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Abstract

An optical time division multiplexing (TDM) scheme using soliton interaction is proposed
in the thesis to save the time-bandwidth prduct (TBP). The soliton multiplexer (MUX)
consisting of a highly nonlinear fiber (HNLF) combines two adjacent solitons to form a
composite soliton, while the soliton demultiplexer (DEMUX) consisting of a similar HNLF
restores the component solitons. The case of interaction between identical fundamental
solitons is discussed first. However, when this scheme is used in the conventional TDM
system, the total bit rate transmitted over the channel is limited by the time interval
between the two adjacent component solitons. Therefore, a modified multiplexing scheme
using interaction between different solitons is proposed to satisfy more practical engineer-
ing applications. The theoretical analysis and numerical simulation results demonstrate
that the modified optical TDM scheme offers a higher TBP efficiency and suitable for
conventional TDM, which makes it an attractive candidate for meeting the challenge of

increasing demand on frequency bandwidth in modern optical communications.
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Introduction
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1.1 Motivation and Methodology

Time-bandwidth product (TBP) of a signal is an important parameter for time division
multiplexing (TDM) as well as wavelength division multiplexing (WDM) systems. The
reduction in temporal width enables to multiplex more channels in TDM systems, while
reduction in bandwidth enables to multiplex more channels in WDM systems. As the
temporal width decreases, the bandwidth increases. Therefore, to multiplex more channels
in a TDM system to reach a certain total bit rate, one needs to choose the signal that
occupies the minimum frequency bandwidth.

When two identical optical solitons are sufficiently close by, the nonlinear interaction
leads to attractive or repulsive force between them depending on the relative phase dif-
ference between them being 0 or 7. If the phase difference is 0, the force is attractive,
and the solitons collide to form a composite soliton. A soliton multiplexing scheme using
Toda solitons in electrical communication systems is originally proposed by A. C. Singer,
et. al. [1] for energy minimization, and also by R. Chai and K. M. Wong [2] for the
time-bandwidth product (TBP) minimization. In this thesis, we implement the concept
of TBP in [2] in optical domain using the nonlinear Schrédinger soliton. The differences

between the implementation in electrical and optical domains are
1. the channel is quasi-linear for fiber optical transmission systems, and

2. the receiver is incoherent since the photo detector is a square-law device.

1.2 Outline of the Thesis

There are a lot of literatures on soliton theory spanning over the past century of research.
Rather than providing a self-contained summary, in Chap.2 we give a brief overview of the
soliton theory, with special concentration on fiber solitons described by the well-known

nonlinear Schrédinger equation (NSE), which we will draw upon throughout the thesis.
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To facilitate real-time processing of soliton signals, it is important to explore imple-
mentations of the corresponding nonlinear systems. In Chap.3, we develop a new optical
TDM scheme using soliton interaction. Followed is the optimal solution in terms of the
TBP, where the parameters can be modified to simulate a linear or quasi-linear environ-
ment. The simulation result shows that the proposed soliton multiplexing scheme can
save the TBP about 4.1% in terms of sequences, and therefore provides a higher ) factor
compared with the conventional TDM scheme.

There exists, however, a drawback with the above scheme. That is, when it is used
in a conventional TDM environment, the composite soliton occupies a large period in
time domain, which will reduce the multiplexing capacity in terms of the original inputs.
Therefore, a modified scheme is introduced in chap.4 with a modified soliton interaction
implementation. Compared with the previous scheme, the modified system can provide
a higher TBP saving and is suitable for the conventional TDM use. Accurate modeling
of the effects of additive white Gaussian noise (AWGN) on the dynamics of the modified
scheme is given later. The simulation result shows that the modified soliton multiplexing
scheme has a 3.7dB lower bit error rate (BER) than the conventional TDM scheme, while
keeping the same total bit rate.

Finally, Chap.5 summarizes the main contributions of the thesis and indicates some

interesting directions for future study.
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Solitons [3,4] are solutions to a special class of nonlinear partial differential equations
representing certain nonlinear systems. They are a kind of stable, pulse-like signals which
can transmit in nonlinear media for a long distance without any distortion in ideal con-
ditions. Because of their perfect performance against perturbation, solitons have been
widely employed in optical communications [5] as information carriers.

The history of solitons dates back to the dsicovery of John Scott Russell in 1834.
What Scott Russell actually observed was a solitary wave solution to what is now known
as the Korteweg-de Vries (KdV) equation. The research of solving soliton systems began
with the work of C. S. Gardner, et. al. [6] on the KdV equation. These techniques were
generalized by P. D. Lax and then by M. A. Ablowitz et. al. [7] and used to solve what
is now a large class of solvable nonlinear evolution equations.

Although there are no new results presented here, this chapter serves as an introduction

to solitons and to a kind of important nonlinear system that supports fiber solitons,

described by the NSE.

2.1 Nonlinear Schrodinger Equation

The mathematical description of fiber solitons requires solution to the wave equation in

a dispersive nonlinear medium. A general approach is to employ the well-known NSE,

0A 0A i, %A kA 9 a
M + ,315; + Eﬁz-ét—2 rr iv|AI*A — aA (2.1)

where A(z,t) is the amplitude of the pulse envelope, z is the transmission length, ¢ is the

1
— 5P

time, 01, f2 and (3 represent, respectively, the inverse group velocity, the group velocity
dispersion (GVD) and the third-order dispersion, 7 is the nonlinear coefficient and « is
the fiber attenuation factor. This is the basic propagation equation that governs pulse
evolution inside a single mode fiber. Specially, when the pulse-width is not too small
(> 5ps), the third-order dispersion, (3, can be ignored. Making the transformation to a

reference frame moving with the pulse and introducing the new coordinates
T=1t- ﬁlz

5
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Eq.(2.1) can be written as

O0A 1 0%A

04 1,04 e,
I8 = p s —lAPA- Zad 2.2)

Let us consider the loss-free case, @ = 0. It is useful to normalize Eq.(2.2) by intro-

ducing
A z T
U = —— - — = -
r——PO ? 5 LD ’ T T()
and obtain
oU 16%°U 20712
i sgn(Be) g5 — N \UI*U (23)

where P, is the pulse peak power, Ty is a measure of the pulse-width, and the parameter

N is defined by

Lp ~RTE
N= "= = 2.4
Lyt |5l (24)
with the dispersion length Lp and the nonlinear length Ly given by
T? 1
Lp =2, Lyy = ——
SN M 3R
In the case of anomalous dispersion, sgn(8s) = —1, Eq.(2.3) takes the following standard
form:
ou 10U
j— = ———— — N3U*U 2.5
5 = 292 MU (2:5)

2.2 Fiber Solitons

Mathematical analysis on Eq.(2.5) shows that if an input pulse with an initial waveform
U(0,7) = Nsech(r) exp(i) (2.6)

is launched, its shape remains unchanged during propagation when N = 1, which is
called the fundamental soliton. The parameter N represents the order of the soliton. In
the context of optical fibers, the solution (2.6) indicates that if a hyperbolic-secant pulse
is launched, whose width T and the peak power P, are chosen such that N = 1, the pulse

will propagate undistorted in shape for an arbitrarily long distance in ideal conditions.

6
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It is this feature of the fundamental soliton that makes it attractive for information
transmission in optical communication systems. Fig 2.1 shows the evolution form of the

fundamental soliton in optical fibers.

Power (mW)

Length (100 km)

Figure 2.1: Evolution of the fundamental soliton in fibers

2.3 Characteristics of Fiber Solitons

2.3.1 Power Requirement

The peak power P, required to support a fundamental soliton is obtained by setting N = 1
in Eq.(2.4) and given by
_ 18| | 31115
Ph=—F~—F
YIg  YTrwam
where the full width at half maximum (FWHM)

Trwam = 215 ln(l + \/—2') ~ 1.763T5

is commonly used in practice, and also throughout this thesis, as a measure of the pulse-

width.
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2.3.2 Higher-Order Solitons

When Nsech(7) exp(i6) is launched into the fiber, its shape follows a periodic pattern for
integer values N > 1 such that the input shape is recovered at £ = mn/2, where m is an
integer. The optical pulses corresponding to N > 1 are called higher-order solitons. By
noting that £ = z/Lp, the soliton period z,, defined as the distance over which higher-
order solitons recover their original shapes, is given by

wo T T8
P27 2By

2.7
Fig 2.2 shows the evolution form of the higher-order soliton in optical fibers.

80~ -

D

o

/
iz

Power (mW)
&
l

50 —_
Length (km) 0 100 Time (ps)

Figure 2.2: Evolution of the higher-order soliton in fibers

2.3.3 Stability

An important property of fiber solitons is that they are remarkably stable against per-
turbations. Though the fundamental soliton requires a specific shape and a certain peak
power corresponding to N = 1 in Eq.(2.6), it can be created even when the pulse shape

and the peak power deviate from accurate conditions. Fig 2.3 shows the numerically

8
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simulated evolution of a Gaussian pulse for which U(0,7) = exp(—72/2). As seen there,
the pulse adjusts its shape and width in an attempt to become a fundamental soliton and

will attain a hyperbolic-secant profile for £ > 1.

50 - - ‘; . o

40 . : \v\‘
Z 304 o
g R £
g 20 E
o o Fooi i

104 - ) . / /»"’ // /:: L

. Y
L—,____’d—”,./// i / 5/
10~ //,/// s ’ —

Length (km) 0~ 200 Time (ps)

Figure 2.3: Evolution of the Gaussian pulse in fibers

A similar behavior occurs when N deviates from 1. It turns out that the Nth-order
soliton can be formed when the input value of N is in the range of (N - %, N+ %) In
particular, the fundamental soliton can be excited for values of N in the range of (0.5, 1.5).
Fig 2.4 shows the pulse evolution over the range £ = 0 ~ 10 by solving the NSE with
the initial condition U(0,7) = 1.2sech(7). The pulse width and the peak power oscillate
initially but eventually become constant after the input pulse has adjusted itself to satisfy

the condition of N = 1.

2.4 Soliton Interaction

Mathematically, the soliton in Eq.(2.6) is valid only when —o0 < 7 < oo. It remains

approximately valid for a sequence of solitons only when they are well isolated. This
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Lengiy () 0 -200 Time (ps)

Figure 2.4: Evolution of the sech pulse in fibers with N deviated from 1

requirement can be used to relate the soliton width Trw g, or Ty, to the bit rate B as

1 1 088

B=—= ~
Tg 21Ty  70TrwaM

(2.8)

where T is the duration of the bit slot and 27y = Tg/Tp is the separation between
neighboring solitons in the normalized unit.

The presence of pulses in the neighboring bits perturbs a temporal soliton simply
because the combined optical field is not an exact solution to the NSE. Neighboring
solitons either come closer or move apart because of a nonlinear interaction between them,
which is so called soliton interaction. In a special case, when two identical fundamental
solitons interact in a nonlinear medium, they may interact to form a composite soliton
which, if continued to be processed by the nonlinear medium, will be resolved into its
component solitons again without distortion. This is the very point behind our soliton
multiplexing scheme that will be discussed in Chap.3.

One can understand the implication numerically, with the input amplitude consisting

of a soliton pair such as
U(0,7) = sech(r — 79) + rsech[r(7 + 79)] exp(if) (2.9)

10
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where r is the relative amplitude, 8 is the relative phase, and 27, is the initial separation.

Clearly, soliton interaction depends strongly on r, § and ;.

2.4.1 Interaction between Identical Solitons

Consider first the case of interaction between identical fiber solitons. In the specific case

of r=1and 6 = 0, Eq.(2.9) can be rewritten as
U(0,7) = sech(r — 79) + sech(r + 7o) (2.10)

Since it satisfies the in-phase condition, the two solitons will attract each other such that
they collide periodically along the fiber length. From the inverse scattering transform

(IST) method [3,4], the soliton separation 27, at any length £ is given by
2 exp|2(7s — 70)] = 1 + cos[4€ exp(—7o)]

This relation shows that the spacing 27,(z) between two neighboring solitons oscillates

periodically with the period

__ wsinh(27) cosh(p)
P 27y +sinh(27)

(2.11)

Fig 2.5 shows the interaction between two identical fundamental solitons in optical

fibers.

2.4.2 Soliton Interaction with Unequal Amplitudes

From the IST analysis, we know that a single soliton propagates along the fiber with
a phase change proportional to its amplitude square and the distance. Therefore, the
phase of a larger amplitude soliton will change faster. When two solitons are launched
with unequal amplitudes but equal initial phases, the phase difference between them will
change periodically along the distance, from attraction to repulsion. The two pulses may

then maintain their relative position while exhibiting small periodic oscillations.

11
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Normalized Length Time (ps)

Figure 2.5: Evolution of soliton interaction in fibers

When launching two unequal amplitude pulses, consider the initial pulse waveform
such as

U(0,T) = sech(r — 1p) + rsech [r(7 + 70)] . (2.12)

Fig 2.6 shows the evolution of two fundamental solitons having unequal amplitudes with
=1/ 3,

Since the two pulses exhibit small periodic oscillations, we need to know the separation
of the pulses along the fiber length. The maximum separation equals the initial separation,

279, and the separation along the fiber length can be obtained from the IST [24] as

By = Eln (exp(TO/k) + % [cos(2a&) — 1]) (2.13)
07 1/2
& = |:4exp(—7'0/k)+ (:;i)
=1
8 = 4r

Fig 2.7 shows the separation between two fundamental solitons with unequal amplitudes,

initially separated by 279 = 3.5 Trwga/To and with r = [—1\/3, %5, f—l, 1,1.1,v/2,V3].

12
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Time (ps) Length (km)

Figure 2.6: Evolution of the soliton pair with unequal amplitudes

T T T T T T T T T
12F r=1.7
12 1r=11.7
10, A% P e M. R PN I A Hreta
s X X L% "o Bt e Ml Kk
12 BN N SN AN NAANANANNNNNANNAANNNA A F= 114
2 12
c . ) i 4 r=1.1
.9 12 r; . 4 N . ; N\ N ~ -
= ‘ b r=11.1
S
8 12~ ~ . g — :
0] B 24 "
w 2 7
8t & X 4
i 4 1 r=1
4r : ; i A
! 1 i {
1 L L L 1 1 1 I L4 {

0 10 20 30 40 5 60 70 8 90 100
Normalized Length

Figure 2.7: Separation between two solitons with unequal amplitudes
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2.4.3 Soliton Interaction with Unequal Phases

When launching two unequal phases pulses, consider the initial pulse waveform such as
U(0,7) = sech(r — 79) + sech(7 + 79) exp(ih). (2.14)

For small values of #, the separation of the solitons as a result of the finite velocity
difference will counteract the effect of the oscillation which tries to bring the two together.
The propagation of two solitons is shown in Fig 2.8, where the initial phase difference is

6 = /3 and the separation is 279 = 3.5 Trwuar/To- We can see that the solitons separate

from each other after an initial attraction stage.

50 -,
404
30 4

204

Power (mW)

10

100

Length (km) Time (ps)

Figure 2.8: Evolution of the soliton pair with unequal phases

From the IST, an approximate expression for pulse separation as a function of the

distance along the fiber can be obtained [24],

W %ln cosh(QUE);—cos(2a§)

a = 2exp(—7y)cos(6/2)

(2.15)

v = —2exp(—7o)sin(6/2).

14
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It can be seen from Fig 2.9 that introducing a phase difference results in the eventual
separation of the pulses. Increasing the phase difference causes the solitons to repel each

other even more strongly. For # > 7/2, no oscillation is observed.

60

50

S
o

0 =n/4

Separation (ps)

[
o

10F

Normalized Length

Figure 2.9: Separation between two solitons with unequal phases

From the standpoint of system design, such behavior is not acceptable. It would lead
to jitter in the arrival time of solitons because the relative phase of neighboring solitons is
not likely to remain well controlled. One way to avoid interaction is to increase 27y because
the strength of interaction depends heavily on the initial separation. For sufficiently large
279, deviations in the soliton position are expected to be small enough that the solitons

remain at their initial positions within the bit slots over the entire transmission distance.

15
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3.1 Theory of Multiplexing Using Soliton Interaction

As shown in Chap.2, one important property possessed by solitons is that when two tem-
porally separated fundamental solitons interact, they may combine to generate a single
pulse, which we call composite soliton, at the collision distance z. = 0.5z, and the com-
ponent solitons will be restored at z, without any distortion in idea conditions [3,4]. We

make use of this property to design a soliton multiplexing scheme, as shown in Fig 3.1.

Transmitier Receiver
M jk Optical , AWA
{aox | " Channel of DEMUR P

Figure 3.1: Concept of the multiplexing scheme using soliton interaction

At the transmitter part, two fundamental solitons are launched into a soliton MUX to
generate a composite soliton, which will be transmitted over an optical channel. At the
receiver part, the composite soliton passes through a bandpass filter and then a Soliton
DEMUX similar to that at the transmitter part, which demultiplexes the composite soli-
ton to restore the component fundamental solitons. In the case of a quasi-linear channel,
an attenuator, to modify the signal’s power suitable for nonlinear transmission, and a cor-
responding amplifier are necessary at the transmitter and the receiver parts, respectively.

The TBP is generally used as a measure to assess the temporal and spectral confine-

ment of a signal. The TBP for an arbitrary signal f(¢) is defined as

TBP =0, 0, (3.1)

17
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where

o = \/% | el

o, = \/Q%E/_oowle(w)Pdw

o] +00
B = [ 1ora=o [ IF@Pw

oo

Here we choose two identical fundamental solitons with Trwga = 5 ps. The initial
separation between them is chosen to be 2.5Tmwruy. The parameters of the soliton
MUX fiber are chosen as follows: dispersion D = 1.7 ps/nm/km, nonlinear coefficient
v=175W!. Km~!. Fig 3.2 shows the TBP as a function of the soliton MUX fiber’s
length. As can be seen, the minimum TBP is found to be 0.8708 at 17.6 km, which occurs

before the collision distance, z, = 24.14 km.

2 T T T T
B
]
°
(o}
S
o
L
et
ke
3
©
c
5]
?
(]
£
[

05 : . ; .

10 15 20 25
Length of MUX Fiber (km)

Figure 3.2: TBP for different soliton MUX lengths

Fig 3.3 shows, respectively, the initial waveform and the pulse envelop at the trans-

mission point where the TBP is minimum.

18
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Figure 3.3: Initial waveform vs. Min-TBP pulse envelop

Table 3.1 shows the simulation results, where Bpw gy and Bggy; correspond to the full

widths at 50% and 99% of the peak power, respectively.

Table 3.1: Comparison of fundamental and composite solitons

Solitons Fundamental Composite
Trwam  (ps) 5.00 14.30
Brwuym (GHz) 62.97 41.25
Bggy, (GHz) 189.06 186.72

o (ps) 2.57 4.87

oy (GHz) 32.40 28.60

Using Eq.(3.1), the T'BPr of the fundamental soliton and the TBP¢ of the composite

soliton are calculated such as

TBPr = 0.5236

TBP: = 0.8708

(3.2a)

(3.2b)

Comparing Eq.(3.2a) with Eq.(3.2b), we find that the TBP; is about 83.16% of
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2 x TBPy, which indicates that the composite soliton has a higher time-frequency lo-
calization ability. Though, in principle, two pulses can be linearly superposed to obtain

more minimum TBP, it would not be possible to separate them at the receiver part.

3.2 Optical TDM Scheme Using Soliton Interaction

Based on the above property of solitons, we propose an optical soliton multiplexing

scheme, whose schematic is shown in Fig 3.4.
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Figure 3.4: Schematics of the optical TDM scheme using soliton interaction

Here Soliton Laser generates an all-‘1’ sequence with each bit represented by a funda-
mental soliton. Userl and User2 account for different data sources in electrical domain,
which modulate the all-‘1’ sequence inputs to the external modulators through on-off
keying (OOK) to get the desired ‘1’/‘0’ sequences in optical domain. The outputs of the
two external modulators are linearly multiplexed (at OTDM MUX) in time domain first
and then passed through a soliton MUX. Two adjacent solitons at the input of the soliton
MUX are combined to form a composite soliton. The output of the soliton MUX will
be attenuated, and correspondingly amplified later at the receiver part, if the signal is
transmitted over a quasi-linear channel. At the receiver part, the signal is passed through

an ideal bandpass filter to suppress noises. After the filter, the signal passes through the
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soliton DEMUX to restore the component solitons, which will be demultiplexed using the

following conventional OTDM DEMUX to separate User! and User?.

3.2.1 Linear Channels

For convenience, we first concentrate on the case of linear transmission channels. An
example for linear channels is the free space propagation. The following parameters are
used in this simulation: wavelength A = 1550 nm, bit rate of User! or User2, B =
20 Gb/s, initial hyperbolic-secant pulses with Trwua = 5 ps. Dispersion of the soliton
MUX and DEMUX fibers D = 1.7 ps/nm/km, nonlinear coefficient v = 7.5 W~!. Km™!
Before the OTDM MUX, the data of User2 is shifted by 2.5 Trwga so that only the
nearest solitons interact. The bit sequence of every user consists of 1024 bits with equal

bl

probability for ‘1’ and ‘0’. Bit ‘1’ is transmitted by sending a fundamental soliton with
peak power Py, and bit ‘0’ is transmitted by sending nothing. The additive white Gaussian
noise (AWGN) in the transmission channel has a power spectral density (PSD) of p =
—150 dBm/Hz. The bandpass filter at the receiver part has a single-side pass bandwidth
of Bpgss = 140 GHz. The bit pattern at the various stages of this scheme is shown in Fig

3.5. Fig 3.6 shows the eye-diagram of User! at the OTDM DEMUX (point 9 in Fig 3.4).

= 40 40
E
= 40 40
o .
= 40 40 / — I
=
3
£ i 1
—200 o 200 (ps) Fundamental Composvte‘
2 Soliton - Soliton (
40

Figure 3.5: Signal flow chart through linear channels
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Figure 3.6: The eye-diagram of Userl after linear channels

According to Eq.(3.2a) and Eq.(3.2b), the TBP of the composite sequence after the
soliton MUX, corresponding to point 4 in Fig 3.4, is

1 1 1
TBPsequence = ;TBFc + 5TBPr + 1 x 0= 04795 (3.3)

since the composite and the fundamental solitons occupy, respectively, ‘—11 and % of the
total bits. Compared to a conventional 40 Gb/s system using Gaussian pulses with the
same input average power, which has the minimum TBP = 0.5, we obtain a saving of

4.10% in terms of TBP with this optical OTDM scheme using soliton interaction.

3.2.2 Quasi-Linear Channels

For the proper operation of the proposed scheme, the transmission channel should be

linear. In the thesis, however, we show that the proposed scheme also works reasonably

well for quasi-linear transmission in optical fibers if the launch power is not too large.
The quasi-linear transmission is modeled using the following parameters. Dispersion

of the pre-compensation and the post-compensation fibers is Deopyp = —100 ps/nm/km.
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Dispersion management is achieved by using L = 40 km of standard single-mode fiber with
dispersion D, = 17 ps/nm/km followed by a negative dispersion fiber with dispersion
D_ = —14.5 ps/nm/km, of the same length. The total length of the pre- and post-
compensation fibers is chosen such that the accumulated dispersion at the receiver is
zero. Fiber attenuation a = 0.2 dB/km, amplifier spacing Lgym, = 80 km, amplifier
noise figure NF = 5.5 dB, inline amplifier gain G = 16 dB. An AWGN with a PSD
pase = he/A x (G x NF — 1) is introduced at each amplifier site. Fig 3.7 shows the
eye-diagram of Userl at the output of the OTDM DEMUX (point 9 in Fig 3.4) after a

400 km quasi-linear channel. The launch power to the quasi-linear channel is 2 mW.
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Figure 3.7: The eye-diagram of User! after quasi-linear channels

3.2.3 Soliton DEMUX Length

For a linear channel, the length of the HNLF at the soliton DEMUX is 30.68 km so that,
according to Eq.(2.11), the total length of the HNLF at the soliton MUX and the soliton
DEMUX is equal to the soliton period z, = 48.28 km. However, for the quasi-linear

channel, because of the nonlinear phase shift introduced by the transmission fibers, the
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separation between the component solitons at the receiver part is no longer kept the same
with that at the transmitter part. Fig 3.8 shows the maximum separation, corresponding
to the point where component solitons are taken as receiver output, as a function of the
peak power launched into the quasi-linear channel, where we can see that as the peak
power increases, the separation decreases. This is just because that the nonlinear phase
changes proportional to its amplitude square. The larger the peak power, the heavier the
nonlinear interaction. Therefore, the component solitons are bounded together more than
the case of linear channels. Specially, when the peak power is larger than 3 mw, there is

no separation observed at the receiver part.
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Figure 3.8: Separation between component solitons at the receiver part when different

Fpeqr, is launched into quasi-linear channels

Since the maximum separation varies with the peak power, the length of the HNLF
at the soliton DEMUX needs to be adjusted. Fig 3.9 shows the length of the soliton
DEMUX fiber as a function of the peak power. As can be seen, the length reduces as
the peak power increases, since the separation reduces because of the additional nonlinear

phase shift introduced by the quasi-linear channel. Fig 3.10 gives out a special case of the
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evolution of the composite soliton at the soliton DEMUX when the peak power is chosen

to be 2 mW.
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Figure 3.9: Soliton DEMUX lengths for different P,qx launched into quasi-linear channels

Fig 3.11 shows the Q factor at the receiver under different peak powers, compared
with the conventional TDM scheme using Gaussian pulses having both the same total bit

rate, and peak, as well as average, powers.

3.2.4 Different ‘1’/‘0’ Distribution

We note that the saving of 16.84% in TBP is obtained for a single soliton pair. The
savings in TBP can be increased by increasing the number of users or increasing the

‘1’/°0” distribution larger than 50%/50% corresponding to each user.
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Figure 3.10: Evolution of the composite soliton at the soliton DEMUX with P,eqr = 2mW
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Chapter 4

Modified Optical Time Division
Multiplexing Scheme Using Soliton

Interaction
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4.1 Drawback of the Optical TDM Scheme

Though we can obtain TBP saving from the previous scheme in Chap.3, it is noted that
such a benefit can only be achieved when the total user number is not more than 5. The

reason can be shown in Fig 4.1.
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Figure 4.1: Time window occupation within one period Tg = 10 Trwgnm

If the center point of the User! pulses is taken as 0, then the center point of the
User2 pulses is at 2.5 Trwgy away. Since Tg = 10 Trwya here, and there are no signals
other than Userl, User2 or the composite pulses can occupy the temporal window of
(0.5+2.540.5) Trwam = 3.5 Trwaum, therefore only another 3 more users at most can
be multiplexed within the whole time period of T, which means less channels than the
conventional TDM can be multiplexed in this scheme. Therefore, although the TBP of
a composite soliton is smaller than that of two linear pulses used in conventional TDM
systems, the number of channels cannot be increased beyond that used in the conventional
TDM scheme. Instead, we propose a modified scheme in which the reduction in TBP can

translate into either savings in bandwidth or increase in the number of users for the same

bandwidth.

28



M.A.Sc. Candidate: Pengju Zhang ECE - McMaster University

Since the information contained in Userl and UserZ2 is known a priori, we can take
an electrical pre-process before the OTDM MUX to facilitate later TDM steps. That is,
if Userl and User2 both have bits ‘1’ in the same Ty, we can select the composite soliton
as the output from the soliton MUX at the point where its TBP is minimum. Otherwise,
if both are not ‘0’, the user bits ‘1’ are shifted in time so that their center points are of the
same with that of the composite soliton. Therefore, the composite sequence may provide
a higher multiplexing capacity than the scheme proposed in Chap.3.

However, there comes up another problem with this modification. That is, within a
certain T'g, there are four kinds of composite pulses, i.e., ‘00°, ‘11’, ‘01’, and ‘10’. Here,
if we choose identical fundamental solitons for bits ‘1’ in Userl and User2, it will be
impossible to tell ‘01’ from ‘10’ at the receiver part, that is, User! and User2 cannot be

detected correctly.

4.2 Soliton Interaction with Unequal Amplitudes and
Unequal Phases

From Chap.2, we know that the two solitons with either unequal amplitudes or unequal
phases are widely used in engineering to prevent from interaction. Therefore, it is straight-
forward for us to use the reverse concept to generate the composite pulse from two fun-
damental solitons with both unequal amplitudes and unequal phases. Fig 4.2 shows the
separation between two fundamental solitons with both unequal amplitudes (r = 1/v/2)
and unequal phases. We can see here that the larger the initial phase difference, the
longer the transmission length needed to completely multiplex them.

To facilitate the analysis, we rewrite Eq.(2.9) as follows,
U(z, 1) = sech(r — 7p) + rsech [r(1 + 7)) exp(:0). (4.1)
In a specific case, we let

T
270:3.5—13‘/7‘/—,@% r=1/V2, 6=mn/3
0
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Fig 4.3 shows the waveform evolution through the fiber length. From Fig 4.3, we can
see that these two fundamental solitons may combine with each other, just like the case
between the identical solitons, to form a composite pulse. Fig 4.4 shows the evolution
of the TBP of the composite pulse over the fibers, from which we can see that the TBP
of the composite soliton reaches the minimum point, TBP,,;,, = 0.7271, at the length of
L =124.26 km. Fig 4.5 gives out the pulse envelop corresponding to the min-TBP point.
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Figure 4.5: Envelops of the composite soliton with the minimum TBP
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The simulation result for the min-TBP composite soliton, compared with the input

fundamental solitons, is given as follows,

Table 4.1: Comparison of the fundamental solitons and the composite soliton

Solitons Fundamental 1 Fundamental 2 Composite
Trwam  (ps) 5.00 7.07 7.07

Byg, (GHz) 189.06 131.12 156.17

oy (ps) 2.57 3.64 4.20

oy (GHz) 32.40 22.91 29.45
TEBP 0.5236 0.5236 0.7271

From the last line in Tab.4.1, we can see that the TBPs of the two input fundamental
solitons are both 0.5236, the sum of which is larger than that of the single new composite

soliton. That is, we can obtain a saving of 30.57% in terms of TBP.

4.3 Modified Optical TDM Scheme

Based on the above property of soliton interaction with unequal amplitudes and unequal

phases, we propose a modified multiplexing scheme, as shown in Fig 4.6.
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Figure 4.6: Schematics of the modified optical soliton multiplexing system
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Different from Fig 3.4, CW Laser is used here instead of Soliton Laser, since different
users employ different fundamental solitons. A pre-signal processor, for example a Field

Programmable Gate Array (FPGA), is inserted before the ezternal modulator.
1. If ‘User1 User2’ is ‘00’ or ‘11’, there is no processing needed;
2. If ‘User1 User2’ is ‘10’ or ‘01’, the bit ‘1’ will be shifted a certain time to make sure
its center point the same with that of the composite soliton.

Then, as shown in Fig 4.7, the output of the pre-process device has only one kind of center

point. All the other parts in this modified scheme are maintained the same with those in

Fig 3.4.
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Figure 4.7: Schematics of pulse position shift

The following parameters are used in the modified simulation: wavelength A = 1550 nm,
bit rate of User!l or User2, B =20 Gb/s, initial hyperbolic-secant pulses with Trw gy, =
5 ps for Userl, and Tpw g, = 7.07 ps for User2. Dispersion of the soliton MUX and DE-
MUX fibers D = 1.7 ps/nm/km, nonlinear coefficient v = 7.5 W~1. Km™1. The transmis-
sion channel is modeled as a linear environment, with the total length of 400 km. Attenua-

tion a = 0.2 dB/km, amplifier spacing Lqy,, = 80 km, amplifier noise figure NF = 5.5 dB,
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inline amplifier gain G = 16 dB. An AWGN with a PSD psg = he/Ax (Gx NF —1) is
introduced at each amplifier site. The bandpass filter at the receiver part has a single-side
pass bandwidth of By.s = 140 GHz.

Before the OTDM MUX, the data of User2 is shifted by 3.5Tmw s delay so that only
the nearest solitons interact. Every user consists of 1024 bits with equal probability for
‘1’ and ‘0’. Bit ‘1’ of Userl, or User2, is transmitted by sending a fundamental soliton of
the form Pysech(t), or 72Pysech(rt) with r = 1/4/2, and bit ‘0’ is transmitted by sending

nothing. The bit pattern at the various stages is shown in Fig 4.8.

B
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Figure 4.8: Modified signal flow chart through linear channels

Since bit ‘1’ and bit ‘0’ are equally likely to occur, therefore bits ‘11°, ‘10°, ‘01’ and
‘00 are also equally distributed within the composite sequence. Then we obtain the TBP

of the composite sequence such as
1 1. 1
T B Psepnan = ZTBPC - §TBPF -+ 1 x 0 = 0.4436 (4.2)

Compared with the conventional TDM application using Gaussian pulses with bit rate
B = 40 Gb/s, whose TBP is 0.5, we can see that a saving of 11.29% in terms of TBP has
been achieved here.

In the modified scheme, it is noted from both Fig 4.3 and Fig 4.8 that the lower
fundamental soliton is ahead of the taller one at the initial point, while at the receiver
part, it becomes reverse. However, since the two component solitons have fized time shift,

therefore fixed relative position to each other, it is not a problem to demultiplexing.
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Fig 4.9 shows the eye-diagrams at the OTDM DEMUX (point 8 in Fig 4.8). It is
noted that the inter-symbol interference (ISI) under this case is much heavier than that
corresponding to the interaction between identical fundamental solitons. This is just
because the non-linear interaction between different fundamental solitons is more unstable,
and therefore more difficult to control. In the viewpoint of a single soliton-pair, we can
increase the soliton DEMUX length to separate the component solitons more away from
each other to decrease the ISI. However, it will cause heavier ISI between the adjacent

time slot in a sequence.
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Figure 4.9: Eye-diagrams with NF = 5.5 dB. (a) User! demultiplexed from composite
solitons, (b) User2 demultiplexed from composite solitons, and (c¢) User! and User2

demultiplexed from fundamental solitons.

4.4 Detection of Soliton Signals

4.4.1 General Approach

The problem of detecting a single soliton or multiple non-overlapping solitons in white
Gaussian noise falls into the theory of classical detection. The general approach to such

problems involves first mapping the observation waveform, r(t) onto a convenient and

35



M.A.Sc. Candidate: Pengju Zhang ECE - McMaster University

suitable compact decision space [26]. The detection problem then reduces to a partitioning
of the decision space into decision regions according to a particular criteria of optimality.

Consider the following binary hypothesis problem,

Hy : r(t) =n(t)
Hy @ r(t) =s(t) +n(t)

where the received waveform comprises the soliton signals s(¢) in white Gaussian noise
n(t) under hypothesis ‘1’, or just the noise n(¢) under the ‘0’ hypothesis. The first task,
reduction of r(t) into a convenient decision space, is accomplished through the sufficient

statistic,
= /r(t)s(t)dt (4.3)
which can be efficiently computed with a matched filter.

Once the received signal has been transformed into the decision domain, we have the

simple binary hypothesis test

Hs : r=n

H : r=s+n

where under Hy : r ~ N(0,N), and under H, : r ~ N(P,N), where P and N are the

soliton power and the noise power, respectively.

4.4.2 Bit Error Rate

For p-i-n receivers, the photocurrent is directly proportional to the incident power, such
as

[ =RP (4.4)

where R is the responsivity of p-i-n receivers., For simplicity, R is chosen to be 1 here,

and the p-i-n receiver is assumed to be noise free.
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The performance criterion for digital receivers is governed by the bit error rate (BER),
defined as the probability of incorrect identification of a bit by the decision circuit of the
receiver part.

In a general case, the sampled value I fluctuates from bit to bit around an average
value I or Iy, depending on whether the bit corresponds to ‘1’ or ‘0’ in the sequence. The
decision circuit compares the sampled value with a threshold value Ip and calls it bit ‘1’
if I > Ip or bit ‘0’ if I < Ip. An error occurs if I < Ip for bit ‘1’ because of receiver
noise and channel noise. A similar error also occurs if I > I for bit ‘0’. Both sources of

errors can be included by defining the BER as
BER = P(1)P(0|1) + P(0)P(1]|0) (4.5)

where P(0) and P(1) are the probabilities of receiving bits ‘0’ or ‘1’, respectively. P(0|1) is
the probability of deciding ‘0’ when ‘1’ is received, and P(1]0) is the probability of deciding
‘1’ when ‘0’ is received. If ‘1’ and ‘0" are equally likely to occur, P(0) = P(1) = 3, and
the BER becomes,

BER — % [P(0[1) + P(1]0)] (4.6)

Both P(0|1) and P(1]|0) depend on the probability density function P(I) of the sampled
value /. The functional form of P(I) depends on the statistics of noise sources responsible
for current fluctuations. Suppose the noise source can be described by the additive white
Gaussian noise (AWGN) statistics with zero mean, then the sampled value I also has a
Gaussian probability density function. Both the average and the variance are different
for bits ‘1’ and ‘0’ since I equals I; or Iy, depending on the bit received. If o7 and o} are

the corresponding variances, the conditional probabilities are given by

1 1o (I —L)? 1 L-1Ip
P 1 — _— = — 9
(0]1) Sron /_oo exp [ 207 dl 2erfc < oo, ) (4.7a)

1 Gl (1—10)2] 1 (ID_IO)
P(1)0) = el I = gl 4.7b
0= oo /zD eXp[ 203 2\ Vao, I

where er fc(-) stands for the complementary error function, defined as

erfc(z) = % /oo exp(—y?)dy (4.8)
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By substituting Eq.(4.7) into Eq.(4.6), the BER is given by

1 I —Ip ID—IO)]
BER = - |erf fi 4.9
4[erc(\/§m)+erc(\/§00 (*9)

Eq.(4.9) shows that the BER depends on Ip. In practice, when o; = o, Ip is usually

optimized as the middle value of I; and Iy to minimize the BER.

4.4.3 Detection Algorithm

For convenience, we replot the eye-diagrams in Fig 4.9 again in the noise-free environment

within one figure, as shown in Fig 4.10.
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Figure 4.10: Detection windows for different received signals.

As we have mentioned above, there are together four kinds of composite pulses trans-

mitted within this scheme, i.e., ‘00’, ‘11°, ‘01’, and ‘10’
e For ‘00’, we send nothing for this composite pulse.

e For ‘11’, we send Pysech(t) and r2Pysech(rt), respectively, for User! and User2.
According to the simulation results from Fig 4.2, we can adjust the soliton DEMUX
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length to let the two component solitons deviate from each other with any separation
space, 0 — oo. Considering the interference between time slots, here we select the
point where the two component solitons are demultiplexed with the same separation

as that at the transmitter part.

It is noted that in the transmitter part, User2 is ahead of Userl, however, they
are reversed at the receiver part. That is, Userl, which has a higher power level,
is ahead of User2. Since both component solitons have fized time shift, it is not a

problem to demultiplex.

e For ‘10’ or ‘01’, these two kinds of pulses are in fact only two kinds of fundamental
solitons accounting for Userl and User?2, respectively. Therefore, they are pure fun-

damental solitons and reach the receiver part without distortion in ideal conditions.

As shown in Fig 4.10, there are together 3 parts in the received signals. The parts in
window 1 and window 2 are both demultiplexed from the composite solitons, which are

b

dependent on each other. That is, if there is a pulse ‘1’ in window 1, then there muse
be a corresponding pulse ‘1’ in window 3, since they both come from the same single
composite soliton. The part in window 3 is demultiplexed from the fundamental solitons,
which includes pulses from both User! and User?.

Since there are 3 types of center points, a two-step Electro-Absorption Modulator

(EAM) is used at the receive part. The detailed detection algorithm is listed as follows.

Step 1 : Use window 1 and window 2 to detect the solitons having been transmitted in
the form of composite solitons, i.e., detecting ‘11°. Since their relative positions
are known a priori, then the detection problem reduces to two parallel standard

Gaussian detection problems,
for window 1

Hy : r(t)=n(t) no user is present,

Hy : r(t) =s1(t) +n(t) Userl is present
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The sampled value I fluctuates around an average value I, for bit ‘1’, or I for
bit ‘0’ in the sequence, where the first ‘1’s in the subscripts represent window 1,
while the second ‘1’, or ‘0’, represents bit ‘1’, or bit ‘0’. Especially in window 3,
the second ‘1", or ‘2’, represents the lower-energy soliton, or the higher-energy
soliton, which will be discussed later. The decision part compares the sampled
value with a threshold value Ip; and decides it as ‘1’ if I > Ipy, or as ‘0’ if

I < Ip.

for window 2
Hy : r(t)=n(t) no user is present,

Hy @ r(t) =sa(t) +n(t) User2 is present.

Similarly, the decision part compares the sampled value, I, with a threshold

value Ips and decides it as ‘1’ if I > Ips, or as ‘0’ if I < Ips.

Both of the above detection problems can be solved with the standard two-level

Gaussian detection theory.

It is noted that here bit ‘1’ in User! and bit ‘1’ in User2 are in coupled form. That
is, when we detect Hy in window 1, it must be H; in window 2 in theory. Therefore,
in a simplified architecture, we can only set window 1, for its higher signal power is

more likely correctly detected, in the detection procedure.

Step 2 : Using window 3 to detect the solitons having been transmitted in the form of
fundamental solitons, i.e., ‘10’ or ‘01’. Since their relative positions are also known
a priori and the powers used for User! and User2 are different, then the detection

problem reduces to a standard multi-level Gaussian detection process,

for window 3

Hy : r(t) =n(t) no user is present,
Hy @ r(t) =s1(t) +n(t) Userl is present,
Hy @ r(t) = s2(t) + n(t) User2 is present.
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Straightforwardly, if we detect Hj, then a decision of ‘10’ can be made. Similarly,
H, is corresponding to ‘01’. Finally, if Hy, also considering the result from step 1,

we can say the received bits are ‘00’

4.4.4 Simulation Result Analysis

Since the window 2 can be ignored for simplicity, Fig 4.11 only shows the eye-diagrams
of the demultiplexed pulses in window 1 and window 3, respectively, at the receiver part,
where Iy, I1g, and Iso, I3;, I3 represent the average signal powers at the sample points,

while Ip;, Ips; and Ipss are the corresponding decision thresholds.

0
s

o B 1 | K. "
.
g N# - l31
L
ol b
g
Window 3 Window1 Window 3 Window 1

(a2} Ih (e}

Figure 4.11: Detection Scheme at the receiver part. (a) Combination of ‘11’; (b) Com-

bination of ‘10’ (larger amplitudes) and ‘01’ (small amplitudes), and (c¢) Combination of

‘00°.

In our scheme, we extend the definition of BER in the previous part, and the combi-
nation of ‘00°, ‘01, ‘10’ or ‘11’ is taken as a single couple. For example, in the case of
‘00, if we receive ‘11’, ‘10° or ‘01°, an error happens. Therefore, the BER in our scheme

can be given as

Pe = Peoo + Peor + Peto + Penx (4.10)
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In our modified soliton multiplexing scheme, we confine both the soliton multiplexing
scheme and the conventional TDM scheme of the same frequency bandwidth in terms of
the root mean square (RMS) width, here 29.45 GHz. Considering the channel spacing
in practice, we multiplex 6 users within one time slot. Since the soliton multiplexing
scheme has a less TBP, i.e., a less temporal width in this case, it possesses a. less crosstalk
interference compared with the conventional TDM scheme, and therefore, a lower BER.
Specially, for the typical in-line amplifier number of 5 for a 400 km transmission, our BER

is about 3.7 dB lower.

0 A — T T T I T T T
—&— Soliton Multiplexing Scheme
—20F %  Conventional TDM Scheme |
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-40 R ) B
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E N
-60 1 e _
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Figure 4.12: Scheme BER under different number of in-line amplifiers
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Chapter 5

Conclusions and Directions for

Future Work
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5.1 Conclusions

In the thesis, we have developed a framework for exploring the processing of soliton signals
and introduced an application of solitons in the broad context of optical communications.

We have taken the viewpoint of using optical solitons as carrier signals for transmis-
sion over both linear and quasi-linear channels. The NSE is viewed as the specialized
processor of this kind of signals, which are naturally suited to performing a number of
complex signal processing tasks. For example, this system can efficiently perform the
nonlinear signal combination and separation of multi-soliton carriers necessary for multi-
plexing and demultiplexing multiple users in a potential free space or fiber-based optical
communications context.

Focusing specially on the optical TDM scheme using soliton interaction, we develop a
new optical realization form for the processing of optical soliton signals. Although analog
circuit models have been previously developed for a variety of nonlinear wave equations
in general, and for the Toda lattice in particular [1, 2], our optical TDM scheme is a
good direct optical analog of this kind of soliton system. Further, this appears to be a
good optical model of the NSE which is sufficiently accurate to demonstrate the soliton
interaction.

The optical TDM model using soliton interaction is used to multiplex multiple signals
onto a multi-soliton carrier. We have demonstrated that the nonlinear interaction of
multiple solitons can be explored as a means of saving the signals’ time-bandwidth product

(TBP) in a multi-user communication context.

5.2 Future Directions

In the thesis, we began an exploration of a new and interesting application of soliton
signals and systems from a signal processing viewpoint. As a result, there are a number
of outstanding issues relating to the topics considered. Here, we just mention several

particularly intriguing directions.
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Much of the mathematical foundation for soliton dynamics lies within the framework
of solvable nonlinear systems. In Chap.3 and Chap.4, we illustrate how the schemes can
be used in the context of optical communications. These results illustrate the potential
for development of a variety of hardware for soliton modulation techniques. However,
there are several outstanding issues regarding the detailed implementation of the com-
munications techniques discussed in Chap.4. Specifically, the demodulation of individual
soliton carriers still must be addressed with a more complete investigation into the effects
of channel nonlinearity and realistic non-additive channel disturbances. From the view-
point of system design, these two points will lead to jitter in the arrival time of solitons
because the phase of composite solitons is not likely to remain well controlled.

Although we have explored some basic strategies for using soliton interaction in optical
communications, there remain a number of unanswered questions regarding the efficacy
of such techniques in comparison to standard methods. For example, the complexity of
the electrical pre-process device for such methods in comparison to standard techniques
ought to be undertaken. Finally, we note that solitons represent a rich class of signals that
are potentially applicable to a variety of signal processing and communications contexts
beyond those mentioned in the thesis. Indeed, perhaps the most exciting and poten-
tially rewarding direction for future research lies in the discovery of new and promising

applications.
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