32) )
N Y. K
z§5mh (g2) cosh (gz) — 1§5mh (g2)

Here, g = (pr)2 — %2 is the parametric gain coefficient, which is maximum when « vanishes,
and this occurs when the linear mismatch balances the nonlinear phase shift.

The maximum parametric gain (for k = 0) equals G = cosh®(yP,z), and it is the phase-insensitive
gain, since it is the gain the signal wave gets when no idler is present at the input. It grows
exponentially with the nonlinear phase shift yP,z. If the pump lies exactly on the zero-
dispersion frequency, the linear mismatch Ag vanishes, and the transfer matrix reduces to

1+iyPyz iyPyz

K=1I+iMz= (10)

—iyPyz 1—iyPyz

which is linear in the nonlinear phase shift. The corresponding parametric gain is quadratic in
the nonlinear phase shift. However, this scheme has theoretically very large bandwidth that in
practice will be limited by longitudinal zero-dispersion variations [18, 19] and/or higher orders
of dispersion [12].

The properties of the transfer matrix K are important in order to understand and explain the
gain and noise properties of parametric amplifiers. It is often given in a general form as

[TRY

Ve

K= (11)

where p and v are complex coefficients, so that 1% — [v1*=1.

Eq. (11) parameterizes the set of matrices that preserve the invariant. Matrices with this property
form a group, the symplectic group, which means that the product of two symplectic matrices is
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also symplectic. It is interesting to compare and contrast with the unitary group, which preserve
the sum of the powers (rather than the difference) and has a similar (but not equivalent)
parameterization. The symplectic property was discussed for parametric processes in [20].

By inspection of the form of K in (11), we can draw some important conclusions. The phase-
insensitive gain is G = | 1% and the idler conversion efficiency is 7= |v1>=G — 1. The absolute
phases of the i and v coefficients are mostly of less interest, and in many cases, it is enough to
characterize the transfer matrix by the single parameter G.

3. Phase-sensitive parametric amplifier

If both waves (signal and idler) are present at the input, the interaction given by the matrix K
above is phase sensitive, i.e., the two waves e, ;, and ¢;;,, will be coherently superposed, as in
interferometry, so the corresponding output waves will be

€s,out = HEs,out + Vez in (12)
e;aut = V*ez in + lu*es/ in (13)
In reality this is difficult to realize as it requires phase-locking between the pump, signal, and
idler waves. The three waves can be generated by either using a “copier,” as done originally by

Tang et al. [8] or by using phase-locked frequency lines from a single laser source by, e.g.,
external modulation, as used in the work by Bar-Joseph et al. [3].

We see directly from the transfer equations that a two-mode PSA with equal signal and idler
powers will experience a phase dependent gain for the signal as

o |2
Gps — el (14)
|€5|2
For equal input signal and idler powers, this can be written
2
Grsa (@) = |u|" + IvI* +2|u[[v] cos () (15)

where ¢ is the phase angle of pesv*ef, which we can interpret as the phase difference
¢ = s + ¢; — 2¢, between the pump and signal waves entering the amplifier. We can take the
pump phase to be zero, which is of no restriction. Clearly, this gain is maximum (minimum) for
¢ = 0(¢ = n). It is straightforward to show that the maximum and minimum phase-sensitive
gains are reciprocal, i.e., Gax/min = (! £ vl Y= exp(+2yP,z). In a degenerate PSA, where the
idler and the signal are the same, ¢ = 2¢,, and then one quadrature ¢, = 0 of the signal will
exhibit gain and the other ¢; = 71/2 will exhibit anti-gain (or parametric loss). In other words,
one quadrature is parametrically amplified, and the other is attenuated the same amount. This
has also been clearly verified experimentally. The phase modulation applied to the pump, used
to suppress SBS, reduces fidelity in such experiments by limiting the parametric attenuation,
but phase-sensitive gains of up to 30 dB have been observed [21].
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It is also notable that in the high-gain regime y=v= VG, and the G,ax = Gpga(0) = 4| U 1% = 4G,
there is 6dB difference between the phase-sensitive and phase-insensitive gain. This is due to
the coherent superposition of two waves, and it can be generalized to give N>-fold increase for
an N-mode amplifier. For example the 4-mode PSA, the PS gain is 16 times of the PI In the
corresponding experiment, 10.5 dB was measured [22].

The specific eigenmodes that are amplified/attenuated may differ in various systems. For
example, in the 2-mode amplifier, there can be linear combinations so that e; 4 ¢ exhibits gain
and e; — ¢ exhibits loss. By decomposing the transfer matrix into a matrix product whose
elements are defined by its eigenmodes and eigenvalues (i.e., singular value decomposition,
but in this context called Schmidt decomposition and Schmidt modes), one can gain further
insight into multimode phase-sensitive processes [23].

4. Saturation gain of parametric amplifier

When power is transferred from the pump to the signal, the optical-pump power cannot
sustain the exponential growth of the gain, saturation occurs [24]. The relative magnitudes of
the pump and signal/idler powers will affect the flow of power between them due to the
nonlinear phase-matching condition.

The asymptotic power conversion corresponds to a gain that can be expressed as

G(Py) = HPcis/Pt (16)
where Gy is the unsaturated gain given by
Go=1+ gsinhz (fprL) (17)
and Py is the signal input power. The saturation power P, is given by
Py = %Z—Z (18)

This saturation power can be interpreted as the input signal power required for the gain G, to
convert the whole pump to the signal and idler waves. These equations are only valid for the
single wavelength when the pump is totally converted and under the assumption of three
waves only.

In Figure 1, the gain spectrum as a function of A, for different signal input powers are plotted.
Here, A, = (As — Ap)/(Apax — A,) is the signal wavelength normalized so that A,, = 1 corresponds
to the maximum gain wavelength A,,,,, A,, = 1/2 is the asymptotic conversion wavelength, and
A, =0 is the pump wavelength.
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Figure 1. Gain spectrum as a function of An for different signal input powers. Ps0 is normalized to the saturation power at
the gain peak Py uax, Ps/Psar. The peak gain is 40 dB, and Pyo/Psat pax = 0 (unsaturated gain), 0.50, 1, 2, 4, 8, 30, and 120.

The signal input powers are normalized to the saturated gain at the gain-peak wavelength
according to Pso/Psrmar- As the input power increases, the peak gain shifts toward the pump
wavelength, because the nonlinear phase matching is altered as the signal/idler powers increase.
The pump is completely converted at A,, = 0.5. The peak gain is shifted to that wavelength of
higher input power and at other wavelengths, the power is periodically exchanged between the
signal/idler and optical pump with length. This also explains the dramatic change in gain which
is reduced at higher normalized input powers.

5. Noise in amplifiers

This section will discuss the noise properties of parametric amplifiers and in particular PSAs.
We will consider both the semi-classical approach and the quantum mechanical.

5.1. Semi-classical model

The semi-classical model of light-matter interaction means that one has a classical field formu-
lation, but a quantum mechanical model of matter. When modeling noise in optical amplifica-
tion, the amplifier has spontaneously emitted photons that can be treated as additive noise and
that have (at the amplifier input) a power spectral density of half a photon per mode.

From this assumption, a lot of well-known results follow; for example, the shot noise power
spectral density and the familiar result for amplifier noise figures. The NF is defined as the
ratio of input to output SNR (in the electrical domain, after ideal photodetection) of an optical
amplifier. It is also a measure of the amount of spontaneous emission noise an amplifier adds
to a signal.

Phase-insensitive amplifiers (PIA) have a noise figure of NFp;4 = 2-1/G, approaching 3 dB for
high gain. Parametric amplifiers have, in phase-sensitive operation, a noise figure of NFpga =1
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(gain is 0 dB) instead, because the quantum noise is unevenly between the adjoining quadra-
tures (which is known as squeezing). The PSA, however, have a NF of 1/2 (—3 dB) if only the
signal wave is considered and the idler contains a conjugate signal copy. This comes from the
6 dB difference in gain between PIA and PSA as we saw above and ultimately from the
coherent superposition. This means that a PSA and a PIA giving the same gain will have ASE
noise floors that differ by 6 dB, as shown in the measured optical spectrum in Figure 2. More
detailed derivations based on the semi-classical approach can be found in [25].

5.2. Quantum theory

A full noise theory for the PSA must be based on quantum mechanics, and we sketch a
derivation here [26]. In quantum field theory, the two quadratures of a mode are described by
operators 4, , that must obey the commutator relation [a;, a,] = i/2. The commutation between
two operators implies a Heisenberg uncertainty relation between the two modes. A linear
amplifier with gain G, for the respective quadratures is described by

by = /Gim + F1 (19)
by = Gty + F (20)

where the added noise field operators F; , are necessary if the commutation relation should
hold also for the output modes b, ». It is easy to see that the absence of these noise fields would
lead to contradictions, e.g., arbitrarily small uncertainties violating the Heisenberg uncertainty
relation. Thus, every amplifier must have these additive fields. Applying the commutation
relation to the output fields gives a relation on the noise field operators as

10 . : : . :
Copier + loss + Pla )
_ — Copier + loss + PSA Link loss = 36 dB
E
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Figure 2. Optical spectra of a 2-mode parametric amplifier in PS and PI modes. The pump in the PI case is higher to make
the gain equal, which leads to 6 dB higher noise floor for the PIA [25]. The increased noise close to the pumps for the PIA
is likely due to dispersion variations along the HNLF, making these frequencies phase matched and having higher gain in
some portions of the fiber.
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[F1,E) = % (1 _ \/G1G2> @1)

The Robertson uncertainty relation states that if two operators commute with a commutator x,
their uncertainty product is |x|?. The uncertainty for F, , is then

(AFIAFS) = i (1 -V Glcz)2 (22)

The noise figure is then

@R (e ()
Mo =Tz (8} (22)(82)
(ARAR) (A1)

~ GG () (ad)

(23)

1 2
1y (1_ )
VG1Gy

For a PSA, the two quadratures’ gain obey G;G; =1, and this then reduces to NFps4 = 1. For the
PIA, G; = G, = G, and the derivation can be simplified by noting that the gain is the same for
both quadratures, so that

NF —1+<AF2>—1+ 1—l —2—l (24)
pPIA = n = G)~°7 G

This summarizes the well-known properties of the noise figures for amplifiers. More detailed

discussions on the quantum mechanical properties of parametric processes (including, for

example, the noise for the phase conjugation and Bragg scattering processes) can be found in
the works of McKinstrie [10, 11].

It should also be mentioned that other noise sources than the fundamental quantum noise
discussed above contribute to parametric amplifiers, e.g., noise from the Raman effect, pump-
induced noise, and excess ASE noise from the pump boosters which can make it difficult to get
closer than 1 dB within the quantum noise figure limit in experiments.

6. Several kinds of parametric amplifiers

6.1. Basic setup

The most convenient PAs for use at communication wavelengths are based on nonlinear
interferometers (NIs) or operate directly in fiber through partially degenerate FWM, which
are listed in Figures 3 and 4 [27, 28].
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Figure 3. NI-PSA based on a Sagnac interferometer and optical fiber. OC: optical circulator; PC: PM/AM: noise adding
phase and amplitude modulators.
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Figure 4. Setup of parametric amplification. ECL: external cavity laser, PC: polarization controller, WDMC: wavelength
division multiplexing coupler, PM: phase modulator, OA: optical amplifier, OBPF: optical bandpass filter, OSA: optical
spectrum analyzer, HNLF: highly nonlinear fiber, and Mon: optical power monitor.

An example of a Sagnac interferometer is depicted in Figure 3. Phase sensitivity of the gain
arises from the interference of the waves at the input and output combined with nonlinear
phase shifts due to SPM [27].

A 2-pump PA with a gain bandwidth of approximately 25 nm is shown in Figure 4. A method
based on lock-in amplification is used. The two pumps (wavelengths Ac = 1563 nm and
A = 1600 nm) are placed roughly symmetrically around the zero-dispersion wavelength,
Ao = 1582 nm. The length of HNLF is L = 520 m and nonlinearity parameter is y = 16/W/km.
The pump powers are provided by external cavity lasers (ECLs), combined with low-loss
wavelength division multiplexing couplers (WDMCs) and sent into a phase modulator (PM).
Two radio frequencies (RFs) 600 and 1800 MHz are sent to the PM to reduce the SBS. The high
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frequencies of the PM are necessary because the PM produces gain fluctuations, which create
discrete frequency harmonics in the electrical spectrum of the detected signal. The two pumps
are combined after the PM and amplified by two erbium-doped fiber amplifiers (EDFAs). The
pumps are then filtered and boosted by high-power EDFAs, and filtered again by 2 nm optical
bandpass filters (OBPFs). They are finally combined with the signal and launched into the
HNLE. An optical spectrum analyzer (OSA) monitored the input powers of the signal and
pumps. Another OSA monitors the output powers. The signal is filtered by an OBPF before
sent to the SNR analyzer.

6.2. Optical parametric chirped-pulse amplifier system

Optical parametric chirped-pulse amplification (OPCPA) is an efficient way to amplify short
optical pulses to high-power levels while avoiding some of the pitfalls of conventional CPA
systems, specifically, gain narrowing, unwanted nonlinearities, and thermal effects [29].

The system includes the 1.064 um pump laser, the tunable 1.6 um fiber seed laser, the timing
electronics setups, the rubidium titanyl phosphate (RTP) and potassium titanyl arsenate (KTA)
(as the OPA crystals), and the stretcher and compressor. The timing circuitry is used to lock the
phase of the two seed oscillators.

The layout of the system is shown in Figure 5. A 40 MHz fiber laser and amplifier provide the
signal pulse and act as the master clock for the system. The custom-built fiber system is based
on the design given in [30]. The short pulse (<100 fs) is used as a signal source that can tune the
OPCPA across the range from 1500 to 1650 nm. These pulses are stretched to 300 ps in a
stretcher (a 600 line/mm grating); however, due to the bandwidth limitations in the OPA

40-MHz, ~100-fs, | | Offner
Fiber Laser & Amp | |[Stretcher

/POl Divide by

4108 |
80-MHz filter
& amplifier 10-Hz
Phase Trigger
Violtage
PLL & Freq
Controller
L] DM
80-MHz, 300-ps, g-mm, *'f"’ﬂss Amp
Nd:Vanadate Laser Nd:YAG Regen Amp

Figure 5. The system’s optical and electric control layout. Dotted lines are image planes for the relay. RTP and KTA are
the nonlinear crystals. VT, vacuum tubes; L, relay imaging lens; PD, photodiode; DM, dichroic mirror; and BD, beam
dump.
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crystals (only 10-20 nm are amplified). This reduced the bandwidth of the pulse (stretched
only 30-60 ps).

The 40 MHz photodiode signal generated the 80 MHz harmonic, then filtered, and amplified
the input of the phase-locked loop (PLL) to stabilize the 80 MHz pump seed laser. The seed
laser is a 300 ps mode-locked Nd:vanadate laser that uses a semiconductor saturable absorber
and mirror mode locker. The cavity length is controlled by a motor to maintain the repetition
rate and to rapidly compensate the mechanical instabilities. The laser and locker reduce the
relative timing jitter between the two lasers (<2 ps rms over the 1-100 kHz frequency range),
and the piezo inducing jitter (<1 ps rms for frequencies less than 1 kHz). By employing this
timing stabilization technique, the OPCPA has the ability to accept any signal that its repeti-
tion rate is some integer fraction of the 80 MHz pump laser. Once the two lasers are frequency
locked, the relative phase shift between the pump and the signal pulses is set to within 1 ns
by inserting the proper electrical equipment between the 80 MHz clock signal and the PLL. The
phase voltage can adjust the relative phase of the pulses at a rate of 60 ps/V. As shown in
Figure 8, a separate output from the photodiode is transferred to 10 Hz by the standard digital
electronics and then acts as the trigger for both the flash lamps and the Pockels cells in the Nd:
YAG amplifier chain.

The first stage of this chain is a regeneration amplifier (the 10 n] seed pulse to 40 m]). The
output is then collimated and amplified to 375 m] in Nd:YAG and two-pass power amplifiers.

A software is designed to model nonlinear optical interactions. The 1.6 um broadband light is
amplified by a 1.064 um monochromatic pump in a collinear configuration. Both crystals,
RTP and KTA, have broad phase-matched bandwidths in the 1.5-1.6 um region when used in
a collinear geometry, and each has a d.; between 2 and 2.5 pm/V for the optical parametric
amplification process. The system uses four 5 x 5 x 6 mm RTP crystals as the preamplifiers
since its bandwidth and gain are superior to KTA; however, RTP absorbs 25% of the idler
energy and its aperture cannot be manufactured large enough to act as a power amplifier.
For these reasons, four 8 x 8 x 8 KTA crystals are used as the power amplifiers. The spatial
walk-off between the signal and the pump beams is compensated. The four-crystal arrange-
ment provides uniform gain across the signal beam.

6.3. Tunable single-longitudinal mode fiber optical parametric oscillator (SLM FOPO)

A sub-ring cavity with a short length is used to suppress the longitudinal modes and broaden
the longitudinal mode spacing [31]. A fiber loop mirror, consisted of an unpumped erbium-
doped fiber, acts as an auto-tracking filter to ensure the single frequency operation. The
measurement shows that the FOPO has the SLM output. It can be tunable over 14 nm for each
of the signal and idler, which is limited only by the gain bandwidth of parametric amplifier.

In Figure 6, the pump is seeded by an external cavity tunable laser source (TLS) at the
wavelength 1556 nm. To suppress the stimulated SBS, the light from the TLS is modulated
with a 10 Gb/s pseudorandom bit sequence signal via a phase modulator (PM). A polarization
controller PC1 aligns the polarization state of pump with the axis of the PM. The SBS can be
suppressed up to 28 dB. Then the pump is amplified by a two stage EDFA, in which the first
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Figure 6. Schematic diagram of the tunable SLM FOPO.

stage (EDFA1) provides small signal gain to prevent self-saturation. The 0.35 nm tunable
bandpass filter (TBPF1) is used to reduce the ASE noise. After passing through an isolator
(ISO1), the pump is further amplified by the second stage (EDFA2), with a maximum output
power of 33 dBm. Then the pump is coupled into a 400 m highly nonlinear dispersion-shifted
fiber (HNL-DSF) with the zero-dispersion wavelength at 1554 nm via the P-port (transmission
band: 1554.89-1563.89 nm) of a WDM coupler (WDMC1). The high-power pump is then
rejected through the P-port of another WDMC2, while the amplified signal and idler propagate
first through the R-port (reflection bands: 1500-1551 and 1567-1620 nm) of WDMC2 and
subsequently are split into two paths by a C/L band WDMC3. Only the signal is coupled into
the cavity and can oscillate, while the idler is coupled out through the L-port of WDMCS3. The
signal from the C-port of WDMCS3 is filtered by 0.35 nm TBPF2, which determines the lasing
wavelength and the possible oscillation modes. The cavity with length about 4.1 m is then
inserted after TBPF2. It consists of a PC and a 50/50 coupler. Subsequently, a fiber loop mirror
is linked via an optical circulator. The loop mirror consists of a 50/50 coupler, two PCs (PC3
and PC4), and a 3.5 m unpumped EDF that serves as the saturable absorber. The two in-line
PCs (PC3 and PC4) are used to control the polarization state of the light. A 10/90 optical
coupler is used to couple out 10% of the signal light. PC5 is used to align the polarization of
the signal with the pump so as to maximize the signal gain.

The resonant frequencies of the ring cavities are obtained by making the total phase shift along
the ring path equals an integral multiple of 27. The longitudinal mode spacing is Av = ¢/nL, in
which c¢ is the light speed in vacuum, 7 is the refractive index of the ring, and L is the cavity
length. So the longitudinal mode spacing is the inverse ratio of the cavity length. To suppress
the longitudinal modes and increase the longitudinal mode spacing, a coupled sub-ring cavity
with a short cavity length is deployed as a mode filter. The longitudinal mode spacing can be
increased from kilo-Hz level to mega-Hz level by this method. The second mechanism is a
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fiber loop mirror with an unpumped EDF. In the fiber loop mirror, two counter-propagating
waves form a standing wave and induce spatial hole burning (SHB) in the unpumped EDF.
The refraction index of the EDF changes spatially and results in an ultra-narrow bandwidth
self-induced fiber Bragg grating (FBG). After the fiber loop mirror, only SLM can be transmit-
ted and oscillated.

7. The copier-phase-sensitive amplifier

A powerful way to realize a PSA transmission link is to generate the idler wave in a parametric
amplifier as a “copier” [32, 33] as shown in Figure 7. Then the pump, signal and idler waves
will be automatically phase locked. This means that an arbitrary modulated signal can be
phase-sensitively amplified along the link if all three waves are transmitted, and also, that
several signal wavelengths can be used with their corresponding idlers and pump. Three
channels with QPSK modulation are amplified by a 20 dB PSA using this scheme.

7.1. Sensitivity improvement

In order to obtain the 6 dB of SNR improvement for the copier-PSA scheme, it is important that
the noise at the signal and idler wavelengths are uncorrelated [33], which is accomplished by
the attenuation after the copier. The end result is, however, that the copier-PSA link gets a
4-fold increase of the transmission distance, at the expense of using twice the bandwidth, as
the same data occupies both the signal and the idler wavelengths [34].

7.2. Nonlinear compensation

The copier-PSA scheme has one additional, somewhat unexpected, benefit over schemes that
does not co-transmit a conjugated idler wave. That is, its ability to compensate nonlinear
distortions from, e.g., self-phase modulation or nonlinear phase noise. The principle is similar
to the so-called phase-conjugated twin waves [35], where the idea is to transmit the data and
the conjugate data on two parallel channels.

When the two channels are superposed in digital signal processing, the nonlinear distortions
will cancel out (to first order). In the copier-PSA scheme, the exact same superposition takes

~ copier f _
idler generator signals

I

ﬁlers

DWDM
transmitters
raceivers

Figure 7. Transmission system based on the copier-PSA scheme. A copier (a PI parametric amplifier) directly after the
transmitter generates idler waves that are conjugated versions of the signals. The idlers are only used as internal modes
and dropped before detection.
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Figure 8. Linear (upper row) and nonlinear (lower row) transmission of 16-QAM data through a link and after amplifi-
cation with PIA or PSA.

place in the PSA and significant nonlinear suppression can be seen. An example of a measured
16-quardrature amplitude modulation (QAM) constellation is shown in Figure 8.

7.3. Experimental system

The experimental setup is shown in Figure 10 [36]. A continuous wave laser (200 kHz
linewidth) at 1549.5 nm is modulated by 10 GBd 16QAM data in an IQ-modulator and then
combined with a 28 dBm CW pump at 1553.7 nm in a WDM coupler.

The waves are launched into the copier (HNLF) and the net conversion efficiency is about —5 dB.
An idler wave is generated at 1557.5 nm. The pump wave is then attenuated for 4 dBm power in
the variable optical attenuator (VOA), VOAI, and passes through an optical delay line for
equalization of the optical path between the copier and the PSA. The signal and idler waves pass
through an optical processor for delay and amplitude tuning. The waves are tuned so that they
have the same timing and amplitude at the PSA input. The optical processor is also used for
switching between phase-insensitive (PI) and PS operation by either blocking or letting through
the idler wave.

After re-combining the three waves, they are launched into a DCF for pre-compensation
(dispersion is equivalent to 23.6 km of SSMF). The powers launched into the DCF are below
0 dBm for both the signal and the idler while the pump power is about 5 dBm.

The signal and idler waves are then amplified by EDFA2 and attenuated by VOA2. The signal
launch power is measured at point P;, in Figure 9. The link consists of 105 km SSMF and a fiber
Bragg-grating dispersion-compensating module (FBG-DCM) for the dispersion compensation.
The total link loss is 30 dB, and the dispersion map is chosen for the optimum of efficient
nonlinearity mitigation found for 10 GBd QPSK data.
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Figure 9. Experimental setup for simultaneous sensitivity improvement and nonlinearity mitigation in a 1 GBd 16QAM
link. VOA: variable optical attenuator, FBG-DCM: fiber Bragg-grating dispersion-compensating module, PSA: phase-
sensitive amplifier, PIA: phase-insensitive amplifier, LO: local oscillator, and DSP: digital signal processing.

pIAS.
e
- If-' % '\-\.\_‘_‘
/ ,-'|I I"- \
f’/ I"I | S 1\‘\

[ ccohatlpafe sl

| E— [ i I--"-..II||
i ‘I -
i

\ sy
\'\.
™,

\\H

L]

"._

\ ,
AL~
=

Figure 10. Polarization states on Poincaré sphere for vector PSA interaction. S;; denote signal and idler Stokes vectors,
and P; and P, are the pump Stokes vectors. S; and S; are mirrored in the plane (gray) normal to the pumps.

After the link, the pump wave is recovered by a hybrid EDFA/injection-locking system, before
launched into the PIA/PSA. The pump recovery includes a PLL to stabilize the relative phase
between the pump and the signal and idler. This is against thermal drift and acoustic noise
introduced by splitting the pump and the signal and idler in different paths. The received
signal power is varied using VOA3 and measured at point P,... Only the signal power is
accounted when measuring launch power at P;, and received power at P,... The PIA/PSA
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FOPA is implemented with a cascade of four HNLFs and provides 19 dB net gain in PS-mode
and 13.5 dB net gain in PI mode.

The amplified signal is then filtered and passed to a preamplified coherent receiver, where it is
mixed with a 300 kHz linewidth local oscillator laser at 1549.5 nm.

The same DD-LMS-based DSP is used to process the output from the numerical simulations
with 16QAM. However, in this case, FFT-based frequency offset estimation in the DD-LMS
loop is also adopted.

7.4. Polarization properties

In most applications of the copier-PSA the pump, signal and idler polarizations are aligned,
and a scalar theory used. In a vector PSA, however, the polarization properties are important.
The most common scheme for vector PSAs is the non-degenerate pump scheme, where the two
pump waves are orthogonally polarized. An obvious question then is: what will the idler state
of polarization (SOP) be, if the pumps and signal SOPs are given? The answer can be under-
stood from the classical scatter-from-gratings picture.

Then the idler is given by two processes: pump 1 interferes with the signal and scatters pump 2
and vice versa. In terms of Jones vectors, the idler SOP will be given by

i = (190 )12 + (102 ) 25)

where J,1,2,5,1 are the four Jones vectors and H denotes conjugate transpose. In matrix form,
one can write J; = A*J,, where the matrix is given by

A= ];1];72 "‘]Lz]m (26)

The transfer matrix for vector PSA interaction then generalizes to

o\ _(n vA)(L) ”
<]?)out (V*A* [J* ]j in ( )

The geometrical interpretation of this scattering is shown on the Poincaré sphere (in Stokes
space) in Figure 10. The orthogonally polarized pumps (antiparallel in Stokes space) are
normal to a surface in which the signal and idler SOPs are mirrored. This generalizes a theory
of Marhic [37], who considered the special case, J,1 = (1, 0)t and J,» = (0, 1)t. Note that the signal
and idler are orthogonal to each other only when they are copolarized with the pumps, but not
in the general case, which is a common misconception.

To conclude this subsection: for given orthogonal pumps and signal SOPs, the generated idler
SOP will be the signal mirrored in plane normal to the pumps. This set of SOPs is generated in
the copier. Then, for phase-sensitive interaction (coherent superposition) to take place, the
signal, idler, and pump SOPs in to the PSA must be aligned as shown in Figure 10. Only the
relative orientation matter, so any polarization mode dispersion (PMD) that changes the
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relative SOPs of the four waves will reduce the phase-sensitive interaction, and must be
compensated.

7.5. Transmission experiments

In practical implementations, the copier-PSA scheme is challenging as it requires full phase
synchronization at each amplifier in the link, which require per-span dispersion compensation
and phase tracking. Also, the polarization states need to be aligned. The pump needs to be
transmitted together with the signal and idler, but must be selectively attenuated before sent in
to the fiber. Then at the PSA, it must be recovered, amplified, and used as an intense pump in
the PSA. This pump recovery scheme can be solved by injection locking. The first transmission
experiment using a copier-PSA to implement these ideas was reported by Corcoran et al., who
demonstrated transmission over a single 80 km span link [38].

In the same timeframe, Umeki et al. also reported transmission experiment using PSAs, but
then using a periodically poled Lithium-Niobate PSA [39, 40]. That work is very different and
not based on the copier-PSA idea. Rather the PSA is y®-based, which illustrates that this
scheme can (in contrast with the copier-PSA scheme) only amplify a single quadrature. On
the other hand, it does not require the bandwidth of the copropagating idler wave. This work
was also extended to cover polarization division multiplexed transmission [41].

The copier-PSA scheme was extended to a full circulating loop experiment by Olsson [42]
demonstrating transmission over 3400 km. It should be noted that the first recirculating loop
experiment, based on high-gain PSAs and the copier-PSA configuration, increased transmis-
sion distance of around four times compared to a PIA-based link. The possibility of tolerating a
nonlinear phase shift at a BER of 10 is 5.8 radians, making it to be one of the most nonlinear
transmission experiments ever performed, while also demonstrating the potential of the PSA-
based links.

The PSA also demonstrates the highest sensitivity reported in [43] for 10 Gb/s OOK data,
reaching a sensitivity of —41.7 dBm for a BER =10"".

8. Applications of parametric amplifier

8.1. Phase-sensitive amplification for phase and amplitude regeneration of differential
phase-shift keyed signals

PSAs offer numerous advantages in optical communications. It offers stronger phase-matched
gain and suppression of amplitude-to-phase noise conversion. Squeezing of optical phase
through PSA can remove accumulated phase jitter. Different implementations of PSA were used
for phase regeneration of both return-to-zero differential phase-shift keying and nonreturn-to-
zero differential phase-shift keying data.

Ideally, a PSA can be configured to squeeze either the phase or the amplitude of a signal. For
PSK systems, the former is chosen, and amplitude regeneration follows from the different
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physical phenomenon of gain saturation. The orientation of the squeezing axis in phase
regeneration should satisfy the synchronization of the pump and signal carrier phases, as
shown in Figure 11(a). A practical PSA operates as follows: the incident (noisy) signal is
divided for processing and for the generation of pumps; owing to the carrier-suppressed
nature of PSK formats, it is impossible to directly inject and lock a local laser to the signal
frequency or to use straight forward phase-locked loops; and an optical carrier is derived from
the signal through alternate means such as a decision-directed phase-locked loop.

An alternative method is to perform all optical carrier-phase and polarization recovery
(CPPR). The process was recently demonstrated by using a PSA in an oscillator configuration.
The resulting carrier can be used for injection locking (IL), as a local oscillator at the signal
frequency. Owing to the PSA implementation, the resulting wave is amplified (by an NI-PSA)
or modulated to produce sidebands (in a PSA based on FWM). The clock-recovery (CR)
process can be implemented parallelly with CPPR. Phase stabilization is required when the
signal and pump(s) are injected into the PSA. By properly orienting the axes, the maximum
amplification is obtained.

A Sagnac PSA is configured in Figure 12. Ten gigabits per second RZ-DPSK data with 33%
duty cycle and pattern length of at least 2''~1 is generated and divided into pump and signal

NLOG -’—v

At

CPPR

(a)

Inpui Signal Re-Amplified Re-Timed

Figure 11. Regeneration of a DPSK signal. (a) Schematic of practical PSA. (b) Aspects of all-optical regeneration for DPSK.
NLOG: nonlinear optical gate.
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Figure 12. RZ-DPSK regeneration. FS: fiber stretcher; DL: delay line; OC: optical circulator; PC: polarization controller;
DI: delay interferometer; SC: sampling oscilloscope; Synth: synthesizer; BERT: bit-error-ratio tester; PM/AM: noise adding
phase and amplitude modulators.

paths. The use of a binary-phase-modulated pump can eliminate excess noise due to SBS.
Different path lengths of the pump and signal ensure decorrelation of the PRBS data. The PN
is quantified according to the maximum phase error, where MPE = max(p,_1 — @) is the
maximum deviation of all detected differential phases from their original encoded values. An
optical attenuator is used to adjust the pump to signal power ratio from 10 to 20 dB at the
input. A free-space delay line in the pump path allows temporal alignment of the pump and
signal pulses at the PSA input as well as a method for manually controlling the input phase
difference. The input phase difference is stabilized by monitoring the signal gain and driving a
fiber stretcher. The PSA comprises a 3 dB coupler and 6058 m HCF (not polarization
maintaining) with a total insertion loss of 5 dB and effective nonlinear coefficient of 9.75/W/km.
An intra-loop polarization controller is required to maximize the reflection of the pump and the
transmission of the regenerated signal extracted by the optical circulator.

Several factors affect the ability of the PSA to simultaneously reduce phase and amplitude
fluctuations. Performance is optimized when the average nonlinear phase shift NLPS = 77/2 and
the pump power is maximized, allowing the signal launch power to be minimized. In experi-
ments, lower limits are placed on the launched signal power. Imperfections of the coupler in
the PSA lead to leakage of pump. After PSA, the signal power significantly exceeds the leakage
of the pump. Pump leakage increases when the intra-loop polarization controller is not
adjusted properly. Due to thermal effect in the fiber, frequent adjustment of the controller is
required, especially when the pumping power is changed. This problem is exacerbated when
the fiber length is >6 km. And in this case, it is not polarization maintaining. Restrictions by
these factors are easily removed through proper choice of components. Further restrictions
resulting from pump wave imperfections is quantified in following results. To obtain the
condition of NLPS = 7/2, the phase-sensitive gain (PSG) at the signal port is monitored.

In Figure 13, light from a single tunable laser is divided into two paths for generations of
pumps and a degraded signal. The signal is modulated with 10 Gb/s NRZ-DPSK data and the
pattern length at least 2'°~1 using a phase modulator. For regeneration experiments, nonlinear
phase noise and amplitude fluctuations are simulated in previous experiments. Pump waves
symmetrically around the signal frequency are generated with a carrier-suppressed return-to-



Parametric Amplifiers in Optical Communication Systems: From Fundamentals to Applications
http://dx.doi.org/10.5772/intechopen.73696

40 G

pc |} 0A FBG FS
ITL HF’MCI-%-'AM '—D—ﬁ—-]—l"—{ FSDL B Bi-HMLF L
Signal = _I pr I-%{ ATPM I_D_I — I;?;%- 1' | | @F: oc
FRES PN, AN _

Figure 13. Experiment for NRZ-DPSK phase regeneration. TL: tunable laser; PMC: polarization maintaining coupler; OA:
EDFA; FSDL: free-space delay line; FS: fiber stretcher; BPF: bandpass filter; Bi-HNLF: bismuth-oxide highly nonlinear
fiber; and FBG: fiber Bragg grating.

zero (CSRZ) modulation. Experiments are performed with driving frequencies 20 and 40 GHz.
The sideband separation is twice the driving frequency of the modulator, while power at the
carrier frequency is typically 23 dB below that of either sideband. A FBG is used to further
suppress light at the carrier frequency in the pump path to —38 dB and to minimize interfer-
ence in the DPSK signal when the waves are mixed.

Both the pumps and signal are amplified by a high-power EDFA and launched into a bismuth-
oxide-based optical fiber. Due to the short length, the total launch power is 31 dBm without the
pump phase modulation to suppress SBS. This leads to the improvement of the performance
since pump wave imperfections are minimized. The output signal is filtered and divided for
feedback control and detection. Phase stabilization is achieved. The polarizations of input
waves are aligned by scanning the signal phase (using a delay line) and simultaneously
adjusting the polarization controller which also maximizes phase-sensitive gain. Careful
adjustment allows polarization alignment but not gain an arbitrary polarization state: to
obtain maximize performance, parallel linear polarizations should be adopted.

8.2. Parametric amplifier for squeezed state generation

A considerable degree of two mode broadband squeezing by combining two coherent strongly
pumped single-pass type-I OPAs, which generate squeezed vacua in two orthogonal polariza-
tion modes is shown in Figure 14 [44]. This creates a squeezed vacuum with the variance of
some Stokes suppressed below the shot-noise level, which is determined by the mean number
of photons. The latter, coinciding with the zeroth Stokes parameter S, gives the variance of
any Stokes of a coherent beam with the same mean photon number and with any polarization.
This special two-mode squeezing is often termed polarization squeezing, and the state is called
polarization-squeezed vacuum. This definition of polarization squeezing differs from the
commonly used one [45], where the modulus of some Stokes observable mean value is
Var(S;) < |<S]>} < Var(S), i,j,k=1,2,3. This polarization squeezing is similar to quadrature
squeezing rather than two mode squeezing. However, both are essentially non-classical.

In Figure 14, two 1 mm BBO crystals with the optical axes oriented in the vertical and horizontal
planes are placed to induce the beam of a Nd:YAG laser third harmonic (wavelength A, =355 nm).
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Figure 14. Experimental setup. UVE, UV filter; QP, quartz plates; PBS, polarizing beam splitter; and D1 and D2, detectors.

The fundamental and second-harmonic radiation of the laser is eliminated using a prism and a
UV filter. The pump pulse width is 17 ps, the repetition rate is 1 kHz, and the mean power is up
to 120 mW. The pump is focused into the crystals by either a lens with focal length 100 cm, which
results in a beam waist of 70 pm, or with a telescope, providing a softer focusing (beam waist
about 500 pm). Using a half wave plate (HWP), the pump polarization is aligned to be at 45° to
the planes of the crystals” optical axes. The crystals are aligned for type-I collinear frequency-
degenerate phase matching. After the crystals, the pump radiation is cut off by two dichroic
mirrors with high reflection for the pump and 98.5% transmission for down-converted radiation.

The detection part includes a polarizing beam splitter, a HWP or a quarter wave plate (QWP),
and two detectors and provides a standard Stokes measurement. With a HWP oriented at
22.5°, the difference of the detectors’ signals corresponded to the second Stokes is S,, while
with a QWP oriented at 45°, the same measurement is S;. All surfaces of the optical elements
had a standard broadband antireflection coating. The angular spectrum of the detected light is
restricted by an aperture to be 0.8°, and the wavelength range is only restricted by the phase
matching and is 130 nm broad with the central wavelength 709 nm. The detectors are Hama-
matsu S3883 p-i-n diodes and the pulsed charge-sensitive amplifiers are Amptek A250 and
A275 chips, with peaking time 2.77 us. They have a quantum efficiency of 90% and an
electronic noise of 180 electrons/pulse rms. At the outputs, they produced pulses with the
duration 8 ps and the amplitude proportional to the integral number of photons per light
pulse. The phase between the states generated in the two crystals can be adjusted by tilting two
quartz plates (I; = 532 pm and [; = 523 um), which are placed in the pump beam path and
having the optical axes oriented vertically.

The output of the detectors is measured by means of an analog-digital card integrating the
electronic pulses over time. The resulting integrals (up to the amplification factor A) coincide
with the photon numbers incidented on the detectors during a light pulse. The amplification
factors for detectors 1 and 2 are independently calibrated to be A; = 9.96 x 10> nV s/photon
and A, =9.96 x 107> nV s/photon. The difference between the amplification factors is elimi-
nated numerically by multiplying the result of the measurement of detector 2 by a factor of
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0.9-0.92, depending on the alignment. As a result, the output signals of the detectors are
balanced to an accuracy of 0.1%. From the data set obtained from 30,000 pulses, the mean
photon numbers per pulse are measured as well as the variances of the photon number
difference and photon-number sum for the two detectors. Since the electronic noise is compa-
rable to the shot-noise level, it has to be subtracted. The shot-noise is measured independently
by using a shot-noise limited source and corresponds to a standard deviation of about 250
photons per pulse. The degree of two-mode squeezing is characterized by the noise reduction
factor (NRF), the ratio of the photon-number difference variance to the mean photon-number
sum.

9. Conclusion

By introducing the basic transmission theory of pump and signal lights in fibers, the principle
of PA is interrupted which includes the properties of phase sensitivity, gain saturation, and
noise. The systems for the parametric amplification, the Sagnac interferometer and directly
generation in HNLF, are presented. Its applications for phase and amplitude regeneration of
differential phase-shift keyed signals and for the generation of squeezed state are also intro-
duced.

As the transmission system has to accommodate all types of modulation formats, the field of
PA investigation attracts much attention again and it is worth paying more attention in the
future.
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Abstract

The chapter demonstrates a detailed study of Raman fiber laser (RFL)-based amplifica-
tion techniques and their applications in long-haul/unrepeatered coherent transmission
systems. RFL-based amplification techniques are investigated from signal/noise power
distributions, relative intensity noise (RIN), and fiber laser mode structures. RFL-based
amplification techniques can be divided into two categories according to the fiber laser
generation mechanism: cavity Raman fiber laser with two fiber Bragg gratings (FBGs)
and random distributed feedback (DFB) Raman fiber laser using one FBG. In addition, in
cavity fiber laser-based amplification, reducing the reflectivity near the input helps miti-
gate the signal RIN, thanks to the reduced efficiency of the Stokes shift from the second-
order pump. To evaluate the transmission performance, different RFL-based amplifiers
were optimized in long-haul coherent transmission systems. Cavity fiber laser-based
amplifier introduces >4.15 dB Q factor penalty, because the signal RIN is transferred from
the second-order pump. However, random DFB fiber laser-based amplifier prevents the
RIN transfer and therefore enables bidirectional second-order pumping, which gives
the longest transmission distance up to 7915 km. In addition, using random DFB laser-
based amplification achieves the distance of >350 km single mode fiber in unrepeatered
DP-QPSK transmission.

Keywords: Raman amplification, Raman fiber laser, coherent transmission, random
fiber laser, cavity fiber laser

1. Introduction

In this chapter, we focus on the novel Raman fiber laser (RFL)-based amplification techniques
enabled by second-order pumping and fiber Bragg gratings (FBGs) at first-order pumping

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen 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. [{(cc) ExgIEN
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wavelengths [1], which is different from the conventional first-order or dual-order pumping
schemes [2—4]. In first-order distributed Raman amplification, the signal is amplified by mul-
tiple first-order depolarized laser diodes to achieve flat gain profile. However, the signal gain
can only occur near the fiber output, resulting in larger signal power profile and higher ampli-
fier noise figure, which becomes the limiting factor of its performance in long-haul or unre-
peatered transmission systems [2, 4]. In conventional dual-order Raman amplification, more
uniform signal power distribution can be achieved, thanks to the Raman gain that occurs in
the middle of the fiber. However, both first-order and second-order pump sources are also
required. Particularly, to minimize the amplifier noise figure, the first-order pump power
should be very small to enable higher second-order pump power, which requires multiple
current and temperature controllers for the pump lasers [5]. Thus, the Raman fiber laser—
based amplification reduces the high cost of dual-order pumping and improves the amplifier
performance in comparison with first-order pumping, as it uses only second-order pumping
with passive FBGs [1, 5].

In general, second-order RFL-based amplification is a distributed Raman amplification
scheme, requiring depolarized second-order pumps (~1360 nm assuming the amplified signal
is in C band, thanks to the two Stokes shift) and passive FBGs to generate first-order ultra-
long Raman fiber laser when the transmission fiber is used as the gain medium. The induced
Raman fiber laser together with the residual second-order pump is to amplify the signal in
C and/or L band [6, 7]. However, due to different generation mechanisms of induced Raman
fiber laser, there are two fiber laser regimes [8]. The first scheme is cavity fiber laser, in other
words, Fabry-Perot cavity, where the transmission fiber between two end reflectors forms an
ultra-long fiber laser cavity [9, 10]. This can be done with two high reflectivity FBGs or alter-
natively an FBG with weak Fresnel reflection [11, 12]. Random distributed feedback (DFB)
Raman fiber laser is the other laser regime [13]. This is generated because the lasing threshold
is overcome in the cavity formed by a distributed feedback (fiber Rayleigh scattering) and
high reflective FBG [5, 14, 15].

RFL-based amplification schemes have different impacts on the coherent transmission sys-
tems, depending on the pumping schemes. Cavity fiber laser-based amplification can intro-
duce a significant Q factor penalty, limiting the maximum reach to only 1500 km [2, 3, 8, 16],
which means that that using forward (FW)-propagated pumping introduced a Q factor pen-
alty, regardless of the reduction in the amplifier noise figure. However, random fiber laser—
based amplification mitigates the signal relative intensity noise (RIN), reveals the benefit of
the lower noise figure brought by FW-pumping, and effectively extends the maximum reach
of the long-haul transmission system [5]. Such random fiber laser-based amplification tech-
nique can be applied in unrepeatered transmission systems and achieve a record transmission
distance of over 350 km standard single mode fiber (SSMF) using 22 x 100 Gbits DP-QPSK
WDM transmitter [17].

RFL-based amplification techniques are characterized from different perspectives, including
signal/noise power distributions, relative intensity noise (RIN), and the mode structures of
fiber laser. These results help give a better understanding of RFL-based amplification and also
support the long-haul and unrepeatered coherent transmission performances demonstrated
in this chapter.
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2. Raman fiber laser-based amplification

2.1. Cavity Raman fiber laser amplification
2.1.1. Experimental setup

Figure 1 shows the schematic diagram of cavity fiber laser-based amplification using two
FBGs. Two high reflectivity (>~95%) FBGs at 1455 nm with 3 dB bandwidths of ~0.5 nm were
used at both ends of an 83 km SSMF. When the pump power of depolarized continuous wave
second-order pumps at 1366 nm was high enough to overcome the lasing threshold, an ultra-
long Fabry-Perot cavity (83 km was the cavity length) fiber laser was generated at 1455 nm
[1, 5, 14, 15]. Therefore, the generated first-order fiber laser at 1455 nm and the second-order
pump at 1366 nm amplified the signals in the C band [7].

The FW pump and BW pump powers used in the experiment were demonstrated in (Figure 2)
and only used to compensate the ~16.5 dB loss from the 83.32 km fiber. The FW pump power
ratio means the percentage of the FW pump power out of total pump power.

2.1.2. Signal and noise power distributions along the fiber

Signal power distributions along the transmission fiber with different pump powers were
measured at 1545.32 nm using a modified optical time-domain reflectometer (OTDR) setup
[6]. The OTDR instrument was used to monitor the signal power traces along the fiber. The
built-in pulsed Fabry-Perot semiconductor laser at 1550 nm was transferred into the RF pulses
which modulated an externally tunable laser through an acoustic optical modulator (AOM).
The pulsed tunable laser was then transmitted into the fiber under test (Raman amplified),
and the reflections were fed into the OTDR instrument. In this way, the signal power profile
along the Raman-amplified fiber span was acquired.

Figure 3 shows both the experimental (solid) and simulated (dotted) signal power profiles [8,
18, 19]. The simulations use a set of equations to describe the power evolution [1]. The signal
power profiles were the mutual effect of second-order pump power profiles at 1366 nm and
first-order Raman fiber laser power profiles at 1455 nm [8]. For different pump-power combi-
nations, signal power variation (SPV) was calculated as the difference between the maximum
and minimum power value along the span, which was used as a metric to compare different
pumping schemes. The lowest SPV of ~1.6 dB (+/-0.8 dB) over 83 km SSMF was done by

83km SSMF

WDM Signal

FBG FBG
at 1455nm at 1455nm

1366nm 1366nm
FW-pump A pair of FEGs at each end BW-pump

Figure 1. Cavity fiber laser-based amplification with two FBGs.
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Figure 2. The pump power used in the cavity fiber laser-based amplification.
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Figure 3. Measured (solid) and simulated (dotted) signal power distributions.

bidirectional pumping with the similar pump powers from both directions. The SPV was
increased to ~5.6 dB using BW-pumping only. This means that the second-order FW-pumping
reduced the power variation and increased the average signal power relatively, so the noise
figure of a distributed Raman amplifier was reduced [4]. Figure 4 shows the simulated noise
power profiles. Compared with BW-pumping only, the noise power was decreased up to
~4 dB using bidirectional pumping. Considering the ASE noise only, the more the FW pump
power, the less the ASE noise (the lower the amplifier noise figure). However, when the dis-
tributed Raman amplification is evaluated in the long-haul transmission system, the optimum
signal launch power depends on the best trade-off between the ASE noise and the nonlinear-
ity (if the RIN-induced penalty from the forward propagated pump is not taken into account).
This means that the flat signal power profiles (the smallest power variation) are the key to
achieve the best transmission performance using high-order symmetric bidirectional pump-
ing instead of FW-pumping only [5].

2.1.3. Relative intensity noise

Relative intensity noise (RIN) is essentially the intensity variations from the pump source [16].
As the process of the Raman gain is extremely fast, the noise from the pump can affect the
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Figure 4. Simulated noise power distributions.

signal. When the pump and the signal travel in the same directions (usually called FW-pumping
or co-pumping), the pump noise is more likely to transfer to the signal [3, 16, 20]. When the
pump and the signal travel in the reverse, as the pump noise is attenuated and averaged by
the transmission fiber [3, 21], BW-pumping is more tolerant to the RIN. FW-pumping can
improve the noise figure but increase the signal RIN at the same time. For long-haul transmis-
sion, as the RIN is accumulated over the number of spans, the RIN penalty would be very
severe. The schematic design of the RIN measurement is illustrated in [8]. The setup for the
RIN measurement was based on an ultra-low-noise receiver and an electrical spectrum ana-
lyzer (ESA) ranging from 1 up to 160 MHz. The measured RIN of the second-order pump at
1366 nm is ~-120 dB/Hz, which is likely to be the lowest on the market for fiber laser-based
pumps. The RIN of the output signal at 1545.32 nm was measured after one span from a CW
low RIN (~-145 dB/Hz RIN) tunable laser source, and the FW-propagated Fabry-Perot fiber

laser through a 5% splitter was measured.

Figure 5 shows the measured signal RIN in cavity fiber laser-based amplifier using differ-
ent pump power combinations. When the FW pump power ratio was increased to 46.4%,
the signal RIN was 18 dB higher, compared with BW-pumping only. The RIN increase was
9 dB using a 27.6% FW-pumping ratio. Figure 6 shows the RIN for the first-order-induced
fiber laser. The fiber laser RIN was similar for all the pump powers used, except that the fiber
laser RIN with BW-pumping only was lower within the range of below 40 MHz. Overall,
there were significant differences in RIN between the BW-pumping scheme and all the other

schemes using FW-pumping.

2.1.4. Fiber laser mode structures

Figure 7 shows the measured intra-cavity electrical spectra of the FW-propagated fiber laser
at 1455 nm for different FW pump powers. Note that the traces in Figure 7 are deliberately
offset to aid the comparison. It indicates that there were two different fiber lasing regimes.
Using FW-pumping, a ~1.2 kHz mode spacing was acquired which corresponded to an 83 km
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Figure 5. RIN of the output signal using different pump powers in cavity fiber laser-based amplification technique.
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Figure 6. RIN of the induced fiber laser using different pump powers in cavity fiber laser-based amplification technique.

Fabry-Perot cavity. This mode spacing did not depend on the FW pump power used, because
it was determined by the cavity length and the refractive index [10], as demonstrated in
Eq. (1). Av is the mode spacing, c is the speed of the light, 1 is the fiber refractive index, and L
is the length of the cavity.

_c
Av = onL (1)
No mode structure (“modeless” fiber laser) can be seen in BW-pumping only. This was
because although a high reflectivity FBG was placed on one side of the cavity, distributed
fiber Rayleigh scattering formed on the other side of the cavity, which generated a half-open
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Figure 7. Mode structures of the induced fiber laser using different pump powers in cavity fiber laser-based amplification
technique.

fiber laser cavity [15, 22]. Thus, the cavity length of this fiber laser was not fixed due to the
randomly distributed Rayleigh backscattering from the fiber [22]. Overall, these results show
that with closed cavity with two FBGs, a random DFB fiber laser can be still achieved, which
is different from the usual Fabry-Perot fiber laser with bidirectional pumping.

Figure 7 shows that in the fiber span of 83 km, using bidirectional pumping forms a Fabry-
Perot cavity fiber laser. On the other hand, using BW-pumping only forms a random DFB
fiber laser. However, when the fiber in between FBGs is too long (i.e. >270 km) [10], even with
bidirectional pumping, the induced fiber laser is still random DFB fiber laser. This is because
due to the high fiber attenuation, the pumps are “isolated” from each other, not powerful
enough to reach the FBG on the other side. Instead, similar to the BW-pumping only over
83 km, the fiber Rayleigh backscattering reflects the pump and therefore generates a random
fiber laser. Using bidirectional pumping over a very long fiber span generates two separate
random fiber lasers at the input and the output [17]. This can be used in unrepeatered trans-
mission systems.

2.2. Random distributed feedback Raman fiber laser-based amplification
2.2.1. Experimental setup

The reflectivity near the input section was close to zero (measured result of 0.04%), achieved
by replacing it with an angled connector instead. The schematic diagram of such an amplifier
is illustrated in Figure 8. The FW pump and BW pump powers are demonstrated in Figure 9.
Note that the pump powers were only to compensate the loss of 83 km SSMF.

2.2.2. Signal and noise power distributions along the fiber

The signal and noise power distributions along the fiber were shown experimentally (solid
line) and theoretically (dotted line) in Figure 10 [5]. Using the BW-pumping only, the SPV was
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Figure 10. Measured (solid) and simulated (dotted) signal (a) and noise power profiles (b) using random fiber laser—
based amplification scheme.

the highest (~6 dB). Using 45.6 or 39.7% FW-pumping ratios, the lowest SPV was reduced to
just below 4 dB. However, for the FW pump power ratio of 45.6%, a rapid power increase was
seen within the first 10 km near the input end. This was particularly undesired for long-haul
transmission systems because this was limited to the maximum signal launch power in order
to avoid the Kerr nonlinear impairment [23].

In addition, random DFB fiber laser-based amplification is a good candidate for long-haul trans-
mission system using mid-link optical phase conjugation (OPC) to combat the nonlinearity,
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Figure 11. Signal RIN using different pump powers in random fiber laser-based amplification technique.

given the good signal power symmetry of the link [24, 25]. As illustrated in [24], more than
97% symmetry level can be achieved using this amplification technique over 62 km SMF. There
are several generation mechanisms of random DFB fiber lasers, but here only the half-opened
mechanism is discussed due to the highest Raman gain efficiency [26].

2.2.3. Relative intensity noise

The RIN of the signal at the output end was shown in Figure 11. The signal RIN remained the
same with the FW pump power over the whole frequency range. This means that the trans-
mission performance can only depend on the balance between the ASE noise and nonlinearity
without the RIN-induced penalty being considered [23].
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Figure 12. Mode structures of the induced fiber laser using different pump powers in random fiber laser-based
amplification technique.
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2.2.4. Fiber laser mode structure

Figure 12 shows the mode structure of induced fiber laser with different pump powers. No
mode was observed using BW-pumping only or bidirectional pumping, which confirms that
it was random DEFB fiber laser [8, 15]. The fiber laser was generated due to the resonant mode
overcoming the lasing threshold in a distributed cavity formed by the fiber Rayleigh scatter-
ing and an FBG.

3. Raman fiber laser-based amplification in telecommunications

3.1. The application in long-haul coherent transmission system

To evaluate different RFL-based amplification schemes, a long-haul recirculating loop
experiment was conducted using the setup demonstrated in Figure 13. The test signals con-
sisted of 10,120 Gb/s DP-QPSK channels with 100 GHz spacing, while a 100 kHz linewidth
tunable laser was used as the “channel under test.” The multiplexed signals were QPSK
modulated with normal and inverse 23'-1 PRBS patterns at 30 Gb/s with a relative delay of
18 bits between I (in-phase) and Q (quadrature). A polarization multiplexer with a delay of
300 bits between the two polarization states gave the resultant 10 x 120 Gb/s DP-QPSK sig-
nals [24]. The transmission span in the recirculating loop was 17.6 dB loss in total, including
16.5 dB from 83.32 km SSMF and 1.1 dB from pump-signal combiners. The loop specific
loss was ~12 dB from the AOM, 3 dB coupler, gain flattening filter (GFF), and the passive
components from the Raman amplified span. An EDFA was used to compensate the loop
loss. The receiver was a standard coherent detection setup and digital signal processing
(DSP) was used offline with standard algorithms. Q factors were calculated from bit-wise
error rates.

100kHz LW laser

] l Tuneable | Raman amplified link |

Coherent Receiver Filter N (83km SS5MF)
Synthesizer
1542.940m @30GH:z
50450
DFB 1 coupler 1
Pattern
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1, +13bits delay 1
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Figure 13. Schematic diagram of long-haul repeatered transmission systems.
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As cavity fiber laser-based amplification in Figure 1 was used in the long-haul transmis-
sion, as shown in Figure 14(a); the Q factor at 1666 km was 13.1 dB (BW-pumping only)
but decreased to 9 dB (symmetric bidirectional pumping). Using higher FW pump power
reduced the Q factor due to the RIN penalty, regardless of the noise figure reduction [8].
The optimum launch power was reduced when the FW pump power was increased. This
was because the flatter signal power profile resulted in a higher averaged signal power and
therefore the optimum signal launch power was decreased to avoid the Kerr nonlinearity. The
degradation in Q factor occurred in all the launch power levels, which indicates that it was
not because of the nonlinearity. However, in random fiber laser-based amplification scheme
(Figure 8) as the FBG near the input was removed, the Q factor at 3333 km (Figure 14(b)) with
FW pump power ratio of 33% was 0.6 dB better than BW-pumping only, and even using ~50%
FW pump power ratio had a similar Q factor to BW-pumping only. This means that using this
scheme, the RIN penalty introduced by FW-pumping was minimized, which indicates that
the uniform signal power distribution led to effective performance improvement in long-haul
transmission systems.

Figure 15 shows the Q factors versus transmission distances using both the amplification
schemes. Using random fiber laser-based amplification had similar or better transmission
performance (up to 7915 km maximum reach) than the BW-pumping-only scheme, but
using cavity fiber laser-based scheme had a significant penalty. An important application of
this RIN penalty-free random fiber laser-based amplification scheme was in the nonlinear-
ity mitigation using mid-link OPC because using the scheme had a very symmetrical signal
power profile and could maximize the benefit of nonlinearity compensation using mid-link
OPC. The details of this work can be found in [24, 25].

3.2. The application in unrepeatered coherent transmission system

In unrepeatered transmissions, distributed Raman amplification offers enhanced noise perfor-
mance leading to higher OSNR, compared with EDFA [16, 27]. By using higher order distributed
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Figure 14. (a) Q factors versus signal launch power using cavity fiber laser-based amplification and (b) Q factors versus
signal launch power using random fiber laser—-based amplification.
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Raman amplifications, the signal power variation can be reduced leading to highly uniform sig-
nal power profiles, better trade-offs between ASE noise and nonlinearity, and better transmis-
sion performance. Here, based on the RFL-based amplification, the transmission performance
using 100G DP-QPSK WDM signals over 352.8 km SMF has been shown without using remote
optically pumped amplifier (ROPA) or any specialty fiber [17].

Figure 16 shows the schematic diagram of the unrepeatered transmission system using
DP-QPSK WDM signals and random fiber laser-based amplification technique. An impor-
tant difference of RFL-based amplifier in unrepeatered and repeatered systems is that due
to the fiber length of the unrepeatered system (i.e. 300 km), the generated Raman fiber laser
at 1455 nm was actually two separate random DFB fiber lasers located near each side of the
span and had no interaction with each other [5, 17]. Figure 17(a) shows the Q factor versus
signal launch power per channel, and Figure 17(b) shows the Q factors of all the measured
channels at 327.6 and 352.8 km. At 327.6 km, the maximum number of channels was limited to
the number of lasers we had. At 352.8 km, 14 channels were transmitted at the FEC threshold

116 Gby/'s WDM DP-OPSK Transmitter Transrission Ling Setup : Coherent Receiver
i| at 1366nm at 1366nm | ;

Transmission fibre

22/14*116Gh/s VOA i 11l ( j j ) |+| Tunable Coherent
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Figure 16. A schematic diagram of random fiber laser-based amplification scheme in unrepeatered transmission.
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Figure 17. (a) Q factors versus launch power per channel at 327.6 and 352.8 km and (b) Q factors of all the measured
channels at 327.6 and 352.8 km.

of 6.4 dB. This was achieved without ROPA and low-loss fiber, which indicates that our pro-
posed setup can be used to readily upgrade the existing SSMF legacy link without the instal-
lation of the new fiber. In addition, our proposed setup is compatible with ROPA by adding
the seed pump at 1480 nm, which can simultaneously improve the transmission distance and
the amplification bandwidth [28-30].

4. Conclusion

In conclusion, Raman fiber laser-based amplification techniques have been characterized as
standalone amplifiers, and its performances have been analyzed and optimized in long-haul
repeatered and unrepeatered coherent transmission systems. Based on random DFB fiber
laser-based Raman amplification, the signal RIN can be successfully mitigated, and bidirec-
tional second-order pumping would not suffer from the RIN penalty. Thus, it provides the
best trade-off between ASE noise and nonlinearity and therefore offers the best transmission
performance. The scheme is highly flexible and the signal power distributions can be adjusted
to meet specific link requirements. This scheme is potentially to be highly effective to com-
pensate the nonlinear impairment and enhance the transmission distance using different non-
linearity compensation techniques, that is, mid-link optical phase conjugation and nonlinear
Fourier transform-based transmitter.
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Abstract

Advancing of photonics, aided with fruitful and abundant experimental and theoretical
studies, over the last four decades has brought about the invention of a large variety of
lasers. Among them one of the most popular types is a fiber laser, which is a variation of
the standard solid-state laser, with the medium being a clad fiber waveguide structure
and different dopants inside core serve as a gain media. They were derived from erbium-
doped fiber amplifiers, which are still important component for telecommunications.
Since discovery, fiber laser has become a natural choice for many uses, primarily because
of the physical characteristics of fiber waveguide structure. Their rapid progress may
show how excellent they really are. Although fiber lasers are today widely used in vari-
ous research and industrial areas, one of the most meaningful applications of fiber laser
technology has been through its use in medicine. A wide variety of wavelengths gener-
ated by fiber lasers as well as the diversity of physical mechanisms employed in pulse
generation also additionally underpins the flexibility of fiber laser technology. This study
is devoted to background technology of fiber lasers in the light of medical applications.
Basic physics and theories of optical fibers and their important properties are introduced.

Keywords: fiber lasers, resonators, pumping, temporal regimes, non-ablative fiber
lasers, ablative fiber lasers, host, active media

1. Introduction

From the historical point of view, it can be said that the first working optical fiber laser was
developed by Snitzer and his colleagues in the early 1960s [1], as a combination of earlier
work on solid-state laser with his novel work on optical fibers [2]. Although this brilliant
idea of combining these two then-young technologies was many years ahead of its time, the
proving of its substantiality still took a long time. However, it became almost forgotten in
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the next several years until 1985, when it was rekindled at Stanford University by Payne and
co-workers, who worked on Erbium-doped amplifiers [3].

In the early years, relatively low output powers as well as low brightness of the fiber sources
delimited areas of usage, preventing their use in a number of important applications requir-
ing high average or peak powers. Likewise, not only the small diameter but also the small
acceptance angle of the fiber core limited these devices and consequently made them conve-
nient just for laboratory work. These limitations were overtaken thanks to the breakthrough
technology of the double-cladding concept in 1988 [4]. Despite beginning difficulties, this new
laser technology has been adopted swiftly by the relatively conservative laser community,
primarily due to promising performance level as well as flexible configuration.

The fiber laser field continued to grow in 1990s, aided with fruitful and abundant experimental
and theoretical results, gave rise to a large variety of fiber lasers, not only emitting at different
wavelengths and with different pulse duration and energies, but also exploiting different physi-
cal mechanisms of pulse generation. The revolution was accelerated after the fabrication of opti-
cal fibers doped with rare-earth elements such as Ytterbium, Erbium, Holmium, and Thulium
that are used to make amplifiers and lasers [1]. However, major advances in laser performance
came to light after discovery of new mode-locking regimes, envisaged mainly for improving
its limitations with respect to pulse energy and duration, which led to production of pulses of
light with extremely short duration, on the order of picoseconds or femtoseconds [5]. Their big-
gest drawback was the limitation to peak power by nonlinear effects, which were enforced by
the large product of intensity and interaction length inside the fiber core. Although most efforts
were focused on weakening these effects, being constrained with an important drawback such
as significant reduction of the pulse quality, soon it was become aware of the fact that they can
overcome using large-mode-area fiber designs (LMA's) instead of conventional small mode-field
diameter fibers. Since LMA’s have reduced numerical aperture to maintain single-mode guid-
ance, which is more appropriate for robust power operation, the invention of LMA’s was fol-
lowed by adoption of the technique related to pump-coupling [4]. However, introducing several
mode-locking mechanisms such as self-similariton, dispersive soliton, and soliton-similariton
regimes, demonstrated in recent years, and idea of managing nonlinearities are likely to surpass
many of previously noted limitations in a better way [6].

Considering the ongoing evolution of average output power, which is a key performance
parameter determining the applicability on any laser, over the past 25 years it can be said
that the ultrafast fiber lasers have been reached from a few mW by 1996 and to almost 1 kW
by 2009 [7]. It is to be notified that, being pushed roughly by demand for increasingly shorter
pulses, the development in ultrafast fiber laser technology has brought about a variety of
temporal output properties that can be encouraged especially in terms of pulse duration and
pulse repetition frequency [8]. Otherwise, for continuous-wave fiber lasers, the average out-
put powers would have been reached from just 4 W in the early 1990s to till multi-kilowatt
and even more than megawatt today [2].

The revolution established on the desire for inventing a way or ways to guide light has had
consequences that no one expected. An increase in the output average power, diversity of mode-
locking regimes and active medium as well as highly adaptable design of the fiber lasers have
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unlocked their potential usage. Certainly, the major contributor of this intensive progress was the
continually growing telecommunication market [9]. However, various intrinsic advantages of
fiber lasers, such as excellent beam quality, high efficiency, simplicity of optical cavity construc-
tion, micro joule-level energies at high repetition rates that boost processing speed, and above all
relatively low cost, have recently brought about set up of a new branch of industry. Nowadays,
they are fundamental building blocks of many contemporarily photonic systems, used for scien-
tific researches as well as in a wide range of industrial and medical applications [10].

Especially from the medical point of view, fiber lasers are deployed in almost all spheres of
this field, from diagnosis, noninvasive therapeutic procedures and surgery to micro-cutting
applications for the medical device industry. Specifically, ~2 um pulses have superiority in
arthroscopy, urology, and spinal surgery, while ~3 um pulses are prospering in brain tissue
treatment, bone and cutaneous surgery, and ophthalmology [11]. Likewise, fiber lasers seem
to be quite convenient light sources for spectroscopic methods, such as Infrared, Raman, and
Photothermal spectroscopies, which are excellent methods for both chemical and biological
analyses. In particular, spectroscopy combined with microscopy has become a powerful diag-
nostic tool in the biomedical applications.

Before specifying the particular applications of fiber lasers in medicine, it is instructive to
briefly discuss general concepts common to all-fiber lasers especially, such as the nature of
light fundamentals of lasing process, and spectroscopic properties of the prominent rare-
earth dopant elements, related ions, and amplification theory for two-, three-, and four-level
ions and host media.

2. Basic concepts of fiber lasers

2.1. Structure and double-clad concept

In the context of laser physics, the active laser medium, also known as gain medium or lasing
medium, is a medium in which the power of light can amplified in order to compensate for the
resonator losses. The active laser medium is the source of optical gain within a laser the physi-
cal origin of which is stimulated emission process and refers to the amount of amplification.

According to classification of lasers with respect to gain media, a fiber laser is a special type
of solid-state laser which uses a doped fiber as an active gain medium [12, 13]. An optical
fiber is transformed into active by doping its core with one of the rare-earth materials or their
mixture, bound up with doped fiber amplifiers, providing light amplification without lasing
[11]. That is to say, a fiber-amplifier, which is commonly used to restore optical signals and
overcome their transmission losses, can be transformed into a fiber laser by placing it inside
the cavity designed to obtain feedback [13, 14].

From a layout standpoint, a fiber laser is a light-guiding strand of silica or a fluoride glass that
is only a few times as thin as the thickness of a hair [14]. Its tiny core, just of sub-millimeter
diameter, is doped with trivalent rare-earth elements ions [15]. Figure 1 shows a rudimentary
form of the fiber laser. Launching of the pump light into the core of the doped fiber is ensured
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Figure 1. A schematic setup of a basic fiber laser.

via a dichotic mirror placed the left-hand side. Optical pump power is absorbed by dopant
ions through the process of stimulated emission at the signal wavelength. Finally, the gener-
ated light is extracted on the right-hand side [13, 15].

A huge advancement in fiber lasers technology can be attributed doubtlessly to certain depic-
tive characteristics, coming out by virtue of their waveguide geometry. These are mainly
related on double-clad geometry refers to high power fiber lasers. As it is shown in Figure 2a,
a double-clad fiber is a fiber with a relatively small diameter actively doped core, possessing
the highest refractive index, two undoped cladding layers of a large diameter, and polymer
coating for protecting from environmental influences [16, 17]. Typically, the single-mode core
is surrounded by a second waveguide, called inner cladding. It is highly multimode, refrac-
tive index of which is higher than the outer cladding, as shown in Figure 2b. This difference
between refractive indexes, based on total internal reflection principle, allows the inner clad-
ding to guide light in the same way the core does, provided that wavelength ranges are dif-
ferent. In other words, the inner cladding acts as a waveguide of the pump light concurrently
confines the signal light propagating through the core [18].

As the core is located within the inner cladding, it is also a part of the pump waveguide. Thus,
it can be deduced that the pump light can also interact with the ions in the core so as to produce
optical gain for signal propagation. Besides the various advantages of this configuration, con-
verting a low brightness light source into the high brightness, high power one is, definitely, one

High Doped core Inner cladding

power High
pump power
signal

— ~

-

Outer cladding radius

(a) (b)

Figure 2. (a) The double-clad fiber concept of high power fiber lasers. (b) Refractive index profile. c: core, i: inner
cladding, o: outer cladding.
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of those to be mentioned separately [16]. In spite of pumping with low beam quality sources
such as diode bars or stacks, the output beam guided through the core has the diffraction-limited
beam quality. It is to be noted that this very efficient brightness improvement technique together
with continuing advancement of pumping technologies has been the primary driving force not
only for the increase of fiber laser powers but also for the decrease of the cost per watt [19].

It is to be pointed out that a larger core not only improves the pump absorption but also
provides better energy storage that is of especially important for high energy Q switched
pulses. However, robust single-mode operation requires the core of a diameter in the range
of 2-10 um [17].

The inner cladding diameter may vary in the range of 200-400 um. Its circular shape often
leads to weak overlap between the core and pump modes due to the fact that the overlap is
also different for different modes, resulting in such weak pump absorption that only 10-30%
of the power is delivered into the core [20]. Some of these modes have such little overlap that
exhibit only very weak pump absorption resulting in substantial pump power may be left no
matter whether some of the pump cladding modes are absorbed better than the average [21].
The absorption efficiency can be significantly improved by breaking the cylindrical symmetry
when the rays are forced to follow more irregular or even chaotic paths [21]. Noncircular
shapes, especially D and rectangular ones are proposed to thwart the propagation of such
unwanted intensity distributions. Figure 3 shows various designs of inner claddings.

Similarly to all solid-state lasers, there are three principal elements inducing the gain in a fiber
laser. They are: the dopant ions with their distinctive free-ion electronic configurations and
charge states; the host material in terms of its optical, macroscopic, thermal, mechanical, and

= l
[r]

)

Figure 3. Common cladding-pumped structures: (a) centered core, (b) off-centered core, (c) rectangular inner cladding,
(d) square inner cladding, (e) flower inner cladding, and (f) D-shape inner cladding [12].

-
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lattice properties; and the optical pump source taking its temporal characteristic into account,
spectral irradiance, and particular geometry. These elements are interrelated and have to be
chosen self-consistently [22].

2.2. Fiber resonators and pumping process

An optical resonator, an optical counterpart of an electronic resonant circuit, a major compo-
nent of the laser that surrounds the gain medium, is an arrangement of optical components that
allows the laser light to circulate in a closed path forming standing waves for certain resonance
frequencies and incorporating feedback for the light. The frequency selectivity is an important
property of the optical resonators since it makes them useful as optical filters, spectrum analyz-
ers, or, the most important, confining/storing of light at specific resonant frequencies.

The physics of optical resonators used for fiber lasers is almost similar to the traditional laser
resonators with some differences related to the tolerance for optical damages and fiber cou-
pling of the intracavity components and length of the laser medium. Although optical resona-
tors can be made in very different forms to meet many different criteria, this section briefly
reviews three fundamental types that have been exploited in fiber laser technology, taking
to account some important advantages and disadvantages. These are: linear laser resonator,
all-fiber ring resonator, and Fox-Smith resonator, illustrated in Figure 4.
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Figure 4. Resonator types: (a) Fabry-Perot with dielectric reflectors; (b) all-fiber resonator; and (c) Fox-Smith resonator.
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Pumping is a process that is utilized in lasers and amplifiers with doped gain media, an
example of which are fiber lasers for energy transfer from the external source into the active
medium. The energy which is can be provided in the form of light, electric current, or as result
of chemical or nuclear reactions, is absorbed by the medium directs its atoms to get through
excited states and when the majority of the atoms are in excited states population inversion is
achieved and the medium acts as a laser or an optical amplifier. It is to be noted that common
of all implemented pump power must be higher than the threshold power essential for lasing
process of the media.

Fiber lasers utilize optical pumping, generally used for lasers possessing transparent active
medium. The most widely used optical pump sources for CW fiber lasers are arc lamps, lasers
diodes, or more often some other fiber laser. Depending on required power, the laser diode
sources used in pumping process can be fabricated as single-emitter diodes, broad area laser
diodes, diode bars, diode laser stack of bars, or fiber-coupled diode laser [22, 23]. To achieve
high pumping efficiency and avoid high thermal load, characteristic for high power fiber
lasers, the laser diode sources have the spectrum that is as narrow as to be mostly within the
absorption region of the gain medium. Furthermore, for the same reason, the wavelength
is also kept near the absorption peak of the gain medium over the operation temperature
and condition [24]. Several different types of diode lasers are illustrated in Figure 12. Single-
emitter diodes are very compact battery-powered systems, whose output power does not
exceed 1watt. Broad area laser diodes, which can be treated as very efficient laser light sources
due to their electro-optical efficiency, exceed 70%, typically generate several watts and are
suitable for pumping solid-state lasers. Diode bars are formed with multiple emitters side
by side in a single substrate that can provide tens of watts [25]. Laser stack of bars are often
used for the highest powers and emit multiple kilowatts. In contrast to the previous types
of laser diode, fiber-coupled diode lasers can be treated as a different kind of pump optics,
which provide separation of the actual laser head from another package containing the pump
diodes, so that the laser head can become very compact [26].

Fiber lasers are optically pumped not only with diode sources but also with other fiber lasers
and this pumping method is known as tandem pumping [27]. In tandem pumping method,
the output of several double-clad fiber lasers is combined into a single high brightness beam
to pump the main amplifier fiber. This strategy provides pumping closer to the emission
wavelength, which reduces the quantum defect heating what in turn reduces thermal load.
In addition, the high brightness of this pump source can also allow the length of the main
amplifier fiber to be reduced, therefore helping to mitigate one of the main limitations of
fiber lasers systems nonlinear effects [10]. Although tandem pumping allows for the highest
output powers, the vast majority of fiber lasers are pumped directly by laser diodes as they
are simpler, cheaper, and also have higher wall plug efficiency [23].

However, the output beam quality and the brightness of the source decrease with increasing
power, which can sometimes result in very strong asymmetric and fairly poor beam quality
followed by brightness that is much lower than some lower power diodes that requires the
use of beam shapers. Although they are utilized to symmetrize the beam quality, they make it
easier either to pump a bulk laser or to couple the light into the fiber [17].
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Double-clad fiber lasers are conventionally categorized as being either end-pumped or side
pumped and both of techniques are illustrated in Figure 5 [28, 29]. In end-pumping, the light
from one or many pump sources is coupled via an optical coupling system through a front
surface. Additionally, end-pumping can be provided by pumping through either backward
surface or both end sides of the fiber laser. On the other hand, in side-pumping the pump
source is connected through a side surface.

2.3. Temporal regimes of fiber lasers

On the basis of temporal regimes, radiation of fiber lasers may be is provided in continuous-
wave (CW) or ultrashort optical pulse form depending of temporal regime used [30]. There
are three main temporal regimes to provide laser action: continuous-wave and free-running,
mode-locking, and Q-switching.

Even through laser light is perhaps the purest form of light, it is not of a single, pure wave-
length, but of some natural bandwidth or range of frequencies, which is determined by the
gain of laser medium as well as optical cavity or resonant cavity of the laser. Bounced between
the mirrors of the cavity, the light constructively and destructively interferes with itself, which
leads to the formation of standing waves of discrete set of frequencies between the mirrors.
These discrete set of frequencies, known as the longitudinal modes, are self-regenerating and
allowed to oscillate by the resonant cavity. Each of these modes oscillates independently, with
no fixed relationship between each other. Consequently, the laser acts as a set of independent

fa} (]

Figure 5. Different types of diode lasers: (a) Fiber-coupled diode laser; (b) 808 nm 4 W single-emitter diode laser;
(c) power diode bars; (d) high power vertical diode laser Stac.
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lasers, all emitting light at slightly different frequencies. An increase in the number of modes
causes near-constant output intensity because interference effects tend to average, and, than,
the laser is said to operate as continuous wave [31].

Instead of oscillating independently, each mode can operate with a fixed interconnected
phase. In other words, the phase relations among a large number of neighboring longitudinal
modes of the laser cavity are locked. As a result, the modes of the laser will mutually interfere,
producing a periodic variation in the laser output in form of intense burst or pulse of light
of extremely short duration (107>-10" s), having a significantly larger peak power than the
average power of the laser. Such a laser is said to be mode-locked or phase-locked [8]. These
pulses occur separated in time by At = 2 L/c, where At is the time taken for the light to make
exactly one round trip of the laser cavity and L is the cavity length (Figure 6).

Refers to the way of gain modulation, mode-locking methods can be classified as active and
passive. Active methods typically involve using an external signal to induce a modulation of
the intracavity light, but, rely on placing some element into the laser cavity which causes self-
modulation of the light. Passive methods, on the other hand, do not need any external signal
to produce pulses. Rather, they use the light in the cavity to cause a change in some intracav-
ity element, which will then itself produce a change in the intracavity light [8]. A saturable
absorber is an optical device that exhibits an intensity-dependent transmission. What this
means is that the device behaves differently depending on the intensity of the light passing
through it. For passive mode-locking, ideally a saturable absorber will selectively absorb low
intensity light, and transmit light which is of sufficiently high intensity.

There are also passive mode-locking schemes that do not rely on materials that directly dis-
play an intensity-dependent absorption. In these methods, nonlinear optical effects in intra-
cavity components are used to provide a method of selectively amplifying high intensity light
in the cavity, and attenuation of low intensity light. One of the most successful schemes is
called Kerr-lens mode-locking (KLM), also sometimes called “self mode-locking” [22]. This
uses a nonlinear optical process, the optical Kerr effect, which results in high intensity light
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Figure 6. Mode-locking technique. Temporal evolution in a laser with random and locked phases.
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being focused differently than low intensity light. By careful arrangement of an aperture in
the laser cavity, this effect can be exploited to produce the equivalent of an ultrafast response
time saturable absorber.

Q-switching is widely used technique in generating of energetic pulses in the picosecond to
nanosecond regime [10]. These short pulses are achieved by rapidly increasing and decreas-
ing of the laser resonator Q factor. In a low Q sate, the cavity loss, controlled by intracavity
loss modulators, is such a high that lasing cannot be inhibited. Consequently, pump power
builds up the inversion population, pumped several times above the threshold inversion up
to its peak value, when the laser cavity Q factor switches to its high value. Because of removed
intracavity loss, manifesting itself by the large gain, a high energy pulse is quickly produced
and in the meantime the population is drained by the pulse [32].

The resonator losses can be switched in different ways: actively, by an active control element
driven by an external electrical generator, typically either an electro-optic or an acousto-optic
modulator [33], or passively [34] by some kind of saturable absorber, such as semiconductor
saturable absorber mirrors (SESAM), graphene [35], quantum dots [36], carbon nanotubes
(CNT) [37], and topological insulator [38].

Q switched fiber lasers are widely applied in microsurgery of soft biological tissues [34],
biomedical diagnostics [35], surgery [36], and chemical bond spectroscopy [39]. Short and
ultrashort pulses possess specific advantages over continuous-wave (cw) operation, enabling
cleaner ablation of materials in medical surgeries.

It should also be pointed out that creating of ever-shorter optical pulses has been a topic of
extensive research since the advent of pulsed laser sources. However, motivated primarily
by scientific curiosity, ultrashort pulses have been put forward because of some important
benefits for technical and industrial applications. For now, passive mode locking is one of the
key methods of ultrashort pulse generation. Today’s ultrafast light sources devices produce
pulses of peak output powers on the order of a megawatt, directly from a simple laser. For
many experiments, however, a peak power of a megawatt is not sufficient, making it neces-
sary to increase the energy of these pulses. On the other hand, achieving short duration and
high energy of the pulses, at the same time, is undoubtedly more striving than improving one
of these parameters independently because both of those are associated with high field inten-
sity that often makes physical system nonlinear [8]. One of the challenging ways to obtain
the higher energy levels of these pulses is Q switched mode-locked (QML) method. QML is
the combined Q-switching and mode locking in one cavity and it has also been successfully
employed for generation of high energy pulses.

3. Classification of fiber lasers for medical purposes

As it was pointed out before, medicine is an eminent consumer of fiber laser technology from
surgery and therapy to diagnostics and imaging. Driven by the huge demand, based pri-
marily on the recognition of the need for better healthcare, fiber laser technology has shown
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tremendous growth in advancement and innovations in recent years. Nowadays, fiber lasers
are widely recognized as unique light sources for many medical applications due to advanced
features such as high beam quality, superior performance, and extreme power efficiency con-
currently with low cost of ownership.

Broad-scale research has led to a wide diversification of fiber lasers in their operating modes,
wavelengths, and energy levels. Consequently, in medical science, fiber lasers are no longer
in their initial stages of development. They should be rather considered as promising tools
for modernization in medicine, because every invention in this field may be a valuable step
toward achieving less invasive or less painful medical technologies.

Medical fiber lasers can be classified according to several criteria, such as, output char-
acteristics, safety, the reaction of the organic tissue, host media, gain media, emission
wavelength, etc. The first classification refers to temporary regimes, which have been
adequately explained in the previous section, while the second one categorizes fiber lasers
according to potential risk of adverse health effects and it can be quite helpful in selection
of appropriate control measures to minimize the risks [40]. However, it is to be pointed out
that, in practice, the risk also depends upon the conditions of use, exposure time, and the
environment.

3.1. Ablative versus non-ablative fiber lasers

The interaction of the laser beam with leaving tissue is manifested through several important
effects, which are summarized in Table 1.

In this context, fiber lasers can be categorized in the basis of those effects. In spite of a far greater
number of groups, for practical reasons, two groups, referring to the optical and the thermal
responses, are widely accepted by medical authorities. According to the categorization is shown
in Diagram 1, the first group of fiber lasers employs optical processes such as selective resonant
absorption, fluorescence, reflection, elastic scattering, inelastic scattering, and transmission. In
subsequent studies, the fiber lasers are designated with a term non-ablative. The thermal effect
of laser irradiation is so small that could not damage or destroy the irradiated tissue. Such fiber

Temperature  37-60°C 60-65°C 90-100°C  37-60°C ~100°C  Beyond 100°C

Chemical and  Heat/ Denaturisation Phase Carbonization Vaporization =~ Shockwave

physical effects increased Coagulation change Verbrennung  plasma
diffusion

Optical effects ~ Scattering ~ whitening Scattering  Darkening Gases vapor ~ Vapor
refraction Scattering Shrinking Increased debrises
reversible  Destruction of Absorption

structures
Biological Stimulation Demage Shrinking Heavy Mechanical
results demage Demage

Table 1. Effects of the interaction of the laser beam with leaving tissue.
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Diagram 1. A classification of fiber lasers depending upon the reaction of the tissue.

lasers are widely used in therapy [41-43], diagnostics [44—46], cosmetics [40, 42], and research
[47, 48]. The second group refers to the thermal response and members of this group are often
called ablative fiber lasers. According to applications, the group is sub-divided into two classes:
the first one is used in various types of surgery [49-51], while the second one is used in esthetic
medicine such as skin rejuvenation or resurfacing [52, 53].

Before classifying fiber lasers, according to active medium, the chapter will be continued with
discussion of most prominent host media, which has an important role in medical applica-
tions. In this context, it could be very helpful to explain what the host media is as well as what
the criteria for selecting appropriate host media are.

3.2. Host media

As the chapter will be continued with discussion of most prominent rare-earth elements and
prominent host media, which are of crucial role in medical applications, it could be very
helpful to explain what the host media is as well as what the criteria for selecting appropriate
host media are.

As it is said before, the population inversion that is essential for the stimulated emission of
photons cannot be produced without presence of the dopant atoms placed in some of host
media. The host media can be defined as a laser gain media doped with rare-earth ions. In
the host medium, the rare-earth ions replace host ions which have a similar size and the same
valence. The pump and laser transitions of all rare-earth-doped gain media have fairly small
oscillator strength and are known as weakly allowed transitions. So, the host media removes
the limits regarding the stabilization or the coherence of the pumping source what means
that the pumping source does not need to be of a single frequency [25]. Their upper state
lifetime, which provides the storage of the substantial amounts of energy in some media, is
consequently long. This distinguishing property makes rare-earth-doped media convenient
for mode-locking and Q-switching.

The strong demand in optical communication has triggered the successful development of
the host materials and increased their diversity. Nowadays, the most challenging host media
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are crystals or glasses, and there is ongoing development in testing and fabrications of new
ones. Although silicate glasses remain the most prosper media, the majority of silicate glasses
seem to be unsuitable for lasing at long wavelengths. Tellurite, Chalcogenide, and Fluoride
(especially ZBLAN) glass are largely employed in the field of optical sources could in the
mid-infrared region [9].

3.3. Active media

Anunderstanding of a laser and optical amplification process is closely related to understand-
ing of the nature of light and the interaction between electromagnetic radiation and matter,
which is the basis for studies of more complex quantum mechanical systems, including those
of fiber lasers [54]. The operation of laser process is based on amplification of light stems from
absorption, spontaneous, and stimulated emission of radiation as the fundamental mecha-
nisms common for all laser actions. During the lasing process, stimulated photons promote
further stimulated photons in a cascade, resulting in sustained gain, if several conditions
are met. The first condition is achieved at population inversion, which is an important term
closely related to the operation of laser. Under thermal equilibrium conditions, emission pro-
cess which competes with stimulated absorption so weak that it cannot provide amplification
of a beam of light is stimulated. Amplification is carried out when the rate of the stimulated
emission is so increased that the number of atoms in the upper level is larger than that of
atoms in the ground level. The requirement for population inversion imposes other two con-
ditions: adequate pumping process by an external energy source, which has higher energy
than the upper energy level, and minimum two participating energy levels where the process
can take place. Although the two-level system appears as the most simple and straight-for-
ward method to establish the population inversion, it is not useful as it does not lead to laser
action [31]. Consequently, the other pumping schemes become more important and widely
employed. According to the arrangement of those energy levels within dopant ions, lasing
schemes are typically classified as a two, three, quasi-three, and four-level schemes [55].

Fiber lasers can amplify incident light via stimulated emission, provided by the optically
pumping in order to obtain population inversion that caters for the optical gain. The popula-
tion inversion, essential for the stimulated emission of photons, can be brought forth by
electrons of the dopant atoms, obtained from one or more luminescent rare-earth metals
[12]. Attractiveness of those elements lies in their distinguishable optical characteristics
refers to emitting and absorbing processes over narrow wavelength ranges, which are rela-
tively insensitive to host material, longer lifetime of metastable states, and higher quantum
efficiencies. Although the rare-earth group consists of 2 groups of 14 elements each, the
rare-earth ions referred to as lanthanides that fill the 4f shell and occupy the atomic number
58-71 of the periodic table. The most common rare-earth elements with some of its basic
atomic properties, common host media, and important operating wavelengths are explained
in short below.

3.3.1. Erbium-doped fiber lasers

Erbium, mainly involved by Er* ions, has optical fluorescent properties that are particularly
convenient for some laser applications. Er-doped fiber laser application technology has seen
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substantial progress since its invention in the late 1980s. Refers to hosting media, it can be
said that different glass hosts are preferable for different purposes. Silica glass is the most
widely used host material in telecom, while Tellurite and ZBLAN glasses, are preferable in
mid-IR region, where Er**-doped fiber lasers utilized in the field of optical sources, applied in
various areas among of which is an optical coherence tomography [9]. Similarly, absorption
region between 2.5 and 4 pm, where Er-doped fiber lasers have sparked a huge interest, due
to evident opportunities for sensing and the highly precise modification of biomedical and
industrial material [56, 57]. There are some evidences that Er-doped fiber lasers at used in
medical endoscopy [58] and surgery [58, 59]. Phosphate glasses also regarded as better ones
due to their higher phonon energy and better solubility of Er* ions [60].

Emission and absorption cross sections for erbium in phosphate glass host media [15] are
illustrated in Figure 7a, while an energy level diagram of some common optical transitions
of Er*" is shown in Figure 7b [12, 13]. In the optical amplification media, made from erbium-
doped crystals or glasses, electrons of Er** ions are optically pumped at the vicinity of 980 or
1480 nm and excites into the *I, , or *I, , states, respectively. Then, light can be amplified in
ranges from 1530 to 1560 nm, via stimulated emission, where the ions show strong three-level

state behavior and the maximum gain is reached [61].

It is to be noted that it is difficult to realize an efficient pump absorption on the ‘I, ~'I,, , tran-
sition due to relatively small absorption cross sections and limited doping concentration that
is confined by quenching processes. This problem is commonly solved by co-doping with Yb*"
sensitizer ions. In those co-doped systems, pumping is absorbed via Yb* ions that provide
subsequent energy transfer to Er* ions that support stimulated emission in 1520-1650 nm
spectral range [11, 23]. It is to be pointed out that 1550 nm wavelength, which is of especially
importance for optical communications as loss of the standard single mode for optical fibers is
minimal at this particular wavelength [27], is also used for the removal of café-au-lait macules
(CALMs) for darker skin phototypes [62] as well as fractional resurfacing [63]. Moreover,
2000-3000 nm range seems very encouraging for microsurgery applications such as glaucoma
surgery, vitreoretinal surgery, and myringotomies [64]. Microjoule femtosecond fiber laser at
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Figure 7. (a) Emission and absorption cross section for erbium in phosphate glass host media [61]. (b) Energy level
structure of Er*® ions and some of the common optical transitions.
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1600 nm are used in corneal surgery [65]. Er-doped fiber lasers at 1565 nm wavelength can
be used for cosmetic treatments. Particularly, they are appropriate for effective treatment of
facial wrinkles [66].

There are two important particular wavelengths for medical proposes at 2800 nm, which is
useful for spectroscopy applications [67], and 2940 nm emission, where the erbium ions that
is highly absorbed in water [68]. On the other hand, CW and pulsed Er,Pr-ZBLAN and a
coupled Yb,Er-silica fiber lasers have been widely researched as a short-coherence-length
light source for optical coherence tomography (OCT) between the range of 1000-3000 nm [64].

3.3.2. Thulium-doped fiber lasers

There are several important reasons why Tm-doped fibers lasers are more promising at pres-
ent. One of them is the possibility of pumping the Tm* ions at around 790 nm or at 915-
975 nm, where efficient high brightness diodes are readily available. Another advantage is the
laser operation between 1470 and 1800 nm among wide gain spectrum ranging from 1400 to
2700 nm, which is so-called eye-safe spectral range of optical wavelengths as it can be highly
absorbed by water in the eye before reaching the retina [69].

Tm-doped fiber lasers, operating beyond 2 um would benefit diverse applications. They are
good candidates for spectroscopy in mid-IR region, often labeled the molecular fingerprint
region, containing the spectral signature of many molecules. For this reason, this spectral
region is important for many applications that require high quality laser cutting and welding,
such as remote sensing and specific surgical procedures known generically as microsurgery
[13, 70]. Although there are a lot of emission bands of Nd* and Er** in the same gain spectrum,
much of the interest in Tm* stems from its emission that occurs in the gaps of these bends.

Figure 8a shows an energy level diagram of the most important optical transitions of Tm?*,
while its absorption spectra in fluoro-tellurite bulk glass is shown in Figure 8b [71]. It is to be
noted that around 1900 nm °F, — *H, transition is a quasi-three-level transition but as wave-
length draws close 2100 nm transition is turned to a four-level one [23].

Tm has three important extremely broad absorption bands: °H, — °F,, *H, - *H,, and °H, — °F,.
790 nm pump sources, which are more widely used, pump Tm?* ions from °H, to °H, state,
1064 and 1319 nm pump sources are used for *H, band pumping, while 1570 nm pump
sources excite Tm* ions to °F, the main metastable level. Although the highest theoretical
slope efficiency, with respect to absorbed power, is expected for 1570 nm sources due to the
lower quantum defect, the reality is quite different. That is to say, 790 nm pump sources have
much higher theoretical slope efficiency, of 82%, due to doubling through a cross-relaxation
process. This phenomenon, known as “two-for-one” occurs as a result of one pumping pho-
ton excites two Tm ions [23].

All Tm-doped silica fibers, yet reported, have been utilizing °H, — °F, at transitions at 1487 nm
followed by °F, — °H, at 1800 nm. The first transition is of special importance for resonant
pumping of Er-doped lasers and amplifiers. Tm has enormous bandwidth with wavelength
between 1700 and 2100 nm ranges that makes Tm good candidate for source for generation

97



98 Optical Amplifiers - A Few Different Dimensions

T T T T

40F
r"'-' 35 Y ‘Ha
E ap-
“ 30
E 25 IHa
&
£ 20~
% 15 . "

- Eleg| =
@ - g:_n': 5 Laser transition
- Nl HMEr| @ at 1.7-2.1 pm
]
o 05 Ha

1500 1600 1700 1800 1900 2000 2100
Wavelength{nm)

(a) (b)

Figure 8. (a) Measured absorption and emission cross-section spectra of the Tm*-doped silicate fiber. (b) Energy level
structure of Tm*® jons and some of the common optical transitions [71].

of femtosecond pulses [72]. Emission band around 1900 nm is not only appropriate for spec-
troscopic and chemical sensing applications but it is also very attractive in tissue welding and
ablation [73], while 1940 nm is thought to be a good scalpel for precise soft tissue surgery [74].

The power output and efficiency of the fiber lasers steadily have risen since 1998. Moreover,
this progress has been speeded up with the realization that the Tm doping level could be
increased with the addition of Al co-doping of the core. Although the efficiency of Tm-doped
lasers not yet compete with the efficiency of Yb-doped lasers, applications at mid-IR wave-
lengths as well as pulsed applications appear to be key advantages for further improvements.

3.3.3. Holmium-doped fiber lasers

Holmium (Ho) and Ho-doped fiber lasers have attracted tremendous interests in scientific
community due to potential operation with high power levels at wavelengths beyond 2.1 pm
in addition to wide spectral tunability, which make them an ideal choice for a variety of medi-
cal lasers and promising tools for applications in spectroscopy [75].

The effective gain cross section as a function of inversion and relevant energy levels of Ho*-
doped silica are illustrated in Figure 9a and b, respectively [76]. The most commonly used
pump bands are: 1.15 pum, and 2.046 um, and 2.1 um, which are absorbed °I, — °I, °I; = °L,
and °[; — °I, transitions, respectively. Important emission transitions are labeled in Figure 8a.
The two of them deserve special attention. These are: °I, - °I, and °I, — °I, transitions produce
radiation in the range of 20502850 nm, respectively. At 2860 nm Ho**-doped fiber lasers over-
lap more strongly than their counterparts. Hence, they are thought to be a more practical tool
for interaction with biological tissues [77].

Comparing to °I, level, short lifetime of °I, level is considerable obstacle for population inver-
sion. According to research, the stimulated emission from this transition state can be achieved
in two ways: by simultaneously allowing the lower transition (°I, — °I)) at 2.1 um to also
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Figure 9. (a) Measured absorption and emission cross-section spectra of the Ho*-ions. (b) Energy level structure of Ho™
ions and some of the common optical transitions [3].

emit light or by co-doping by another dopant (typically Pr**) to hold the °I, level depopulated
through energy transfer processes. The first one provides the possibility of dual wavelength
pulsing in ~2 um and ~3 um emission bands [76].

Besides that, Ho-doped fiber lasers are appropriate for ureteroscopy and stone treatment
because of quite efficient stone fragmenting regardless of the composition [78]. About 2-um
CW Ho-doped fiber lasers are proposed for surgery because of using the contact method [79].

3.3.4. Ytterbium-doped fiber lasers

The absorption and emission cross sections and spectra of Yb** for silica host media are illus-
trated in Figure 10a, while pumping and amplification involve transitions between different
sublevels of the manifolds are shown in Figure 10b. An abnormally high emission cross sec-
tion, combined with diversity of the available pumping sources, resulting from broad absorp-
tion band and especially the narrow absorption peak at 975 nm, provides generation of many
wavelengths of general interest. Exciting of the electrons to the higher energy achieved by
interaction with near-infrared or visible photons [81]. Another advantage of Yb* ions is a
remarkable simplicity of the electronic level structure, in comparison with other rare-earth
ions. Yb* ions have two relevant manifolds: a ground-state, *F, , with four sublevels, and a
metastable state, 2F_, , consists of three sublevel [82].

7/2/

5/2

For short wavelengths around 990 nm, Yb* ions show three-level system behavior, whereas, at
wavelengths between 1000 and 1200 nm, they behave as nearly pure quasi-four-level systems
[15]. These combined features are of crucial importance for very short fiber lasers with high
pump absorption. Some research show that, at 1070 nm, pulsed fiber laser could be very useful
in oral surgery due to superiority related to thermal elevation in the irradiated tissues [83].

In regard to medical applications, although it usage in femtosecond laser micromachining,
from waveguide fabrication to cell ablation, should not be underestimated, it is rather utilized
as a sensitizer in co-doping of Er*-, Tm*-, or Ho*-doped fiber lasers to demonstrate near and
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Figure 10. (a) Ground-state absorption and emission cross-sections and spectra of Yb* in silica. (b) some common optical
transitions of Yb* ions [80].

mid- infrared emissions at around 1.545, 2.05 and 2.9 um wavelengths, respectively, appropri-
ate for chemical sensing [2]. Moreover, there is some evidence that, at a wavelength of around
1000 nm, Yb*-doped fiber lasers can be used as short coherence light sources is in optical
coherent tomography, used for ophthalmology [84]. Additionally, according to reports by
scientists from Ultrafast Optics & Lasers Laboratory, Bilkent, there are some already devel-
oped Yb-doped fiber laser configurations, appropriate for high precision processing of both
hard and soft tissue. The hard tissue experiments were performed on dentine (human toot
sample), while the soft tissue experiments were focused on brain tissue removal and corneal
flap cutting. It has been pointed out that the operation of the custom-developed fiber laser is
provided through either uniform repetition rate pulse or ultrafast burst-mode regimes [85].

In the recent years, Yb-doped fiber lasers have been also widely used in MOPA configura-
tion with various pulse duration and repetition rates for creating novel laser configura-
tions, which can be attractive solutions for many medical applications, such as fluorescence
analysis of biological molecules [86] and photoacoustic microscopy [87]. It is to be pointed
out that MOPA configurations have been also under research for photoacoustic imaging
(PAI), in order to substitute currently available Nd:YAG laser, targeting 150 times faster
imaging [88]. Femtosecond Yb-fiber laser with MOPA configuration at 1035 nm can be a
part of widely tunable Cherenkov fiber lasers used in both confocal and super-resolution
microscopy [89].

4. Some examples of medical applications

4.1. Fiber lasers in photodynamic therapy

Photodynamic therapy (PDT), a simple scheme of which is illustrated in Figure 11, also
referred to as blue light therapy, is a treatment modality that utilizes light sensitive mol-
ecules, photosensitizers, activated by adequate kind of light, commonly generated by laser
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sources, to cause the formation of singlet oxygen, producing peroxidative reactions that can
cause damage and death of abnormal or neoplastic cells [90]. In addition, PDT is currently
used in cosmetic surgery, oncology, oral medicine, and ophthalmology [91]. Although being
primarily developed for cancer treatment, at the outset, usage in oncology usage was con-
fined to a few specific cancer kinds, such as non-small cell lung cancer and esophageal
cancer. However, further investigation has revealed that PDT can be quite convenient for
general oncology for conditions including cancers of the peritoneal cavity, prostate gland,
cervix, and brain [92].

PDT is a noninvasive or minimal invasive alternative techniques for conventional, more
systematic, treatment of tumors, consists of surgical resection, radiotherapy and/or chemo-
therapy, which is developed to target tumor itself by light-induced activation of a photosen-
sitizer that selectively accumulates within neoplastic tissue. As a promising treatment for
selective tissue destruction, PDT has attracted widespread attention from the entire scientific
community since, comparing to radiation therapy, it offers more patient-comfortable cancer
treatment without cumulative long-term complications. PTD is a dynamic process, which
requires careful administration of interaction of all principal components. The distribution
of light, determined by the light source characteristics and the tissue optical properties, is
in interaction with photosensitizer and oxygen concentrations since they influence the tis-
sue optical properties. On the other hand, the distribution of oxygen is in closely relation
with the photodynamic process since the photodynamic process is an oxygen consum-
mator, which is, in turn, influenced by the distribution of photosensitizer. That is to say,
well-administrated PTD requires optimal photosensitizers, smart transport strategies, and
activation by adequate light source [93].

Opver the last several decades, research focused on better understanding of the basic biophysi-
cal mechanisms of light transport and delivery in tissue, has led to diversification of pho-
tosensitizing agents, and light sources as well, which in turn has brought about a valuable
progress in PDT in terms of the light penetration depth in the skin tissue. Hence, it seems that
poor skin penetration depth of around 1 cm that diminish ability of the light to target deeper
cells could be overcame.
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In PDT, light sources, which are used as a spatially and temporally precise stimulus, typi-
cally operate in the 600-800 nm range. This visible and NIR spectral zone, also known as the
therapeutic window, has the advantages in light transport and delivery in tissue. The other
superiorities of aforementioned region are reducing pain, inflammation, and edemas as well
as preventing tissue damage. Although nowadays there is diversified amount of light sources
that can be used, lasers are quite prominent ones because obtained monochromatic light could
be easily coupled into optical fibers in order to get up to deeper regions. At this point, practical
advantages that fiber lasers offer over other types of lasers, such as inherently more efficient
coupling, compactness, flexibility, and high beam quality as well as lower running costs, may
overcome key clinical limitations of PDT related to delivery of optical energy and afford new
opportunities for PDT. It is to be pointed out that early lasers were based on argon laser, gas
vapor laser-pumped dye laser, or Nd:YAG solid-state lasers. Nowadays, they are replaced by
diode-pumped fiber lasers, 1540 nm non-ablative fractional erbium-doped fiber laser [94, 95],
1927-nm thulium fiber lasers, and quantum dot (QD) fiber laser [43, 96, 97].

4.2. Fiber lasers in biomedical sensing—mid-infrared spectroscopy

Quite a few diseases can be detected by monitoring consequential metabolic abnormalities
through the quantification of the serum biochemical components, such as urea, globulins,
enzymes, glucose, cholesterol, triglyceride, and albumin. Hence, numerous biochemical
methods have been developed to quantify, and more rarely characterize, specific serum com-
ponents. However, most of those offer information on a particular component rather than a
combination of several biochemical parameters. In this context, identifying serum fingerprints
via MIR spectroscopy, from a rather small amount of sample, can provide more extensive view
on the serum biochemical species levels, which, in turn, can facilitate diagnostic procedure.

The middle-infrared (MIR) region spanning 2500-10,000 nm of electromagnetic spectrum is
proved to be very useful in spectroscopy, for quantification of the composition of the sample
by means of light, particularly in clinical chemistry [98]. Broad spectral coverage of the region
provides opportunity for sensing a great deal of molecules, including molecules of biological
tissues, where they can be recognized with great sensitivity. Until recently, challenges, such as
poor coherence of light sources, troublesome sensing due to highly attenuated backscattered
sign as well as a luck of low noise MIR detectors were insurmountable obstacles especially
in vivo spectroscopy [99]. However, over the last few years, advances in material science, in
addition to diversifying and miniaturizing of photonic components have paved the way for
enhancing novel light sources, with previously unattainable performance capabilities, which
have improved accuracy of measurements to a great extent. As result, MIR spectroscopy has
been consolidated and put on center stage again.

Refers to the physical principle, MIR spectroscopy utilizes fundamental molecular vibra-
tions, such as bending and stretching, of a specific bond or bonds within the molecule under
study generally caused by matching quantized energy difference of transitions between the
ground state and the first excited state. Its high sensitivity to polar groups is the result of
the same oscillation frequency of the molecular dipole moment and electric field vector of
the source light [147]. Furthermore, the “fingerprint” region has a quite strong absorbance,
with numerous and well resolved absorbance peaks, differing in position, width, and
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intensity providing unique absorption patterns for each constituent, which enable direct
constituent identification at a molecular level. The MIR region is quite suitable for identi-
fying C-C, C-O-H, and C-H groups for asymmetrical and symmetrical stretching’s [100].
However, MIR light only penetrates up to 100 um into human skin due to the strong water
absorption [97]. Problem of limited penetration has been partially avoided by application
of multivariate data-analysis techniques.

The basic setup of the MIR measuring instrument consists of a light source, an optical assem-
bly and a light detector unit. A high spectral brightness, tight focusing characteristic for a
spatially coherent, laser-like beam as well as high average power is common requirement
for the all spectroscopy schemes. Until the last decade, the most preferred laser sources were
CQO, laser and vertical-cavity semiconductor laser (VCSEL) [101]. However, their complexity
and high costs got research to charge direction toward tunable semiconductor lasers, such as:
quantum cascade laser (QCL) and external cavity quantum cascade laser (Eq-QCL) [102]. In
the last years, in several researches, it has been pointed out that supercontinuum generation
light sources and some mode-locked oscillators can be quite encouraging as they span exceed-
ingly MIR region [103]. Refers to light detection unit, there are several kinds of photodetec-
tors widely used in this region, chosen depending on measuring technique. Lately, the most
remarkable sensor types have been small fiber-based on attenuated total reflectance (ATR),
and photoacoustic sensors. ATR has still been a monopoly technique in analyzing the sample.

Figure 12 shows example setup used by Liakat and colleagues, where glucose MIR spectra
are collected from wrist skin. Hollow core fiber, particularly suited for delivery of picosecond
pulses with high average and high peak power, is used for both delivery of QC laser light and
collection of backscattered light, coupled directly to a MCT detector. The lock-in amplifier,
which provides amplifying and measuring of phase and frequency locked output, has refer-
ence frequency of 55 kHz. Finally, the output of lock-in amplifier is recorded by computer,
where date is processed.

Up to now, most of drawbacks refer to MIR spectroscopy have been in large part overcome.
Although some of them, such as high sensitivity to external factors and sudden drop in avail-
able energy with increasing wavelength, still remain important challenges keeping ahead
more strongly reconsideration and practical implementation, there is a strong believe that
MIR spectroscopic techniques is one of the forefront candidates for a viable future solution
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Figure 12. Setup used for collecting data from human skin [104].
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with a few advancements and adaptations. In this sense, it has been pointed out that possible
step toward could lay in fortifying MIR spectroscopy with some other technique or using
alternative measuring technique with MIR light source.

4.3. Fiber lasers in dentistry

Comparing to other areas of medicine, the introduction of lasers into dentistry lagged mainly
due to some skepticism by a majority of dentists and correspondingly predominance of long-
standing clinical dogma of clinical techniques. Hence, although the original Nd:YAG was
launched as a soft tissue laser primarily for dental purposes, the real expansion in laser usage
began when professionals began recognizing a need for a hard tissue laser, so that, the laser
technology in dentistry emerged with introduction of the Er: YAG laser, as an alternative to
the rotary drill.

In the last decades, lasers have become more and more important in dentistry. From a patient
point of view, the treatment performed by lasers are very beneficial primarily because of
quicker and more efficient dental care accompanied with notably reduced pain during the
treatment, less need of anesthesia, reduced post-treatment pain, and shorter post-treatment
recovery period. Refers to the practitioner, one of the main arguments in favor of laser-assisted
dental surgery is better efficiency due to generally shorter treatment procedures as well as
less complex and time consuming pre and post-procedure protocols. The requirements of the
output from lasers used for dental applications are manifold. Besides the essential attributes
such as the pulse energy, output power, and wavelength, laser must have some other practical
qualities such as the size, input power, tightness of the focus of the output, and maintenance
level.

Lasers used in dental practice are usually classified according to tissue applicability into: hard
tissue and soft tissue lasers. Er: YAG and diode lasers have proven their value for many dental
procedures, both as surgical and therapy tools, with added benefits in a wide range of appli-
cations. In spite of high price, the Er:YAG is still one step ahead because of its elevated absorp-
tion in water, which makes it adequate for both treatment of dental hard tissues and soft
tissue ablation. On the other hand, diode lasers having several advantages, such as reduced
size, reduced cost, and possibility to beam delivering by optical fibers, are more appropriate
for the soft tissue treatments.

According to research, fiber laser technology has been trying to break up Er:YAG and diode
lasers’ monopolies in the dentistry market, for almost two decades. In spite of is a growing trend
in usage of fiber lasers in oral surgery, expected outcome has not been reached yet. However,
there is no depth that benefits, such as compactness, high reliability, low cost, high beam qual-
ity, and power efficiency could pave the way for fiber lasers to compete with Er:YAG and diode
lasers in terms of pulse energy. In this context, ex vivo study for 1070 nm fiber lasers, carried
out on both tissues and materials, could be one of the promising results due to reduced thermal
elevation in the irradiated tissues, thanks to the possibility of emission in ns pulse duration,
limiting the collateral damage due to the overheating of the target [41]. Custom-developed
laser system, developed by UFOLAB, Bilkent, illustrated in Figure 13, is another encouraging
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Figure 13. Laser, optical scanning, and sample positioning setup custom-built for the hard tissue and piezoelectric
ceramic cutting experiments [105].

study, in which an in-house developed Yb-doped fiber burst-mode laser amplifier system with
an adjustable in-burst repetition rate is seeded by an all-normal dispersion laser oscillator gen-
erating a mode-locked signal at a repetition rate of 108 MHz as the seed source. The system
with central wavelength of 1035 nm is set up for hard and soft tissue treatment [106].

However, it is to be pointed that usage of lasers in daily dentistry is not confined to tissue
treatment; it is also extended to anti-bacterial applications as well as surface texturing or coat-
ing for modification of surface properties of various materials, such as titanium-based dental
implants and disilicate ceramics. Although the dental industry is not the largest industry to
be using fiber lasers, their biggest impact on this industry might be the way in which the tools
and equipment used by dental surgeries can be manufactured.

5. Conclusion

The purpose of this chapter is not only to provide an overview on theoretical basis but also
revise existing classification schemes of fiber laser technology for medical purposes. It is to be
stressed that our theoretical framework is concerned with basic concepts that are relevant for
fiber laser technology in medical field. The second part of the chapter is devoted to classifica-
tion of medical fiber lasers according to several criteria, the most prominent of which is host
media and with relevant emitting wavelengths of special proposes.
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The idea of using light in therapeutic purposes is not a new one. It is widely believed that sun-
light was used as a therapy by the ancient Greeks and Egyptians. However, the idea has become
reality since laser invention. In the past two decades, lasers have gradually found a place in
the practice in many areas of medicine and biomedical research. Recently, they have already
found their way into cosmetic surgery and oncology. Now, they are becoming important tools
for a large number of applications with microscale accuracy, in branches such as nanosurgery
and ophthalmology. Fiber lasers have also unique places in family of coherent light sources
and they make their presence felt in vivo sensing. As example, applications of mid-IR light
to noninvasive in vivo sensing systems yield robust and clinically accurate ones that got rid
of boundaries set in the past. It has been highlighted that in near future it will be possible to
achieve immense amount of cellular-related information. Recently, improved cancer diagnosis
via lasers that illuminate cellular activity has been reported. Additionally, in near future, light
will play a very important role in solving energy life sciences challenges. Fiber laser technology
seems to come to take medical market share away from their merged counterparts.
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Abstract

Noise is one of the basic characteristics of optical amplifiers. Whereas there are various noise
sources, the intrinsic one is quantum noise that originates from Heisenberg’s uncertainty
principle. This chapter describes quantum noise in optical amplifiers, including population-
inversion-based amplifiers such as an Erbium-doped fiber amplifier and a semiconductor
optical amplifier, and optical parametric amplifiers. A full quantum mechanical treatment is
developed based on Heisenberg equation of motion for quantum mechanical operators. The
results provide the quantum mechanical basis for a classical picture of amplifier noise
widely used in the optical communication field.

Keywords: quantum noise, noise figure, quantum mechanics,
population-inversion-based amplifier, optical parametric amplifier

1. Introduction

Noise is one of the important properties in optical amplifiers [1]. The intrinsic noise character-
istic is determined by quantum mechanics, especially Heisenberg’s uncertainty principle. This
chapter describes quantum noise in optical amplifiers in terms of quantum mechanics. After
brief introduction of a classical treatment usually used in the optical communication field,
properties of an optically amplified light, such as the mean amplitude, the mean photon
number, and their variances, are derived based on first principles of quantum mechanics.
Two kinds of optical amplifiers are treated: amplifiers based on two-level interaction in a
population-inverted medium, i.e., an Erbium-doped fiber amplifier and a semiconductor opti-
cal amplifier, and those based on parametric interaction in an optical nonlinear medium. The
results presented here provide the quantum mechanical basis to a phenomenological classical
treatment conventionally employed for describing amplifier noise.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen 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. [{(cc) ExgIEN



116  Optical Amplifiers - A Few Different Dimensions

2. Classical treatment

A classical treatment of amplifier noise is widely employed in the optical communication field
[1, 2], whereas it originates from quantum mechanics. Before presenting a quantum mechani-
cal treatment, we briefly introduce the classical treatment. We first consider the light intensity
or the photon number outputted from an amplifier. A photon-number rate equation for light
propagating through a population-inverted medium can be expressed as

dn
Engz”_gNln"'gNz/ 1)

where 1 is the number of photons, N, and N; are the numbers of atoms at the higher and lower
energy states in the medium, respectively, and g is a constant representing the photon emis-
sion/absorption efficiency. The first, second, and third terms represent stimulated emission,
absorption, and spontaneous emission, respectively. The efficiency g is common in this phe-
nomenon in a simple two-level model [3]. Assuming that N; and N, are uniform along the
medium length, the photon number at the output is calculated from Eq. (1) as
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where L is the medium length. The first term represents amplified signal photons with a signal
gain of exp[g(N> — N1)L] = G. The second term represents amplified spontaneous emission
(ASE) photons, which can be rewritten as 1.,(G — 1) with 15, = N»/(N» — Ny). The parameter g,
is called “population inversion parameter” or “noise factor.” Note that the above equations are
for the photon number in one mode in terms of the frequency and the polarization.

Eq. (2) shows that the output photon number is composed of amplified signal photons and
ASE photons. Accordingly, the output amplitude is supposed to be a summation of amplitudes
of amplified signal and ASE lights as

Eout - \/éEin + EASE/ (3)

where Et, Ein, and E g are the amplitudes of the output light, the input signal light, and ASE
light, respectively. The second term provides the ASE power as <|E Asel > = 1sp(G = 1)IfAS,
where < > denotes the mean value, iif is one photon energy, and Af is the ASE bandwidth.
Regarding the ASE phase, it is supposed to be completely random because spontaneous
emission occurs randomly. Thus, the average of the ASE amplitude is supposed to be zero:
<Easg>=0. Here, we decompose E ssg into the real and imaginary parts, which are supposed to
be isotropic because the phase is random: <{Re[E asel}”> = <{Im[Ease]}®> = <I|Eage|%>/2 = Ngp
(G -1)hfAf/2. Subsequently, the variance of each amplitude component is <{Re[E Asel> — <Re
[Ease]>” = <{Im[Ese]}™> — <Im[Ese>” = nep(G = 1hfAS2.

Intensity noise is evaluated using Eq. (3). The output intensity is given by Io, = | Eou|?, and its
fluctuation is evaluated by the variance of I, as
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< P> — <Igu>? =< |Eowt|* > — < |Eout|*>2 = 2G|Ein|* < |Eace|* >

out ( 4)

+ < |Easel* > — < |Ease>?%
where the postulate of the ASE light phase being random is used in averaging. The first term
represents 2 x <signal output intensity> x <ASE intensity>, which is called the “signal-
spontaneous beat noise.” The second and third terms represent the intensity variance of the
ASE light, which is called the “spontaneous-spontaneous beat noise.”

As an indicator for the amplifier noise performance, the “noise figure (NF)” is usually used. It
is defined as the ratio of the signal-to-noise ratios (SNRs) at the input and output of an
amplifier in terms of the optical intensity: NF = (SNR);n/(SNR)ou: where SNR = (mean inten-
sity)?/(variance of the intensity) in the signal mode. The square of the mean intensity at the
output is calculated from Eq. (3) as <| Eqy; ! 2> = GIEj |2+ <|Epgp 1>, and the output variance is
expressed as Eq. (4); thus the output SNR is expressed as

G?|Ein|” + 2G|Ein|* < |Ease|” > + < |Ease[*>?

(SNR), ., = .
out ZG|Ein|2 < |EA5E‘2 >4+ < |EASE|4 > — < |EA5E‘2>2

®)

On the other hand, the input SNR is evaluated for pure monochromatic light in the definition
of the noise figure. In quantum mechanics, such a light is called “coherent state,” whose
photon-number variance is equal to the mean photon number: <n*> — <n>* = <n>. Thus,
<|Epl%> — <|Ey1 2 = IEinlzhf where hf is attached for the dimension to be matched. Subse-
quently, the input SNR is given by <l Ein|2>2/(<|Ein 14> — <] Ein|2>2) = |E;, | 2/hf. Therefore, the
NF is expressed as

~ (SNR);, _|Enl* 2G|Ew|’ < |Easel’> , G-1

NF_(SNR>out hf G?|Ein” G €

where GI|E;, 1% >> | Exspl? is assumed, and <| Exspl>> = 1sp(G — 1)hf is substituted because the
signal mode is considered here.

The above-mentioned classical treatment is widely used for noise in optical amplifiers. How-
ever, it is based on phenomenological assumptions. (i) Eq. (3) is phenomenologically provided.
Though the solution of the photon-number rate equation indicates that the output photon
number is composed of amplified signal photons and ASE photons (Eq. (2)), this result does
not logically conclude that the output amplitude is a linear summation of the amplified signal
and the ASE amplitudes as Eq. (3). (ii) The phase of ASE light is assumed to be random, which
is a phenomenological postulate, not logically derived from first principles. Although the
above classical treatment is correct and useful in fact, we need quantum mechanics for theo-
retically confirming its validity, which is presented in the following sections.

3. Quantum mechanics

In this section, we briefly review quantum mechanics, especially the Heisenberg picture [4].
The basic concept of quantum mechanics is that a physical state is probabilistic and the theory
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only provides mean values of physical quantities, which is given by a quantum mechanical
inner product of a physical quantity operator X with respect to an objective state |'W> as
< W[x|¥ >. In the Heisenberg picture, an operator evolves according to the Heisenberg equa-
tion of motion as

%:;kﬂ'

)

where H is the Hamiltonian (i.e., the energy operator) of a concerned system, [, 7] = J — J%
denotes a commutator, and # is Planck’s constant. The mean value after the evolution is given
by the inner product < Wy|x(#)|Wo > where | W> is an initial state.

The most important operator in discussing quantum mechanical properties of light is the
“annihilation operator,” @, which corresponds to the complex amplitude of light and is also
called as the “field operator.” It has an eigenstate |a> and an eigenvalue a:a|a >= ala >. This
eigenstate |a> is called “coherent state” and corresponds to pure monochromatic light in
classical optics, and the eigenvalue a corresponds to its complex amplitude in the photon-
number unit. The Hermitian conjugate of the annihilation operator " is called the “creation
operator,” which satisfies < ala’ = a* < a|. The annihilation and creation operators have a
commutation relationship {E,ﬁq =1, which comes from Heisenberg’s uncertainty principle
and is the origin of quantum noise. They also work to annihilate or create a photon as
aln >= y/nln—1> and ' >=vn+1n+1>, where In>isa photon number state having
n photons. Another important operator is the photon-number operator defined as 7 = a'a.
Using the above eigenvalue/eigenstate equations, the mean photon number of a coherent state
is given by < alila >=< alﬁjtﬁlzx >=a'a < ala >= |a|2, which corresponds to the classical
picture that the absolute square of a complex amplitude represents the light intensity.

We discuss quantum noise of optical amplifiers in the following sections, using the above-
mentioned framework of quantum mechanics. Note that the above operator @ is for one mode
in terms of the frequency and the polarization state. Thus, the following discussions are for one
optical mode.

4. Population-inversion-based amplifiers

Erbium-doped fiber amplifiers (EDFAs) are widely used in optical communications. Optical
semiconductor amplifiers are also being developed for compact and integrated amplifying
devices. They amplify signal light through interaction between light and a two-level atomic
system with population inversion. This section discusses quantum noise in population-
inversion-based amplifiers [5].

4.1. Heisenberg equation

The Hamiltonian for a light-atom interacting system can be expressed as [4]
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H = hwa a—i—Zﬁa)ann/—i-thK]( a—ﬁff) 8)
j j

The first and second terms are the Hamiltonians of light and atoms without interaction,
respectively, where 7 is the field operator; w is the angular frequency of light; ﬁT =12 >< 1|~
and 71j = |1 >< 2]; are the transition operators of an atom, with 12>; and 11>; denotmg the
upper and lower energy states, respectively, satisfying <111>;; = <212> ;; =6 jx and <112>;
k=<211>;,=0; hw? is the energy difference between the upper and lower states; the subscript
j indicates a specific atom. The third term is the interaction Hamiltonian between light and

atoms, which represents energy exchange such that a photon is created while an atom transits
from the upper to the lower states and vice versa, with «; being the coupling coefficient.

Applying the above Hamiltonian to the Heisenberg equations for @ and 7;, we obtain the
following differential equations:

di 1. ~ P ~
P {a,H} = —iwa — ijnj, (9a)
i
an; 11, o (e PSP N
d_t] == {ﬂj,H} = —1a)§’)7'cj +xja (njn;r - n;rnj). (9b)

Employing the variable translations @ — aexp(—iwt) and 7t; — 7tjexp (—iwg) t), these equations

are rewritten as

_ Z Kﬁj eibwit (10a)
j

an; .
] _ o o(aat _ ots ) —iAwit
= = (n]nj Ti; n])e Ui (10b)

where Aw; = w — w.?, i.e., the frequency detuning between light and a two-level system.

We solve Eq. (10) by an iterative approximation. First, the first-order solutions are derived by

substituting the initial values {a a0 70 )} into the right-hand side of the equations:

L Al (11a)
i
dr"
~0) (=0 =0 (000 —iAw;
—d; = Kja( )<n]( )n]( " n]( ) n]( )>e iBwjt (11b)
The solutions of these equations are
iAwjt 1
+IZK] Lt (122)
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=) _ =(0) o 0) (=00 ~(0)15(0)) €
T =10 +ika (n]- ge 7 n]-) —. (12b)

Next, these first-order solutions are substituted into the right-hand side of Eq. (10a), and the
second-order solution is calculated as

eiAa)/t -1

v (13)

iAw;it :

~2) _~(0) ~O~0F  ~0t~0)) L e FiAwit | ~(0

a-=a 1—2’%2(”]‘ T )# +’Z’<f“]<')
; (Awj) 7

We regard Eq. (13) as the time evolution of the field operator during a short time 7, and rewrite
it as

Aty + 1) :ﬁ(to){l _ﬁ(to)} +P(ty), (14)

2sin?(Awjt/2) + i{ Awjt — sin (Awjt) }
(Awy)*

i(to) = > k2 { (o) (to) — 7! (t0) (o) | , (153)
j

R ] N ez’ijT —1
P(ty) =i (o) —5— (15b)
j ]

Eq. (14) is the basic expression for discussing quantum properties of light that travels through
an amplifier. For the discussion, we also need an initial state of the system at #,. It can be
expressed as

[Wo >=|V(t) > ®|Walto) >=|V(t) > ® { ® (a1l > +eof2 >)]}, (16)
j

where |¥(t;)> denotes the initial state of light, |'W,(fo)> denotes that of atoms, and c; and ¢, are
the probability amplitudes of an atom being in the lower and upper states, respectively,
satisfying |c; 12+ 1cy 1% =1. We use Egs. (14) and (16) in the following calculations.

4.2. Mean amplitude

We first discuss the mean amplitude. The mean amplitude, denoted as a hereafter, after a
short-time interaction is expressed from Eq. (14) as

a(ty+ 1) =< Wola (tg + 1)| W >=< W(to)ﬁ(to + )|V (t) >

N N 17)
x{1= < W (t) ML (t0) | Walto) > + < Walt)[P(t0)[Walto) >

The average of the transition operator I is calculated, using Egs. (15a) and (16), as
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2sin?(Aw;jt/2) + i{ AwjT — sin (Aw;T) }
(Awy)?

< W (t0)IT1(t0)|Walto) >= > (|c1|2 - |c2|2)j . (18)
j

Assuming that the energy levels of each atom are densely distributed, the summation in this
equation can be replaced by an integral in the frequency domain, and the real part of Eq. (18) is
further calculated as

2sin?(Awjt/2) T ) 2sin2(Q1/2)
; <|C1| — e |>7W LK (|cl|2_\cz|2)QTp(Q)dQ

L2
= 2K2<|C1 > - |C2\2) J wm())d() = «*(N; — Nyt
where Q) is the frequency detuning; p is the density of atoms in the frequency domain and is
assumed to be constant around a resonant frequency Q=0 as pg; (K, lco1? and l¢q1?) are
assumed to be identical for any atom; and N; = pglc; | 2 and N, = polc,|? are the numbers of
atoms at the lower and upper energy states, respectively. On the other hand, the imaginary
part of Eq. (18) can be rewritten as

Awjt — sin (Aw;T) [ Q1 — sin (Q1)
2(1. 2 2 j i) a2
Ej K (|C1| — || )j (ij>2 = _LK (|cl| |ca )072 p(Q)dQ. (20)

In this expression, the contents of the integral is an odd function around the resonant fre-
quency = 0. Thus, the imaginary part equals 0. Regarding the average of Pin Eq. (17), it is
calculated as < ‘I’a(to)‘f”\l’a(to) >=i); Kj(cTcz)j{exp(iijT) — 1} /Awj. Here, the phases of
the probability amplitudes are random in general, and (cl*cz)]- = 0 on average. Subsequently,
< W,(t) ‘IA’ "I’a(to) >= 0. Substituting the averages evaluated as above, Eq. (17) can be rewrit-

ten as

a(to + 1) = aty) {1 + x*(N2 — Ny)mtt }. (21)

Eq. (21) describes the time evolution of the mean amplitude of light traveling through an
amplifying medium, i.e., the time evolution in a frame moving along with the light, during
a short time. This expression can be translated to the spatial evolution along the medium
length as

a(zo + Az) = A(z0) {1 + (8/2)(N2 — N1)Az}, (22)

where ¢ = 2k’rt/v with v being the light velocity. Applying a Taylor expansion x(zo + Az) = x
(zo) + [dx/dz](zo) x Az to this equation, we obtain the following differential equation:

dag

Z-Sn-N 23)
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Eq. (23) includes (N, — N;), which depends on the atoms’ state at a local position. Here, we assume
that the atoms’ state is uniform along the medium length independent of z, and this condition is
satisfied in uniformly pumped amplifiers with no gain saturation. With this assumption, Eq. (23)
can be analytically solved, and the mean amplitude at the amplifier output is expressed as

Tout = VGlin, (24)

where G = exp[g(N2> — N;)L] with L being the amplifier length. This result, derived from the
Heisenberg equation, is equivalent to the classical expression, i.e., Eq. (3) with <Easg >=0, and
confirms that the mean amplitude of ASE light is zero.

4.3. Mean photon number

We next discuss the mean photon number. The short-time evolution of the photon-number
operator is expressed from Eq. (14) as

ity +7) = [ () {1~ 11 (t0) } + P (t0)] [atto) {1 — (ko) } + Pt 25)

from which the short-time evolution of the mean photon number is obtained as

7ty + 1) =< Wolfi(to + 7)|Wo >= 7i(t){1 + 21> (N2 — N1)mt} + 21> Nomt. (26)

In deriving Eq. (26), higher-order interaction terms are neglected, because the short-time
evolution is considered here. This short-time evolution is translated to the short-length evolu-
tion along the medium length as

7i(zo + Az) =71(20){1 + g(N» — N1)Az} + gN,Az, (27)

from which the following spatial differential equation is obtained:

.
d—: = g(Ny — Ny )7 + gN,. (28)

This equation is equivalent to the photon-number rate equation given in Eq. (1). Therefore,
similar to Eq. (1), the output of the mean photon number is calculated as

n(L) = Gn(0) 4 nsp(G — 1). (29)
The first and second terms represent amplified signal photons and ASE photons, respectively.

It is noted that ASE photons appear at the output even though there is no such light in the
mean amplitude as shown in Eq. (24).

4.4. Amplitude fluctuation

We next discuss amplitude fluctuations or noise. The light amplitude has two quadratures,
i.e., the real and imaginary components. The operators representing each component are
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~

%1 = (E +E+) /2 and %, = (E —E+> /2i, respectively, and their fluctuations are evaluated by
07, =< WolaT ,|Wo > — < Wo[xy 2 Wp>.

From Eq. (14), the short-time evolution of the mean square of the real component is expressed
as

_ 1 ~ ~ 2
< WolR Tt + 7)o > = 4 < \I/0|{a(t0 F) 4+ T)} W, >

. 1
= < VRS (to)|¥ > {1+ 2k*(N2 — N1)nit} +§K2(Nz + Nip)mt, (30)

where O(7%) terms are neglected. On the other hand, the square of the average of the real
component is expressed as

~ 1 . N
< Wl (fo + )| Wo>? = < \I’0|{a(to v +at + r)}|\y0>2

1 . o~
=L [< PR > {1+ 20N~ N+ < VR ) >

{1+ (N2 — Nt} P = < WIRy (b)) >2{1 + 2% (N, — Ny)mt ).
(31)

From Egs. (30) and (31), the short-time evolution of the variance of the real component is
obtained as

Ogl(to + T) =< W(ﬂfi(to + T)|\y0 > —< \P0|56\1(f0 + T)|\IJ0>2
= {< VIR )| > — < W[R ()| W2 }{1 +213(Ny — Nyt }

1
+2K2(N2+N1) 1(t) {1+ 21*(N2 — Ny)mit }
Lo
+§K (N2 4+ Ny)7e. (32)
This equation is translated to the short-length evolution as
<Z0+AZ) —G (zo {1+g(N27N1)AZ}+ (N2 + N1)Az, (33)

from which the following differential equation is obtained:

d0x1
dz

= g(Ny — Ny)o?, +8 SN2+ M), (34)

From Eq. (34), the variance of the real component at the output is calculated as
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02, (L) = Go%,(0) + 411 (2ngp —1)(G - 1). (35)

The variance of the imaginary component is similarly calculated as 0,,*(L) = Goy,> (0) + (1/4)
(2ngp = 1)(G = 1). The first term in Eq. (35) represents amplified fluctuations from the incident
light, with a gain G whose square root equals the amplitude gain [Eq. (24)], and the second term
represents additional fluctuations that are superimposed onto the amplified fluctuation through
the amplification process. This input and output relationship of amplitude fluctuations can be
schematically illustrated in the complex amplitude space (constellation) as shown in Figure 1.

For a coherent incident state, i.e., whose amplitude variances is Oe1? 0) = O0° 0) = 1/4 [4],
Eg. (35) is rewritten as

Gil(L):jIG—Fi(Znsp—l)(G—l)zl—l—%nsp(G—l). (36)

The first term 1/4 corresponds to the inherent quantum noise of a coherent state, and the
second term represents amplitude fluctuations at the amplifier output in a classical picture.
Recalling that the mean amplitude at the amplifier output is that amplified from the incident
light with no addition mean field, as indicated in Eq. (24), Eq. (36) suggests that the amplifier
output can be regarded as a summation of a clean signal light (i.e., coherent state), displaced
from the initial mean amplitude position, and fluctuating light, whose mean value and vari-
ance are 0 and n4,(G — 1)/2, respectively, in one quadrature. Figure 2 illustrates this output
condition in the complex amplitude space. Noting that the variance of the fluctuating light
equals half of the spontaneous photon number indicated in the second term in Eq. (28), we can
say that the above picture illustrated in Figure 2 is equivalent to the classical picture of
amplitude noise described in Section 2, where the ASE power is given by <|Easg|>> = 15,(G -
1)hfAf and the variance of the real component of ASE light is given by <{Re[Exsg]}>> — <Re
[Ease]> = nsp(G — 1)hfAf/2. Therefore, the classical picture introduced in Section 2 is confirmed
by the quantum mechanical treatment presented here, except for the inherent quantum noise
of 1/4. This noise 1/4 is sometimes called “vacuum fluctuation” or “zero-point fluctuation,”
that appears owing to quantum mechanics.

Im[£]

Figure 1. Constellation diagram of amplified light.
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Figure 2. Decomposition of amplified light in the constellation diagram.

4.5. Photon-number fluctuation
We next discuss photon-number fluctuations. These fluctuations are evaluated employing the
variance of the photon number as 02 =< Wy|ii’|Wy > — < Wy|ii|¥o>2. From Eq. (14), the
short-time evolution of the mean square of the photon-number operator is calculated as
~2 P R 2
< Woli 2(tg + 1) Wy >=< \If0|{a (to + Tty + T)} Wy >
4+ ~t ~t = ~ ~ 2
=< Wol [{@"(to) (1~ T (t0)) + P (o) }{ato) (1 = T(t0) ) + Plto) }| 1 >

=< Wi (o)W > {1+ 4> (N2 — Ni)mz} + 27(to)k* (3N, + Ni)mt + 2 Nome,
(37)

where higher-order interaction terms are neglected as before. This expression can be translated
to the short-length evolution as

< Wolii? (20 4 Az)| Wy >=< W[ii(20)|W > {1+ 2¢(N2 — N1)Az} + g7i(20)(3N2 + N1)Az + gN, Az,

(38)
from which the following differential equation is obtained:
d<n? > ~2 _
T:Zg(Nz—N1) <1” > +8(3Na2 + Np)i + gN,,. (39)

with < 71° >=< W[ii*|¥ >. The first term represents an amplification process with a gain
coefficient of 2g(N> — Ny), and the second and third terms represent the number of photons
generated at a local position, which propagate and reach the medium end while being ampli-
fied by the first term. Then, the solution of Eq. (39) can be expressed as

L
<7 (L) >=< 71%(0) > XN2-NIL J {g(3N2 + N1 )7i(z) + gN, XN MIE=2)gz - (40)
0

Here, 7i(z) is expressed from Eq. (29) as 7i(z) = 7(0)exp[g(N2 — N1)z|, and then Eq. (40) is
calculated as
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<A(L) >=<7(0) > G* + ngp(G — 1) + 47(0)G(G — 1)ngp + 212,(G — 1)* = (0)G(G — 1).
(41)

From this equation and Eq. (29), the photon-number variance at the amplifier output is
expressed as

o3(L) >=<7’(L) > —{A(L)}*
= 21(0)G(G — 1)nep + n2,(G — 1)* + 7(0)G + g (G — 1)
+G|< 7%(0) > —{7(0)}* — 7(0)|. (42)

Recalling that the mean photon numbers of the amplified signal and the spontaneous emission
are 77(0)G and 74, (G — 1), respectively, each term in Eq. (42) can be interpreted as follows. The
first term is equivalent to 2 x (signal light intensity) x (spontaneous light intensity),
corresponding to the signal-spontaneous beat noise represented by the first term in Eq. (4).
The second term is equivalent to (spontaneous light intensity)?, corresponding to the
spontaneous-spontaneous beat noise represented by the second and third terms in Eq. (4).
The third and fourth terms denote the mean photon numbers of the amplified signal and
spontaneous emission, respectively, corresponding to the inherent quantum noises of the

amplified signal light and the spontaneous emission, respectively. In the fifth term, < 7

(0) > —{7(0)}* is the photon-number variance at the input and 7(0) is that of a coherent state.
Thus, their difference represents noise other than the inherent quantum noise, i.e., excess noise,
and then the fifth term corresponds to the amplified excess noise.

The first and second terms in Eq. (42) correspond to the classical intensity noise represented by
Eq. (4), as described above, supporting the classical treatment. In addition, the inherent quan-
tum noises are included in Eq. (42), owing to the full quantum mechanical treatment, and the
amplified excess noise is simultaneously included as well. Sometimes in the classical treat-
ment, the inherent quantum noise is phenomenologically added as the shot noise arising at the
electrical stage after direct detection [2]. In fact, however, it exists in the optical stage as derived
above. Therefore, the inherent quantum noise is sometimes called “optical shot noise.”

4.6. Noise figure

The noise figure, defined as the ratio of the signal-to-noise ratios (SNRs) at the input and
output of an amplifier in terms of the light intensity or the photon number, is usually used as
an indicator for the noise performance of an amplifier. Based on the above results, we describe
the noise figure of population-inversion-based amplifiers in this subsection. The output SNR is
obtained from Egs. (29) and (42) as

{7(0)G}*

(SNt = 550)61G Ty )

where only the signal power and the signal-spontaneous beat noise are taken into account,
assuming that the amplified signal is sufficiently larger than the spontaneous emission. On the
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other hand, the input SNR is evaluated for a coherent state, according to the definition of the
noise figure, which is (SNR),,, = 71(0). Therefore, the noise figure is expressed as
_ (SNR);, G-1

NF = W = Znsp T . (44)

out

This expression equals the classical result given by Eq. (6).

The noise figure is proportional to the population inversion parameter 7, = N»/(N, — Ny), as
shown above. The minimum value of ngp is 1, which is achieved when Ny = 0, i.e., the fully
inverted condition where all atoms are in the upper states. Under this condition, NF = 3 dB for
G >> 1. This is the quantum-limited noise figure of population-inversion-based optical ampli-
fiers. Near-quantum-limited noise figure has been demonstrated experimentally in Erbium-
doped fiber amplifiers [6, 7].

The fact that the noise performance is determined by the population inversion parameter can
be intuitively understood as follows. The source of amplifier noise is spontaneous emission. A
small amount of spontaneous emission suggests a good noise performance. However, sponta-
neous emission is roughly proportional to the signal gain (Eq. (29)), which is desired to be high
as an amplifier. Thus, the amount of spontaneous emission normalized to the signal gain, (ASE
power)/(signal gain), can be an indicator for the noise performance. The spontaneous emission
rate is proportional to the number of atoms in the upper energy level N, i.e., (ASE power)xN5,
and the signal gain is determined by the balance between stimulated emission and absorption
and thus is proportional to the difference between the numbers of atoms in the upper and
lower states, roughly speaking, i.e., (signal gain)ex(N, — Np). Subsequently, (ASE power)/(signal
gain)oxN,/(N; — N1) = ng,, which suggests that the amplifier noise performance is determined
by the population inversion parameter 7.

5. Optical parametric amplifiers

Whereas population-inversion-based amplifiers are widely used, there is another type of optical
amplifiers, that is an optical parametric amplifier (OPA) based on optical nonlinearity [8]. When
signal light is incident onto a nonlinear medium along with intense pump light, a signal and
idler photons are created from one pump photon in case of second-order nonlinearity, satisfying
the energy conservation of aw, + hw; = hwp (ws w;, and w,, are the angular frequencies of the
signal, idler, and pump lights, respectively), or they are created from two pump photons in case
of third-order nonlinearity, satisfying Aws + hw; = hwp; + hwp,. Through this photon exchange
phenomenon, the signal light is amplified. This signal amplification scheme also offers optical
signal processing functions such as wavelength conversion and generation of phase-conjugated
light [9]. This section describes quantum noise in OPAs [10].

5.1. Heisenberg equation

The Hamiltonian for parametric interaction between signal and idler via pump light(s) can be
expressed as [11]
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H = haita, + hodld + in (@] - 034). (45)

The first and second terms are the Hamiltonians of signal and idler lights without interaction,
respectively, where @, and a; are the field operators of signal and idler, respectively. The third
term is the interaction Hamiltonian between signal, idler, and pump lights, which represents
photon energy exchange such that signal and idler photons are created while pump photon(s)
is annihilated and vice versa, with the coupling coefficient x. Since the pump light is so intense
that its quantum properties do not matter here, the pump light is treated classically, whose
amplitude E,, is included in the coupling coefficient as x « E,, or E,;E,; for the second- or third-
order nonlinear interaction, respectively.

From the Heisenberg equation with the above Hamiltonian, temporal differential equations for
the field operators are obtained as

di, 17. ~ N

;ﬁ—::za{awfi}::—4agas%—xﬁ?, (46a)
dab o1 -~ N N

% - [af ,H] = it + . (46b)

These temporal differential equations can be translated to spatial ones as

das . .. X~

e —ifas + /) aj, (47a)
da; o X
E = lﬁiﬂi + Wﬂs. (47b)

where f =1 (w/c) is the propagation constant (n: the refractive index, c: the light velocity in the
vacuum). The above equations can be simplified by the variable translation a5 ;(z) — a5 i(z)

exp (—i‘BS/iz) as

das _ X At i(pp)z
ye i /) aje , (48a)

i ~i(Bth)z
iz = /) ase . (48b)
Here, we consider the propagation phase of the right-hand term in the above equations. The
coefficient x includes the pump light amplitude as x xE, or EEp, and the pump amplitude
can be expressed as E, = E, (0)exp(—ifpz) under no pump-depletion condition (8, is the
propagation constant of the pump light). Subsequently, x xE, (0)exp(—if,z) or E,1(0)Ep2(0)
exp[—i(Bp1 + Bp2)z]. From these considerations, Eq. (48) can be rewritten as
da, _ Kaj e,

o (49a)
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— = iae M (49b)

where « is the coupling coefficient in the spatial domain, excluding exp(—if,z) or exp[—i
(Bp1 + Bp2)z], and AB = Bs + fi = Bp or Bs + fi — Pp1 — Pp2. This parameter Af is called “phase
mismatch,” and determines the signal gain of an OPA as shown later. As for «, its absolute
valueis Ikl =dy|Ey | |Ey;| when an optical fiber is used as a nonlinear medium, where y is
the nonlinear coefficient, and d is the degeneracy factor that takes 2 and 1 for f,; # f,» and
fp1 = fp2 respectively. Regarding the phase of «, it is determined by the incident phase(s) of the
pump light(s).

From Eq. (49), the signal field operator at the output is calculated as

@5(L) = {cosh(gL) — i(AB/2g)sinh(gL) }as(0) + ¢/ 1 + (AB/2g)’sinh(gL)a} (0), (50a)

where ¢ = {Ix1% - (AB/2)*}'%, L is the medium length, and ¢ = arg(x). Eq. (50a) includes the
field operators of signal and idler lights, i.e., the signal and the idler are treated separately. For
particular frequency conditions such as 2ws = w, for the second-order nonlinearity or
2ws = wpy + wpp for the third-order nonlinearity, the idler frequency equals to the signal
frequency, w; = ws, and the signal and the idler are degenerate. Under such conditions, Eq. (50a)
is rewritten as

@5(L) = {cosh(gL) — i(AB/2g)sinh(gL) }a5(0) + ¢/ 1 + (AB/2g)’sinh(gL)a? (0), (50Db)

As shown later, degenerate and nondegenerate OPAs have definitely different characteristics.
For simplifying mathematical expressions, hereafter, we rewrite Eq. (50) as

as(L) = {A¢l970)2%(0) + B0/ (0) fele+0)2, (51)
with
A = \Jcosh?(gL) + (AB/2g) sinh(gL), (52a)
_ (Ap/2g)sinh(gL)
¢ = arctan [— Cosh(gL)} , (52b)

B =/1+ (AB/2g)’sinh(gL). (52¢)

The mean values of the physical quantities after amplification can be evaluated using Eq. (51).
In the evaluation, we need the initial state in addition. Here, we assume that only signal light is
incident to an OPA, and express the initial state as [V >= |[¥>;®|0>;, where |¥>; and 0>
denote the signal and idler states, respectively. When the initial state is a coherent state as |'V/>,
= la>, we have 45(0)|¥ >= /75(0)e|¥ >, where 75(0) and 6 are the mean photon number
and the phase of the incident signal light, respectively. On the other hand, @;(0)|0>; = 0.
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5.2. Mean amplitude, photon number, and signal gain

The mean amplitude and photon number at the output are evaluated by as(L) =< W [as(L)|Wy >
and 7,(L) =< Wola!(L)as(L)|Wy >, respectively. For nondegenerate OPA, these are calculated
from Eq. (51) as

as(L) = a5(0)Ae”, (53)

7is(L) = 7is(0) A + B2. (54)

Eq. (53) indicates that the signal field is simply amplified while preserving the phase state,
with no additional field on average. On the other hand, Eq. (54) shows that the output photons
consist of two components. The first term is proportional to the incident photon number,
which corresponds to the amplified signal photons with a gain of

A% = cosh?(gL) + (AB/2g) sinh?(gL) = G. (55)

It is noted in this expression that parameter g = {Ix1? — (AB/2)*}"”* is equivalent to the gain
coefficient. When A = 0, ¢ is maximum and the signal gain is maximum. Therefore, it is
important to satisfy the condition A = 0, that is called the “phase matching condition,” in
implementing an OPA [9]. The second term in Eq. (54) is independent on the signal input, and
represents spontaneously emitted photons. The above results, i.e., the spontaneous light does
not appear in the mean amplitude while it does in the photon number, suggest that the
amplitude of the spontaneous emission is completely random. However, we do not know
how random it is at this stage. The photon number of the spontaneous emission is expressed
from the second term in Egs. (54) and (52c) as

B = {1 + (Aﬁ/Zg)z}sinhz(gL) -G-1, (56)

where Eq. (55) is applied. This expression is equivalent to the spontaneous photon number in
population-inversion-based amplifiers indicated in Eq. (29) with ng, = 1. This correspondence
suggests that nondegenerate OPAs can offer the ideal noise performance achievable in EDFAs,
which is shown later.

Regarding degenerate OPA, on the other hand, its mean output amplitude is calculated as
(L) = {Aei{%*(@*@/z} + Be*"{30+(<ﬂf¢’)/z}}|55(0)|e"(<ﬁ+¢’)/2, (57)
where 0, is the phase of the incident signal light. The mean output amplitude does not have a

simple form as in nondegenerate OPA (Eq. (53)). Under the condition where Af = 0 and the
gain coefficient g is so large as cosh(gL) = sinh(gL) = e¥"/2, Eq. (57) is approximated as

A (L) = cos (A)esL[ds(0)[e!(#+0)/2, (58)

where A = 0y + (¢ — ¢)/2 is introduced. This expression indicates that the phase state of the
incident signal light is not transferred to the output.
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The mean photon number in degenerate OPA is calculated from Eq. (51) as
A 2
iis(L) = (A + B?)7,(0) + AB{< V| {{ES(O)}Ze’(fﬂqb)/z + {31(0)} e'(‘f)q’)/z} L4 >} +B% (59)

Unfortunately, this equation cannot be further developed, because we cannot readily calculate
2
< 1I/|{ES(O)}2|II/ > and < ‘I/|{ﬁ:(0)} |V > for an arbitrary |W¥>. However, for a coherent inci-

dent state, these quantities can be evaluated using a5(0)|¥ >= /75(0)e|¥ >, and then
Eq. (59) is developed as

7is(L) = 715(0){ A* + B> + 2AB cos (2A) } + B. (60)
In this expression, the first term represents amplified signal photons, and the second term

represents spontaneous emission whose mean amplitude is zero as indicated in Eq. (57).

From the first term in Eq. (60), the signal gain is expressed as
G = A% + B> + 2ABcos (2A), (61)

which is dependent on the relative phase A = 0y + (p—¢)/2. Hence, degenerate OPA is called
“phase-sensitive amplifier (PSA).” The maximum gain is obtained when A =0 as

G(A=0) = (A+B)~ (62)

5.3. Amplitude fluctuation

Next, we evaluate the amplitude noise in OPAs. For the evaluation, the light amplitude is
decomposed into two quadratures and the variance of each quadrature is calculated, as in
Section 4.3. In case of OPAs, the output field operator is phase-shifted by (¢ + ¢)/2, as indicated

by Eq. (51). Accordingly, we introduce a phase-shifted field operator defined as b =a,e(0r0)/2,

~ . ~ ot
and evaluate the variances of the real and imaginary components of b, i.e., X1 = (b +b ) /2 and
~ ~ ot . . ~ ~
Xy = (b —b ) /2i, respectively, as Uﬁl(z) = <‘I’0|x%2 [Wo> — <WylxX7 2 W>2,

The calculation result for nondegenerate OPA is expressed as

1 1
0% (L) = A%0%5(0) + ZB2 = A%0%5)(0) + 1 (G—-1), (63)

where Egs. (55) and (56) are applied. The first term represents noise amplified from the incident
light, and the second term represents additional noise superimposed via OPA. Note that Eq. (63)
is equivalent to the amplitude variance of population-inversion-based amplifiers shown by
Eq. (35) with ng, = 1, suggesting that the ideal noise performance achievable in EDFAs can be
obtained in OPA. Similar to Eq. (35), Eq. (63) is rewritten for a coherent incident state as
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Py (L) = +5(G - 1) 64

The first term is the inherent quantum noise of a coherent state, and the second term represents
noise superimposed via OPA in a classical picture. The sum of the second terms of the two
quadratures equals the photon number of spontaneous emission light indicated in Eq. (56). This
consideration supports the classical noise treatment, described in Section 2, where spontaneous
emission with random phase is superimposed onto signal light at the amplifier output.

For degenerate OPA, on the other hand, the amplitude variances are calculated as

02 (L) = (A+ B)*6%,(0) = Goo%(0), (65a)

o%(L) = (A— B2 (0), (65b)

X

where Gy = G(A = 0) is the phase-synchronized gain introduced in Eq. (62). The results show
that the output variances are unequal in the two quadratures, such that 7, is enhanced while
0" is depressed. Since ¥; and X, are the real and imaginary parts of the phase-shifted
operator, respectively, this result suggests that amplitude noise along the axis of a phase of
(p + ¢)/2 is enhanced and that along the orthogonal axis is depressed, in the complex ampli-
tude space. It is noted in Eq. (65a) that it only has fluctuations amplified from incident light
with no additional fluctuation, unlike population-inversion-based amplifiers (Eq. (35)) and
nondegenerate OPA (Eq. (63)). This result suggests that even the noise-enhanced quadrature
X1 is expected to have lower noise than these amplifiers. Regarding the imaginary part,
Eq. (65b) for high-gain conditions, where cosh(gL) = sinh(gL) = ¢¥*/2 and then A = B, is rewritten
as 0,,° = 0. This consideration indicates that the amplitude noise along the phase axis orthog-
onal to the signal output phase approaches zero as the signal gain increases. The above-
mentioned characteristics of amplitude fluctuation in degenerate OPA can be illustrated in
the complex amplitude space as shown in Figure 3.

5.4. Photon-number fluctuation and noise figure

Next, we discusses photon-number fluctuations in OPAs, which are evaluated through the
photon-number variance as on’ = <\I/0|/n\2 1Wo> — <W, |7 | W2 Using Eq. (51), the average of
the square of the photon-number operator for nondegenerate OPA is calculated as
=2 ~t s 2 P 2 2 2\ A2- 2
< Wola2(L)|Wo >=< \Ifol{as(L)as(L)} Wy >=< Wolfiy(L)|Wo>2 + (A2 + B?) A%7,(0) + (AB).
(66)

Subsequently, the photon-number variance is obtained as

0%(L) = (A* + B?) A%7is(0) + (AB)* = (2G — 1)G7i5(0) + G(G — 1)

(67)
=2(G — 1)GTi5(0) + (G — 1)* + G7is(0) + G(G — 1),
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Figure 3. Constellation diagram of amplified light in a phase-synchronized degenerate OPA.

where Egs. (55) and (56) are applied. Recalling that the mean photon number of the amplified
signal is G75(0) and that of spontaneous emission light is (G — 1), as indicated by Eqs. (54)—(56),
each term in Eq. (68) can be interpreted as follows. The first term is equivalent to 2 x (signal light
intensity) x (spontaneous light intensity), which corresponds to the signal-spontaneous beat
noise. The second term is equivalent to (spontaneous light intensity)?, which corresponds to the
spontaneous-spontaneous beat noise. The third and fourth terms are equal to the mean photon
numbers of the amplified signal and of spontaneous emission, respectively, and correspond to
the optical shot noises of the amplified signal light and the spontaneous emission, respectively.

Next, we consider degenerate OPA. As indicated by Eq. (59), properties of the photon number
in degenerate OPA are hard to evaluate for an arbitrary initial state. Thus, we assume a
coherent incident state here. From Eq. (51), the average of the square of the photon-number
operator for the initial state | Wy>= la>; ® 10> is calculated as

< Wolii 2(L)|Wo >= [A* + B? + 2ABcos(2A)7i(0) + B2

+{(A% + B)" + 4(AB)” + 4(A” + B?) ABcos(2\) }7,(0) + 2(4B)?

—< Wyl (L) Wo>2 + {(A2 +B)” 4 4(AB) + 4(A2 + BZ)ABcos(2A)}ﬁs(0) +2(ABY,  (68)
Subsequently, the photon-number variance at the output is

(L) = { (A% + B2)® + 4(AB)? + 4(A2 + B?) ABcos (2A) }ﬁs(O) +2(AB)?
69
_ {G2 +4(AB)? sinz(ZA)}ﬁs(O) +2(AB), )

where Eq. (61) is applied. This expression cannot be decomposed and interpreted as that of
nondegenerate OPA indicated by Eq. (68), which could be because the amplitude distribution
is not simply isotropic in two quadratures, unlike nondegenerate OPA.
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The noise figure can be evaluated from the results obtained above. For nondegenerate OPA, it
is obtained as
_ (SNR),, 2(G - 1)G7s(0) G-1

NF = R 7 (0) ey 272 (70)

where only the signal-spontaneous beat noise is considered for the output SNR, according to
the definition on the noise figure. This noise figure equals that of ideal population-inversion—
based amplifiers indicated by Eq. (44) with ng, = 1. For the degenerate case, on the other hand,
it is expressed as

2
NF=1+4 (Ag) sin?(2A). (71)

For A =0, NF =1 (0 dB), suggesting no SNR degradation in phase-synchronized degenerate
OPA. In fact, a noise figure of less than 3 dB in a phase-sensitive amplifier has been experi-
mentally demonstrated [12, 13].

6. Conclusion

This chapter describes quantum noise of optical amplifiers. Full quantum mechanical treatment
based on the Heisenberg equation for physical quantity operators was presented, by which
quantum properties of optical amplifiers were derived from first principles. The obtained results
are consistent with a conventional classical treatment, except for the inherent quantum noise or
the zero-point fluctuation, providing the theoretical base to the conventional phenomenological
treatment.
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