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Abstract

We study four methods: the zero-dispersion wavelength (ZDWL)
transmission, the dispersion management, the optical soliton transmission, and the
midway optical phase conjugation (OPC), for upgrading installed electronic repeater-
based optical fiber transmission system to optically amplified system. We derive the
optimum design rules for each scheme to achieve the maximum transmission data rate.
The 1,318-km-long Thailand-Malaysia (T-M) submarine fiber-optic transmission
system is used as the system model.

Firstly, we give the basic knowledge about fiber characteristics and their
effects to signal propagation, and review the concepts of four upgrading schemes.
Then, the numerical simulation is used for studying the signal distortion induced from
the third-order dispersion and the Kerr effect in ZDWL transmission system.

When the ZDWL transmission is employed to upgrade the T-M system with
our optimum design guidelines, the possibility of increasing data rate from 560 Mbit/s
to 80 Gbit/s is shown. For the dispersion management, the transmission data rate can
be extended to 100 Gbit/s for single channel, and to 6 x10 Gbit/s for multi-channel
wavelength division multiplexing. However, when the soliton scheme is employed to
improve the system performance, the numerical result shows the possibility of
increasing data rate only to 20 Gbit/s because of nonlinear signal distortions. The
highest data rate in this study is obtained from the system upgrading using the midway

OPC. By following our design strategies, the possibility of increasing to 200 Gbit/s is

numerically shown.
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1. INTRODUCTION AN/
1.1 General Background |

Rapid growth on both transmission bit rate and distance in this decade is very
remarkable. Transmission of data rate as high as | Tbit/s over 10,000 km has been
demonstrated [1]. However, at present, there exists many installed fiber systems
which still operate with electronic repeaters [2] at very low bit rate.

During the propagation in the transmission fiber, the peak power of the optical
signal decreases due to the fiber loss, as well as the signal waveform becomes distort
due to the fiber characteristics such as the fiber dispersion, especially the second-order
dispersion (SOD), and the fiber nonlinearity, especially the Kerr effect [3]-[10]. The
SOD causes the signal pulse broadening while the Kerr effect results in signal spectra
broadening during signal transmission in the fiber [3]-[5]. The interaction of the SOD
and the Kerr effect will cause severe distortion of both pulse and spectra [4]-[10].

Figure 1.1 shows the configuration of the electronic repeater [2]. In electronic-
repeated scheme, after launching to the repeater, the distorted optical signal is
converted to electrical signal. The distortion is removed out of signal by mean of
electronic signal processing, and then is converted back to optical signal again. By
this scheme, the capacity of system is limited by speed of the electronic circuit, which
1s well-known as “ electronic bottle neck 7, at the speed of around forty GHz or at the
bit rate of 40 Gbit/s [4], [5], [11]. Therefore, to operate the system with bit rate higher
than 40 Gbit/s, all optically signal-processed repeater, which uses light processes light,
1S necessary.

The invention of the Erbium-doped fiber optical amplifier (EDFA) [4], [5],
[12]-[15] has significantly opened the possibility of the data transmission at the bit rate
higher than 40 Gbit/s. EDFA has many beneficial properties [4], such as polarization
independent gain, slow recovery time which prevents the pattem effect, low insertion
loss and high saturation output power. The most important thing may be the fact that
EDFA is operating in the 1550 nm region where the optical fibers exhibit minimum
loss. Moreover, the gain bandwidth of EDFA is sufficiently wide enough so that it
realizes a possibility of amplifying the ultra high bit rate signal up to over Tbit/s and a

large number of WDM signals. EDFA can also serve as excellent receiver pre-



amplifiers, as they can provide very nearly the theoretical quantum-limited 3-dB noise
figure [4]. This is because EDFA can be coupled very efficiently to the single-mode
fibers with insertion loss of about 0.1dB, and almost full population inversion can be

achieved.

Electronic-based optical repeater

1 Ll

I l
Distorted optical signal | :
L}

Regenerated
H Electrically . optical signal
Photo amplification Modulator
detector and
= signal processing A
.
:
] ‘ Laser
L}
Optical L Electrical . Optical
1

Capacity of system is limited by processing speed of electronic circuit

&= Electronic bottle neck : 40GHz or 40Gbit/s

\

Optically signal amplification is necessary for optical transmission systems

with bit rate higher than 40Gbit/s

Figure 1.1: Configuration of electronic repeater.

Figure 1.2 shows the configuration of the EDFA, which is commonly used in
optically-amplified systems. High output power semiconductor laser diode with
operating wavelength 1480 nm or 980 nm is used for stimulating the Stimulated
Brillouin scattering effect to occur inside the Er’*-doped optical fiber for coherently
amplifying 1550 nm signal input into the fiber. Usually, the EDFA is equipped with
two optical isolators. The first is placed at the input in order to eliminate possible
disturbances caused by the backward traveling amplified spontaneous emission (ASE)
on the upstream span, while the second, at the output, protects the device against
possible back reflections from the downstream line. The signal is launched into the
active fiber together with the pump radiation through a wavelength division
multiplexer (WDM) coupler which minimizes the power losses of both input beams.

The gain bandwidth of EDFA ranges approximately from 1520 nm to 1570 nm

so that it is well tuned with the system operating at wavelength near 1550 nm region.



Typical values for the small-signal gain are 30-40dB for pump powers of 50-100 mW.
Output powers range from +13dBm up to +20dBm, while the noise is generally very
close to the minimum theoretical limit which can be derived from the fundamental
laws of physics such ‘as Heisenberg's Uncertainty principle.

However, the EDFA can only amplify the optical signal. Unlike the electronic
repeater, the waveform distortion induced from fiber dispersion and fiber nonlinearity
can not be removed from the signal at the output of EDFA. Therefore, in order to
upgrade the electronic-repeated to the optically-amplified system, the signal distortion

induced from the fiber dispersion and nonlinearity must be seriously taken into

account.
BT doped fiber
Wavelength 1 & Optical BPF
multiplexer ; L
> [ b —
JAVAVAVAN —0— T R
I‘nput sxgnﬂ Optical isolator Optical isolator Output signal

(21,55 pm) § )

High power pump laser (2=1.48 pm)
Figure 1.2: Configuration of EDFA.

There are many transmission methods have been proposed in order to
overcome the SOD. The zero-dispersion wavelength (ZDWL) transmission [16]-[20]
1sto set an operation wavelength o f the s ystem at zero-dispersion p oint so that the
pulses can propagate without broadening. The dispersion management [21]-[35] is to
arrange the various sections of fiber in such a way that none or only very few of them
have zero SOD wavelengths that coincide with the carrier wavelength while the total
fiber exhibits zero SOD on average. The optical soliton [36]-[47] is to create the
signal pulses that can propagate in optical fiber without broadening by balancing the
SOD and the self-phase modulation (SPM) effect, which is induced through the Kerr
effect, in anomalous dispersion region [4], [5], [36]. Quantitatively, this can be
achieved by launching optical pulses with proper input power and width into the fiber.

The midway optical phase conjugation [48]-[52] is to perform the optical phase



conjugation (OPC) at the midpoint of system in order to achieve the perfect
compensation of both SOD and nonlinear effects if the condition that all of the system
characteristics are symmetric with respect to the midway OPC.

Although the SOD is completely compensated, when the ultra-high-bit-rate
data is transmitted through an optical fiber, the third-order dispersion (TOD) shows up
and influences transmission characteristics. Moreover, the TOD interplays with the
SPM, causing severe distortion of both signal waveform and signal spectrum [4].

In the d ispersion-managed sy stem w here the S OD map is properly d esigned
but the TOD is not compensated, the bit rate of the 10,000-km transmission system is
limited only about 10Gbit/s because of the interplay of the TOD with the SPM. It has
been shown, by numerical simulations, that when TOD is compensated periodically at
the interval quite shorter than the nonlinear scale of the system, the speed limit is
possibly raised up over 20Gbit/s [25].

On the other hand, in soliton systems, a recent numerical study shows that the
eigen solution to soliton can exist in the transmission line with TOD, and that is stable
against the perturbation of TOD [53]. Even without TOD compensation, 40-Gbit/s,
10,000-km transmission has been actually demonstrated by using the dispersion-
managed soliton [54].

As an alternative approach for ultrahigh-bit-rate long-haul transmission,
midway optical phase conjugation (OPC) is an attractive solution to compensating for
the distortion induced from the interplay between the SOD and the SPM [55]. Several
recent works have reported the broadband, wavelength-shift-free, and polarization-
independent optical phase conjugators [56], [57]. This intensively may bring the OPC
systems into a commercial world. However, the ultimate performance of OPC
systems is also limited by TOD together with a nonlinear resonance at well-defined
signal sideband frequencies induced by periodic amplification process called sideband
instability (SI) effect [58].

Taking into account for system model, the longest fiber-optic submarine
system that c onnects T hailand w ith n eighbor ¢ ountry, the T hailand-Malaysia ( T-M)
fiber-optic submarine transmission system [12], is one of electronic-repeated
submarine fiber-optic transmission systems. The system starts from Petchaburi,

Thailand, ends at Chugai, Malaysia, with total length of 1,318 km. The fiber is



dispersion-shifted fiber (DSF) [4]. The electronic repeaters are periodically placed at
span of 100 km with the last span 118 km. The system operates with single channel
with the data rate of only 560 Mbit/s. Such system needs to be upgraded to response

the demand for increasing transmission capacity in the future.

1.2 Purpose of this Project

The aim of this project is to present and evaluate the simple and practical approaches,
together v.ith optimum design schemes for improving the performance of the
electronic repeater-based optical fiber transmission system to achieve maximum
performance using the T-M submarine transmission system as the system model. We
will replace the electronic repeaters in the system with the optical amplifiers, then
employ four SOD compensation methods, the ZDWL transmission method, the
dispersion management method, the optical soliton transmission method, and the
midway OPC method, for compensation waveform distortion induced from the SOD

and the Kerr effect..

1.3 Studying Method

In this project, the computer simulation is used for evaluating the improvement of
transmission data rate obtained from each method.

We will start this project by studying four S OD c ompensation schemes: the
ZDWL transmission, the dispersion management, the soliton transmission, and the
midway OPC. Study the optimum design rules of each scheme for upgrading the T-M
submarine line. Model the T-M submarine line according to each upgrading scheme.
The computer simulations will be used to confirm the performance improvement
results. In numerical simulations of data transmission in the T-M system, the signal is
composed of a 32-bit pseudorandom RZ Gaussian pulse train. The parameters such as
fiber loss coefficient, TOD, and nonlinear coefficient will be set at typical values of
the dispersion-shifted fiber (DSF). Since we consider in this project only the single
channel transmission, the commercially available optical amplifier exhibits
sufficiently flat and wide gain bandwidth that can support all bandwidths of the signal
used in our simulation. Therefore, in our simulations, the optical amplifier is assumed

to be 1deal that amplifies the signal by the gain that compensates the optical loss in an



amplifier span. However, each optical amplifier produces ASE noise added to the
signal after the signal amplification. In case of the OPC transmission scheme, the
optical pulse at the midway of the system will be conjugated by an ideal infinite-
bandwidth optical phase conjugator.

The propagation of the optical pulse is calculated by solving the nonlinear
Schrodinger equation (NLSE) by the split-step Fourier method (SSFM). The
integration step size of the SSFM is always chosen at the value that gives a step size
error less than 0.01 %. The system performance is evaluated in terms of the numerical
bit-error rate (BER). To calculate the numerical BER of the detected signal, the
simulation is repeated 128 times. The numerical Q factor of every bit is then
individually calculated at the maximum eye-opening point of the bit period. Based on
the assumption of the Gaussian noise distribution, the numerical BER is computed
from the bit numerical Q factor and averaged over the entire bits [25]. Commonly, the
BER at 10? is widely set as the system limitation. This means we will not allow the
system that yields the BER of the detected signal larger than 107.

Finally, the comparison among the results obtained from all schemes, and the
discussion of the advantages and the disadvantages of each scheme will be made.
Therefore, the research methods for this work are mainly based on the theoretical

analysis, and then evaluating their accuracy by the method of computer simulations.

1.4 Studying Steps

1. Study the zero-dispersion wavelength transmission scheme.

2. Use the computer simulation for studying the transmission problems occurring
in ZDWL transmission systems

3. Find optimum design rules, and model the T-M system with the ZDWL
transmission scheme.

4. Use the numerical simulation to o btain m aximum p erformance u pgrading o f
the T-M system using the ZDWL transmission scheme.

5. Summarize the results, submit the results to international conferences, and
present the results in international conferences.

6. Study the dispersion management transmission scheme.



7. Use the computer simulation to confirming the performance improvement
comparing to the ZDWL transmission scheme.

8. Theoretically study the design rules of the dispersion management system
using the transfer function. Then, apply this design rule to the T-M system.

9. Find optimum design rules, and model the T-M system with the dispersion
management transmission scheme.

10. Using numerical simulation to obtain maximum performance upgrading of the
T-M system using the dispersion management transmission scheme.

11. Summarize the results, submit the results to international conferences.

12. Studying the soliton transmission scheme, finding optimum design rules, and
modeling the T-M system with the soliton transmission scheme.

13. Using numerical simulation to obtain maximum performance upgrading of the
T-M system using the soliton transmission scheme.

14. Summarize the results, submit the results to international conferences.

15. Studying the midway OPC scheme, finding optimum design rules, and
modeling the T-M system with the midway optical phase conjugation scheme.

16. Using numerical simulation to obtain maximum performance upgrading of the
T-M system using the midway OPC scheme.

17. Summarizing the results, making the comparison among the results obtained
from several schemes, making the discussion about the advantages and the
disadvantages of each upgrading scheme, writing a final report, and presenting
the work in international conferences or publishing the work in periodical

journal.

1.5 Organization of this Report

This paper is organized as follows. Chapter 2 gives the basic knowledge about fiber
characteristics and their effects to signal propagation and the concepts of four SOD
compensation schemes. Also in this chapter, the SSFM, which is the main numerical
method used in this project is also noted. Chapter 3 is devoted to the numerical study
of the problems induced from the TOD and the Kerr effect that limit the signal
propagation at ZDWL. In chapter 4, we study the performance improvement of the T-

M system, when the ZDWL transmission 1s employed to upgrade the system to



optically ampiified system. We also discuss about the optimum design rules for the
ZDWL transmission.

Chapter 5 shows the significant improvement in signal transmission by using
the dispersion management method instead of the ZDWL transmission. We also
provide the design guidelines for achieving the maximum performance. The
numerical results based on the T-M system demonstrate the success of increasing data
rate beyond the ZDWL transmission. Chapter 6 involves the numerical simulations of
the soliton transmission in upgrading the T-M system. We also provide the design
strategies for the soliton system. In chapter 7, the OPC are considered for improving
the transmission data rate of the T-M system. By following our system design rules,
we demonstrate that the OPC provides possible higher data rate transmission than
other methods. The computer simulation realizes the data rate as high as 200 Gbit/s in
the T-M system. Finally, we summarize this report and make the comparison among

the upgrading schemes in chapter 8.



2. SIGNAL TRANSMISSION IN OPTICAL FIBER

In this chapter, we will describe about the fiber characteristics and their effects on
signal propagating in optical fiber. Next, the concepts of four second-order
dispersion (SOD) compensation methods focused in this project is also be
discussed

Optical fibers are always considered as the 1 ossless m ediums b ecause o f
their extremely small value of a loss coefficient (minimum 0.2 dB/km at an
operation wavelength 1.55 4 m) [4], [5]. This will lead to the extension of repeater
spacing for more than 100 km while in the systems employing coaxial cables
whose repeater spacing is limited to a few kilometers. Furthermore, according to
the fact that optical fibers are made of SiO; glass, so optical fibers will have
robustness against the disturbances from the surrounding circumstance more than
those systems that use metal wires as transmission mediums. The above reasons
make the fiber-optic systems the most expectable systems for nowadays and also,
future telecommunication.

The behavior of optical signal when propagating in single-mode optical
fiber is mainly determined by three main effects: fiber loss, fiber dispersion, and
fiber nonlinearity. The fiber loss causes the exponentially decrease of signal
power during the propagation, which is necessary to be compensated by repeater
for long distance transmission. The dispersion, especially the SOD, results a
broadening of optical pulse, while the fiber nonlinearity, especially the Kerr effect,
yields a broadening of signal spectrum. In fact, the dispersion and nonlinearity

interplay with each other, resulting in the distortion of both signal and its

spectrum.

2.1 Fiber Loss
Let P is the power launched at the input of a fiber length L, the transmitted
power: P, is given by

P, = Fexp(-al), (2-1)
where « 1s the attenuation constant, commonly referred to as the fiber loss. It is

customary to express the fiber loss in units of dB/km by using the relation



10

P,
Ay = —%]og[F’] = 4343, (2-2)

where «,, is the attenuation constant in dB/km expression. The fiber loss depends
on the wavelength of light. Figure 2.1 shows the optical loss characteristic of
single-mode fibers as a function of the operation wavelength.

The factors that are mainly contributed to the fiber loss are material
absorption induced by OH ion and Rayleigh scattering [4], [5]. Other factors that
causes additional loss is bending losses and boundary losses (due to scattering at
the core-cladding boundary). The total loss of a fiber link on optical
communication systems also includes the splice loss that occurs when two fiber
pieces are joined together. The fiber loss causes the exponential decrease of

optical signal power without giving rise to any change in signal shape also its

spectrum.
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Figure 2.1: Optical loss characteristic of single-mode fibers.

2.2 Chromatic Dispersion

When an optical pulse 1s launched to the fiber, its different frequency components
associated with the pulse travel at different speeds. It will lead to the pulse

broadening induced by the delay of transit time of each frequency component.
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This effect is well known as the chromatic dispersion, which may be one
important limitation of a bit-rate or a distance in fiber-optic communication
systems.

In the case if we consider optical fiber as a medium, dispersion play a
critical role in propagation of short optical pulses since different spectral
components associated with the pulse travel at different speeds givenby ¢/nw
and the shorter pulses will have broader spectrum width.

Mathematically, the effects of fiber dispersion are accounted for by

expanding the signal propagation constant S in a Taylor series about the

lightwave carrier frequency @, .

ﬂ(w)= By + By (a"a)o)""%ﬁz(w_wo)z +é,33(a)—a)0)3..., (2-3)

where S, in Eq. (2-3) refers to the inverse of group-velocity of the pulse envelope
and also be known as first-order group-velocity dispersion (GVD) parameter. The
second-order GVD parameter S, is responsible for pulse broadening, which
relates to the SOD, and the third-order GVD f,, which relates to the TOD, causes
signal waveform distortion in ultra-high bit rate signal transmission.

The SOD: D is also commonly used in the fiber-optics literature in place

of ,. Itisrelated to S, by the relation

27c
D=- ¥ B, - (2-4)

Figure 2.2 shows schematically the variation of S, and D with
wavelength A for optical fibers. The most notable feature in Fig. 4 is that 3, and
D vanishes at a wavelength 4,. A4, is often referred to as zero-dispersion
wavelength which is about 1.3 #m in the case of standard single-mode fibers

(SMF) and becomes 1.55 £ m where the fiber loss is minimum in dispersion-

shifted fibers (DSF).
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Figure 2.2: Dispersion characteristics of single-mode fibers.

The pulse can propagate without broadening in the zero-dispersion
wavelength (ZDWL) region, and the systems which operate at the ZDWL are
known as ZDWL transmission systems which are expected to achieve high bit-rate
and long transmission distance since the performance of the systems no longer
limited by the dispersion-induced broadening. However, it should be noted that
dispersion does not vanish at A, . Pulse propagation near A, requires the
inclusion of the TOD. Their inclusion is however necessary only when the pulse

wavelength approaches 4,, to within a few nanometers.

According to Fig. 2.2, for wavelength such that A < A4,,, £, >0, the fiber
is said to exhibit normal dispersion. In the normal-dispersion regime, the higher
frequency (blue-shifted) components of an optical pulse travel slower than the
lower frequency (red-shifted) components. By contrast, the opposite occurs in the
so-called anomalous-dispersion regime in which A>A4, , B,<0 . The
anomalous-dispersion regime gives an interest for the study of nonlinear effects
because it is in this regime that optical fibers can support nonlinear optical pulse

soliton through a balance between the dispersive and nonlinear effects.
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Figure 2.3: Evolution of single optical pulse in single-mode fiber with the effect of
dispersion, (a) in normal dispersion regime ( £, > 0), (b) in anomalous dispersion

regime (5, <0).

It should be noted here that the dispersion-induced pulse broadening does

not depend on the signs of f3,. Different signs but same values of £, will lead to
the same magnitude of broadening. Moreover, even though £, results in pulse

broadening, it does not cause the change in the spectrum of the pulse. Figure 2.3
shows the propagation of single optical pulse propagates along the optical fiber in

the presence of the effect of f,.

In general the extent of broadening is governed by the SOD length by

T, =T AL ; 2-5
[ [LJ] 2-5)

where 7, denotes the transmitted pulse width. The SOD length L, is defined as

W=

T2
L 2 2—0—. 2-0
2 lﬂz‘ ( )
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The SOD length L, is the parameter which determines the length scale

over which the SOD becomes important for pulse evolution along a fiber length L

when L,, <L.

The difference between propagation of a pulse in normal-dispersion region
and in anomalous-dispersion region is the sign of linear phase modulation of the
transmitted pulse. This linear phase modulation can be express as the time

dependence of the optical phase ¢(z,T) caused by the effect of 2, .

__Sgn(ﬂz)(Z/Ldz)Tz af 2
e e ol

d2

where sgn(f,)=+1 depending on the sign of g,. The time dependence of the
phase ¢(z,T) implies that the instantaneous frequency differs across the pulse from
the central frequency w,. The difference Aw is just the time derivative -3¢/0T
and 1s given by

0 _2sen(By Nz /Ly)T

Aw = =
B LB T

(2-8)

The phenomenon that frequency changes across the pulse is generally
known as the frequency chirp. Although the incident pulse is unchirped but after
propagating in dispersive fiber the pulse will be chirped. The chirp Aw depends
on the sign of B,. Figure 2.4 shows the difference between frequency chirp in
normal-dispersion regime and anomalous-dispersion regime.

In the normal-dispersion regime, A 1s negative at the leading edge 7 <0

and increases linearly across the pulse. T he opposite o ccurs 1n the anomalous-

dispersion regime.
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Figure 2.4: Linear frequency chirps induced by fiber SOD, (a)in normal dispersion

regime (+ £3,), (b) in anomalous dispersion regime (- 3,).

2.3 Third-order Dispersion [4], [18]

The S OD-induced p ulse broadening discussed above is due to the second-order
GVD term proportional to /3, in the expansion (3). Although the contribution of
this term dominates in most cases of practical interest, it is sometimes necessary to

include the higher-order term proportional to A3, in this expansion.
Since B, is the derivative of S, by the frequency w: S, =df,/dw . The
effect of B, can be explained in term of the effect of the SOD slope or, for

convenience, the dispersion slope. As shown in Fig. 2.5, for broadband optical
signal such as ultrashort pulses or OTDM signal [17], different the signal spectral
component will experiences different SOD values due to the slope of the SOD

curve. Therefore, it is often necessary to include f, for such signal.
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Figure 2.5: Broadband optical signal on fiber SOD band.

The important parameter widely used representing the effect of S, is the
TOD, which is defined by the derivative of the SOD: D by wavelength A,
therefore: TOD = dD/dA. Typically, near ZDWL of DSF, g, ~0.2ps’/km and
TOD = 0.06 ps/km/nm”.

In order to compare the relative importance of the SOD and the TOD

terms, it is useful to introduce the TOD length defined as

T3
e (2-9)
1

The TOD will play a significant role only if L,; < L,,.

Figure 2.6(a) shows the single optical pulse propagates along the optical
fiber with the effect of positive TOD and Fig. 2.6(b) and (c¢) shows the initial pulse
shape and the output pulse, respectively. The output optical pulse is distorted such
that it becomes asymmetry with an oscillatory structure near one of its edges. It
should be noted that the dispersive effect does not cause any change in the output
spectrum. For the case of positive TOD shown in Fig. 2.6, the oscillation appears
near the trailing edge of the pulse.

For the case of D =0, oscillations are deep with intensity dropping to zero
between successive oscillations. However, these oscillations damp significantly

even for the relatively small values of D .
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Figure 2.6: Transmission of an optical pulse and in single-mode fiber with the

effect of TOD, (a) pulse evolution, (b) initial pulse shape, (¢) pulse at output end
of fiber.

2.4 Fiber Nonlinearity

Most of the nonlinear effects in optical fibers originate from the Kerr effect, which
induced through the nonlinear refraction. The nonlinear refraction is a phenomena
that refers to the intensity dependence of the refractive index. The expression of

the refractive index, which includes the term of light intensity dependence,

ﬂ(a),

becomes

A )= n@)+ oA (2-10)
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where n(w) is the linear part. |A|2 1s the optical signal intensity inside the fiber,
and n, is the nonlinear-index coefficient.

The intensity dependence of the refractive index, or the Kerr effect, leads
to a large number of interesting nonlinear effects. The one most widely studied
are self-phase modulation (SPM) [4]. SPM refers to the self-induced phase shift
experienced by optical field during its propagation in optical fibers. Its magnitude
can be obtained by changes of the phase of an optical field by

¢ =ik, L = (n(@)+ ny) Al KoL | 2-11)
where k, =27/ and L is the fiber length. The intensity-dependent nonlinear
phase shift caused by SPM is

8, =ik LIA|" . (2-12)

The SPM is responsible for spectral broadening of optical pulses. When

the SPM interacts with the SOD in the normal-dispersion regime, it will lead to the

breaking of the optical pulse. By contrast, if the SPM balances with the SOD in

anomalous-dispersion regime, this will lead to the existence of optical solitons.

If we considers the pulse propagation in lossless optical fibers, U (z,t) now
represents the normalized envelope function of the optical pulses, Eq. (2-12)
should be modulated to time-distance-depended equation which fits to the

description of pulse propagation in fiber,
62 t)=|U(z,1) 2/ L, (2-13)
where the nonlinear length L,, which represents the length of fiber at which the

SPM becomes the dominant effect is defined as

L,=—, (2-14)

where P, denotes the input peak power of the pulse and y is the nonlinear
coefficient which is proportional to the nonlinear refractive index n,. U(z,t)

appearing in Eq. (2-13) 1s the optical field normalized by peak power.
Equation (2-13) shows that SPM gives rise to an intensity-dependent phase

shift while the pulse shape govemed by |U(z,t]2 remains unchanged. The
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nonlinear p hase s hift #,,(z,¢) given by Eq. (2-12) increases w ith the p ropagated
distance z . SPM-induced spectral broadening is a consequence of the time
dependence of ¢, (z,t). This can be understood by nothing that a temporally

varying phase implies that the instantaneous optical frequency differ across the

pulse from its central value w,. The difference Aw is given by

Uz, e}
Aw:_a¢NL 9 ‘ (Z’[] _Z—, (2-15)
or o L,

and the frequency o f the p ulse now b ecomes time-depend function. F igure 2.7
shows the modulation of optical carrier frequency of the pulse obtained from Eq.
(2-15).

The modulation of frequency or the time dependence of Aw can be viewed
as a frequency chirp. The chirp is induced by SPM and increases in magnitude
with the propagated distance. The temporal variation of the SPM-induced chirp in
Aw in Fig. 2.7 has two interesting features. First, Aw is negative near the leading
edge (red shift) and becomes positive near the trailing edge (blue shift). Second,
the chirp is linear and positive (up-chirp) over the large central region. Since the
characteristic of the SPM-induced frequency chirp is similar to the linear up-chirp,
we should call this chirp the nonlinear up-chirp.

Figure 2.8 shows the spectrum o f single o ptical p ulse p ropagating along
the optical fiber with only the effect of SPM. The most notable feature of Fig. 2.8
1s that SPM-induced spectral broadening is accompanied by an oscillatory
structure covering the entire frequency range. In general, the spectrum consists of

many peaks and the outermost peaks are the most intense.
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2.5 Nonlinear Schrodinger Equation and Split-Step Fourier
Method
The propagation of signal pulses in optical fiber is governed by the nonlinear
Schrodinger equation (NLSE) [4]
2 3

Z—j:—%A—éﬂzg—ﬁ+éﬂ3g—£+W|Al2A, (2-16)
where 4 denotes the complex amplitude of the signal, z the propagation distance,
a the attenuation coefficient, S, the second-order GVD coefficient, f, the
third-order GVD coefficient, y the fiber nonlinearity coefficient, and
T'=t-z/v, the time measured in a frame of reference moving with the pulse at

the group velocity v, .

However, NLSE generally does not have the analytic solutions except for
some specific cases. Because of this reason, a numerical method is therefore

necessary for solving this equation. In this project, we will use the numerical
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method called split-step Fourier method (SSFM) [4] which has been extensively
used to solve the nonlinear equation. As shown in Fig. 2.9, by this method, a fiber
{ength is divided into a large number of small segments § of width where each
segment is assumed to have the effects of nonlinearlity N or the dispersive effect
D(iw) only. Then the Fourier transform based on fast-Fourier transform (FFT)
algorithm is utilized to solve the propagation of the pulse that is disturbed only by

the effects of dispersions and the effects of nonlinearities separately.

[ Solution in the form of Split-step Fourier method ]

A(z+8, T) = {{F ' exp(8D(iw))F } exp(SN) } A(z T)
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Figure 2.9: Split-step Fourier algorithm for calculating signal propagation in

optical fibers.

2.6 Second-order Dispersion Compensation Schemes

The problem which plays critical role in a limitation of optical fiber system
performance is considerably originated from fiber SOD that causes the broadening
of the signal pulses during propagation inside the fiber. There are 4 main schemes

have been proposed in order to overcome the SOD effect.
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2.6.1 Zero-dispersion wavelength transmission [18]-[21}

According to the dispersion charactenstic of optical fibers shown in Fig. 2.2, the
GVD parameter 3, and the dispersion parameter D vanish at the wavelength of
A, which is referred to 1.55 ¢ m for the DSF. The idea of this kind of system is
simple: setting an operation wavelength of the system at zero-dispersion point so
that the p ulses c an propagate without broadening. T he advantages o f the zero-
dispersion sy stems arise from their simple construction and the avoidance from
dispersion-limited performance. However, it is considerably difticult to set the
operation wavelength exactly at the zero-dispersion point.

The problems of the zero-dispersion systems, as discussed above, grow up
from the TOD resulting in pulse distortion and broadening (4], [18]). When the
input power of the signal becomes intense, the nonlineanity of the fiber mainly
causes the problems in zero-dispersion transmission. The two main problems in
zero-dispersion transmission induced from fiber nonlinearity are the interaction
between SPM and TOD and the enhancement of optical amplifier noise due to
SPM [19]-[21]. The above two problems seriously result the signal waveform
distortion and the rapid spreading of signal spectra.

2.6.2 Dispersion management [22]-[35]

As discussed above, fiber systems whose operation wavelength is located directly
at the ZDWL point encounter problems mainly induced by the Kerr effect. Since
the SOD length defined by Eq. (2-6) becomes infinity and no longer is compared
to the nonlinear length at ZDWL point, the Kerr effect becomes stronger and pays
important rote in limiting the system performance. In order to avoid the problems,
a very slight displacement of a carmier wavelength from ZDWL may be one way to
alleviate the problems [22]-[35).

Rurthermere, the more sufficient method is to arrange the various sections
of fiber in such a way that none or only very few of them have ZDWL that
coincide with the carrier wavelength while the total fiber exhibits zero SOD on
average. A method for construction a fiber system which consists of fiber sections
that are arranged such that the SOD of each amplifiers span is zero at the operation

wavelength are generally called dispersion management.
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The 1dea of dispersion management comes from the completely
cancellation of the frequency chirp resulting in the recovery of the pulse shape. If
we consider the fiber section consisting of two pieces of fibers with the same value
of SOD but different symbols (+ and -) shown in Fig. 2.10. This section of fiber
exhibité the zero SOD on average. An optical pulse launched to this fiber will be
frequency-chirped induced by the SOD. The pulse will be broadened due to the
SOD-induced pulse broadening. However, when the pulse is entered to the fiber
which exhibits the opposite SOD symbol, the frequency-chirping occurs in the
opposite direction so that it will cancel the chirp induced by the first fiber resulting

in pulse compression.
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Figure 2.10: Concept of dispersion management method.
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2.6.3 Optical soliton [36]-[47]

Soliton refers to special kind of waves that can propagate undistorted over long
distances and remain unaffected after collision with each other. Optical solitons in
optical fibers are conformed by balancing the SOD and the SPM in anomalous
dispersion region [4], (5], [36]. Quantitatively, this can be achieved by launching
optical pulses with proper input power and width into the fiber. The most
attractive characteristic of optical solitons is that they can propagate in optical
fibers without pulse shape distortion over a long distance if the fiber loss is
negligible. There are other several other reasons why solitons are attractive for
optical communication systems generally and therefore why they should be
considered as a possible route for system upgrades. In particular, solitons are
compatible with all optical switching and routing technologies [11]. The ability to
optically process signal 1s essential if the bottleneck problems encountered at
switching nodes are to be overcome for the high data rates.

The generation of optical soliton in optical fibers based on the idea of
dispersion compensation which is achieved by the frequency-chirp cancellation
occurring by transmitting optical pulses in two pieces of optical fibers whose
symbols o f SOD are opposite. I nthe case ofnonlinear ¢ffect,1fwelaunch an
intense optical pulse to the fiber with operating wavelength situating at anomalous
dispersion region, the nonlinear up-chirp will occur through the SPM and at the
same time the linear down-chirp will be induced by the anomalous dispersion.
Since the chirp induced by SPM and chirp induced by SOD exhibit opposite
symbols, they wiil cancel each other during propagation inside resulting in pulse
compression or broadening depending on the input power of the pulse. If we enter
the optical pulse to the fiber with an appropriated power which is related to the
value of S, and pulse width, the nonlinear up-chirp and linear down-chirp will
cancel each other in such a way that no pulse compression and pulse broadening
during propagation. Such the optical pulse which can travel inside the fibers with
no change in pulse shape and spectrum by balancing the effect of SPM and SOD
refers to the optical soliton.

Figure 2.11 1 llustrates how the soliton can maintain its shape dunng the

propagation by the balance of frequency chirp by SPM and chirp by fiber SOD in
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anomalous dispersion region. Quaiitatively, in the absence of fiber loss, such

sotiton phenomena can be met at the balance point of SOD and SPM via the
condition: L, = L,,, which yields the input power £ required for conforming the

soliton for given f, and pulse width 7.

Using appropiate input signal power

Cancellation of negative chirp in anomalous dispersion region
by positive chirp induced from fiber nonlinearity

High-intensity
. input pulse

Output pulse
Nonlinearity balances with -,
§ T
Optical fiber
® w
oy oy

e =

Chirp characteristic Chirp characteristic

\

Optical soliton pulse
Special pulse that can maintain its shape during transmission

Figure 2.11: Soliton generated by the balance of SPM and SOD in anomalous

dispersion region.

The problems in soliton transmission systems are roughly classified into
the following three problems: the fiber loss, [4], [5], [42]-[44] the mutual
interaction between adjacent solitons [4], [45], and the Gordon-Haus effect [46],
[47]. To transmit soliton pulses through actual optical fibers, especially for a long
distance, it is necessary to consider the fiber loss. The fiber loss results in
exponentially increase of soliton width and decrease of soliton peak. It is
necessary to amplify the soliton periodically to maintain its power. With the
EDFA, the soliton power is amplified to amplitude larger than that required for
forming the fundamental soliton (the soliton in lossless fibers) so that its average

power along the fiber is still the fundamental soliton power. Such a soliton called
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the guiding-center soiiton [42] or average soliton [43], which 1s stable when the
ratio of the amplifier spacing and the soliton period is much less than unity [44].

In addition to the stability requirement, there are two other effects limiting
the capacity of soliton transmission. - When the solitons are closely spaced, the
mutual interaction changes the velocity of the solitons and causes the soliton to
move out of the detection window [4], [45]. On the other hand, the noise
introduced by the optical amplifier randomly modulates the carrier frequency of
the soliton, and the group velocity varies. This effect leads to the timing jitter and
1s known as the Gordon-Haus effect [46], [47].

In order to increase the transmission data rate of the T-M system with
soliton scheme, such as the power of soliton, the soliton separation, and the
bandwidth of the optical bandpass filter must be carefully designed to lower these

two effects.

2.6.4 Midway optical phase conjugation [48]-[52]

This kind of system performs optical phase conjugation (OPC) at the midpoint of
system in order to compensate both dispersive and nonlinear effects. Figure 2.12
shows s chematically the midway OPC system. T he optical p hase conjugatoris
placed at the midpoint of the system. Under the condition that all of the system
characteristics are symmetric with respect to the midway OPC, generating the
conjugate signal of the first-half-transmitted signal at the midway of the system,
all of the phase distortions induced in the first half are completely compensated via
the self-recovery effect of the conjugate signal when transmitting through the
second half of the system. However, in real transmission, three problems
including one from an asymmetric system characteristic occur and limit a

performance of OPC systems.
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Figure 2.12: Midway OPC system.

According to the nonlinear Schrodinger equation (NLSE) (Eg. (2-16))
which governs the propagation of signal pulses in an optical fiber, taking the

complex conjugation of NLSE, we obtain

4 a

- =t ——ﬂvaTl ﬂ; +rr\A|A (2-17)

where * denotes the complex conjugate operation. Eq. (2-17) describes the
complex conjugate amplitude of the signal A4 propagating in backward direction

through the fiber which exhibit reverse sign of & and ;. According to Eq. (2-16)

and (2-17) indicates that if we generate the complex conjugate of the distorted
pulses at the midway of a transmission link and let them travel through the second
half of the link, we will obtain the complex conjugate of the undistorted input
pulses at the output end. The nonlinear waveform distortion caused by the Kerr
effect and the SOD is thus perfectly compensated at the output end. However, to
achijeve the perfect compensation two conditions are needed.  First, the

transmission fiber of the second half must have negative §, while its £, still

keeps the same sign as that of first half. Second, the propagation of signal through
the second half requires a distributed gain instead of distributed loss since the sign
of « must be reversed.

According to the first requirement, the widely-used transmission fibers
such as the conventional single-mode fiber (SMF) and the dispersion-shifted fiber
(DSF) both exhibit positive TOD. Therefore, similar to other systems, the TOD in
OPC systems cannot be compensated by OPC but it just accumulates along the
system length and will also cause the signal waveform distortion [48], [49]. On
the other hand, the second condition can be satisfied only in an ideal lossless
medium. In real system with long distance transmission, a periodic lumped

amplification must be used for maintain signal power in order to obtain good
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signal-to-noise ratio (SNR) at receiver. The fiber loss and this periodic
amplification forms a periodic signal power distribution along the system length
and at the same time produces a periodic variation of fiber refractive index through
the Kerr effect of an optical fiber. By this process, it seems like a grating is
virtually constructed in the transmission fiber. As shown in Fig. 2.13, a resonance
between the virtual grating and the signal will occur at the signal sideband
component whose wave vector matches the wave vector of this virtual grating
resulting in exponential growth of that component with transmission length. This
phenomenon is known as the sideband instability (SI), which causes signal
waveform distortion if SI arises at frequency inside the signal bandwidth, which
cannot be eliminated by using optical bandpass filter [S0]-[52].

Qualitatively, SI can be considered as four-wave mixing (FWM) effect [4]
which is quasi-phase-matched by the assistance of the periodic power variation

induced virtual grating as the condition

k, +k_=2ky+k,. (2-18)
In Eq. (2-18), k, denote the wave number of the signal which acts as a pump, &,
the sideband wave numbers, and &, the wave number of the virtual grating which

1s given as

k=22, (2-19)

where n=0,+1,+2,... and [ 1s the amplifier spacing. The sideband frequency @,

shifted from the carrier frequency, at which SI arises is obtained from Eq. (2-18)
and (2-19) as

w, =+ \/I;—| (k,;n —25gn(,)P). (2-20)

where P is the path-averaged signal power. The power gain A(a),,)of SI at each

n-order resonance frequency is

Aw,)=2F,

Fn

, 2-21)
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where P, denotes the signal input power and F, the n-order of the Fourier series

coefficient of the periodic function a(z) whose period is equal to / /-

Optical power distribution

Signal component with wave number &} = 2n/ly
Signal component with wave number k2 = 4n/ly
ki = s 0,2 24P = 2mlly
Resonances occur at frequencies +m,, shifted from carrier frequency o, n=1,2.3,...

Optical spectrum

Carrier

(O] ml

9 (02
[OF

®
O 3ay,

Figure 2.13: The occurrence of SI in chain of periodic amplification.

In the absence of fiber nonlinearity, it is not necessary to install the optical
phase conjugator at the e xact midpoint of the system. The position to place the
optical phase conjugator theoretically can be moved to anywhere on the system.
The optical signal can restore its shape at the output end of fiber by adjusting the
accumulated dispersion at the end of system. However, in the presence of fiber

nonlinearity, when the optical conjugator is moved out from the midpoint,



31

optimum design strategies that can used for reducing the fiber nonlinearity must be

derived.



3. INVESTIGATION OF PROBLEMS IN ZERO-
DISPERSION WAVELENGTH TRANSMISSION BY
COMPUTER SIMULATIONS

By using optical amplifiers to compensate for fiber loss and setting signal carrier
wavelength at zero-dispersion wavelength (ZDWL) of the transmission fiber, the loss
and the second-order dispersion (SOD)-limited transmission distance can be

overcome. However, unitke present electronic repeater based systems where the pulses

are regenerative at each repeater, in optically amplified systems the accumulation of

higher-order dispersion, especially the third-order dispersion (TOD) and the amplifier
ASE noise become limiting factors in transmission distance or bit rate. Furthermore, it

is well known that o ptical fibers show nonlinear b ehavior under conditions o f high

power and long interaction length. In ZDWL region, the relevant power-distance

products for optically amplified systems can be so large as to make fiber nonlinearity a

dominant factor in determining the design of long distance systems.

Understanding how system performance is degraded by the TOD and the ASE

in the presence of fiber nonlinearity is crucial for designing this kind of system. In this

section, the problems encountered in the design of ZDWL transmission systems are

discussed. Section 3.1 discusses about the accumulation of amplifier noise. In section

3.2, we consider and demonstrate the problems induced from nonlinear interaction

between the Kerr effect and TOD. Section 3.3 is devoted to the nonlinear interaction

between the Kerr effect and amplifier noise.
3.1 Accumulation of Optical-Amplifier Noise

Accumulated ASE noise is by far the most important source of noise in the receiver.

As a result, a minimum optical power level will be required along the line so as to

obtain a sufficient signal-to-noise ratio (SNR)required for achieving good transmission
quality. Assuming that the amplifier gain exactly compensates the total loss between

successive amplifiers, for na., amplifier, the accumulated power of ASE noise Ny at
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the output end is given by Eq. (3-1).

Nlulal = N‘\'pnmnphf (G - 1) Bnpl : (3— 1)

where Ny, is the spontaneous emission factor, 4 is Planck’s constant, f is the carrier
frequency of the signal, G is the gain of the optical amplifier, and B, 1s the bandwidth

of the optical bandpass filter. Now, if we use the fact that the amplifier gain G must

offset the line loss between amplifiers, we find that @, = In(G), where L, is the

amplifier spacing. Thus we can replace n__ by aL/ln(G), to obtain

S et (f) =hf0aH(G) N'\,PL, (3-2)
where
G-1
H(G)= in(G)’ (3-3)

and L s total system length. The above equations show the rapid increase of the ASE

noise as the amplifier spacing, and hence their needed gain, increases.

Here we use the splitstep Fourier method (SSFM) for calculating pulses
evolution with the accommodation of ASE noise. The system is assumed to be zero
SOD system. The initial pulse train is a pseudo-random 16-bit NRZ signal. For
investigating only the accumulation of ASE noise, we neglect all the nonlinear effects
and the dispersive effects and no filter is employed to this system.

Figure 3.1 shows the result of the simulation with each curve represents the
pulse shape after propagating for every 5 amplifier. This is clearly seen that the ASE
noise is accumulated and increases linearly with the increment of the number of
amplifier. The accumulation of ASE noise will result in degradation of SNR ratio, and
hence the bit-error rate of the system, since the average power of the signal will be

maintained constant along the system length by the amplifiers but the ASE noise

increases according to Eq. (3-1).
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Figure 3.1: Accumulation of amplifier noise on pulse evolution.

3.2 Pulse Distortion by Interaction between self-phase modulation
effect and third-order dispersion

Propagation of short, intense optical pulses through single-mode fibers is of
considerable importance because of the current interest in high-capacity, long haul,
optical transmission systems. As pulses get shorter and more intense, both dispersive
and nonlinear effects become incfeasingly more important. Commonly one has
attempted to avoid the SOD-induced pulse broadening by operating the system at the

ZDWL at which the fiber has the same group velocity for all frequencies associated

with the pulse. The chromatic dispersion, however, does not vanish entirely at the
ZDWL, and the higher-order dispersion, especially the TOD should be considered for
an appropriate modeling of the propagation characteristics of single-mode fibers.

Even when the nonlinear effects are negligible, the TOD can distort and

broaden the optical pulses. The situation can change dramatically when the nonlinear
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effects become important and need to be considered together with the higher-order
dispersion. Agrawal has classified this problem into three categories [50] by using the
ratio R between the scales of nonlinear length and TOD length,

i _ 71::)7:)3
Ly, B

where L,, denotes the TOD length and L,, is the nonlinear length. y is the nonlinear

R= , (3-4)

coefficient, £, is the power of the signal, 7; is the signal pulsewidth, and f, is the
TOD parameter. These two scales have been discussed in [4]. The three categories of
the problem are thus identified as follows.

e When R>1, the SPM dominates over TOD.

e When R« 1, the TOD dominates over the SPM.

e When R =1, the two effects are equally important.

To evaluate the characteristic of the problem in each propagation regime, we
perform the numerical calculation based on the SSFM. The parameters used for the
calculation are listed as follows. The optical fiber isthe DSF with ZDWL at 1,550 nm.
£, =02 ps’/km and y =3.6 W'km™. The optical signal is a single Gaussian pulse
with input signal power of 20 mW. It should be noted that the peak power using for
calculation may be higher than practical system and the fiber loss is neglected. This is
because we set such parameters for emphasizing the problem. With these parameters,
the ratio R is calculated to be

R =0.26T;. (3-5)

If we set R = 1, the corresponded pulse width 7, will be

1

i

ol o b gl speen o 3¢
‘ (0.26] 3 (3-0)

A. Dominant Nonlinearity

This section considers the case of relatively broad pulses compared to the

characteristic width 7, (7, > T.) propagating in the fiber. We show the pulse

evolution and its spectrum evolution in Fig. 3.2 with each waveform is recorded afler

propagating every 10 km. The initial pulse width 7, =25 ps and its spectrum using for
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simulation are shown in Fig. 3.3 @ and (b). Figure 3.3 (¢)and (d) shows the results afier
propagating for 200 km. We note that the pulse shape is hardly changed whereas the

pulse spectrum has broadened considerably with an oscillatory structure. The spectral
broadening is a consequence of the SPM induced by the Kerr effect. The effect of

TOD is to introduce an asymmetry, seen clearly in the pulse spectrum of Fig. 3.3 (c).
This is, however, a2 minor effect in the regime where the nonlinearity is dominant.

B. Dominant TOD

In this section we consider the case of ultrashort pulses with width 7, < T,. The pulse
evolution and its spectrum evolution are shown in Fig. 3.4 with each waveform is
recorded after propagating every 20 cm. The initial pulsewidth 7, =50 fs and its
spectrum using for simulation are shown in Fig. 3.5 (@, and (b). Figure 3.5 (¢), and (d)

shows the intensity and spectral profiles of the initial pulse at the output end of a fiber

of length 4 m. In contrast to Fig. 3.5 (b), the spectral profile is almost 1dentical to the

initial profile. On the other hand, the pulse acquires significant structure on the

trailing edge appearing in the form of subpulses of decreasing amplitudes as T

increases.
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Figure 3.2: Optical pulse and its spectrum evolution where the fiber nonlinearity is

dominant, (a) pulse evolution, (b) spectral evolution.
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pulse, (by initial spectrum, (c) 200-km propagated pulse, (d) 200-km propagated

spectrum.
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Figure 3.4: Ultrashort pulse and its spectrum evolution where the TOD is dominant, (a)

pulse evolution, (b) spectral evolution.
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Figure 3.5: Ultrashort p ulse b efore and a fter p ropagation according to Fig. 3 .4,

initial pulse, (b)initial spectrum, (¢) 4-m propagated pulse, (d)4-m propagated spectrum.

It should be noted that the TOD-induced subpulses appear on the leading edge
when £, i1s negative. Since the nonlinearity does not play a significant role in the
TOD-dominant regime, the qualitative behavior can be reasonably well understood by

neglecting the nonlinear term in the NLSE and obtaining the approximated solution
using A iry function [ 17]. T he location o f subpulses v aries with distance. F urther,

their widths at a given distance are not the same and decrease slowly as their number
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Increases.

C. TOD and SPM Comparable
The preceding results have shown that depending on whether the SPM, or the TOD
dominates either the pulse spectrum or the pulse shape is mainly affected during

propagation. In this section we consider the important intermediate region wherein the
TOD and the SPM are comparable. As a result of interplay between the TOD and the

SPM, none of the analytic results are applicable.

We simulate again with an input Gaussian pulse with 7, =4 ps which is
comparable to the characteristic time 7, =1.57 ps. The pulse evolution and spectrum

evolution for distances 200 km are shown in Fig. 3.6 with each waveform represents
the pulse after propagating every 20 km. Figure 3.6 looks difficult to understand the
feature of the problem. We again show the pulse shape and its spectrum after
propagating 75 km, 125 km, 150 km, 175 km, and 200 km in Fig. 3.7 and Fig. 3.8,
respectively. According to Fig. 3.7 and Fig. 3.8, both the shape and spectrum are

affected during propagation.



42

Transmission Distanc

2\

==

N

xS
SN

&

1\

%

{ E S e T S |l v < = A O e e e e el

Transmission Distanc

-0.50 -0.25 0.00 0.25 0.50

Frequency [THz]
(b)

Figure 3.6: Optical pulse and its spectrum evolution when the TOD and the SPM are

comparable, (a) pulse evolution, (b) spectral evolution.
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Figure 3.8: Optical spectrum at several distances according to Fig. 3.6, (a) initial

spectrum, (b) 75 km, (©) 125 km, (d) 150 km, (¢) 175 km, and (f) 200 km.
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In particular, the dispersive effect governed by p, introduces oscillatory

structure in the pulse shape. However, in contrast to the result shown in Fig. 3.7, the

modulation in nct complete, ie, the intensity minimum does not go to zero. The

number of subpulses rapidly increases with the transmission distance due to the effect

of TOD. After 200 km, the pulse exhibits a large number of TOD-generated subpulses.

A remarkable feature is that the first subpulse is no longer the most intense one. This
can be explained that the SPM is shifting the power distribution among various
subpulses.

Back to the optical spectrum evolution shown in Fig. 3.8, the optical spectrum

1s dominated by two asymmetric peaks of the optical frequency. This double-peak
superstructure is the direct consequence of the SPM-induced spectral broadening of the

pulse propagating inside the fiber. The asymmetry is a result of the TOD. These
peaks are a manifestation of the periodic structure of subpulses in the pulse shape and
their frequency is approximately given by the repetition rate of subpulses. The
additional side peaks at twice the fundamental frequency also occur since the subpulse
structure 1s not exactly periodic.

In practical, the ZDWL system is operating with pulse width of over 10 ps.
This means that the system situates at the nonlinear regime. However, even the
system length becomes longer than the TOD length, the situation is finally changed to
the regime where the TOD and nonlinearity is comparable. This feature can also be
observed by extending the propagation distance of the simulation in this section.

To evaluate this problem encounting the real system we simulate the zero-

dispersion system by the initial 16-bit NRZ super Gaussian pulses instead of a single
pulse. A fiber loss and EDFA are also included to the calculation to make the
simulation similar to the real system as much as possible. The parameters used in the
simulation are the same as the above simulation setting. The fiber loss of 0.2 dB/km is
also added to the simulation with the periodic amplification for compensating this loss
at every 50 km. The input signal is a 16-bit NRZ super Gaussian pulse with one-bit
time slot of 100 ps. Therefore, the bit rate of this signal is 10 Gbit/s. The input power
is 5 mW. The pulse evolution and spectrum evolution for distances 5000 km are

shown in Fig. 3.9 with each waveform represents the pulse shape after traveling every
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250 km. We again show the pulse shape and its spectrum after propagating 1,250 kni,
2,500 km, 3,250 km, and 3,750 km, and 5,000 km in Fig. 3.10 and Fig. 3.11

?

respectively.
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Figure 3.9: 16-bit NRZ optical signal and its spectrum evolution at ZDWL when the

effects of TOD and SPM are comparable, (a) signal evolution, (b) spectral evolution.
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Figure 3.10: Optical signal at several distances according to Fig. 3.9, (a) initial pulse,

(by 1,250 km, (¢) 2,500 km, (d) 3,250 km, (e) 3,750 km, (f) 5,000 km.
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Figure 3.11: Optical spectrum at several distances according to Fig. 3.9, (a) initial

spectrum, (b 1,250 km, (¢) 2,500 km, «d) 3,250 km, (€) 3,750 km, (£ 5,000 km.
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According to the pulse width the system is clearly operating in the nonlinear
regime. As a result, the NRZ pulses remain unchanged at a distance of 1,250 km
while their optical spectrum is gradually broadening due to the SPM-induced spectrum
broadening. When the spectrum is broad enough for creating the frequency
components which satisfy the phase matching of a four-wave mixing (FWM) process,
new more frequency components are created and the center spectrum will act as a
pump which transfers its energy to the new components. This can be seen in Fig. 3.11
where the peak power of the spectrum decreases and the side-band new frequency
components rise up. After traveling 2,500 km where the dispersion length becomes
comparable the pulses start to break and have the oscillatory structure. The
corresponding spectrum in Fig. 3.11 (¢), as one would expect, shows the increase of
side-band frequency components and the decrease of center spectrum peak resulting

from the process of FWM.

For a distance over 2,500 km as shown in Fig. 3.11 (), (), and (f) the new

frequency components whose number increases rapidly with the distance become
more intense and comparable with the center frequency. They will lead to the large

pulse distortion as shown in Fig. 3.10 (), ©)and (f). Since the generation of the new

components almost occurs randomly, the distortion in pulse shape is unexpected. At

the distance of 5,000 km (Fig. 3.11 (f)), the center frequency c ompletely transfer its

energy to the side band. Some frequency components grow up rapidly and become the

most intense than others. The whole spectrum exhibits a noise-like shape and spreads

all over the background spectrum bandwidth. The corresponded distorted pulse shape

shown in Fig. 3.10 (f) also becomes noise-like as the pulses break into subpulses whose

intensity are randomly changed with a distance.

3.3 Enhancement of Optical Amplifier Noise by Kerr Effect through
Process of Four-Wave Mixing
In a system using optical amplifiers, the ASE noise form each amplifier is accumulated.

The total ASE power at the output end of a fiber has been shown and discussed in Eq.

(3-1). However, the interplay between the nonlinear refractive index or the Kerr effect



50

and the SOD of optical fibers enhances the ASE noise more than the amount shown in
Eq. (3-1).

Gordon and Mollenauer discussed the enhancement of the phase noise due to
the nonlinear refractive index [59], and Ryu observed such effect experimentally [60],
[61]. On the other hand, Marcuse pointed out that the parametric gain originated from
the FWM effect induces the excess amplifier noise near the ZDWL [62], [63]. Ryu
found that the transmitted signal is contaminated by the amplifier noise more seriously
in the negative dispersion region than in the positive SOD region [64]. Kikuchi first
showed the analytical treatment of this effect and his result confirmed Ryu's work that
the positive SOD is favorable for suppressing the enhancement of the ASE noise [65],
[66].

Kikuchi has classified the operating state of lightwave systems employing in-

line optical amplifiers into the three categories [65], [66]:
1. Normal state, where %|ﬂ2|(27rfm)2 > 2yP, , where f, is the modulated

frequency, the amplitude noise component and the phase noise component
transfer their powers with each other during propagation along the fiber.
However, in one repeater separation, the total ASE power is simply reduced by
the optical loss, and no excess noise 1s generated. The ASE noise power at the
output end is just the linear accumulation of the ASE power generated from

each amplifier given by Eq. (3-1).
1
2. Phase noise state, where £, >0 and 5\,82‘(27rfm )2 < 2yPF,, only the phase

noise component is enhanced by the Kerr effect resulting in the excess phase
noise. In the special case of ZDWL transmission, the bandwidth of the excess

phase-noise spectrum is extending indefinitely. It can also be interpreted that a
FWM process between the signal light and the ASE noise is phase-matched by

the Kerr effect resulting in the growth up of ASE noise. As a result, the signal
spectrum spreads to many times larger than its initial width, so that the signal
power will be lost by the coptical filter employed in the system. The
enhancement of the ASE noise through the FWM process is shown in Fig. 3.12.

Although the use of large bandwidth optical filter may be one choice to solve
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the problem, the SNR at a receiver will be degraded unavoidably by the large
amount of ASE noise which passes through the wide bandwidth optical filter.

The excess phase-noise severely degrades the performance of coherent

detection systems. However, in intensity-modulated-direct-detection (IM/DD)

systems, phase-noise is canceled at the receiver, which detects only the

absolute value of the square of the signal. The degradation of the IM/DD
systems only arises from the impossibility of filtering the noise inside the

bandwidth of the signal, saying in other word the signal-noise beat, since this

will reduce the detected signal power and degrade the SNR.
: 1
Modulation instability state, where S, <0 and Elﬂz‘(27rfm)2 < 2yP,, both

amplitude noise component and phase noise component grow up exponentially.
This effect is nothing but the modulation instability [4]. It can well be
explained that the phase noise component converted from the amplitude noise
component through the Kerr effect is constructively positive feedback by the
anomalous dispersion resulting in the exponential growth of both components
with the increase of transmission distance.

To confirm the above-mentioned theory, we perform computer simulations of

the noise enhancement effect on the ZDWL transmission. The parameters used for

setting up the simulation is listed as follows. T he optical signal is the 16-bit NRZ

super G aussian p ulse train w hose one-bit time slot 100 ps. T he peak power of the

signal is 5 mW. The system length is 5,000 km. The tramsmission fiber is DSF with

typical parameters used in above calculations. The optical amplifiers are used with

amplifier spacing of 50 km. After amplification, the optical amplifier adds noise to the

signal with the spontaneous emission factor N, of 1.6. The ASE noise is added to the

simulation by generating spectral components whose real and imaginary parts are zero-

mean independent Gaussian random variables whose variance is chosen to produce an

average noise power per amplifier of

N, = Nsphf(G—l)%, (3-7)
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where 1/T is the bandwidth occupied by one Fourier component of the discrete
Fourier spectrum whose time base of T = 1.6 ns contains the 16-bit pulse train. A
complex Gaussian random variable of this kind 1s added to each Fourier component of
the spectrum after each amplifier. The TOD is neglected here because we intend to
concentrate only to the problem induced by the interplay between the ASE noise and

the Kerr effect. An optical band-pass filter is not applied to the simulation for

avoiding an undesirable loss caused by the filter, which occurs in relative-long

distance zero-dispersion system.
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Figure 3.12: Four-wave mixing arising from ASE noise.

Figure 3.13 shows the results of the simulation in context of pulse train
evolution and its spectrum evolution. The pulse shape and its spectrum at distance 0

km (input end), 1,000 km, 2,000 km, 3,000 km, 4,000 km, and 5,000 km are shown in
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Fig 3.14 and Fig. 3.15, respectively.
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Figure 3.13: 16-bit NRZ signal and its spectrum evolution at ZDWL in the presence of

nonlinear interaction between Kerr effect and amplifier noise, (a) signal evolution, (b)

spectral evolution.
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Figure 3.14: Optical signal shape at several distances according to Fig. 3.13, (@ input

end, (b) 1,000 km, (¢) 2,000 km, (d) 3,000 km, (¢) 4,000 km, (f) 5,000 km.



56

= 10 2 04
o 5 o
2 038 203 ¢
5 0.6 i
3 0.4 E’ 02 1
O o]
z 0,0 1 1 A 1 1 L 1 1 1 2 Z 0.0 P | L L n [l A A I
-0.3 -0.2-0.1 0.0 0.1 0.2 03 -0.3 02 0.1 0.0 0.1 02 03
Frequency [THz] Frequency [THz)
(a) (b)
‘@ 010 p 2 0.03
2 008 &
N . N
£ 004 = 001
E 002 ¢ £ !
Zo 0,00 Zo O0,0 RSP Ay st IR
-0.3-0.2-0.1 0.0 0.1 0.2 0.3 -0.3-0.2-0.1 0.0 0.1 0.2 0.3
Frequency [THz] Frequency (THZ]
(c) (d
2 003 2 0.03
2 r 5 i
c —
- 0.02 E 0.02
g 3T
= 0.01 = 001
: :
2 0.00 S 0.00
-0.3-02-0.1 0.0 0.1 02 03 -03-0.2-0.1 0.0 0.1 0.2 03
Frequency [THz] Frequency [THz]
(e) ®

Figure 3.15: Optical spectrum at several distances according to Fig. 3.14, @ input end,

) 1,000 km, ©)2,000 km, () 3,000 km, (e)4,000 km, ¢f) 5,000 km.



57

As appearing in signal and spectral evolution in Fig. 3.13, the amount of noise
on the signal is accumulated and is increasing with the increase of distance while its
spectrum spreads rapidly over the whole spectrum bandwidth and finally becomes

noise-like. According to the above-mentioned, it should be noted here that the

accumulation of the noise on the signal shape is the linear accumulation since the
system is operating at the phase noise state where only the phase noise will be
enhanced by the Kerr effect so that the enhancement factor of the amplitude noise is

still unity. Moreover, at the square-law detector, which only detects the power and the
power fluctuation of the signal caused by the amplitude noise, phase-noise is canceled.

By this reason, the accumulation of the ASE noise in ZDWL systeins 1s linear.

However, the excess phase-noise results in the indefinite-spreading of the

optical spectrum by the FWM process between the signal and the ASE noise, as

discussed above. As a result, in order to maintain the signal power, the optical band-

pass filter applied to this kind of systems must have a wide bandwidth. This will lead

to the degradation of the signal-to-noise ratio at a receiver by the large amount of ASE

noise, which passes through the wide bandwidth optical filter.

To understand how the nonlinear interaction of signal and noise has influenced
the signal transmission, we perform the simulation again by ignoring the Kerr effect,
leaving other parameter unchanged. The results in signal evolution and its spectrum
evolution are shown in Fig. 3.16. The signal and its spectrum at distance 5,000 km are
shown in Fig. 3.17.

By neglecting the Kerr effect, the operating state of the system 1is
approximately situated in normal state and all of the enhancement factors become
unity. Thus, it is obvious that the accumulation of ASE noise is linear. The result
from Fig. 3.16 makes clear that the noise accumulation in ZDWL system is also linear
since the signal in Fig. 3.16 are almost the same as that of ZDWL which is shown in

Fig. 3.13. The spectrum in Fig. 3.17 (@ is almost indistinguishable from the input

spectrum; the ASE noise contributed by the amplifiers is not visible on the scale of
this linear plot. This result accounts for the different characteristic between the linear

systems and the nonlinear zero-dispersion system or, in other words, the different

operating state of the systems.
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Figure 3.16: 16-bit NRZ signal and its spectrum evolution at ZDWL in absence of the

Kerr effect (normal state of noise), (@) signal evolution, (b) spectral evolution.
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Figure 3.17: Optical signal and spectrum according to Fig. 3.16, (a)signal at 5,000 km,
(b) spectrum at 5,000 km.

To explore the problem further, we repeat the simulation of the same single
wavelength channel in the presence of the Kerr effect and ASE noise, but this time we

place the operating wavelength slightly off the zero-dispersion point. This can be done
by assuming that 3, =0.2 ps®/km. This means that we are operating in the same state
as the zero-dispersion (phase-noise state) but, however, in the presence of SOD. How

this slight shift in operating wavelength affects the signal transmission is shown in Fig.
3.18 by the signal and its spectrum evolutions. The signal and its spectrum after 5,000

km are also shown in Fig. 3.19.
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Due to the SOD induced pulse broadening, the pulses are gradually broadening
with the increase of distance. After 2,000 km the pulses broaden over each other and
become undistinguishable whether ZERO or ONE. Since the operation wavelength is
placed very near the ZDWL point, the spectrum are also gradually broadening but by

the slower rate than that of zero-dispersion.

Next, we perform the further simulation of signal transmission in modulation

instability state by placing the operating wavelength at the anomalous dispersion
region. This is done by.changing the sign of S, (ﬂz = ~O.2psz/km) and leave other

parameters unchanged. The signal and its spectrum evolutions are shown in Fig. 3.20.
The signal and its spectrum after 5,000 km are also shown in Fig. 3.21.

After 1,000 km the signal start to break itself into subpulses which exhibit very
shape spikes. This is resulted from the modulation instability generated subpulses
occurring from the nonlinear interaction between ASE noise and signal as discussed

above. As the result, the output spectrum, as shown in Fig. 3.21 ), is broader than

those of Fig. 3.17 (d)and Fig. 3.19 «d), however, narrower than that of zero-dispersion.
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Figure 3.20: 16-bit NRZ signal and its spectrum evolution in modulation instability

state, (a) signal evolution, (b) spectral evolution.
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3.4 Nonlinear Signal Transmission at ZDWL in the Presence of TOD
and ASE Noise

In real system, we cannot consider the two problems discussed above separately as the
TOD and ASE noise exist and interplay with the signal through the processes of
nonlinear effects during the transmission. To evaluate the problem that occurs in the
presence of TOD and ASE noise, we perform the computer simulation without
neglecting these two parameters. The system parameters set for the simulation are the

same as used in the previous section and S, is 0.2 ps’/km.

Figure 3.22 shows the results of the simulation by signal evolution and its

spectrum evolution. The pulse shape and its spectrum at distance 0 km (nput end),

1,000 km, 2,000 km, 3,000 km, 4,000 km, and 5,000 km are shown in Fig. 3.23 and
Fig. 3.24, respectively. Comparing distance by distance to the results of the
simulations when we consider only the nonlinear interplay between signal and the
TOD or the signal and ASE noise, the signal distortion in Fig. 3.23 1s more severe and
the pulses exhibit a complicated shape. During the transmission, the pulses have a

slight broadening and a small time-shifted in their trailing directions, which increase

with the distance. These appearances are mainly caused by the interplay between the
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Kerr effect and the TOD.
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The spectrums of the signal shown in Fig. 3.24 appear in broadened structures.
However, the spectrum here seems to have a slower rate of broadening and the most
intense peak still situates near the center of a spectrum bandwidth. Furthermore, the

spectrum in Fig. 3.24 (f) exhibits two-peak structure. This may be resulted from the

TOD. However, the main degradation of system performance, as one would expect,
still arises from the degradation of SNR ratio resulted from large amount of noise
which enters a recejver through wide bandwidth optical filter used for maintaining the
signal power.

For conclusion, even though the distortion of the signal and the spreading out
of its spectrum are induced to occur by the nonlinear interplay, it is not difficult to
understand that the pulses may still be recognized in the time domain. In region where
there 1s no signal there is also no interaction, so that in a spatial and temporal
description there is no nonlinear interaction at the position of a logical ZERO. The
interaction deforming the logical ONEs travels at the same velocity as the pulses. since
we operate at the point of zero dispersion. Thus, although the pulses become
deformed, they do not lose their identity and can still be recognized. The main
degradation of the system performance is due to the fact that the spectrum would have

been constrained by the inline-optical filters which cause not only a loss of energy but

also additional pulse distortion. However, even though the pulses may still be
recoverable if given sufficiently wide filters, the spreading of the spectrum is
intolerable since it forces us to admit too much undesirable noise to the receiver,

degrading the SNR.



4. PERFORMANCE IMPROVEMENT OF THAILAND-
MALAYSIA SUBMARINE FIBER-OPTIC SYSTEM USING
OPTIMIZED ZERO-DISPERSION TRANSMISSION

In this chapter, we present simple and practical approaches, together with design
schemes for achieving the maximum performance, using the zero-dispersion
wavelength (ZDWL) transmission and the optical amplification. To our
knowledge, this is the first time that the design guideline for the ZDWL
transmission is presented. Following our guidance, the possibility of increasing
data rate in the 1,318-km-long Thailand-Malaysia (T-M) submarine system from
560 Mbit/s to 80 Gbit/s is numerically shown.

4.1 Design for Achieving Maximum Performance in ZDWL

Transmission

The advantage of the ZDWL system to other types of systems mainly originates
from its simplicity of system configuration. By only placing the carrier
wavelength at zero-dispersion wavelength of optical fiber, the limitation of the
system performance due to the fiber second-order dispersion (SOD) is easily
overcome. However, for long-haul high-speed transmission, strong Kerr effect, as
well as the third-order dispersion (TOD) at ZDWL cause serious problems to the
signal transmission, resulting in poorer performance compared to other non-zero-
SOD systems. Nevertheless, we present here that the ZDWL transmission using
optical amplifiers with optimum design is very simple and very cost-performance
scheme for sufficiently increasing the data rate of the installed fiber systems.

In order to break through the electronic bottle-neck, the first step of
upgrading is to replace the electronic repeaters with the optical amplifiers. Then,
the second step is to find the optimum input signal power and the optimum
bandwidth of an optical bandpass filter (OBPF) which gives the maximum
performance of the system. The increase in input signal power improves the SNR
at a recejver, at the same time, results in the system penalty due to the Kerr effect.
The optimum power will exist at the balance point of these improvement and
degradation. On the other hand, since the self-phase modulation (SPM) via the

Kerr effect causes rapid spectrum broadening at ZDWL, the maximum system
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performance will be reached when we use the OBPF with an appropriate
bandwidth that collects all signal spectra with the least amount of noise.
For overcoming the signal distortion induced from the TOD, the third step

is to calculate the TOD length ( L,, ) and the nonlinear length of the system (L, ),

which are defined in [4]. These characteristic lengths can be interpreted as the

distance where those effects become significant. When L, 1s longer than system
length, no TOD compensator is needed. On the other hand, if L,, 1s shorter than

the system length, we have to install the TOD c ompensators periodically at the

length shorter than L , to avoid the interplay between the TOD and the Kerr effect.

nl
To further increase the data rate, the span should be shortened in order to obtain
good SNR with the use of low input signal power. Then, the Kerr effect is

consequently reduced.

4.2 Computer Simulations

To demonstrate the efficiency of our proposed upgrading scheme, we consider the
T-M submarine system as the simulation model. The system starts from
Petchburi, Thailand, ends at Chugai, Malaysia, with total length of 1,318 km. The
fiber is the DSF. The electronic repeaters are periodically placed at a span of 100
km with the last span of 118 km. The system operates with single channel with
the data rate of only 560 Mbit/s.

In the simulations, the optical signal is composed of a 32-bit
pseudorandom RZ Gaussian pulse train with a duty cycle of 0.5. The fiber loss
coefficient, the TOD, and the fiber nonlinear coefficient of dispersion-shifted fiber
(DSF), respectively, are typical values of 0.2 dB, 0.06 ps/km/nm, and 2.6 W™'km'".
The SOD is assumed to randomly fluctuate around ZDWL point every 2 km with a
-varience of 0.5 ps/km/nm. The optical amplifier produces ASE noise in process of
amplification with a noise figure of 5.3 dB. At the end of system, the bandwidth
adjustable OBPF 1is placed. The TOD compensator i1s an ideal device that
multiplies the signal with negative amount of linearly accumulated phase shift
caused by TOD.

The propagation of the optical pulse is calculated by solving the nonlinear

Schrodinger equation by the split-step Fourier method (SSFM) [4]. The
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integration step size of SSFM is always chosen at the value that gives a step size
error less than 0.01 %. The receiver is modeled by a sixth-order Bessel-Thompson
fow-pass filter, followed by a bit-error rate (BER) detector. The system
performance is evaluated in terms of the numerical BER. The bandwidth of the
OBPF is always adjusted to obtain the minimum BER.. To calculate the numerical
BER of the detected signal, the simulation js repeated 128 times. The numencal Q
factor of every bit is then individually calculated at the maximum eye-opening
point of the bit period. Based on the assumption of the Gaussian noise
distribution, the numerical BER is computed from the bit numerical Q factor and

1s averaged over the entire bits.

A. 40-Gbit/s Data Transmission
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Figure 4 .1: Numerical BER o fthe transmitted 4 0-Gbit/s signal as a functionof
OBPF bandwidth for several input signal powers.

We start the simulation with the data rate of 40 Gbit/s, which is the bottie-
neck speed of the electronic repeaters. Figure 4.1 shows the numerical BER of the
transmiitted 4 0-Gbit/s signal as a function o f O BPF bandwidth for several input
signal powers. The minimum BER is obtained with the optimum power of 2.5
mW (shown by spaced circles) and the OBPF bandwidth of 80 GHz. In Figure 28,
the BER are obtained without using TOD compensator. With defining BER = 10
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° which is commonly used for the limitation in lightwave systems, as the system
limitation, the T-M system can be upgraded for 40-Gbit/s data transmission by
only using ZDWL and replacing electronic repeaters with optical amplifiers.
Figure 4.2 (b) shows the 40-Gbit/s signal using the input power of 2.5 mW
and the bandwidth of the OBPF of 80 GHz, compared with its input waveform
shown in Fig. 4.2 (a). The signal which 1s composed of a 32-bit pseudorandom
RZ Gaussian pulse train with a full-width at the half maximum (FWHM) of 12.5
ps (duty cycle = 0.5). From Fig. 4.2, sufficiently good output signal waveform is

observed.
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Figure 4.2: (b) Output waveform of this 40-Gbit/s signal using the input power of
2.5 mW and the bandwidth of the OBPF of 80 GHz, compared with (a) its input
waveform. The signal is composed of a 32-bit pseudorandom RZ Gaussian pulse

train with a full-width at the half maximum (FWHM) of 12.5 ps (duty cycle = 0.5).

For this 40 Gbit/s data transmission, the employment of TOD compensator

may not give significant improvement of the BER since L, (= 4,430 km) is much

longer than the system length. Therefore, in this case, the TOD still does not

appear to affect the signal propagation. Figure 30 shows the BER of the
transmitted 40-Gbit/s signal with the input power of 2.5 mW, as a function of
OBPF bandwidth when the TOD compensators are used in several schemes,
compared with the SNR-limited BER (shown by spaced circles), the BER where
the TOD is neglected (shown by squares), and the BER without the TOD
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compensation (shown by reversed triangles). It should be noted that the SNR-
limited BER 1is calculated by neglecting the nonlinear coefficient of the DSF and
performing the TOD compensation at the end of the system. As predicted, the use
of 13 TOD compensators placed periodically at the output of every amplifier
(shown by diamonds) or the use of only one TOD compensator at the end of the
system (shown by triangles) can only slightly improve BER. This result mentions

that the TOD compensation is still not necessary at this speed of data transmission.
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Figure 4.3: BER of the transmitted 40-Gbit/s signal with the input power of 2.5
mW, as a function of OBPF bandwidth when the TOD compensators are used in
several schemes, compared with the SNR-limited BER, the BER where the TOD
is neglected, and the BER without TOD compensation.

When the TOD is completely neglected (shown by squares), the BER
becomes the worst because the TOD intrinsically ¢ auses the decrease of optical
signal peak power and the asymmietrical broadening of optical signal pulse,
therefore, the existence of TOD along the transmission can help reducing the
nonlinear waveform distortion caused by the Kerr effect which is very strong in
the zero-dispersion wavelength transmission scheme. Also, the difference in BER
between the SNR-limited BER and the TOD-compensated B ER originates from

the signal waveform distortion induced by the Kerr effect.
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B. 80-Gbit/s Data Ttransmission
To explore whether the system is capabie for higher transmission rate, we perform
the computer simulation based on the signal with a data rate of 80 Gbit/s. Figure
4.4 shows the numerical BER of the 80-Gbit/s signal after transmission, as a
function of OBPF bandwidth for several input signal powers. The BER less than
107 cannot be obtained for all input powers and all OBPF bandwidth values. This
1s due to large amount of noise is generated through the very high amplifier gain in
order to compensate the fiber loss in relatively long amplifier spacing (100 km).
The noise will be strongly enhanced by the Kerr effect induced the conversion of
amplitude noise components to phase noise components along the transmission in
ZDWL [2]-[4]. This results in rapid signal spectral broadening and consequently
brings large amount of noise entering the receiver.

In order to achieve the BER less than 10” for the transmission of this data
rate, the first strategy is to reduce the amplifier span to 50 km with last span of 68
km. This will require the use of the optical amplifiers double in number. Figure
4.5 shows the results of the 80-Gbit/s data transmission using the 50-km span for
several input signal power as a function of the bandwidth of the OBPF. From Fig.
4.5, the optimum power is 1 mW and the optimum OBPF bandwidth is 80 GHz. It
should be noted that the optimum power of this data rate is lower than that of the
data rate of 40 Gbit/s because the improvement in the SNR due to the use of
shorter span. However we cannot achieve BER < 10° with these optimum

parameters. This is mainly resulted from the TOD because L, (= 554 km)

becomes shorter than the system length.
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Figure 4.4: Numerical BER of the 80-Gbit/s signal after transmission, as a

function of OBPF bandwidth for several input signal powers.
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Figure 4.5: Numerical BER of the 80-Gbit/s signal after transmission with the

amplifier span is reduced to 50 km, as a function of OBPF bandwidth for several

input signal powers.

In order to improve the BER characteristic of the data transmission at bit
rate of 80 Gbit/s, we investigate the transmission performance of the system when

the TOD 1s compensated. Figure 4.5 shows the BER of the transmitted 80-Gbit/s
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signal with the input power of 1.0 mW and the span of SO km as a function of
OBPF bandwidth when the TOD compensators are used in several schemes,
compared with the SNR-limited BER (shown by reversed triangles), the BER
where the TOD is neglected (shown by circles), and the BER without the TOD

compensation (shown by diamonds).
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Figure 4.6: BER of the transmitted 80-Gbit/s signal with the input power of 1.0
mW and the amplifier span of 50 km, as a function of OBPF bandwidth when the
TOD compensators are used in several schemes, compared with the SNR-limited
BER, the BER where the TOD is neglected, and the BER without TOD

compensation.

From the results in Fig. 4.6, the use of only one TOD compensator placed
at the end of system (shown by squares) can significantly tmprove the BER to be
lower than 10°. The minimum BER for this case obtained by setting the

bandwidth of the OBPF at 240 GHz. Since L, for the 1-mW input power is 980

km, the placement of TOD compensators at the output end of each amplifier
{shown by triangles) yields better BER because the accumulated the TOD is reset
before turning to interplay with the Kerr effect. However, when the use of only

one TOD compensator gives the BER less than 10, we should use only one TOD
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compensator in order to help reducing the system cost. The output of the signal
with the data rate of 80 Gbit/s using the input power of 1 mW, the bandwidth of
OBPF of 240 GHz, the 50-km amplifier span with one TOD compensator placed

at the end of system is shown in Fig. 4.7.
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Figure 4.7: Output of the signal with data rate of 80 Gbit/s using the input power
of 1 mW, the bandwidth of OBPF of 240 GHz, the 50-km amplifier span with one

TOD compensator placed at the end of system.

C. 100-Gbit/s Data Transmission

We further investigate for the possibility of the transmission at higher data rate of
100 Gbit/s. Figure 4.8 shows the BER of the 100-Gbit/s signal at the output of the
system where the amplifier is chosen at 50 km, and the TOD is not compensated.
The BER 1s shown as a function o f the bandwidth o f O BPF w ith several i nput
signal powers. The optimum.input signal power, found from Fig. 4.8, is 1.0 mW.

However, we cannot reach the BER below 10° with this input power.
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Figure 4.8: BER of the 100-Gbit/s signal at the output of the system as a function
of the bandwidth of OBPF with several input signal powers. The amplifier is 50
km, and the TOD is not compensated.
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Next, we employ the TOD compensators to the system. Figure 4.9 shows
the BER of the 100-Gbit/s signal using the optimum power of 1.0 mW, the TOD
compensators, and the span of 50 km as a function of OBPF bandwidth. In Fig.
4.9, although the TOD compensators are employed, the minimum BER we
achieved is about 107, which is not a sufficient value for the optical data
transmission we expected. The main problem that causes limitation on this ultra-
high bit rate transmission is the degradation from the Kerr effect. To achieve such
ultra-high bit rate transmissior. as well as to further increase in the bit rate of this
system, some strategies for reducing the Kerr effect such as the dispersion

management concept [5] should be employed.



5. DISPERSION MANAGEMENT: TRANSMISSION OF
SIGNAL AT ZERO-DISPERSION ON AVERAGE AND
PERFORMANCE IMPROVEMENT OF THAILAND-
MALAYSIA SYSTEM USING OPTIMUM-DESIGNED
DISPERSION-MANAGED TRANSMISSION

As discussed above, fiber systems whose operation wavelength is located directly
at the zero dispersion wavelength (ZDWL) point encounter problems mainly
induced by the nonlinearity of optical fibers. Since the second-order dispersion
(SOD) length defined in [4] becomes infinity and no longer is c ompared to the
nonlinear length at ZDWL point, the nonlinearity becomes stronger and pays
important role in limiting the system performance. In order to avoid the nonlinear
problems, a very slight displacement of a carrier wavelength from the ZDWL may
be one way to alleviate the problems.

Furthermore, the more sufficient method is to arrange the various sections
of fiber in such a way that none or only very few of them have ZDWL that
coincide with the carrier wavelength while the total fiber exhibits zero dispersion
on average. A method for construction a fiber system which consists of fiber
sections that are arranged such that the dispersion of each amplifiers span is zero
at the operation wavelength are generally called the dispersion management.

In this chapter, we numerically investigate the effectiveness of the optical
amplification and the dispersion management in upgrading the electronic-repeated
1,318-long T hailand-Malaysia ( T-M) s ystem. By designing s ystems to work at
optimum conditions, the possibility of increasing data rate in single-channel from
560 Mbit/s to 80 Gbit/s without reducing the amplifier span, or to 100 Gbit/s with
reducing the span to be a half, and in wavelength division multiplexing (WDM)
scheme to 6x10 Gbit/s, are demonstrated by computer simulations. This chapter is
organized as follows. In section 5.1, we demonstrate that the dispersion
management has several advantages in reducing the signal distortion induced from
the Kerr effect, which has been shown to be very severe around ZDWL. Section
5.2 discusses about the optimum design rules for the dispersion management

method including the concept of the transfer function analysis. In section 5.3, the
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performance improvement results of employing the dispersion management to the
T-M system are shown. In section 5.4, we further extend the dispersion
management to the wavelength division multiplexed system. The numerical

results for upgrading the T-M system with the use of dispersion-managed WDM

are also shown in this section.

5.1 Dispersion Management: Transmission of Signal at Zero-
Dispersion on Average

The i1dea of dispersion management comes from the completely cancellation of the
frequency chirp resulting in the recovery of the pulse shape. If we consider the
fiber section consisting of two pieces of fibers with the same value of SOD but
different symbols (+ and -) shown in Fig. 2.10. This section of fiber exhibits the
zero dispersion on average. An optical pulse launched to this fiber will be
frequency-chirped induced by the SOD. The pulse will be broadened due to the
SOD-induced pulse broadening. However, when the pulse is entered to the fiber
which exhibits the opposite SOD symbol, the frequency chirp occurs in the

opposite direction so that it will cancel the chirp induced by the first fiber resulting

in pulse compression.

Amp. Amp.
\/ 50km >
8 -
B
=%
&
5 exact zero
R e EEREEet
&
&
2
4
0 10 20 30 40 50

Fiber Length [kim]

Figure 5.1: Dispersion management pattern.
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Figure 5.2: 16-bit NRZ signal and its spectrum evolution in the dispersion
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Figure 5.3: Optical signal shape at several distances according to Fig. 5.2, (a)
initial pulse, (b) 1,000 km, (c) 2,000 km, (d) 3,000 km, (e) 4,000 km, (f) 5,000 km.
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Figure 5.4: Optical spectrum at several distances according to Fig. 5.2, (a) initial

spectrum, (b) 1,000 km, (c) 2,000 km, (d) 3,000 km, (e) 4,000 km, (f) 5,000 km.
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To show the characteristics of pulse propagation in dispersion management
systems and to compare to the exact-zero dispersion systems, we perform a
numerical simulation based on a SOD distribution in each amplifier span as shown
in Fig. 5.1. This can be realized by connecting the short piece of fiber which
exhibits large value of anomalous dispersion to the longer fiber which exhibit
normal dispersion in such a way that the total average SOD becomes zero. The
shorter fiber is commonly called dispersion-compensated fiber (DCF). It should
be noted that the first fiber is required to exhibit the normal dispersion since the
power of the pulse is still intense so that if we use the anomalous dispersion fiber
the nonlinear interaction between noise and signal will give rise to pulse distortion
since the system is operating in modulation instability state. Therefore, it is
favorable to use the normal dispersion region of the fiber.

The parameters set up for the simulation in this section are shown as
follows. The signal is the 16-bit NRZ super Gaussian pulse train with data rate of
10 Gbit/s (1-bit time slot = 100 ps). The input power is S mW. Other parameters
used for simulations are the same as used above. The optical bandpass filter is not
applied. Figure 5.2 shows the results of the simulation by signal evolution and its
spectrum evolution. The pulse shape and its spectrum at distance Okm (initial),
1000 km, 2000 km, 3000 km, 4000 km, and 5000 km are shown in Fig. 5.3 and
Fig. 5.4, respectively.

As expected, the spectrum is narrower than the spectrum of exact-zero
dispersion case. The increase of noise in signal evolution in Fig. 5.2 and signal
waveform in Fig. 5.3 shows the linear accumulation and no pulse broadening is
observed. The slight pulse compressing and the increase in peak of single pulse
may be resulted from the incomplete cancellation of frequency chirping caused by
nonlinear chirping.

Next, we simulate again by including the nonlinearity but ignoring the
ASE noise. The signal waveform and its spectrum after 5000 km are shown in
Fig. 5.5 (a) and (b). The pulse compression and increase in peak of single pulse
are observed. This is clearly proved that the compression of pulse resulted from
the incomplete compensation of frequency chirping. The optical spectrum in Fig.

5.5 (b) is almost the same as that of Fig. 5.4 (f) showing that the spectrum
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broadening is mainly caused by the nonlinearity such as the SPM or the F WM
rather than the nonlinear interaction between ASE noise and signal.

The SPM itself plays dominant role in spectrum broadening. The FWM
may be the consequent effect of SPM occurs when the spectrum is broad enough
to create the component which can satisfy the conditions of FWM. However,
when the dispersion exists, the phase mismatch increases with £, [4] so that the
spectrum spreading caused by FWM is not severe as that of exact-zero dispersion
systems.

Since the spectrum of the signal transmitted in the dispersion management
system 1s clearly narrower than that of exact-zero dispersion case, the application
of narrower bandwidth o ptical band-pass filter b ecomes possible. For example,
according to Fig. 5.3 we can use the optical filter whose bandwidth narrower than
that of exact-zero dispersion system so that the noise which enters the receiver will
decrease resulting in improvement SNR and consequently the BER. In Fig. 5.3,
the bandwidth that matches to the spectrum may be 300 GHz so that we simulate
the system again with this optical filter with 300-GHz bandwidth. The result,
shown in Fig. 5.6 by the signal and its spectrum at the output end 5000-km fiber,
confirms the possibility of filtering the signal. According to this result, for long-
haul transmission, it is clear that the dispersion management system has greater

performance than the exact-zero dispersion systems.
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5.2 Design for Achieving Maximum Performance in Dispersion

Managed Systems

When the electronic repeaters are replaced with optical amplifiers in long-haul
high-speed system, efficient methods for compensating such signal distortion
induced from fiber SOD and Kerr effect must be employed. The dispersion
management is to arrange the various sections of fiber in such a way that none or
only very few of them have ZDWL that coincide with the carrier wavelength while
the total fiber exhibits zero SOD on average. Because the SOD exists along the
transmission, we can achieve the‘ compensation of the SOD and, at the same time,
the reduction of fiber nonlinearity with this method. Not only in single-channel
transmission, the dispersion management becomes a necessary method that is
widely applied in practical WDM transmission systems. Since the signal
distortion in WDM systems mainly causes from the cross-phase modulation
(XPM) effect [4] and the four-wave mixing (FWM) effect, both originated by the
Kerr effect, the use of dispersion management yields the possibility of increasing
the difference in signal group velocity among channels, which consequently
reduces these two effects.

The concept of dispersion management is to cancel the accumulated SOD
by using negative value of SOD. This can be implemented by using the
combination of various fibers or the combination of fibers with several SOD
compensating devices.

The transfer function is a powerful method for roughly designing the
dispersion management systems. The transfer function can be derived by using
the small-signal approximation [28]. In this section, we calculate the transfer
function of the T-M system when the dispersion management is employed. The T-
M system has total length of 1,318 km. The transmission fiber is DSF. The
electronic repeaters are periodically placed at span: L of 100 km with the last span
of 118 km. The system operates in single channel with the data rate of only 560
Mbit/s.

In the calculation, we assume the typical parameter of DSF. The fiber loss

coefficient and the nonlinear coefficient of DSF are 0.2 dB/km and 2.6 W 'km™,

~
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respectively. The SOD: D for transmission is -0.2 ps/km/nm. Tae DM period: /,

is the same as the amplifier span of 100 km. The dispersion management is done
by reseting the accumulated SOD with a SOD compensator that is assumed to be a
module installed in the optical amplifier. The path-averaged power within a 100-
km amplifier span 1s 0.7 mW. We calculate the transfer function for only 12
amplifiers (1,200 km) because the last amplifier spacing is 118 km, which is not
the period of 100 km.

Figure 5.7 shows the transfer functions for amplitude modulation

components: 7, and phase modulation components: 7, , as a function of signal

frequency shifted from carrier frequency. The ideal transmission is given by
T,=land 7, =0. In Fig. 5.7, T, reduces to its minimum point below 1 at a
specific frequency. We should define that point as the transmission window of the
system. This is because the signal frequency exceeding this point cannot transmit
withoﬁt distortion. Within the transmission window, the signal will not suffer
severe distortton except the enhancement of the phase noise because 7, >1. For
this system setting, the result from Fig. 5.7 indicates the possibility of about 40-
Gbit/s data transmission on T-M system when the DM is employed.

The transmission window width obtained from Fig. 5.7 is very important
parameter for evaluating the transmission performance of a DM system. Figure
5.8 shows how the window width varies with the changes in /, and signal power.
It should be noted that the minimum signal power required for signal transmission
is determined by the SNR limit of the receiver. Figure 5.8 shows that the

transmission window width greatly increases with the reduction 1n /,, but slightly
decreases with the increase in signal power. The use of smaller /, yields wider
window width. However, with very small /,, the signal feels like propagating

without the existance of SOD, therefore, the signal will suffer with high fiber
nonlinearity. Thus, for design point of view, we should design the window width
as small as the signal bandwidth to achieve the undistorted transmission and, at the
same time, reduce the enhancement of phase noise and other signal distortions

from fiber nonlinearity.
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Figure 5.7: Transfer function characteristics of amplitude modulation components

and phase modulation components in the T-M system employing dispersion

management.

For long-haul, high-speed transmission, relatively low D 1s also required
to increase the window width. This can be achieved by placing the carrier
wavelength near ZDWL. In fact, the concept of transfer function does not account
for the signal spectral broadening due to FWM and the random fluctuation of D,
which turns to interplay with the Kerr effect when the carrier wavelength of the
DM system is located near ZDWL. Thus, for detail design of dispersion
management system, the optimum combination of three main operating
parameters: [, , D, and the signal power, should be obtained by computer
simulations.

Also for computer simulation-based design, the bandwidth of OBPF placed
at the end of fiber should be tuned at optimum value. Furthermore, for ultra-high
data rate transmission, we have to investigate the necessary of the TOD

compensation b y c alculating the T OD length: L,, and the nonlinear length : L ,

[3] of the system. These lengths can be interpreted as the distance where those

effects become significant. When L,, is longer than system length, no TOD



30

compensator is needed. On the other hand, if L, is shorter than the system length,
the TOD compensators have to be installed distributedly at the length shorter than
L, to avoid the interplay between the TOD and the Kerr effect. To further

increase the data rate, the span should be shortened in order to obtain good SNR

with the use of low input signal power. The Kerr effect is then also reduced.

1,000 ¢

0.5 mW

0.7 mW
Power = 0.1 mW

100

Transmission Window Width [GHz]

10
1 10 100 1,000

Dispersion Management Period [km]
Figure 5.8: Dependence of the transmission window width on the dispersion
management period and the path-average signal power of the T-M system

employing dispersion management.

5.3 Computer Simulations

To demonstrate the efficiency of the dispersion management in upgrading the T-M
system, we perform some of computer simulations. In the simulations, all system
parameters are the same as those used for o btaining the transfer function. T he
optical signal is composed of a 32-bit pseudorandom RZ Gaussian pulse train with
a duty cycle of 0.5. The TOD of DSF is assumed to be 0.06 ps/km/nm’. D is
assumed to randomly fluctuate around ZDWL every 2 km with variance 0f0.5
ps’km/nm. The optical amplifier produces noise in process of amplification with a

noise figure of 5.3 dB. At the end of system, the bandwidth adjustable OBPF is
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placed. The bandwidth of the OBPF is always adjusted to obtain the minimum bit-
error rate (BER). When the TOD compensation is required, the TOD compensator
is an 1deal device that multiplies the signal with negative amount of linearly
accumnulated phase shift caused by TOD. For all calculation, we consider /, that
is only equal or longer than L, for practical. The propagation of the optical pulse
is calculated by solving the nonlinear Schrodinger equation by the split-step
Fourlier method [4]. The integration step size of SSFM is always chosen at the
value that gives a step size error less than 0.01 %. The receiver is modeled by a
sixth-order Bessel-Thompson low-pass filter, followed by a BER detector. The
syvstem performance is evaluated in terms of the numerical BER. To calculate the
numerical BER of the detected signal, the simulation s repeated 128 times for the
pseudo-random pulse train. The numerical O factor of every bit is then
individually calculated at the maximum eye-opening point of the bit period. Based
on the assumption of the Gaussian noise distribution, the numerical BER is

computed from the bit numerical Q factor and is averaged over the entire bits [28].

The system limitation is defined by BER = 107,

Figure 5.9 shows the BER of a 40-Gbit/s signal at the end of system, as a
function of input signal power for several /,. D is -0.2 ps/km/nm. L, for this
data rate is about 4,400 km, therefore, the TOD compensation is not necessary. As

discussed above, too short /, will yield the result similar to the uniform D. On
the other hand, too long /, will shorten the transmission window. According to
Fig. 5.9, the minimum BER about 10" is obtained with the optimum /, of 400
km, and with the optimum input signal power of 4 mW. Excepting for [, = 1,318

km, we achieve the BER lower than 107, for all /, used in our simulations.
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Figure 5.9: Numerical BER o f the transmitted 4 0-Gbit/s signal as a function o f

input signal power, for several /,.

For obtaining Fig. 5.9, since D (-0.2 ps/km/nm) is too small comparing to
its variance (0.5 ps/km/nm), the increase in the operating SOD value should
enhance the system performance. However, the transmission window becomes
narrow when too large D is used. Figure 5.10 shows the BER of the 40-Gbit/s
signal as a function o finput signal power. E ach BER curve is obtained at the

optimum /, for each operating D . The best BER is obtained from D = -1

ps/km/nm with the input signal power of 2 mW. On the other hand, the worst
BER is resulted from D = -2 ps/km/nm, where we cannot obtain the BER lower
than 10,

Next we further explore the possibility of a 80-Gbit/s data transmission.
For this data rate, the TOD also becomes a problem that causes signal waveform
distortion because the TOD length is about 560 km. In fact, the TOD compensator
should be periodically placed at the distance shorter than the nonlinear length.
However, since the system length is not foo long and the TOD length is relatively
not too short comparing with the system length, we try to use only one TOD
compensator install at the end of system to reduce the system cost. Figure 5.11

- shows the BER of the 80-Gbit/s signal as a function of input signal power for



93

several D. Each BER curve is obtained at /, = 100 km, which is the optimum
value for this data rate. It is obvious that the higher data rate is, the shorter /, is

required for expanding the transmission window. From Fig. 5.11, we achieve the
BER lower than 10” for the range of D from -0.5 to -1.5 ps/km/nm. The lowest
BER is obtained by D = -1 ps/km/nm with the input signal power of 2 mW.
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Figure 5.10: Numerical BER of the transmitted 40-Gbit/s signal as a function of

mput signal power, for several D with their corresponding optimum /, .

To investigate whether the system is capable for higher transmission rate,
we perform computer simulations based on the data rate of 100-Gbit/s. Since the
TOD length of this data rate becomes as short as 280 km. This means that the
TOD now becomes the significant problems. Moreover, the TOD will cause
severe signal distortion through the interaction with the Kerr effect when the
signal power becomes intense. Therefore, we perform the TOD compensation

periodically at every amplifier span, which is shorter than L,,. However, the BER

less than 107 cannot be obtained for all possible parameters. This is due to large

amount of amplifier noise is added to this broadband signal during the
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amplification and then high signal power is required for maintaining a good
OSNR. The high signal power will cause the nonlinear waveform distortion, and
also shortens the transmission window. In order to achieve the BER less than 107
for this data rate, the first strategy is to reduce the amplifier span to 50 km with
last span of 68 km. This is because the amount amplifier noise will reduce.

Consequently, relatively low signal power 1s sufficient for good OSNR.

—&— D =-0.2 ps/km/nm
—8—D = -0.5 ps/km/nm

12 —&—D=-1.0 ps/kmv/nm T
B —&— D =-1.5 ps/km/nm
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10 +
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0.0 1.0 2.0 3.0 4.0 5.0

Input Signal Power [mW]

Figure 5.11: Numerical BER of the transmitted 80-Gbit/s signal as a function of

input signal pewer, for several /, .
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Figure 5.12: Numerical BER of the transmitted 100-Gbit/s signal as a function of
input signal power, for several D, obtained by their optimum /,. The amplifier

span is 50 km.

Figure 5.12 shows the BER of the 100-Gbit/s signal as a function of input
signal power for several D. Each BER curve is obtained at the optimum /,
indicated in the figure. The calculation results show that the transmission of 100-
Gbit/s in T-M system becomes possible by using D = -0.5~-1.5 ps/km/nm. For
small D, the results from Fig. 5.9 ~ 5.12 mention that, the use of large [, results in
good BER. On the other hand, for large D, we have to use small /,. This is
because the effect of random D fluctuation, which interplays with the Kerr effect,
can be reduced by using large D with sufficiently short /, or smaller D with

sufficiently long 7, .

5.4 Wavelength Division Multiplexing
An alternative way to increase the fransmission data rate is the use of WDM

scheme. The signal distortion in WDM system mainly originated from the XPM
and the FWM. For the XPM, the signal phase in a channel is modulated by the
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signal powers from other channels through the Kerr effect, resulting in a type of
asymmetrical spectral broadening because signal in different channels travel with
different group-velocity. T he XPM will cause serious signal d istortion when it
interplays with dispersion. For the FWM, the signal distortion occurs because the
FWM induces the power transfer among channels and power transfer to
background noise.

The XPM and FWM can be reduced by increasing the channel spacing.
However, if we design the WDM system following the ITU grid (channel spacing
=100 GHz in frequency unit or 0.8 nm in wavelength unit), the alternative way to
avoid these two effects is the dispersion management. The use of dispersion
management enables us to use relatively large SOD for WDM transmission. The
difference in signal group velocity among channels, or the channel walk-off, is
then increased. Therefore, it reduces the interaction time among channels, and at
the same time, helps decreasing the signal peak power rapidly due to the SOD-
induced signal pulse broadening. As a result, the effects of XPM and FWM are
reduced. The optimum employment of dispersion management can be done by the
optimum placement of center channel far from the ZDWL. An additional benefits
should be noted for the shift of center wavelength from the ZDWL is the
significant reduction of the gain bandwidth of FWM.

Other parameters to be designed are the optimum input power and the
optimum bandwidth of OBPF for selecting each channel at the end of fiber. Noted
that the optimum power is obtained at the balance between the improvement of

OSNR and the degradation from the Kerr effect.
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Figure 5.13: Dispersion management in WDM transmission.

In the presence of TOD, each channel experiences different SOD.
Therefore, we cannot simultaneously compensate the accumulated SOD of all
channels. As shown in Fig. 5.13, the dispersion management scheme is
performed in such a way that the center wavelength will only have the perfect
compensation, while all other channels around the center channel will have the
over compensation or the under compensation depending on their wavelength. At
the end of system after filtering the selected channel with OBPF, the amount of
under-compensated or over-compensated SOD of that channel will be individually

compensated. The amount of SOD D, , which has to be compensated for channel :

can be obtained by

(5-1)

where 4. denotes the wavelength of channel i, A, the center wavelength, L, the

amplifier span, N the number of amplifier, and ¢ the velocity of light.
For computer simulations of WDM system, the parameters are the same as

those used above. T he channel bitrateis 10 Gbit/s. [, isonlysetat100km,

which is the same as L,. The gain of each optical amplifier is equalized to match

the fiber loss for each wavelength, giving flat signal peak power of every channel

at the output of the optical amplifier.
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Figure 5.14 shows the BER as a function of input signal power for 7-
channel WDM case, when all of the channel wavelengths are set at the optimum
value. The wavelengths of channel#1, #2, #3, #4, #5, #6, and #7 are 1,352.4,
1,351.6, 1,350.8, 1,350, 1,349.2, 1,348.4, and 1,347.6 nm, respectively. It should
be noted the channel#l is the nearest to ZDWL and the center channel is the
channel#5. With defining BER = 10” as a limitation, the results frofn Fig. 5.14
indicates that we can achieve the WDM transmission for channel#2 to channel#7
for the input signal power from 0.9 mW to 2.6 mW, while channel#1 give the BER
that is larger than 10 for this range of power,

| ——Channel#]  —B—Channel#2
' —A—Channel#3 ~ —@— Channel#4

20 ——— —O—Channel#5  —— Channel#6
- | T Channcl#7

—_
(9]

-log(BER)

—_
o

0.8 Ked 1.4 1.7 2.0 2.3 2.6
Input Signal Power [mW]

Figure 5.14: Numerical BER of the transmitted 7x10-Gbit/s WDM signal on the T-
M system.

Figure 5.15 shows the signal and its spectral waveform of channel#5 with
the input signal power of 2.1 mW, obtained at the output end of system. The
signal waveform is in a very good shape which the bit “1” and “0” can be
obviously distinguished. We also explore for the increase in the number of
channel but the simulation results still inform the maximum channel number of 6.
To expand to the number of channel, it may be first necessary to reduce the

amplifier spacing.
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Figure 5.15: Signal and its spectral waveform of channel#5, obtained at the output

end of system.



6. OPTICAL SOLITON TRANSMISSION IN UPGRADING
THAILAND-MALAYSIA FIBER-OPTIC SYSTEM

Optical soliton is a special pulse that can maintain its shape during the propagation
in lossless optical fiber because of the balance between the fiber second-order
dispersion (SOD) and nonlinear effect called the self-phase modulation (SPM).
The soliton is very suitable for signal transmission in all-optical transmission
system, as well as for all-optical signal brocessing. However, for long-haul fiber
link, the fiber loss causes the attenuation of soliton power resulting in the
destruction of soliton waveform. Moreover, the collision between adjacent soliton
pulse called the soliton interaction [45] also places a limit in both data rate and
distance of the transmission system using soliton.

In order to transmit the soliton in long lossy fiber, the lumped optical
amplifiers are necessary to be installed periodically to compensate the fiber
attenuation. Then, the soliton is amplified in such a way that the average power in
the amplifier span is equal to the value required for ideal soliton. This concept is
well known as the guiding-centered soliton [42] or the average soliton [43]. The
stability of the soliton in this scheme based on the ratio of the characteristic length
called the soliton period and the amplifier span, which should be as large as
possible [44]. This constraint brings a type of soliton distortion due to the
dispersive wave [44] scattering out of soliton when we choose relatively large
amplifier span. Moreover, the amplifier noise will cause the random modulation
of soliton frequency, resulting in the random walk of among soliton pulses called
the Gordon-Haus (GH) effect [46].

In this chapter, we numerically investigate the effectiveness of the optical
amplification and the soliton method in upgrading the electronic-repeated 1,318-
long Thailand-Malaysia (T-M) system. By designing systems to work at optimum
conditions, the possibility of increasing data rate in single-channel from 560
Mbit/s to 10 Gbit/s without reducing the amplifier span, and to 20 Gbit/s with
reducing the span to be a half, are demonstrated by computer simulations. Section
6.2 reviews about the generation of soliton in optical fiber and then describes

about the system design strategies to achieve the maximum performance in the
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system employing the optical amplification and the soliton technique. In section
6.3, we show the s ystem modeling for single-channel T -M transmission sy stem

and the numerical simulation results, which indicates the performance upgrading.

6.2 Generation of Soliton Pulse in Optical Fiber and System

Design Considerations

Soliton refers to special kind of waves that can propagate undistorted over long
distances and remain unaffected after collision with each other. Optical soliton in
optical fiber is conformed by balancing the SOD and the SPM in anomalous
dispersion region. Quantitatively, this can be achieved by launching optical pulses
with proper width and input power, which is given by Eq. (6-1), into the fiber.

A

F e )
3

(6-1)

where, P, is the input power required for forming the soliton pulse, S, the group-
velocity dispersion (GVD) parameter, y the nonlinear coefficient, and 7; the

soliton width. It should be noted that S, directly relates to the SOD: D, which is
widely used in the context of fiber transmission, by

27ce
D=——nr-, 6-2
T (6-2)

where ¢ and A are the velocity of light and the carrier wavelength, respectively.

The most attractive characteristic of optical soliton is that they can
propagate in optical fibers without distortion over a long distance if the fiber loss
1s negligible. There are sevefal other reasons why soliton is attractive for optical
communication systems and why they should be considered as a possible route for
system upgrades. In particular, soliton is also compatible with all optical
switching and routing technologies. The ability to optically process signal is
essential if the bottleneck problems encountered at switching nodes are to be
overcome for the hi gh data rates.

The problems in soliton transmission sy stems are roughly classified into
the following three problems; the fiber loss, the mutual interaction between

adjacent solitons, and the GH effect. T o transmit soliton p ulses through actual
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-tical fibers, especially for a long distance, it is necessary to consider the fiber
1oss. The fiber loss results in exponentially increase of soliton width and decrease
-7 soliton peak. It is necessary to amplify the soliton periodically to maintain its
oower. With the lump optical amplifier, the soliton power is amplified to have the

~ower larger than Py, Quanlitatively, Fy will be multiplied by the power factor o

> be P, .whichis given by

> (6-3)

where «a 1s the loss coefficient of fiber and L, is the amplfier span. Such a
soliton calied the guiding-center soliton or average soliton because, by incresing
P by the factorof o, the average soliton power over L, becomes equal to the
soliton power 1in lossless fiber.

One of the important quantity in soliton system design is the ratio between

the soliton period Z, [4] and L , where Z; can be obtained as

nTy
2/p,|

It has been proved that the average soliton is stable during propagation

0 —_

(6-4)

when the ratio of Z, and L, is much larger than unity [44]. Otherwise, serious

soliton distortion is induced because large amount of the dispersive wave is
generated and is emitted out of the soliton signal.

In addition to the stability requirement, there are two other effects limiting
the capacity of soliton transmission. When the solitons are closely spaced, the
mutual interaction changes the velocity of the solitons and causes the soliton to
move out of the detection window. This effect is known as the soliton interaction.
The collision between adjacent solitons is also induced from this effect. We can
extend the distance where the collision occurs by increasing the time interval
between adjacent solitons, i.e., by reducing the duty cycle of soliton pulse.

On the other hand, the GH effect is originated by the noise generated by the
optical amplifiers. The amplifier noise randomly modulates the carrier frequency
of the soliton, and then the group velocity varies. This effect leads to the timing

jitter among soliton pulses. It should be noted that the soliton interaction and the
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GH effect can be reduced by using relatively low D. However, using too small
D , the soliton will suffer from low optical-signal-to-noise ratio (OSNR) at

receiver because P, will be at very low value according to Eq. (6-3).

In real system, D randomly changes along the transmission because of the
temperature and the installed circumstance. The random variation of D also gives
rise to the perturbation o f soliton pulses resulting in large amount of dispersive
wave that will disperse from the soliton pulse. The use of relatively large D can
help reducing this signal distortion because the effect of D variation can then be
treated as only small perturbation.

Taking into account all described problems, to design the soliton
transmission system to achieve the maximum performance for a given fixed
amplifier span, the following points should be concerned.

1. There should exist the optimum value of D that yields the trade off
between the improvement of OSNR and the signal distortions.
2. The decrease in the duty cycle of the soliton pulse will increase all the

nonlinear waveform distortion because relatively high P, is required to

form the soliton. On the other hand, the use of small duty cycle reduces
the effect of soliton interaction. Therefore, the duty cycle should be set at
the optimum value.

3. The bandwidth of the optical band-pass filter (OBPF) installed at the end
of fiber should be adjusted to the optimum value, which selects only

soliton spectrum and reject the accumulated noise.

6.3 Computer Simulations

To demonstrate the efficiency of the soliton in upgrading the electronic-repeated
system, we perform some of computer simulations by taking the T-M system as
the model. The T-M system starts from Petchburi, Thailand, ends at Chugai,
Malaysia, with total length of 1,318 km. The transmission fiber is the dispersion-
shifted fiber (DSF). The electronic repeaters are periodically placed at span (L,)

of 100 km with the last span of 118 km. The system operates in single channel
with the data rate of only 560 Mbit/s.
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In the calculation, we assume the typical parameter of DSF. The fiber loss
coefficient and the nonlinear coefficient of DSF are 0.2 dB/km and 2.6 W'km™,
respectively. The optical soliton signal is composed of a 32-bit pseudorandom
return-to-zero pulse train with secant-hyperbolic shape. The SOD is assumed to
randomly fluctuate around the operating D every 2 km with a variance of 0.5
ps’km/nm. The optical amplifier produces noise in process of amplification with a
noise figure of 6.3 dB. At the end of system, the bandwidth adjustable OBPF is
placed. The bandwidth of the OBPF is always adjusted to obtain the minimum bit-
error rate (BER). The propagation of the soliton signal is calculated by solving the
nonlinear Schrodinger equation by the split-step Fourier method (SSFM). The
integration step size of the SSFM is always chosen at the value that gives a step
size error less than 0.01 %. The receiver is modeled by a sixth-order Bessel-
Thompson low-pass filter, followed by a BER detector. To calculate the
numerical BER of the detected signal, the simulation is repeated 128 times for the
pseudo-random pulse train. The numerical O factor of every bit is then
individually calculated at the maximum eye-opening point of the bit period. Based
on the assumption of the Gaussian noise distribution, the numerical BER is
computed from the bit numerical Q factor and 1s averaged over the entire bits. The
system limitation is defined by BER = 107,

Figure 6.1 shows the numerical BER, in logarithmic scale, of the soliton
signal with data rate of 10 Gbit/s as a function of duty cycle for severai D. We
achieve BER < 10® by using D = 1.0 ps/km/nm with duty cycle of 0.2 and 0.6.
For all D uséd in Fig. 1, the duty cycle of 0.2 and 0.5 yield better BER than other
duty cycles. This can be mnterpreted that, by using the duty cycle of 0.5, although

the soliton interaction becomes a serious problem, we can sufficiently reduce P, .

Therefore, the BER becomes relatively small because the signal distortion due to
the GH e ffect and the emission o f dispersive w ave are simultaneously reduced.
When we decrease the soliton duty cycle to 0.4 and 0.3, to reduce the effect of the
soliton interaction, we have alsc unavoidably to increase P, . Since the soliton
interaction cannot be completely eliminated, at the same time, the GH effect and
the emission of dispersive wave become more serious, the BER then slightly

increases as appeared in Fig. 1. However, when we further reduce the duty cycle
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to 0.2, the soliton interaction may be almost completely suppressed, and according
to the fact that the GH effect and the emission of dispersive wave may be still not

too strong, we can achieve the smallest BER at this duty cycle.

——D=05ps’/km/nm ——D = 1.0 ps/km/nm
12 —&—D=15ps/km/nm —@— D= 2.0 ps/km/nm

-log(BER)

O I 1 1 i 1
0 0.1 0.2 0.3 0.4 0.5 0.6

Duty cycle of soliton pulse
Figure 6.1: Numerical BER of the 10-Gbit/s soliton signal as a function of duty
cycle for several D. L, is 100 km. BER < 10 is o btained by using D = 1.0

ps/km/nm with duty cycle of 0.2 and 0.6.

As described above, the use of low operating D causes the signal
distortion from the random fluctuation of SOD. However, the use of large D

results in the enhancement of the GH effect and the emission of dispersive wave

because very high P, isrequired to be launched into the fiber to create o ptical

soliton. As a result, in Fig. 1, D = 1.0 ps/km/nm is the optimum value that gives
the balance among these problems. Figure 2 show the output eye pattern of the
32-bit soliton, obtained by using D = 1.0 ps/km/nm and duty cycle of 0.2. The

soliton signal is in a very good shape, therefore, we can clearly distinguish the bit

L‘l” and “O’,.
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Figure 6.2: Eye pattern of the output 32-bit soliton waveform obtained by using D
= 1.0 ps/km/nm and duty cycle of 0.2.

The easiest way to further increase the performance of this 10-Gbit/s

soliton system is to reduce L,. The GH effect and the amount of dispersion wave
scattering from soliton will then be reduced because the ratio between Z; and ,
becomes large and also P, is reduced. Figure 3 shows the numerical BER, in
logarithmic scale, of the 10-Gbit/s soliton signal as a function of duty cycle for
several D. L_, in this case, is set at 50 km with the last span of 68 km.

According to the numerical results, we can achieve BER < 10 for a wide range of

duty cycle (> 0.1) by using D = 1.0 ps/km/nm, and for only a duty cycle of 0.2
with D = 1.5 ps/km/nm.
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Figure 6.3: Numerical BER of the 10-Gbit/s soliton signal as a function of duty
cycle for several D. L, is 50 km. BER < 10” is achieved for a wide range of

duty cycle by using D = 1.0 ps/km/nm, and for only a duty cycle of 0.2 with D =
1.5 ps/km/nm.
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Figure 6.4: Numerical BER of the 20-Gbit/s soliton signal as a function of duty
cycle for several D. L is 50 km. BER < 107 is obtained by using D = 1.0
ps’km/nm with duty cycle of 0.4 and 0.6.
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Next we explore the possibility of higher data rate transmission using L, =
50 km. Figure 6.4 shows the numerical BER for the case of a soliton signal with
data rate of 20 Gbit/s, as a function of duty cycle for several D. Similar to the
results from Fig. 6.1 and Fig. 6.3, the best BER is obtained by using D = 1.0
ps’km/nm. However, the transmitted soliton gives the BER less than 10° only for
the duty cycle of 0.4 and 0.6. We can no longer achieve BER < 10” by using
smaller duty cycle. This is because, in such high data rate, to generate the soliton
with small duty cycle, P, will be in an extremely high level. Therefore, the GH
effect as well as the dispersive Wave will play a dominant role in limiting the
performance of this system. To improve the achievable BER in such system, L,

should be further reduced.



7. PERFORMANCE UPGRADING OF THAILAND-MALAYSIA
SYSTEM USING OPTICAL AMPLICATION AND MIDWAY
OPTICAL PHASE CONJUGATION

The midway optical phase conjugation (OPC) is very attractive method for
upgrading performance of the installed systems because of its simplicity and
practical implementation. By only placing an optical phase conjugator at the
midpoint of system, the transmission data rate can be extremely increased. Our
work also demonstrated the feasibility of a 200-Gbit data transmission over 10,000
km by a systeni using the OPC [67.].

In this chapter, we investigate, by computer simulation, the results of
upgrading the Thailand-Malaysia (T-M) submarine system using our optimum
design scheme. Following our guidance, the possibility of increasing data rate in
1,318-km-long T-M submarine system from 560 Mbit/s to 200 Gbit/s is
numerically shown. Section 7.1 reviews about the problems which limit the OPC
system and describes the system design strategies which we introduces. Section

7.2 shows the computer simulation based on the T-M system where the OPC is

performed to upgrade.

7.1 Design for maximum performance in systems upgraded by

opfical amplification and OPC

Figure 2.12 has shown schematically the midway OPC system. By performing the
OPC at the midpoint o f sy stem, all signal distortions i nduced from the second-
order dispersion (SOD) and the Kerr effect can be compensated 1f all of the system
characteristics in the first half is symmetrical to the second half. The optical phase
conjugator is placed at the midpoint of the system. However, in real transmission,
two problems occur and limit a performance of the OPC systems.

First, since the transmission fiber of the second half cannot have negative
third-order dispersion (TOD) while its SOD still keeps the same sign as that of
first half, similar to other systems, the TOD in OPC systems cannot be
compensated by OPC but it just accumulates along the system length and will also

cause the signal waveform distortion. Second, because we cannot generate a
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distributed gain that exhibit the reverse sign of the fiber attenuation constant
through the second half, in real system with long distance transmission, a periodic
lumped amplification forms a periodic signal power distribution along the system
length and at the same time produces a periodic variation of fiber refractive index
through the nonlinear Kerr effect of an optical fiber. By this process, it seems like
a grating is virtually constructed in the transmission fiber. As has been shown in
Fig. 2.13, a resonance between the virtual grating and the signal will occur at the
signal sideband component whose wave vector m atches the wave vector of this
virtual grating resulting in exponential growth of that component with
transmission length. This phenomenon is known as the sideband instability (SI),
which causes signal waveform distortion if SI arises at frequency inside the signal
bandwidth, which cannot be eliminated by using optical bandpass filter [51], [52],
[58]. The sideband angular frequency @, shifted from the carrier frequency, at

which SI arises is obtained as

, :i\/lﬂl—l(kfn—2sgn(,32)ﬁ). (6-1)

where P is the path-averaged signal power, S, the group-velocity dispersion

parameter, and &, the wave number of the virtual grating which is given as
by (6-2)

where n =0,£1,#2,..., and /is the amplifier spacing.

In order to avoid the signal distortion due to the SI, Fig. 7.1 shows the
magnitude of signal degradation in OPC system as a function of the SOD in the
absence of the TOD. In Fig. 7.1, two transmission windows are observed at
relatively large anomalous dispersion region and at relatively low normal
dispersion.' The SI causes the serious signa! distortion when the operation SOD
becomes larger because the SI will occur at inner signal bandwidth according to
Eq. (6-1). Therefore, the use of relatively low SOD is preferred. However, the
lowest SOD that can be used 1s limited by the effect of the SOD fluctuation around
zero-dispersion point. In anomalous dispersion region, the use of low SOD

induces the modulation instability effect, which will result in much signal
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degradation. Thus, for anomalous dispersion region, the optimum operation SCD
1s located at relatively large value.
As alternative method for reducing the effect of SI, Watanabe and
Shirasaki have given a condition for perfect SI compensation [68] as shown below.
Boz)  B(2)
! I3 - r 12 b (7‘3)
7(—Z|)P(_Zl) 7(22)P(22)

where the nonlinear coefficient y, and the signal power P are the function of

distance z.

Random change of dispersion

Normal dispersion region

Anomalous dispersion region

Penalty from Sl
Window#2

A

0 Dispersion

Figure 7.1: Operation windows for OPC systems.

Equation (7-3) indicates that the perfect suppression of SI is achieved when the
cumulative SOD-induced chirp and the cumulative Kerr effect-induced chirp
integrated from the OPC position at z'=0 to —z; and z, are equal. Ths relation
means that providing the equal ratio of the SOD and the nonlinearity at the
corresponding position symmetrical from the system midpoint, perfect distortion

compensation can be obtained. This relation gives us the following freedoms for

the OPC system design.
1) The OPC needs not be placed at the midway of the system. Assuming that
the SOD value, the signal power, and the system iength of the first half are
D,, P,, and L, respectively, and those of the second section are D,,
P;, and L,, respectively. We find that Eq. (7-3) holds provided that
D,=kDy, P, =kP,,and kL, =1L,.
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2) The power distribution needs not to be uniform. Equation (7-3) holds
when the SOD value is properly tailored to follow attenuation of the signal
power.

In order to satisfy the condition, a SOD-decreasing fiber (DDF), whose
SOD-decreasing coefficient is proportional to a fiber loss coefficient, must be
installed throughout the entire OPC system length. A good transmission result of
20 Gbit/s over 3,000 km [68] was demonstrated by using a quasi-DDF in which
short ‘ibers with different dispersion values were concatenated to form the
dispersion-decreasing profile. However, such the approach sounds too impractical
to be employed in real systems. Moreover, for both two proposed schemes the
uncompensated TOD will show up to affect the long-haul transmission with the bit
rate higher than 40 Gbit/s.

For simplicity of d esign, we will not use the scheme that W atanabe h as
introduced. We will design system such as the OPC system can operate at
condition where the signal distortion from SI is as small as possible. After
replacing the electronic repeaters with optical amplifiers, first, we should place the
optical phase conjugator (wavelength-shift-free type) closed to the system
midpoint as much as possible. The deviation from the midpoint causes the signal
distortion from the SOD and the Kerr effect induced from the unbalance section.
To reduce this kind of distortion, the SOD of the unbalance section must be
compensated.

The increase in signal power gives rise to the improvement of the optical-
signal-to-noise ratio (OSNR). At the same time, for long-haul system, the use of
high signal power results in the nonlinear waveform distortion induced from the
fiber loss and the periodic amplification called the SI, and the nonlinear waveform
distortion induced from the random dispersion fluctuation through the Kerr effect
[52], [69]. The optimum signal power will be found at the balance of this
improvement and the degradation.

The operating SOD value is also the important parameter to be designed.
We should place the signal wavelength in the normal dispersion region to avoid
the distortion from the MI. The use of low SOD value enhances the effect of

random dispersion fluctuation. However, high SOD value causes the SI to occur
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closed to the signal carrier. The optimum dispersion value is also needed to be set
at the optimum value.
The next step is to investigate the necessary of the TOD compensation.

This can be done by calculating the TOD length (L,;) [4] of the system. When
L, is longer than system length, no TOD compensator is needed. On the other

hand, if L,; is shorter than the system length, The TOD compensation is needed.

However, since we have proved that the accumulation of the TOD in OPC system
is linear [ 49], we c an achieve the p erfect compensation o f the TOD by p lacing
only one TOD compensator at any point in the system.

The system performance may be further improved by reducing the
amplifier spacing. The short amplifier span gives better OSNR at low signal

power, and makes the SI occur more outside signal bandwidth than the long span.

7.2 Computer simulations

To demonstrate the efficiency of the upgrading scheme, we consider the T-M
submarine system as the simulation model. The system starts from Petchburi,
Thailand, ends at Chugai, Malaysia, with total length of 1,318 km. The fiber is
dispersion-shifted fiber (DSF). The electronic repeaters are periodically placed at
span of 100 km with the last span 118 km. The system operates with single
channel with the data rate of only 560 Mbit/s.

In the simulations, the optical signal is 32-bit pseudorandom Gaussian RZ
pulses. The fiber loss coefficient, the TOD, and the fiber nonlinear coefficient of
DSF are 0.2 dB, 0.06 ps/km/nm, and 2.6 W"km'l, respectively. The dispersion is
assumed to randomly fluctuate around the operating dispersion value at every 2
km with standard deviation of 0.5 ps/km/nm. The optical amplifier produces noise
in process of amplification with noise figure of 5.3 dB. At the end of system, the
bandwidth adjustable optical bandpass filter is placed. The TOD compensator,
placed at the end of system, is an ideal device that multiplies the signal with
negative amount of linearly accumulated phase shift caused by TOD. The
wavelength-shift-free optical phase conjugator is placed at the end of the 6™ span
for 100-km amplifier spacing or at the end of the 13" span for 50-km amplifier

spacing. The conversion efficiency of the optical phase conjugator is assumed to
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be -14.7 dB. The amount of the unbalance accumulated dispersion of the first half
and the second half, as well as the accumulated random dispersion are
compensated by the adjustable dispersion compensator placed before the receiver.
The propagation of the optical pulse is calculated by solving the nonlinear
Schrodinger equation by the split-step Fourier method (SSFM). The integration
step of the SSFM is always chosen to give the step error less than 0.01%. The
system performance is evaluated in terms of bit-error rate (BER) calculated by
repeating 128 times the transmission of the same signal and assuming the
Gaussian distribution of amplifier noise. The receiver is modeled by electronic

low-pass filter followed by a BER detector.
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Figure 7.2: BER of transmitted 160-Gbit/s signal in OPC system using 100-km

amplifier spacing, as a function of input signal powers for several operating SOD

values.

Figure 7.2 shows the BER of the transmitted 160-Gbit/s signal, as a
function of input signal power for several operating dispersion values. For given

SOD value, the minimum BER for given SOD is obtained at the signal power that
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yields the balance between the improvement of SNR and the degradation from the
nonlinear waveform distortion. With this optimum power, the overall minimum
BER is obtained by using the optimum SOD that yields the balance between the
avoidance from the effect of random SOD fluctuation and the signal distortion
from SI effect. From Fig. 7.2, with defining BER = 107 as system limitation, the
T-M system can be upgraded for 160-Gbit/s transmission by using the OPC
scheme with the signal power of 7.5 mW and the operating dispersion value of —1

ps’km/nm or the signal power of 6.5-9.0 mW and the operating SOD value of —1.5
ps/km/nm.
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Figure 7.3: BER of transmitted 200-Gbit/s signal in OPC system using 50-km

amplifier spacing, as a function of input signal powers for several operating SOD

values.

We have explored the data rate of 200 Gbit/s. However, we cannot achieve
this data rate with the amplifier span of 100 km. Therefore, we reduce amplificr
span to be 50 km with the last span of 68 km. Figure 7.3 shows the results of the
200-Gbit/s data transmission using 50-km span, as a function of input signal power
for several operating dispersion values. The results show the possibility of the
transmission at this data rate with wide range of input signal powers (4~ 10 mW)

incorporated with the dispersion of —1.0 ~-2.5 ps’/km/nm. We also investigate the
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transmission of lower data rates and summarize the optimum power and dispersion

in Table 7.1.

Table 7.1: Optimum signal powers and SOD values for 40, 80, and 100 Gbit/s data

transmission for achieving BER < 107,

Bit rate (Gbit/s]

40 80 100
Input power ([mW] 1.5-12.5 3.0-8.0 6.0-10.5
SOD [ps/km/nm] -0.5 -1.0 -1.5




8. CONCLUSIONS
8.1 Summary of this Report

In this report, we have explored the optimum system design strategies for four
second-order dispersion (SOD) compensation schemes: the zero-dispersion
wavelength (ZDWL) transmission, the dispersion management (DM), the optical
soliton, and the midway optical phase conjugation (OPC) system. Then we have
numerically studied the efficiency of these four schemes in upgrading the installed
electronic-repeated system to optically amplified system. The system used for
model in this study was the Thailand-Malaysia (T-M) submarine fiber-optic
system as the simulation model. The system starts from Petchburi, Thailand, ends
at Chugai, Malaysia, with total length of 1,318 km. The fiber 1s dispersion-shifted
fiber (DSF). The electronic repeaters are periodically placed at span of 100 km
with the last span 118 km. The system operates with single channel with the data
rate of only 560 Mbit/s.

When the electronic repeaters are replaced with the optical amplifiers, we
have described that the main problems which cause the signal waveform distortion
are the fiber dispersion and the fiber nonlinearity, especially the Kerr effect. The
fiber second-order dispersion (SOD) results in pulse broadening, for ultra-high
data rate, the third-order dispersion (SOD) generates subpulses at the tailing edge
of the signal, while the Kerr effect affects the signal spectrum to be broadened.
The signal distortion becomes more serious when the dispersive effect and the
nonlinear effect interplay with each other on some conditions, which can be
estimated by using the characteristic lengths that we have introduced.

The ZDWL transmission was the simplest type. By only placing the
carrier at ZDWL o f the transmission fiber, the signal p ulse broadening induced
from the SOD can be overcome. However, our computer simulations
demonstrated that such transmission scheme suffers from the Kerr effect through
the self-phase modulation (SPM) and the four-wave mixing (FWM). The SPM
and the FWM causes the rapid spectral broadening in ZDWL region. Moreover,
the effect of TOD is also very significant at ZDWL. The interplay among the
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SPM, the FWM and the TOD results in more rapid spectral broadening, as well as
signal waveform distortion.

Nevertheless, when we employed the ZDWL scheme to upgrade the T-M
system, which has a relative long-haul length, the ZDWL showed sufficient
potention in improving system performance. Our design guidelines for achieving
maximum performance in the ZDWL transmission were, first for a given data rate,
to find the optimum combination between the optimum signal power, which
bala.ces the improvement in optical signal-to-noise ratio (OSNR) and the
degradation from fiber nonlinearity, and the optimum bandwidth of the optical
bandpass filter (OBPF), that can collect the necessary spectral components, which
had been broadened during propagation. We also showed the effectiveness of the
TOD compensation for ultra-high bit rate. The TOD compensator placement was
demonstrated by installing these devices at the length smaller than the nonlinear
length of the system. According to the simulation results, by only replacing the
electronic-repeaters with the optical amplifiers, we demonstrated that the
transmission bit rate can be increased from 560 Mbit/s to 40 Gbit/s. Moreover,
with reducing the amplifier span to be 50 km and employing only one TOD
compensator at the end of the system, we also demonstrated the possibility of the
optical data transmission at a data rate as high as 80 Gbit/s.

To overcome the problems occurring around ZDWL is to use the concept
of dispersion management. This method is to arrange the various sections of fiber
in such a way that none or only very few of them have ZDWL that coincide with
the carrier wavelength while the total fiber exhibits zero dispersion on average.
We have demonstrated that the dispersion management has several advantages in
reducing the signal distortion induced from the Kerr effect near ZDWL. We
introduced the optimum design rules for the dispersion management method
including the concept of the transfer function analysis. For given data rate and
system length, the design guidelines bases on finding the optimum signal power in
combination with the dispersion management period, and the operating SOD
value. By designing systems to work at optimum conditions, our numerical
simulation results d emonstrated the p ossibility of increasing d ata rate in single-

channel from 560 Mbit/s to 80 Gbit/s without reducing the amplifier span, or to
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100 Gbit/s with reducing the span to be a half, and in wavelength division
multiplexing (WDM) scheme to 6x10 Gbit/s.

Optical soliton is a special pulse that can maintain its shape during the
propagation in lossless optical fiber because of the balance between the fiber SOD
and the SPM. However, for long-haul transmission, the fiber loss causes the
attenuation of soliton power resulting in the destruction of soliton waveform.
Therefore, the lumped optical amplifiers are necessary to be installed periodically
to compensate the fiber attenuation. This soliton then is considered as the average
soliton, and the system is limited by the constraint that the amplifier spacing must
be very shorter than the characteristic length called the soliton period. Moreover,
the collision between adjacent soliton pulse called the soliton interaction, as well
as the random walk of among soliton pulses due to amplifier noise called the
Gordon-Haus effect, also place a limit in both data rate and distance of the
transmission system using soliton. We described that the design issue for avoiding
these problems is to find the optimum operating SOD value and the duty cycle of
soliton pulses. We have numerically investigated the effectiveness of the optical
amplification and the soliton method in upgrading the T-M system. By designing
systems to work at optimum conditions, the possibility of increasing data rate in
single-channel from 560 Mbit/s to 10 Gbit/s without reducing the amplifier span,
and to 20 Gbit/s with reducing the span to be a half, are demonstrated by computer
simulations.

The last system upgrading method is the use of OPC at the midpoint of a
given system. By performing the OPC at the midpoint of system, all signal
distortions induced from the SOD and the Kerr effect can be compensated if all of
the system characteristics in the first half is symmetrical to the second half. The
optical phase conjugator is placed at the midpoint of the system. However, in real
transmission, the TOD, and the nonlinear resonance called the sideband instability
(SI) induced from the fiber loss and periodic signal amplification through the Kerr
effect causes the signal distortion in OPC systems.

We have discussed about the design concept for this OPC system. T he
SOD should be chosen at an optimum value, which is in the normal dispersion

region. Similarly, the signal power should be also in an optimum value. For the
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TOD compensation issue, after investigating the necessary of the TOD
compensation by calculating the TOD length, we can achieve the perfect
compensation of the TOD by placing only one TOD compensator at any point in
the system. The deviation from the midpoint of the OPC causes the signal
distortion from the SOD and the Kerr effect induced from the unbalance section.
To reduce this kind of distortion, the SOD of the unbalance section must be
compensated.

By computer simulation, we demonstrated that the T-M system can be
upgraded from 560 Mbit/s to 160 Gbit/s by only employing the optical phase
conjugator and following our design guidelines. When we reduced the amplifier

span to be a half, the T-M system has been shown to be capable for 200 Gbit/s

data transmission.

8.2 Comparison among Dispersion Compensating Schemes

Table 8.1 shows the comparison in several aspects among four SOD compensation
methods which we have studied in this project. For the reduction of fiber
nonlinearity, the ZDWL transmission faces the most serious problems because the
SOD completely vanishes along the transmission. Therefore, the nonlinearity
becomes the main factor that limits the system performance. The advantage of the
ZDWL transmission is originated from its simplicity in system structure and it is
very easy and practical to upgrade any install systems with out reinstall new
transmission fibers. For extending to WDM scheme, however, the center channel
can only experience the zero SOD, therefore, the accumulated SOD in other
channels must be compensated. T

The dispersion management method realizes the transmission under the
effect of SOD, while the accumulated SOD is reset at given interval. Although
this method cannot compensate the fiber nonlinearity, however, the reduction of
signal distortion due to the fiber nonlinearity is significantly less severe than the
case of ZDWL. For upgrading the installed systems, the disadvantage is that we
have to install additional dispersion compensating devices or reinstall new fibers if
the dispersion compensating fibers are required to use. Therefore, it 1s however,

not a cost-performance scheme for system length that is relatively short. To apply
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for W DM scheme, this method 1s one o f the most suitable scheme b ecause the

different in the accumulated SOD among channels can be reset by this method as

discussed in Chapter 5.

Table 8.1: Comparison in several aspects among four SOD compensation methods

Upgrading Fiber System Upgrading To WDM
Schemes nonlinearity | configuration | installed
systems
ZDWL Very serious |- Very simple OK for Must be
transmission relatively incorporated
short length with
dispersion
managment
Dispersion Reduced Not so Install Practical
management complicated additional
devices or
install new
fibers
Optical Compensated | Complicated | Complicated | Must be
soliton design incorporated
theories and with
required much | dispersion
system cost management
Midway OPC | Compensated | Relatively OK for long- | Depending on -
simple haul point-to- | the bandwidth
point link of optical
because the phase
signal cannot | conjugator

monitored at
intermediate

node
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The soliton system looks beautiful in its pure nature. The soliton is very
tolerance to fiber nonlinearity because the soliton itself utilizes the SPM to be
generated. However, for implementation, it will face several problems both in
system cost and technologies. The very high laser source together with relatively
short amplifier span will significantly raise up the system cost, while the data rate
cannot be too much improved. In order to extend the soliton to WDM scheme, the
dispersion management has to be incorporated with the soliton, otherwise, the
soliton in each channel will has different power due to the different in channel
SOD. Therefore, the soliton system configuration becomes more complicated for
WDM application. As a consequence, the design theories also become very
complicated and hard to understand.

One of the simplest technologies to upgrade an install system is to perform
OPC closed to the midpoint of the system as much as possible. This scheme offers
the simultaneous compensation of both SOD and the Kerr effect. The system
using the OPC has very simple structure. For WDM transmission, it is dependent
on the supported bandwidth of the optical phase conjugator. The disadvantage of
this scheme 1s that we cannot monitor the transmission signal at any intermediate
node because the SOD exists for entire system length. Therefore, this scheme may
be suitable for upgrading such long-haul point-to-point link.  Another
disadvantage is that there is no optical phase conjugator that yields high

conversion efficiency available nowadays.

Table 8.2: Comparison in difficulty of upgrading and investment cost among four

SOD compensation methods.

Upgrading Difficulty of upgrading ‘ Investment cost
Schemes
ZDWL Only replace all electronic Only depend on the
transmission | repeaters with optical amplifiers number of optical

For ultra-high bit rate, additionally | amplifiers
optimize the number of TOD For ultra-high bit rate,
compensator additional cost of TOD

compensators
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Dispersion | Replace all electronic repeaters Depend on the number of
management | with optical amplifiers and optical amplifiers and the
installed dispersion compensating | number of installed
fibers or dispersion compensating | dispersion compensating
devices fibers or dispersion
For ultra-high bit rate, additionally | compensating devices
optimize the number of TOD For ultra-high bit rate,
compensator additional cost of TOD
compensators
Optical Replace all electronic repeaters Depend on the number of
soliton with optical amplifiers and using | optical amplifiers and the

high intensity signal source

high intensity signal

source

Midway OPC

Replace all electronic repeaters
with optical amplifiers, construct
the optical phase conjugator,
install the optical phase
conjugator, install tunable
dispersion compensating device
and tune accumulated dispersion
For ultra-high bit rate, additionally

install only one TOD compensator

Depend on the number of
optical amplifiers, the
optical phase conjugator,
and the tunable dispersion
compensating device

For ultra-high bit rate,
additional cost of one

TOD compensator

Table 8.2 shows the comparison about the difficulty of upgrading and the
investment cost among four SOD compensation methods. For the ZDWL
transmission, the upgrading is only to replace all the electronic repeaters with the
all optical amplifiers.  Since the investment cost of common lightwave
transmission system depends on the cost of the electronic components in the
system as well as the signal light source, receiver, and the optical amplifiers.
Therefore, the cost of the ZDWL is then almost increased proportional to the
number of optical amplifier because no other additional devices is required. Since

for ultra-high data rate transmission, the TOD compensators are additionally
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needed. We then have to optimize the number of the TOD compensators in order
to reduce the cost. The system cost for such ultra-high data rate transmission has
to include the total cost of the employed TOD compensators.

For the DM, not only to replace all electronic repeaters with optical
amplifiers, we have to installed dispersion compensating fibers or dispersion
compensating devices at suitable period. As a result, the system cost depends on
the number of optical amplifiers and the number of installed dispersion
compensating fibers or dispersion compensating devices used in the system.
Similar to the ZDWL transmission, for ultra-high bit rate transmission, it is also
necessary to optimize the number of TOD compensators. Therefore, the additional
cost is increased proportional to the number of the TOD compensator.

For optical soliton scheme, since the high intensity signal source is
required to form the soliton signal, this will yield significant increase in system
cost because the high power laser source is very expensive. Therefore, the system
cost using soliton is then mainly caused by this high power soliton source and the
optical amplifiers. According to the calculation results shown previously, the
soliton scheme may not give a good result for ultra-high data rate transmission.
Therefore, the TOD compensation can be ignored because using the soliton we
cannot reach the transmission data rate where the TOD becomes a significant
problem.

Since the transmission scheme using midway OPC is under developed.
Therefore, the optical phase conjugator is still not available in telecommunication
market. To employ this scheme in real system, first, we have to construct the
optical phase conjugator by ourselves. The wavelength-shift-free optical phase
conjugator [56], [57] is commonly consisted of highly-nonlinear dispersion-shifted
fiber, optical isolators, optical WDM couplers, wavelength tunable high-power
lasers, and OBPFs.  Others stability confrol methods such as the temperature
control unit are also necessary in the same package. The main issue is that we
have to design the optical phase conjugator to have both high conversion
efficiency and broad bandwidth. Assuming that we have sufficiently good optical
phase conjugator, for upgrading, we have to replace all electronic repeaters with

optical amplifiers, install the optical phase conjugator at the amplifier that is
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closed to the sysiem midpoint as much as possible, install tunable dispersion
compensating device, and tune this device to compensate for the accumulated
dispersion from the unbalance section. For ultra-high bit rate transmission, the
advantage of this OPC scheme is that we can only install only one TOD
compensator for perfect compensation of the TOD. The investment cost mainly
comes from the number of optical amplifiers installed in the system, the
development cost and the devices for constructing the optical phase conjugator,
and the tunable dispersion compensating device. For upgrading the system for
ultra-high bit rate transmission, additional cost of one TOD compensator has to be

included.

Table 8.3: Comparison of achievable transmission data rates, obtained from all

four upgrading schemes.

Amplifier span ZDWL Dispersion Optical Midway OPC
management soliton
100 km 40 Gbit/s 80 Gbit/s 10 Gbit/s 160 Gbit/s
50 km 80 Gbit/s 100 Gbit/s 20 Gbit/s 200 Gbit/s

According to all of our simulation results, Table 8.3 summarizes the
achievable transmission data rate for all four upgrading schemes. The midway
OPC scheme yields the best results for both 100-km span and 50-km span, with
data rate as high as 160 Gbit/s and 200 Gbit/s, respectively, while the soliton
yields the achievable data rate of 10 Gbit/s and 20 Gbit/s, respectively. Since the
length of T-M system is not too long, the ZDWL transmission can result
sufficiently high data rates. This is due to the Kerr effect becomes not too much
significant in such system length. However, the use of dispersion management
instead of ZDWL transmission gives the obvious improvement in data rate
because the Kerr effect is reduced. For soliton transmission, the reason, why the
achievable data rate is very small comparing to other schemes, originates from the
constraint of amplification period. On the other hand, in midway OPC system, the
SOD can exist along the transmission length without intermediate compensation,

therefore, the nonlinearity in such system is not so significant comparing to the
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SOD. Moreover, the OPC itself can compensate for the Kerr effect. These
reasons make the OPC scheme give the best results for upgrading the T-M system.
Al though the OPC scheme shows the most attractive data rate, we should
emphasize that we cannot monitor the signal quality or performing data add-drop
process at any intermediate point in the system without additional SOD
compensation. This is because, in OPC scheme, the SOD exists for the entire
transmission line.

Lastly, since all of the results shown in our work are obtained from
computer simulation, one should doubt the accuracy or the reliability when the T-
M system is upgraded in the real world. In fact, we have taken into account as
much as possible for all possible problems occurring in the real system, as well as
the simulation method: the split-step Fourier, is the method that has been
recognized in its accuracy and it has been widely used in the field of optical fiber
transmission. Therefore, we expect that the actual results will not differ from our

simulated resuits too much.
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Abstract— We propose simple and practical approaches to
upgrade electronic-repeated systems by wsing optical amplifiers
and zero-dispersion wavelength transmission. Possibility of
increasing data rate from 560 Mbit/s to 80 Gbit/s in 1,318-km-
long Thai-Malaysia system is demonstrated.

Keywords-optical  fiber transmission, fiber nonlinearity,
dispersion, zero dispersion wavelength, third-order dispersion,
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L. INTRODUCTION

Rapid growth on both transmission bit rate and distance in
this decade is very remarkable. Transmission of data rate as
high as 1 Tbit/s over 10,000 km has been demonstrated {1].
However, at presence, there exists many installed fiber systems
which still operate with electronic repeaters at very low bit rate.
Such systems need to be upgraded to response the demand for
increasing the transmission capacity in the future.

In this paper, we present simple and practical approaches,
together with design schemes for achieving the maximum
performance, for upgrading such systems using the zero-
dispersion wavelength (ZDWL) transmission and the optical
amplification. To our knowledge, this is the first time that the
design guideline for the ZDWL transmission is presented.
Following our guidance, the possibility of increasing data rate
in the 1,318-km-long Thai-Malaysia submarine system from
560 Mbit/s to 80 Gbit/s is numerically shown.

* II. DESIGN FOR ACHIEVING MAXIMUM PERFORMANCE IN
ZERO-DISPERSION WAVELENGTH TRANSMISSION

The advantage of the zero-dispersion system to other
types of systems mainly originates from its simplicity of
system configuration. By only placing the carrier wavelength
at ZDWL of optical fiber, the limitation of the system
performance due to the fiber dispersion is easily overcome.
However, for long-haul high-$peed transmission, strong self-
phase modulation (SPM) effect, as well as the third-order
dispersion (TOD) at ZDWL cause scrious problems to the
signal transmission {2]-[4], rcsullmg in poorer performance
compared to other nonzero-dispersion systems. Nevertheless,

0-7803-8114-9/03/$17.00 ©2003 IEEE.

we present here that the ZDWL transmission using optical
amplifiers with optimum design is very simple and very cost-
performance scheme for sufficiently increasing the data rate of
the installed fiber systems. .

In order to break through the c]cctromc bottle-neck, the
first step of upgrading is to replace the ¢lectronic repeaters
with the optical amplifiers. Then, the second step is to find -

the optimum input signal power and the optimum bandwidth

of an optical bandpass filter (OBPF) which give the maximum
performance of the system. The increase in input signal power
improves the signal-to-noise-ratio (SNR) at a receiver, at the
same time, results in the systém penalty due to the SPM. The
oplimum power will exist at the balance point of these
improvement and degradation. On the other hand, since the
SPM causes rapid spectrum broadening at ZDWL, the
maximum system performance will be reached when we use
the OBPF with an appropriate bandw:dth that collects all
signal spectra with the least amount of noise.

For ovcrcommg the signal distortion induced from the

TOD, the third step is to calculate the TOD length (L,;)and

the nonlinear length of the system (L, ), which are defined in
[3]. These characteristic lengths can be interpreted as the
distance where those effects become significant. When L,
is longer than system lengih, no TOD compensator is needed.
On the other hand, if L"ﬂ is shorter than the system length,
we have to install the TOD compensators distributedly at the
length shorter than L, to avoid the interplay between the

TOL and the SPM. To further increase the data rate, the span
should be shortened in order to obtain. good SNR with the use
of low input signal power. Then, the SPM effect is
consequently reduced. :

.10.  COMPUTER SIMULATIONS

To demonstrate the efficiency -of our proposed upgrading -
scheme, we consider the Thai-Malaysia submarine system as
the simulation model. The system starts from Petchburi,
Thailand, ends at Chugai, Malaysia, with total'length of 1,318



km. The fiber is the dispersion-shifted fiber (DSF). The
electronic repeaters are periodically placed at a span of 100 km
with the last span of 118 km. The system operates with single
channel with the data rate of only 560 Mbit/s.

In the simulations, the optical signal is composed of a 32-
bit pseudorandom RZ Gaussian pulse train with a duty cycle of
0.5. The fiber loss coefficient, the TOD, and the fiber
nonlinear coefficient of DSF, respectively, are typical values of
0.2 dB, 0.06 ps/km/nm, and 2.6 W'km™. The dispersion is
assumed to randomly fluctuate around ZDWL point every 2
km with a standard deviation of 0.5 ps/km/nm. The optical
amplifier produces noise in process of amplification with a
noise figure of 5.3 dB. At the end of system, the bandwidth
adjustable OBPF is placed. The TOD compensator is an ideal
device that multiplies the signal with negative amount of
linearly accumulated phase shift caused by TOD.

The propagation of the optical pulse is calculated by
solving.the nonlinear Schrodinger (NLS) equation by the split-
step Fourier method (SSFM) [14]. TH¢ integration step size of
SSFM is always chosen at the value that gives a step size error
less than 0.01 % [17]. The receiver is modeled by a sixth-order
Bessel-Thompson low-pass filter, followed by a BER detector.
The system performance is evaluated in terms of the numerical
bit-emror rate (BER). The -bandwidth of the OBPF is always

. adjusted to obtain the minimum BER. To calculate the
numerical BER of the detected signal, the simulation is
repeated 128 times for the same pseudo-random pulse train.
The numerical Q factor of every bit is then individually
calculated at the maximum eye-opening point of the bit period.
Based on the assumption of the Gaussian noise distribution, the
numerical BER is computed from the bit numerical Q factor
and is averaged over the entire bits [18].

A. 40-Gbit/s Data Ttransmission
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Figure I. Numerical BER of the fransmitted 40-Gbit's signal as a function of
OBPF bandwidth for scveral input signal powers.

We start the simulation with the data rate of 40 Gbit/s,
which is the bottle-neck speed of the electronic repeaters.
Figure 1 shows the numerical BER of the transmitted 40-
Gbit/s signal as a function of OBPF bandwidth for several
input signal powers. The minimum BER is obtained with the
optimum power of 2.5 mW-(shown by spaced circles) and the
OBPF bandwidth of 80 GHz. In Figure 1, the BER are

176

obtained without using TOD compcnsator. With defining
BER = 10, which is commonly used for the limitation in
lightwave systems, as the system limitation, the Thai-Malaysia
system can be upgraded for 40-Gbit/s data transmission by
only using ZDWL and replacing electronic repeaters with
optical amplifiers.

Figure 2(b) shows the 40-Gbit/s signal using the input
power of 2.5 mW and the bandwidth of the OBPF of 80 GHz,
compared with its input waveform shown in Fig. 2(a). The
signal which is composed of a 32-bit pseudorandom RZ
Gaussian pulse lrain with a full-width at the half maximum
(FWHM) of 12.5 ps (duty cycle = 0.5). From Fig. 2,
sufficiently good output signal waveform is observed.
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Figure 2. (b) Output waveform of this 40-Gbit/s signal using the input power
of 2.5 mW and the bandwidth of the OBPF of 80 GHz. compared with (a) its
input waveform. The signal is composed of a 32-bit pseudorandom RZ
Gaussian pulsc train with a full-width at the half maximum (FWHM) of 12.5
ps (duty cycle =0.5)

For this 40 Gbit/s data transmission, the employment of
TOD compensator may. not give significant improvement of

the BER since L, (= 4,430 km) is much longer than the

system length. Therefore, in this case, the TOD still does not
appear to affect the signal propagation. Figure 3 shows the
BER of the transmitted 40-Gbit/s signal with the input powcr
of 2.5 mW, as a function of OBPF bandwidth when the TOD
compensators arc used in several schemes, compared with the
SNR-limited BER (shown by spaced circles), the BER where
the TOD is neglected (shown by squares), and the BRR



without the TOD compensation (shown by reversed triangles).
It should be noted that the SNR-limited BER is calculated by
ncglecting the nonlinecar coefficient of the DSF and
performing the TOD compensation at the end of the system.
As predicted, the use of 13 TOD compensators. placed
distributedly at the output of every amplifier (shown by
diamonds) or the use of only one TOD compensator at the end
of the system (shown by triangles) can only slightly improve
BER. This result mentions that the TOD compensation is still
not necessary at this speed of data transmission.

When the TOD is completely neglected (shown by
squares), the BER becomes the worst because the TOD
intrinsically causes the decrease of optical signal peak power
and the asymmetrical broadening of optical signal pulse,
therefore, the existance of TOD along the transmission can
help reducing the nonlinear waveform distortion caused by the
SPM effect which is very strong in the ZDWL transmission
scheme. Also,.the difference in BER between the SNR-
limited BER and the TOD-compensated BER originates from
the signal waveform distortion induced by the SPM effect
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Figure 3. BER of the transmitted 40-Gbius signal with the input power of 2.5
mW, as a function of OBPF bandwidth when the TOD compensators are used
in several schemes, compared with the SNR-limited BER, the BER where the
TOD is neglected. and the BER without TOD compensation. ’

B. 80-Gbit/s Data Ttransmission

To explore whether the system is capable for higher
transmission rate, we perform the computer simulation based
on the signal with-a data rate of 80 Gbit/s. Figure 4 shows the
numerical BER of the 80-Gbit/s signal after transmission, as a
function of OBPF bandwidth for several input signal powers.
The BER less than 10”° cannot be obtained for all input powers
and all OBPF bandwidth values. This is due to large amount
of noise is generated through the very high amplifier gain in
order to compensate the fiber loss in relatively long amplifier
spacing (100 km). The noise will be strongly enhanced by the
SPM effect induced the conversion of amplitude, noise
components to phase noise components along the transmission
in ZDWL [2)-{4]. This results in rapid signal spectral
broadening and consequently brings large amount of noise
entering the receiver.

In order to achieve the BER less than 10° for the
transmission of this data rate, the first strategy is to reduce the

amplifier span to 50 km with last span of 68 km. This will
require the use of the optical amplifiers double in number.
Figure 5 shows the results of the 80-Gbit/s data transmission
using the 50-km span for several input signal power as a
function of the bandwidth of the OBPF. From Fig. 5, the
optimum power is 1| mW and the optimum OBPF bandwidth is
80 GHz. It should be noted that the optimum power of this
data rate is lower than that of the daia rate of 40 Gbits
because the improvement in the SNR due to the use of shorter
span. However we cannot achieve BER < 107 with these
optimum parameters. This is mainly resulted from the TOD

because L, (= 554 km) becomes sborter than the system
length.
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Figure 4. Numerical BER of the 80-Gbivs signal after transmission. as a
function of OBPF bandwidth for several input signal powers.
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Figure 5. Numerical BER of the 80-Gbit/s signal after transmission with the
amplifier span is reduced to 50 km. as a function of OBPF bandwidth- for
scveral input signal powers.

In ordér to improve the BER characteristic of the data
transmission at bit. rate of 80 Gbit/s, we investigate the
transmission performance of the system when the TOD is
compensated. Figure 6 shows the BER of the transmitted 80-
Gbit/s signal with the input power of 1.0 mW and the span of
50 km as a function of OBPF bandwidth when the TOD
compensators are used in several schemes, corpared with the
SNR-limited BER (shown by reversed triangles), the BER
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where the TOD is neglected (shown by circles), and the BER
without the TOD compensation (shown by diamonds).

From the, results in Fig. 6, the use of only one TOD
compensator placed at the end of system (shown by scluarcs)
can significantly improve the BER to be Jower than 107. The
minimum BER for this case obtained by setting the bandwidth

of the OBPF at.240 GHz.

power is 980 km, the placement of TOD compensators at the
output end of each amplifier (shown by triangles) yields better
BER because the accumulated the TOD is reset before tuming
to interplay with the SPM. However, when the use of only
one TOD compensator gives the BER less than 10°, w
should use only one TOD compensator in order to help
reducing the system-cost. The output of the signal with the
data rate of 80 Gbit/s -using the input power of 1 mW, the
bandwidth of OBPF of 240 GHz, the 50-km amplifier span
with one TOD compcnsator placed at the end of system’ is
shown in Fig. 7

Since L, for the 1-mW-input
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Figure 6. BER of-the transmitted 80-Gbit/s signal with the input power of 1.0
mW and the amplifier span of 50 km; as a function of OBPF bandwidth when
the TOD compensators arc used in several schemes, compared with the SNR-
limited BER, the BER ‘where the TOD is neglected, and the BER without
TOD compensation.

15 =

EY

E

=

2

[

E

T 05

o

]
0 100 . 200 300 400

Time [ps]

Figure 7. Output of thé signal with data raté of 80 Gbit/s using the input power
of 1 mW, the bandwidht of OBPF of 240 GHz. the 50-km amplifier span with
onc TOD compensator placed at the end of system
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C. 100-Gbit/s Data Transmission

We further investigate for the possibility of the
transmission at higher data rate of 100 Gbit/s. Figure 8 shows
the BER of the 100-Gbit/s signal at the output of the system
where the amplifier is chosen at 50 km, and the TOD is not
compensated.. The BER .is shown as a function of the
bandwidth of OBPF with several input signal powers. The
optimum input signal power; found from Fig. 8, is 1.0 mW.
However, we cannot reach the BER below 107 with this input
power.

| -&- 0.5mw

< 1.0mW
-@- 1.5SmW
.- 2.0mW
- 2.5mW

-log(BER}

T x
T T ———————

2 3 4 5
Bandwidih of bandpass filter ( x 100GHz )

6

Figure 8. BER of tne 100-Gbit/s signal at the output of the system as a
function of the bandwidth of OBPF with scvera; input signal powers. The
-amplifier is 50 km, and the TOD is not compensated.

-log(BER)

f im-- Wuhoul TOD compcnsauon
\ - SNR limit
4 a-—_1 -¢- Zero TOD
-@- Using onc TOD compensator
-A- Using 26 TOD compensator
21 y

2 3. 4 -5
Bandwidth of bandpass filter ( x 100GHz)

Figure 5. BER of the 100-Gbiv's signal using the optimum power of 1.0 mW,
the TOD compensation in several schemes, and the span of 50 km as a
function of OBPF bandwidth.

Next, we employ the TOD compensators to the system.
Figure 9 shows the BER of the 100-Gbit/s signal using the
optimum power of 1.0 mW, the TOD compensators, and the
span of 50 km as a function of OBPF bandwidth.” In Fig. 9,
although the TOD compensators are employed, the minimum
BER we achieved is about 107, which is not a sufficient valuc
for the optical data transmiission we cxpected. The main
problem that causes limitation on this uitra-high bit raie
transmission is the degradation from.the SPM effect. To
achieve such ultra-high bit rate transmission .as well as to
further increase in the bil rate of this system, some stralcgics



for reducing the SPM such as the dispersion management
concept [5} should be employed.

IV. CONCLUSION

Performance improvement of electronic-repeated fiber
systems by using optical amplifiers and optimum-designed
ZDWL transmission is investigated by computer numerical
simulation. We took into account the Thai-Malasia submarine
fiber-optic line, which has a length of 1,318 km and a 100-km
repcater span, for system model. By only replacing the
electronic-repeaters  with  the optical amplifiers, we
demonstrated thar the transmission bit rate can be increased
from 560 Mbit/s to 40 Gbit's. Moreover, with reducing the
amplifier span to be 50 km and employing only one TOD
compensator at the end of the system, we also demonstrated the
possibility of the optical data transmission at a data rate as high
as 80 Gbit's.
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Abstract
We propose simple and practical approaches to upgrade electronic-repeated systems by using optical amplifiers

and zero-dispersion wavelength transmission.
1,318-km-long Thai-Malaysia system is demonstrated.
1 Introduction

Rapid growth on both transmission bit rate and
distance in this decade is very remarkable. Transmission
of data rate as high as I Tbit/s over 10,000 km has been
demonstrated [1]. However, at present, there exists
many installed fiber systems which still operate with
electronic repeaters at very low bit rate. Such systems
need to be upgraded to response the demand for
increasing transmission capacity in the future. In this
paper, we present simple and practical approaches,
together with design schemes for achieving maximum
performance, for upgrading such systems using
zero-dispersion wavelength (ZDWL) transmission and
optical amplification. To our knowledge, this is the first
time that the design guideline for ZDWL transmission is
presented. Following our guidance, the possibility of
increasing data rate in 1,318-km-long Thai-Malaysia
submarine system from 560 Mbit/s to 80 Gbir/s is
numerically shown.
2 Design for achieving maximum performance in

Zero-dispersion wavelength transmission

The advantage of the zero-dispersion system to other

types of systemns mainly originates from its simplicity of

systeimm  configuration. By only placing carrier
wavelength at ZDWL of optical fiber, the limitation of
system performance due to fiber dispersion is easily
overcome. However, for long-haul transmission, strong
self-phase modulation (SPM) effect, as well as the
third-order dispersion (TOD) at ZDWL cause serious
problems to signal transmission [2], [3], resulting poorer

performance compared to other nonzero-dispersion

systems. Nevertheless, we present here that the ZDWL

Possibility of increasing data rate from 560 Mbit/s to 80 Gbit/s in

transmission using optical amplifiers with optimum

design is the most scheme for

cost-performance
sufficiently increasing data rate of installed fiber systems.

In order to break through the electronic bottle-neck,
the first step of upgrading is' to replace electronic
repeaters with optical amplifiers. Then, the second step
is to find the optimum input signal power and the
optimum bandwidth of optical bandpass filter (OBPF)
The

improves  the

which give maximum performance of system.
signal
signal-to-noise-ratio (SNR) at receiver, at the same time,

increase in  input power
results in system penalty due to the SPM. The optimum
power exists at the balance point of these improvement
On the other hand, since the SPM

rapid spectrum broadening at ZDWL, the

and degradation.
causes
maximum system performance will be reached when we
use the OBPF with appropriate bandwidth that collects all

signal spectra with the least noise. The third step is to
calculate the TOD length (L”) and the nonlinear length of

the system (), defined in [3]. These characteristic

lengths can be interpreted as the distance where those

effects become significant. When g is longer than

system length, no TOD compensator is needed. On the

other hand, if E; is shorter than the system length, we

have to install the TOD compensators distributedly at the
length shorter than [, to avoid the interplay between
TOD and SPM. To further increase the data rate, the
span should be shortened to obtain good SNR with the use
of low Then, the SPM effect is

input power.

consequently reduced.



3 Computer simulatiouns

To demonstrate the efficiency of our proposed
the Thai-Malaysia
submarine system as the simulation model.

upgrading scheme, we consider
The system
starts from Petchburi, Thailand, ends at Zugaai, Malaysia,
with total length of 1,318 km. The fiber is
dispersion-shifted fiber (DSF). The electronic repeaters
are periodically placed at span of 100 km with the last
span 118 km. The system operates with single channel
with the data rate of only 560 Mbit/s.
the optical signal is 32-bit pseudorandom Gaussian RZ
The fiber loss coefficient, the TOD, and the fiber
nonlinear coefficient of DSF are 0.2 dB, 0.06 ps/km/nm,
and 2.6 W'km"', respectively.
assumed to randomly fluctuate around ZDWL point every

2 km with standard deviation of 0.5 ps/km/nm. The

In the simulations,

pulses.

The dispersion is

optical amplifier produces noise in process of
amplification with noise figure of 5.3 dB. At the end of
system, the bandwidth adjustable OBPF is placed. The
TOD compensator is an ideal device that multiplies the
signal with negative amount of linearly accumulated
phase shift caused by TOD. The propagation of the
optical pulse is calculated by solving the nonlinear
Schrodinger equation by the split-step Fourier method [3].
The receiver is modeled by electronic low-pass filter
followed by a BER detector. The system performance is
evaluated in terms of bit-error rate (BER) calculated by
repeating 128 times the transmission of the same signal
and assuming Gaussian distribution of noise.

Figure 1 shows the BER of transmitted 40-Gbit/s
signal as a function of OBPF bandwidth for several cases.
Without TOD compensator, the minimum BER is
obtained with the optimum power 2.5 mW and the OBPF
bandwidth 80 GHz. Since L,; (= 4,430 km) is longer
than the system length, the use of TOD compensator can
only slightly improve BER. With defining BER = 10°
as system limitation, the Thai-Malaysia system can be
upgraded for 40-Gbit/s data transmission by only using
ZDWL and replacing electronic rcpeaters with optical
amplifiers.

To further increase data rate, we reduce amplifier
span to be 50 km with last span of 68 km. Figure 2
shows the results of the 80-Gbit/s data transmission using
50-km span for several cases. The optimum power is |

mW and the optimum OBPF bandwidth is 240 GHz.

However we cannot achieve BER < 167 with these
ontimum parameters. This is mainly resulted from the
TOD because L,; (=554 km) becomes shorter than the
system length. The use of only one TOD compensator
placed at the end of system can significantly improve
BER to be lower than 107°. However, since L, for
{-mW input power is 980 km, the placement of TOD
compensators at ecach span yields better BER because the
accumulated the TOD is reset before turning to interplay
with the SPM. We also explore the data rate of 100
Gbit/s, however, the best BER we obtain is about 107

7 —&— Input signal power 2 mW
—8— [nput signal power 2.5 mW
—&— Input signal power 3 mW
~O~—2.5 mW & TOD compensated

-log(BER)

5 L L " 1 ' I L

40 80 120 160 200
Bandwidth [GHz]
Fig. I: BER of transmitted 40-Gbit/s signal as a function of bandwidth

of OBPF for scveral cascs.
12

240

—&— Input signal power 0.5 mW

—&— Input sigal power 1 mW

—A— input signal power 1.5 mW
——1mW&TOD -0

—0— 1 mW & TOD compensaed 2 1318 km
—O— I mW & TOD compensaed at ond of cach span

-log(BER)

80 160 240 320 400 480
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Fig. 2: BER of transmitted 80-Gbit/s signal as a function of bandwidih
of OBPF for scveral cascs.

4  Conclusion

Performance improvement of electronic-repeated
fiber systems by using optical amplifiers and ZDWL
transmission has been discussed. We have numerically
demonstrated that the data rate of the 1,318-km-long
Thai-Malaysia submarine system can be easily increased
from 560 Mbit/s to 80 Gbit/s.
5 References
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ABSTRACT

e numerically study the use of optical amplification
md  dispersion  management  for  upgrading
ingle-channel electronic-repeated optical fiber system.
lhe increase in data rate from 560 Mbit/s to 100 Gbit/s
n 1,318-km-long Thailand-Malaysia system becomes
kasible when the system is optimally designed.

1. INTRODUCTION

Rapid growth on both transmission bit rate and distance
nthis decade is very remarkable. Transmission of data
ate as high as 1 Tbit/s over 10,000 km has been
femonstrated [1]. However, at presence, there exists
many installed fiber systems, which still operate with
dectronic repeaters at very low bit rate. Such systems
wed to be upgraded to response the demand for
ncreasing the transmission capacity in the future.

When the clectronic repeaters are replaced with
ptical amplifiers in long-haul high-speed system, the
vaveform distortion induced from fiber dispersion and
ronlinearity cannot be removed from the signal because
the optical amplifiers can only amplify the signal. Asa
esult, when we upgrade the electronic-repeated to the
optically-amplified system, efficient methods for
tompensating such signal distortions must be employed.

The zero-dispersion wavelength (ZDWL)
ransmission scheme [2], [3] is to set an operation
wavelength of the system at zero-second-order
[dispersion (SOD) wavelength of the transmission fiber,
% that the pulses can propagate without broadening.
However, in the absence of the SOD, the fiber
tonlinearity, especially the Kerr effect [3], becomes a
grious problem that limits the system performance.
The spectra of the signal transmission zero-dispersion
vavelength will be rapidly broadened by the self-phase
Imodulation (SPM) [3] and four-wave mixing (FWM)
(3], both induced from the Kerr effect.

The dispersion management (DM) [4] i1s to arrange
the various sections of fiber in such a way that none or
only very few of them have zero SOD wavelengths that
coincide with the carrier wavelength while the total fiber
exhibits zero SOD on average. Because the SOD exists
ilong the transmission, we can achieve the compensation
of the SOD and, at the same time, the reduction of fiber
nonlinearity with this method.

0-7803-8560-8/04/$20.00©20041EEE

In this paper, we numerically investigate the
effectiveness of the optical amplification and the DM in
upgrading the electronic-repeated 1,318-long
Thailand-Malaysia (T-M) system. By designing
systems to work at optimum conditions, the possibility
of increasing data rate in single-channel transmission
from 560 Mbit/s to 80 Gbit/s without reducing the
amplifier span, or to 100 Gbit/s with reducing the span to
be a half, are demonstrated by computer simulations.

2. DESIGN FOR ACHIEVING MAXIMUM
PERFORMANCE IN DM TRANSMISSION

The concept of DM is to cancel the accumulated positive
value of dispersion by using negative value of dispersion.
This can be implemented by using the combination of
the transmission fibers and the dispersion compensating
fibers or devices,

The transfer function is a powerful method for
roughly designing the DM systems. The transfer
function can be derived by using the small-signal
approximation [4]. In this paper, since we consider the
T-M system as the simulation model for demonstrating
the efficiency of the upgrading scheme, in this section,
we calculate the transfer function of the T-M system
when the DM is employed using the T-M system
parameters.

The T-M system starts from Petchburi, Thailand,
ends at Zugaai, Malaysia, with total length of 1,318 km.
The transmission fiber is the dispersion-shifted fiber
(DSF). The electronic repeaters are periodically placed

at span: L_of 100 km with the last span of 118 km.

The system operates in single channel with the data rate
of only 560 Mbit/s.

In the calculation, we assume the typical parameter
of DSF. The fiber loss coefficient and the nonlinear
coefficient of DSF are 0.2 dB/km and 2.6 W'km’,
respectively. Tlhe SOD: D for transmission is -0.2
ps/lkm/nm. The DM period: [, is the same as the

amplifier span of 100 km. The DM is done by reseting
the accumulated SOD with the SOD compensator that is
assumed to be a module installed in the optical amplifier.
The path-averaged power within a 100-km amplifier
span is 0.7 mW. We calculate the transfer function for



only 12 amplifiers (1,200 km) because the last amplifier
spacing is 118 km, which is not the period of 100 km.
Figure 1 shows the transfer functions for amplitude

modulation components: 7, and phase modulation

components: 1, , as a function of signal frequency.

The ideal transmission is given by 7, =land 7, =0,
where the signal distortion as well as the enhancement of
In Fig. 1, T

. reduces to its

noise do not appear.

minimum point below 1 at a specific frequency. We
should define that point as the transmission window of
the system. This is because the signal frequency
exceeding this point cannot transmit without distortion.
If we assume that the modulation bandwidth of the
signal does not exceed this window and the receiver can
accept all the optical power within the window, the
demodulated signal will not suffer severe distortion
except the enhancement of the phase noise because

T, > lin the transmission window. However, similar

to the case of the ZDWL transmission, within the
transmission window, the exchange between the
amplitude modulation components and the phase
modulation components will not occur.  For the system
setting, the result from Fig. 1 indicates the possibility of
about 40-Gbit/s data transmission on T-M system when
the DM is employed.

The transmission window width obtained from Fig.
| is very important parameter for evaluating the
transmission performance of a DM system. Figure 2
shows how the window width varies with the changes in

[, and signal power. To obtain this figure, all

parameters are the same as those used in Fig. 1. The
signal power shown in Fig. 2 is the path-averaged power
for amplifier spacing of 100 km. It should be noted that
the minimum signal power required for signal
transmission is determined by the signal-to-noise ratio
(SNR) limit of the receiver.

Furthermore, figure 2 shows that the transmission

window width greatly increases with the reduction in [,
but slightly decreases with the increase in signal power.

The use of smaller /, yields wider window width.

However, with very small [, the signal feels like

propagating at exact ZDWL, therefore, all the problems
occuring in ZDWL transmission will also cause the
signal distortion in DM system. Thus, for design point
of view, we should design the window width as small as
the signal bandwidth to achieve the undistorted
transmission and, at the same time, reduce the
enhancement of noise and other signal distortions from
fiber nonlinearity.

For long-haul, high-speed transmission, relatively
low D is also required to increase the window width.
This can be achieved by placing the carrier wavelength
near ZDWL. In fact, the concept of transfer function
does not account for the signal spectral broadening due

to FWM through the enhancement of phase noise and the

random fluctuation of D, which turns to interplay with
the Kerr effect when the carrier wavelength of the DM
system 1s located near ZDWL. Thus, for detail design
of DM system, the optimum combination of three main

operating parameters: [,, D, and the signal power,

should be obtained by computer simulations.
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Figure 1: Transfer function characteristics of amplitude

modulation components and phase modulation
components in the T-M system employing DM.
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Figure 2: Dependence of the transmission window width
on the DM period and the path-average signal power of
the T-M system employing DM.

Also for computer simulation-based design, the
bandwidth of an optical bandpass filter (OBPF) placed at
the end of fiber should be tuned at optimum value. For
ultra-high data rate transmission, we have to investigate
the necessary of the third-order dispersion (TOD)

compensation by calculating the TOD length: L,, and

the nonlinear length: L, [3] of the system. These

characteristic lengths can be interpreted as the distance
When L,

is longer than system length, no TOD compensator is

where those effects become significant.



yjeeded.  On the other hand, if L,, is shorter than the
'fgystem length, we have to install the TOD compensators
listributedly at the length shorter thar L, to avoid the

;nterplay between the TOD and the SPM. To further
|ncrease the data rate, the span should be shortened in
lrder to obtain good SNR with the use of low input
ignal power. Then, the SPM effect is consequently
ieduced.

3. COMPUTER SIMULATIONS

Jo demonstrate the efficiency of the DM in upgrading
be T-M system, we perform some of computer
imulations. In the simulations, all system parameters
re the same as those used for obtaining the transfer
finction. The optical signal is composed of a 128-bit
seudorandom return-to-zero (RZ) Gaussian pulse, train
vith a duty cycle of 0.5. The TOD of DSF is assumed
o be 0.06 ps/km/nm’. D is assumed to randomly
fluctuate around ZDWL every 2 km with variance of 0.5
ps/km/nm. | The optical amplifier produces noise in
process of amplification with a noise figure of 5.3 dB.
At the end of system, the bandwidth adjustable OBPF is
placed. The bandwidth of the OBPF is always adjusted
lo obtain the minimum bit-error rate (BER). When the
TOD compensation is required, the TOD compensator is
an ideal device that multiplies the signal with negative
anount of linearly accumulated phase shift caused by

TOD. For all calculation, we consider /, that is only

tqual or longer than L for practical.

The propagation of the optical pulse is calculated by
olving the nonlinear Schrodinger equation by the
split-step Fourier method [3]. The integration step size
of SSFM is always chosen at the value that gives a step
size error less than 0.01 %. The receiver is modeled by
1 sixth-order Bessel-Thompson low-pass filter, followed
by a BER detector. The system performance is
tvaluated in terms of the numerical BER. To calculate
the numerical BER of the detected signal, the simulation
is repeated 32 times for the pseudo-random pulse train.
The numerical Q factor of every bit is then individually
talculated at the maximum eye-opening point of the bit
period. Based on the assumption of the Gaussian noise
distribution, the numerical BER is computed from the bit
numerical Q factor and is averaged over the entire bits
[4]. The system limitation is defined by BER = 107,

First, we calculate the BER of a 40-Gbit/s signal at
the end of system using D is -0.2 ps/km/nm and [,
is varied to find the optimum value. As discussed

ibove, too short [, will yield the result similar to the

miform D . On the other hand, too long /, will
shorten the transmission window. The minimum BER
about 10" is obtained with the optimum [, of 400 km,

incorporated with the optimum input signal power of 4

mW. Excepting for [, = 1,318 km, we also achieve
the BER lower than 107, for 7,= 100, 200, 300, and

500 km. Since D = -0.2 ps/km/nm is too small
comparing to its variance (0.5 ps/km/nm), the increase in
the operuting SOD value should enhance the system
performance.  However, the transmission window
becomes narrow when too large D is used. Figure 3
shows the BER of the 40-Gbit/s signal as a function of
input signal power. Each BER curve is obtained at the

optimum [/, for each operating D . The best BER is
obtained from [ = -1 ps/km/nm with the input signal
power of 2 mW. On the other hand, the worst BER is

resulted from [D = —2 ps/km/nm, where we cannot
obtain the BER lower than 10”.
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Figure 3: Numerical BER of the transmitted 40-Gbit/s
signal as a function of input signal power, for several
D with their corresponding optimum /.

Next we further explore the possibility of a
80-Gbit/s data transmission. For this data rate, the
TOD also becomes a problem that causes signal

waveform distortion because L(,,3 is about 560 km. In
fact, the TOD compensator should be periodically placed
at the distance shorter than L ,. However, since the

system length is not too long and L, is relatively not

too short comparing with the system length, we try to
use only one TOD compensator install at the end of
system to reduce the system cost. Figure 4 shows the
BER of the 40-Gbit/s signal as a function of input signal

power for several . FEach BER curve is obtained at
[, =100 km, which is the optimum value for this data
rate. It is obvious that the higher data rate is, the
shorter /, is required for expanding the transmission
window. From Fig. 4, we achieve the BER lower than
10” for the range of D from -0.5 to -1.5 ps/km/nm.

The lowest BER is obtained by D = -1 ps/km/nm with
the input signal power of 2 mW.



For higher data rate, we perform computer
ymulations based on the data rate of 100-Gbit/s. Since

[4; of this data rate becomes as short as 280 km.

fhis means that the TOD now becomes the significant
sroblems. Moreover, the TOD will cause severe signal
fistortion through the interaction with the Kerr effect
vhen the signal power becomes intense. Therefore, we
erform the TOD compensation periodically at every

mplifier span, which is shorter than L,,. However,

he BER less than 10" cannot be obtained for all possible
arameters. This is due to large amount of amplifier
pise is added to this broadband signal during the
mplification and then high signal power is required for
paintaining a good SNR. The high signal power will
ause the nonlinear waveform distortion, and also
fortens the transmission window. In order to achieve
he BER less than 10~ for this data rate, the first strategy

5 to reduce L, to 50 km with last span of 68 km.

This is because the amount amplifier noise will reduce.
fonsequently, relatively low signal power is sufficient
fr good SNR.

Figure 5 shows the BER of the 100-Gbit/s signal as a
finction of input signal power for several D). Each
BER curve is obtained at the optimum [, indicated in

the figure. The calculation results show that the
ransmission of 100-Gbit/s in T-M system becomes

jossible by using D = -0.5 ~ -1.5 ps/km/nm.

—4— D =-0.2 ps/km/nm
—&— D =-0.5 ps/knvnmi
12 —&— D =-1.0 ps/km/nm
—8—D =-1.5 ps’km/nm
10 —>—D =-2.0 ps/knm/nm

-log(BER)
o

0.0 1.0 2.0 3.0 4.0 5.0
Input Signal Power [mW}]

Figure 4: Numerical BER of the transmitted 80-Gbit/s
signal as a function of input signal power, for several

D with the optimum /, =100 km.

For small D, the results from Fig. 3 ~ 5 mention
that, the use of large /, results in good BER. On the
other hand, for large D, we have to use small /,.

This is because the effect of random D fluctuation,
which interplays with the Kerr effect, can be reduced by

using large D with sufficiently short /, or smaller

D with sufficiently long /.

14
12
10
‘o
% o[ e
8 —— D =-0.2 ps/km/nm, 1d = 150km
sl ¥ ——D=-0.5ps/km/nm, Id = 100 km
I —&— D = -1.0 pstkm/nm, Id = 50 km
2t ——D=-1.5ps/km/nm, Id = 50km
. L | ——D=-2.0ps/km/nm, Id = 50km

0.0 1.0 2.0 3.0 4.0
Input Signal Power [mW)]

Figure 5: Numerical BER of the transmitted 100-Gbit/s
signal as a function of input signal power, for several

D, obtained by their optimum /, and L, =50km.

4. CONCLUSIONS

Performance improvement of single-channel
electronic-repeated fiber systems by using the
optimum-designed DM method was investigated by
numerical simulations. We took into account the T-M
submarine fiber-optic line, which has a length of 1,318
km and a 100-km repeater span, for system model. By
designing the system to operate with optimum
parameters, we numerically demonstrated that the
transmission data rate can be increased from 560 Mbit/s
to 80 Gbit/'s. Moreover, with reducing the amplifier
span to 50 km, we also demonstrated the possibility of
the transmission at a data rate as high as 100 Gbit/s.
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Abstract

We numerically investigate the performance
improvement of electronic-repeated fiber system by
using optical soliton transmission  The Thailand-
Malaysia submarine line is used for system model.
Following our optimum soliton system design strategies,
by only replacing the electronic-repeaters with the
optical amplifiers, we demonstrated that the transmission
bit rate can be improved from 560 Mbit/s to 10 Gbit/s.
Morcover, when the amplifier span is reduced to 50 km,
we succeed the transmission at a data rate as high as 20
Gbit/s.

Keywords: optical fiber transmission, fiber nonlinearity,
dispersion, dispersion compensation, optical soliton,
optical amplification

1. Introduction

Rapid growth on both transmission bit rate and
distance in this decade is very remarkable. Transmission
of data rate as high as [ Tbit/s over 10,000 km has been
demonstrated [1]. However, at presence, there exists
many instalied fiber systems which still operate with
electronic repeaters at very low bit rate. Such systems
need to be upgraded to response the demand for increasing
the transmission capacity in the future.

Electronic repeaters in optical fiber transmission
systems are the main bottle-neck that limits the increase of
information data rate. To overcome this bottle-neck,
optical signal must transmit transparently only in optical
domain from a transmitter to a destination without
converting to electronic signal.  To realize such
transparent optical transmission, firstly, the electronic
repeaters must be replaced by the optical amplifiers.
However, since the optical amplifier can only amplify the
signal, for long-haul-high-speed systems, all-optical
method for compensating the signal waveform distortion
due to fiber dispersion and fiber nonlinearity, is the key
technology that must be also employed.

Optical soliton [2] is a special pulse that can
maintain its shape during the propagation in lossless
optical fiber because of the balance between the fiber
second-order dispersion (SOD) and nonlinear effect called
the self-phase modulation (SPM) [2]. The soliton is very
suitable for signal transmission in all-optical transmission
system, as well as for all-optical signal processing [3].
However, for long-haul fiber link, the fiber loss causes the
attenuation of soliton power resulting in the destruction of
soliton waveform. Moreover, the collision between
adjacent soliton pulse called the soliton interaction {2] also

v
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places a limit in both data rate and distance of the
transmission system using soliton.

In order to transmit the soliton in long lossy fiber,
the lumped optical amplifiers are necessary to be installed
periodically to compensate the fiber attenuation. Then,
the soliton is amplified in such a way that the average
power in the amplifier span is equal to the value required
for ideal soliton. This concept is well known as the
guiding-centered soliton [4] or the average soliton [5].
The stability of the soliton in this scheme based on the
ratio of the characteristic length called the soliton period
and the amplifier span, which should be as large as
possible {6], {7]. This constraint brings a type of soliton
distortion due to the dispersive wave [6], [7] scattering out
of soliton when we choose relatively large amplifier span.
Moreover, the amplifier noise will cause the random
modulation of soliton frequency, resulting in the random
walk of among soliton pulses called the Gordon-Haus
(GH) effect [8].

In this paper, we numerically investigate the
effectiveness of the optical amglification and the soliton
method in upgrading the electronic-repeated 1,318-long
Thailand-Malaysia (T-M) system. By designing systems
to work at optimum condilions, the possibility of
increasing data rate in single-channel from 560 Mbil/s to
10 Gbit/s without reducing the amplifier span, and to 20
Gbit/s with reducing the span to be a half, are
demonstrated by computer simulations. Section 2 reviews
about the generation of soliton in optical fiber and then
describes about the system design strategies to achieve the
maximum performance in the system employing the
optical amplification and the soliton technique. In section
3, we show the system modeling for single-channel T-M
transmission system and the numerical simulation results,
which indicates the performance upgrading. Finally, the
conclusion of this paper is made at section 4.

2. Generation of Soliton Pulse in Optical Fiber

Soliton refers to special kind of waves that can
propagate undistorted over long distances and remain
unaffected after collision with each other. Optical
soliton in optical fiber is conformed by balancing the
SOD and the SPM in anomalous dispersion region [2].
Quantitatively, this can be achieved by launching optical
pulses with proper width and input power, which is
given by Eq. (1), into the fiber.

_15
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where, £ is the input power required for forming the
soliton pulse, ﬂz the second-order group-velocity
parameter, ¥ the nonlinear coefficient, and 7, the

soliton width. Tt should be noted that f3, directly

relates to the SOD [2]: D , which is widely used in the
context of fiber transmission, by

where ¢ and A are the velocity of light and the carrier
wavelength, respectively.

The most attractive characteristic of optical
soliton is that they can propagate in optical fibers
without distortion over a long distance if the fiber loss is
negligible. There are several other reasons why soliton
is aftractive for optical communication systems and why
they should be considered as a possible route for system
upgrades. In particular, soliton is also compatible with
ali optical switching and routing technologies [3]. The
ability to optically process signal is essential if the
bottleneck problems encountered at switching nodes are
to be overcome for the high data rates.

The problems in soliton transmission systems
are roughly classified into the following three problems;
the fiber loss, [2], [4], [5] the mutual interaction between
adjacent solitons [2], [9], and the GH effect [8]. To
transmit soliton pulses through actual optical fibers,
especially for a long distance, it is necessary to consider
the fiber loss. The fiber loss results in exponentiaily
increase of soliton width and decrease of soliton peak. It
is necessary to amplify the soliton periodically to
maintain its power. With the tump optical amplifier. the
soliton power is amplified to have the power larger than

P,. Quanlitatively, Po will be multiplied by the power
factor & to be P_, which is given by
hal,

P =po=—%
=t 1-exp(-al,)

)
where @ is the loss coefficient of fiber and L, is the

amplfier span. Such a soliton called the guiding-center
soliton [4] or average soliton [5] because, by incresing

Po by the factor of o, the average soliton power over

L, becomes equal to the soliton power in fossless fiber.
One of the important quantity in soliton system
design is the ratio between the soliton period Zo [2] and

L,, where Z can be obtained as
7Ty

Zy= .
A

It has been proved that the average soliton is

4

stable during propagation when the ratio of Z,, and L, is

much larger than unity (6], [7]. Otherwise, serious soliton
distortion is induced because large amount of the

Back to mair?]

dispersive wave is generated and is emitted out of the
soliton signal.

In addition to the stability requirement, there are
two other effects limiting the capacity of soliton
transmission. When the solitons are closely spaced, the
mutual interaction changes the velocity of the solitons
and causes the soliton to move out of the detection
window. This effect is known as the soliton interaction
[2], [9]. The collision between adjacent solitons is also
induced from this effect. We can extend the distance
where the collision occurs by increasing the time interval
between adjacent solitons, i.e., by reducing the duty
cycle of soliton puise.

On the other hand, the GH effect is originated
by the noise generated by the optical amplifiers. The
amplifier noise randomly modulates the carrier
frequency of the soliton, and then the group velocity
varies. This effect leads to the timing jitter among
soliton pulses [8]. Tt should be noted that the soliton
interaction and the GH effect can be reduced by using
relatively low D . However, using too small D, the
soliton will suffer from low optical-signal-to-noise ratio
(OSNR) at receiver because £, will be at very low
value according to Eq. (3).

In real system, DD randomly changes along the
transmission because of the temperature and the installed
circumstance. The random variation of D also gives
rise to the perturbation of soliton pulses resulting in large
amount of dispersive wave that will disperse from the
soliton pulse. The use of relatively large D can help
reducing this signal distortion because the effect of D
variation can then be treated as only small perturbation.

Taking into account all described problems, to
design the soliton transmission system to achieve the
maximum performance for a given fixed amplifier span,
the following points should be concemed.

1. There should exist the optimum value of D
that yields the trade off between the
improvement of OSNR and the signal
distortions.

2. The decrease in the duty cycle of the soliton
pulse will increase all the nonlinear waveform

distortion because relatively high P s

required to form the soliton. On the other hand,
the use of small duty cycle reduces the effect of
soliton interaction. Therefore, the duty cycle
should be set at the optimum value.

3. The bandwidth of the optical band-pass filter
(OBPF) installed at the end of fiber should be
adjusted to the optimum value, which selects
only soliton spectrum and reject the
accumulated noise.

3. Computer Simulations

To demonstrate the efficiency of the soliton in
upgrading the electronic-repeated system, we perform
some of computer simulations by taking the T-M system
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as the model. The T-M system starts from Petchburi,
Thailand, ends at Chugai, Malaysia, with total length of
1.318 km. The transmission fiber is the dispersion-
shifted fiber (DSF). The electronic repeaters are

periodically placed at span (L, ) of 100 k1 with the last

span of 118 kni. The system operates in single channel
with the data rate of only 560 Mbit/s.

In the calculation, we assume the typical
parameter of DSF. The fiber loss coefficient and the
nonlinear coefficient of DSF are 0.2 dB/km and 2.6 W~
'm™, respectively. The optical soliton signal is
composed of a 128-bit pseudorandom return-to-zero
pulse train with secant-hyperbolic shape. The SOD is
assumed to randomly fluctuate around the operating [
every 2 kim with a variance of 0.5 ps/km/mm. The
optical amplifier produces noise in process of
amplification with a noise figure of 5.3 dB. At the end
of system, the bandwidth adjustable OBPF is placed.
The bandwidth of the OBPF is always adjusted to obtain
the minimum bit-error rate (BER). The propagation of
the soliton signal is calculated by solving the nonlinear
Schrodinger equation by the split-step Fourier method
(SSFM) [2]. The integration step size of the SSFM is
always chosen at the value that gives a step size error
less than 0.01 %. The receiver is modeled by a sixth-
order Bessel-Thompson low-pass filter, tollowed by a
BER detector. To calculate the numerical BER of the
detected signal, the simulation is repeated 32 times for
the pseudo-random pulse train. The numerical O factor
of every bit is then individually calculated at the
maximuin eye-opening point of the bit period. Based on
the assumption of the Gaussian noise distribution, the
numerical BER is computed from the bit numerical
factor and is averaged over the entire bits [10]. The
system limitation is defined by BER = 107

Figure 1 shows the numerical BER, in
logarithmic scale, of the soliton signal with data rate of 10
Gbit/s as a function of duty cycle for several D. We
achieve BER < 107 by using D = 1.0 ps/km/nm with
duty cycle of 0.2 and 0.5. For all D used in Fig. 1, the
duty cycle of 0.2 and 0.5 yield better BER than other duty
cycles. This can be interpreted that, by using the duty
cycle of 0.5, although the soliton interaction becomes a
serious problem, we can sufficiently reduce £ .
Therefore, the BER becomes relatively small because the
signal distortion due to the GH effect and the emission of
dispersive wave are simultaneously reduced. When we
decrease the soliton duty cycle to 0.4 and 0.3, to reduce
the effect of the soliton interaction, we have also

unavoidably to increase /. Since the soliton interaction

cannot be completely eliminated, at the same time, the GH
effect and the emission of dispersive wave become more

serious, the BER then slightly increases as appeared in Fig,

1. However, when we further reduce the duty cycle t0 0.2,
the soliton interaction may be almost completely
suppressed, and according to the fact that the GH effect
and the emission of dispersive wave may be still not too

strong, we can achieve the smallest BER at this duty cycle.

{ Back to main

As described above, the use of low operating DD
causes the signal distortion from the random fluctuation of
SOD. However, the use of large [ results in the
enhancement of the GH effect and the emission of
dispersive wave because very high P, is required to be
launched into the fiber to create optical soliton. As a
result, in Fig. 1, D = 1.0 ps/km/nm is the optimum value
that gives the balance among these problems. Figure 2
show the output eye pattern of the 32-bit soliton, obtained
by using D = 1.0 ps/km/nm and duty cycle of 0.2. The
soliton signal is in a very good shape, therefore, we can
clearly distinguish the bit “1” and “0”.

——D=0.5ps/lkm/nm  ——D = 1.0 ps/km/nm
12| —&—D=15ps/km/nm —@—D =2.0 ps/km/nm

—

-log(BER)

T L BT RN T S i |

0 0.2 0.4 0.6
Duty cycle of soliton pulse

Fig. 1: Numerical BER of the 10-Gbit's soliton signal as a
function of duty cycle for several D . La is 100 km. BER <

107 is obtained by using ) = 1.0 pvkmvnm with duty cycle of
0.2 and 0.5.

20 -

powermW]
c

0.1 0.1 0.2 0.25 a.3
dme[ns]

Fig. 2: Eye pattetn of the output 32-bit soliton waveform
obtained by using £ = 1.0 ps/ki/nen and duty eycle of 0.2,

The easiest way to further increase the
performance of this 10-Gbit/s soliton system is to reduce

L,. The GH effect and the amount of dispersion wave
scattering from soliton will then be reduced because the
ratio between Z, and /[, becomes large and also P, is

reduced.  [Figure 3 shows the numerical BER. in
logarithmic scale, of the 10-Gbit/s soliton signal as a

function of duty cycle for several D. L, in this case, is

set at 50 kin with the last span of 68 kin. According to the
numerical results, we can achieve BER < 107 for a wide
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range of duty cycle (> 0.1) by using [ = 1.0 ps/km/nm,
and for only a duty cycle of 0.2 with D = 1.5 ps/knvnm.

—4— D =0.5 ps’km/nm ——
—&—D=1.5 pskm/nm —@—

=1.0 p¥km/nm
=2.0 ps/km/nm

-log(BER;

TT T T T T T TF T T T T T v TT
1
|
I
1

04 0.6
Duty cycle of soliton pulse

=
=4
to

Fig. 3: Numerical BER of the 10-Gbit/s soliton signal as a
function of duty cycle for several [ . La is 50 km. BER <

10™ is achieved for a wide range of duty cycle by using D=

1.0 ps/km/nm, and for only a duty cycle of 0.2 with D = 1.5
ps/km/nm.

—4—D=0.5 ps/km/nm = 1.0 ps/km/nm

14 —&—D= 1.5 ps/km/nm =2.0 ps’km/nm
12
10 r
£ o f
[sa] L
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1 4 L
2 L
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0 0.2 0.4 0.6

Duty cycle of soliton pulse

Fig. 4: Numerical BER of the 20-Gbit/s soliton signal as a
function of duty cycle for several . Lu is 50 km. BER < 10
% is obtained by using D = 1.0 ps/km/nm with duty cycle of 0.4
and .5.

Next we explore the possibility of higher data
rate transmission using L, = 50 km. Figure 4 shows the
numerical BER for the case of a soliton signal with data
rate of 20 Gbit/s, as a function of duty cycle for several
D. Similar to the results from Fig. 1 and Fig. 3, the best
BER is obtained by using D = 1.0 ps/km/nm. However,
the transmitted soliton gives the BER less than 107 only
for the duty cycle of 0.4 and 0.5. We can no longer
achieve BER < 10™ by using smaller duty cycle. This is
because, in such high data rate, to generate the soliton

with small duty cycle, P, will be in an extremely high

level. Therefore, the GH effect as well as the dispersive
wave will play a dominant role in limiting the
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performance of this system. To improve the achievable
BER in such system, L, should be further recuced.

4. Conclusion

In this paper, we have studied the performance
improvement of the electronic-repeated fiber system by
using the optical amplification and the soliton
transmission is investigated by computer numerical
simulations. We took into account the Thai-Malaysia
submarine fiber-optic line, which has a length of 1,318
km and a 100-km repeater span, for system model. With
our optimum soliton system design strategies, by only
replacing the electronic-repeaters with the optical
amplifiers, we demonstrated that the transmission bit rate
can be increased from 560 Mbit/s to 10 Gbit/s.
Moreover, with reducing the amplifier span to be 50 km,
we also demonstrated the possibility of the optical data
transmission at a data rate as high as 20 Gbit/s. Further
improvement of the system may be based on the
reduction of amplifier span.
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