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Preface

Optical fibers in metrology, telecommunications, sensors, manufacturing, 
and health science have gained massive research interest. This book cov-
ers materials, components, and systems across the application spectrum, 
from interferometers for spectroscopy to fiber optic applications in medicine. 
Furthermore, the number of fields of application of optical fibers is increas-
ing at a fast pace. On the other hand, the literature on optical fibers and the
foundations of their functioning are extremely vast and we have no ambition
to make an original contribution in this respect. This book aims to present
a collection of recent advances in fiber optics. It covers the current progress
and latest breakthroughs in emergent applications of fiber optics and specialty
fibers. 

The book includes five contributions on recent developments in optical fiber com-
munications and fiber sensors, as well as the design, simulation, and fabrication of
novel fiber concepts.

The editors Patrick Steglich and Fabio De Matteis provide a brief historical over-
view of important developments in the field of optical fibers, as well as current
trends and perspectives.

Xiaoshuai Liu and Yao Zhang review the multifunctional manipulation for biologi-
cal cells based on the elaborately designed fiber probes. 

Monika Bahl describes the propagation of structured light fields in optical fibers, 
which find important applications in ICT but also in the design of ultrapowerful 
microscopes and novel spectroscopic analyses.

Yoshito Shuto presents a theoretical study on the evolution of a fiber
fuse in a single-mode optical fiber. A novel nonlinear oscillation model 
using the Van der Pol equation is described and both the silica-glass densifica-
tion and cavity formation observed in fiber fuse propagation are qualitatively
explained.

Jing Wang, Zhensheng Jia, Luis Alberto Campos, and Curtis Knittle propose and 
demonstrate a delta-sigma digitization and coherent transmission of DOCSIS 3.1 
signals for the first time.

We thank all authors for their contributions.
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Chapter 1

Introductory Chapter: Fiber Optics
Patrick Steglich and Fabio De Matteis

1. Introduction

Whether covering a few meters or hundreds of kilometers, optical fibers allow to 
transmit information in a short time. Without communication over long distances, 
humankind would not have got far. It is the basis of every economic and political 
development. Up to the twentieth century, however, it was still the stagecoach that 
brought the information from A to B most quickly—at a speed of no more than 
40 km an hour. Nowadays, optical fibers and light-wave technologies enable high-
speed data communication.

In summary, this means that long-distance communication works in principle 
just like a Morse telegraph: a combination of pulsed signal travels in a medium 
bringing a coded information. The only difference is that we no longer send the 
signals with electricity, but with light. Indeed, optical fibers carry light in the visible 
and near-infrared region (∼100 THz), and therefore, they are often called light-
wave systems to distinguish them from microwave systems (∼1 GHz) [1].

The principle is actually the same as in the Morse telegraph. Just as at the end 
of the 18th century, information is assigned to specific signals or light pulses. 
However, the copper cable was unsuitable for this purpose. In 1965, Manfred 
Börner, a German physicist, used a laser instead of a broadband light source to 
transmit information with optical fibers for the first time.

A typical fiber optic cable, as used by Manfred Börner and currently used all 
over the world, consists usually of a fiberglass core covered by a fiberglass cladding. 
To protect against external influences and to prevent scratches or dirt and moisture 
from penetrating, the entire fiber is covered with a protective layer. The material of 
the cladding must have a smaller refractive index than the material of the core [2]. 
This allows for total internal reflection, a phenomenon well known since the first 
half of the nineteenth century (Colladon and Babinet, Tyndall).

It is noteworthy that for more than a century the total internal reflection was 
mostly used for illumination systems and image transmission to short distances. 
The first person to try to transmit images by means of a bundle of optical fibers was 
Heinrich Lamm, the first to propose a fiber-optic endoscope in 1930 [3].

In 1954, van Heel [4], on one side, and Hopkins and Kapany [5], on the other, 
simultaneously reported a way of conveying optical images along a glass fiber; in 
particular, the former writes: “Preliminary experiments, started in January 1950, 
have shown that coating the fibres with silver or any other metal yields an unsatisfactory 
transmission. A much better result was obtained when the fibres were coated with a layer 
of lower refractive index, which ensured total reflexion”. The optical fiber was born.

However, for a breakthrough in optical communications, it has been necessary 
to wait for Börner to first use a fiber-optic cable in combination with a laser. So here 
he had built a true optical data transmission system. He also employed photode-
tectors at the end of the fiber optic cable. In 1966, Börner applied for a patent for 
the system for the targeted transmission of information via optical fibers for the 
company AEG-Telefunken. And then, it finally came out of the experimental phase 
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into the technical realization—until today. All optical long-distance transmission 
systems are also currently working according to this system principle proposed by 
Manfred Börner.

However, there was still a lot to improve. Because the data transfer did not 
really work well as the light intensity was simply too low, only short transmis-
sion distances were possible. One of the solutions to—at least this problem—was 
actually quite simple. The fiber material had minimal scratches, cracks, and bumps. 
Charles Kuen Kao has improved the fiber glass in 1966 and solved the problem. He 
received the Nobel Prize in 2009 for this and for further developments in fiber optic 
technology.

And yet, even the best and clearest glass fibers have natural limits. Therefore, it 
is necessary to amplify the light signal after a certain distance. Initially, intermedi-
ate stations were set up, in which the incoming light signal was first converted into 
an electrical signal—and then again into a light signal. As a result, it had the initial 
light intensity again and could be transmitted over a long distance. However, this 
solution was unsatisfactory because the intermediate stations drastically increased 
transmission time.

To solve this problem, purely optical amplifiers have been developed. With this, 
it was finally possible to guide the light without interruption over very long dis-
tances. The most important and widespread optical amplifier is the erbium-doped 
fiber amplifier [6]. In this case, a part of the cable is made of a special material that 
amplifies the light synchronously and seamlessly. The erbium-doped fiber amplifier 
works much like a laser where the active material (erbium), incorporated in the 
cable, is pumped to a population inversion state producing a regeneration of the 
signal intensity by stimulated emission [7]. The data transfer keeps hereby finally 
its fast pace without interruption of the propagation along the fiber cable. That is 
why it is on the longest transmission lines in the world, on the transatlantic route 
between Europe and the United States.

In a further step, several carrier wavelengths are transmitted through a single 
fiber to increase the information capacity. For this purpose, the wavelengths are 
all first brought together, which is known as multiplexing. At the receiver side, 
the wavelengths are separated again by demultiplexing. The further development 
of fiber transmission is not yet finished. Researchers see further potential, for 
example, with variable structures of the glass fiber.

A new generation of optical fiber has a fiber core, which is interspersed with 
holes. In this case, the light is confined not only in the core material but also in the 
holes or, in particular, in a larger hole in the middle of the fiber core. This works like 
a veritable turbo in the speed of data transmission. After all, light is extremely fast 
at around 300,000,000 km/s in vacuum. Unfortunately, the fiber material slows 
down considerably, by around 30% due to the larger refractive index.

A much better material, then, would simply be air, because it simply slows down 
less than glass or silicon. That is why researchers at the University of Southampton 
in 2013 developed a hollow core fiber in which the data could be transmitted at a 
rate of about 99.7% of the speed of light in vacuum [8]. Thus, data can be transmit-
ted even faster or even more data can be transmitted at the same time.

Current research is also focusing on new modulation formats to increase the 
data rate and, therefore, to unleash the whole potential of optical communication. 
Such modulation formats employ different physical properties of light such as the 
amplitude, phase, and wavelength. During the last decades, several modulation 
formats like phase shift keying (PSK) and amplitude shift keying (ASK) but also 
advanced modulation formats such as m-th order quadrature amplitude modulation 
(QAM), binary phase shift keying (BPSK), and m-ASK were realized [9]. To gener-
ate such higher modulation formats, novel electrooptical modulators [10–12] are 
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combined with optical fibers, which is known as active optical fibers. These fibers 
are of special interest for rack-to-rack applications.

Optical fibers play a crucial role in telecommunication. Applications can be 
found in many areas such as optical fiber lasers [13], optical fiber interferometers 
[14, 15], optical fiber amplifier [16], and optical fiber sensors [17]. Especially the 
latter one has widespread applications in detecting magnetic fields [18], humidity 
[19], temperature [20], or biological molecules [21].
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Chapter 2

Optical Fiber Probe-Based 
Manipulation of Cells
Xiaoshuai Liu and Yao Zhang

Abstract

In a liquid environment, optical trapping and multifunctional manipulation of 
biological cells, in a noncontact, noninvasive, and high-precision way, have become 
one of the research focuses in the field of integrated optics, biophotonics, and 
clinical medicine. However, it still faces great challenges to perform multifunctional 
manipulation in very narrow spaces with high flexibility, including stable retaining, 
controllable deformation, and precise regulation of a cell chain. Therefore, in this 
chapter, we introduce the multifunctional manipulation for biological cells based 
on the elaborately designed fiber probes. With the probes, the sequential organiza-
tion, precise regulation, and bidirectional transportation of the cell chain were 
performed. We also discuss the potential applications of fiber probes on the endo-
cytosis and exocytosis purpose, which will play an important role in the detection 
and treatment of complex disease.

Keywords: optofluidic manipulation, fiber probe, cell chain, biophotonics, fiber 
tweezers

1. Introduction

In the field of endocytosis and exocytosis, a precise manipulation of a cell was 
required, especially for the nanomedicine injection, intracellular signaling pathway, 
and pathogenic research, which holds a great potential in the detection and treat-
ment of complex diseases [1]. Thus, increasing attentions have been paid to the 
dynamic manipulation of cells in a fluid, which has been proved to be crucial in cell 
growth [2, 3], differentiation [4–6], drug delivery [7–9], mechanical force transduc-
tion [10, 11], etc. Up to now, diverse techniques have shown invaluable performance 
in the multifunctional manipulation of cells, including dielectrophoretic [12, 13], 
magnetic field [14, 15], and mechanical force [4, 16, 17]. Nevertheless, these strate-
gies face the challenges of potential sample heating and high power consumption 
and required attachment of electric/magnetic nanoparticles [18, 19]. Besides, the 
cells were required to be confined on an elaborated substrate, which was usually not 
reusable in these techniques [20, 21].

Since first introduced by A. Ashkin, optical tweezers have motivated many 
intriguing advances in interdisciplinary applications, such as micro/nanophotonics, 
biphotonics, and biomedicine [22–24]. The most commonly used optical manipula-
tion tool is the conventional optical tweezers (COTs), which uses high numerical 
aperture objectives to focus the free-space laser beam [25, 26]. After the transfer 
of photon momentum, the cell will suffer from the optical force, which can be 
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divided into optical scattering force and gradient force, with the direction pointed 
to the optical propagating direction and beam focus, respectively. The magnitude 
of optical force was ranged from femtonewton to nanonewton, and thus, it was the 
ideal chose to measure the response of biological and macromolecular system [27]. 
Compared to other microscopic techniques, for example, electric filed, magnetic 
field, and acoustic method, optical tweezers have the great potential of high preci-
sion, high flexibility, noncontact, and wide manipulation range. However, COTS 
faces certain challenges, such as bulky structure, limited integration, and diffrac-
tion for nanoparticles [28]. Thus, researchers have developed various schemes of 
optical tweezers to extend the potential application scenario, including holographic 
optical tweezers (HOTs), surface plasmon-based optical tweezers (SPOTs), and 
fiber probe-based optical tweezers (FP).

For HOTs, the optical tweezer system was inserted with a diffractive beam 
splitter. Then the beam wavefront can be further sculptured, which can manipu-
late multiple cells simultaneously [29–31]. Nevertheless, appropriate algorithms 
are required to be elaborately designed for achieving a specific pattern of cells. In 
addition, the complicated optical system was consisted of dichroic mirrors, spatial 
light modulators, and high-numerical-aperture focusing objectives. The working 
distance of objectives limits the depth at which cells can be manipulated in the cell 
suspensions. Besides HOTs, surface plasmon-based optical tweezers (SPOTs) have 
also been developed to manipulate cells with high trapping stability and retaining 
ability, especially for the sub-microsized cells and biological molecules [32, 33]. 
However, once the substrates designed, the cell pattern is fixed without a flexibility 
to adjust and transport the cell chain dynamically. Moreover, the organization of 
cell pattern is also limited at a specific depth of cell suspension. Thus, there is a 
great need of developing a new strategy to perform the multifunctional manipula-
tion of cells.

2. Fiber probe-based optical tweezers

First, we will give a detailed introduction about the fiber probe-based optical 
tweezers. As for optical tweezers, a focused laser beam was essential for the stable 
trapping and dynamic manipulation of cells. To realize a focused laser beam, the 
fiber probe was designed into a tapered tip, for which the laser beam will be focused 
by the paraboloid end. After one cell approached the beam focus, it will suffer from 
the optical gradient force and then attracted into the optical axis. After that, it will 
be pushed away from the probe tip or attracted into the focus, which depends on 
the struggling of optical scattering force and gradient force along the optical axis 
direction. After the cell was trapped one by one, a specific organization of cell 
pattern can be achieved with the fiber probe. Further, the organized cell pattern can 
be shifted dynamically in the three dimensional direction. The FPs were fabricated 
by drawing commercial single-mode optical fibers with a flame-heating technique. 
By adjusting the stretch parameters, various parabolic ends can be achieved to 
conduct the multifunctional manipulation of the cell. With the high flexibility, ease 
fabrication, and compact size, fiber probe-based optical tweezers have been widely 
used for the trap of dielectric microparticles and cells [28], the shift of fluorescent 
particles [34], and organelles in the cell [35]. Besides, it is free from the limitation 
on the depth of cell manipulation in the suspensions and does not require any 
elaborated substrates, providing a flexible platform that can be easily integrated 
with microfluidics.

In this chapter, we will discuss the multifunctional manipulation of cells with 
the designed optical fiber probes (FPs). We will show the precise regulation and 
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bidirectional transport of the cell chain with the FPs. Furthermore, it can also 
conduct the dynamic rotation and deformation of human red blood cells. With the 
further combination into the microfluidic technique, FPs have enabled the precise 
control of cell and further applied into the noninvasive analysis for the endocytosis 
and extrocytosis behaviors.

3. Optical fiber probe-based manipulation of cells

3.1 The regulation of the cell chain

Figure 1 schematically shows the formation and regulation process of an E. coli 
cell chain. After E. coli cells trapped one by one, a cell chain consisted of six E. colis 
was organized at the probe tip. By adjusting FP 2 to approach E. coli 5, the cell is 
rotated and orientated toward the axial direction of FP 2. Then, E. coli 5 is removed 
from the chain with the cell contact sequence changed. By shifting FP 2 along the 
+x direction, E. coli 5 is put between the E. coli 3 and 4 (Figure 1c). After turning 
off the laser in FP 2, E. coli 5 is gradually rotated and orientated along the axial 

Figure 1. 
Schematic of the regulation process and experimental setup. (a) A cell chain is organized at the tip of FP 1. 
(b) By manipulating FP 2, E. coli 5 is rotated and then removed from the cell chain. (c) E. coli 5 is added back 
at a new position into the chain. (d) After turning off the laser in FP 2, E. coli 5 is orientated along the axial 
direction of FP 1. (e) Schematic of the experiment setup [38].
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Figure 1. 
Schematic of the regulation process and experimental setup. (a) A cell chain is organized at the tip of FP 1. 
(b) By manipulating FP 2, E. coli 5 is rotated and then removed from the cell chain. (c) E. coli 5 is added back 
at a new position into the chain. (d) After turning off the laser in FP 2, E. coli 5 is orientated along the axial 
direction of FP 1. (e) Schematic of the experiment setup [38].
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direction of FP 1 (Figure 1d), changing the cell contact sequence again. Figure 1e 
schematically shows the experimental setup. After sheathed with a glass capillary, 
FPs 1 and 2 were fixed on microstages 1 and 2, respectively. The probe tips were 
immersed in the E. coli solution, while their ends were connected to the lasers 1 and 
2, respectively. The wavelength of both lasers is set at 980 nm due to the low absorp-
tion for the biological cells [36]. Such a wavelength induces little optical damage 
to bacteria and mammalian cells [37]. The E. coil solution was dropped on a glass 
slide with an injector. The slide was mounted on an x–y manual translation stage 
(resolution: 50 nm) to achieve fine positioning and mechanical stability. An optical 
microscope incorporated with a charged coupled device (CCD) was used for the 
real time monitoring, image capturing, and video recording.

To demonstrate the operation mechanism, a dynamic regulation of the cell 
chain was experimentally conducted. After the laser beam injected into FP 1 
(P1 = 30 mW) at t = 0 s, a cell chain was organized at the probe tip, which was 
consisted of 10 E. colis. Then, FP 2 was adjusted to approach the downside tip of 
E. coli 3 (indicated by the yellow dot) in the cell chain (Figure 2a). After turning 
on the laser in FP 2 (P2 = 50 mW), the downside tip of E. coli 3 was trapped by 
FP 2 (Figure 2b). With a shift of 1.9 μm along the −x direction, the downside tip 
was shifted along the −x direction, while the upside tip (indicated by the red dot) 
remained stationary (Figure 2c). After that, E. coil 3 was rotated clockwise and 
gradually orientated along the axial direction of FP 2 (Figure 2d). Then, it was 
removed from the cell chain and shifted along the −x direction. After that, FP 2 

Figure 2. 
Optical microscopic images of adjusting the cell contact sequence. (a) FP 2 was adjusted to approach E. coli 3. 
(b–d) E. coli 3 was rotated and then trapped by FP 2. (e and f) E. coli 3 was shifted with FP 2 along the +y and 
+x direction. (g–i) The E. coli 3 was added back into the cell chain. The two tips of E. coil 3 were indicated by 
yellow and red dots [38].
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was shifted along the +y direction with a distance of ~1 μm (Figure 2e), followed 
by a shift of 9 μm along the +x direction (Figure 2f). Then, E. coli 3 was added back 
into the chain between E. coils 4 and 5 (Figure 2g). After the laser off in FP 2, E. coli 
3 was reorientated along the axial direction of FP 1, and the contact sequence was 
changed to 1-2-4-3-5-6-7-8-9-10 (Figure 2h and i).

To quantitatively interpret the above experiment, the optical torques (T) on the 
E. colis were calculated in the regulation process, which is defined as:

  T = ∫  r  i   × d  F  EM    (1)

where ri is the position vector pointing from the central point of E. coli to the 
interaction point, dFEM is the electromagnetic force element exerted on the interac-
tion point i. FEM can be expressed as:

   F  EM   =  ∮  S   ( 〈 T  M  〉  ⋅ n) dS  (2)

where dS is the surface element surrounding the cell, n is the surface normal 
vector, and 〈TM〉 is the time-independent Maxwell stress tensor. The optical torque 
along the +z direction is defined as positive, under which the cell will be rotated 
counterclockwise. As shown in Figure 3, the torques are positive and negative in 
the regions I (−50° < θ < 0°) and II (0° < θ < 50°). Thus, E. coli 3 will be rotated 
counterclockwise and clockwise, as indicated by the red and blue arrows, respec-
tively. Finally, E. coli 3 will be oriented along the axis direction of FP 2, that is, at 

Figure 3. 
Calculated optical torque and force during the regulation progress. (a) Calculated optical torque exerted on the 
10 E. colis as a function of θ (FP 1: 30 mW and FP 2: 50 mW). The inset shows the energy density distribution 
at θ = 0°. (b) Calculated optical torque exerted on the 10 E. colis as a function of θ (FP 1: 30 mW and FP 2: 
0 mW). The inset shows the energy density distribution at θ = 130°. (c) Calculated optical force Fx and torque 
on the E. coli 3 as a function of X [38].
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θ = 0°. Figure 3b shows the torques exerted on E. colis after turning off the laser in 
FP 2. The torques were positive and negative in the region I (80° < θ < 130°) and II 
(130° < θ < 180°), respectively. At θ = 130°, the torque exerted on E. coli 3 was zero 
so that E. coli 3 will be stably trapped and oriented along the axial direction of FP 1. 
Moreover, during the shift process of FP 2, the optical force and torque exerted on 
E. coli 3 were calculated as shown in Figure 3c. During the shift process, the optical 
force was negative while the torque remained to be zero, indicating E. coli 3 will be 
stably trapped and shifted with FP 2.

Further, the numerical simulations show that the method can be used for the 
regulation of cell chains consisted of cells with different sizes and shapes (e.g., 
spherical). After the FPs incorporated into lap-on-chip platforms, the presented 
regulation method is expected to enable a new opportunity for the investigation of 
cell growth, intercellular singling pathway, and pathogenic processes.

3.2 Optofluidic organization and transport of the cell chain

Except for the precise regulation, the organized cell chain can also be dynami-
cally transported with an optofluidic strategy, by implanting a large-tapered-angle 
fiber probe (LTAP) into the microfluidic technique. As shown in Figure 4a, when 
an E. coli cell was delivered toward the LTAP tip by the flow, it will suffer from the 
opposite optical scattering force. The cell kept slowing down until it was trapped 
stably. Then, E. colis were trapped one after another, and a cell chain was organized 
along the optical axis of LTAP (i.e., x-axis). Further, the distance between the probe 
tip and cell chain (D) can be dynamically adjusted so that the cell chain can be 
under bidirectional transportation.

Then, the experiment was conducted to demonstrate the bidirectional trans-
portation of the cell chain (Figure 4b). The flow velocity was fixed at V = 10 μm/s, 
while the laser power (P) was set to be 75 mW. At t = 0 s, a chain consisted of eight 
cells was organized in front of LTAP at D = 27 μm. After P decreased from 75 to 60, 
45, 30, and 15 mW, the chain was transported toward LTAP with D varied from 
27 to 22, 17, 10, and 0 μm (Figure 4b2–6), respectively. Further, the cell chain 
can be pushed away from the probe tip by increasing the laser power. As shown in 
Figure 4c, with P increased from 15 to 30, 45, 60, 75, and 90 mW (Figure 4b2–6), 
the cell chain was continuously pushed away from the LTAP tip with D varied from 
0 to 10.3, 16.5, 21.4, 26.6 and 32.9 μm, respectively.

In addition, spherical eukaryotes (e.g., yeast cells) can also be organized and 
transported with the proposed optofluidic technique (Figure 5a). The flow veloc-
ity and laser power were set to be V = 20 μm/s and P = 40 mW, respectively. First, 
four yeast cells were trapped and then arranged into a cell chain at t = 0 s. Then 
the cell chain was transported toward the LTAP tip with V increased to be 32 μm/s. 
Meanwhile, D was decreased from 23 to 18 μm (Figure 5a3). By varying V to 17 and 
13 μm/s, the cell chain was further transported with D changed to 25 and 27.5 μm, 
respectively. Further, the optofluidic transportation of human red blood cells (RBCs) 
was also conducted to investigate the potential application in the blood diagnose. The 
flow velocity was fixed at 10 μm/s along the −x direction. Notably, an LTAP tip with a 
more flat facet was fabricated to ensure the manipulation stability for the larger RBCs 
(Figure 5b). After the laser beam was injected into LTAP (P = 40 mW), two RBCs 
were transported along the −x direction by the flow and then trapped by the LTAP 
(Figure 5b1). At t = 4, 8, and 12 s, the cell number of the RBC chain was increased 
from 2 to 3, 4, and 5, respectively. After organizing cell chain, it can be transported by 
adjusting the laser power. As shown in Figure 5c, a cell chain was organized in front 
of the probe tip. With P increased from 30 to 55 mW, D was also varied from 8.2 to 
21.2 and 35.2 μm, as shown in Figure 5c2 and c3, respectively. After that, the chain 
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Figure 4. 
(a) Schematic of optofluidic organization and transport of cell chain. (b) The cell chain was transported 
toward the LTAP tip by decreasing the laser power. (c) The cell chain was pushed away from LTAP tip by 
increasing the laser power [39].

Figure 5. 
(a) Optofluidic transport of yeast cell chain under various flow velocities. (b) Optofluidic organization of RBC 
chain consisted of five red blood cells. (c) Optofluidic transport of the RBC chain [39].
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Figure 4. 
(a) Schematic of optofluidic organization and transport of cell chain. (b) The cell chain was transported 
toward the LTAP tip by decreasing the laser power. (c) The cell chain was pushed away from LTAP tip by 
increasing the laser power [39].
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(a) Optofluidic transport of yeast cell chain under various flow velocities. (b) Optofluidic organization of RBC 
chain consisted of five red blood cells. (c) Optofluidic transport of the RBC chain [39].



Fiber Optics - From Fundamentals to Industrial Applications

18

kept stationary with D remained at 35.2 μm (Figure 5c4). Besides, the distance can 
also be changed by adjusting the flow velocity, which was similar to the case of yeast 
cell chain. These results demonstrated that various cell chains can be dynamically 
transported by adjusting the laser power or flow velocity.

3.3 Optical rotation and deformation of human red blood cells

Except for the bidirectional transportation of the RBC chain, FPs were also 
investigated to conduct the multifunctional rotation and deformation of human 
red blood cells, which were of great physiological and pathological significance. 
As shown in Figure 6, one RBC was bound to the tip of TFP 1 at θ = 0° due to 
the optical gradient force and the Van der Waals force. At t = 0 s, the laser beam 
at a wavelength of 980 nm was injected into TFP 2 at P2 = 24 mW (Figure 6a1). 
Meanwhile, the upper part of the RBC was trapped by TFP 2. By shifting TFP 
2 along the −y direction, the cell rotated around the x-axis with θ increased 
(Figure 6a2–5). At t = 10 s, TFP 2 was shifted along the +y direction, and θ 
decreased to be 0° (Figure 6a6–10).

To quantitatively analyze the above rotation process, yTFP2 and θ were achieved 
as shown in Figure 6b. In the region I (from t = 0 to 3.8 s), TFP 2 was shifted along 
the −y direction with a distance of 3.3 μm, and θ increased from 0 to 90°. Then, θ 
remained to be 90° from 3.8 to 5 s (region II), which indicated a certain orienta-
tion of cell can be realized by manipulating TFP 2. After that, θ increased from 
90 to 172° (region III) with TFP 2 shifted along the −y direction again, and then it 
remained to be 172° from t = 7 to 9.5 s (region VI). From t = 9.5 to 15 s, TFP 2 was 
shifted along the −y direction so that θ decreased from 172 to 0° (region V). Thus, 
a controllable rotation and orientation of the RBC around x-axis can be realized 
by manipulating TFP 2. In addition, the shift velocity of TFP 2 (VTFP2) and angular 
velocity of the RBC (ωRBC) were also calculated. As shown in Figure 6c, the value 
of ωRBC monotonously varied with VTFP2, with a maximum of 4.7 rad/s. Notably, the 
trapped part can be changed by adjusting TFP 2 along the z direction. For example, 

Figure 6. 
RBC rotation around x-axis. (a) Optical microscopic images for rotating an RBC around x-axis. Scale bar: 5 μm. 
(b) Calculated yTFP2 and θ in the rotation process. (c) Calculated VTFP2 and ωRBC in the rotation process [40].
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by trapping the left part of the cell, the cell will rotate around z-axis, which can 
realize the multifunctional rotation around different axes.

Further, a stretch of single or multiple RBCs can also be realized by using two 
TFPs. As schematically shown in Figure 7a, after the laser beams injected into both 
TFPs 1 and 2, three RBCs are trapped and then stretched along the optical axis 
of TFPs. The experiments were then conducted to demonstrate the above stretch 
mechanism. At t = 0 s, two RBCs were located between two TFPs, with diameters of 
5.6 and 6.4 μm, respectively (Figure 7b1). Then, two laser beams at the wavelength 
of 980 nm were injected into the TFPs with the power of P1 = P2 = 20 mW. After 
that, the RBCs moved toward each other and finally became contacted due to the 
optical force (Figure 7b2). Meanwhile, they were gradually stretched till reaching 
an equilibrium at t = 10 s (Figure 7b3). The deformation degree of RBCs can be 
described by the shear strain (γ) which was defined as γ = Δl/l, where Δl and l are 
the cell stretch length and original length, respectively. At t = 10 s (Figure 7b3), the 
shear strain of two cells reached the maximum of 0.14 and 0.12, respectively. Then, 
they kept stretched until the laser was turned off at t = 35 s (Figure 7b4). After 
that, the RBCs were gradually resumed their original shapes (Figure 7b5, 6).

Similarly, the simultaneous stretch of three RBCs was also conducted, as shown 
in Figure 7c. The diameters of RBCs 1, 2, and 3 were 6.7, 5.7, and 6.9 μm, respec-
tively. At t = 2 s, the RBCs began to be trapped and then stretched after the laser 
turned on (Figure 7c2). Meanwhile, the distance between the cells was decreased, 
while γ were increased. They gradually became contacted with each other. At t = 5 s, 

Figure 7. 
The stretch of multiple RBCs with light from two TFPs. (a) Schematic of stretching multiple RBCs with two TFPs. 
(b) Optical microscopic images of stretching two RBCs. (c) Optical microscopic images of stretching three RBCs. 
(d) Stress distribution on the surfaces of two RBCs. (e) Stress distribution on the surfaces of three RBCs [40].
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kept stationary with D remained at 35.2 μm (Figure 5c4). Besides, the distance can 
also be changed by adjusting the flow velocity, which was similar to the case of yeast 
cell chain. These results demonstrated that various cell chains can be dynamically 
transported by adjusting the laser power or flow velocity.

3.3 Optical rotation and deformation of human red blood cells
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at a wavelength of 980 nm was injected into TFP 2 at P2 = 24 mW (Figure 6a1). 
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2 along the −y direction, the cell rotated around the x-axis with θ increased 
(Figure 6a2–5). At t = 10 s, TFP 2 was shifted along the +y direction, and θ 
decreased to be 0° (Figure 6a6–10).
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Figure 6. 
RBC rotation around x-axis. (a) Optical microscopic images for rotating an RBC around x-axis. Scale bar: 5 μm. 
(b) Calculated yTFP2 and θ in the rotation process. (c) Calculated VTFP2 and ωRBC in the rotation process [40].
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by trapping the left part of the cell, the cell will rotate around z-axis, which can 
realize the multifunctional rotation around different axes.

Further, a stretch of single or multiple RBCs can also be realized by using two 
TFPs. As schematically shown in Figure 7a, after the laser beams injected into both 
TFPs 1 and 2, three RBCs are trapped and then stretched along the optical axis 
of TFPs. The experiments were then conducted to demonstrate the above stretch 
mechanism. At t = 0 s, two RBCs were located between two TFPs, with diameters of 
5.6 and 6.4 μm, respectively (Figure 7b1). Then, two laser beams at the wavelength 
of 980 nm were injected into the TFPs with the power of P1 = P2 = 20 mW. After 
that, the RBCs moved toward each other and finally became contacted due to the 
optical force (Figure 7b2). Meanwhile, they were gradually stretched till reaching 
an equilibrium at t = 10 s (Figure 7b3). The deformation degree of RBCs can be 
described by the shear strain (γ) which was defined as γ = Δl/l, where Δl and l are 
the cell stretch length and original length, respectively. At t = 10 s (Figure 7b3), the 
shear strain of two cells reached the maximum of 0.14 and 0.12, respectively. Then, 
they kept stretched until the laser was turned off at t = 35 s (Figure 7b4). After 
that, the RBCs were gradually resumed their original shapes (Figure 7b5, 6).

Similarly, the simultaneous stretch of three RBCs was also conducted, as shown 
in Figure 7c. The diameters of RBCs 1, 2, and 3 were 6.7, 5.7, and 6.9 μm, respec-
tively. At t = 2 s, the RBCs began to be trapped and then stretched after the laser 
turned on (Figure 7c2). Meanwhile, the distance between the cells was decreased, 
while γ were increased. They gradually became contacted with each other. At t = 5 s, 

Figure 7. 
The stretch of multiple RBCs with light from two TFPs. (a) Schematic of stretching multiple RBCs with two TFPs. 
(b) Optical microscopic images of stretching two RBCs. (c) Optical microscopic images of stretching three RBCs. 
(d) Stress distribution on the surfaces of two RBCs. (e) Stress distribution on the surfaces of three RBCs [40].
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the three cells reached the equilibrium with γ = 0.15, 0.1, and 0.12 (Figure 7c3). 
After that, RBCs started to resume their original shapes by turning off the laser 
at t = 9 s (Figure 7c4–6). Further, the normalized stress distribution on the RBC 
surfaces was also investigated, as indicated by the red arrows in Figure 7e and f. The 
stress was mainly distributed along the x-axis, and the stress direction was toward 
the outside of cells. Therefore, the RBCs were stretched and further became con-
tacted with each other.

4. Discussion

From the above analysis, it can be seen that the multifunctional trap and 
manipulation can be conducted with the fiber probe-based optical tweezers. As we 
know, a precise control of cell behavior was essential in the research of the endo-
cytosis and exocytosis process, especially for nanomedicine injection, intracellular 
signaling pathway, and pathogenic progress. After cells manipulated in a controlled 
manner, various microparticles or viruses can be brought into contact with the 
targeted cells at specific well-defined time points and positions. Meanwhile, the 
spatiotemporal effect can be quantitatively investigated of different extracellular 
cues on the endocytosis and exocytosis process.

Then the potential application and advantages were discussed for fiber probe-
based tweezers on the endocytosis and exocytosis purpose. As for the nanomedicine 
injection, the cells can be located at a different distance to the medicine with the 
assistance of fiber probes, providing a great way to study the diffusion and trans-
portation process. Further, the nanomedicine can be adjusted to approach various 
sites of the cell membrane. Then, the endocytosis efficiency on the interaction sites 
can be quantitatively investigated. Meanwhile, various nanomedicines can approach 
the targeted cell simultaneously with controlled sites, providing an insight into the 
study of selective phagocytosis progress. While for the intracellular signaling path-
way, spatial manipulation will be beneficial to analyze the effect of contact distance 
on the cell interaction. As we know, the cell can interact with each other through the 
exchange of soluble signaling molecules or direct cell-cell contact, which can vary 
in both time and space continuously. Thus, it is of great importance in dynamically 
adjusting the cell-cell interaction distance and contact sequence, which can be 
conducted by using the fiber-probe tweezers. Further, the detailed pathway for the 
intracellular signaling can be individually investigated with the proposed technique. 
Besides, in the pathogenic progress, the specific infection site can be decided by 
using fiber probes to manipulate pathogenic bacterium and targeted cell simultane-
ously. Thus, the dependence of the contact site on the infection performance can be 
investigated, which opens up the possibility for analyzing pathogenic dynamics not 
accessible through passive observation.

5. Conclusions

In this chapter, the fiber probe has been demonstrated to conduct the multi-
functional manipulation of cell chains, including the sequential organization, 
precise regulation, and bidirectional transportation. Besides, the dynamic rotation 
and deformation of the human red blood cell were also realized using the fiber 
probes. With the advantage of ease integration, high flexibility, and noninvasive, 
the proposed technique can provide a great perspective in the investigation of the 
endocytosis and exocytosis purpose. The targeted cells and pathogenic bacterium 
can be dynamically manipulated simultaneously, which is anticipated to be useful in 
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the analysis, diagnosis, and treatment of cell diseases. By incorporating the FPs into 
lap-on-chip platforms, the presented technique is expected to enable a new oppor-
tunity for the investigation of the nanomedicine injection, intracellular signaling 
pathway, and pathogenic process.
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Chapter 3

Structured Light Fields in Optical 
Fibers
Monika Bahl

Abstract

Structured light, tailored light, sculpted light, or shaped light is a term used for 
custom light fields and finds enormous use in literature these days. Some of the his-
tory’s most brilliant researchers, from Newton to Maxwell to Einstein, have studied 
the nature of light over the centuries. We believe that we know everything about 
light, its generation, detection, and applications; yet, it continues to surprise us 
even today. Indeed, one discovery about light’s peculiar behavior has offered a new 
insight into how light works and rendered some intriguing applications. In 1992, 
physicists mastered a surprising feat—generating light beams that twist like a heli-
cal corkscrew. This phenomenon is called twisted light and has led to an altogether 
new field of optics, known as singular optics. Today, twisted light is being used to 
build optical tweezers and ultra-powerful microscopes, and it could eventually be 
used in microscale machinery and for novel spectroscopic analyses. But perhaps 
the most important use of this structured light is in optical communications, where 
it moves through optical fibers. This light has the potential to greatly enhance the 
bandwidth of data networks and, hence, the speed of data transmission.

Keywords: structured beams, tailored light, optical vortex, orbital angular momentum, 
optical fibers, data communication

1. Introduction

Light is an electromagnetic wave, composed of electric and magnetic fields. 
The fields oscillate in a direction perpendicular to the direction in which the wave 
is moving. If the electric field is always oscillating in the same plane, the light is 
said to be linearly polarized. Photons of such light possess a linear momentum. 
Such photons have the power to propel a boat if the solar sails absorb the linear 
momentum. If the direction of the plane in which the light’s electric field is vibrat-
ing is itself rotating as the wave moves, light is said to be circularly polarized. In 
this case, light is said to possess a spin angular momentum. When such a light hits 
a floating ball, it will start to spin like a planet, rotating about its own axis. We 
thus had these two types, and surprisingly, it turned out that these are not the only 
ways light behaves. Allen et al., in 1992, showed in his seminal paper that light may 
possess another strikingly different characteristic behavior [1]. It happens when 
the wave fronts, instead of moving in a straight line or diverging/converging, tend 
to bend, rotate, and propagate in a helical fashion. This was something unexpected 
and very different from the already known phenomenon. This implied that the 
energy propagation direction is not a straight line but that too forms a helical trace 
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as the wave moves in the forward direction. Hence, the Poynting vector (S = E × H) 
changes its direction continuously as the wave moves. Therefore, a given phase 
front will rotate around the center and trace a helix as it propagates. Such a wave 
is said to possess a momentum, apart from the linear and spin momentum, which 
is termed as the orbital angular momentum or OAM. The center of the wave thus 
carries a singularity of phase called the optical vortex, and the intensity profile 
represents a doughnut [2–17]. Hitting with this type of light, a free-floating ball 
will revolve in a circle about a central point as a planet orbits a star. Thus, a “vortex 
beam” represents a column of light with a hole in the center. In 1991, physicist 
Robert Spreeuw, at the time a PhD student in Han Woerdman’s lab at Leiden 
University in The Netherlands, sat down during a team coffee break and presented 
some ideas about how to make twisted light. “The first reactions were a bit doubt-
ful,” Spreeuw recollects. “But we kept thinking about it and, bit by bit, it started to 
look more realistic.”

Angular momentum of photons consists of two different components. The first 
one is the spin angular momentum (SAM), which corresponds to the polarization of 
the photon. The second component is the orbital angular momentum (OAM), which 
relates to the spatial phase profile of the photon.” Both the components have been used 
extensively in optical experiments in the laboratories. Moreover, polarization has been 
used successfully in quantum experiments in free space for about an order of 100 km 
[18–23]. The polarization of a photon is still more easily controllable and resistant 
against atmospherical influences and resides in a two-dimensional state space. This 
places an inherent limit on how much information one can send per photon. An alter-
nate way to encode information is in the OAM, another degree-of-freedom of a photon 
that offers infinite unbounded number of discrete levels theoretically and is able to 
render faster effective communication over long distances [18–23].

A brief note on the light-carrying OAM would give an insight into what it looks like. 
This light has a “twisted” or helical wave front, with an azimuthal phase varying from 
0 to 2 πl. The integer l stands for the topological charge or helicity, and lħ is the OAM of 
the photon. In 1992, Woerdman and his colleague Les Allen created twisted light in the 
lab and showed that even a single photon of light has OAM [1]. In the next year, they 
showed how to convert a normal helium-neon laser to one that carried OAM. One way 
to create twisted light is to send it through a phase plate with thickness varying azi-
muthally. This shapes the wavefonts of the field into a form resembling a helix. It is as if 
you took a rod and swirled it around to create a vortex in the phases of the electromag-
netic waves. This is similar to a vortex in water waves. Topological charge (l) 1 means 
there is 1 helix propagating clockwise (say) in space, charge 2 means 2 interwined 
helices propagate, while −1, −2, etc., mean that 1 and 2 helices propagate anticlockwise 
in space. Higher order charges would increase the number of helices. Figure 1 shows a 
plane wave (l = 0) and helical waves with l = 1 and −1, respectively.

Beams carrying OAM can also be generated in the lab using other techniques like 
a helical mirror or using a computer-generated hologram. Although many of these 
and other techniques are available, researchers are excited about the potential uses 
of these beams. Such beams have the potential to trap and rotate particles (optical 
tweezers), render fast optical communication, used for quantum computing, and 
use in various other areas. In 1995, an Australian team placed small particles in the 
dark, central cavity of an OAM laser and watched them whirl around, providing 
visual proof that the light was carrying OAM. The researchers could even reverse 
the direction of the OAM laser’s twist and spin the particles the opposite way. Thus, 
an exciting new degree of freedom has been made available to the researchers 
to extract the potential of these twisted wavefronts. These can be launched into 
the optical fibers (OF) and photonic crystal fibers (PCF) and provide an all new 
technique to communicate data at speeds higher than the available ones. But before 
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moving further, let me give you a brief description of what optical fibers are and 
how they are used in data communication.

2. What are optical fibers?

Optical fibers are dielectric wave-guides, circular in shape that can transport 
optical information and energy. They have a central core that is surrounded by a 
concentric cladding that has a slightly lower refractive index than that of the core. 
Optical fibers are normally made of silica doped with index-modifying dopants 
such as GeO2 [24–29]. A protective coating of one or two layers of a cushioning 
material (such as acrylate) is used to reduce cross talk between adjacent fibers 
and microbending, which occurs when fibers are pressed against rough surfaces. 
Microbending and cross talk increase the loss of optical energy as the optical beams 
propagate through the fiber. Fibers are typically incorporated into cables in order to 
provide environmental protection. Typical cables have a polyethylene sheath that 
encases the fiber within a strength member such as steel or Kevlar strands. Figure 2 
shows a typical sketch of an optical fiber.

Since the core has a higher index of refraction than the cladding, light will be 
confined to the core when the condition for total internal reflectance (TIR) is 

Figure 1. 
Phase fronts/wave fronts, phase profiles and transverse intensity profiles of a positive helical wave 
with m = 1, a plane wave, and a negative helical wave with m = −1. (ref: phot https://futurism.com/
new-understanding-twisted-light-affect-use-quantum-computing).

Figure 2. 
Cross-section view of an optical fiber (https://www.newport.com/t/fiber-optic-basics).
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as the wave moves in the forward direction. Hence, the Poynting vector (S = E × H) 
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front will rotate around the center and trace a helix as it propagates. Such a wave 
is said to possess a momentum, apart from the linear and spin momentum, which 
is termed as the orbital angular momentum or OAM. The center of the wave thus 
carries a singularity of phase called the optical vortex, and the intensity profile 
represents a doughnut [2–17]. Hitting with this type of light, a free-floating ball 
will revolve in a circle about a central point as a planet orbits a star. Thus, a “vortex 
beam” represents a column of light with a hole in the center. In 1991, physicist 
Robert Spreeuw, at the time a PhD student in Han Woerdman’s lab at Leiden 
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plane wave (l = 0) and helical waves with l = 1 and −1, respectively.
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to extract the potential of these twisted wavefronts. These can be launched into 
the optical fibers (OF) and photonic crystal fibers (PCF) and provide an all new 
technique to communicate data at speeds higher than the available ones. But before 

29

Structured Light Fields in Optical Fibers
DOI: http://dx.doi.org/10.5772/intechopen.85958

moving further, let me give you a brief description of what optical fibers are and 
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and microbending, which occurs when fibers are pressed against rough surfaces. 
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propagate through the fiber. Fibers are typically incorporated into cables in order to 
provide environmental protection. Typical cables have a polyethylene sheath that 
encases the fiber within a strength member such as steel or Kevlar strands. Figure 2 
shows a typical sketch of an optical fiber.

Since the core has a higher index of refraction than the cladding, light will be 
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Figure 4. 
Fibers can be connected (https://www.newport.com/t/fiber-optic-basics).

met. The composition and geometry of the fiber determine the fiber modes or the 
discrete set of electromagnetic fields, which can propagate in the fiber (Figure 3).

Directly connectorized fibers may furthermore provide beam expansion to 
lower the fiber end facet intensity and reduce the risk of damage at high power 
levels (Figure 4).

3. Can optical fibers be used for communication and why?

No one desires to have a slow Internet connection! I am sure you agree with 
me on this. It is very frustrating to have a slow Internet speed when one wants to 
download something or watch a favorite movie online.

Before the wireless Internet era, there used to be the wired, dial-up Internet. In 
this type of connection, a phone line was used to connect to the Internet. Several 
hours were spent only praying for a successful connection. A fast Internet was 
definitely a luxury during those days.

At that point, broadband connections came in, which totally changed the 
Internet scene. The rates of 2–10 mbps became normal. Nonetheless, this still 
utilized great old copper wires as the transmission medium.

Figure 3. 
Close-up view of a fiber preform (https://www.newport.com/t/fiber-optic-basics).
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Around 10 years back, Internet suppliers started utilizing fiber as a medium to 
transmit signals. The purpose behind this was that the transmission happened along 
these lines with minimal losses, giving a lot quicker Internet speeds. In 2014, an explo-
ration aggregate at the Technical University of Denmark (DTU) succeeded to transfer 
43 terabits for each second over a solitary optical fiber with only one laser transmitter!

Therefore, what makes this fiber-optic technology lot more adept than copper 
wires? Let us, therefore, have a look at the two transmission media to get to an 
answer to this question.

3.1 Copper wire

Electrical pulses are sent through a copper wire in case of wired copper communi-
cation. How much of the signal will be retained by the time it reaches its destination 
is determined by the signal strength. The wire’s electromagnetic field is constantly 
monitored for changes at the destination (for example, the router). The destination 
registers a “1” (logic high), when the field is strong, i.e., above a certain measurement, 
say, a, while a “0” (logic low) is registered if it dips below that particular measurement.

3.2 Fiber optic cable

A fiber-optic cable is made from fine hair-like glass fiber, which carries light 
impulses that are transmitted by an LED or a laser source. Data in optical fiber are 
transmitted in the form of light (Figure 5).

Consider a long and flexible pipe, with its insides perfectly coated with silver 
halide, such that the inside is all a mirror. It is like a cylindrical mirror from inside. 
When you flash a source of light (a laser or may be a torch), what do you see at 
the other end? The light will reach the other end, regardless of whether the pipe is 
straight, curved, or twisted. Is not it? Yes, it will. This is because light will reflect off 
the sides of the flexible tube at all angles with almost negligible losses. But mirror 
tubes would be too bulky to handle. Thus, optical fibers are used to serve the purpose. 
Optical fibers are such flexible pipes made of glass instead of mirrors. It employs the 
principle of total internal reflection to transmit light from one to the other end.

Glass is amazingly pure; light can make it through even if it is several miles long. The 
glass for an optical fiber is drawn into an extremely thin strand, with a thickness compa-
rable to that of a human hair. The glass strand is then coated in two layers of plastic.

3.3 Total internal reflection in fibers

Light rays traveling from a denser medium to a rarer medium speed up at the 
boundary. This causes the rays to bend when they pass from glass to air at an angle 

Figure 5. 
Light travels in an optical fiber cable (credit: ProMotion/fotolia).
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Figure 4. 
Fibers can be connected (https://www.newport.com/t/fiber-optic-basics).

met. The composition and geometry of the fiber determine the fiber modes or the 
discrete set of electromagnetic fields, which can propagate in the fiber (Figure 3).

Directly connectorized fibers may furthermore provide beam expansion to 
lower the fiber end facet intensity and reduce the risk of damage at high power 
levels (Figure 4).

3. Can optical fibers be used for communication and why?

No one desires to have a slow Internet connection! I am sure you agree with 
me on this. It is very frustrating to have a slow Internet speed when one wants to 
download something or watch a favorite movie online.

Before the wireless Internet era, there used to be the wired, dial-up Internet. In 
this type of connection, a phone line was used to connect to the Internet. Several 
hours were spent only praying for a successful connection. A fast Internet was 
definitely a luxury during those days.

At that point, broadband connections came in, which totally changed the 
Internet scene. The rates of 2–10 mbps became normal. Nonetheless, this still 
utilized great old copper wires as the transmission medium.

Figure 3. 
Close-up view of a fiber preform (https://www.newport.com/t/fiber-optic-basics).

31

Structured Light Fields in Optical Fibers
DOI: http://dx.doi.org/10.5772/intechopen.85958

Around 10 years back, Internet suppliers started utilizing fiber as a medium to 
transmit signals. The purpose behind this was that the transmission happened along 
these lines with minimal losses, giving a lot quicker Internet speeds. In 2014, an explo-
ration aggregate at the Technical University of Denmark (DTU) succeeded to transfer 
43 terabits for each second over a solitary optical fiber with only one laser transmitter!

Therefore, what makes this fiber-optic technology lot more adept than copper 
wires? Let us, therefore, have a look at the two transmission media to get to an 
answer to this question.

3.1 Copper wire

Electrical pulses are sent through a copper wire in case of wired copper communi-
cation. How much of the signal will be retained by the time it reaches its destination 
is determined by the signal strength. The wire’s electromagnetic field is constantly 
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registers a “1” (logic high), when the field is strong, i.e., above a certain measurement, 
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A fiber-optic cable is made from fine hair-like glass fiber, which carries light 
impulses that are transmitted by an LED or a laser source. Data in optical fiber are 
transmitted in the form of light (Figure 5).

Consider a long and flexible pipe, with its insides perfectly coated with silver 
halide, such that the inside is all a mirror. It is like a cylindrical mirror from inside. 
When you flash a source of light (a laser or may be a torch), what do you see at 
the other end? The light will reach the other end, regardless of whether the pipe is 
straight, curved, or twisted. Is not it? Yes, it will. This is because light will reflect off 
the sides of the flexible tube at all angles with almost negligible losses. But mirror 
tubes would be too bulky to handle. Thus, optical fibers are used to serve the purpose. 
Optical fibers are such flexible pipes made of glass instead of mirrors. It employs the 
principle of total internal reflection to transmit light from one to the other end.

Glass is amazingly pure; light can make it through even if it is several miles long. The 
glass for an optical fiber is drawn into an extremely thin strand, with a thickness compa-
rable to that of a human hair. The glass strand is then coated in two layers of plastic.

3.3 Total internal reflection in fibers

Light rays traveling from a denser medium to a rarer medium speed up at the 
boundary. This causes the rays to bend when they pass from glass to air at an angle 
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other than 90°. This is called refraction. The two layers of plastic form the two 
mediums on which the reflections occur (Figure 6).

Beyond a certain angle, called the critical angle, all the waves reflect back 
into the glass. We say that they are totally internally reflected. The light rays stay 
inside the optic fiber and are transmitted over long distances with negligible loss 
(Figure 7).

3.4 Benefits of fiber optics

The following properties make fiber optic cable superior to conventional copper 
cables.

1. Bandwidth

An optical fiber provides more bandwidth as compared to a copper wire and has 
a standardized performance up to 10 Gbps and beyond, something that it is impos-
sible to achieve with a copper wire. A higher bandwidth means that the fiber can 
carry more information with far greater efficiency than a copper wire.

2. Range of transmission

Data travel in the form of light through a fiber optic cable. The loss of quality of 
signal is almost negligible in the case of total internal reflections within the glass 
fiber, and hence, very little signal loss occurs during transmission. Data can, thus, 
move at higher speeds and for greater distances.

Figure 7. 
Light rays undergo total internal reflection inside an optic fiber that is bent.

Figure 6. 
Total internal reflection in an optical fiber.

33

Structured Light Fields in Optical Fibers
DOI: http://dx.doi.org/10.5772/intechopen.85958

3. Not susceptible to interference

Data transmitted through a fiber-optic cable is much less susceptible to noise. It 
is also less susceptible to electromagnetic interference as compared to one moving 
through a copper wire. For example, there would be almost zero degree of quality 
degradation in a signal through a fiber optic cable, say even for a distance of over 
two kilometers, while a signal transmitted through a copper wire would experience 
a great deal of degradation in quality. It is, therefore, so efficient that roughly 99.6% 
of the signal reaches the router in most cases.

4. Size, weight, and strength

A copper cable is bulky and heavy as compared to a fiber optic cable that is much 
lighter and thinner. It can be used very efficiently in underground pipes that are 
confined to the ground and are also much stronger, with eight times the pulling ten-
sion of a copper wire. It is also tough against environmental factors and atmospheric 
distortions and hard to damage or kink (Figure 8).

5. Cost

The initial cost of material and installation of an optical fiber is high as compared 
to a copper wire, but in the long run, the working cost is much less. Moreover, a fiber 
network has a low maintenance cost and requires very few networking hardware.

6. Durability

Fiber optic cable is highly resistant to many environmental factors that, other-
wise, affect a copper cable network. No electric current can flow through the former 
as the core is made up of glass which is a perfect insulator. Fiber cables can be made 
to run next to any industrial equipment too. An optical fiber is also more resistant to 
temperature fluctuations as compared to copper and can also be submerged in water.

As discussed, optical fibers can communicate data through transmission of 
waves based on the phenomenon of total internal reflection. The theoretical band-
width of optical fiber transmission is of the order of few terabits.

Bandwidth can be enhanced by employing two techniques. The first one is 
known as the time division multiplexing (TDM). Multiple channels are transmitted 

Figure 8. 
Optic fiber is much lighter and thinner compared to the conventional copper cable.
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Figure 10. 
Wavelength division multiplexing (https://www.newport.com/t/fiber-optic-basics).

onto a single carrier by increasing the modulation rate, and each channel is allotted 
a time slot (Figure 9).

The second method is known as wavelength division multiplexing or WDM. Using 
this method, capacity can be increased by using more than one optical carrier (wave-
length) in a single fiber. Therefore, adding a second transmitter and receiver to an 
optical fiber can double the bandwidth of that communications system (Figure 10).

As per the data on the Newport website, the ITU (International 
Telecommunication Union) had proposed a set of closely spaced wavelengths in the 
1550 nm window. This method of WDM is known as Dense Wavelength Division 
Multiplexing or DWDM. These different wavelengths or channels, spaced 100 GHz 
apart or 0.8 nm approximately, form the ITU-T grid. The 1550 nm window has the 
smallest amount of attenuation and lies in the band in which erbium-doped opti-
cal amplifiers operate. DWDM systems have a fixed starting and a distinct ending 
point. Thus, these are, therefore, called point-to-point links. Research is being done 
to make these networks evolve into completely configurable networks that are not 
limited to fixed point-to-point links.

Transparency in the optical layer opens many possibilities for the future. 
Digital and analog transmission can occur on the same fiber. Different bit rates 
using different protocols will all travel together. Current research is being per-
formed on reconfiguring an optical network in real time. Wavelength selective 
switching allows wavelengths to be routed through the network individually. 
Some of the applications of this are for network restoration and redundancy, 
which may reduce or entirely eliminate the need for an entire back up system to 
help the network recover from failures such as equipment malfunctions or fiber 
breaks. A reconfigurable network may offer bandwidth on demand to configure 
itself to optimize for traffic bottlenecks. The future may also include wavelength 
translation to convert traffic on one wavelength to another wavelength in the 
optical domain.

Figure 9. 
Time division multiplexing (https://www.newport.com/t/fiber-optic-basics).
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All optical switching is still in the research phase; however, researchers are 
looking for ways to create reliable, low loss switches with fast switching speeds. 
Investigation into the possibility of optical packet switching and other novel technol-
ogies is currently underway. The all-optical network may be just around the corner.

The future is fiber-optic technology, and the network is growing exponentially 
worldwide. Most major companies are already using fiber-optic systems in their 
backbone applications. These systems offer higher reliability and speed.

4. Can structured beams propagate in optical fibers?

4.1 Yes... twisted light through the light pipe...

Today’s optical-fiber communication systems use wavelength division multi-
plexing, as discussed in Section 2, to squeeze multiple channels of data through the 
same fiber simultaneously, offering much speedier data transfer rates.

But there is another breakthrough research in squeezing photons into this light 
pipe! It is the “twisted light” or the photons with an orbital angular momentum 
(OAM) that can also be utilized to encode data channels. It is like another degree 
of freedom or another dimension on which data can be transferred. The angular 
momentum has an infinite number of states. Each wavelength can carry different 
values of this angular momentum. Thus, OAM appears to be one more parameter of 
light that was not explored till date for communications (Figure 11).

Researcher Miles Padgett and his coworkers in the University of Glasgow dis-
covered in 2004 that OAM modes can be sent through air. They used a holographic 

Figure 11. 
Twisted light through an optical fiber (https://goo.gl/images/vAZD3C).

Figure 12. 
Light trails (https://www.creativity103.com/collections/Lightwaves/slides/twisted_light_loops.html).
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pattern to split a twisted laser light into nine separate helical beams and sent them 
15 m through the air to a telescope. At the receiving end, this telescope was able 
to distinguish and read out all the beams simultaneously. The bandwidth of the 
experiment was not quite high though. A multiplexer and demultiplexer for such 
twisted or helical beams were presented in a research paper at the Optical Fiber 
Communication Conference and Exposition, in Los Angeles, in March. The mul-
tiplexing device presented in the conference was one with multiple waveguides 
that were carved onto a single chip. Later, Willner et al., researchers from the 
University of Southern California, reported a research work related to transfer of 
data using OAM modes of light in Nature Photonics in 2012. They had used twisted 
light to transfer data at approx. 2.5 terabits per second over a distance of about 1 m. 
But twisted beams would need to travel lot farther in order to be used for optical 
communications. Later, a team in Vienna, in 2014, set a record by sending pixelated 
images of few famous Austrians by using twisted light. The images were sent to 
another site in Vienna that was 3 km apart. The researchers used helical beams with 
four helices or twists, such that a data transfer rate of 4 pixels per second could be 
achieved (Figures 12 and 13).

The improvements should be welcome news to companies such as Intel and 
Luxtera, which have been racing to find ways to replace the expensive exotic 
semiconductors and separate components in most optical communications systems 
with cheap integrated chips made of silicon. Twisted light arrays could allow com-
munication channels between chips in a computer.

5. Conclusion

Twisted light beams carrying an orbital angular momentum (OAM) have 
since been used to build optical tweezers, which use laser light to trap microscopic 
particles and control their movements. Instead of merely pushing or pulling at the 
particles, an OAM laser works like a tiny wrench that can torque objects around. In 
recent years, engineers have built ever smaller OAM beams—some barely as wide 
as a human blood cell—in the hopes of using them to drive microscale gears and 
even nanotech machiner. Biomedical diagnostic devices built on a single silicon chip 
could use such twisted light to operate microscopic equipment or detect the flow and 
viscosity of minuscule amounts of liquids. Because twisted light is so unusual, it can 
excite atoms and molecules into odd states not often seen in nature. Electrical engi-
neer Natalia Litchinitser of the University at Buffalo in New York and her colleagues 
have used metamaterials—synthetic composites that exhibit properties not found 
in natural materials—to squeeze an OAM beam so that it is only a few nanometers 

Figure 13. 
Wireless communication through twisted light (https://www.rdmag.com/news/2017/10/twisted-light-could- 
illuminate-new-path-wireless-communications).
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wide. Using such beams, they hope to stimulate atoms and molecules into energy 
states that are extremely difficult to achieve naturally. When the molecules fall back 
to their ground states, they release characteristic flashes of light, which Litchinitser 
says could be useful in new kinds of spectroscopic analysis, for instance teasing out 
the individual components of complex compounds (Figure 14).

But perhaps the biggest application of twisted light is optical communica-
tions. Recently, physicists have shown that photons are not the only ones with 
OAM. Pushin et al. have demonstrated that neutrons, which according to quantum 
mechanics act as both particles and waves, can be converted to possess OAM modes. 
Even acoustic waves have been induced into OAM modes, allowing them to carry 
more information. Some researchers have also suggested that sound waves carrying 
OAM can be used for underwater communication networks. These waves would 
travel better in water, where light is quickly absorbed otherwise (Figure 15).

Using twisted optical beams, one would be able to use Internet at 100 times the cur-
rent speed. The growing potential of OAM beams has astounded those who work with 

Figure 14. 
The miniature OAM nano-electronic detector decodes twisted light (image courtesy: RMIT University).

Figure 15. 
Twisted light sending data through an optical fiber (https://spectrum.ieee.org/tech-talk/semiconductors/design/
twisted-light-sends-data-through-optical-fiber-for-first-time).
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Chapter 4

Cavity Generation Modeling of
Fiber Fuse in Single-Mode Optical
Fibers
Yoshito Shuto

Abstract

The evolution of a fiber fuse in a single-mode optical fiber was studied theoret-
ically. To clarify both the silica-glass densification and cavity formation, which are
observed in fiber fuse propagation, we investigated a nonlinear oscillation model
using the Van der Pol equation. This model was able to phenomenologically explain
the densification of the core material, the formation of periodic cavities, the cavity
shape, and the regularity of the cavity pattern in the core layer as a result of the
relaxation oscillation and cavity compression and/or deformation. Furthermore, the
production and diffusion of O2 gas in the high-temperature core layer were
described on the basis of the nonlinear oscillation model.

Keywords: fiber fuse, nonlinear oscillation, Van der Pol equation

1. Introduction

Owing to the progress of dense wavelength-division multiplexing (DWDM)
technology using an optical-fiber amplifier, we can exchange large amounts of data
at a rate of over 100 Tbit/s over several hundred kilometers [1]. However, it is
widely recognized that the maximum transmission capacity of a single strand of
fiber is rapidly approaching its limit of � 100 Tbit/s owing to the optical power
limitations imposed by the fiber fuse phenomenon and the finite transmission
bandwidth determined by optical-fiber amplifiers [2]. To overcome these limita-
tions, space-division multiplexing (SDM) technology using a multicore fiber (MCF)
was proposed [3, 4], and 1 Pbit/s transmission was demonstrated using a low-
crosstalk 12-core fiber [5].

The fiber fuse phenomenon was first observed in 1987 by British scientists [6–9].
Several review articles [10–14] have been recently published that cover many
aspects of the current understanding of fiber fuses.

A fiber fuse can be generated by bringing the end of a fiber into contact with an
absorbent material or melting a small region of a fiber using an arc discharge of a
fusion splice machine [6, 15–17]. If a fiber fuse is generated, an intense blue-white
flash occurs in the fiber core, and this flash propagates along the core in the
direction of the optical power source at a velocity on the order of 1 m/s. The
temperature and pressure in the region where this flash occurs have been estimated
to be about 104 K and 104 atm, respectively [18]. Fuses are terminated by gradually
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to be about 104 K and 104 atm, respectively [18]. Fuses are terminated by gradually
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reducing the laser power to a termination threshold at which the energy balance in
the fuse is broken.

The critical diameter dmelted, which is usually larger than the core diameter 2rc, is
a characteristic dimensional parameter of the fiber fuse effect. In the inner area
with diameter d≤ dmelted, a fiber fuse (high-temperature ionized gas plasma) prop-
agates and silica glass is melted [18]. dmelted, defined as the diameter of the melting
area, is considered as the radial size of the plasma generated in the fiber fuse [19].
Dianov et al. reported that the refractive index of the inner area with d≤ dmelted in
Ge-doped and/or pure silica core fibers is increased by silica-glass densification and/
or the redistribution of the dopant (Ge) [20].

When a fiber fuse is generated, the core layer in which the fuse propagates is
seriously damaged, and the damage has the form of periodic bullet-shaped cavities
or non-periodic filaments remaining in the core [6–9, 16–32] (see Figure 1). Need-
less to say, the density in a cavity or filament is lower than that of the neighboring
silica glass. It has been found that molecular oxygen is released and remains in the
cavities while maintaining a high pressure (about 4 atm [7] or 5–10 atm [20]) at
room temperature. Recently, several types of sensors based on periodic cavities
have been proposed as a cost-effective approach to sensor production [27–29].

The dynamics of cavity formation have been investigated since the discovery of
the fiber fuse phenomenon. Dianov and coworkers observed the formation of
periodic bullet-shaped cavities 20–70 μs after the passage of a plasma leading edge
[30, 31].

Kashyap reported that the cavity shape was dependent on the nature of the input
laser light (CW or pulses) operated at a wavelength λ0 of 1.064 μm when the
average input power was maintained at 2 W [7, 15]. When CW light was input, the
cavities appeared to be elliptical and cylindrically symmetric. On the other hand,
short asymmetric cavities were formed by injecting (mode-locked) pulses with
100 ps FWHM (full width at half maximum), while long bullet-shaped cavities
were observed by injecting pulses with 190 ps FWHM [7, 15]. Hand and Russell
reported the appearance of highly regular periodic damage tracks in germanosilicate
fibers at λ0 ¼ 488 and 514 nm [9]. Davis et al. reported that long non-periodic
filaments occurred in germanium-doped depressed clad fibers, and a periodic dam-
age pattern was observed in fibers doped with phosphorus and germanium at
λ0 ¼ 1:064μm [21, 22]. Atkins et al. observed both periodic and long non-periodic
damage tracks created in a germanosilicate-core single-mode fiber transmitting
about 2 W of power at 488 nm [32]. Dianov and coworkers reported the formation
of periodic damage in a silica-core fiber at 1.064 and 1.21 μm [18, 30, 31] and long
non-periodic damage in a germanosilicate silica core fiber at 488 and 514 nm [20].

Todoroki classified fiber fuse propagation into three modes (unstable, unimodal,
and cylindrical) according to the plasma volume relative to the pump beam size
[26]. When the pump power was increased or decreased rapidly, an increase in the

Figure 1.
Schematic view of damaged optical fiber.
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length of the void-free segment or the occurrence of an irregular void pattern was
observed, respectively [26].

From these observation results, the cavity patterns occurring in single-mode
fibers can be classified into the four patterns shown in Figure 2, where l is the
length of the cavity and Λ is the (periodic) cavity interval. The observed periodic
cavity patterns belong to patterns (a)–(c) with the pattern depending on the value
of l=Λ. The long non-periodic cavity pattern (filaments) can be considered as a
sequence of two or more of pattern (d).

These cavities have been considered to be the result of either the classic Rayleigh
instability caused by the capillary effect in the molten silica surrounding a vapor-
ized fiber core [32] or the electrostatic repulsion between negatively charged layers
induced at the plasma–molten silica interface [33, 34]. Although the capillary effect
convincingly explains the formation mechanism of water droplets from a tap and/or
bubbles through a water flow, this effect does not appear to apply to the cavity
formation mechanism of a fiber fuse owing to the anomalously high viscosity of the
silica glass [23, 33]. Yakovlenko proposed a novel cavity formation mechanism
based on the formation of an electric charge layer on the interface between
the liquid glass and plasma [33]. This charge layer, where the electrons adhere
to the liquid glass surface, gives rise to a “negative” surface tension coefficient for
the liquid layer. In the case of a negative surface tension coefficient, the deforma-
tion of the liquid surface proceeds, giving rise to a long bubble that is pressed into
the liquid [33]. Furthermore, an increase in the charged surface due to the repulsion
of similar charges results in the development of instability [33]. The instability
emerges because the countercurrent flowing in the liquid causes the liquid to enter
the region filled with plasma, and the extruded liquid forms a bridge. Inside the
region separated from the front part of the fuse by this bridge, gas condensation and
cooling of the molten silica glass occur [34]. A row of cavities is formed by the
repetition of this process. Although Yakovlenko’s explanation of the formation of a
long cavity and rows of cavities is very interesting, the concept of “negative”
surface tension appears to be unfeasible in the field of surface science and/or plasma
physics (see Appendix A).

Low-frequency plasma instabilities are triggered by moving the high-
temperature front of a fiber fuse toward the light source. It is well known that such
a low-frequency plasma instability behaves as a Van der Pol oscillator with instabil-
ity frequency ω0 [35–55]. Therefore, the oscillatory motion of the ionized gas
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reducing the laser power to a termination threshold at which the energy balance in
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Figure 1.
Schematic view of damaged optical fiber.
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length of the void-free segment or the occurrence of an irregular void pattern was
observed, respectively [26].
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convincingly explains the formation mechanism of water droplets from a tap and/or
bubbles through a water flow, this effect does not appear to apply to the cavity
formation mechanism of a fiber fuse owing to the anomalously high viscosity of the
silica glass [23, 33]. Yakovlenko proposed a novel cavity formation mechanism
based on the formation of an electric charge layer on the interface between
the liquid glass and plasma [33]. This charge layer, where the electrons adhere
to the liquid glass surface, gives rise to a “negative” surface tension coefficient for
the liquid layer. In the case of a negative surface tension coefficient, the deforma-
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of similar charges results in the development of instability [33]. The instability
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cooling of the molten silica glass occur [34]. A row of cavities is formed by the
repetition of this process. Although Yakovlenko’s explanation of the formation of a
long cavity and rows of cavities is very interesting, the concept of “negative”
surface tension appears to be unfeasible in the field of surface science and/or plasma
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Low-frequency plasma instabilities are triggered by moving the high-
temperature front of a fiber fuse toward the light source. It is well known that such
a low-frequency plasma instability behaves as a Van der Pol oscillator with instabil-
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plasma during fiber fuse propagation can be studied phenomenologically using the
Van der Pol equation [56].

In this paper the author describes a novel nonlinear oscillation model using the
Van der Pol equation and qualitatively explains both the silica-glass densification
and cavity formation observed in fiber fuse propagation. Furthermore, an investi-
gation of the relationship between several cavity patterns and the nonlinearity
parameters in the nonlinear oscillation model is reported.

2. Nonlinear oscillation behavior in ionized gas plasma

An ionized gas plasma exhibits oscillatory motion with a small amplitude when
the high-temperature front of a fiber fuse propagates toward the light source.

The density ρ of the plasma is assumed to be in the form ρ ¼ ρ0 þ ρ1, where ρ0 is
the initial density of the stationary (unperturbed) part in the front region of the
plasma and ρ1 is the perturbed density. The dynamical behavior of ρ1 resulting from
fiber fuse propagation can be represented by the Van der Pol equation

d2ρ1
dt2

� ε 1� βρ1
2 þ 2γρ1

� � dρ1
dt

þ ω0
2ρ1 ¼ 0 , (1)

where ε is a parameter that characterizes the degree of nonlinearity and β
characterizes the nonlinear saturation (see Appendix B). The nonlinearity parame-
ter γ characterizes the oscillation pattern.

The angular frequency ω0 of the oscillation of the gas plasma is determined by
the ion-sound velocity Cs and the free-running distance Lf of the ion-sound wave,
and is given by

ω0 ¼ 2πf ¼ 2π
Cs

Lf
: (2)

where f is the frequency of the oscillation of the gas plasma. The ion-sound
velocity Cs is given by [38]

Cs ¼
ffiffiffiffiffiffiffiffi
RTe

Mi

r
, (3)

where R is the gas constant, Te is the temperature of the electron, and Mi is the
mass of the ion. The author estimated Cs ¼ 1300 m=s by using Te ¼ 5760 K, which
was the average temperature of the radiation zone [57], andMi ¼ 28� 10�3 kg for a
Siþ ion. The free-running distance Lf was assumed to be 1.3 mm, which was almost
equal to the distance (about 1.5 mm [57]) of the radiation zone. Using Eq. (2) and
the Cs (= 1300 m/s) and Lf (= 1.3 mm) values, the frequency f of the oscillation was
estimated to be about 1 MHz. The relatively high f or ω0 values reported in the
literature were 426–620 kHz [52, 53] and 14.5–40.9 MHz [35, 42, 45]. These rela-
tively high frequencies are owing to the excitation of high-frequency electron oscil-
lation together with ion oscillation in the ionized gas plasma. The f value (= 1 MHz)
estimated above is comparable to these experimental values.

The oscillatory motion for ε ¼ 0:1, β ¼ 6:5, and γ ¼ 0 was calculated using
Eq. (1). The calculated result is shown in Figure 3, where the perturbed density ρ1 is
plotted as a function of time. When t≥ 80μs, the maximum and minimum values of
ρ1 for the ionized gas plasma reach 0.86 and � 0.86, respectively. The maximum
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value (0.86) means that the increase in density of the core material reaches 86%,
which is almost equal to the experimental value (87%) estimated by Dianov et al. [20].

On the other hand, it can be seen that for ε ¼ 0:1 the motion of the Van der Pol
oscillator is very nearly harmonic, exhibiting alternate compression and rarefaction
of the density with a relatively small period Φ of about 6:3μs.

Next, the oscillatory motion for ε ¼ 5, 9, and 14 with β ¼ 6:5 and γ ¼ 0 was
examined. The calculated results are shown in Figures 4–6, respectively. It can be
seen that for ε ¼ 5, 9, and 14, the oscillations consist of sudden transitions between
compressed and rarefied regions. This type of motion is called a relaxation oscilla-
tion [56]. The Φ values of the motion corresponding to ε ¼ 5, 9, and 14 were
estimated to be about 12.9, 21.6, and 36.1 μs, respectively. These Φ values are much
larger than that (about 6.3 μs) for ε ¼ 0:1.

The oscillatory motion generated in the high-temperature front of the ionized
gas plasma can be transmitted to the neighboring plasma at the rate of Vf when the
fiber fuse propagates toward the light source. Figure 7 shows a schematic view of
the dimensional relationship between the temperature and the perturbed density of
the ionized gas plasma during fiber fuse propagation.

In Figure 7, Λ is the interval between the periodic compressed (or rarefied)
parts.

Figure 3.
Time dependence of the perturbed density during fiber fuse propagation. ε ¼ 0:1, β ¼ 6:5, γ ¼ 0.

Figure 4.
Time dependence of the perturbed density during fiber fuse propagation. ε ¼ 5, β ¼ 6:5, γ ¼ 0.
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plasma during fiber fuse propagation can be studied phenomenologically using the
Van der Pol equation [56].

In this paper the author describes a novel nonlinear oscillation model using the
Van der Pol equation and qualitatively explains both the silica-glass densification
and cavity formation observed in fiber fuse propagation. Furthermore, an investi-
gation of the relationship between several cavity patterns and the nonlinearity
parameters in the nonlinear oscillation model is reported.

2. Nonlinear oscillation behavior in ionized gas plasma

An ionized gas plasma exhibits oscillatory motion with a small amplitude when
the high-temperature front of a fiber fuse propagates toward the light source.

The density ρ of the plasma is assumed to be in the form ρ ¼ ρ0 þ ρ1, where ρ0 is
the initial density of the stationary (unperturbed) part in the front region of the
plasma and ρ1 is the perturbed density. The dynamical behavior of ρ1 resulting from
fiber fuse propagation can be represented by the Van der Pol equation

d2ρ1
dt2

� ε 1� βρ1
2 þ 2γρ1

� � dρ1
dt

þ ω0
2ρ1 ¼ 0 , (1)

where ε is a parameter that characterizes the degree of nonlinearity and β
characterizes the nonlinear saturation (see Appendix B). The nonlinearity parame-
ter γ characterizes the oscillation pattern.

The angular frequency ω0 of the oscillation of the gas plasma is determined by
the ion-sound velocity Cs and the free-running distance Lf of the ion-sound wave,
and is given by

ω0 ¼ 2πf ¼ 2π
Cs

Lf
: (2)

where f is the frequency of the oscillation of the gas plasma. The ion-sound
velocity Cs is given by [38]

Cs ¼
ffiffiffiffiffiffiffiffi
RTe

Mi

r
, (3)

where R is the gas constant, Te is the temperature of the electron, and Mi is the
mass of the ion. The author estimated Cs ¼ 1300 m=s by using Te ¼ 5760 K, which
was the average temperature of the radiation zone [57], andMi ¼ 28� 10�3 kg for a
Siþ ion. The free-running distance Lf was assumed to be 1.3 mm, which was almost
equal to the distance (about 1.5 mm [57]) of the radiation zone. Using Eq. (2) and
the Cs (= 1300 m/s) and Lf (= 1.3 mm) values, the frequency f of the oscillation was
estimated to be about 1 MHz. The relatively high f or ω0 values reported in the
literature were 426–620 kHz [52, 53] and 14.5–40.9 MHz [35, 42, 45]. These rela-
tively high frequencies are owing to the excitation of high-frequency electron oscil-
lation together with ion oscillation in the ionized gas plasma. The f value (= 1 MHz)
estimated above is comparable to these experimental values.

The oscillatory motion for ε ¼ 0:1, β ¼ 6:5, and γ ¼ 0 was calculated using
Eq. (1). The calculated result is shown in Figure 3, where the perturbed density ρ1 is
plotted as a function of time. When t≥ 80μs, the maximum and minimum values of
ρ1 for the ionized gas plasma reach 0.86 and � 0.86, respectively. The maximum
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value (0.86) means that the increase in density of the core material reaches 86%,
which is almost equal to the experimental value (87%) estimated by Dianov et al. [20].

On the other hand, it can be seen that for ε ¼ 0:1 the motion of the Van der Pol
oscillator is very nearly harmonic, exhibiting alternate compression and rarefaction
of the density with a relatively small period Φ of about 6:3μs.

Next, the oscillatory motion for ε ¼ 5, 9, and 14 with β ¼ 6:5 and γ ¼ 0 was
examined. The calculated results are shown in Figures 4–6, respectively. It can be
seen that for ε ¼ 5, 9, and 14, the oscillations consist of sudden transitions between
compressed and rarefied regions. This type of motion is called a relaxation oscilla-
tion [56]. The Φ values of the motion corresponding to ε ¼ 5, 9, and 14 were
estimated to be about 12.9, 21.6, and 36.1 μs, respectively. These Φ values are much
larger than that (about 6.3 μs) for ε ¼ 0:1.

The oscillatory motion generated in the high-temperature front of the ionized
gas plasma can be transmitted to the neighboring plasma at the rate of Vf when the
fiber fuse propagates toward the light source. Figure 7 shows a schematic view of
the dimensional relationship between the temperature and the perturbed density of
the ionized gas plasma during fiber fuse propagation.

In Figure 7, Λ is the interval between the periodic compressed (or rarefied)
parts.

Figure 3.
Time dependence of the perturbed density during fiber fuse propagation. ε ¼ 0:1, β ¼ 6:5, γ ¼ 0.

Figure 4.
Time dependence of the perturbed density during fiber fuse propagation. ε ¼ 5, β ¼ 6:5, γ ¼ 0.
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Figure 6.
Time dependence of the perturbed density during fiber fuse propagation. ε ¼ 14, β ¼ 6:5, γ ¼ 0.

Figure 7.
Schematic view of the dimensional relationship between the temperature and the perturbed density of the
ionized gas plasma during fiber fuse propagation.

Figure 5.
Time dependence of the perturbed density during fiber fuse propagation. ε ¼ 9, β ¼ 6:5, γ ¼ 0.
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The relationship between the period Φ and the interval Λ is

Λ ¼ ΦVf , (4)

where Vf is the propagation velocity of the fiber fuse and Vf ¼ 1 m/s was
assumed in the calculation. The Λ values of the motion corresponding to ε ¼ 5, 9,
and 14 are thus estimated to be about 12.9, 21.6, and 36.1 μm, respectively, using
Eq. (4) and Vf ¼ 1 m/s. If a large amount of molecular oxygen (O2) accumulates in
the rarefied part, the periodic formation of bubbles (or cavities) will be observed. In
such a case, Λ is equal to the periodic cavity interval. The estimated Λ values (12.9,
21.6, and 36.1 μm) are close to the experimental periodic cavity intervals of 13–22
μm observed in fiber fuse propagation [13, 23].

Figure 8 shows the relationship between Φ and the nonlinearity parameter ε. As
shown in Figure 8, Φ, which is proportional to the interval Λ, increases with
increasing ε. That is, the increase in Φ and/or Λ occurs because of the enhanced
nonlinearity. It was found that the experimental periodic cavity interval increases
with the laser pump power [13, 23]. It can therefore be presumed that the
nonlinearity of the Van der Pol oscillator occurring in the ionized gas plasma is
enhanced with increasing pump power.

Kashyap reported that the cavity shape was dependent on the nature of the input
laser light (CW or pulses) [7, 15]. Todoroki classified the damage to the front part of
a fiber fuse into three shapes (two spheroids and a long partially cylindrical cavity)
depending on the pump power [23]. He also found that a rapid increase or decrease
in the pump power results in an increase in the length of the cavity-free segment or
the occurrence of an irregular cavity pattern, respectively [26]. These findings
indicate that the cavity shape and the regularity of the cavity pattern may be
determined by the degree of nonlinearity of the Van der Pol oscillator.

In what follows, the results of examining the relationship between the interval Λ
and the input laser power P0 observed in fiber fuse propagation are described.

2.1 Power dependence of periodic cavity interval

It is well known that the fiber-fuse propagation velocity Vf increases with
increasing input laser power P0 [7, 8, 22, 23, 25, 26, 58–60]. Furthermore, in

Figure 8.
Relationship between the period Φ and the nonlinearity parameter ε. β ¼ 6:5, γ ¼ 0.
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Figure 6.
Time dependence of the perturbed density during fiber fuse propagation. ε ¼ 14, β ¼ 6:5, γ ¼ 0.

Figure 7.
Schematic view of the dimensional relationship between the temperature and the perturbed density of the
ionized gas plasma during fiber fuse propagation.

Figure 5.
Time dependence of the perturbed density during fiber fuse propagation. ε ¼ 9, β ¼ 6:5, γ ¼ 0.
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The relationship between the period Φ and the interval Λ is

Λ ¼ ΦVf , (4)

where Vf is the propagation velocity of the fiber fuse and Vf ¼ 1 m/s was
assumed in the calculation. The Λ values of the motion corresponding to ε ¼ 5, 9,
and 14 are thus estimated to be about 12.9, 21.6, and 36.1 μm, respectively, using
Eq. (4) and Vf ¼ 1 m/s. If a large amount of molecular oxygen (O2) accumulates in
the rarefied part, the periodic formation of bubbles (or cavities) will be observed. In
such a case, Λ is equal to the periodic cavity interval. The estimated Λ values (12.9,
21.6, and 36.1 μm) are close to the experimental periodic cavity intervals of 13–22
μm observed in fiber fuse propagation [13, 23].

Figure 8 shows the relationship between Φ and the nonlinearity parameter ε. As
shown in Figure 8, Φ, which is proportional to the interval Λ, increases with
increasing ε. That is, the increase in Φ and/or Λ occurs because of the enhanced
nonlinearity. It was found that the experimental periodic cavity interval increases
with the laser pump power [13, 23]. It can therefore be presumed that the
nonlinearity of the Van der Pol oscillator occurring in the ionized gas plasma is
enhanced with increasing pump power.

Kashyap reported that the cavity shape was dependent on the nature of the input
laser light (CW or pulses) [7, 15]. Todoroki classified the damage to the front part of
a fiber fuse into three shapes (two spheroids and a long partially cylindrical cavity)
depending on the pump power [23]. He also found that a rapid increase or decrease
in the pump power results in an increase in the length of the cavity-free segment or
the occurrence of an irregular cavity pattern, respectively [26]. These findings
indicate that the cavity shape and the regularity of the cavity pattern may be
determined by the degree of nonlinearity of the Van der Pol oscillator.

In what follows, the results of examining the relationship between the interval Λ
and the input laser power P0 observed in fiber fuse propagation are described.

2.1 Power dependence of periodic cavity interval

It is well known that the fiber-fuse propagation velocity Vf increases with
increasing input laser power P0 [7, 8, 22, 23, 25, 26, 58–60]. Furthermore, in

Figure 8.
Relationship between the period Φ and the nonlinearity parameter ε. β ¼ 6:5, γ ¼ 0.
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addition to Vf , Todoroki reported the P0 dependence of Λ in an SMF-28e fiber at
λ0 ¼ 1:48μm [13, 23].

In this study the author investigated the P0 dependence of Λ using the experi-
mental Vf values [23, 26] and the calculated Φ values shown in Figure 8.

To explain the experimental Λ values in the P0 range from the threshold power
(Pth ≃ 1:3W [61]) to 9 W, Λ P0ð Þ can be represented by

Λ P0ð Þ ¼ Φ0Vf P0ð Þ 1� ζ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φn εð Þ � Φn ε ¼ 0ð Þp

Φ0

" #
, (5)

where Φ0 and ζ are constants and Φn is the calculated Φ value shown in Figure 8.
The second term �ζ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φn εð Þ �Φn ε ¼ 0ð Þp

Vf P0ð Þ on the right of Eq. (5)
represents the contribution of the nonlinearity to the overall Λ value.

On the other hand, the relationship between the nonlinearity parameter ε and P0
can be expressed as

ε ¼ χ P0 � Pthð Þ m=2ð Þ, (6)

where χ is a constant and m is the order of the square root of the power
difference P0 � Pth. ε and χ correspond to the induced polarization and nonlinear
susceptibility in nonlinear optics, respectively [62]. In the calculation, the author
adopted χ ¼ 1 and m ¼ 2.

Using Eq. (5), Φ0 ¼ 31:5μs, ζ ¼ 3:6, and the Φn values shown in Figure 8, the Λ
values were calculated as a function of P0. The calculated results are shown in
Figure 9. The blue solid line in Figure 9 is the curve calculated using

Λ P0ð Þ ¼ Φ0Vf P0ð Þ, (7)

which is the first term on the right of Eq. (5).
As shown in Figure 9, Λ increases abruptly near the threshold power (Pth) and

increases with increasing P0. The Λ values at P0 ¼ 2:0–2:5 W satisfy Eq. (7).

Figure 9.
Relationship between the interval Λ and the input power P0. The blue and black solid lines were calculated
using Eqs. (7) and (5), respectively. The red open circles are the data reported by Todoroki [23, 26].
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However, with increasing P0, the Λ values at P0>2:5W are less than those calculated
using Eq. (7) and approach the Λ values estimated using Eq. (5).

This may be related to the modes of fiber fuse propagation reported by Todoroki
[23, 26]. Todoroki classified the damage to the front part of a fiber fuse into three
shapes (two spheroids and a long partially cylindrical cavity) depending on the
pump power, and the appearance of the long partially cylindrical cavity was
observed at P0>3:5 W [23] or P0>2:3 W [26]. As shown in Figure 9, the distinct
contribution of the nonlinearity to the overall Λ value begins at P0 of 2.3–3.5 W, and
the oscillatory motion of the gas plasma changes from a nearly harmonic oscillation
(see Figure 3) to a relaxation oscillation (see Figure 4) with increasing P0. There-
fore, the change from the spheroids of unstable and unimodal modes to the long
partially cylindrical cavities of the cylindrical mode may be related to the contribu-
tion of the nonlinearity.

3. Effect of nonlinearity parameters on cavity patterns

The nonlinearity parameter γ characterizes the oscillation pattern. The oscilla-
tory motion for ε ¼ 9, β ¼ 6:5, and γ ¼ 0 was shown in Figure 5, where the
perturbed density ρ1 is plotted as a function of time. It can be seen in Figure 5 that
the oscillations consist of sudden transitions between compressed and rarefied
regions, and the retention time τr of the rarefied regions equals that of the com-
pressed regions τc. The relationship between the period Φ (¼ τr þ τc) and the inter-
val Λ is given by Eq. (4), and the relationship between τr and the length l of the
cavity is

l ¼ τrVf : (8)

The Λ and l values of the motion corresponding to ε ¼ 9, β ¼ 6:5, and γ ¼ 0 are
estimated to be about 10.8 and 21.6 μm, respectively, using Eqs. (4) and (8) and
Vf ¼ 1 m/s. That is, l=Λ ¼ 0:5 in the case of γ ¼ 0.

Next, the oscillatory motion for γ ¼ 2 and � 2 with ε ¼ 9 and β ¼ 6:5 was
examined. The calculated results are shown in Figures 10 and 11, respectively. As
shown in Figure 10, the retention time τr of the rarefied regions is larger than that
of the compressed regions τc. As a result, the ratio l=Λ is larger than 0.5 in the case of

Figure 10.
Time dependence of the perturbed density during fiber fuse propagation. ε ¼ 9, β ¼ 6:5, γ ¼ 2.
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addition to Vf , Todoroki reported the P0 dependence of Λ in an SMF-28e fiber at
λ0 ¼ 1:48μm [13, 23].

In this study the author investigated the P0 dependence of Λ using the experi-
mental Vf values [23, 26] and the calculated Φ values shown in Figure 8.

To explain the experimental Λ values in the P0 range from the threshold power
(Pth ≃ 1:3W [61]) to 9 W, Λ P0ð Þ can be represented by
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Vf P0ð Þ on the right of Eq. (5)
represents the contribution of the nonlinearity to the overall Λ value.

On the other hand, the relationship between the nonlinearity parameter ε and P0
can be expressed as

ε ¼ χ P0 � Pthð Þ m=2ð Þ, (6)

where χ is a constant and m is the order of the square root of the power
difference P0 � Pth. ε and χ correspond to the induced polarization and nonlinear
susceptibility in nonlinear optics, respectively [62]. In the calculation, the author
adopted χ ¼ 1 and m ¼ 2.

Using Eq. (5), Φ0 ¼ 31:5μs, ζ ¼ 3:6, and the Φn values shown in Figure 8, the Λ
values were calculated as a function of P0. The calculated results are shown in
Figure 9. The blue solid line in Figure 9 is the curve calculated using

Λ P0ð Þ ¼ Φ0Vf P0ð Þ, (7)

which is the first term on the right of Eq. (5).
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Relationship between the interval Λ and the input power P0. The blue and black solid lines were calculated
using Eqs. (7) and (5), respectively. The red open circles are the data reported by Todoroki [23, 26].
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However, with increasing P0, the Λ values at P0>2:5W are less than those calculated
using Eq. (7) and approach the Λ values estimated using Eq. (5).

This may be related to the modes of fiber fuse propagation reported by Todoroki
[23, 26]. Todoroki classified the damage to the front part of a fiber fuse into three
shapes (two spheroids and a long partially cylindrical cavity) depending on the
pump power, and the appearance of the long partially cylindrical cavity was
observed at P0>3:5 W [23] or P0>2:3 W [26]. As shown in Figure 9, the distinct
contribution of the nonlinearity to the overall Λ value begins at P0 of 2.3–3.5 W, and
the oscillatory motion of the gas plasma changes from a nearly harmonic oscillation
(see Figure 3) to a relaxation oscillation (see Figure 4) with increasing P0. There-
fore, the change from the spheroids of unstable and unimodal modes to the long
partially cylindrical cavities of the cylindrical mode may be related to the contribu-
tion of the nonlinearity.

3. Effect of nonlinearity parameters on cavity patterns

The nonlinearity parameter γ characterizes the oscillation pattern. The oscilla-
tory motion for ε ¼ 9, β ¼ 6:5, and γ ¼ 0 was shown in Figure 5, where the
perturbed density ρ1 is plotted as a function of time. It can be seen in Figure 5 that
the oscillations consist of sudden transitions between compressed and rarefied
regions, and the retention time τr of the rarefied regions equals that of the com-
pressed regions τc. The relationship between the period Φ (¼ τr þ τc) and the inter-
val Λ is given by Eq. (4), and the relationship between τr and the length l of the
cavity is

l ¼ τrVf : (8)

The Λ and l values of the motion corresponding to ε ¼ 9, β ¼ 6:5, and γ ¼ 0 are
estimated to be about 10.8 and 21.6 μm, respectively, using Eqs. (4) and (8) and
Vf ¼ 1 m/s. That is, l=Λ ¼ 0:5 in the case of γ ¼ 0.

Next, the oscillatory motion for γ ¼ 2 and � 2 with ε ¼ 9 and β ¼ 6:5 was
examined. The calculated results are shown in Figures 10 and 11, respectively. As
shown in Figure 10, the retention time τr of the rarefied regions is larger than that
of the compressed regions τc. As a result, the ratio l=Λ is larger than 0.5 in the case of

Figure 10.
Time dependence of the perturbed density during fiber fuse propagation. ε ¼ 9, β ¼ 6:5, γ ¼ 2.
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γ ¼ 2. On the other hand, as shown in Figure 11, τr is smaller than τc and l=Λ <0:5 in
the case of γ ¼ ‐2.

Figure 12 shows the relationship between l=Λ and the nonlinearity parameter γ.
As shown in Figure 12, l=Λ increases with increasing γ and approaches its maxi-
mum value (about 0.71) at γ � 2.8. In contrast, l=Λ approaches its minimum value
(about 0.29) at γ � �2:8.

3.1 Deformation of cladding due to plasma formation

The inside of the high-temperature core of 4,000–10,000 K has a high internal
pressure p of 1 � 104–5 � 104 atm [18]. The inner wall of the core (in the solid state)
will be expanded by this internal pressure p. To simplify the calculation, the existence
of molten silica glass (liquid state) between the solid-state cladding layer (inner
radius ri, outer radius rf ) and the inner high-pressure gas plasma is ignored [33].

ri for the cladding is assumed to be dmelted/2. With increasing inner pressure p,
the inner radius of the cladding layer increases in the radial direction owing to the

Figure 11.
Time dependence of the perturbed density during fiber fuse propagation. ε ¼ 9, β ¼ 6:5, γ ¼ ‐2.

Figure 12.
Relationship between l=Λ and the nonlinearity parameter γ. ε ¼ 9, β ¼ 6:5.
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compression of the cladding layer. The increment δr in the radius r of the solid-state
cladding layer can be expressed in terms of the Young’s modulus E and Poisson’s
ratio ν of the (solid-state) silica glass, and is given by the following equation [63].

δr ¼ r2i p

E r2f � r2i
� � 1� νð Þ þ 1þ νð Þ

r2f
r2

" #
� r (9)

Todoroki reported that dmelted and the diameter d of periodic cavities with
Λ � 22μm, which is equal to that in the case of ε ¼ 9 and γ ¼ 0, were about 20 and
6.5 μm, respectively [13]. We adopted ri ¼ dmelted=2 ffi 10μm and rf ¼ 62:5μm.
Using E ¼ 73 GPa and Poisson’s ratio ν ¼ 0:17 for silica glass, the relationship
between δr=ri and r=ri at p ¼ 2 GPa (=1:97 � 104 atm) is calculated. The results are
shown in Figure 13. It can be clearly seen from Figure 13 that the elongation rate
δr=ri of the inner radius has a maximum value (about 3.35%) when r=ri.

We consider the tensile stress σθ acting on the inner wall (r ¼ ri) of the cladding
layer. σθ is related to p by the following expression [63]:

σθ ¼
r2f þ r2i
r2f � r2i

� p: (10)

σθ increases with increasing p. Using ri � 10μm and rf ¼ 62:5μm, σθ was esti-
mated to be about 2.1 GPa when p ¼ 2 GPa. If this σθ value exceeds the ideal
fracture strength σ0 of the silica glass, a crack will be generated on the inner wall of
the cladding layer.

On the other hand, it is well known for various solid materials that the σ0 value is
related to the Young’s modulus E of the material by the following equation [64]:

σ0≈E=10: (11)

By using Eq. (11) and E ¼ 73 GPa for silica glass, we can estimate σ0 to be
approximately 7.3 GPa. Since this value is larger than the estimated σθ value
(2.1 GPa), the cladding layer is never broken, but it can be seen that a relatively
large expansion of the inner radius occurs as a result of the internal pressure.

Figure 13.
Relationship between δr=ri and r=ri.
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mum value (about 0.71) at γ � 2.8. In contrast, l=Λ approaches its minimum value
(about 0.29) at γ � �2:8.

3.1 Deformation of cladding due to plasma formation

The inside of the high-temperature core of 4,000–10,000 K has a high internal
pressure p of 1 � 104–5 � 104 atm [18]. The inner wall of the core (in the solid state)
will be expanded by this internal pressure p. To simplify the calculation, the existence
of molten silica glass (liquid state) between the solid-state cladding layer (inner
radius ri, outer radius rf ) and the inner high-pressure gas plasma is ignored [33].

ri for the cladding is assumed to be dmelted/2. With increasing inner pressure p,
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compression of the cladding layer. The increment δr in the radius r of the solid-state
cladding layer can be expressed in terms of the Young’s modulus E and Poisson’s
ratio ν of the (solid-state) silica glass, and is given by the following equation [63].

δr ¼ r2i p

E r2f � r2i
� � 1� νð Þ þ 1þ νð Þ

r2f
r2

" #
� r (9)

Todoroki reported that dmelted and the diameter d of periodic cavities with
Λ � 22μm, which is equal to that in the case of ε ¼ 9 and γ ¼ 0, were about 20 and
6.5 μm, respectively [13]. We adopted ri ¼ dmelted=2 ffi 10μm and rf ¼ 62:5μm.
Using E ¼ 73 GPa and Poisson’s ratio ν ¼ 0:17 for silica glass, the relationship
between δr=ri and r=ri at p ¼ 2 GPa (=1:97 � 104 atm) is calculated. The results are
shown in Figure 13. It can be clearly seen from Figure 13 that the elongation rate
δr=ri of the inner radius has a maximum value (about 3.35%) when r=ri.

We consider the tensile stress σθ acting on the inner wall (r ¼ ri) of the cladding
layer. σθ is related to p by the following expression [63]:

σθ ¼
r2f þ r2i
r2f � r2i

� p: (10)

σθ increases with increasing p. Using ri � 10μm and rf ¼ 62:5μm, σθ was esti-
mated to be about 2.1 GPa when p ¼ 2 GPa. If this σθ value exceeds the ideal
fracture strength σ0 of the silica glass, a crack will be generated on the inner wall of
the cladding layer.

On the other hand, it is well known for various solid materials that the σ0 value is
related to the Young’s modulus E of the material by the following equation [64]:

σ0≈E=10: (11)

By using Eq. (11) and E ¼ 73 GPa for silica glass, we can estimate σ0 to be
approximately 7.3 GPa. Since this value is larger than the estimated σθ value
(2.1 GPa), the cladding layer is never broken, but it can be seen that a relatively
large expansion of the inner radius occurs as a result of the internal pressure.

Figure 13.
Relationship between δr=ri and r=ri.
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The excess volume ΔV produced by the expansion of the inner radius over the
interval Λ of the cavity can be estimated as follows using the maximum δr value
δrmax at r ¼ ri:

ΔV ¼ Λπ ri þ δrmaxð Þ2 � r2i
h i

: (12)

As the maximum elongation rate δrmax=ri was about 3.35% (see Figure 13), δrmax
was estimated to be about 0.335 μm by using ri ffi 10μm.

On the other hand, the volume V of a cavity with diameter d and length l is
given by

V ¼ lπ
d
2

� �2

: (13)

It is considered that the volume required to generate a cavity was compensated
by the excess volume ΔV [33]. If the value of V required to generate a cavity in the
interval Λ is smaller than ΔV, the oscillation pattern predicted by Eq. (1) will be
maintained and periodic cavities having a size corresponding to V will be formed in
the core. That is, the necessary condition for the formation of a periodic cavity
pattern is that the ratio of V to ΔV is smaller than 1, which is expressed as follows:

V
ΔV

¼ l
Λ

d2

4δrmax 2ri þ δrmaxð Þ ≤ 1: (14)

Rearranging Eq. (14), we obtain the following inequality for l=Λ:

l
Λ

≤
4

d2
δrmax 2ri þ δrmaxð Þ: (15)

When ri � 10μm, δrmax � 0:335μm, and d � 6:5μm, we obtain

l
Λ

≤0:645:

When l=Λ satisfies this condition, the periodic cavities predicted by Eq. (1) will
be formed in the core.

However, as shown in Figure 12, l=Λ can be larger than 0.645 when γ> 1.5. In
this case, the cavities formed in the core will be compressed and deformed as shown
in Figure 14.

Figure 14.
Schematic view of cavity compression and deformation in core.
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As shown in Eq. (15), the allowable value of l=Λ increases with decreasing cavity
diameter d. Figure 15 shows the relationship between the maximum allowable value
of l=Λ and the diameter d. As shown in Figure 15, when d is reduced by 20% from
6.5 to 5.2 μm, we obtain.

l
Λ

≤ 1:

Under this condition, cavity pattern (d) (long filaments) in addition to periodic
pattern (c) in Figure 2 can be formed in the core. As the number of repetitions of
pattern (d) can change freely, the period of long filaments can be irregular. This
may be the cause of the long non-periodic filaments observed by several researchers
[20–22, 32].

Kashyap reported that the diameter of a short asymmetric cavity with l=Λ <0:5
was larger than that of an oblong and cylindrically symmetric cavity with l=Λ of
about 0.5 and that the diameter of a long bullet-shaped cavity with l=Λ <0:5 was
smaller than that of the cavities described above [7]. These findings are consistent
with the calculation results shown in Figure 15. In what follows, the production and
diffusion of O2 gas in the high-temperature core layer are described.

3.2 Oxygen production in optical Fiber

When gaseous SiO and/or SiO2 molecules are heated to high temperatures of
above 5,000 K, they decompose to form Si and O atoms, and finally become Siþ and
Oþ ions and electrons in the ionized gas plasma state.

In a confined core zone, and thus at high pressures, SiO2 is decomposed with the
evolution of SiO gas or Si and O atomic gases at elevated temperatures [65]:

SiO2⇄SiOþ 1=2ð ÞO2⇄Siþ 2O: (16)

The number densities NSiO, NSi, and NO (in cm�3) can be estimated using the
procedure described in [57, 66] and the published thermochemical data [67] for Si,
SiO, O, O2, and SiO2.

The dependence of NO on the temperature T is shown in Figure 16. NO gradu-
ally approaches its maximum value (3:3� 1021cm�3) at 11,100 K and then decreases

Figure 15.
Relationship between the maximum allowable value of l=Λ and the cavity diameter d. dmelted ¼ 20 μm.
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The excess volume ΔV produced by the expansion of the inner radius over the
interval Λ of the cavity can be estimated as follows using the maximum δr value
δrmax at r ¼ ri:

ΔV ¼ Λπ ri þ δrmaxð Þ2 � r2i
h i

: (12)

As the maximum elongation rate δrmax=ri was about 3.35% (see Figure 13), δrmax
was estimated to be about 0.335 μm by using ri ffi 10μm.

On the other hand, the volume V of a cavity with diameter d and length l is
given by

V ¼ lπ
d
2

� �2

: (13)

It is considered that the volume required to generate a cavity was compensated
by the excess volume ΔV [33]. If the value of V required to generate a cavity in the
interval Λ is smaller than ΔV, the oscillation pattern predicted by Eq. (1) will be
maintained and periodic cavities having a size corresponding to V will be formed in
the core. That is, the necessary condition for the formation of a periodic cavity
pattern is that the ratio of V to ΔV is smaller than 1, which is expressed as follows:

V
ΔV

¼ l
Λ

d2

4δrmax 2ri þ δrmaxð Þ ≤ 1: (14)

Rearranging Eq. (14), we obtain the following inequality for l=Λ:
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Λ

≤
4
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δrmax 2ri þ δrmaxð Þ: (15)

When ri � 10μm, δrmax � 0:335μm, and d � 6:5μm, we obtain

l
Λ

≤0:645:

When l=Λ satisfies this condition, the periodic cavities predicted by Eq. (1) will
be formed in the core.

However, as shown in Figure 12, l=Λ can be larger than 0.645 when γ> 1.5. In
this case, the cavities formed in the core will be compressed and deformed as shown
in Figure 14.
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Schematic view of cavity compression and deformation in core.
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As shown in Eq. (15), the allowable value of l=Λ increases with decreasing cavity
diameter d. Figure 15 shows the relationship between the maximum allowable value
of l=Λ and the diameter d. As shown in Figure 15, when d is reduced by 20% from
6.5 to 5.2 μm, we obtain.

l
Λ

≤ 1:

Under this condition, cavity pattern (d) (long filaments) in addition to periodic
pattern (c) in Figure 2 can be formed in the core. As the number of repetitions of
pattern (d) can change freely, the period of long filaments can be irregular. This
may be the cause of the long non-periodic filaments observed by several researchers
[20–22, 32].

Kashyap reported that the diameter of a short asymmetric cavity with l=Λ <0:5
was larger than that of an oblong and cylindrically symmetric cavity with l=Λ of
about 0.5 and that the diameter of a long bullet-shaped cavity with l=Λ <0:5 was
smaller than that of the cavities described above [7]. These findings are consistent
with the calculation results shown in Figure 15. In what follows, the production and
diffusion of O2 gas in the high-temperature core layer are described.

3.2 Oxygen production in optical Fiber

When gaseous SiO and/or SiO2 molecules are heated to high temperatures of
above 5,000 K, they decompose to form Si and O atoms, and finally become Siþ and
Oþ ions and electrons in the ionized gas plasma state.

In a confined core zone, and thus at high pressures, SiO2 is decomposed with the
evolution of SiO gas or Si and O atomic gases at elevated temperatures [65]:

SiO2⇄SiOþ 1=2ð ÞO2⇄Siþ 2O: (16)

The number densities NSiO, NSi, and NO (in cm�3) can be estimated using the
procedure described in [57, 66] and the published thermochemical data [67] for Si,
SiO, O, O2, and SiO2.

The dependence of NO on the temperature T is shown in Figure 16. NO gradu-
ally approaches its maximum value (3:3� 1021cm�3) at 11,100 K and then decreases

Figure 15.
Relationship between the maximum allowable value of l=Λ and the cavity diameter d. dmelted ¼ 20 μm.
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with further increasing T. This is because oxygen (O) atoms are ionized to produce
Oþ ions and electrons in the ionized gas plasma as follows:

O⇄Oþ þ e�: (17)

The number density NOþ of Oþ ions can be estimated using the Saha equation
[66, 68]:

N2
Oþ

NO
≈2

2πmekTð Þ3=2
h3

Zþ
Z0

exp �Ip=kBT
� �

, (18)

where Ip (= 13.61 eV [69]) is the ionization energy of a neutral O atom, me is the
electron mass, h is Planck’s constant, and kB is Boltzmann’s constant. Zþ and Z0 are
the partition functions of ionized atoms and neutral atoms, respectively, and
Zþ≈Z0. The relationship between NOþ and T is also shown in Figure 16. NOþ

increases gradually at temperatures above 7,000 K and reaches 8:9� 1021 cm�3 at
2� 104 K.

It has been found that molecular oxygen is released and remains in the cavities of
a damaged core layer while maintaining a relatively high pressure (about 4 atm [7]
or 5–10 atm [20]) at room temperature. The molecular oxygen (O2) is produced
from neutral O atoms as follows:

2O ! O2: (19)

The rate equation of this reaction is [70]

dNO2

dt
¼

ffiffiffi
2

p
πσ2

ffiffiffiffiffiffiffiffiffiffi
8RT
πMO

r
NO

2 exp �Ea=RTð Þ, (20)

where σ (= 1.5 Å) is half of the collision diameter, MO (¼ 16:0� 10�3 kg) is the
atomic weight of O, and Ea is the activation energy. The bond energy (493.6 kJ/mol
[71]) of oxygen was used for Ea.

The dependence of dNO2=dt on the temperature T is shown in Figure 17. The
rate of O2 production dNO2=dt exhibits its maximum value (2:96� 1031 cm�3s�1) at
12,700 K. This means that the oxygen molecules are produced most effectively at
12,700 K.

Figure 16.
Temperature dependences of the number densities of O and Oþ.
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Figure 18 shows the temperature distribution of the high-temperature front
along the z direction at t ¼ 3 ms after the incidence of 1.8 W laser light for IA ¼ 8
dB. The calculation of the temperature distribution was described in Ref. [72]. In
Figure 18 the initial attenuation IA of 8 dB corresponds to an optical absorption
coefficient α of 1:84� 106m�1 when the thickness of the absorption layer, which
consists of carbon black, is about 1 μm [72]. In this figure, the center of the high-
temperature front is set at L ¼ 0 μm. As shown in Figure 18, ΔLs, which is about
36.5 μm, is the distance between the high-temperature peak (L ¼ 0 μm) and the
location with a temperature of 12,700 K.

This ΔLs can be converted into the time lag Δτs from the passage of the high-
temperature front as follows:

Δτs ¼ ΔLs

Vf
: (21)

Figure 17.
Temperature dependence of the production rate of O2.

Figure 18.
Temperature distribution of the high-temperature front versus the length along the z direction at t ¼ 3 ms after
the incidence of 1.8 W laser light for IA ¼ 8 dB. The center of the high-temperature front is set at L ¼ 0 μm.
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with further increasing T. This is because oxygen (O) atoms are ionized to produce
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the partition functions of ionized atoms and neutral atoms, respectively, and
Zþ≈Z0. The relationship between NOþ and T is also shown in Figure 16. NOþ
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It has been found that molecular oxygen is released and remains in the cavities of
a damaged core layer while maintaining a relatively high pressure (about 4 atm [7]
or 5–10 atm [20]) at room temperature. The molecular oxygen (O2) is produced
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where σ (= 1.5 Å) is half of the collision diameter, MO (¼ 16:0� 10�3 kg) is the
atomic weight of O, and Ea is the activation energy. The bond energy (493.6 kJ/mol
[71]) of oxygen was used for Ea.

The dependence of dNO2=dt on the temperature T is shown in Figure 17. The
rate of O2 production dNO2=dt exhibits its maximum value (2:96� 1031 cm�3s�1) at
12,700 K. This means that the oxygen molecules are produced most effectively at
12,700 K.

Figure 16.
Temperature dependences of the number densities of O and Oþ.
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Figure 18 shows the temperature distribution of the high-temperature front
along the z direction at t ¼ 3 ms after the incidence of 1.8 W laser light for IA ¼ 8
dB. The calculation of the temperature distribution was described in Ref. [72]. In
Figure 18 the initial attenuation IA of 8 dB corresponds to an optical absorption
coefficient α of 1:84� 106m�1 when the thickness of the absorption layer, which
consists of carbon black, is about 1 μm [72]. In this figure, the center of the high-
temperature front is set at L ¼ 0 μm. As shown in Figure 18, ΔLs, which is about
36.5 μm, is the distance between the high-temperature peak (L ¼ 0 μm) and the
location with a temperature of 12,700 K.

This ΔLs can be converted into the time lag Δτs from the passage of the high-
temperature front as follows:

Δτs ¼ ΔLs

Vf
: (21)

Figure 17.
Temperature dependence of the production rate of O2.

Figure 18.
Temperature distribution of the high-temperature front versus the length along the z direction at t ¼ 3 ms after
the incidence of 1.8 W laser light for IA ¼ 8 dB. The center of the high-temperature front is set at L ¼ 0 μm.
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It is expected that the O2 molecular gas in the ionized gas plasma will be
observed most frequently after a time lag of Δτs from the passage of the high-
temperature peak. If the produced O2 gas diffuses into the rarefied part of the
oscillatory variation in density shown in Figures 4–6, 10, and 11, periodic cavities
containing some of the oxygen molecules will be formed (see below).

When Vf ¼ 1 m/s, the Δτs values were estimated at a time of t ¼ 1:55–3 ms after
the incidence of 1.8 W laser light for IA ¼ 8 dB. The calculated Δτs values are
plotted in Figure 19 as a function of t. The fiber fuse phenomenon was initiated at
t ¼ 1:5 ms (see Figure 14 in Ref. [72]). As shown in Figure 19, Δτs increases rapidly
with increasing t immediately after the fiber fuse is initiated and reaches a constant
value (36.5 μs) at t> 1.65 ms. This value is in reasonable agreement with the
experimental values (20–70 μs) reported by Dianov and coworkers [30, 31].

3.3 Diffusion length of oxygen gas

The O2 gas produced near the high-temperature front diffuses from the com-
pressed part into the rarefied part of the oscillatory variation during a short period
Φ of 10–30 μs (see Figure 8).

The diffusion coefficient D of the O2 gas is given by [70].

D ¼ 2
3πσ2NO2

ffiffiffiffiffiffiffiffiffiffiffiffi
RT

πMO2

s
, (22)

where MO2 (¼ 32:0� 10�3 kg) is the molecular weight of O2 gas. As NO2 is
smaller than NO=2, NO2≈NO/2 is assumed in the calculation.

The mean square of the displacement Δz2 along the z direction of the optical
fiber can be estimated from D and time t as follows [73]:

Δz2 ¼ 2Dt: (23)

The Δz values at T ¼ 12, 700 K were estimated using Eqs. (16) and (17). When
t ¼ 20μs, the calculated Δz value is given by

Δz ¼ �16:7 μm:

Figure 19.
Δτs values versus t after the incidence of 1.8 W laser light for IA ¼ 8 dB.
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This Δz value is of the same order as the observed periodic cavity interval
(13–22 μm) [13].

Figure 20 shows a schematic view of the diffusion of the O2 gas from the
compressed part into the rarefied part in the high-temperature plasma. If the abso-
lute value of Δz is larger than half of the interval Λ between the periodic rarefied
parts, many of the O2 molecules produced in the compressed part can move into the
rarefied part during the period Φ (10–30 μs) of the relaxation oscillation. This O2
gas will form temporary microscopic cavities that can constitute the nuclei neces-
sary for growth into macroscopic bubbles [74].

As described above, the nonlinear oscillation model was able to phenomenolog-
ically explain both the densification of the core material and the formation of
periodic cavities in the core layer as a result of the relaxation oscillation and the
formation of O2 gas near the high-temperature front.

4. Conclusion

The evolution of a fiber fuse in a single-mode optical fiber was studied theoret-
ically. To clarify both the silica-glass densification and cavity formation, which are
observed in fiber fuse propagation, we investigated a nonlinear oscillation model
using the Van der Pol equation. This model was able to phenomenologically explain
the densification of the core material, the formation of periodic cavities, the cavity
shape, and the regularity of the cavity pattern in the core layer as a result of the
relaxation oscillation and cavity compression and/or deformation.

This nonlinear oscillation model including the relaxation oscillation is a phe-
nomenological model, and the relationship between the nonlinearity parameters
(ε, β, γ) and the physical properties observed in the fiber fuse experiments is
unknown. Therefore, to clarify this relationship, further quantitative investigation
is necessary.

A. Electrostatic interaction between charged surface and plasma

In a confined core zone, and thus at a high pressure, SiO2 is decomposed with
the evolution of SiO gas or Si and O atomic gases at elevated temperatures, as
described in the main text. When the Si and O atomic gases are heated to high

Figure 20.
Schematic view of diffusion of oxygen gas from the compressed part into the rarefied part in the high-
temperature plasma.
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It is expected that the O2 molecular gas in the ionized gas plasma will be
observed most frequently after a time lag of Δτs from the passage of the high-
temperature peak. If the produced O2 gas diffuses into the rarefied part of the
oscillatory variation in density shown in Figures 4–6, 10, and 11, periodic cavities
containing some of the oxygen molecules will be formed (see below).

When Vf ¼ 1 m/s, the Δτs values were estimated at a time of t ¼ 1:55–3 ms after
the incidence of 1.8 W laser light for IA ¼ 8 dB. The calculated Δτs values are
plotted in Figure 19 as a function of t. The fiber fuse phenomenon was initiated at
t ¼ 1:5 ms (see Figure 14 in Ref. [72]). As shown in Figure 19, Δτs increases rapidly
with increasing t immediately after the fiber fuse is initiated and reaches a constant
value (36.5 μs) at t> 1.65 ms. This value is in reasonable agreement with the
experimental values (20–70 μs) reported by Dianov and coworkers [30, 31].

3.3 Diffusion length of oxygen gas

The O2 gas produced near the high-temperature front diffuses from the com-
pressed part into the rarefied part of the oscillatory variation during a short period
Φ of 10–30 μs (see Figure 8).

The diffusion coefficient D of the O2 gas is given by [70].

D ¼ 2
3πσ2NO2

ffiffiffiffiffiffiffiffiffiffiffiffi
RT

πMO2

s
, (22)

where MO2 (¼ 32:0� 10�3 kg) is the molecular weight of O2 gas. As NO2 is
smaller than NO=2, NO2≈NO/2 is assumed in the calculation.

The mean square of the displacement Δz2 along the z direction of the optical
fiber can be estimated from D and time t as follows [73]:

Δz2 ¼ 2Dt: (23)

The Δz values at T ¼ 12, 700 K were estimated using Eqs. (16) and (17). When
t ¼ 20μs, the calculated Δz value is given by

Δz ¼ �16:7 μm:

Figure 19.
Δτs values versus t after the incidence of 1.8 W laser light for IA ¼ 8 dB.
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This Δz value is of the same order as the observed periodic cavity interval
(13–22 μm) [13].

Figure 20 shows a schematic view of the diffusion of the O2 gas from the
compressed part into the rarefied part in the high-temperature plasma. If the abso-
lute value of Δz is larger than half of the interval Λ between the periodic rarefied
parts, many of the O2 molecules produced in the compressed part can move into the
rarefied part during the period Φ (10–30 μs) of the relaxation oscillation. This O2
gas will form temporary microscopic cavities that can constitute the nuclei neces-
sary for growth into macroscopic bubbles [74].

As described above, the nonlinear oscillation model was able to phenomenolog-
ically explain both the densification of the core material and the formation of
periodic cavities in the core layer as a result of the relaxation oscillation and the
formation of O2 gas near the high-temperature front.

4. Conclusion

The evolution of a fiber fuse in a single-mode optical fiber was studied theoret-
ically. To clarify both the silica-glass densification and cavity formation, which are
observed in fiber fuse propagation, we investigated a nonlinear oscillation model
using the Van der Pol equation. This model was able to phenomenologically explain
the densification of the core material, the formation of periodic cavities, the cavity
shape, and the regularity of the cavity pattern in the core layer as a result of the
relaxation oscillation and cavity compression and/or deformation.

This nonlinear oscillation model including the relaxation oscillation is a phe-
nomenological model, and the relationship between the nonlinearity parameters
(ε, β, γ) and the physical properties observed in the fiber fuse experiments is
unknown. Therefore, to clarify this relationship, further quantitative investigation
is necessary.

A. Electrostatic interaction between charged surface and plasma

In a confined core zone, and thus at a high pressure, SiO2 is decomposed with
the evolution of SiO gas or Si and O atomic gases at elevated temperatures, as
described in the main text. When the Si and O atomic gases are heated to high

Figure 20.
Schematic view of diffusion of oxygen gas from the compressed part into the rarefied part in the high-
temperature plasma.
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temperatures of above 3,000 K (Si) and 4,000 K (O), they are ionized to produce
Siþ and Oþ ions and electrons in the ionized gas plasma state.

Siþ O⇄Siþ þ Oþ þ 2e� (24)

If thermally produced electrons in the plasma are not bound to positive species
(Siþ or Oþ ions), they can move freely in the plasma under the action of the
alternating electric field of the light wave. Such free diffusion is possible only in the
limiting case of very low charge densities. However, as shown in Figure 16 and also
Figure 1 in Ref. [66], the densities of Siþ and Oþ ions and electrons are reasonably
large above 1� 104 K. At high charge densities, it is known that the positive and
negative species diffuse at the same rate. This phenomenon, proposed by Schottky
[75], is called ambipolar diffusion [76, 77]. Ambipolar diffusion is the diffusion of
positive and negative species owing to their interaction via an electric field (space-
charge field). In plasma physics, ambipolar diffusion is closely related to the con-
cept of quasineutrality.

Some electrons arrive at the surface of melted silica glass, and they attach to
oxygen atoms on the surface because oxygen atoms have a high electron affinity
[78]. As a result, a negatively charged surface, which was proposed by Yakovlenko
[33], may be formed as shown in Figure 21.

However, the negative charges on the surface will immediately be balanced by
an equal number of oppositely charged Siþ and Oþ ions because these positive ions
move together with the electrons as a result of ambipolar diffusion. In this way, an
atmosphere of ions is formed in the rapid thermal motion close to the surface. This
ionic atmosphere is known as the diffuse electric double layer [79].

The thickness δ0 of the double layer is approximately 1/κ, which is the charac-
teristic length known as the Debye length. The parameter κ is given in terms of Ne

and T as follows [77]:

κ2 ¼ 2Nee2

ε0kBT
, (25)

Figure 21.
Schematic view of the negatively charged surface and ionic atmosphere.
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where e is the charge of an electron and ε0 is the dielectric constant of vacuum.
When T ¼ 1� 104 K, Ne ¼ 2:2� 1020 cm�3. Using these values and Eq. (25),
the thickness δ0 of the double layer at 1� 104 K was estimated to be about
3:3� 10�10 m.

A cross section of the high-temperature plasma in the optical fiber with the
double layers is schematically shown in Figure 22.

In the central domain of the high-temperature plasma, electrically neutral atoms
(Si and O) and charged species (Siþ, Oþ, and e�) exist. As the charged species are
balanced, electrical neutrality is achieved in the domain. Moreover, the dimensions
of the domain are almost equal to those of the high-temperature plasma excluding
the very thin (Å order) electric double layers at the surface of the melted silica glass.

B. Nonlinearity parameter β in Van der pol equation

The dynamical behavior of the perturbed density ρ1 resulting from fiber fuse
propagation can be represented by the Van der Pol equation

€ρ1 � ε 1� βρ1
2� �

_ρ1 þ ω0
2ρ1 ¼ 0, (26)

where €ρ1 ¼ d2ρ1=dt
2, _ρ1 ¼ dρ1=dt, ε and β are nonlinearity parameters, and the

nonlinearity parameter γ ¼ 0 is assumed.
If the solution of Eq. (26) is written as

ρ1 ¼ A cos ω0tþ φð Þ, (27)

where the amplitude A and phase φ are slowly varying functions, then A satisfies
the following equation:

A2 ¼ ρ1
2 þ _ρ1

ω0

� �2

: (28)

Differentiating Eq. (28), we obtain

Figure 22.
Schematic view of the cross section of the high-temperature plasma in the optical fiber.
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oxygen atoms on the surface because oxygen atoms have a high electron affinity
[78]. As a result, a negatively charged surface, which was proposed by Yakovlenko
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where e is the charge of an electron and ε0 is the dielectric constant of vacuum.
When T ¼ 1� 104 K, Ne ¼ 2:2� 1020 cm�3. Using these values and Eq. (25),
the thickness δ0 of the double layer at 1� 104 K was estimated to be about
3:3� 10�10 m.

A cross section of the high-temperature plasma in the optical fiber with the
double layers is schematically shown in Figure 22.

In the central domain of the high-temperature plasma, electrically neutral atoms
(Si and O) and charged species (Siþ, Oþ, and e�) exist. As the charged species are
balanced, electrical neutrality is achieved in the domain. Moreover, the dimensions
of the domain are almost equal to those of the high-temperature plasma excluding
the very thin (Å order) electric double layers at the surface of the melted silica glass.

B. Nonlinearity parameter β in Van der pol equation

The dynamical behavior of the perturbed density ρ1 resulting from fiber fuse
propagation can be represented by the Van der Pol equation

€ρ1 � ε 1� βρ1
2� �

_ρ1 þ ω0
2ρ1 ¼ 0, (26)

where €ρ1 ¼ d2ρ1=dt
2, _ρ1 ¼ dρ1=dt, ε and β are nonlinearity parameters, and the

nonlinearity parameter γ ¼ 0 is assumed.
If the solution of Eq. (26) is written as

ρ1 ¼ A cos ω0tþ φð Þ, (27)

where the amplitude A and phase φ are slowly varying functions, then A satisfies
the following equation:

A2 ¼ ρ1
2 þ _ρ1

ω0

� �2

: (28)

Differentiating Eq. (28), we obtain

Figure 22.
Schematic view of the cross section of the high-temperature plasma in the optical fiber.
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_A ¼ _ρ1
ω0

2A
€ρ1 þ ω0

2ρ1
� �

¼ _ρ1
ω0

2A
ε 1� βρ1

2� �
_ρ1

� �

¼ ε

ω0
2A

_ρ1
2� �� εβ

ω0
2A

ρ1
2 _ρ1

2� �

¼ εA sin 2 ω0tþ φð Þ � εβA3 sin 2 ω0tþ φð Þ cos 2 ω0tþ φð Þ

¼ ε

2
A 1� cos 2ω0tþ 2φð Þ½ � � εβ

8
A3 1� cos 4ω0tþ 4φð Þ½ �:

(29)

Because of the slowly varying property of A, the oscillatory terms
A cos 2ω0tþ 2φð Þ and A3 cos 4ω0tþ 4φð Þ on the right of Eq. (29) are averaged out
every cycle and can be discarded [80], thus reducing Eq. (29) to

_A ≃
ε

2
A� εβ

8
A3

≃
ε

2
A 1� β

4
A2

� �
:

(30)

The maximum value of A, Am, is obtained under the condition of _A ¼ 0. To
satisfy this condition,

Am ¼ 2ffiffiffi
β

p : (31)

This means that the nonlinearity parameter β determines the maximum and
minimum values of ρ1. In the calculation, we used β ¼ 6:5, which corresponds to
Am ≃0:8.
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Chapter 5

Delta-Sigma Digitization and 
Optical Coherent Transmission 
of DOCSIS 3.1 Signals in Hybrid 
Fiber Coax Networks
Jing Wang, Zhensheng Jia, Luis Alberto Campos  
and Curtis Knittle

Abstract

We first demonstrate delta-sigma digitization and coherent transmission of 
data over cable system interface specification (DOCSIS) 3.1 signals in a hybrid fiber 
coax (HFC) network. Twenty 192-MHz DOCSIS 3.1 channels with modulation 
up to 16384QAM are digitized by a low-pass cascade resonator feedback (CRFB) 
delta-sigma analog-to-digital converter (ADC) and transmitted over 80 km fiber 
using coherent single-λ 128-Gb/s dual-polarization (DP)-QPSK and 256-Gb/s 
DP-16QAM optical links. Both one-bit and two-bit delta-sigma digitization are 
implemented and supported by the QPSK and 16QAM coherent transmission 
systems, respectively. To facilitate its practical application in access networks, the 
coherent system is built using a low-cost narrowband optical modulator and RF 
amplifiers. Modulation error ratio (MER) larger than 50 dB is successfully demon-
strated for all 20 DOCSIS 3.1 channels, and high order modulation up to 16384QAM 
is delivered over fiber for the first time in HFC networks. The raw DOCSIS data 
capacity is 54 Gb/s with net user information ~45 Gb/s. Moreover, the bit error ratio 
(BER) tolerance is evaluated by measuring the MER performance as BER increases. 
Negligible MER degradation is observed for BER up to 1.5 × 10−6 and 1.7 × 10−4, for 
one-bit and two-bit digitization, respectively.

Keywords: access network, delta-sigma ADC, digitization, DOCSIS 3.1,  
hybrid fiber coax, OFDM

1. Introduction

Video-intensive services, such as virtual reality and immersive applications 
are driving the growth of data traffic at user premises in an explosive way, mak-
ing access networks become a bottleneck of user quality of experience. Various 
optical and wireless access technologies have been investigated, including passive 
optical networks (PON) [1–3], cloud-radio access networks (C-RAN) [4–7], and 
hybrid fiber coax (HFC) networks [8, 9]. In the United States, there are more than 
50 million subscribers using cable services for broadband access, which is 40% 
more than digital subscriber line (DSL) and fiber-to-the-home (FTTH) users [10]. 
Given the emergence of data over cable service interface specification (DOCSIS) 
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3.1, it is expected that HFC networks will continue to dominate the broadband 
access market in the United States, delivering fastest access speed to the broadest 
population.

As a fifth-generation broadband access technology, DOCSIS 3.1 specifications are 
being commercialized at a historically rapid pace to support ultra-high-resolution 
videos (4 K/8 K), mobile backhaul/fronthaul (MBH/MFH), and other emerging 
applications enabled by virtual reality and internet of things [10–14]. DOCSIS 3.1 
specifications involve enhancement in both physical and MAC layers, which trans-
form the physical layer signal from single-carrier QAM (SC-QAM) to orthogonal 
frequency division multiplexing (OFDM), for increased data rate, improved spectral 
efficiency, and flexible resource allocation. It provides up to 10 Gb/s downstream 
and 1.8 Gb/s upstream capacities to each subscriber [15, 16]. With subcarrier spacing 
of 25 or 50 kHz, DOCSIS 3.1 specifications support downstream channel bandwidths 
24–192 MHz, and upstream channel bandwidths 6.4–96 MHz [17–19]. Moreover, 
higher order modulations up to 4096QAM were adopted with optional support 
of 8192 and 16384QAM [10, 15]. Similar to the LTE carrier aggregation in MFH 
networks [20, 21], DOCSIS 3.1 specifications support channel bonding to designate 
more than one DOCSIS channels to a single user.

The continuous envelope and high peak-to-average power ratio (PAPR) of 
OFDM signals, on the other hand, make them vulnerable to noise and nonlinear 
impairments in analog HFC networks [22–24]. Combined with demanding carrier-
to-noise ratio (CNR) requirements of high order modulations (>4096QAM), it 
is difficult to support DOCSIS 3.1 signals by legacy analog fiber links [15]. In this 
paper, we for the first time demonstrate the digitization of DOCSIS 3.1 signals to 
enable the upgrade of fiber distribution networks from analog to digital, so mature 
digital fiber technologies, e.g., intensity modulation/direct detection (IM/DD) and 
coherent optical transmission, can be exploited.

To enable digital transmission of DOCSIS 3.1 signals, a digitization interface, 
i.e., analog-to-digital converter (ADC), is needed in the hub to digitize the analog 
signals into bits, and a digital-to-analog converter (DAC) is needed in the fiber node 
to retrieve the analog waveforms from digital bits for the following transmission 
over coaxial cable plant. Different from conventional Nyquist AD/DA that uses 
Nyquist sampling rates, such as common public radio interface (CPRI) in MFH 
networks [25], which has quantization noise evenly distributed in the frequency 
domain and needs many quantization bits, delta-sigma ADC features high sampling 
rate but only a few (one or two) quantization bits, and most importantly, it utilizes 
a noise shaping technique to push the quantization noise out of the signal band, so 
that signal and noise are separated in the frequency domain, and the in-band CNR 
of digitized signals can be optimized [26–29]. Moreover, a simplified DAC design 
based on low-cost passive filters can be used in the fiber node, which filters out the 
desired signals, eliminates the out-of-band noise, and at the same time, retrieves the 
analog waveforms. In the hub, a high-speed delta-sigma ADC is shared by multiple 
fiber nodes; whereas in each fiber node, only a low-cost passive filter is needed to 
filter out the desired signal and convert it to the analog waveform. Since there are 
more fiber nodes than hubs, especially given the fact that fiber node number is 
continuing to grow due to node segmentation and fiber deep migration, replacing 
Nyquist DAC with a low-cost passive filter can significantly reduce the cost and 
complexity of fiber nodes.

Delta-sigma digitization has found wide applications in power amplifiers 
[30–32], RF transmitters [33–37] and receivers [38–42], visible light communica-
tions [43, 44], radio-over-fiber (RoF) [45–47], and MFH networks [48–50]. In 
Ref. [48-50], we first demonstrated delta-sigma digitization as a new digitization 
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interface in MHF networks to replace CPRI, and 32 LTE carrier aggregation was 
demonstrated within a single-λ 10 Gb/s PON system to support 3GPP release 13. We 
then extended delta-sigma digitization to DOCSIS signals for HFC networks [51]. 
This paper is an extended version of our previous work [51] with substantial details 
and new results.

In this paper, we for the first time demonstrate the delta-sigma digitization of 
twenty 192-MHz DOCSIS 3.1 channels with 16384QAM modulation, based on a 
low-pass cascade resonator feedback (CRFB) delta-sigma ADC. We transmit the 
digitized bits over 80 km fiber by a low-cost single-λ 128-Gb/s dual-polarization 
(DP)-QPSK or 256-Gb/s DP-16QAM coherent fiber link. Both one-bit and two-bit 
delta-sigma digitization are realized and supported by the coherent QPSK/16QAM 
links, respectively. To facilitate its application in access networks, the coherent fiber 
link is built using low-cost narrowband RF amplifiers and optical modulator. More 
than 50 dB modulation error ratio (MER) is achieved for all 20 DOCSIS 3.1 chan-
nels, and high order modulation up to 16384QAM is demonstrated and delivered 
over fiber for the first time in HFC networks. The raw DOCSIS data rate is 54 Gb/s 
with net user information ~45 Gb/s. The bit error ratio (BER) tolerance of delta-
sigma digitization is also evaluated and negligible MER performance degradation 
is observed for BER values up to 1.5 × 10−6 and 1.7 × 10−4, for one-bit and two-bit 
digitization, respectively.

This chapter is organized as follows. Section 2 discusses the operation principles 
of delta-sigma digitization. Section 3 presents the experimental setup. Section 
4 shows the design of delta-sigma ADC. The experimental results are shown in 
Section 5. Section 5 concludes the paper.

2. Operation principles

The architecture of a HFC network is shown in Figure 1. Due to their similarity, 
a C-RAN architecture is also presented for comparison. In Figure 1(b), the network 
segment from service gateway (S-GW) or mobile management entity (MME) to 

Figure 1. 
Architecture of HFC network and C-RAN: (a) HFC network and (b) C-RAN.
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3.1, it is expected that HFC networks will continue to dominate the broadband 
access market in the United States, delivering fastest access speed to the broadest 
population.

As a fifth-generation broadband access technology, DOCSIS 3.1 specifications are 
being commercialized at a historically rapid pace to support ultra-high-resolution 
videos (4 K/8 K), mobile backhaul/fronthaul (MBH/MFH), and other emerging 
applications enabled by virtual reality and internet of things [10–14]. DOCSIS 3.1 
specifications involve enhancement in both physical and MAC layers, which trans-
form the physical layer signal from single-carrier QAM (SC-QAM) to orthogonal 
frequency division multiplexing (OFDM), for increased data rate, improved spectral 
efficiency, and flexible resource allocation. It provides up to 10 Gb/s downstream 
and 1.8 Gb/s upstream capacities to each subscriber [15, 16]. With subcarrier spacing 
of 25 or 50 kHz, DOCSIS 3.1 specifications support downstream channel bandwidths 
24–192 MHz, and upstream channel bandwidths 6.4–96 MHz [17–19]. Moreover, 
higher order modulations up to 4096QAM were adopted with optional support 
of 8192 and 16384QAM [10, 15]. Similar to the LTE carrier aggregation in MFH 
networks [20, 21], DOCSIS 3.1 specifications support channel bonding to designate 
more than one DOCSIS channels to a single user.

The continuous envelope and high peak-to-average power ratio (PAPR) of 
OFDM signals, on the other hand, make them vulnerable to noise and nonlinear 
impairments in analog HFC networks [22–24]. Combined with demanding carrier-
to-noise ratio (CNR) requirements of high order modulations (>4096QAM), it 
is difficult to support DOCSIS 3.1 signals by legacy analog fiber links [15]. In this 
paper, we for the first time demonstrate the digitization of DOCSIS 3.1 signals to 
enable the upgrade of fiber distribution networks from analog to digital, so mature 
digital fiber technologies, e.g., intensity modulation/direct detection (IM/DD) and 
coherent optical transmission, can be exploited.

To enable digital transmission of DOCSIS 3.1 signals, a digitization interface, 
i.e., analog-to-digital converter (ADC), is needed in the hub to digitize the analog 
signals into bits, and a digital-to-analog converter (DAC) is needed in the fiber node 
to retrieve the analog waveforms from digital bits for the following transmission 
over coaxial cable plant. Different from conventional Nyquist AD/DA that uses 
Nyquist sampling rates, such as common public radio interface (CPRI) in MFH 
networks [25], which has quantization noise evenly distributed in the frequency 
domain and needs many quantization bits, delta-sigma ADC features high sampling 
rate but only a few (one or two) quantization bits, and most importantly, it utilizes 
a noise shaping technique to push the quantization noise out of the signal band, so 
that signal and noise are separated in the frequency domain, and the in-band CNR 
of digitized signals can be optimized [26–29]. Moreover, a simplified DAC design 
based on low-cost passive filters can be used in the fiber node, which filters out the 
desired signals, eliminates the out-of-band noise, and at the same time, retrieves the 
analog waveforms. In the hub, a high-speed delta-sigma ADC is shared by multiple 
fiber nodes; whereas in each fiber node, only a low-cost passive filter is needed to 
filter out the desired signal and convert it to the analog waveform. Since there are 
more fiber nodes than hubs, especially given the fact that fiber node number is 
continuing to grow due to node segmentation and fiber deep migration, replacing 
Nyquist DAC with a low-cost passive filter can significantly reduce the cost and 
complexity of fiber nodes.

Delta-sigma digitization has found wide applications in power amplifiers 
[30–32], RF transmitters [33–37] and receivers [38–42], visible light communica-
tions [43, 44], radio-over-fiber (RoF) [45–47], and MFH networks [48–50]. In 
Ref. [48-50], we first demonstrated delta-sigma digitization as a new digitization 
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interface in MHF networks to replace CPRI, and 32 LTE carrier aggregation was 
demonstrated within a single-λ 10 Gb/s PON system to support 3GPP release 13. We 
then extended delta-sigma digitization to DOCSIS signals for HFC networks [51]. 
This paper is an extended version of our previous work [51] with substantial details 
and new results.

In this paper, we for the first time demonstrate the delta-sigma digitization of 
twenty 192-MHz DOCSIS 3.1 channels with 16384QAM modulation, based on a 
low-pass cascade resonator feedback (CRFB) delta-sigma ADC. We transmit the 
digitized bits over 80 km fiber by a low-cost single-λ 128-Gb/s dual-polarization 
(DP)-QPSK or 256-Gb/s DP-16QAM coherent fiber link. Both one-bit and two-bit 
delta-sigma digitization are realized and supported by the coherent QPSK/16QAM 
links, respectively. To facilitate its application in access networks, the coherent fiber 
link is built using low-cost narrowband RF amplifiers and optical modulator. More 
than 50 dB modulation error ratio (MER) is achieved for all 20 DOCSIS 3.1 chan-
nels, and high order modulation up to 16384QAM is demonstrated and delivered 
over fiber for the first time in HFC networks. The raw DOCSIS data rate is 54 Gb/s 
with net user information ~45 Gb/s. The bit error ratio (BER) tolerance of delta-
sigma digitization is also evaluated and negligible MER performance degradation 
is observed for BER values up to 1.5 × 10−6 and 1.7 × 10−4, for one-bit and two-bit 
digitization, respectively.

This chapter is organized as follows. Section 2 discusses the operation principles 
of delta-sigma digitization. Section 3 presents the experimental setup. Section 
4 shows the design of delta-sigma ADC. The experimental results are shown in 
Section 5. Section 5 concludes the paper.

2. Operation principles

The architecture of a HFC network is shown in Figure 1. Due to their similarity, 
a C-RAN architecture is also presented for comparison. In Figure 1(b), the network 
segment from service gateway (S-GW) or mobile management entity (MME) to 

Figure 1. 
Architecture of HFC network and C-RAN: (a) HFC network and (b) C-RAN.
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baseband unit (BBU) is defined as mobile backhaul (MBH), which transmits the 
control and payload bits of LTE signals in digital baseband. The digital bits are 
received by BBUs, which synthesizes OFDM modulation and generates analog 
waveform of LTE signals. The network segment from BBU to remote radio heads 
(RRH) is defined as mobile fronthaul (MFH), where the LTE signals are transmit-
ted over fiber in either analog waveform using RoF technology or digital waveform 
using CPRI digitization interface. The last segment of C-RAN involves the wireless 
transmission from the RRHs to mobile users, where LTE signals are transmitted in 
their analog waveforms via air interface.

Similarly, HFC networks in Figure 1(a) can also be divided into three segments, 
i.e., the core network segment from headend to hub, the fiber distribution network 
from hub to fiber nodes, and the coaxial cable plant from fiber nodes to cable 
modems (CMs). Similar to MBH, the segment from headend to hub transmits net bit 
information; similar to MFH, the fiber distribution segment from hub to fiber node 
is supported by either analog or digital fiber technologies, e.g., C-RAN uses RoF 
technology to deliver analog mobile signals; HFC uses analog fiber links to deliver 
analog DOCSIS/video signals; C-RAN uses CPRI as a Nyquist digitization interface; 
HFC has a similar interface called baseband digital forward or return (BDF/BDR). 
The last segment from fiber node to CMs is also similar to the wireless segment 
of C-RAN, where both DOCSIS and LTE signals are transmitted in their analog 
waveform over coaxial cable or air interface, respectively. Different analog or digital 
implementations of the fiber distribution segment are shown in Figure 2.

2.1 Analog fiber

Figure 2(a) shows the architecture of an analog fiber link. DOCSIS and video 
signals are aggregated in the hub and delivered to the fiber node in analog wave-
forms. Then at the fiber node, the received analog signals are delivered to CMs via 
cable distribution networks. An analog fiber link features simple, low-cost imple-
mentation, and high spectral efficiency, but imposes high linearity requirements 
on channel response. Since it does not perform any data reformation, an analog 
fiber link is a waveform/service agnostic pipe, and can be used for various services, 
e.g., DOCSIS, MPEG, and analog TV. On the other hand, it suffers from noise and 
nonlinear impairments, limited signal-to-noise ratio (SNR), short fiber distance, 
and small number of WDM wavelengths. It also requires complex RF amplifiers and 
bi-annual calibration of fiber nodes.

2.2 BDF/BDR

Upgrading fiber distribution networks from analog to digital offers the oppor-
tunity to leverage the existing mature digital access technologies. Due to the wide 

Figure 2. 
Different analog/digital technologies for fiber distribution network: (a) analog fiber; (b) BDF/BDR;  
(c) remote PHY; (d) delta-sigma digitization.
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deployment of Ethernet, digital fiber link features low cost, high capacity, long 
fiber distance, and easy setup/maintenance, as compared with its analog counter-
part. Moreover, the contribution of optical noise and nonlinear impairments can be 
isolated from the received signal quality, so large SNR and high order modulation 
can be achieved. Since it can support many (>80) WDM wavelengths, digital fiber 
link facilitates the migration to node split and fiber deep. Figure 2(b-d) shows three 
different digital fiber technologies.

Figure 2(b) shows a digital fiber link based on BDF/BDR architecture, where a 
Nyquist ADC is inserted in the hub with 2.5 oversampling ratio and 12 quantization 
bits. At fiber node, a Nyquist DAC retrieves the analog signals, and feeds them to the 
coaxial cable plant. Same as CPRI, BDF/BDR provides a simple, low-cost, and service-
transparent digitization interface, but with low spectral efficiency. Similar to CPRI, the 
digitized bits of BDF/BDR are not encapsulated into Ethernet packets but framed by 
time-division-multiplexing (TDM), so it always runs at full data rate even without any 
real payload. This makes traffic engineering based on statistical multiplexing impos-
sible. In today’s HFC networks, there is only upstream BDR deployed, but no down-
stream BDF, and the BDR specifications are vendor proprietary and not interoperable.

2.3 Remote PHY

Digital fiber link based on remote PHY architecture is shown in Figure 2(c), 
where the PHY chips for OFDM/QAM modulation and demodulation are moved to 
fiber node, and an integrated converged cable access platform (CCAP) is separated 
into the CCAP core in hub and the remote PHY device (RPD) in fiber node [52–56]. 
In the downstream, payload and control bits are packetized into Ethernet packets 
and transmitted from hub to fiber node, where the OFDM/QAM modulators 
synthesize analog DOCSIS/MPEG signals for cable distribution. In the upstream, 
OFDM/QAM demodulators interpret the received analog signals into baseband bits 
and transmit back to hub in Ethernet packets. Compared with analog fiber link in 
Figure 2(a), the RF interface in hub is replaced by an Ethernet interface, and in 
fiber node, there is an Ethernet interface connecting to the digital fiber and a RF 
interface connecting to the coaxial cable plant. With the help of Ethernet packetiza-
tion, remote PHY architecture can exploit Ethernet access technologies, such as 
Ethernet PON (EPON), gigabit PON (GPON), and Metro Ethernet [52–54], and 
enable statistical multiplexing for traffic engineering. Compared with other digital 
solutions, remote PHY features smaller traffic load in the fiber, but with the penalty 
of increased complexity and cost of fiber nodes. Due to the modulation/demodula-
tion at RPD, the fiber link in remote PHY architecture is no longer a service-trans-
parent pipe, although it maintains the least amount of hardware exported to RPD, 
and preserves the compatibility with existing hubs in analog fiber links. It should be 
noted that the concepts of remote PHY/MAC are very similar to the function split 
of MFH networks [57–59], by moving partial physical and/or MAC layer functions 
from the centralized entity (hub/BBU) to a remote node (fiber node/RRH).

2.4 Delta-sigma digitization

Figure 2(d) shows the architecture of delta-sigma digitization. Compared 
with Figure 2(b), Nyquist AD/DA in BDF/BDR are replaced by a delta-sigma 
ADC in hub and a passive filter in fiber node. Different from the Nyquist ADC 
with oversampling ratio of 2.5 and 12 quantization bits, delta-sigma ADC trades 
quantization bits for sampling rate, using high sampling rate but only a few (one or 
two) quantization bits. Its operation principle is shown in Figure 3. For reference, 
the operation principle of Nyquist ADC is also presented in Figure 3(a). In this 
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baseband unit (BBU) is defined as mobile backhaul (MBH), which transmits the 
control and payload bits of LTE signals in digital baseband. The digital bits are 
received by BBUs, which synthesizes OFDM modulation and generates analog 
waveform of LTE signals. The network segment from BBU to remote radio heads 
(RRH) is defined as mobile fronthaul (MFH), where the LTE signals are transmit-
ted over fiber in either analog waveform using RoF technology or digital waveform 
using CPRI digitization interface. The last segment of C-RAN involves the wireless 
transmission from the RRHs to mobile users, where LTE signals are transmitted in 
their analog waveforms via air interface.

Similarly, HFC networks in Figure 1(a) can also be divided into three segments, 
i.e., the core network segment from headend to hub, the fiber distribution network 
from hub to fiber nodes, and the coaxial cable plant from fiber nodes to cable 
modems (CMs). Similar to MBH, the segment from headend to hub transmits net bit 
information; similar to MFH, the fiber distribution segment from hub to fiber node 
is supported by either analog or digital fiber technologies, e.g., C-RAN uses RoF 
technology to deliver analog mobile signals; HFC uses analog fiber links to deliver 
analog DOCSIS/video signals; C-RAN uses CPRI as a Nyquist digitization interface; 
HFC has a similar interface called baseband digital forward or return (BDF/BDR). 
The last segment from fiber node to CMs is also similar to the wireless segment 
of C-RAN, where both DOCSIS and LTE signals are transmitted in their analog 
waveform over coaxial cable or air interface, respectively. Different analog or digital 
implementations of the fiber distribution segment are shown in Figure 2.

2.1 Analog fiber

Figure 2(a) shows the architecture of an analog fiber link. DOCSIS and video 
signals are aggregated in the hub and delivered to the fiber node in analog wave-
forms. Then at the fiber node, the received analog signals are delivered to CMs via 
cable distribution networks. An analog fiber link features simple, low-cost imple-
mentation, and high spectral efficiency, but imposes high linearity requirements 
on channel response. Since it does not perform any data reformation, an analog 
fiber link is a waveform/service agnostic pipe, and can be used for various services, 
e.g., DOCSIS, MPEG, and analog TV. On the other hand, it suffers from noise and 
nonlinear impairments, limited signal-to-noise ratio (SNR), short fiber distance, 
and small number of WDM wavelengths. It also requires complex RF amplifiers and 
bi-annual calibration of fiber nodes.

2.2 BDF/BDR

Upgrading fiber distribution networks from analog to digital offers the oppor-
tunity to leverage the existing mature digital access technologies. Due to the wide 
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Different analog/digital technologies for fiber distribution network: (a) analog fiber; (b) BDF/BDR;  
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deployment of Ethernet, digital fiber link features low cost, high capacity, long 
fiber distance, and easy setup/maintenance, as compared with its analog counter-
part. Moreover, the contribution of optical noise and nonlinear impairments can be 
isolated from the received signal quality, so large SNR and high order modulation 
can be achieved. Since it can support many (>80) WDM wavelengths, digital fiber 
link facilitates the migration to node split and fiber deep. Figure 2(b-d) shows three 
different digital fiber technologies.

Figure 2(b) shows a digital fiber link based on BDF/BDR architecture, where a 
Nyquist ADC is inserted in the hub with 2.5 oversampling ratio and 12 quantization 
bits. At fiber node, a Nyquist DAC retrieves the analog signals, and feeds them to the 
coaxial cable plant. Same as CPRI, BDF/BDR provides a simple, low-cost, and service-
transparent digitization interface, but with low spectral efficiency. Similar to CPRI, the 
digitized bits of BDF/BDR are not encapsulated into Ethernet packets but framed by 
time-division-multiplexing (TDM), so it always runs at full data rate even without any 
real payload. This makes traffic engineering based on statistical multiplexing impos-
sible. In today’s HFC networks, there is only upstream BDR deployed, but no down-
stream BDF, and the BDR specifications are vendor proprietary and not interoperable.

2.3 Remote PHY

Digital fiber link based on remote PHY architecture is shown in Figure 2(c), 
where the PHY chips for OFDM/QAM modulation and demodulation are moved to 
fiber node, and an integrated converged cable access platform (CCAP) is separated 
into the CCAP core in hub and the remote PHY device (RPD) in fiber node [52–56]. 
In the downstream, payload and control bits are packetized into Ethernet packets 
and transmitted from hub to fiber node, where the OFDM/QAM modulators 
synthesize analog DOCSIS/MPEG signals for cable distribution. In the upstream, 
OFDM/QAM demodulators interpret the received analog signals into baseband bits 
and transmit back to hub in Ethernet packets. Compared with analog fiber link in 
Figure 2(a), the RF interface in hub is replaced by an Ethernet interface, and in 
fiber node, there is an Ethernet interface connecting to the digital fiber and a RF 
interface connecting to the coaxial cable plant. With the help of Ethernet packetiza-
tion, remote PHY architecture can exploit Ethernet access technologies, such as 
Ethernet PON (EPON), gigabit PON (GPON), and Metro Ethernet [52–54], and 
enable statistical multiplexing for traffic engineering. Compared with other digital 
solutions, remote PHY features smaller traffic load in the fiber, but with the penalty 
of increased complexity and cost of fiber nodes. Due to the modulation/demodula-
tion at RPD, the fiber link in remote PHY architecture is no longer a service-trans-
parent pipe, although it maintains the least amount of hardware exported to RPD, 
and preserves the compatibility with existing hubs in analog fiber links. It should be 
noted that the concepts of remote PHY/MAC are very similar to the function split 
of MFH networks [57–59], by moving partial physical and/or MAC layer functions 
from the centralized entity (hub/BBU) to a remote node (fiber node/RRH).

2.4 Delta-sigma digitization

Figure 2(d) shows the architecture of delta-sigma digitization. Compared 
with Figure 2(b), Nyquist AD/DA in BDF/BDR are replaced by a delta-sigma 
ADC in hub and a passive filter in fiber node. Different from the Nyquist ADC 
with oversampling ratio of 2.5 and 12 quantization bits, delta-sigma ADC trades 
quantization bits for sampling rate, using high sampling rate but only a few (one or 
two) quantization bits. Its operation principle is shown in Figure 3. For reference, 
the operation principle of Nyquist ADC is also presented in Figure 3(a). In this 
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paper, we designed a delta-sigma ADC to digitize five DOCSIS 3.1 channels with 
channel bandwidth of 192 MHz and total frequency range from 258 to 1218 MHz 
(5 × 192 = 960 MHz). Due to the limited quantization bits, Nyquist sampling rate 
will lead to significant quantization noise (Figure 3b). Oversampling is utilized 
to extend Nyquist zone and spread the quantization noise over a wide frequency 
range, so the in-band noise is reduced (Figure 3c).

Furthermore, noise shaping technique is used to push the quantization noise 
out of the signal band, which acts as a high-pass filter (HPF) to the quantization 
noise and separates the signal and noise in the frequency domain, as shown in 
Figure 3(d). It should be noted that during the delta-sigma digitization, the signal 
spectrum is kept intact; it is the out-of-band quantization noise added by the delta-
sigma ADC that converts the signal waveform from analog to digital. Therefore, in 
Figure 3(e) at the receiver side, when the out-of-band quantization noise is elimi-
nated, the signal waveform will automatically be converted back from digital to 
analog, i.e., a passive filter can not only filter out the desired signal channel, but also 
realize the digital-to-analog conversion. In HFC networks, a high-speed delta-sigma 
ADC is centralized in the hub and shared by many fiber nodes, and each fiber node 
only needs a low-cost passive filter to select the desired DOCSIS channels and at the 
same time convert them to the analog waveform. Given the fact that there are many 
more fiber nodes than hubs/headends, this design significantly reduces the cost and 
complexity of fiber nodes. It should be note that Nyquist ADC has evenly distrib-
uted quantization noise, whereas delta-sigma digitization has a shaped distribution 
of quantization noise, so the retrieved analog signal has an uneven noise floor.

In time domain, if we use an analog sinusoidal signal as an example, a Nyquist 
ADC samples the analog input with Nyquist rate and each sample is quantized 
individually (Figure 3a); whereas delta-sigma ADC samples the analog input at a 
much higher rate and the samples are digitized consecutively (Figure 3c and d), 
i.e., the current digitization bits not only depend on the current analog input, but 
also depend on previous input. One-bit delta-sigma digitization outputs a high data 
rate on-off keying (OOK) signal with the density of “1” bits being proportional to 
the amplitude of analog input. For maximum input, it outputs continuous “1”s; for 
minimum input, it outputs continuous “0”s. For intermediate inputs, the densities 
of “0”s and “1”s are almost equal. Two-bit digitization outputs a 4-level pulse-
amplitude-modulation (PAM4) signal. Both one-bit and two-bit digitization are 
implemented in our experiment.

Figure 3. 
Operation principle of Nyquist ADC and delta-sigma ADC: (a) Nyquist ADC and (b-e) delta-sigma ADC.
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paper, we designed a delta-sigma ADC to digitize five DOCSIS 3.1 channels with 
channel bandwidth of 192 MHz and total frequency range from 258 to 1218 MHz 
(5 × 192 = 960 MHz). Due to the limited quantization bits, Nyquist sampling rate 
will lead to significant quantization noise (Figure 3b). Oversampling is utilized 
to extend Nyquist zone and spread the quantization noise over a wide frequency 
range, so the in-band noise is reduced (Figure 3c).

Furthermore, noise shaping technique is used to push the quantization noise 
out of the signal band, which acts as a high-pass filter (HPF) to the quantization 
noise and separates the signal and noise in the frequency domain, as shown in 
Figure 3(d). It should be noted that during the delta-sigma digitization, the signal 
spectrum is kept intact; it is the out-of-band quantization noise added by the delta-
sigma ADC that converts the signal waveform from analog to digital. Therefore, in 
Figure 3(e) at the receiver side, when the out-of-band quantization noise is elimi-
nated, the signal waveform will automatically be converted back from digital to 
analog, i.e., a passive filter can not only filter out the desired signal channel, but also 
realize the digital-to-analog conversion. In HFC networks, a high-speed delta-sigma 
ADC is centralized in the hub and shared by many fiber nodes, and each fiber node 
only needs a low-cost passive filter to select the desired DOCSIS channels and at the 
same time convert them to the analog waveform. Given the fact that there are many 
more fiber nodes than hubs/headends, this design significantly reduces the cost and 
complexity of fiber nodes. It should be note that Nyquist ADC has evenly distrib-
uted quantization noise, whereas delta-sigma digitization has a shaped distribution 
of quantization noise, so the retrieved analog signal has an uneven noise floor.

In time domain, if we use an analog sinusoidal signal as an example, a Nyquist 
ADC samples the analog input with Nyquist rate and each sample is quantized 
individually (Figure 3a); whereas delta-sigma ADC samples the analog input at a 
much higher rate and the samples are digitized consecutively (Figure 3c and d), 
i.e., the current digitization bits not only depend on the current analog input, but 
also depend on previous input. One-bit delta-sigma digitization outputs a high data 
rate on-off keying (OOK) signal with the density of “1” bits being proportional to 
the amplitude of analog input. For maximum input, it outputs continuous “1”s; for 
minimum input, it outputs continuous “0”s. For intermediate inputs, the densities 
of “0”s and “1”s are almost equal. Two-bit digitization outputs a 4-level pulse-
amplitude-modulation (PAM4) signal. Both one-bit and two-bit digitization are 
implemented in our experiment.

Figure 3. 
Operation principle of Nyquist ADC and delta-sigma ADC: (a) Nyquist ADC and (b-e) delta-sigma ADC.
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Table 1 compares different analog/digital fiber technologies in HFC networks. 
As a waveform-agnostic interface, delta-sigma ADC works with not only OFDM 
signals but also 5G multicarrier waveforms, such as filter-band multicarrier signals, 
as we reported in [50]. Since analog fiber, BDF/BDR, and delta-sigma digitization 
do not modify the bit information, they are service-agnostic and can carry various 
and a combination of services, even though these services evolve in the future. 
Remote PHY, on the other hand, is not service-transparent. Its RPD in the fiber 
node is only designed for one specific service.

3. Experimental setup

Figure 4 shows the experimental setup. OFDM parameters of DOCSIS 3.1 
specifications are listed in Table 2. There are two sets of FFT sizes and subcarrier 
spacing. In this experiment, we use the FFT size of 4096 and subcarrier spacing of 
50 kHz.

In a 1.2 GHz DOCSIS 3.1 implementation, the downstream signal contains five 
channels, each with 192-MHz bandwidth and occupying 960-MHz (258–1218 MHz) 
frequency band in total. In this experiment, these five downstream channels are 
digitized by delta-sigma ADCs with sampling rates of 16, 20, 24, 28, and 32 GSa/s. 
Both one-bit and two-bit digitization are carried out, and the five channels are digi-
tized to an OOK (one-bit) or PAM4 (two-bit) signal with baud rate of 16–32 Gbaud. 
In a dual-polarization (DP) coherent fiber link, each polarization has in-phase (I) 
and quadrature (Q ) components, and each component can carry one OOK/PAM4 
signal, so there are four data streams in total carrying 20 digitized DOCSIS 3.1 chan-
nels, i.e., a DP-QPSK/16QAM link can carry 20 digitized DOCSIS 3.1 channels with 
one-bit or two-bit digitization, respectively. Delivering 20 DOCSIS channels over 
a single wavelength quadruples the capacity of current HFC networks and enables 
a 4x1 fiber node split. In the following sections, only the results of 32 Gbaud are 
discussed in detail due to the limited space.

In Figure 4, the two arms of IQ Mach-Zehnder modulator (MZM) are driven 
by two independent OOK/PAM4 signals to synthesize a QPSK/16QAM signal, and 

Figure 4. 
(a) Experimental setup; (b) waveforms for one-bit delta-sigma digitization; (c) waveforms for two-bit  
delta-sigma digitization; (d) eye diagram of 32 Gbaud PAM4 signal after delta-sigma ADC (point ii); (e) PAM4 
eye diagram after scrambling (point iii); (f) PAM4 eye diagram after pre-equalization (point iv).
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after the polarization multiplexer, a DP-QPSK/16QAM signal carries four streams 
of OOK/PAM4 with totally 20 digitized DOCSIS channels.

It is worth noting that although there are several reports of high speed delta-
sigma ADC with sampling rate up to 8.6 GSa/s [35–37], there is no commercially 
available delta-sigma ADC that runs faster than 10 GSa/s. For a proof-of-concept 
experiment in this paper, the delta-sigma digitization is realized offline using 
MATLAB, and the digitized bits are loaded into a Keysight arbitrary waveform 
generator (AWG) M8196A, and then transmitted over a 80-km coherent fiber link. 
In real implementations, to alleviate the speed limit, several low speed delta-sigma 
ADCs can be used in parallel, each digitizing only one DOCSIS channel, rather than 
using a high-speed ADC to digitize all five channels together. The output bits from 
parallel low speed ADCs can be interleaved in the time domain by TDM technology, 
so the sampling rate of each ADC is reduced, while keeping the overall capacity 
intact.

In Figure 4(b) and (c), analog DOCSIS 3.1 signal at point i is plotted in red; 
after delta-sigma digitization, OOK/PAM4 signals at point ii are plot in green; 
retrieved analog signals after filters at point v are plotted in dashed blue lines. 
The initial (red) and retrieved (dashed blue) analog signals are fairly close to each 
other, indicating that the digitization introduces almost no impairment. In the 
green curve of Figure 4(c), there are more ±1 symbols than ±3 symbols. This is 
because DOCSIS 3.1 is an OFDM signal with Gaussian distribution, and there are 
much more small samples than large ones. Therefore, the PAM4 signal after digi-
tization also has unequal distribution. More than 80% symbols are ±1 s, and only 
less than 20% are ±3 s. This also makes the 16QAM signal has unequal distribution 
on the constellation. Most symbols are at (±1 ± j), and only a few at (±3 ± 3j). 
Unequally distributed constellation introduces challenges to the digital signal pro-
cessing (DSP) of the coherent receiver, especially for constant multiple modulus 
algorithm (CMMA). To equalize the symbol distribution, a scrambler is inserted in 
the transmitter (only for two-bit digitization). Eye diagrams before and after the 
scrambler are shown in Figure 4(d) and (e). In Figure 4(d), there are much more 
±1 s than ±3 s; in Figure 4(e), the amount of ±1 s and ± 3 s are equalized.

Since delta-sigma digitization is designed to be utilized in access networks, 
such as HFC and C-RAN, a low-cost coherent system was built based on narrow-
band devices, e.g., 10 GHz RF drivers (Picosecond Pulse Labs 5822B) and 14 GHz 
IQ-MZM (Covega LN86S-FC). For 32 Gbaud QPSK/16QAM, these narrowband 
devices significantly impair the transmission performance, and frequency domain 
pre-equalization was used to compensate the bandwidth limitation. Figure 4(f ) 
shows the 32 Gbaud PAM4 eye diagram after pre-equalization. The eye is closed due 
to the boosted high frequency components.

After 80-km single mode fiber, the DP-QPSK/16QAM signal is received at the 
fiber node. In experiments, a Keysight N4391A optical modulation analyzer is used 
as a polarization diversity receiver. Four received signals (two polarizations, each 
polarization has in-phase and quadrature components) are captured by a real-time 

Sampling 
rate

FFT 
size

Subcarrier 
spacing

Active 
subcarriers

Active 
BW

Data 
subcarriers

Data  
BW

Guard 
band

204.8  
MSa/s

4096 50 kHz 3840 192  
MHz

3800 190  
MHz

1 MHz

8192 25 kHz 7680 7600

In experiments, we use FFT size of 4096 and subcarrier spacing of 50 kHz.

Table 2. 
OFDM parameters of DOCSIS 3.1 signals.
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after the polarization multiplexer, a DP-QPSK/16QAM signal carries four streams 
of OOK/PAM4 with totally 20 digitized DOCSIS channels.

It is worth noting that although there are several reports of high speed delta-
sigma ADC with sampling rate up to 8.6 GSa/s [35–37], there is no commercially 
available delta-sigma ADC that runs faster than 10 GSa/s. For a proof-of-concept 
experiment in this paper, the delta-sigma digitization is realized offline using 
MATLAB, and the digitized bits are loaded into a Keysight arbitrary waveform 
generator (AWG) M8196A, and then transmitted over a 80-km coherent fiber link. 
In real implementations, to alleviate the speed limit, several low speed delta-sigma 
ADCs can be used in parallel, each digitizing only one DOCSIS channel, rather than 
using a high-speed ADC to digitize all five channels together. The output bits from 
parallel low speed ADCs can be interleaved in the time domain by TDM technology, 
so the sampling rate of each ADC is reduced, while keeping the overall capacity 
intact.

In Figure 4(b) and (c), analog DOCSIS 3.1 signal at point i is plotted in red; 
after delta-sigma digitization, OOK/PAM4 signals at point ii are plot in green; 
retrieved analog signals after filters at point v are plotted in dashed blue lines. 
The initial (red) and retrieved (dashed blue) analog signals are fairly close to each 
other, indicating that the digitization introduces almost no impairment. In the 
green curve of Figure 4(c), there are more ±1 symbols than ±3 symbols. This is 
because DOCSIS 3.1 is an OFDM signal with Gaussian distribution, and there are 
much more small samples than large ones. Therefore, the PAM4 signal after digi-
tization also has unequal distribution. More than 80% symbols are ±1 s, and only 
less than 20% are ±3 s. This also makes the 16QAM signal has unequal distribution 
on the constellation. Most symbols are at (±1 ± j), and only a few at (±3 ± 3j). 
Unequally distributed constellation introduces challenges to the digital signal pro-
cessing (DSP) of the coherent receiver, especially for constant multiple modulus 
algorithm (CMMA). To equalize the symbol distribution, a scrambler is inserted in 
the transmitter (only for two-bit digitization). Eye diagrams before and after the 
scrambler are shown in Figure 4(d) and (e). In Figure 4(d), there are much more 
±1 s than ±3 s; in Figure 4(e), the amount of ±1 s and ± 3 s are equalized.

Since delta-sigma digitization is designed to be utilized in access networks, 
such as HFC and C-RAN, a low-cost coherent system was built based on narrow-
band devices, e.g., 10 GHz RF drivers (Picosecond Pulse Labs 5822B) and 14 GHz 
IQ-MZM (Covega LN86S-FC). For 32 Gbaud QPSK/16QAM, these narrowband 
devices significantly impair the transmission performance, and frequency domain 
pre-equalization was used to compensate the bandwidth limitation. Figure 4(f ) 
shows the 32 Gbaud PAM4 eye diagram after pre-equalization. The eye is closed due 
to the boosted high frequency components.

After 80-km single mode fiber, the DP-QPSK/16QAM signal is received at the 
fiber node. In experiments, a Keysight N4391A optical modulation analyzer is used 
as a polarization diversity receiver. Four received signals (two polarizations, each 
polarization has in-phase and quadrature components) are captured by a real-time 
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digital storage oscilloscope Keysight DSAX92004A for offline DSP. We use standard 
coherent DSP algorithms, including Gram-Schmidt orthogonalization [60], chro-
matic dispersion (CD) compensation [61, 62], polarization de-multiplexing [63, 64], 
carrier frequency offset (CFO) recovery [65, 66], and carrier phase recovery (CPR) 
[67, 68]. For polarization de-multiplexing, QPSK uses constant modulus algorithm 
(CMA), 16QAM uses constant multiple modulus algorithm (CMMA). For CPR, 
QPSK uses Viterbi-Viterbi algorithm, 16QAM uses the maximum likelihood (ML) 
phase recovery algorithm. After coherent DSP, a de-scrambler is applied to the PAM4 
signal to restore its initial symbol distribution, and five DOCSIS channels are filtered 
out by a digital filter to retrieve their analog waveforms.

To evaluate the performance of delta-sigma digitization and coherent transmis-
sion, we use carrier-to-noise ratio (CNR) of received DOCSIS channels as a mea-
surement. Required CNR for different modulations in DOCSIS 3.1 specifications 
are listed in Table 3 [15]. Higher order modulations need higher CNR, and there is 
0.5 dB increment for the fifth channel above 1 GHz (1026–1218 MHz). The maxi-
mum mandatory modulation in DOCSIS 3.1 specification is 4096QAM. 8192 and 
16384QAM are optional, and their CNR requirements are not specified yet. Here 
we use 44 and 48 dB based on extrapolation. In experiments, CNR is evaluated in 
terms of modulation error ratio (MER).

4. Experimental design

In this section, we first present the design of delta-sigma ADC and discuss the 
experimental design, then demonstrate the results of one-bit and two-bit digitiza-
tion, respectively. Finally, the performance tolerance against the bit error ratio 
(BER) of the coherent fiber link is also evaluated.

4.1 Delta-sigma ADC design

The design of a fourth-order delta-sigma ADC based on cascaded resonator 
feedback (CRFB) structure is shown in Figure 5. The Z-domain block diagram is 
shown in Figure 5(a), which consists of an output quantizer, a feedback DAC, and 
the rest parts can be considered as a filter to the quantization noise. The transfer 
function of this noise filter is described by a noise transfer function (NTF), which 
determines the frequency distribution of quantization noise. In Figure 5(a), there 
are four integrators, and every two of them, 1/(z − 1) and z/(z − 1), are cascaded 
together to form a resonator (purple and green). The number of integrators equals 
to the order number of the NTF. A fourth-order NTF also has two conjugate pairs 
(four in total) of zeroes and poles, shown in Figure 5(b). The frequency response of 
the NTF is shown in Figure 5(c).

Our design is a low-pass delta-sigma ADC where the signal is located at the 
low frequency end, and quantization noise is at the high frequency end. So in 
Figure 5(c), the NTF is a high-pass filter, which pushes the quantization noise to 

QAM 16 64 128 256 512 1024 2048 4096 8192* 16384*

CNR (dB) 15 21 24 27 30.5 34 37 (37.5)+ 41 (41.5)+ 44 (44.5)+ 48 (48.5)+

*For DOCSIS 3.1 downstream, 8192QAM and 16384QAM are optional, and their CNRs are not specified yet. Here 
we use 44(44.5) and 48(48.5) dB as temporary criteria.
+CNR values in parentheses with 0.5-dB increment are for channels above 1 GHz.

Table 3. 
Carrier-to-noise ratio (CNR) requirement of DOCSIS 3.1 specifications.
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the high frequency end and separates it from the signal. In the inset of  
Figure 5(c), there are two notches in the stopband of the NTF, each correspond-
ing to one pair of zeroes in Figure 5(b). At the zeroes of NTF, quantization noise 
is minimized and signals at these frequency points have a maximized CNR. It 
should be noted that the only difference of one-bit and two-bit digitization is 
the quantizer at the output and the feedback DAC. Their NTFs are identical. 
The number of output levels is determined by the number of quantization bits. 
A log2(N)-bit quantizer outputs N levels, so one-bit quantizer outputs an OOK 
signal, and two-bit quantizer outputs a PAM4 signals. More details of delta-sigma 
ADC design can be founded in Ref [28, 29].

4.2 Experimental cases

To evaluate the performance of delta-sigma digitization, 10 experimental cases 
are designed, shown in Table 4. Five DOCSIS 3.1 channels are digitized by delta-
sigma ADCs with sampling rates of 16, 20, 24, 28, and 32 GSa/s. Both one-bit (Case 
I-V) and two-bit (Case VI-X) digitization are carried out, and the fiver DCOSIS 
channels are digitized to a 16–32 Gbaud OOK (one-bit) or PAM4 (two-bit) signal, 
respectively. The signal baud rate after digitization is equal to the sampling rate 
of ADC. In a dual-polarization coherent fiber link, each polarization has I and Q 
components, and each component carries one OOK/PAM4 signal, so there are four 
data streams in total carrying 20 digitized channels. Due to the symmetry, only 5 
out of 20 DOCSIS 3.1 channels are listed in Table 4.

Unlike Nyquist ADC, whose quantization noise is evenly distributed in the 
Nyquist zone, delta-sigma ADC has uneven noise floor due to the noise shaping 
technique. In experiments, different modulations are assigned to different channels 
according to their CNRs, e.g., in Case V, only Ch. 2 has sufficient CNR to sup-
port 16384QAM, Ch. 4 can only support 4096QAM, and the rest three can carry 
8192QAM. In general, higher sampling rate leads to wider Nyquist zone and smaller 
in-band quantization noise, so higher modulation can be supported. Two-bit digiti-
zation always has smaller quantization noise thanks to the additional bit. Therefore, 
in Case IX and X, all five channels have sufficient CNR to carry 16384QAM.

4.3 Comparison with Nyquist ADC

Spectral efficiency is an important figure of merit for digitization interfaces, and 
it is insightful to make a comparison of two digitization interfaces in terms of spec-
tral efficiencies. Since DOCSIS 3.1 channels can support various modulations from 
16QAM up to 4096QAM, the net data capacity per channel may vary dramatically; 

Figure 5. 
Implementation of 32 GSa/s delta-sigma ADC. (a) Z-domain block diagram of a fourth-order cascade 
resonator feedback (CRFB) structure. (b) Zeroes and poles of the noise transfer function (NTF). (c) Frequency 
response of the NTF.
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shown in Figure 5(a), which consists of an output quantizer, a feedback DAC, and 
the rest parts can be considered as a filter to the quantization noise. The transfer 
function of this noise filter is described by a noise transfer function (NTF), which 
determines the frequency distribution of quantization noise. In Figure 5(a), there 
are four integrators, and every two of them, 1/(z − 1) and z/(z − 1), are cascaded 
together to form a resonator (purple and green). The number of integrators equals 
to the order number of the NTF. A fourth-order NTF also has two conjugate pairs 
(four in total) of zeroes and poles, shown in Figure 5(b). The frequency response of 
the NTF is shown in Figure 5(c).

Our design is a low-pass delta-sigma ADC where the signal is located at the 
low frequency end, and quantization noise is at the high frequency end. So in 
Figure 5(c), the NTF is a high-pass filter, which pushes the quantization noise to 

QAM 16 64 128 256 512 1024 2048 4096 8192* 16384*

CNR (dB) 15 21 24 27 30.5 34 37 (37.5)+ 41 (41.5)+ 44 (44.5)+ 48 (48.5)+

*For DOCSIS 3.1 downstream, 8192QAM and 16384QAM are optional, and their CNRs are not specified yet. Here 
we use 44(44.5) and 48(48.5) dB as temporary criteria.
+CNR values in parentheses with 0.5-dB increment are for channels above 1 GHz.

Table 3. 
Carrier-to-noise ratio (CNR) requirement of DOCSIS 3.1 specifications.
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the high frequency end and separates it from the signal. In the inset of  
Figure 5(c), there are two notches in the stopband of the NTF, each correspond-
ing to one pair of zeroes in Figure 5(b). At the zeroes of NTF, quantization noise 
is minimized and signals at these frequency points have a maximized CNR. It 
should be noted that the only difference of one-bit and two-bit digitization is 
the quantizer at the output and the feedback DAC. Their NTFs are identical. 
The number of output levels is determined by the number of quantization bits. 
A log2(N)-bit quantizer outputs N levels, so one-bit quantizer outputs an OOK 
signal, and two-bit quantizer outputs a PAM4 signals. More details of delta-sigma 
ADC design can be founded in Ref [28, 29].

4.2 Experimental cases

To evaluate the performance of delta-sigma digitization, 10 experimental cases 
are designed, shown in Table 4. Five DOCSIS 3.1 channels are digitized by delta-
sigma ADCs with sampling rates of 16, 20, 24, 28, and 32 GSa/s. Both one-bit (Case 
I-V) and two-bit (Case VI-X) digitization are carried out, and the fiver DCOSIS 
channels are digitized to a 16–32 Gbaud OOK (one-bit) or PAM4 (two-bit) signal, 
respectively. The signal baud rate after digitization is equal to the sampling rate 
of ADC. In a dual-polarization coherent fiber link, each polarization has I and Q 
components, and each component carries one OOK/PAM4 signal, so there are four 
data streams in total carrying 20 digitized channels. Due to the symmetry, only 5 
out of 20 DOCSIS 3.1 channels are listed in Table 4.

Unlike Nyquist ADC, whose quantization noise is evenly distributed in the 
Nyquist zone, delta-sigma ADC has uneven noise floor due to the noise shaping 
technique. In experiments, different modulations are assigned to different channels 
according to their CNRs, e.g., in Case V, only Ch. 2 has sufficient CNR to sup-
port 16384QAM, Ch. 4 can only support 4096QAM, and the rest three can carry 
8192QAM. In general, higher sampling rate leads to wider Nyquist zone and smaller 
in-band quantization noise, so higher modulation can be supported. Two-bit digiti-
zation always has smaller quantization noise thanks to the additional bit. Therefore, 
in Case IX and X, all five channels have sufficient CNR to carry 16384QAM.

4.3 Comparison with Nyquist ADC

Spectral efficiency is an important figure of merit for digitization interfaces, and 
it is insightful to make a comparison of two digitization interfaces in terms of spec-
tral efficiencies. Since DOCSIS 3.1 channels can support various modulations from 
16QAM up to 4096QAM, the net data capacity per channel may vary dramatically; 

Figure 5. 
Implementation of 32 GSa/s delta-sigma ADC. (a) Z-domain block diagram of a fourth-order cascade 
resonator feedback (CRFB) structure. (b) Zeroes and poles of the noise transfer function (NTF). (c) Frequency 
response of the NTF.
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but the frequency band of five downstream DOCSIS 3.1 channels are always the 
same, from 258 to 1218 MHz. Therefore, to make a fair comparison, we can use the 
number of bits needed to digitize five DOCSIS channels as a reference.

In Table 4, for one-bit delta-sigma ADC, depending on the sampling rate, 
16–32 Gb/s fiber link capacity is needed to support five digitized channels. For Case 
V (32 GSa/s), all five channels can support at least 4096QAM, within which at least 
three of them can support 8192QAM and one can carry up to 16384QAM. For two-
bit ADC, the required bit number doubles. On the other hand, consider the Nyquist 
ADC defined in BDR/BDF with 2.5 oversampling ratio and 12 quantization bits, it 
requires 1218 × 2.5 MSa/s × 12 b/Sa = 36.54 Gb/s to digitize five DOCSIS channels.

Compared with Nyquist ADC, one-bit delta-sigma ADC can save at least 12.4% 
(Case V) fiber link capacity. If CNR requirements can be relaxed, and lower sam-
pling rate are allowed, it can save up to 56.2% (Case I) fiber link capacity. For two-
bit delta-sigma ADC, although it provides much higher CNR, it generates more bits 
after digitization and consumes more fiber link capacity than Nyquist ADC. The 
main advantage of applying delta-sigma digitization in HFC networks is to simplify 
fiber node design by replacing the conventional DAC by a low-cost passive filter. 
Improvement of spectral efficiency is a side effect.

5. Experimental results

In this section, we first demonstrate the experimental results of DP-QPSK and 
DP-16QAM coherent transmission, and then discuss the results of one-bit and 
two-bit digitization supported by QPSK/16QAM, respectively. Finally, we will 
investigate the BER tolerance of delta-sigma digitization.

5.1 Coherent transmission

Figure 6 shows the results of coherent transmission of DP-QPSK/16QAM, 
where error vector magnitude (EVM) is plotted as a function of baud rate. Due to 
the limited bandwidth of low-cost RF amplifiers and the optical IQ MZM, EVM 
increases with baud rate. Figure 6(b) shows the constellations at each baud rate. 
For DP-QPSK, error free transmission can be achieved for all baud rates. For 
DP-16QAM, error free transmission is only achievable for 16 and 20 Gbaud. BER 
values for 24, 28 and 32 Gbaud are labeled in Figure 6(a). In the following discus-
sion, we only present the results of 32 GSa/s delta-sigma digitization. Results of 
other sampling rates are similar and omitted here for brevity.

Figure 6. 
Coherent transmission results of low-cost DP-QPSK and DP-16QAM systems, for one-bit and two-bit 
digitization, respectively. (a) Error vector magnitude (EVM) vs. baud rate. (b) Constellations of QPSK and 
16QAM at each baud rate.
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but the frequency band of five downstream DOCSIS 3.1 channels are always the 
same, from 258 to 1218 MHz. Therefore, to make a fair comparison, we can use the 
number of bits needed to digitize five DOCSIS channels as a reference.

In Table 4, for one-bit delta-sigma ADC, depending on the sampling rate, 
16–32 Gb/s fiber link capacity is needed to support five digitized channels. For Case 
V (32 GSa/s), all five channels can support at least 4096QAM, within which at least 
three of them can support 8192QAM and one can carry up to 16384QAM. For two-
bit ADC, the required bit number doubles. On the other hand, consider the Nyquist 
ADC defined in BDR/BDF with 2.5 oversampling ratio and 12 quantization bits, it 
requires 1218 × 2.5 MSa/s × 12 b/Sa = 36.54 Gb/s to digitize five DOCSIS channels.

Compared with Nyquist ADC, one-bit delta-sigma ADC can save at least 12.4% 
(Case V) fiber link capacity. If CNR requirements can be relaxed, and lower sam-
pling rate are allowed, it can save up to 56.2% (Case I) fiber link capacity. For two-
bit delta-sigma ADC, although it provides much higher CNR, it generates more bits 
after digitization and consumes more fiber link capacity than Nyquist ADC. The 
main advantage of applying delta-sigma digitization in HFC networks is to simplify 
fiber node design by replacing the conventional DAC by a low-cost passive filter. 
Improvement of spectral efficiency is a side effect.

5. Experimental results

In this section, we first demonstrate the experimental results of DP-QPSK and 
DP-16QAM coherent transmission, and then discuss the results of one-bit and 
two-bit digitization supported by QPSK/16QAM, respectively. Finally, we will 
investigate the BER tolerance of delta-sigma digitization.

5.1 Coherent transmission

Figure 6 shows the results of coherent transmission of DP-QPSK/16QAM, 
where error vector magnitude (EVM) is plotted as a function of baud rate. Due to 
the limited bandwidth of low-cost RF amplifiers and the optical IQ MZM, EVM 
increases with baud rate. Figure 6(b) shows the constellations at each baud rate. 
For DP-QPSK, error free transmission can be achieved for all baud rates. For 
DP-16QAM, error free transmission is only achievable for 16 and 20 Gbaud. BER 
values for 24, 28 and 32 Gbaud are labeled in Figure 6(a). In the following discus-
sion, we only present the results of 32 GSa/s delta-sigma digitization. Results of 
other sampling rates are similar and omitted here for brevity.

Figure 6. 
Coherent transmission results of low-cost DP-QPSK and DP-16QAM systems, for one-bit and two-bit 
digitization, respectively. (a) Error vector magnitude (EVM) vs. baud rate. (b) Constellations of QPSK and 
16QAM at each baud rate.
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5.2 One-bit digitization

Figure 7 shows the experimental results of 32 GSa/s one-bit digitization (Case V). 
20 DOCSIS 3.1 channels are digitized into four 32 Gb/s OOK signals, and then trans-
mitted by a 32 Gbaud DP-QPSK link. The RF spectra before (blue) and after (red) 
delta-sigma digitization are shown in Figure 7(a). Five 192-MHz DOCSIS 3.1 channels 
occupy a frequency range from 258 to 1218 MHz. It can be seen that after delta-sigma 
digitization, the signal spectrum is kept intact, and the quantization noise is pushed 
out of the signal band with in-band CNR larger than 40 dB. Figure 7(b) shows the 
MER performance of five channels, and each of them satisfies the requirements 
(dashed lines) of DOCSIS 3.1 specifications. Channel 2 has MER > 50 dB carrying 
16384QAM; channel 4 has MER > 41 dB carrying 4096QAM; the remaining three 
have MER > 44 (44.5) dB carrying 8192QAM. This is the first time that modulation 
orders higher than 4096QAM have been demonstrated over fiber in HFC networks. 
Constellations of each modulation are shown in Figure 7(c, d, e). For 8192QAM, the 
worst case, channel 3 with lowest MER of 44.5 dB, is shown.

5.3 Two-bit digitization

Figure 8 shows the experimental results of 32 GSa/s two-bit delta-sigma 
digitization (Case X). Five DOCSIS 3.1 channels are digitized into a 32 Gb/s 
PAM4 signal. The RF spectra before (blue) and after (red) digitization are shown 
in Figure 8(a). Compared with Figure 7(a), the in-band quantization noise is 
reduced thanks to the additional quantization bit, and CNR > 50 dB is achieved. 
In Case IX and X, with sampling rates of 28 and 32 GSa/s, all 20 DOCSIS 3.1 
channels have enough CNR to support 16384QAM. The raw data rate of these 20 
channels is 53.2 Gb/s, and the net user information is ~45 Gb/s. Since the mini-
mum data capacity of a coherent fiber link to support 2016384QAM channels 

Figure 7. 
Experimental results of 32 GSa/s one-bit delta-sigma digitization (Case V): (a) RF spectra; (b) MER of five 
DOCSIS 3.1 channels; (c) Channel 2 16384QAM; (d) channel 3 8192QAM; (e) channel 4 4096QAM.
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is 28 × 4 × 2 = 224 Gb/s, the net information ratio of delta-sigma digitization 
is 45/224 = 20.1%, which is higher than BDF/BDR interface based on Nyquist 
digitization. Figure 8(b) shows the MER performance of 5 out of 20 DOCSIS 
channels, each with a MER larger than 52.5 dB, which is 4.5 dB higher than 
the required 48 dB for 16384QAM in DOCSIS 3.1 specifications. This indicates 
that two-bit digitization at 32 GSa/s has the potential to support an even higher 
modulation reaching up to 32768QAM. Figure 8(c) shows the worst-case constel-
lation of 16384QAM, which corresponds to channel 4 with the lowest MER of 
52.5 dB.

5.4 BER tolerance

In Table 4 and Figure 6, error free transmission is achieved for all baud rate 
DP-QPSK (Case I–V); but for DP-16QAM, error free transmission is only achieved 
at 16 and 20 Gbaud (Case VI, VII). In this section, we design BER tolerance test to 
measure the MER performance degradation of delta-sigma digitization as a func-
tion of increasing BER, as shown by Case XI and XII in Table 5, where 4096QAM 
are assigned to all 20 channels since it is the highest modulation specified in 
DOCSIS 3.1 specifications (8192/16384QAM are optional).

Figure 9 shows the results of one-bit delta-sigma digitization (Case XI). The 
experimentally measured EVM and BER of 32 Gbaud DP-QPSK at different 
received optical power are presented in Figure 9(a), with constellations plotted in 
the insets. Due to the limited memory of our AWG, the minimum measurable BER 
is 1 × 10−6, and error free transmission is achieved for received optical power larger 
than −10 dBm. Figure 9(b) shows the MER degradation as a function of increasing 
BER. Both simulation (solid lines) and experiments (dots) are carried out. In the 
simulation, various BER values are emulated by flipping a certain number of bits 
after delta-sigma digitization; whereas in the experiments, different BER values are 
obtained by reducing the received optical power. In experiments, it is impossible to 
achieve exact BERs by adjusting the optical power. In Figure 9(b), only three values 

Figure 8. 
Experimental results of 32 GSa/s two-bit delta-sigma digitization (Case X): (a) RF spectra; (b) MER 
performance of five DOCSIS 3.1 channels; (c) channel 4 16384QAM (worst of the five channels).

Case Sampling 
rate (GSa/s)

Quantization Waveform 
after ADC

Coherent 
transmission

Modulation formats of five DOCSIS 
channels

XI 32 One-bit OOK QPSK 4096 4096 4096 4096 4096

XII 32 Two-bit PAM4 16QAM 4096 4096 4096 4096 4096

Table 5. 
Experimental design of BER tolerance evaluation.
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5.2 One-bit digitization

Figure 7 shows the experimental results of 32 GSa/s one-bit digitization (Case V). 
20 DOCSIS 3.1 channels are digitized into four 32 Gb/s OOK signals, and then trans-
mitted by a 32 Gbaud DP-QPSK link. The RF spectra before (blue) and after (red) 
delta-sigma digitization are shown in Figure 7(a). Five 192-MHz DOCSIS 3.1 channels 
occupy a frequency range from 258 to 1218 MHz. It can be seen that after delta-sigma 
digitization, the signal spectrum is kept intact, and the quantization noise is pushed 
out of the signal band with in-band CNR larger than 40 dB. Figure 7(b) shows the 
MER performance of five channels, and each of them satisfies the requirements 
(dashed lines) of DOCSIS 3.1 specifications. Channel 2 has MER > 50 dB carrying 
16384QAM; channel 4 has MER > 41 dB carrying 4096QAM; the remaining three 
have MER > 44 (44.5) dB carrying 8192QAM. This is the first time that modulation 
orders higher than 4096QAM have been demonstrated over fiber in HFC networks. 
Constellations of each modulation are shown in Figure 7(c, d, e). For 8192QAM, the 
worst case, channel 3 with lowest MER of 44.5 dB, is shown.

5.3 Two-bit digitization

Figure 8 shows the experimental results of 32 GSa/s two-bit delta-sigma 
digitization (Case X). Five DOCSIS 3.1 channels are digitized into a 32 Gb/s 
PAM4 signal. The RF spectra before (blue) and after (red) digitization are shown 
in Figure 8(a). Compared with Figure 7(a), the in-band quantization noise is 
reduced thanks to the additional quantization bit, and CNR > 50 dB is achieved. 
In Case IX and X, with sampling rates of 28 and 32 GSa/s, all 20 DOCSIS 3.1 
channels have enough CNR to support 16384QAM. The raw data rate of these 20 
channels is 53.2 Gb/s, and the net user information is ~45 Gb/s. Since the mini-
mum data capacity of a coherent fiber link to support 2016384QAM channels 

Figure 7. 
Experimental results of 32 GSa/s one-bit delta-sigma digitization (Case V): (a) RF spectra; (b) MER of five 
DOCSIS 3.1 channels; (c) Channel 2 16384QAM; (d) channel 3 8192QAM; (e) channel 4 4096QAM.
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is 28 × 4 × 2 = 224 Gb/s, the net information ratio of delta-sigma digitization 
is 45/224 = 20.1%, which is higher than BDF/BDR interface based on Nyquist 
digitization. Figure 8(b) shows the MER performance of 5 out of 20 DOCSIS 
channels, each with a MER larger than 52.5 dB, which is 4.5 dB higher than 
the required 48 dB for 16384QAM in DOCSIS 3.1 specifications. This indicates 
that two-bit digitization at 32 GSa/s has the potential to support an even higher 
modulation reaching up to 32768QAM. Figure 8(c) shows the worst-case constel-
lation of 16384QAM, which corresponds to channel 4 with the lowest MER of 
52.5 dB.

5.4 BER tolerance

In Table 4 and Figure 6, error free transmission is achieved for all baud rate 
DP-QPSK (Case I–V); but for DP-16QAM, error free transmission is only achieved 
at 16 and 20 Gbaud (Case VI, VII). In this section, we design BER tolerance test to 
measure the MER performance degradation of delta-sigma digitization as a func-
tion of increasing BER, as shown by Case XI and XII in Table 5, where 4096QAM 
are assigned to all 20 channels since it is the highest modulation specified in 
DOCSIS 3.1 specifications (8192/16384QAM are optional).

Figure 9 shows the results of one-bit delta-sigma digitization (Case XI). The 
experimentally measured EVM and BER of 32 Gbaud DP-QPSK at different 
received optical power are presented in Figure 9(a), with constellations plotted in 
the insets. Due to the limited memory of our AWG, the minimum measurable BER 
is 1 × 10−6, and error free transmission is achieved for received optical power larger 
than −10 dBm. Figure 9(b) shows the MER degradation as a function of increasing 
BER. Both simulation (solid lines) and experiments (dots) are carried out. In the 
simulation, various BER values are emulated by flipping a certain number of bits 
after delta-sigma digitization; whereas in the experiments, different BER values are 
obtained by reducing the received optical power. In experiments, it is impossible to 
achieve exact BERs by adjusting the optical power. In Figure 9(b), only three values 

Figure 8. 
Experimental results of 32 GSa/s two-bit delta-sigma digitization (Case X): (a) RF spectra; (b) MER 
performance of five DOCSIS 3.1 channels; (c) channel 4 16384QAM (worst of the five channels).

Case Sampling 
rate (GSa/s)

Quantization Waveform 
after ADC

Coherent 
transmission

Modulation formats of five DOCSIS 
channels

XI 32 One-bit OOK QPSK 4096 4096 4096 4096 4096

XII 32 Two-bit PAM4 16QAM 4096 4096 4096 4096 4096

Table 5. 
Experimental design of BER tolerance evaluation.
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of BER, 0, 1.5 × 10−6, and 1.1 × 10−5 were tested, and good consistency is achieved 
between simulation and experimental results. As BER increases to 2.5 × 10−6, MER 
of Channel 4 (worst case) drops to 41 dB, i.e., the minimum CNR requirement 
of 4096QAM. Therefore, the BER threshold of 32 GSa/s one-bit digitization is 
2.5 × 10−6. For BER < 2.5 × 10−6, all 20 channels have sufficient CNR to support 
4096QAM, but for BERs beyond this threshold, some channels’ performance will 
drop below the DOCSIS 3.1 criteria. Figure 9(c) shows the 4096QAM constellation 
at the BER threshold.

Similar results for two-bit delta-sigma digitization (Case XII) are shown in 
Figure 10. The experimentally measured EVM and BER of 32 Gbaud DP-16QAM 
are shown in Figure 10(a), and the minimum achievable BER is 3 × 10−5.  
Figure 10(b) shows the MER performance degradation as a function of increas-
ing BER. Simulation results (solid lines) are obtained by flipping a certain 
number of bits after digitization to emulate various BER values; experimental 
results (dots) at BER = 3 × 10−5, 5.6 × 10−5, 9.5 × 10−5, 3 × 10−4, 5.2 × 10−4 are 
obtained by adjusting the received optical power. Thanks to the additional 
quantization bits, two-bit digitization has larger tolerance against BER. Its MER 
performance becomes more resilient against the increasing BER, and the BER 
threshold is increased to 1.7 × 10−4. The 4096QAM constellation at the threshold 
BER is shown in Figure 10(c).

6. Conclusions

In this paper, we proposed and demonstrated delta-sigma digitization and 
coherent transmission of DOCSIS 3.1 signals for the first time. A low-pass CRFB 
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with 16384QAM and transmit the digitized RF spectrum over 80 km of fiber 
via a single-λ 128-Gb/s DP-QPSK or 256-Gb/s DP-16QAM coherent fiber link. 
Both one-bit and two-bit digitization were realized and supported by QPSK 
and 16QAM coherent links, respectively. To facilitate its application in HFC 
networks, a low-cost coherent fiber system was built based on narrowband 
optical modulator and RF amplifiers. Frequency pre-equalization was exploited 
to compensate the bandwidth limitation. MER larger than 50 dB was achieved 
for all 20 DOCSIS 3.1 channels, and high order modulation up to 16384QAM 
was supported. To date, this is the highest order of modulation transmitted 
over fiber in HFC networks. BER tolerance of delta-sigma digitization was also 
evaluated and negligible degradation of MER performance was observed for 
BER values up to 1.5 × 10−6 and 1.7 × 10−4, for one-bit and two-bit digitization, 
respectively.
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