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Abstract

Two key components. the pulse generator and optical signal demultiplexer.
needed for the implementation of all-optical soliton-based local area and wide area
networks are investigated. The technology of generating a bright soliton pulse train from
a sinusoidal pulse train produced as the beat signal of two distributed feedback laser
diodes passed through a so-called comblike fiber structure is developed. A design
methodology for this structure is discussed. and using this approach a soliton pulse source
is constructed generating 1553 nm pulses at a repetition rate of 50 GHz. with pulses of
full width at halt maximum of 2.0 ps. The fiber structure used to generate the bright
soliton pulse train employs the lowest average power for the beat signul ever reported in
the literature. and the shortest length of fiber. The same structure (with a different design)
is also used to produce a 47.6 GHz dark soliton pulse train with a full width at half
maximum of 3.8 ps. This is the first reported use of this structure to generate dark
solitons. It is shown that the comblike dispersion profile fiber structures may also be
exploited for soliton pulse compression producing widths as short as 200 fs.

Two approaches to implementation of optical signal demultiplexing are discussed.
These are the nonlinear optical loop mirror (NOLM) and the separation of multilevel time
division multiplexed signal pulses in the frequency domain by exploiting the relationship
between the pulse’s energy (i.e. pulse amplitude and width) and the Raman self-frequency
shift. A modification of the NOLM scheme is investigated where feedback that adjusts

the power of the control signal (by controlling the gain of an erbium-doped fiber amplifier



introduced into the control signal input path) is employed to make the structure
insensitive to the state of polarization of the signal and control pulses.

[n order to better understand the physical phenomena exploited in optical fiber
soliton transmission and the above schemes. two experiments are conducted to measure
the fiber nonlinear ratio (n:/A,;) and the Raman time constant (Tx) in single-mode fibers
at 1550 nm. The fiber nonlinear ratio was measured for standard telecommunication fiber.
dispersion shifted fiber. and dispersion compensating tiber. A value of 3.0 fs for the
Raman time constant was measured and is recommended for soliton pulse propagation

modeling in single-mode optical fibers.
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Chapter 1

Introduction

1.1 Motivation

Optical fiber has become the transmission medium of choice for handling the very
high data-rate signals that are envisaged to be increasingly necessary in the near future.
This is because of its huge bandwidth and low attenuation. Indeed. optical fiber is already
tound in most areas of telecommunications including undersea cable systems. long-haul
networks known as wide-area networks (WAN). subscriber loop systems serving
residential and commercial customers. cable television distribution networks. and local-
area networks (LAN). The networks of the future must serve the customer with a wide
range of broadband services ranging from interactive real-time multimedia services to
sporadic  bandwidth-intensive “bursty™ traffic. Current network technologies using
synchronous digital hierarchy (SDH) for transmission and asynchronous transfer mode
(ATM) tor switching cannot meet the future demands because of the imposed bottleneck
of electronics. One solution is to use all-optical networks.

All-optical networks can be implemented using either the wavelength-division
multiplexing (WDM) approach. where signals at different optical carriers (i.e.. different
wavelengths) representing different channels are multiplexed together on a single fiber. or
using the time-division multiplexing (TDM) technique, where the channels that transmit
data using ultra-short pulses are interleaved to form a single data stream at a single
wavelength as shown in Fig. 1.1. WDM technologies have reached an advanced stage of

development and most components are commercially available. In contrast, TDM is



currently under development and key components are confined to the research
laboratories.

TDM is of interest because it overcomes some of the serious limitations that arise
in WDM [1]. such as spectral nonuniformity due to the concatenation of amplitiers.
crosstalk arising from non-ideal filters and imperfect switches, limits imposed by the
optical fiber nonlinearities. the need for complex control schemes for wavelength
stabtlization. as well as expensive multiwavelength laser sources and stable filters.
Moreover. TDM has features that make it very attractive for future networks. such as
simple access to high aggregate data rates. compatibility with existing technologies such
as SDH. simplified amplifier and dispersion management. and the possible ability to
overcome the cffects of fiber nonlinearities by using optical solitons for data

transmission. For these reasons TDM is investigated in this thesis.

Modulator

Clock

Modulator
Recovery

Modulator |

Fiber

Optical
Pulse » Modulator ()
Source ' EDFA

. N
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Delay

Fig. 1.1 Optical time-division multiplexing block diagram.
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The vision of an optical communications network that inspires this thesis is
illustrated in Fig. 1.2. where many supercomputers that run at ultra-high speeds of over
50 GHz are connected in a backbone ring topology. Each of these computers serves
heterogeneous users that may run at the ring speed. or less. The network can offer
bandwidth-on-demand or guaranteed bandwidth for each user. This configuration is also
applicable to high-speed video servers or terabvte media banks. This network architecture
ts under investigation at the National Research Council Canada (NRC). Although the
network is designed to operate at 50 GHz. it is possible in principle to scale it to higher
speeds. such as 100 GHz or 200 GHz. Fifty GHz was chosen because it is close to the
available modulator’s operating speed. which is limited by the electronics. and it is
equivalent to 20 channels of WDM networks that employ the OC-48 standard that runs at

2.5 Gbit/s. The suggested network is applicable for LANs as well as WANSs.

low rate user

Medium
rate user

low rate user

High rate user

Fig. 1.2 All-optical 50 GH:z ring network architecture.
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The key technologies required to implement such a network are optical sources.
multiplexing/demultiplexing techniques. clock recovery circuits. optical switches. pulse
compressors. and optical transmission-management approaches. To design the optical
fiber transmission links, it is necessary to determine the physical parameters of the fiber.
such as dispersion. attenuation. and nonlinear parameters. Dispersion and attenuation are
well-known phenomena and have long been accurately measured. On the other hand.
tfiber nonlinear parameters. which are crucial in ultra-high-rate data communication
systems have been investigated only recently.

In this thesis. some technologies that can be employed in such an all-optical
network (consisting of optical sources. optical demultiplexing schemes, and pulse
compressors) are developed. and the experimental results of the tiber nonlinear parameter
measurements for different types of optical fibers are presented. The optical sources
investigated for this network are soliton sources. Soliton pulses represent an elegant
means of overcoming the harmful effects of the optical fibers. such as dispersion and
nonlincaritics which will be discussed later. There are two types of optical solitons.
known as “bright™ and “dark™ both of which are generated here.

1.2 Optical Fiber Phenomena

To implement ultra-high-speed local area or wide area all-optical networks. it is
necessary to understand the basic element of these networks. which is the optical fiber. In
low-speed data transmission. fiber is a relatively simple medium: but at high speeds and
over long distances. optical fibers manifest several effects which are deleterious to their
use. These effects are primarily those of fiber attenuation. dispersion, and phenomena

associated with the nonlinear characteristics of the fiber.



The limitation that fiber attenuation places on point-to-point optical transmission
is a result of the limited output power of available optical sources. as well as the
limitations on achievable receiver sensitivity. To attain the longest transmission links.
sources emitting light at approximately the wavelength where fiber attenuation is minimal
(A=1.55 um) must be used. The recent development of optical amplifiers. however.
greatly reduces the limitations imposed by fiber attenuation.

Higher-speed-tiber optical transmission schemes have used single-mode optical
fibers exclusively to transport data pulses. These fibers experience two forms of
dispersion that place limitations on the transmitted-data rate and transmission distance.
These are chromatic dispersion and polarization-mode dispersion. The former is the result
ol both the frequency (or wavelength) dependency of the fiber material’s refractive index.,
which corresponds to a wavelength dependency in the group velocity of the propagated
signals. and to the effect of the fiber's geometry. This causes the different spectral
components present in a random train of pulses to arrive at ditferent times at the receiver.
clfectively broadening the pulses. The difference in the propagation times of the different
components increases with fiber length. and ultimately would produce so much
intersymbol interference at the receiver that the data would effectively be lost. An
estimate of the maximum length that would allow transmission in the presence of this
eftect is given by Chesnoy et al. [2] as:

Lz_']#_". (1.2.1)
A BD

where A is the wavelength of the optical source. B is the bit rate. D is the fiber dispersion

(differential time delay per unit length per unit wavelength). ¢ is the velocity of light. and

N



n is the “chromatic dispersion index™ which is a parameter that depends on the
modulation scheme used and the “chirp™ of the optical source. The chirp of an optical
source refers to the change of the source’s frequency as a result of the modulation
process. [t is defined as the negative derivative with respect to time of the electrical tield
phase o(1) of the optical output:

. )G
ow=-22 (1.2.2)
At

To increase the distance over which the optical signals can be successfully propagated.
both the fiber dispersion and attenuation must be reduced. This can be accomplished by
employving fibers that are specially designed and manufactured to produce zero dispersion
at the same wavelength as the minimum fiber attenuation. Such fibers are called
“dispersion-shifted fibers™ (DSF) and are now commercially available.

The latter form of dispersion mentioned above. “polarization-mode dispersion™.
arises from the different propagation speeds ot the diftferent polarization components of
the transmitted signals. This is a result of “modal birefringence™. brought about by a
departure of the fiber core geometry from that of a perfectly cvlindrical form. and some
material anisotropy. which forces light to propagate in different polarization modes at
ditferent speeds.

Fiber nonlinearity refers to the dependence of the retractive index of the fiber
material on the intensity of the light signal. Overall. the refractive index of a polarization
mode can be expressed as:

n=un,(m)+nl. (1.2.3)



where 1 (@) is the base frequency-dependent refractive index. and n, is the nonlinearity
coetticient of the refractive index manifesting the variation of the refractive index as a
linear tunction of intensity. /. of the optical field (/ = P/A_, . where P is the power of the
optical signal and A, is the effective-mode field-area of the fiber). The consequences of
nonlinearity for the propagation of pulse trains are the phenomena of self-phase
modulation (SPM). cross-phase modulation (XPM). stimulated Brillouin scattering
(SBS). stimulated Raman scattering (SRS). four-wave mixing (FWM), Raman self-
frequency shift. and self-steepening. These phenomena can be both detrimental and
fortuitous to optical communication systems.

SPM is the phenomenon where the phase of the signal is modulated as the
amplitude of the optical signal varies. It is a significant eftect. i.e.. the phase fluctuations
so produced are signiticant when the fiber length and intensity are sufficiently long. The
length of the fiber necessary for the eftect to be significant is the nonlinear scaling length
given by:

!
Ly =70 (1.2.4)

where Py is the peak power of the incident light signal. and v is a parameter reflecting the
extent of the nonlinearity:

2nt n. -
vt (1.2.5)

koA,
SPM ordinarily has the effect of broadening the optical pulse’s spectrum, but is also
responsible for the existence of a soliton pulse which will not change its width in the

presence of chromatic dispersion at wavelengths greater than those for which the



dispersion is zero (this refers to pulse propagation in the “anomalous dispersion regime™).
Such pulses will be discussed in detail in subsequent chapters.

XPM refers to the effect created when two signals of different optical frequencies
(vi and v2). propagate simultaneously in an optical fiber. and the phase shift that each
signal acquires depends not only on its own intensity. but also on the other signal’s
intensity. The nonlinear interaction may also produce optical signals at new frequencies
(vi=2vy-v> and vi=2v,-v,) if phase-matching and frequency-matching conditions are
satistied by all the signals present in the fiber. These conditions are:

K.+K,-K -K.=0. (1.2.6)
where K =n @ /c. n, is the refractive index of the fiber material at the angular
frequency ,: and

Vot b, =1, +1,. (1.2.7)
The phenomenon of XPM can be exploited to produce all-optical demultiplexing of an
optical pulse train. which will be demonstrated later.

The vibration induced in the glass lattice of the optical fiber by the optical signals
may produce other nonlinear processes. These processes are the SRS and SBS processes.
Yet another effect of the nonlinearity of the fiber is that caused by the nonlincarity-
induced dependence of the group velocity on the intensity. This effect is known as “self-
steepening” and produces an asymmetry in the SPM-broadened pulse spectrum. It is only
significant for ultra-short pulses of subpicosecond widths.

As stated above. the nonlinear effects are mostly deleterious to the propagation of

pulses. They can. however. help in another basic problem for ultra-high-rate optical



communication systems. which is that electronic signal processing cannot perform many
of the commonly-needed tasks. such as multiplexing and demultiplexing of signals at the
desired pulse rates. This leads to a search for optical means of performing these functions.
thereby producing all-optical communication systems.

In ordinary high-rate optical transmission systems, optical data pulses (rectangular
or Gaussian) are generated at a wavelength approximately matching the zero dispersion
wavelength of the fiber. The fibers used are standard telecommunication fiber (STF) or
DSF. In these systems. fiber nonlinearities and dispersion set a limit on the maximum
propagation distance data-rate product. This approach of transmission may be termed
“linear transmission”. An alternative method has been investigated in recent years. where
the nonlinearity of the fiber may be exploited to compensate for dispersion in the fiber.
This balancing of the effects only occurs when the pulses emploved have a certain set of
shapes and intensities. producing pulses which are termed “solitons™. The basic form of
these. the “fundamental bright solitons™. continually balance dispersion and nonlinear
effects as they propagate. They have an electrical field which has a hyperbolic secant
protile. Together with the use of optical tiber amplifiers. very long-distance transmission
of optical pulses using solitons is possible [3.4].

Various schemes to generate bright solitons have been reported in the literature.
These methods differ in their complexity. reliability. flexibility to generate solitons at
different rates. and cost. One of the most promising is a scheme in which a beat signal
from the combination of two separate single-frequency distributed feedback lasers (DFB)
is launched into a fiber structure which serves to shape the input pulses (represented by

the cycles of the beat signal) into pulses with the soliton profile. The fiber structure used
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consists of a concatenation of alternativelv-segmented DSF and STF. The segments of
STF are much shorter than those of DSF. so the dispersion profile of the fiber structure
has an appearance similar to the teeth of a comb. hence the name “comblike dispersion
profile fiber” (CDPF) is coined for the structure. This structure has been explored in the
literature by ditferent research groups [5.6] and shows great promise as a practical means
of generating soliton pulse trains. as it is relatively inexpensive and easy to implement.
The methodology of the design and optimization of the structure are not well discussed in
the literature. In considering the design approach. it will be demonstrated (through the
design and construction of a 50 GHz soliton pulse source) that significant improvements
over previously- reported designs are possible.

Hasegawa and Tappert [7] have proposed an alternative class of pulses that
propagate without distortion. These are termed “dark solitons™. as the pulse might be
considered to exist not in the presence of light. but rather. in its absence. Their shape
follows a hyperbolic tangent profile. Dark solitons are of interest since they show greater
stability than bright solitons with respect to perturbations such as amplifier noise. tiber
attenuation. and intra-pulse SRS. Little attention has hitherto been paid to techniques for
the generation and manipulation of these pulses. The use of CDPF structures previously
used to generate a bright soliton pulse train will be used to generate dark soliton pulse
trains. This technique is demonstrated by the design and construction of a 47.6 GHz dark
soliton pulse source.

As mentioned. there is a need for an all-optical communication system when ultra-
high bit rates are employed. One of the basic functions that are required in this regard is

that of demultiplexing. A structure known as a “nonlinear optical loop mirror” (NOLM)
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shows promise as a practical means of achieving the desired functionality. This structure
depends on the XPM effect between a low-intensity. high-repetition rate signal (the data
signal) and a high-intensity. low-repetition rate control signal. In practice. the scheme has
difficulues with respect to polarization fluctuations of the signals involved. The structure
can be made polarization insensitive (as will be investigated) by controlling the gain of an
erbium-doped fiber amplifier (EDFA) with a feedback signal generated from the output
signals of the structure.

An alternative approach of demultiplexing that will also be explored is one which
exploits another aspect of the nonlinear optical behavior known as “Raman self-frequency
shift” effect. where the frequency of an optical signal shifts as it propagates in the optical
fiber (the amount of the shift being dependent on the signal width). If we use multi-
amplitude fundamental soliton pulses to represent each signal. then the frequency shift of
the various amplitude signals will differ. thereby allowing the stream to be separated on
the basis of frequency. The Raman self-frequency shift effect is clearly pronounced when
the pulse width is in the subpicosecond regime. To achieve that. it is necessary to employ
pulse compressors. This can be done with relatively simple fiber structures that have a
comblike dispersion profile. This is demonstrated by the construction of a fiber structure
which compresses the solitons to a duration as small as 200 fs.

1.3 Achievements

The following is a list of the contributions and achievements in this thesis:

. A 50 GHz bright soliton pulse train is generated using less average power than
previously reported for the beat signal launched into a comblike dispersion profile

tfiber structure:



19

A +47.6 GHz dark soliton pulse train is generated by using a comblike dispersion

protile fiber structure tor the first time:

19

A novel all-optical polarization-insensitive demultiplexer using a nonlinear optical
loop mirror is investigated:
4. Signal demultiplexing of a muitilevel communication system using the Raman self-

frequency shift effect for a burst of 40 Gbit/s pulses is demonstrated:

'H

Pulse compressors using comblike dispersion profile fiber structures capable of
compressing soliton pulses down to 200 fs are designed and constructed:
6. The fiber nonlinear ratio (n:/A,,) is measured tor standard telecommunication fiber.
dispersion shifted fiber. and dispersion compensating fiber (DCF):
7. The Raman time constant (Tg) that appears in the generalized nonlinear Schrodinger
cquation (NSE) is measured in single mode fibers at 1550 nm.
1.4 Thesis Outline
[n Chapter 2. the nature and character of bright solitons is discussed and the
means tor their generation is reviewed. The design consideration for the comblike
structure is discussed. and the results of the design and construction of a 50 GHz source
using two distributed-feedback laser diodes operating at 1550 nm are presented. In
Chapter 3. the theory of dark solitons. and the possibility of using a comblike structure to
form them. is considered. As well as. a system to generate a 47.6 GHz dark soliton pulse
train is designed. constructed. and characterized. All-optical signal demultiplexing using
the NOLM is reviewed in Chapter 4. and a novel scheme to achieve polarization-
independent demultiplexing using the NOLM is proposed. Signal demultiplexing of a

multilevel amplitude shift keying time-division multiplexed soliton signal is also



demonstrated. and a technology for pulse compression necessary for multilevel signal
demultiplexing is constructed. Optical fiber characterization is presented in Chapter 5.
where the fiber nonlinear parameters are measured. These parameters are the nonlinear
ratio (11:/A,) and the fiber Tx. Conclusions and suggestions for future work are discussed

in Chapter 6.



Chapter 2

Generation of Multigigahertz Bright Soliton Pulse
Train

2.1 Introduction

[n general. solitons may be defined as the stationary solutions of the NSE that
governs light pulse propagation in single mode fibers. These solutions have special
shapes depending on whether the fiber dispersion is positive or negative. When the fiber
dispersion is negative at the light wavelength (group velocity dispersion Ba is positive).
the fiber exhibits normal dispersion. The opposite occurs in the so-called “anomalous
dispersion regime™ in which B, is negative. Bright solitons are the solutions in the
anomalous dispersion regime and the pulse electrical field has a hyperbolic secant shape.
The particle-like behavior of a soliton pulse enables it to propagate indefinitely in a
tossless fiber without the pulse changing shape. In reality. as a soliton pulse propagates in
a real fiber. its amplitude decays due to ever-present fiber attenuation: however. with
adiabatic amplification (keeping the pulse energy constant at the output of each amplifier)
to compensate for fiber attenuation. these pulses can be made to propagate over thousands
of kilometers in a lossy dispersive fiber without changing their shape [8-10]. This makes
these pulses promising candidates for use in ultra-high-speed wide area and local area
networks.

[n this chapter. the theory behind solitons and the techniques that have been
previously employed to generate them are reviewed in detail. These techniques are

considered in the context of their application as pulse sources in a communication system.



Design issues associated with existing svstems and the creation of more efficient
structures than hitherto reported in the literature are considered. The most promising of
these techniques is one based on propagating beat signals in CDPF structures. A 50 GHz
tundamental bright soliton pulse source which is superior to similar structures previously
reported in the literature will be constructed in this manner.
2.2 Theory

Fiber dispersion plays a critical role in optical communications. When short data
pulses propagate through a fiber link. the different spectral components into which the
pulse can be decomposed travel at different speeds given by ¢/n(w) (where n(w) is the
refractive index at the given angular frequency w of the component) resulting in pulse
broadening. Mathematically. the effects of the fiber dispersion may be separated into
different terms by cxpanding the mode propagation constant B(w) about the center

frequency @, in a Taylor series:

0] 1 .o .

Bior=ni—=4 +fo-0,+<Lw-0,) +gﬂ,(m—m,,) +oee (2.2.1)
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where
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d" plw)
B, = —ﬂ— . (m=0.1.2...0). (2.2.2)
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The coetticient [3l is the inverse of the group velocity: B, is generally termed the group
velocity dispersion (GVD) coefficient: and more generally. B,, is termed the mth order

dispersion coetticient.
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[n addition to dispersion. tiber exhibits nonlinear effects due to the third order
susceptibility. z'". which is responsible for the nonlinear refraction phenomenon. This is

referred to as the intensity dependence of the refractive index which is given by:

-

El". (2.2.3)

n=n,(0)+ns

where 11, (@) is the linear part of the refractive index at angular frequency : [E[" is the

-
D

optical intensity in the fiber: and n, = S Re{x... '} is the nonlinear refractive index
i n;

for a linearly-polarized electrical field. The most interesting nonlinear effect that results
from the intensity dependence of the refractive index is self-phase modulation. It is
responsible for pulse spectral broadening. inducing a nonlinear phase shift in the
propagated field given by:

nn. .
0, = 3 = [|E|". (2.2.4)

When light pulses propagate in a fiber with dispersion and nonlinear effects. their
behavior depends on the sign of the dispersion. D=—(2x¢/ A3, . In the normal
dispersion regime  where D<O (i.e.. when A<Ajp. where Apis the zero dispersion
wavelength). the higher frequency components (blue shifted) travel slower than the lower
frequency components (red shifted). The opposite occurs in the anomalous dispersion
regime where D>0 (i.e.. when A>Ap). In this regime. both the dispersion and nonlinear
etfects can be made to cancel each other making possible the existence of soliton pulses.

Optical pulses propagating in a single mode fiber link (with widths in the

picosecond range) are governed by the simplified NSE given by [ 1]:
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where A(Z.7) is the slowly varying amplitude of the propagated field measured in units of

R . ) ) . . . 2 n,
W = at position Z and time T in the fiber: o is the fiber loss: and ¥ =-7\.—A-
ett
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measure ot the strength of the nonlinearity of the fiber. in which n» is the nonlinear
refractive index. A,y is the etfective core-area of the fiber. and X is the light wavelength.
The propagated pulses may encounter chromatic dispersion. nonlinear eftects or
both. To distinguish between cases where one or the other effect is more pronounced. it is
usetul to introduce two length scales. known as the “dispersion length L, and the

“nonlinear length L, . They are defined by:

[
L,= {;‘, and (2.2.6)
:|
! )
L, = P (2.2.7)

where Py is the pulse peak power at the fiber input. and T, is the pulse’s width (defined to
be the half width at the // intensity point). Depending on the fiber length. L. we may
have one of the following cases: 1) if L<<L; and L<<Ly;. it can be shown that neither
dispersion nor nonlincar effects plays a significant role during the optical pulse
propagation in the fiber. i.c.. a pulse maintains its shape during propagation: ii) if L>L;,
and L<<Ly;. it can be shown that the nonlinear cffects are negligible compared to the
dispersive etfects: 1it) it L<<Lp but L>Ly;. it can be shown that the nonlinear effects

dominates the GVD. which leads to spectral broadening of the pulses and pulse shaping is



possible; iv) if L is longer than, or comparable to, both Lp and Ly, both effects are
significant in the fiber, and it is possible to generate optical soliton pulses when the
propagation is in the anomalous dispersion regime. We are primarily interested in the last
situation.

Optical solitons are special types of pulses that can propagate undistorted over
indefinite distances in a lossless fiber if they have the correct shape, width, and power. If

an optical pulse has a hyperbolic secant shape and satisfies N2 = L,/L,, =1, it will be

called a “fundamental soliton”. When N? is greater than 1, the soliton pulses are termed
“higher-order solitons”. Higher-order solitons have a periodic evolution pattern, where the
original shape recovers every length, z, = (7 /2) L, . Through the period, different shapes
of the propagated pulse have evolved as shown in Fig. 2.1 for the third order soliton

pulse, (N=3); the original pulse shape is reconstructed at the end of the propagation

period, z,,.
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Fig. 2.1 Pulse evolution for high order solitons (N=3) (after Ref. 11).



2.3 Literature Review

The concept of “solitary waves™ was reported in 1838 by John Scott Russell [12].
He noticed that a wave of water (which was formed when a boat suddenly stopped in a
canal in Scotland) continued its course along the canal without change of form or
diminution of speed. In 1895. D. J. Korteweg and G. deVries [13] mathematically
described waves in shallow water using a nonlinear partial differential equation which
carries their initials (KdV). The particle-like behavior of the solitary wave was first
described by Zabusky and Kruskal in 1964 [13]. It was they who coined the word
“soliton™ to describe the solution for the KdV equation. which they determined
numerically. These waves do not break up and disperse when thev collide. Zakharov and
Shabat [ 5] showed in [971 that solitons could be generated in a nonlinear dispersive
medium. They solved the NSE that describes both the nonlinear and dispersive effects
using the inverse scattering transform method. In 1973, Hasegawa and Tappert [16]
pointed out that solitary waves can be readily generated in optical fibers. Seven vears
later. in 1980. Mollenauer ct al. [17] demonstrated soliton propagation in optical fibers.
The delay in conducting such an experiment was as a result of the inadequacy of the
technology to fabricate single mode fibers with sutficiently low loss.

This achievement opened the way for the extensive study of soliton generation
both theoretically and experimentally. Difterent schemes to produce solitons have been
investigated in the past ten vears. In 1984, Mollenauer and Stolen [18] built a soliton laser
source using a length of single-mode polarization-preserving fiber in the feedback loop of
a mode-locked color-center laser (A ~ 1.4~1.6 um). A theoretical study of this “soliton

laser™ was conducted by Haus et al. [19]. Fiber Raman lasers were used to generate
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solitons by Islam et al. [20] in 1986. By synchronously pumping a loop of polarization-
preserving dispersion-shifted fiber with 10 ps pulses from a mode-locked color-center
laser. they demonstrated the first fiber Raman laser with a 240 fs pulse width. Different
modifications for this scheme were proposed by Kafka et al. [21] and Gouveia-Neto et al.
[22].

The effect of Raman self-scattering (self-frequency shift) has also been exploited
to produce solitons. In 1987. Zysset et al. [23] succeeded in the generation of first-order

solitons ol 77-250 fs duration at 1.37-1.49 um. These solitons are generated in a single

mode fiber by coupling pulses of | ps duration and 0.66 GW/cm-2 peak intensity from a
dye laser synchronously pumped by an Nd:YAG laser. The repetition rates of the solitons
generated by the foregoing methods are equal to the pulse repetition rates of the mode-
locked pump lasers. which are in the order of 100 MHz. These rates are not sufficient for
high-speed optical communication systems which are intended for applications at
multigigahertz rates. Therefore. alternate means for soliton generation at high-repetition
rates must be found. A significant boon to the research for gencrating optical solitons
took place when EDFAs were developed.

Hascgawa [24] suggested a method for generating high repetition rates in 1984.
His proposal was based on using a continuous wave (CW) radiation modulation
instability in optical fibers. He showed theoretically that a sinusoidal modulated optical
wave can be developed into a soliton-like pulse train as it propagates along a fiber in the
anomalous dispersion regime. This approach for generating solitons was first realized by
Tai et al. in 1986 [25]. The modulated signal they used was generated by mixing the

optical output signals of two lasers to control the repetition rate of the generated pulse
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train. The first laser they used is a pump (carrier) Nd:YAG at 1319 nm. and the other one
is an external-grating cavity single-mode InGaAsP diode. whose wavelength is tuned to
be in the vicinity of the YAG laser by adjusting the grating angle. Unfortunately. this
method gave a non-stable pulse sequence: the large pedestal between the pulses caused a
nonlinear interaction among the pulses as they propagated in the fiber.

A stable train of nearly independent solitons was investigated numericallv by
Dianov et al. in 1989 [26]. Slowly varying the GVD along the fiber length or the use of
adiabatic amplification of a periodically modulated CW signal in a fiber were suggested.
An experimental realization of this method was accomplished in 1992 [27] using a
special design of a dispersion decreasing tiber (DDF). A CW QS/ML Nd:YAG laser and
a Fabry-Perot interferometer were installed in the oscillator cavity of the laser to produce
dual frequency pulses. The dual frequency signal was generated in a different way by
Chernikov et al. in 1992 [28]. The beat signal was generated using two DFB lasers. The
resulting signal was fed into the DDF described in [27]. [n the same year. Chernikov et al.
[29] proposed the use of tailored fibers instead of the DDF. This configuration uses a
DSF picce spliced to a DDF picce. A slight modification was made in [30] to this
configuration by using another DSF picce next to the DDF piece. All of these
modifications were done to enhance the quality of the generated pulse train and to control
the resulting pulse widths.

In 1993, Shipulin et al. [31] proposed a new method for transtorming the CW beat
signal into solitons by using a dispersion increasing tiber (DIF) piece followed by a DDF
piece. This scheme is more suited to generating repetition rates of a few tens of gigahertz.

as it requires shorter fiber lengths (~5 km) than DDF pieces which require lengths of



more than [0 km for rates below 50 GHz. All of these methods. however, require special
fibers. which makes the realization more costly and less reliable. To overcome this
difficuity. Chernikov et al. [32.5] proposed and demonstrated a more practical technique
for transtorming the beat signal into soliton pulse train using CDPF structures.

Around the sume time. two other schemes were proposed for high-repetition-rate
soliton generation. The first used a mode-locked semiconductor laser with either an
external cavity [33] or monolithic integrated optics [34]. This method is sensitive to
ambient temperature and vibration because of the use of an optical resonator which limits
the output repetition rates. The second method used gain switching of DFB lasers with an
ultra-narrow-band optical filter [35.36]. The spectral quality of the generated pulses is
poor due to the large frequency chirping produced in the process. External cavity mode-
locking was also used by Geisler [37]. Recently. new approaches have been proposed to
generate soliton pulse trains. Electroabsorption (EA) modulators were suggested in 1993
by Suzuki et al. [38.39].

Here. a comprehensive study for generating a train of ultra-high-speed bright
soliton pulses at 1553 nm using the CDPF structure is presented. The fiber structure
employed for pulses generation uses the lowest average power for the input signal cver
reported. The generated solitons have a width of 2.2 ps [“full width at half maximum™

(FWHM). at a repetition rate of 50 GHz [40].
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2.4 Modeling and Numerical Calculation

As mentioned. perhaps the simplest technique used to date for generating ultra-
high repetition rate trains of optical solitons is that proposed by Chernikov et al. [5]. This
method is based on propagating a beat signal in a series of alternating commercially-
available segments ot DSF and STF. The beat signal launched into the CDPF structure
was generated by a dual frequency erbium fiber laser. In this work. the beat signal is
generated hy beating the outputs of two CW single frequency DFB laser diodes. When the
beat signal propagates in the DSF segments. the pulses encounter the SPM nonlinear
etfect only. because the dispersion is close to zero. which broadens the pulses spectrum.
After words. the signal propagates in the STF segments. which has a dispersion effect
only because their lengths are too small to trigger the nonlinear etfects. As a result. the
signal is temporally broadened. By adjusting the lengths of each fiber. it is possible to
balance the two effects and generate bright soliton pulses.

The electrical field of the light signal launched into the first segment thus has the
form of:
wr)=asinnt /Ty, (2.4.1)
where /T represents the generated soliton repetition rate. and « is the pulse peak ficld.
The fiber segments are constructed from a length of DSF spliced to a length of STF. The
selection of the number of segments and their lengths is based on the numerical
computation of the signal shapes along the structure. The computation is based on solving
the NSE governing the propagation of pulses in these fibers given by (2.2.5). It is useful

to employ a frame of reference moving with the pulse group velocity v, (known as the



retarded frame). This can be achieved by the transformation T = -Z/v, = -B,Z. To
simplify the computation. the pulse envelope A(Z.T) and both the time T and space Z
coordinates are normalized according to :

AZ.T)

U(Z.T) = (2.4.2)
VA
wZ.Ty=N"U(ZT). (2.4.3)
where P, is the pulse peak power. V is the soliton order given by:
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Employing these transformations. a normalized NSE is obtained given by:
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where wiz.) is the normalized tield at the normalized position 2 and normalized time 1.
and T=a’ T /(ﬂ:‘ is the normalized fiber loss. in which a’ is the fiber attenuation in
m'' given by:
a’=a(dB/ kmylog, (10)/10%. (2.4.8)
The normalized equation does not have the group velocity term presented in equation
(2.2.5) as a result of emploving the retarded trame of reference.

The normalized NSE is solved based on the standard split-step Fourier method

that is well explained in [11. Section 2.4.1]. This method obtains an approximate solution



by assuming that the dispersion and nonlinear effects act independently over a small step
distance /1. This method is accurate to the second order of h. To verify the numerical
computations. the fiber structure reported in [5] was computed: then computations were
made using parameters of the fibers available for the experimental realization [41]. The
parameters of the fibers were either provided by the supplier. or separately measured. In
this situation. a beat signal at an optical wavelength of 1553 nm. with an average power
of [25 mW. was launched into the CDPF structure. Two types ot DSF were used because
the required lengths were not available in one type. The dispersions in the DSF tibers
used were 0.29 ps/(km nm) and 0.44 ps/(km nm). and 17 ps/(km nm) in the STF. The
nonlincar ratio (n1x/A,,) of the DSF and STF are independently measured as 5.63x10°" W
'oand 3.27x10"" W respectively [42]. Splice loss of 0.13 dB between the fiber pieces
was measured in the experimental system and incorporated into the calculation.

The CDPF structures were designed by studying the pulse shape and phase at the
output of cach segment until the desired pulse shape and spectrum were obtained. The
most important design parameter is the length of the DSF and STF pieces which
determinc the quality of the generated solitons. The first DSF piece should be sufticiently
long to introduce cnough new frequency components to give the desired pulse
compression. The lengths of the STF pieces are designed to produce zero chirp at their
output. where the chirp dm is the time derivative of the electrical field phase given by:

ow = ——aﬁ. (2.4.9

o
This condition preserves the balance between the nonlinearity that is produced in the DSF

segment and the dispersion that is produced in the STF segment. The optimal length of



cach STF piece was set to minimize the integral of the squared chirp over the pulse

FWHM. i.c.. to minimize

Ay = _ﬂé’w (:.nllclt. (2.4.10)
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Fig. 2.2 Cualculared mean square chirp of the generated pulses at different positions for
the first STF segment in the comblike dispersion profile fiber (CDPF) structure.

The optimal length of the first DSF piece produces a phase of approximately
0.331 (recommended in [5] as a rule of thumb). Fig. 2.2 shows the calculated mean
square chirp (Ayis) at ditferent positions for the first STF segment. The lengths of the first

DSF and STF pieces are 3000 m and 500 m. respectively. The above procedure was used



for subsequent pieces. resulting in gradually decreasing lengths. with the final segments
measuring 300 m of DSF and 13.5 m of STF. respectively. The total length of the CDPF
structure is approximately 6.64 km. Fig. 2.3 shows the CDPF structure used in the
experiments to generate a bright soliton pulse train. It consists of 14 pieces of DSF and
STF.

Table 2.1 shows the length and dispersion of the designed comblike dispersion
profile fiber structure. The fiber structure is optimal in the sense that each segment in the
structure was designed to achieve minimum chirp at its output. This condition ensures
that the pulses at the segment’s output balances the eftects of nonlinearity produced in the
dispersion shifted fiber and the dispersion produced in the standard telecommunication

fiber picce.

- Fiber picce | Length | Dispersion
number (m) (ps/km/nm)
l 3000 0.29
2 500 17
3 1000 0.44
4 120 17
3 600 0.29
6 .53 17 ;
7 315 0.44
8 .34 17
9 L300 0.44
10 L4 17
[ ' 300 0.29
12 1 16 17
3 300 0.29 |
14 135 17 |

Tuble 2.1 Designed length and dispersion for the CDPF structure used for bright soliton
generation



The numerical calculation showed a train of bright soliton pulses at a 50 GHz
repetition rate. as illustrated in Fig. 2.4. The resulting FWHM pulse width is T,= 2.0 ps.
The phase across these pulses is constant. which implies transform-limited pulses (ArAv =
0.3148. where Ar and Av are the pulse temporal and spectral FWHM widths.
respectively). The pulse is called transform limited if it is not chirped. i.e.. the pulse
spectrum is equivalent to the Fourier transform of its field. The phase difference between
the neighboring pulses is 1. The 1 phase jumps that appear between the pulses correspond
to the electrical field vector that reaches zero amplitude at these points and subsequently

changes direction.
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Fig. 2.3 CDPF structure used for generating bright soliton pulse train.
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Fig. 2.4 Intensity of bright soliton pulse train and relative phase results from numerical
calculation. Note the flat phase across the pulses which implies transform-limited pulses.

Fig. 2.5 shows the autocorrelation of the intensity of the resulting bright soliton
pulses on a logarithmic scale. This figure illustrates the tails of the generated pulses
which is not clear on a linear scale. The level of the signal in the tail is more than 22 dB
lower than the pulse’s peak. This ratio is one of the quality measures of an optical soliton
source. The FWHM of the pulses autocorrelation is t, = 3.1 ps. which satisties T/ Ta

0.6482 for hyperbolic secant pulses [43]. The spectrum of these pulses is shown in Fig.
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Fig. 2.6 Numerical calculation of the intensity spectrum result for a bright soliton pulse
train.

30



2.5 Experimental Results

Fig. 2.7 shows the block diagram of the experimental setup used to generate a

bright soliton pulse train. The signal launched into the first fiber segment is generated by

beating two CW single-frequency signals from DFB laser diodes around 1553 nm. This

signal is amplitied to the desired power level using an EDFA and erbium/vtterbium-

doped fiber amplifier. The beat signal repetition rate is controlled by tuning the

temperature of the DFB laser diodes. which changes their operating wavelength. A

bandpass filter is used between the amplifiers to reduce the effect of spontaneous

emission noise which affects the timing jitter of the generated pulses.

FC

BPF

EDFA

FA

OSA

oS
PC
DFB
PC
R
oS

Fig. 2.7 Experimental setup used for generating a bright soliton pulse train. BPF:
bandpuss filter: OS: 40 kHz oscillator; OSA: optical spectral analvzer; EDFA: erbium-
doped fiber amplifier: FA: high power fiber amplifier; DFB: distributed feedback laser
diode: FC: 30/50% fused silica fiber coupler: CDPF: comblike dispersion profile fiber

structure; PC: polarization controller.
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When launching the high-intensity beat signal into the fiber. part of the launched
power is reflected back due to the SBS nonlinear effect. This phenomenon prevents the
generation of a soliton pulse train. Therefore. SBS was suppressed by externally
modulating the DFB laser diodes with a 40 kHz sinusoidal signal. This frequency was
optimized experimentally for the comblike structures, and it gives negligible SBS
backward-reflected power. The modulation increases the laser line width to about 420
MHz. which is enough to avoid power loss due to the SBS for input signals with average
powers of up to 22 dBm. For more details on SBS measurements and suppression in the

comblike fiber structure. refer to Appendix A.
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Fig. 2.8 Intensity autocorrelation of the measured bright soliton pulse train.
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An optical autocorrelator was built to measure the bright soliton pulse train. The
pulse’s autocorrelation is measured using the second harmonic generation (SHG) of an
overlapping replica of the pulse [44]. The autocorrelator employs a LilO, crystal as the
SHG to obtain higher measurement sensitivity. The intensity autocorrelation of the
generated bright soliton pulse train is shown in Fig. 2.8 on a linear scale. and in Fig. 2.9
using a logarithmic scale. The autocorrelation of the measured soliton pulses have a
FWHM 1, = 3.4 ps. which is equivalent to a FWHM pulse duration of Tp = 2.2 ps. The
measured spectrum of these pulses is shown in Fig. 2.10. There is very close agreement
between the experimental results and those predicted by the numerical computation. This
is particularly remarkable. as the model has no single adjustable parameter. The generated
bright soliton pulses have very good quality. in that they are pedestal, and background.
free. The pulse pedestal results when some energy is shed outside the wings of an ideal
temporal protile of a soliton pulse. A comparison between the experimental results and
those published in the literature [5.6] is summarized in Table 2.2. This shows a successftul
generation of bright soliton pulses using only 125 mW. the lowest average input signal

power ever used in CDPF structures.

CDPF Soliton train [nput signal | Length | Number of | Output pulse
repetition rate | average power fiber pieces FWHM
(GHz) (mW) (km) (ps)
Swanson et al. [3] 40 250 4.65 9 291
Chernikov et al. [6] 59.1 190 7.5 20 2.2
This work 49.3 125 6.6 14 2.2

Tuble 2.2 Comparison berween reported CDPF structures.
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Chapter 3

Generation of Multigigahertz Dark Soliton Pulse Train

3.1 Introduction

As discussed in the preceding chapter. the stationary solutions of the NSE
governing the propagation of light waves in an optical fiber are the so-called “bright
solitons™ when propagation takes place in the anomalous dispersion regime. When
propagation takes place in the normal dispersion regime. Hasegawa and Tappert [7]
showed that the stationary solution to the NSE is quite different with the electric field
following a hyperbolic tangent profile as depicted in Fig. 3.1. The optical intensity is thus
constant. except where the pulse is localized. Thus. one can describe the signal pulse as
manifesting its presence in the absence of light. a viewpoint which made Hasegawa and
Tappert term this solution as “dark solitons™. Dark solitons are sometimes called “black
solitons™ because they have zero intensity at the pulse center. When the intensity at the
pulse center is nonzero. the pulse is called “gray soliton™. The black solitons have a
constant phase with a discontinuity of m at the pulse center, while gray solitons have a
non constant. but gradual. phase.

It has been shown [45.46] that dark soliton pulses are less sensitive than bright
solitons to the effects of perturbations such as amplifier noise. fiber losses, and intra-
pulse stimulated Raman scattering. It was found that dark soliton pulses, propagating in a
lossy fiber. spread in time at approximately half the rate of bright solitons. Dark solitons

are also less sensitive to background noise: the background noise affects primarily the



background of the dark pulses. resulting in lower pulse-shape distortion. Although optical
amplifiers can be used to compensate for the fiber loss to achieve ultra-long distances.
they generate amplified spontaneous emission (ASE) noise. which produces random
frequency shift in the propagated pulses. The effect of random frequency shift on dark
solitons results in a timing jitter V2 times lower than that for bright solitons [47]. One
pays. however. for these advantages when generating dark soliton pulses. The required
average power for dark solitons is five times larger than that for bright solitons in a

standard 1:5 duty cycle.
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Fig. 3.1 Intensity profile of a dark soliton pulse.
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In this chapter. the techniques that can be emploved to produce trains of dark
solitons will be considered. It will be shown that the same sort of CDPF structure used to
generate bright solitons can be used to produce dark solitons. Section 3.2 reviews the
methods previously reported in the literature to generate dark solitons: Section 3.3
discusses the possibility of using the CDPF structure for this purpose, and its design:
Section 3.4 reports on the implementation of this approach to produce an (approximately)
50 GHz dark soliton pulse train at 1553 nm.

3.2 Literature Review

The first experimental realization of dark solitons was conducted by Emplit et al.
in 1987 [48]. They used the spectral filtering technique of a mode-locked dye laser at a
wavelength of 600 nm to generate dark soliton pulses that propagated in 52 m of single
mode tiber (SMF). Another experiment was carried out by Krokel et al. [49] using a light-
controlled fiber modulator to generate dark solitons. The generated pulses were
propagated in 10 m of SMF. Weiner et al. [50] generated dark solitons using a Fourier
pulse synthesis technique. A simpler way to produce a dark soliton pulse was proposed by
Rothenberg [SI]. It was based on the collision of two bright pulses in a tiber.
Untortunately. this approach leads to undesirable rapid-intensity modulation on a finite-
width background. Several other methods have also been proposed: Zhao et al. [32]
suggested the use of a wave-guide electro-optic modulator; Haelterman et al. [53]
suggested the use of spectral filtering of a high-repetition-rate mode-locked laser source:
and Williams et al. [54] experimentally demonstrated the generation of a quasi-

continuous train of dark solitons based on the collision of two pulses in a fiber. In another



experiment. dark soliton pulses were generated at 850 nm using a shaping process based
on the space-to-time transformation properties of a spectrograph-like arrangement [55].

Most of the above schemes for generating dark soliton pulses are not practical for
telecommunications. as they require the use of wavelengths other than in the third optical
window (1.3-1.6 mm). In addition. the input pulse peak power is in the range of several
tens of watts.

Dark soliton pulse trains were also generated using DDF [56]. A 100 GHz pulse
train was generated on a continuous background at 1548 nm. In a different approach. a
pseudorandom dark soliton data train of 10 Gbps was generated using an AND gate and a
T-flip flop circuit [57]. The generated train was detected using a one-bit-shifting
technique with a Mach-Zehnder interferometer. The generated dark soliton pulse wus
propagated over I km in a single mode fiber.

Rothenberg et al. [58.59] used the same principle of pulse collision described in
[51] to generate a train of dark solitons at 605 nm on a slowly decreasing intensity of the
pulse background. Dianov et al. [26] suggested a scheme to generate a dark soliton train
on a continuous background. based on the propagation of a beat signal of two CW DFB

laser diodes in a DDF.



3.3 Using CDPF Structures to Generate Dark Solitons

[n the scheme proposed here. a CDPF structure is used to generate a train of
multigigahertz dark soliton pulses. The fiber structure is constructed from concatenated
pieces of DSF and DCF. The fiber pieces have negative dispersion which is essential to
generate dark soliton pulses. The negative dispersion implies that light propagation
occurs in the normal dispersion regime. where the higher-frequency components (blue-
shifted) of an optical pulse travel slower than the lower-frequency components (red-
shifted) while propagating in the fiber. As a result. the pulse encounters spectral
compression. The SPM nonlinear effect usually produces new frequency components
which are red-shifted near the leading edge and blue-shifted near the trailing edge of the
propagated light pulses. Group velocity dispersion. however. causes temporal pulse
broadening. The overall eftect on the propagating pulse in the fiber would be temporal
broadening.

Fig. 3.2 shows the CDPF structure designed to generate dark soliton pulses. It is
constructed from four pieces of fiber alternating between DSF and DCF. with dispersion
of -0.63 and -87 ps/(km nm). respectivelv. The tiber nonlinear ratio (11/Ays) of the DSF
and DCF pieces is measured independently as 5.82x10"" W' and 15.01x10"" W',
respectively [42]. The fiber attenuation is 0.25 dB/km for the DSF. and 0.5 dB/km for the
DCF pieces. Numerical calculations of the propagating signals were made by solving the
normalized NSE in the normal dispersion regime given by:

du 19d°u

[ ———
dz 2dt-

+|ul:u+iru=0. (3.3.1)



where C=a’ T, /|ﬂ' is the normalized fiber loss. in which @’ is the fiber attenuation in
m’' given by:

a’=a(dB/kmylog (10)/10*, (3.

J
’JJ
19
—_

where T, is the half width at the /e intensity point. and B, is the group velocity
dispersion. The input signal launched into the fiber structure. and used in the calculations.

has a sinusoidal envelope given by:

VJJ
[9S)
(Y]
~—

() = asin(nt/T). (3.3.

where I/T represents the generated soliton repetition rate. and « is the pulse peak field.
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Fig. 3.2 CDPF structure used for generation of a dark soliton pulse train.
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The average power of the sinusoidal beat signal launched into the first DSF piece
is 125 mW. A splice loss of 0.4 dB between the fiber pieces was measured in the
experimental system and used in the computations. When the sinusoidal beat signal
propagates through the tirst DSF piece. the pulses broaden temporally and spectrally. This
is due to the propagation of light in the normal dispersion regime of a fiber with nonlinear
effects. This behavior is opposite to what happens to the bright soliton pulses. where
temporal compression and spectral broadening take place. In the DCF pieces. more
broadening occurs. as the dispersion is more effective than the nonlinearity of the fiber. In
the second DSF piece. the eftects of large amount of SPM-induced frequency chirp on the
pulses. along with weak dispersion lead to significant pulse reshaping. The pulses become
nearly rectangular. which represents the dark solitons™ background. By adjusting the
lengths of the fiber pieces. a train of dark soliton pulses can be generated. The total length
ot the CDPF structure used in the experiment is approximately 3.6 km.

Fig. 3.3(a) shows the results of the calculation for a dark soliton pulse train and its
relative phases. A 7 phase jump appears at the center of these pulses. The intensity
autocorrelation of the calculated train of dark soliton pulses is shown in Fig 3.3(b). The
peaks shown in the figure represent the autocorrelation of the background of the dark
soliton pulses. Note that the relation t, = 0.64821, typically used for bright solitons is not
valid for dark solitons because of the different shapes of the electrical field profile of the
two kinds of pulses. The intensity spectrum of the calculated train of dark soliton pulses is

shown in Fig. 3.4.
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Fig. 3.4 Numerical calculation of the intensity spectrum for a dark soliton pulse train.

3.4 Experimental Results

Fig. 3.5 shows the experimental setup used to generate a train of dark soliton
pulses using a CDPF structure which is similar to that used for the generation of bright
soliton pulses. The CDPF structure resulting from the numerical calculation (shown in
Fig. 3.2) is used to reshape the sinusoidal signal generated by beating two continuous
single frequency signals from DFB laser diodes around 1553 nm. The wavelength
separation of the two DFB lasers is related to the pulses repetition rate and can be
controlled by tuning the temperature of the diodes. The repetition rate of the dark soliton
train thus generated was 47.6 GHz. The generated signal was amplified to an average

power of 125 mW using an EDFA followed by an erbium/ytterbium-doped tiber
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amplifier. To reduce the effect of ASE produced by the first amplifier. a band-pass filter
was used. The presence of ASE usually produces timing jitter at the receiver end. which
is well-defined by the Gordan-Haus effect [60]. The high intensity signal applied to the
CDPF structure exceeds the threshold for SBS. This nonlinear effect usually produces a
backward-reflected power which prevents the generation of dark soliton pulse train.
Stimulated Brillouin scattering was suppressed by externally modulating the DFB laser
diodes with a 40 kHz sinusoidal signal. This frequency was optimized experimentally tor
the comblike structures. and it gives negligible SBS backward-reflected power. The
modulation increases the laser linewidth to about 420 MHz. As a result. the SBS power
threshold is increased to a level where input signals with average powers of
approximately 22 dBm encounter negligible SBS effect. For more details on SBS. refer to
Appendix A. The dark soliton pulses generated were measured with a second harmonic

optical autocorrelator.
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DFBM FC EDFA|—BPFI— FA OSA
PC
DFB
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Fig. 3.5 Experimental setup used for generating dark soliton pulse train. BPF:
bandpuss filter: OS: 40 kH: oscillator; OSA: optical spectral analvzer; EDFA: erbium-
doped fiber amplifier: DFB: distributed feedback laser diode; FC: 50/50% fused silica

fiber coupler: CDPF: comblike dispersion profile fiber structure; PC: polarization
controller; FA: high-power fiber amplifier.
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Fig. 3.6 shows the measured intensity autocorrelation of the dark soliton pulse
train. The measured FWHM of these pulses is 1,=4.6 ps. The intensity autocorrelation

measurement alone could be interpreted to be that of the intensity autocorrelation of any
non-dark soliton pulses: however. due to: (i) the excellent agreement between the model
and the experimental results for bright solitons presented in Chapter 2: (ii) the use of the
same model for dark and bright solitons: (iii) the excellent agreement between the
measured and calculated intensity autocorrelation of the dark soliton pulse trains shown
in Fig. 3.6 and Fig. 3.3.b. respectively: and. (iv) the goed match between the measured
intensity spectrum shown in Fig. 3.7 for a dark soliton pulse train and the calculation in
Fig. 3.4. the above results clearly indicate a train of dark solitons with a FWHM pulse

width 1,=3.8 ps.
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Fig. 3.6 Measured intensity autocorrelation for a dark soliton pulse train.
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Fig. 3.7 Meuasured intensity spectrum for a dark soliton pulse train.
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Chapter 4

All-Optical Soliton Demultiplexers

4.1 Introduction

As mentioned earlier. even the most advanced forms of electronics are currently
unable to manipulate the signals that would be part of an ultra-high-speed system: hence.
the need to seek optical means for basic operations required to interface low-rate signals
to such a transmission system. These functions are those of multiplexer and
demultiplexer. Of these. the demultiplexer is the more difficult problem. This chapter
considers. in detail. one promising approach to constructing demultiplexer based on the
NOLM.

The basic scheme of the NOLM is shown in Fig. 4.1. It consists of a fiber loop
connected to two ports of a fiber coupler. On one side of the coupler is an input port from
which an input signal can be split into two components at the opposite side ports. and an
output port to which signal input from the opposite side ports can be collected in
combined form. In the fiber loop there is a second device. a wavelength division
multiplexer. that permits the introduction of a second control signal into the loop. The
principle of operation of the loop is that the input signal is propagating in both directions.
but the propagation characteristics are varied by the introduction of the control signal and
the nonlinear nature of the loop to control the phase change of the signals that propagate
in the different directions. This causes constructive interference for some input pulses and
destructive interference for other pulses. thereby producing a “switching action™. To

achieve this effect. the control signal would have to be a high-intensity. low repetition
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rate pulse stream. It may have the same wavelength but different states of polarization
(SOP). different wavelengths but the same SOP. or different wavelengths and SOP. The
state of polarization can be defined as the polarization type that the electrical field vector
can take. This includes linear. elliptical. and circular polarization. The drift of the SOP of
the signal and control pulses affects the demultiplexed signal. A modification to the
NOLM is proposed here to overcome the effects of polarization drift of the input signals

at the fiber loop on signal demultiplexing [61].

" EDFA
Control Signal >
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Received Signal
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Demultiplexed
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Fig. 4.1 All-optical signal demultiplexer using nonlinear optical loop mirror (NOLM).
EDFA: erbium-doped fiber amplifier; WDM: wavelength division multiplexer; FC: fused
silica fiber coupler.
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In addition to the NOLM approach to TDM demultiplexing. it is possible to
demultiplex multilevel soliton pulse trains by exploiting the Raman self-frequency shift
(where signals suffer frequency shifts as they propagate in a fiber which varies with their
width) [62]. Hatami-Hanza et al. [63] proposed a system in which the high-rate soliton
pulse train was formed by multiplexing several different low-rate signals; each low-rate
signal uses different pulse energy (i.e. amplitude and width). then recovering these low-
rate signals in the form of a WDM signal from the combined signal through the Raman
self-frequency shift effect. This system is discussed in the last section of this chapter
where an experimental realization of such a demultiplexer is presented.

Section .2 of this chapter is devoted to the design of a NOLM demultiplexer.

Subsection 4.2.1 presents a literature review of the techniques that use NOLM for signal

scheme for achieving polarization-insensitive all-optical demultiplexing is considered in
Subsection +4.2.3. Section 4.3 presents an experimental implementation of signal
demultiplexing in the frequency domain. Subsection +.3.1 explains the theory of
multilevel soliton communication systems. Subsection 4.3.2 presents soliton pulse
compression as a technology necessary for multilevel soliton communication systems. In
Subsection 4.3.3. the experimental demonstration of signal demultiplexing of a multilevel

time-division multiplexed signal is presented.

49



4.2 Signal Demultiplexing In The Time Domain

4.2.1 Literature Review

The NOLM was first proposed by Doran et al. in 1988 [64] and then was
experimentally demonstrated by them in 1989 [65]. The device was constructed from an
optical directional coupler with its output terminals spliced together through a fiber cable
which forms the loop shown in Fig. 4.2. This device is simple. stable in the sense that it is
insensitive to thermal and external acoustic vibration. and it does not require
interferometric  adjustment. unlike other demonstrated schemes (Mach-Zehnder
configuration. nonlinear polarization rotation. nonlinear coupling devices. and bi-modal
tibers). Moreover. these other methods require large input-power levels to achieve the

switching action (100-1000 W).

kP,
cw

Signal In P, k=05
e NOLM
Signal Out /

(1-k)P, ccw

Fig. 4.2 Nonlinear optical loop mirror (NOLM) block diagram. FC: fiber coupler with k
coupling ratio; cw: clockwise; cew: counter clockwise. Py is the input signal power.



In the NOLM. the input signal to the coupler is split into two counter-propagating
signals. They travel the same distance around the loop before returning to the coupler.
Due to fiber nonlinearities that result from the intensity-dependent refractive index. each
signal will acquire a phase shift ¢ produced by the SPM effect given by:

o an,P, L Y
T oAA, =)

where A is the optical wavelength. A, is the effective mode area of the fiber, n, is the
nonlinear refractive index. L is the loop length. and P is the input-pulse’s peak power. If
the coupling coetticient & is 0.5. the device acts as a mirror: i.e.. an input pulse to the loop
is reflected back to the same terminal because there is no differential phase shift between
the two counter-propagating pulses. To break the symmetry in the loop. a coupler with
k20.5 is used: or. as proposed by Fermann et al. in 1989 [66]. an asymmetric element
with loss or gain may be placed in the loop. In the latter case. a coupler with k=0.5 is
used. which enhances the switching quality compared to the case with &#0.5. because
unequal signals inefficiently exploit the fiber nonlinearities. The new loop configuration
is called a “nonlinear amplifier loop mirror™. In his experiment. Fermann et al. [66] used
a Nd +3 doped fiber amplifier with a gain of 6 dB to get a power level for the signal
sufficient to produce switching of a few watts. Another experiment was carried out by
Richardson et al. in 1990 [67]. in which an EDFA was used in a fiber loop 336 m long.
The required switching pulse’s peak power was only 200 uW.

Another way to remove the symmetry between the counter-propagating signals

was proposed by Blow et al. in 1990 [68]. A control signal at 1.3 um was used to switch a



desired probe signal at 1.53 um in a 500 m long loop of polarization maintaining fiber. In
this method. a dichroic coupler is used to couple a high-power pump signal and a low-
power (~5 mW) probe signal into the loop. The coupling ratios are 100:0% and 50:50%
tor the pump and the probe signals. respectively. XPM effect is exploited to break up the
symmetry in the fiber loop. where one direction in the loop has both the pump and probe
signals. while the other direction has only the probe signal. The direction that has both
signals acquires a nonlinear phase shift produced by both XPM and SPM nonlinear
effects. The other direction has only an SPM nonlinear effect. This configuration is the
basis for all-optical signal demultiplexing. A similar experiment based on the same
principle was conducted by Jinno et al. [69]. In 1990. Blow et al. [70] used two-
wavelength operation of the nonlinear loop mirror as an all-optical demultiplexer.
Switching of a signal generated from a DFB laser diode at 1.53 um is demonstrated using
pump pulses of 100 ps duration generated from a mode-locked Nd:YAG laser at 1.3 pum.
with a repetition rate of approximately 76 MHz in a fiber loop 100 m long.

Different modifications to demultiplex optical signals in the multigigahertz range
with lower signal power and simpler designs for the demultiplexers were realized. Long
fiber loops were proposed to reduce the required switching power. but stability is then
questionable. Nelson et al. [71] demultiplexed a signal at a rate of 20 GHz to 2.5 GHz.
where a signal with a 10 GHz repetition rate was generated using a mode-locked laser
diode at a wavelength of 1.53 pm. It was then interleaved to 20 GHz using a Mach-
Zchnder interterometer. The pump signal was generated using a gain-switched DFB laser

at .56 um with a rate of 2.5 GHz. The nonlinear loop length was 6.4 km DSF and the
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switching power was ~160 mW. In another experiment. Andrekson et al. [72] used the
NOLM to demultiplex a data stream at 16. 32, and 64 Gbps. Two actively mode-locked
external-cavity semiconductor laser diodes at 1.53 pm were used with a 3 nm separation
between the control and data signals. The data steam (4Gbit/s) was externally modulated
and passively time-division multiplexed into the desired data rate using a series of fiber
couplers. The pulse widths at the input of the loop were approximately 12 ps and 7 ps for
the control and data signals. respectively. The data and control signals traveled the same
distance in a DSF fiber loop 14 km long. Switching was controlled using a dummy
coupler and a polarization controller installed in the loop.

The nonlinear loop is polarization dependent. i.e. the signals change their state of
polarization as they travel in the loop due to random fluctuations in the core shape and
stress-induced anisotropy. This affects the required switching signal power and the
quality of the switched pulses. which are measured in terms of the amount of energy
reflected back to the input terminal. It is therefore. difficult to implement a system if the
signal polarization tluctuates with time.

Ditferent alternatives were proposed by Morioka et al. [73.74] to overcome this
problem. They suggested either using a cross-splicing technique with two identical
polarization-maintaining fibers in which their optical axes are rotated by 90 degrees. or
using polarization rotation mirrors that are placed at the end of the fiber. In these
methods. the polarization of the pump and the data signals are tlipped to their orthogonal
states which. as a result. cancels the fiber birefringence. By adopting this technique. a 60
Gbps data stream was demultiplexed using | km of polarization maintaining and

absorption reducing (PANDA) fiber. In addition to canceling the fiber birefringence. this



configuration has the advantage of doubling the nonlinear interaction length. On the other
hand. the group delay difference between the data and the pump signal is large (20 ps)
which limits the device speed as a switch.

Uchiyama et al. [75] suggested another way of overcoming this problem by using
a polarization diversity scheme. The control signal enters the fiber loop (which is
constructed from PANDA fiber) using a WDM coupler at 459 polarization. This ensures
that the two orthogonal components of the control signal have the same amplitude. Signal
pulses enter the loop using a 50/50% fiber coupler. The signal in each direction is further
split into two orthogonally polarized components. The control signal components thus
induced equal phase shifts identical to the two orthogonal polarization of the data signal
in cach path. When returning to the 50/50% fiber coupler. the counterparts of the
polarization components of the counter-propagating signals intertere independently. To
compensate for the transit-time delay of the fast and the slow axes in the loop. the fiber is
cross spliced at the middle of the loop. In this experiment. a 32 Gbps stream is
demultiplexed into 8 Gbps. The disadvantages of this method are the need for a special
type of fiber in the loop which is also long (approximately 6 km). and the high peak
power for the control signal to achieve signal demultiplexing.

An alternative approach was proposed by Biilow and Veith [76]. In their scheme
the control pulses were generated using two orthogonal-polarized DFB lasers instead of
one. The two states of polarization oscillate with the beat frequency of the two lasers. If
the signal and the control pulses travel at the same speed in the loop (which is 12.5 km
long dispersion shifted fiber). every point of the signal sees a different SOP of the control

pulse. Therefore. the induced phase shifts of the signal will oscillate with the beat signal
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trequency. which causes rapid change of the switching state of the loop. When the walk-
oft between the signal and the control pulses is enough for every point to see all SOPs of
the control pulse and sutfer a constant average cross-phase modulation, a polarization-
independent switching is achieved. Another approach which will comply with the
polarization sensitivity is proposed in Subsection 4.2.3.

4.2.2 Theory Of All-Optical Demultiplexing In NOLM

All-optical demultiplexing using nonlinear optical loop mirrors is the most
promising demultiplexing technique in the time domain. These devices require lower
pumping powers because the optical signals propagate for several kilometers before
exiting the fiber loop. and it is possible to use commercially-available semiconductor
laser diodes as the optical sources. The main problem the fiber loop encounters is the
polarization sensitivity of the device to the state of polarization of the incoming signals
(data and control) due to polarization fluctuations. and random fluctuations in the core
shape and stress-induced anisotropy.

Signal demultiplexing in the NOLM is based on the cross-phase modulation
nonlinear effect that exists in the fiber loop. This effect is generated by the interaction
between a high-intensity. lower-rate control signal and a high-repetition-rate. low-
intensity data signal as shown in Fig. 4.1. A 50/50% directional coupler is used to split
the input data signal into the two arms of the fiber loop. A WDM is used to launch the
control signal propagating in one direction of the loop. The XPM nonlinear effect is
present for propagation in only one direction in the loop. This produces a phase difference
between the counter-propagating data signals. To perform pulse demultiplexing

(switching). the phasc difference between the data pulses (at the control pulse temporal
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positions) in each arm of the fiber loop should be r: otherwise. incomplete switching will
take place and part of the switched pulse energy will be retlected back at the coupler input
terminal. The cross-phase modulation effect between the signal and control pulses can be
achieved in one of the following three cases [11]:

(D the two signals have the same state of polarization but propagate at different center
trequencies: (II) the two signals have different states of polarization but propagate at the
same center frequencies: or (IH) the two signals have different states of polarization and
propagate at different center trequencies. For each of the above cases. the strength of the
cross-phase modulation effect differs: and thus. so does the nonlinear phase shift
produced.

[. Signals at the same state of polarization but with propaecation at different center

Using the quasi-monochromatic approximation (i.e.. when the two copropagating
signals center frequencies are close to each other) the effective nonlinear refractive index

Is given by:

.

An:nz[|5,{:+2|£:_,j‘] Jj=1.2. (4.2.2)

where |£ | is the intensity of the propagating signal: and n, =—Re(y7'" ) is the
- p p -~ - - - 8'1 (9 849

. . . . - . - . . k] . .
nonlinear refractive index. where n is the linear refractive index. and %' is the third

order susceptibility that gives the nonlinear effect. The propagating waves inside the fiber

acquire an intensity-dependent nonlinear phase given by:
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where the first term is the phase produced by self-phase modulation and the second term
is the phase produced by cross-phase modulation. It is noticed that the effect of XPM is
twice that of SPM. The propagation equations that govern the two copropagating signals
in the fiber loop are given by:

éh“-z-LO_A'.L'B
z v,odJdr 2 T

2o Lloa =iy, 4 + 244, and (+.2.4)

oA, I oA, !

v, JI' 2

= oA, —1/“4] +24,| ] (4.2.5)

where v,; (=] 2) is the group velocity of the propagating signal. and A, and A are the
slowly varying amplitudes of the signal and control electrical tields. respectively. The

normalized coupled equations are:
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where u=":/_'/j". o, = ('b" by T o = IR '5“)7',, T, and T, are the l/e
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intensity-point widths of the signal and control pulses. respectively.

[I. Signals at different states of polarization but with propagation at the same center

frequencies:

Single mode fiber is not truly single mode because it can support two degenerate
modes that are polarized in two orthogonal directions. The mode-propagation constant
is slightly different at each axis due to the variation of the effective refractive index. As a

result. light propagates at different speeds in each axis. The axis with the lower effective



mode index is called the “fast axis™ and the other is called the “slow axis™. This
phenomenon is known as modal birefringence. The degree of modal birefringence B is
defined by:

|

_ B.-B.
B=——«

A
n

=‘n‘ -n, l . (+4.2.8)

where n, and n, are the effective mode indices. Through propagation in the fiber. power is
exchanged between the two modes of polarization in a periodic manner with a period
given by the beat length Ly:
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For strongly birefringent fibers ( B ~10™). the beat length is approximately | cm.

When two linearly-polarized signals propagate in a fiber at the same central
trequency and they are orthogonally polarized to cach other. the total tield in the fiber is
given byt
E(r.)=Re{(fE, + VE ye "™} . (4.2.10)
where £ and E\ are the complex amplitudes of the two normally-polarized fields in the
directions x and v. For strongly birefringent tibers. where the fiber length is L>>Lg. the

ctfective nonlinear refractive index in the two normal axes is given by:
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It 1s noticed that the XPM in this case is weaker than when two different
frequency signals are used. due to the factor 2/3 (instead of 2) that appears in (4.2.2). The
propagation equations governing pulse evolution of the two copropagating signals in the

fiber loop are given by:
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These equations may be solved numerically. assuming that the GVD in the two

polarization axes are equal. The normalized equations are:
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[II. Signals at_different states of polarization with propagation at different center

frequencies:

The NOLM can be reulized in practice using either DSF [71.77] or polarization
maintaining fiber [78.79]. In the latter type. the input signals preserve their polarization
through propagation. In birefringent fibers. and when the data and control signals

propagate at different center trequencies and have different SOPs. the input signals not



only interact with each other through XPM on each axis. but also interact with the
components at the other polarization axis for a total of four nonlinear interacting terms.

The general SOP for the input signals is elliptical where the electrical field vector
can be defined by:

E(r.ty=Re|(XE, + VE e "), (+.2.17)

where € is the angle defined between the electric field vector and the slow axis of
polarization. The total electrical field of the two elliptically-polarized signals is:

E(r.y=Rel[(FE,, + FE, 1 ™" ™" £ (RE, + VE, Je """ ™|} (4.2.18)
The slowly varying amplitudes of the two electrical fields are coupled in a strongly

birefringent fiber detined by the following set of equations [80]:
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where U, and U, are the slowly varying field envelopes for the data signal on the slow and

fast axes of polarization. respectively: while V, and V, are the slowly varyving field

envelopes for the control signal on the slow and fast axes of polarization, respectively.
When the control and data pulses propagate in the birefringent fiber. the

interaction between the pulses stops as the pulses separate from each other due to the
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difterence in the group velocities. This effect is known as pulses “walk-off”. In this case.
the group velocity of each component of the signal and control pulses at the two
polarization axes is different from the other. The fiber length after which the two
overlapping pulses separate from each other is known as the “walk-off length”
L, =T,/|d,.| . where d,, is the walk-off parameter defined by:

d, =p(A)=p (4. (4.2.20)
where 3, is evaluated using:

B, :l’—n+(0i”—‘j. (4.2.21)
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where n is the refractive index approximated using the Sellmeier equation given by:

, n B.(J):
n‘((x))=l+2—'_/ (4.2.22)

By

S -0
where o is the optical signal frequency. @) is the resonance frequency of the medium at
which the medium absorbs the electromagnetic radiation through oscillations of bound
electrons. and B, is the strength of resonance [11]. For bulk-tused silica. these parameters
are found to be B1=0.6961663. B.=0.4079426. B:=0.8974794. A,=0.0684043 um.
A:=0.1162414 um. and A:=9.896161 um. where A,=2rc/w, and c¢ is the velocity of light 1n

Jd Vacuum.

61



4.2.3 Polarization-Insensitive All-Optical Signal Demultiplexing
Polarization-insensitive all-optical demultiplexing using the NOLM was first
implemented using polarization-maintaining fiber. These systems are sensitive to any
drift in the SOP of the input signals. since a change in the SOP affects the power
distribution on each of the polarization axes. and hence affects the switching quality at the
loop output ports. To overcome this problem. a modification to the NOLM is proposed.
which introduces a variable-gain erbium-doped fiber amplifier into the control signal
input as shown in Fig. 4.3. The purpose of the variable gain is to allow the level of the
control signal to be adjusted to compensate for the SOP of the input and control signals.
By controlling the gain using a feedback signal derived from the loop output. the
requirement for a careful initial adjustment of the SOP of the signals is removed. making

the system polarization independent.
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Fig. 4.3 Polarization-insensitive demultiplexer block diagram. FCI: 95/5% fiber
coupler: FC2: 50/50% fiber coupler; EDFA: erbium-doped fiber amplifier; WDM:
wavelength division multiplexer; BPF: bandpass filter.



A design of the systern for a 50 GHz pulse train at a wavelength of 1553 nm was
undertaken. wherein a 10 GHz control pulse train at 1545 nm is used. allowing every fifth
pulse to be switched to port 2 of the loop. These pulse trains were assumed to be
fundamental soliton pulse trains with a FWHM of 4 ps (data signal) and 10 ps (control
signal). The control signal pulses were assumed to be wider than the data pulses. so that
the interaction between control and data pulses would be greater in the face of pulse
walk-oft. and would also enable the data pulses to acquire a constant nonlinear phase
shitt across the pulse width. The parameters of the fiber were taken to match those of the
available fiber which has a relative walk-off of 2 ps/km between the signal and control
pulses. a fiber dispersion of 0.02 ps/(km nm) at 1553 nm and -0.5 ps/(km nm) at 1545
nm. and an effective core area of 55 um:.

The set of coupled equations given in (4.2.19) was solved numerically using the
standard split-step Fourier method to determine the loop length required to produce the
switching action [11]. To simplify the calculations. a normalised set of equations was
used. The optimum loop length that produces complete switching under ideal conditions
(neither pulse walk-oft nor synchronisation offset between the signal and control pulses)
was found to be 4.5 km.

The output of the loop was calculated over an entire range of possible polarization
states for the signal and control pulses assuming no walk-off due to the fiber
birefringence (by assuming that the fiber is cross spliced at the middle and the
polarization axes are flipped). The losses due to cross-spliced the fiber are accounted for

within the fiber attenuation which is assumed to equal 0.25 dB/km. It was found that



incomplete signal demultiplexing occurs whenever the power of the control pulses in
each of the two principal polarization axes are unequal. the optimal state of polarization
of the control pulses is 45", in agreement with [75]. and any dritt of the polarization of the
signal and control pulses also results in incomplete switching. By changing the gain of the
erbium-doped fiber amplifier which boosts the control pulse’s power. it is possible to
compensate for the etfects of input-signal polarization drift. The gain of the optical
amplitier is controlled using a feedback signal generated from the detected signal pulses
at the output ports of the NOLM.

Fig. 4.4 shows the signal pulse train fed into the NOLM and the resulting
switching at the output ports of the loop for 45" SOP for both the signal and control
pulses. The signal and control pulses are synchronised at the loop input. The switched
pulses of the signal train are monitored at port 2. and the unswitched part is reflected back
to port I. It was observed that a small part of the switched pulse around its center is
reflected back. This is mainly due to an unequal XPM effect produced over the desired
signal pulse. Fig. 4.5 shows the required gain of the EDFA for a full range of possible
SOP of the signal and control pulses expressed in terms of the angles 6, and 6..
respectively. The angles 6, and 6. are defined between the slow-polarization principal
axis of the fiber and the directions of the electrical field vectors of the signal and control
pulses. respectively. The required EDFA gain ranges trom approximately 16 dB to 21dB.

The eftect of pulses walk-off can be alleviated by delaving the signal and control
pulses with respect to each other at the loop input. This delay prolongs the pulses
interaction in the loop. It was found that a 1.7 ps synchronisation offset between the

signal and control pulses at the loop input minimises the effect of a walk-off. Fig. 4.6
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shows the required EDFA gain when a 1.7 ps synchronisation offset is used for a full
range of possible SOP of the signal and control pulses. It is clear that lower amplifier gain
(14.5 dB - 19.5 dB) is required to perform signal switching. The effect of the control
pulses SOPs drift at the loop input on the required amplifier gain is shown in Fig. 4.7 for
a 45" SOP with 5 change. The amplifier gain should be adjusted within 1 dB to
compensate tor such a drift. It is therefore. important to account for any drift in the SOP

of the incoming signals to improve the quality of signal demultiplexing.
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Fig. 4.4 The input signal and the resultant switched pulses at the loop output ports. Note
the incomplete switching at the middle pulse.
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Fig. 4.5 Required erbium-doped fiber amplifier (EDFA) gain for different signal and
control pulses state of polarisation (SOP).
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Fig. 4.6 Required EDFA gain for 1.7 ps synchronization offset between the signal and
control pulses.
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Fig. 4.7 Required EDFA gain for control pulses’ state of polarization drift.

4.3 Signal Demultiplexing In The Frequency Domain

All-optical signal demultiplexing in the time domain was demonstrated using the
nonlincar optical loop mirror. For all the experiments conducted in the literature. the data
signal launched into the NOLM was generated by either time division multiplexing of
lower-rate signals or by data interleaving. In both cases. a clock recovery circuit that
employs all-optical phase-locked loops is needed to generate the signal required to
synchronize between the data and control pulses at the NOLM ports. This is not easy to
construct. To avoid this complexity. an all-optical multilevel soliton transmission system

was proposed [63]. which uses the Raman self-frequency shift nonlinear effect to perform
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demultiplexing. A key technology to implement this system is soliton pulse compression.
Pulse compression helps separating the data channels in the frequency domain to enable
signal demultiplexing. In the following subsections. the theory of multilevel soliton
communication systems is discussed. an experimental demonstration of the system
teasibility is presented. and a device for pulse compression using a comblike dispersion
profile fiber structure is developed.
4.3.1 Theory of Multilevel Soliton Communication Systems

A multilevel soliton communication system is based on two basic principles:
soliton cigenvalues [81] and the Raman self-frequency shift [82]. Each soliton pulse can
be described by a set of parameters called “eigenvalues™ (in particular the imaginary part),
which remain constant as they propagate in single mode fiber according to the NSE. For a
lossless NSE and an initial pulse shape of Q(T.0)=Asech(T). where Q is the electric field

envelope. the eigenvalues are given by:

1
QA =n+—|=ile, 13.1)
a} )

) I | . i . .
with A—:<N'S A +5. where 1, is the eigenvalue. and N is the number of

eigenvalues. In the presence of fiber attenuation. the eigenvalues deviate tfrom those
determined tfrom the initial pulse shape. The use of a guiding center-soliton concept
overcomes this problem as shown in [81].

The Raman self-trequency shift effect was discovered by Mitschke and
Mollenauer [83]. It was tound that a soliton pulse experiences a continuous frequency

downshift as it propagates through a fiber. The amount of frequency shift depends on
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both the pulse peak power and soliton pulse width. The rate of Raman self-frequency shift

for a fundamental soliton pulse is given by [84]:

dv, 22x107 g(z) ps)f( ps® [ km)

(+.3.2
dz *(pst) )

where T is the FWHM of the pulse. and g(1) is related to the slope of the Raman gain
spectrum of the fiber (typical value of ~ Ips for few picosecond soliton pulses and ~2ps
for subpicosecond soliton pulses).

A multilevel communication system is constructed. restricting each channel to
transmit its data using a difterent soliton energy (i.e. amplitude and pulse width). The

time multiplexed signal can be expressed as:

(8]
L)
—

Q(T.0) =) Asech(Ar—T,). (4.3.
ez

where A, is the relative amplitude of fundamental solitons to the widest pulse with
amplitude A;=1. and T, represents the pulse temporal position in the transmitted signal
time frame. The transmitted signal represents a multilevel amplitude shift keying. time-
division multiplexed (ASK/TDM) signal. At the receiver end. the ASK/TDM signal is
converted to a WDM signal by exploiting the Raman self-frequency shift nonlinear
effect. From (4.3.2). the Raman self-frequency shift is inversely proportional to the fourth
order of the pulse width. Therefore. the received signal is compressed to the
subpicosecond regime in order to obtain a large separation between the data channels in
the frequency domain. A filter bank may then be used to select the desired channel. The
implementation of this approach rests on the construction of a device that is capable of

compressing the received pulses. This can be accomplished by using comblike dispersion
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profile fiber structures similar to those employed to generate bright and dark soliton pulse
trains. The design of such a device which allows pulse widths as low as 200 fs is
considered in the next subsection [85].

4.3.2 Soliton Pulse Compressor

Pulse compression to picosecond or subpicosecond regimes has been
demonstrated using different schemes such as fiber gratings [86]. stimulated Raman
effect with XPM in a single mode fiber [87]. dispersion decreasing fiber [88]. or step-like
dispersion profiling in optical tiber [89]. In systems incorporating fiber gratings. there is
usually a large insertion loss that ranges between 2 dB and 6 dB. In addition. these
devices are relatively expensive. The other techniques require long fibers or a special type
of fiber (in the case of DDF). The fabrication of the DDF has many manufacturing
problems which make it noncommercial at present.

In this thesis. the CDPF structure is used to compress optical soliton pulses at
547 nm to approximately 300 fs. The fiber structure is constructed from 12 alternating
pieces of commercially-available DSF and STF. The fiber structure is 380 m long with
only 1.1 dB total insertion loss. The CDPF structure was designed based on numerical
calculations in an automated process to achieve the desired pulse compression. The
design process is similar to that used in Section 2.4 for designing the CDPF structure for
bright solitons. The required pulse compression determines the length and the number of
fiber pieces in the structure. For example. 20 pieces with a total length of approximately
400 m are necessary to compress a 2.2 ps soliton pulse to 200 fs. The fiber parameters
used in the calculation are either measured (as is the case for the fiber nonlinear ratio

(n/Aqy) [42]. splice loss between the fiber pieces. and the fiber piece length), or specitied
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by the fiber manufacturer such as the zero dispersion wavelength. zero dispersion slope.
and the fiber attenuation. As a result, a very good agreement between the experiments
conducted and the numerical calculations is achieved without any fitting parameter. Fig.
4.8 shows the experimental setup used to compress 2.2 ps soliton pulses generated by a
Figure-8 fiber laser. The pulses generated are amplified to the required energy. using an
EDFA. and launched into the CDPF structure. The output pulses are measured using a
second harmonic optical autocorrelator.

Fig. 4.9 shows a block diagram of a Figure-8 fiber laser developed at the NRC. It
is a mode-locked fiber laser that incorporates a nonlinear fiber loop. The laser cavity
consists of two loops. a linear loop that contains an output fiber coupler. optical isolator.
and a tuning filter. and a nonlinear loop that is known as the nonlinear amplifving loop
mirror. This loop has an active fiber (erbium-doped fiber) where the amplification of the
propagated pulses is achieved by using a 980 nm pump. The propagated pulses in both
directions of the loop encounter SPM effect and they exit the loop if they acquire 1 phase
difference. The generated pulses are solitons at low repetition rate (3.2 MHz). A piczo-
electric transducer is used to initiate the mode-locked operation.

Fig. 4.10 shows the intensity autocorrelation of the input pulse launched into the
fiber structure and the resultant compressed pulse. The measured autocorrelation pulse
full width at half maximum t,=460 fs. which corresponds to a pulse with a width 7,=300
fs. The compressed pulse is background-noise and pedestal free. The fiber structure is
able to compress pulses within a 20 nm signal wavelength range. Various designs of the

CDPF structure produce different amounts of pulse compression.
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Fig. 4.8 Experimental setup used for pulse compression. EDFA: erbium-doped fiber
amplifier: OSA: optical spectrum analvzer: OAC: optical autocorrelator; PC:
polarization controller: CDPF: comblike dispersion profile fiber structure; F-8L: figure-

8 fiber laser.
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Fig. 4.9 Figure-8 fiber laser block diagram, WDM: wavelength division mudtiplexer;
PC: polarization controller: FC1: 50/50 % fiber coupler; FC2: 10/90% fiber coupler:
FC3: 20/80% fiber coupler: EDF: erbium-doped fiber; PZT: piezo-electric transducer.
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Fig. 4.10  Intensity autocorrelation of the input soliton pulse and of the resulting
compressed pulse. T, and T, are the pulse and autocorrelation full width at half
maximum, respectively.

4.3.3 Experimental Demonstration of ASK/TDM Signal Demultiplexing

Fig. 4.11 shows the experimental setup used to demonstrate the feasibility of all-
optical demultiplexing of an ASK/TDM signal in the frequency domain. A figure-8 fiber
laser is used as an optical source that produces soliton-like pulses. The ASK/TDM signal
is constructed by splitting the laser output into four branches using three 50/50% fiber
couplers. At each branch. an attenuator and a time-delay element are placed to control the
power level and the temporal position of the soliton pulse in the signal time frame. These

branches are then combined to form a burst of soliton pulses. Pulses with a FWHM of 2
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ps at 1547.5 nm are interleaved to produce a burst of 40 Gbps data stream. The signal
burst is amplified using an EDFA to produce high-order solitons. The peak powers of the
individual pulses are estimated to be 18. 23. 30 and 38 Watts. The optical signal is then
launched into 11.5 km. and 34.5 km. of STF.

The soliton pulses experience compression as they propagate in the fiber. due to
the high-order soliton effect. These pulses then experience soliton fission due to the
Raman selt-frequency shift [90]. Due to soliton fission. each propagated soliton pulse
produces a number of new soliton pulses equal to the number of eigenvalues V. Fig. 4.12
shows the spectrum of the multiplexed signal after propagating at 1 1.5 km and 34.5 km in
the fiber. The intensity spectrum at 11.5 km shows a noticeable overlap between the four
channels. which makes detection difficult. Therefore. a larger wavelength separation is
necessary. This can be achieved either by increasing the ASK/TDM signal power
launched into the ftiber or by propagating the signal further. The resulting intensity
spectrum  after propagating at 34.5 km is also shown in Fig. 4.12. Each channel
experienced spectral narrowing due to the pulses” temporal broadening as a result of fiber
attenuation. Each channel was then selected. using a bandpass filter. Fig. 4.13.a and Fig.
4.13.b show the intensity spectrum and the intensity autocorrelation of channel 2.
respectively. The crosstalk from the other channels is less than 28 dB. The autocorrelation

shows a soliton-like pulse with a FWHM of 8 ps.
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Fig. 4.11  Experiment setup used for signal demultiplexing in the frequency domain.
ISO: optical isolator; An.: attenuator: TD: time delay; EDFA: erbium-doped fiber
amplifier: BPF: bandpass filter: OSA: optical spectrum analyzer.
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Fig 4.12  Intensity spectrum of the signal after 11.5 km and 34.5 km propagation
through a standard telecommunication fiber (STF).
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Fig. 4.13(a) Intensity spectrum of channel 2 after being demultiplexed using a bandpass

filter (BPF).
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Fig. 4.13(h) Intensity autocorrelation of the demultiplexed channel 2.
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Chapter 5

Fiber Link Characterization

5.1 Introduction

As mentioned earlier. it is important for the optical fiber communication link
designer to have all the parameters that detine the physical phenomena in the tiber. The
significant phenomena necessary to describe the propagation of light pulses of widths as
short as 30 fs in SMF are well desc;'ibed by the generalized nonlinear Schrédinger
equation given by Kodama and Hasegawa [91]:

R R W2
‘AT, aT. AT

(5.1.1)

d4 BaA 'lB 9°A |1 iyl A l
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where the left-hand side represents the simplified NSE presented in Chapter 2 and given
by equation (2.2.5). which is suitable for propagation of light pulses in the picosecond
regime: f3: is the third order dispersion: and Tk is the Raman time constant (which is
related to the slope of the Raman gain). Fiber dispersion and attenuation are well known
and are usually specified by the manufacturer. The other parameters. such as the fiber
nonlincar ratio (n2/A,y) that describes the strength of the fiber nonlinearity and Ty are
under investigation. Different values have been assumed for Ty in the literature, ranging
from 3 {s to 6 fs [92-95]. These values produce significantly different results when
solving (5.1.1): therefore. it is important to determine its value with reasonable accuracy.
[n this chapter. two experiments which were conducted to measure the fiber

nonlinear ratio and the Raman time constant are presented. In Section 5.2, a simple and
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reliable technique for measuring the fiber nonlinear ratio is presented. The nonlinear ratio
was measured in STF. DSF and DCF. In Section 5.3. the Raman time constant is

measured in SMF around 1550 nm.

5.2 Fiber Nonlinear Ratio (n,/A ;) Measurement

5.2.1 Introduction

Future optical communication systems will have to provide ultra-high-speed
transmission rates over long distances. An important limitation for such systems is
imposed by the fiber’s nonlinearity typically described by the coefficient

Jrw n.

Y= (
=50

et

N
19
—

where 1 is the nonlinear refractive index of the fiber. A, is the fiber effective core area.
and A is the wavelength of the propagating signal. To design systems for such
applications. it is necessary to determine the ratio ny/A,, with high precision. In this
thesis. the ratio n1:/A.;; is measured not the separate parameters 1> and A,y as only the ratio
Is necessary to evaluate the strength of the fiber nonlinearity required in modelling pulse
propagation (see equation (5.2.1)).

The nonlincar properties of the fibers have been determined recently by
measuring the SPM eflect using propagation of a short pulse at 1.3 um through the tested
fibers [96]. A different technique was employed by Kato et al. [97], where the XPM
ctfect between a low-power probe signal at 1550 nm and a high-power pump signal at
[540 nm was used to find the nonlinear characteristics of the fiber. The ratio n-/A,,; was

also measured based on the generation of beating frequency components through FWM of

two DFB laser diodes operating around 1555 nm [98]. In this scheme, two CW laser
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beams. with frequencies v, and v, are launched into the fiber under test. The two beams
with ditferent power levels generate new beat frequencies (2v,-v,) and (2v,-v ) through

the FWM process. All these schemes measure the nonlinear ratio of the fiber and an
independent measurement of the effective core area then enables the estimation of the

nonlinear refractive index.

nonlinear ratio is presented. The technique is used to measure the nonlinear ratio in three
types of tiber: (i) standard telecommunication fiber: (ii) dispersion shifted fiber: and (iii)
dispersion compensating tiber. This scheme is attractive because it evaluates the fiber
nonlinear ratio under the same circumstances as are used in experiments designed for
generating trains of ultra-high-repetition rate (50 GHz) bright and dark soliton pulses
using tiber structures with comblike dispersion profile [40].
5.2.2 Principle and Results

Fig. 5.1 shows the block diagram of the proposed scheme. The beat signal
generated by two CW DFB laser diodes operating around 1553 nm is launched into the
fiber under test. The frequency of the signal is adjusted by tuning the temperature of the
DFB diodes. which controls their wavelength spacing. The two polarization controllers.
PCI1 and PC2. adjust the polarization of the two laser diodes to maximize the SPM eftect
presented in the fiber. This is achieved when the outputs of the DFB laser diodes have the
sume polarization. The input signal to the tested fiber was amplified to the desired levels
using an EDFA and erbium/ytterbium-doped tiber amplifier. The two DFB laser diodes

are externally modulated by a 10 KHz sine wave signal in order to SBS that otherwise
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appears at high intensities present in the fiber. The modulation of the laser diodes
increases their line widths to 420 MHz. which is sufficient to avoid any SBS power loss

during light propagation in the fibers under test.

“Ujos Fiber
L & O
DFB [ QOQ0Q, EDFA | —I|BPF— FA OSA

PC2

DFB ?,m

OS

Fig. 5.1 Experimental setup for measuring n:/A,y, in optical fiber. OS: oscillator: DFB:
distributed feedback laser: PC: polarization controller; EDFA: erbium-doped fiber
amplifier: BPF: bandpass filter: FA: high power amplifier: OSA: optical spectrum

analyzer: FC: 50/50% fused silica fiber coupler.

The proposed scheme is based on the SPM nonlinear effect. where the beat signal
that is launched into the fiber under test experiences spectral broadening. The measured
intensity spectrum produced by the SPM effect at the tiber output depends on the ratio
n:/A.y. The measured intensity spectrum is fitted to a calculated spectrum. which was
obtained by solving numerically the simplified NSE given in (2.2.5). The spectral fitting
determines the nonlinear ratio of the test fiber with good accuracy.

Ditferent values of the input beat signal frequency and power were used in the

experiments to obtain a wide range of measurements. The repetition rates are varied to

36. 50. and 70 GHz for an average power level between 20 dBm and 22 dBm. The sample
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average and standard deviation of the measured ratio n+/A,, are shown in Table 5.1. The
measured values of n:/A,y are reproducible with an accuracy (standard deviation/average)
of better thun 3%. The main sources of error in the measurements are the accuracy of the
spectrum analyzer. the fluctuations of the state of polarization in the tested fiber. and the
uncertainty in the fiber parameters specified by the manufacturer. such as the fiber length.
dispersion. and attenuation. Fig. 5.2.a shows the measured intensity spectrum produced
by the SPM effect in DSF1 for a 50 GHz beat signal launched into the fiber with an
average power of 21.7 dBm. The corresponding simulated intensity spectrum is shown in
Fig. 5.2.b. The remarkable agreement between the model and the experimental results.

clearly indicates the accuracy of the measurements.

T L I = I
(km) (ps/km/nm) (IXIO'IOVV-I)
DSFI 2511 -0.63 5.82 0.18
DSF2 0425 0.83 5.63 0.07
DCF 0.195 -87.0 15.01 0.44
STF 11.795 17.0 3.27 0.10

I From the manufacturer.

Tuble 5.1 The fiber nonlinear ratio ny/A.y measured for different tvpes of optical fiber.
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5.3 Raman Time Constant Measurement

5.3.1 Introduction

When a narrow fundamental soliton pulse propagates in an optical fiber. the
center wavelength of its spectrum shifts toward the red frequencies. This is due to the
Raman self-frequency shift phenomenon [83]. where the pulse spectrum is wide enough
that the Raman gain of the fiber can amplify the low-frequency components by
transterring energy trom the higher-frequency components of the same pulse. The theory
of the soliton self-frequency shift was discussed by Gordon [82]. in which he modified
the nonlinear Schrédinger equation to have a nonlinear response function given by:

du  1d°u R L0, -
) [ fatluzr o) dre (5.3.1)
(2]

Jdz 2t

where the nonlinear response function f{r) is the inverse Fourier transtorm of the
nonlinear susceptibility of the fiber. and u(z.7) is the normalized electrical field amplitude
at position 7 and time r.

The nonlinear third-order susceptibility of silica-based optical fiber consists of an

clectronic part and a Raman part expressed by Golovchenko et al. [99] as:

'h
(Y]
2

D)= Y i + A (), (
where ., is the electronic non-resonant part, which is real-valued. and Ze (@) is the
Raman resonant part. which is complex valued. The real part of the susceptibility is

responsible for SPM uand parametric nonlinear effects. while the imaginary part is

responsible for Raman effects. The imaginary part of the resonant susceptibility is



antisymmetric in A® (Aw=w-,. where o, is the center angular frequency of the
propagated light in the fiber). and it determines the Raman gain coefficient:

nTw,

4 .
getAm) = Im(y,' (Aw)). (5.3.3)

con,
where ¢ is the speed of light. n, is the linear refractive index of the fiber. and Im(.)
represents the imaginary part of the argument.
For soliton pulses of duration greater than 100 fs. the integral form in (5.3.1) can
be approximated by using two first-order partial-derivative terms. After adding high-order
dispersion and loss terms to this approximation. light propagation is governed by (5.1.1)

in which the Raman time constant is defined by Mamyshev and Chernikov [92] as:

2r | dimiy," )
T, = dUM L _ (5.3.4)
n,n, d(Awm)

RYORNG]

The generalized NSE was derived for linear approximation of the actual Raman
gain curve. The linear approximation is valid for pulses of widths greater than 100 fs
(spectral widths less than approximately 3 THz). Different values for Tk have appeared in
the literature. such as 3.0 fs [92]. 5.0 fs [93]. and 6.0 fs [94.95]. These values are
estimated from the Raman gain spectrum shown in Fig. 5.3. The significant differences
between these values atfect the modeling of pulse propagation in optical fibers when they
experience Raman selt-frequency shift. Raman self-trequency shift has many applications
in the generation of femtosecond pulses [92] based on the optical soliton fission principle
[90]. the generation of spectral super continuum, and signal demultiplexing in multilevel
soliton communication systems [62]. Therefore. it is important to use the proper value of

Tk when modeling these applications.
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In subsection 5.3.2. Ty was measured experimentally in STF fibers at 1550 nm.
The measurement of Ty is based on the Raman self-frequency shift nonlinear effect.
Transtform-limited (TL) soliton pulses. amplified by an EDFA. were launched into the
tiber under test. The spectrum produced by solving the generalized NSE numerically was
fitted to the measured spectrum at the fiber output. All parameters used in the calculation
were either independently measured (pulse peak power. pulse width, fiber length. tiber
nonlinear ratio (n»/A.y) [42]. fiber losses) or specified by the manufacturer (fiber
dispersion). The only unknown parameter in the calculation is Tz, which is determined by
this process. In Subsection 5.3.2, error analysis was performed to assess the accuracy of

the measurement.
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Fig. 5.3 Measured Ruman gain spectrum for fused silica at | um (after Ref. 11).
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5.3.2 Experimental results

Fig. 5.4 shows the setup used for the experiment to measure Tg in standard
telecommunication fibers. Transform-limited soliton pulses (generated by a figure-8
soliton fiber laser and amplified by an EDFA) are launched into a | km of STF piece.
This length of fiber was chosen to reduce the sensitivity of the measured intensity
spectrum at the output of the fiber to the pulse polarization. A polarization controller
placed betore the fiber controls the polarization of the pulses launched into the fiber. The
figure-8 laser (F-8L) produces tunable soliton pulses around 1550 nm at a repetition rate
of 3.2 MHz. Great care was taken in measuring the power and duration of the pulses
produced. The average power of pulses launched into the test fiber was measured with a
Newport power meter calibrated using two ditferent methods: first, a thermal power
meter was used: second. the energy of a transform-limited pulse (measured with a
calibrated pin photodiode) was compared to the energy calculated from the pulse power
(measured using the Newport power meter). and pulse width (measured using an optical

autocorrelator). The discrepancies in all measurements were tound to be less than 3%.

Fiber

' PC
F-8L EDFA 00 @ OSA

Fig. 5.4 Experiment setup block diagram used to measure the Raman time constant (Tg).
F-8L: figure-8 soliton fiber luser; EDFA: erbium-doped fiber amplifier; PC: polarization
controller; OSA: optical spectrum analvzer.
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After amplification by the EDFA. the amplified spontaneous emission noise
produced approximately [5% of the total measured pulse’s average power. The actual
average power launched into the fiber was calculated by subtracting the measured ASE
noise power (generated by both the F-8L laser and the EDFA) from the measured total
average power which includes ASE. The ASE noise power can be measured by adjusting
the F-8L laser diode pumping current to obtain. at the EDFA output only. ASE noise
equal in intensity to that of the operating lusers. An optical autocorrelator was used to
measure the pulse widths at the output of both the F-8L laser and the erbium-doped tiber
amplitier. The pulse widths at the output of the F-8L laser and EDFA were different
because the erbium-doped fiber of the amplifier acts as a nonlinear medium which
compresses and distorts the TL pulses generated by the F-8L laser source at high EDFA
pumping currents. In addition. when high-power pulses are launched into the fiber. the
soliton pulses split into many solitons. Based on the soliton fission principle, emerging
pulses have different widths and travel at ditferent speeds. In this experiment, the 980 nm
laser diode of the erbium-doped tiber amplifier was driven at low-current levels to keep
the soliton pulses in the test fiber close to transform-limited. Different pulse widths were
used in the measurements at different center wavelengths. ranging from 1546 nm to 1551
nm. The launched soliton pulses had a soliton order (V) of less than!.6.

The nonlinear Schrédinger equation given by (5.1.1) was solved numerically. In
the calculation. the number of elements that the fiber length is divided into, the time
window used. and the number of samples taken in the time window were chosen after

extensive analysis to make the calculation fully insensitive to the choice of these



parameters. It was found that dividing the fiber length into 1000 elements and using 4096
samples in I 200 ps time window were adequate to produce accurate numerical results.

The STF piece was Corning SMF-28. with a length of lkm. dispersion of 17
ps/(km nm). third-order dispersion (3) at 1551 nm of 0.13 ps}/km. 0.7 dB total fiber loss
(which included splicing. attenuation. and connector loss) measured in the experiment.
and an independently-measured. nonlinear ratio (n+/A.;) of 3.27x" w! [42]. The
accuracy in measuring (n12/A,y) is better than 3.0%. calculated as the ratio of standard
deviation to the average. The pulses launched into the test fiber had spectral widths of
[.25 nm and 1.5 nm. The third-order dispersion and self-steepening nonlinear effects have
minor impact on these relatively wide (~1.7 ps) pulses.

The amount of Raman self-frequency shift that fundamental solitons experience in
optical libers is given by Gordon and Wood [82.84] as:

) ey psy B psT 1 knnl(km)
AS(THz) =22 %10 P fips | . (
Tewny (PS)

*th
')
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where Trwns is the pulse’s FWHM. g(1) is a constant equal to approximately 1| ps for
Trwna greater than 1 ps and to 2 ps for Tewu