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Abstract

In optical phase conjugation (OPC) systems, the third-order
dispersion (TOD) of opticai fibers and the nonlinear resonance at
well-defined signal sideband frequencies called sideband instability
(SI) mainly limit the transmission performance.

We present for the first time a complete~theoretical analysis
of sideband instability (SI) that occurs when two kinds of fibers
with different characteristics are concatenated to form a dispersion-
managed fiber 1link. We find that the magnitude of the SI gain
reduces with the increase in strength of dispersion management.

Next, we focus on the fiber 1link using the combination of
standard single-mode fiber (SMF) and reverse dispersion fiber (RDF),
which is widely used for simultaneously compensating second-order
dispersion (SOD) and third-order dispersion (TOD). By computer
simulation, it is shown that, in wavelength-division-multiplexed
(WDM) systems, SI still induces significant degradation in channels
located at frequencies where SI induced from other channels arises.
By re-allocating the channel frequency to avoid the SI frequency, the
transmission performance is improved significantly.

Then we propose for the first time, a scheme for simultaneous
suppression of both TOD and SI in OPC systems using a higher-order
dispersion-managed 1link consisting of SMFs and RDFs. Computer
simulation results demonstrate the possibility of 200-Gbit/s
transmission over 10,000 km in the higher-order dispersion-managed
OPC system, where the dispersion map 1is optimized by our system

design strategies.
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1. INTRODUCTION

1.1 General background

Four-wave mixing (FWM) and cross-phase modulation (XPM) in
optical fibers have been recognized as the wmain problems that cause
signal waveform distortion in wavelength-division-multiplexed (WDM)
systems ([1}-[3]. FWM induces signal energy transfer among channels,
while, through XPM, temporal intensity variation of every channel
modulates the phase of other copropagating channels. In fact, the
use of non-zero dispersion for signal transmission yields relatively
different propagating group-velocity among channels, referred as
walk-off, which dramatically results in the reduction of channel
crosstalk induced from both FWM and XPM. For this purpose, the
second-order dispersion (SOD) management method has been proposed and
demonstrated [4]-(7]. Through this method, fiber sections are
periodically arranged in such a way that the signal carrier
wavelengths alternatively fall in normal and anomalous dispersion
region, while, for each period, the total fiber exhibits zero or near
zero dispersion on average. Therefore, signal pulse propagating in
the link will always experience non-zero dispersion while its width
;s almost preserved at each compensation period due to low average
dispersion.

However, such an approach can manage only SOD in only one
channel. Therefore, in WDM systems, signal channels far from the
average zero-dispersion wavelength experience different amount of
dispersion accumulation along the entire system length because of the
existence of the dispersion slope or third-order dispersion (TOD).

It has been predicted that the existence of TOD 1limits the
available passband of the WDM systems with the data rates of over
10Gbit/s [8]-[10]. For further expansion both in capacity and

distance, dispersion management to eliminate both SOD and TOD will be

one of the key issues. For this purpose, the special dispersion
compensating fibers called reverse dispersion fiber (RDF) [11], [12]
has been proposed and demonstrated its potential. Since RDF exhibits

low negative TOD with large negative SOD, we can achieve the
dispersion flattened fiber link with low average SOD by combining RDF
with standard single-mode fiber (SMF) in each compensation interval.
The use of such higher-order dispersion compensation fiber 1link in

combination with the optimization of channel spacing realizes the



simultaneously reduction of FWM, XPM, and TOD. Transmission
experiment shows that wusing the combination of SMF and RDF can
achieve the data rate as high as 1Tbit/s (104x10Gbit/s) WDM
transmission over 10,000km [13].

On the other hand, in ultra-high bit-rate optical-time-division

multiplexed (OTDM) transmission systems, the SOD of fibers for

transmission must be completely compensated. With SOD averaged to
zero, the TOD also shows up and influences transmission
characteristics. Moreover, TOD interplays with the self-phase

modulation (SPM) of optical-rpulses, causing severe distortion of both
signal waveform and signal spectrum [1].

In the dispersion-managed system using non-return-to-zero (NRZ)
pulse format, the bit rate of the 10,000-km transmission system is
limited only about 10 Gbit/s because of the interplay of the TOD with
the SPM. For further expansion both in capacity and distance,
dispersion management to eliminate both SOD and TOD will also be one
of the key issues. For this purpose, the use of a special dispersion
compensating fiber 1link composed of SMF and RDF will play a
significant role in the realization of the dispersion flattened fiber
link with low average SOD for simultaneously compensating both SOD
and TOD.

Several recent OTDM transmission experiments have demonstrated
very attractive results of this SMF+RDF combination based systems
such as the transmission of 640 Gbit/s over 92 km [14] and even the
data bit rate as high as 1.28 Tbit/s over 70 km [15].

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 Dbetween SOD and SPM {16]. 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 [16]. Recently, we have demonstrated by a numerical
simulation that the single-channel OTDM 100 Gbit/s, 10,000 km
transmission can be made possible by using the optimum signal power
in the OPC system incorporated with TOD compensation [17]. For the
SI effect, Watanabe and Shirasaki have given a condition for perfect
SI compensation [181. In order to satisfy the condition, a

dispersion-decreasing fiber (DDF) , whose dispersion-decreasing



coefficient 1is 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 [18] was demonstrated
by using a quasi-DDF in which short fibers with different dispersion
values were concatenated to form the dispersion-decreasing profile.
However, such an approach sounds too impractical to be employed in
real systems. Moreover, uncompensated TOD will show up to affect the
long-haul transmission with the bit rate higher than 40 Gbit/s.
Recently, our analysis has demonstrated a more practical way to
suppress SI by only applying strong dispersion management ({191, [20].
Therefore, by using such combination of SMF and RDF in the OPC
system, the simultaneous suppression of both SI and TOD can be

expected.
1.2 Purpose of this project

The aim of this project is to improve the performance of OPC
transmission system by simultaneously suppressing both - two main
problems which 1limit wultra-high-bit-rate 1long-haul transmission
performance, TOD and SI, using SMF+RDF-based dispersion compensation.
We will find out the most suitable dispersion profile for installing
such SMF+RDF combination on OPC systems by calculating the numerical
bit error rate (BER) of the transmitted signal. The most suitable
installing scheme should result the minimum BER comparing the other
possible schemes. Next we will derive theoretical optimum system
design strategies in order to achieve system maximum performance.

In this study, we will use both mathmetical approach based on
solving the nonlinear Schrodinger equation (NLSE) with small signal
approximation, together with numerical approach based on solving the
NLSE with the split-step Fourier method [1]. It should be noted that
the numerical method will be mainly used to prove our derived theory
and to evaluate our designed systems. The anticipated speed of
10,000km OPC system where both TOD and SI are suppressed may reach a
value as high as 200Gbit/s.

1.3 Studying Steps

To this report, this project has been done step by step as

shown below.
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Deriving complete mathematical expression of SI gain concerning
periodic dispersion management fiber link when two different
fibers are connected together.

Writing computer simulation programs to evaluate the proposed
theory.

Studying the effect of SI on higher-order dispersion-managed
WDM transwmission systems and how the problem can be avoided.
Summarizing the results, submitting the works to IEEE/OSA
periodical journal of lightwave technology.

Writing computer simulation programs based on  SMF+RDF-
dispersion-managed OPC system model for simulating the optical
signal propagation in this dispersion-managed OPC systemn.

Using the computer simulation to confirm the reduction of SI
gain with the proposed scheme and how it affects the linear TOD
compensation.

Theoretically comparing the advantages and disadvantages of two
possible ways to install the SMF+RDF combination in opC system.
One is symmetric dispersion profile with respect to wmidway OPC
and the other is asymmetric dispersion profile with respect to
midway OPC. Then, £find the suitable scheme £from these two
possible ways. Then, find the most suitable scheme between
these two schemes.

Confirming the comparison between these two schemes by computer
simulations, together with wusing computer simulations to
evalu;te the performance improvement of 100 Gbit/s 10,000 km
OPC transmission system employing the combination of SMF and
RDF to simultaneously suppress TOD and SI.

Summarizing the results, submitting the result to conferences,
and writing this progress report

Focusing on OPC systems with transmission length of 10,000km
and with data rate higher than 100Gbit/s, theoretically
studying the optimum OPC system design strategies in terms of
designing system operating parameters such as the optimum
dispersion map, average dispersion wvalue, etc. to achieve

maximum system performance.

.Writing computer simulation programs based on SMF+RDF -

dispersion-managed OPC system model for simulating the optical

signal propagation in this dispersion-managed OPC system.



12.Using computer simulations to evaluate the performance
improvement of 10,000km OPC transmission system with data rate
higher than 100Gbit/s using our proposed optimum system design
strategies.

13.Summarizing the results, writing a final report, and presenting
the work in conferences and publishing the work in periodical

journal

1.4 Organization of this report

This paper is organiied as follows. Chapter 2 reviews some
previous works about the OPC system and its limitations. The TOD
compensation scheme in OPC system 1is also discussed. Our main
contributions presented here commence from chapker 3. In chapter 3,
the complete theoretical analysis of SI focusing on the case when two
different characteristic fibers connected together is.made. In our
analysis, not only the periodic power variation but the periodic
dispersion management, periodic fiber loss coefficient variation, and
periodic nonlinear coefficient variation are also included. We
derive the analytical SI gain and the SI frequency considering three
cases: (a) when a dispersion management period is larger than an
amplifier spacing, (b) when the two lengths are equal, and (c) when
an amplifier spacing is larger than a dispersion management period.
The derived theory is evaluated its accuracy by computer simulations.

We also focuses on dispersion managed transmission systen
consisting of SMF and RDF. Our computer simulation results show
that, when two or more channels produce SI at the same freguency, SI
significantly causes a serious problem to the channel whose carrier
is positioned just at that superposition resonance fregquency. We
also demonstrate that, by re-arranging the channel position or
channel spacing in such a way that none of the SI resonance frequency
falls inside the channel signal bandwidth, the transmission
performance is significantly improved.

In chapter 4, the reduction of the SI gain by employing the
combination of SMF and RDF is shown. We then discuss an
implementation of dispersion management in OPC systems. We suggest
that a symmetric dispersion profile with respect to the mid-point of
the system is preferable in order to avoid nonlinear accumulation of
amplifier noise when the system operates with relatively high signal

intensity. The performance improvement of the dispersion-managed



100-Gbit/s OPC system using the symmetric dispersion profile is
confirmed by numerical simulations even when the dispersion map is
not optimized.

Next, we discuss the optimum dispersion wmap design for
obtaining the maximum performance in OPC systems. We demonstrate
that, a 200-Gbit/s data transmission over a 10,000 km distance can be
achieved by simultaheously suppressing TOD and SI in OPC systems
using the dispersion-managed fiber 1link consisting of SMF and RDF
whose dispersion map is properly designed. Finally, the summary of
this report, together with the suggestion for future work are

presented in chapter 5.



2. OPTICAL TRANMISSION SYSTEM USING
MIDWAY OPTICAL PHASE CONJUGATION

Since we have been so far originally studied the optical
phase conjugation (OPC) systems and the effect of SI. First, we
should summarize the wain limitations of OPC systems. Next, we
discuss the accumulation characteristic of TOD in OPC systems and
demonstrate that the performance of the OPC system can be improved
beyond TOD limitation only by linearly compensating TOD.
Numerical simulation results show that 100Gbit/s, 10, 000km
transmission is made possible by assuming linear TOD compensation

[20] .
2.1 OPC system and its limitation

Figure 2.1 shows schematically the midway OPC 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.

fiber
Amp
e A=, Leeens

Y L e,

Input signal I Distorted signal l Output signat

0 Li2 L

Fig. 2.1: Midway OPC system

According to the nonlinear Schrodinger equation (NLSE) which

governs the propagation of signal pulses in an optical fiber [1]

04 a i 8’4 1 0’4 2
—=——A-— 0, —+—f,—+iy|4 A4, (2.1)
e~ 24 o TP T

where A denotes the complex amplitude of the signal, =z the

propagation distance, « the attenuation coefficient, ﬂz the GVD



coefficient, f}; the TOD coefficient, y the fiber nonlinearity

coefficient, and T=t—Z/vg the time measured in a frame of

reference moving with the pulse at the group velocity Ve - Take

the complex conjugation of NLSE, we obtain

oA a . 0,04 1,84 e
Ty Ay Ry RV )/ (2.2)
o =t TP e P Y
where * denotes the complex conjugate operation. Eg. (2.2)

describes the complex conjugate amplitude of the signal A

propagating in backward direction through the fiber which exhibit
reverse sign of «a and ﬂ3. According to Eqg. (2.1) and (2.2)

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 fiber
nonlinearity and the dispersion is thus perfectly compensated at
the output end. However, to achieve the perfect compensation two

conditions are needed. First, the transmission fiber of the
second half must have negative ﬂ3 while its ﬂz 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 SMF and 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. 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
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 nonlinear 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. 2.2, 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 [24]. Quanlitatively, SI can be considered as
four-wave mixing (FWM) effect which is quasi-phase-matched by the
assistance of the periodic power variation induced virtual grating

as the condition

k, +k_=2k,+k,. (2.3)
In Eq. (2.3), k, denote the wave number of the signal which acts

as a pump, k, the sideband wave numbers, and kf the wave number

of the virtual grating which is given as

2m
kf=———, (2.4)
d
!
where n=0,x1,+2,..., and lfis the amplifier spacing. The sideband

frequency @, shifted from the carrier frequency, at which SI

arises is obtained from Eg. (2.3) and (2.4) as

g =k "B]—"(kfn—ngn(,Bz)p). (2.5)
2

where P is the path-averaged signal power. The power gain

l@@n)of SI at each n-order resonance frequency is

Mw,)=2R]F,

‘ (2.6)

where f% denotes the signal input power and fl the n-order of the
Fourier series coefficient of the periodic function a(z) whose

period is equal to 1/-
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Fig. 2.2: The occurrence of SI in chain of periodic amplification

2.2 TOD compensation for OPC Systems

First, it should be noted that, to discuss the accumulation
of TOD in OPC systems, it is necessary to use three characteristic
scales: the SOD length Ly, the TOD length Lg, and the nonlinear
length L,;, which are defined in [1] for forecasting signal
behaviors in optical fiber transmission systems. The effect whose
scale becomes the shortest plays a dominant role in limiting the
system performance.

Dispersion-managed NRZ transmission systems require the GVD
compensation interval, which is quite shorter than L,;, in order to
avoid the interaction of the SOD and SPM. If the SOD compensation
interval becomes much shorter than Lg, which is usually the case,
the pulse behaves in the TOD scale as if it propagates through a
uniformly zero-dispersion fiber. In such a system, in order to
prevent the interaction between the TOD and the SPM, it is
necessary to place TOD compensators at the interval much shorter

than L, so that TOD can be compensated before interacting with SPM.
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Also in OPC systems, TOD cannot be compensated by OPC and it
just accumulates along the system length. However, the
accumulation of TOD in OPC systems has different characteristics
from the above system. In OPC systems, SOD exists along the
entire transmission length; therefore, Ly, becomes many times
shorter than L,; .for the case of high bit-rate transmission. When
Ly, is much shorter than L, and Lg;, the signal pulses are rapidly
broadened by the SOD effect, and their peak power decreases after
transmitting for several Lg,. This means that the broadened pulses
almost do not experience the effect of the fiber nonlinearity, and
we can thus expect that the accumulation of the TOD-induced phase
shift increases almost linearly with the transmission length.

However, if IL,; becomes comparable to Lg,, both the pulses
and spectrum will first be distorted by the interaction between
SPM and SOD and subsequently being attacked by TOD. In this case,
even though the pulse waveform and spectrum can be restored to
their initial shapes at the end of the system, since OPC can
compensated for the SPM+SOD interaction, the amount of TOD-induced
phase shift is no longer linearly proportional to the transmission
length because the spectral shape changes during the transmission.
However, to obtain the condition L,; = Lg,, we need an extremely
high input signal power which will not be practically used in
ordinary operating states. Thus, we can conclude from this fact
that the TOD accumulation in OPC systems is almost linear. The
linear TOD accumulation enables wus to place only one TOD
compensator at any point in the 1link instead of periodically
placing TOD compensators at the interval much shorter than L.

To confirm the prediction, the computer simulations have

been performed. The main parameters used in the simulation are
typical dispersion-shifted fiber parameters: SOD: D = -1ips/km/nm,
TOD = 0.06ps/km/nm, and the nonlinear coefficient ¥y = 2.6W 'km'.

The fiber loss and amplification process are neglected in order to
focus only on the TOD accumulation characteristics. The TOD
compensator used in simulations is assumed to be an ideal device
that multiplies the complex amplitude of the signal with a
negative amount of linearly accumulated phase shift caused by TOD.
This compensator is placed only at the end of system. The optical
pulse at the midway of the system 1s conjugated by an ideal

infinite-bandwidth optical phase conjugator. The propagation of
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the optical pulse is calculated by solving the nonlinear
Schrodinger (NLS) equation by the split-step Fourier method [1].
In the first calculation, L, is set at 280km which is equal to Lg
and is approximately 40times longer than Lg, ( =7 km). Figures
2.3{(a) and (b) shows the waveform and spectrum of a single 5ps
FWHM optical pulse. The dotted curves show those of input pulse,
whereas the dash-dotted curves those of the input pulse which
propagates a 2000-km distance in the OPC system with the effect of
TOD. The pulse waveform is distorted after propagation, while any
change in its spectrum is' not observed. The so0lid curves are
those of 2,000-km transmitted pulse after compensating TOD. The
pulse waveform recovers to the initial shape by TOD compensation.
The results shown in Fig. 2.3 indicate that the accumulation of
TOD is linear and the compensation is done perfectly as we

expected in the previous section.

'_.‘1.5 — __ o [ '_"1.5_l T N o 5
s [ ——— 2000k =2 | — —— 2000km
> L After TOD compensation = " After TOD compensation
é T - 2 1 .
< " L = o B
g L i 3 | i
E 0.5 - — E 0.5 —
2 L B - - _
(RN RREY & \.l s T 0 i BEEEREEY AAVUEEE NEEN i
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(a) ()

Fig. 2.3: Waveform and spectrum of an optical pulse propagating a 2,000-
km distance in the OPC system where the nonlinear length is set equal to
the TOD length; (a) optical pulse, (b) optical spectrum. The dotted
curves sth those of the input pulse, the dash-dotted curves those of the
pulse transmitted with the effect of TOD, and the solid curves are those

of the transmitted pulse after compensating the TOD.

Figures 2.4(a) and (b) show the calculated results of the
case when L,; is egual to Lg; (=7km). As we have mentioned, the
interaction between TOD and SPM appears in OPC systems. Both the
pulse shape and spectrum becomes distorted and the TOD

compensation is almost failed.
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Fig. 2.4: Waveform and spectrum of an optical pulse propagating a 2,000-
km distance in the OPC system where the nonlinear length is equal to the
GVD length; (a) optical pulse, (b) optical spectrum. The dotted curves
show those of the input pulse, the dash-dotted curves those of the pulse
transmitted with the effect of TOD, and the solid curves are those of the

transmitted pulse after compensating the TOD.

Figure 2.5 shows the calculated bit-error rate (BER) of the
TOD compensated OPC system. The input power of all curves is set
at 3mW. In this case, L, becomes almost equal to Lg; at 280km
while L4, is around 7km. An input optical signal consists of a
pseudorandom 32-bit Gaussian RZ pulse train whose bit rate is
equal to 100Gbit/s. The fiber loss of 0.2dB/km and amplification
of 8dB at every 40km interval are included in the calculations.
The optical amplifier produces ASE noise through a process of
amplification with noise figure of 5.3dB (ng = 1.7). The ideal
infinite bandwidth TOD compensator is placed at the output end of
the fiber.” We assume the use of an optical band-pass filter with a
1THz bandwidth in front of a receiver with a bandwidth of S50GHz-
cutoff-low-pass filter. The system performance is evaluated in
terms of the bit-error rate (BER) calculated by repeating 1l28times
the transmission of the same pulse train and assuming Gaussian
noise distribution [2].

According to the calculation results, the BER curve obtained
from the TOD compensated OPC system (shown by squares) almost fits
with that obtained from the system that neglects TOD (shown by
diamonds), showing that the accumulation of the TOD is almost

linear even Ly, 1s comparable to L,; so that the linear TOD
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compensation is done perfectly. Without TOD compensation (shown
by circles) the maximum achievable length for 100Gbit/s OPC
transmission is limited about 2,500km at BER=10"° as shown by the
across line. The TOD compensated OPC system gains wmore 4,000km
transmission length up to 6,500km. This proves the effectiveness
of TOD compensation on improving transmission performance in OPC

systems.
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Fig. 2.5: BER of the 100-Gbit/s TOD compensated OPC systems where the
nonlinear length becomes equal to the TOD length. The BER of TOD
compensated OPC system is shown by squares, that of the system neglecting
the TOD is shown by diamonds, and that of the system without TOD

compensation is shown by circles.

If we increase the power of the signal, the achievable
transmission distance will increase due to the improvement of SNR.
At the same time, the increase in power gives rise to the
degradations from the SI effect and the reduction of the
corresponding nonlinear length. Therefore, the improvement and
degradation will balance each other at an optimum input power in
which the system can reach the maximum performance. To find the
optimum power, we perform the simulations by increasing the input
power of the same system as Fig. 2.6 from 3mW to 20mW. Figure 2.6
shows the BER calculated as a function of the transmission
distance. The optimum power obtained from the result is
approximately 7 mW, and with this input power, we can achieve over

10,000-km transmission at BER=107°.
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Fig. 2.6: BER curves of 100-Gbit/s TOD compensated OPC systems when an
input power increases from 3 to 20 mW. We find that 100-Gbit/s, 10,000-
km transmission is achieved by the optimum input power of 7mW when TOD is

compensated in the OPC system.
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3. COMPLETE ANALYSIS OF SIDEBAND
INSTABILITY IN CHAIN OF PERIODIC
DISPERSION-MANAGED FIBER LINK
AND ITS EFFECT ON HIGHER-ORDER
DISPERSION-MANAGED LONG-HAUL WAVELENGTH
DIVISION MULTIPLEXED SYSTEMS

In this chapter, we demonstrate that the additional signal
distortion to long-haul higher-order-dispersion-managed WDM systems
can occur via the quasi FWM phase-match process assisted by periodic
variation of the signal power in the chain of lossy fiber intervals
and lumped amplifiers incorporated with periodic dispersion
management . This parametric process, which occurs in both normal and
anomalous dispersion region, 1is called sideband instability (SI).
Through this process, signal carrier transfers its energy to specific
sideband frequencies which grow up exponentially with transmission
distance.

It has been shown theoretically that in order to avoid the XPM-
induced signal waveform distortion for 10Gbit/s-based 10,000km WDM
transmission, the wuse of channel spacing larger than 100GHz 1is
preferable [21]. Several 1long-haul transmission experiments also
demonstrate attractive results using the channel spacing around this
value [8], [13), [22]. With this relatively large channel spacing,
the first oxder SI, which usually exhibits large gain than higher
orders, will not arise inside one’s channel bandwidth. Therefore,
the problem induced from SI has not been yet appeared and can be
ignored for such transmissions.

However, with system distance shorter than 10,000km, the
possibility of using smaller channel spacing for signal transmission
has been shown [23]-[25]. In this situation, if two different
channels produce SI at the same frequency, SI will cause a serious
problem to the channels whose carriers are placed just at that
frequency, especially for the frequency where the first order SI
arises.

Historically, Matera et al. first theoretically showed the

occurrence of SI in long distance systems through the periodic signal
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amplification [26]. Kurtzke and Peterman briefly discussed the
impact of SI on multichannel long-distance optical communication
systems [27], [28]. In their works, by computer simulations, a
serious channel signal distortion was observed when the SI resonance
frequency superpositions on the channel frequency. Kikuchi, et al.
experimentally observed SI in optical amplifier chain using a
recirculating fiber loop [29]. Smith and Doran predicted that the
periodic dispersion management also leads to the occurrence of SI.
They also demonstrated that the gain of SI could be reduced by strong
dispersion management [30]., Recently, we have presented a part of
the derivation of SI under the existence of both periodic power
variation and periodic dispersion variation [19].

However, all of the previous works have not yet included the
periodic variation of fiber parameters such as fiber loss coefficient
and fiber nonlinear coefficient, which is practically necessary to
consider when two different fibers are connected together to form a
dispersion-managed transmission line. Moreover, to avoid the problem
of SI in WDM systems, it is important to study SI more details and

the exact analytical expression of SI must be derived.

3.1 Derivation of Sideband Instability in The
Presence of Periodic Power Variation and Periodic

Dispersion Management

In long haul and high-capacity fiber transmission systems, the
power of the optical signal must be kept high in order to obtain good
signal-to-noise ratio (SNR) at a vreceiver. In such high power
systemsg, by amplification process, the periodic power variation
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 wvirtually constructed in the transmission fiber.
As shown in Fig. 3.1, a parametric resonance between the wvirtual
grating and the signal will occur at the signal sideband component
whose wave number is half of the wave number of this wvirtual grating
resulting in exponential growth of that component with transmission
length [26]. This phenomenon is known as the sideband instability
(SI), which causes signal waveform distortion 1if SI arises at
frequency inside the signal bandwidth since it cannot be eliminated

by using optical'bandpass filter.
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I. Analytical Expression of SI gain

Quantitatively, the occurrence of 31 can be explained in terms
of quasi-phase-matched FWM process that is assisted by the wvirtual

grating induced by the periodic power variation as the condition [9]
k,+k. =2k, +k, . (3.1)

In Egq. (3.1), the wave number of the signal, which acts as a pump, is
_ _ 1 )
ky =—yP +,B(a)0) , the sideband wave numbers are k, =k_ :5,8260" +,B(a)o) ,

where ﬂ(a)o) is the wave number at the central carrier frequency @y .

kf is the wave number of the virtual grating which is given as

27
kp=—, (3.2)
[
S
where n=0,£1%2,...., and lf is the amplifier spacing. The sideband

frequency @, shifted from the carrier frequency, at which SI arises

is obtained from Eq. (3.1) and (3.2) as

w, =% L(k/'l—2~°'gﬂ(ﬂz)7’43)- (3.3)
A

where P is the path-averaged signal power. The power gain l(a)n)of

SI at each n-order resonance frequency is

Mw,)=2R]F,

‘ (3.4)
where F, denotes the sign‘al input power and F, the n-order of the
Fourier series coefficient of the periodic function a(z) whose period
~is equal to [f'

In fact, not only the periodic power variation, but also all of
the periodic perturbation under the Kerr effect, such as the periodic
dispersion variation, the periodic fiber loss coefficient variation,
and the periodic fiber nonlinear coefficient variation, can also lead
to the occurrence of SI. To obtain the general expression of SI
considering all of the periodic perturbation, we should start the
analytical derivation based on the models of dispersion management
systems 1illustrated in Fig. 3.1. In Fig. 3.1, the signal power and
the fiber dispersion 1is assumed to <change periodically with

transmission length. As we aim to concentrate to dispersion managed
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transmission system consisting of SMF and RDF, the fiber 1link is
composed of two different characteristic fibers with the same length.
Therefore, the dispersion profile is the simplest type where the
dispersion varies every half of period with the same amount plus and
minus around a given average dispersion value. Each fiber has its
own nonlinear coefficient and the fiber loss, which is assumed
periodic by the period equivalent to the dispersion management period.
We consider here three possible cases: (a) when the dispersion
management period is longer than the amplifier span, (b) when the two
scales become equal, and (c) when the dispersion management period is

shorter than the amplifier span.

Fiber
mﬁi\i\j!\\ﬁf\\ﬁﬁ\\J\\~
0F 70 =
8
) I A Yo
A g Tl N -
o D

(a) When power variation period ( /r)
< dispersion variation period ( /z)

= ) -
=i o =D,

| b —
5 g
D

(b) When power variation period ( //)
= dispersion variation period ( ls)

Dispersion

Dispersion

(c) When power variation period ( /y)
> dispersion variation period ( /s)

Fig. 3.1:. Models of dispersion management system used for the
analytical derivation. The signal power and fiber dispersion change
periodically with transmission length. The fiber link consists of two

different characteristic fibers with the same length. Three possible

cases are modeled: (a) when the dispersion compensation period ld is
longer than the amplifier span lf, (b) when the two scales become equal,

and {(c) when ld < 1/'

The analysis starts from the nonlinear Schrodinger equation [1]

for the signal envelope function lj(zj)
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oU  alz), U
& =2y L (g, + £, )T+ MUY (3.5)

In Eq. (3.5), The GVD is separated in two parts: the constant average

Pi, and the fluctuation part ﬁzﬂ(z). The fiber loss coefficient

a(z) , the nonlinear coefficient ¥(z) and ﬁbﬂ(z) are the functions of

z which are assumed periodic with the same period equivalent with the

dispersion management period. It should be noted that the GVD

parameter ﬁ% relates to the common dispersion parameter D by
0
— Py (3.6)

where @, denotes the carrier frequency and ﬂo-the carrier wavelength.

At each amplifier, the span loss is compensated so that we can
assume the optical field propagating in each amplification period has

the form

P
U(z,t) = u(z,t)exp(— Ea(z)zj . (3.7)
Inserting Eq. (3.7) into Eg. (3.5), we obtain

2; = (IBZaV ﬂZﬂ (Z)) + _]f(ZXu| (3.8)

where f(z)z}(z)exp(—a(z)z) is the periodical function whose period is
equal to the amplifier spacing. Next, we perturb Egq. (3.8) by a
small amplitude fluctuation a added to the steady solution of Eq.
(3.8),

\ i _.
:(\/EnLa)exp JjFPy If(z')dz' (3.9)
0

where P, denotes the input peak power and a is defined as

a(z, t) = % {a(z, a))exp(ja)t)Jr a(z,—a))exp(—ja)t)} . (3.10)

Substituting Eg. (3.9) and (3.10) back to Eg. (3.8), then we obtain
one set of two differential equations

o [a(z,w) ]_ |20+ g% + 1P, SR, { (2. ) ] (3.11)
ool - @R, 3o L@l - 1 IA,

a’(z,~w)

where the subscript * indicates the counterpart complex conjugate.

By introducing the transformation
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o Ny

|:CZ(Z,C()) j|_ eXp[JTJIBZ,”(Z )dl] 0 ‘: b(Z,CU) ] (3.12)
. - = 0’ Ny b —

@ (z70) 0 —CXP[J%J/BM(Z )‘Z'ZJ #m)

Eq. (3.11) becomes

.13)

1 2
3 {b(z,a)) ]_ | 5 Baw®” + S (D) g(2)F, [ b(z,0) i| "
9z b zm0) “E@OF 2 huet - [ @R [P )

where

g<z)=f<z)e><p[-jw2]ﬂ2ﬂ(zf)dzf]. bre

By this transformation, we can remove the fast oscillations in

the field envelope, so that only those changes that accumulate over

the period of ﬂZﬂ&) is left. The key step of this analysis is to

expand f&) and g&) as complex Fourier series:

fz)= iFn CXP(/k/nZ)r g(z)= iG,, exp(jkgnz), (3.15)

where kr and k, are the fundamental wave constants of _f@) and g@),

and F, and G, denote the Fourier series coefficients of f(z) and g@ﬂ.

A. The case when the dispersion compensation period is
larger than the amplifier spacing

First, we consider the case (a) when the dispersion management

period 14 is larger than the amplifier spacing l,. The wave constant
kg in this case can be written as k,=2z/l,=k; , where I, =2pl;, so
that k,=2pk; and p = 1, 2, 3, .. In order to get close to the

resonance of the n-th Fourier component of the perturbation, we

introduce the variable transformation

1
[b(z,a)) i|: exp[]akdnz} 0 |: c(z,a)) :| 516

b‘(z,—a)) 0 CXp(— j%kdnz c'(Z,—C())

Inserting Eq. (3.15) and (3.16) into Eg. (3.13) and equating only the

coefficients of exp@%dnz/Z) and exp(—jkdnz/2) (for the complex

conjugate counterpart), we obtain
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a |:C(Z,(U) :|_ | —-ikdn_*_—iﬂZavw +P0F0 E’OGn \\ C(Z,(l)) }, (3 .17)
oz - . 1 1 letiz—
_R)Gn Ektln_aﬁhvwz_])oFO ¢ (Z, w)

¢’ (z,~w)

where Fo and Gn denote the fundamental and the n-th order
coefficient of Fourier series of f(z) and g(z), respectively.
From the eigen values of Eq. (3.17), we obtain the power gain

l(a)) for the n-order SI effect as

/1((0)= \/4[:)2‘(;"]2 _(kdn_ﬂZavwz _[{)IFODZ . (3.18)

At each order of SI, A appears its peak at frequencies defined by

s \/;
‘IBZav

It is remarkable from Eg. (3.19) that SI occurs at frequencies

(k,n—25gn(B,,,)B|F,)). (3.19)

determined by the dispersion management period 1z and by the averaged
GVD f,, independent of the fluctuation part f,,. For larger ls the

SI gain position moves closer to signal carrier frequency, which may

cause more severe signal waveform distortion. On the other hand, the

peak of SI gain at the n-order resonance fregquency A(®,) depends on
Boay through @, in |G,| according to Eq. (3.14) and (3.19).
In order to obtain the expression of the SI gain, Fo and Gn

have to be derived. Fo can be calculated from

1, lq
Fy = i— Jf(Z)dZ =71[-1— (;[}’(Z)CXP(—G(Z)Z)dZ- (3.20)

Since this paper considers the periodical dispersion compensation,
which is constructed by the combination of two fibers in equal length.

Each fiber exhibits different values of & and )y which are assumed to
be constant along each fiber length. In each compensation interval,
let @, and ¥, represent the fiber loss coefficient and the nonlinear
coefficient ot the first fiber and &, and ¥, represent the fiber
loss coefficient and the nonlinear coefficient of the second fiber,

respectively, F, is obtained through
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oy Loty ] { I
e o Bt 1- exp(— aQ, ﬁ] l—expL— a, ﬁj (3.21)
Fo==>1 [ riexp(-a2)dz+  [r,exp(-a,2)dzy = piy, +7
[, s iy [ al, a,l,
2 22,

By assuming that z) follows the profile shown in Fig. 3.1, we have
ey g

: Brjz,z = [O,Ii]
g ¥ - 2 3.22)
P e

|2 = Ay

Substituting Eq. (3.22) to the exponential part of Eqg. (3.14), G, can
be analytically obtained thrbugh the Fourier integration
dd iy
-12p 2p
G, = B Iyl exp(- alz)exp(— jﬂzﬂwzz)exp(— jkdnz)dz
d i=0 il
% (3.23)

Iy ity

12 2p 2p

+ 1 ,[72 exp(— azz)exp(— jﬁzﬁwz(ld - z))exp(— jkdnz)dz .

lii= wu

2 2p

Because f(Z) is periodical over each fiber length with the period of

[i Ly i—[L+L’—] for i = 0,1,2,.., it satisfies the following relations

2p" 2p 2p
i, i, l, . i, Ly
-2 | = —a—=|=1: ——+—|=yexp—ax— 1|,
f{ZpJ yexp[ a2p] f(2p 2p ¥ 2p

2 2p 2 2p 2 2p 2p 2p

Applying the above conditions to Eg. (3.23), we obtain

{ . 2 Iy
1-exp| — o, =< lexp| — o+ kyn)l—* R
P[ l2p] P[ WAVCSY | d )Zp] p-1

il
G,=7 - exp(—— j(ﬂzﬂwz + kdn)—i]
aly +_1(ﬂ2ﬂa)2 +kdn)'d .‘=Zo L 2p
(3.25)
, l & , Al
exp[j(ﬂzﬂ(oz—k,,n)%]—exp[—azﬁ]exp[ﬂﬂzﬂwl—k(,r{é+$n o (ﬁ )—[—
; 2 Hy
t72 : exp[/ ap@" —kyn ]
ayly - j—(ﬂzﬂwz —kd”}'d ; ¢ 2p
At resonance frequency @, where the n-order SI occurs, the n-
order SI gain becomes 2P0|Gn| . Figure 3.2 plots the n = 1, 2, and 3-

order SI gain peaks at @, as a function of local SOD D, calculated by

Eq. (3.25) with [, = 40 km, [, = 80 km. [, is assumed to be 5 mW,



24

At resonance frequency &, where the n-order SI occurs, the n-
order SI gain becomes 2}3kﬁ|. Figure 3.2 plots the n = 1, 2, and 3-
order SI gain peaks at @, as a function of local SOD D, calculated by
Eqg. (3.25) with 1[ = 40 km, /, = 80 km. F, is assumed to be 5 mW,
D, is -5 ps/km/nm, ¢, and ), of the fiber#l are 0.2 dB and 1.6 W

k', for the fiber#2, &, , ¥, are 0.25 dB and 4.8 Wl'km™,
respectively. It should be noted that D exhibits a negative value
when the arrangement of fiber 1link changes the order of fiber

installation to fiber#2-fiber#l instead of fiber#l-fiberf2.

— First-order SI-gain
-— Second-order SI gain

10'2 T | =rize= Third-order SI gain
=} P
2 107
)
@ ;
§D s. ::|i
ul. ‘!
f i
10'4 ) ' L i L
-30 -15 0 ) 30
Fiber local dispersion [ps/km/nm]
Fig. 3.2: Theoretical n = 1, 2, and 3-order SI gain peaks at resonance
frequency a)" as a function of local SOD D, calculated with lf = 40 km,
ld = 80 km, Po = 5 mW, and Dav = -5 ps/km/nm. D exhibits a negative

value when the arrangement of fiber 1link changes the orxder of fiber
installation to RDF-SMF instead of SMF-RDF. The gain characteristics for
all three orders appear to be decreased and pericdically reduced to

minimum points with the increase in D.

The gain characteristics shown in Fig. 3.2 for all three orders
appear to be decreased and periodically reduced to minimum points
with the increase in fiber local SOD. The reduction of SI gain with
the increase of local SOD has been predicted by Smith and Doran ([10].
However, the reason for explaining this phenomena has not been
clearly mentioned vyet. According to Eq. (3.23), it is obvious that
the reduction of SI gain does not come from the linear addition and

cancellation of the two Fourier components: one induced from the
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{
2 .
N Jyl exp(— alz)exp[—j(c%n)k[z]dz

G| = ro (3.26)
2 . ¢ .(c—n)
+1—CXp(—_](C+n)7Z')J}’2 exp(— a,z)exp| j 3 kz |dz
/ 0

Eg. (3.26) indicates that, for the n-order SI, by increasing the

local GVD |,Bzﬂ

, the corresponding c¢ is increased, resulting in the

increase of wave constant kr by the factor of (c+n)/2 for the first

term and (C—n)/Z for the second term, respectively. Each order of

the SI gain, which becomes smaller for large k(, is correspondingly
reduced. Saying in other words, the first term of Eq. (3.26) is

similar to the formula of Fourier integration using for obtaining the
(c+n)/2 -order Fourier coefficient of f(z) when the period .is lf , and
for the second term, the (c—n)/2 -order Fourier coefficient.
Therefore, this can be also interpreted that the increase of local
GVD |,B2ﬂ| virtually shifts the order of SI induced from the power

variation to higher order which exhibits lower gain than the lower

order. Furthermore, the SI gain falls down to minimum points when

the virtual order number (c+n)/2 and (c—n)/Z together become an

integer. In Fig. 3.2, agreeing with our prediction, the SI gain
reduces to minimum points when (C+n)/2 and (C—n)/2 becomes |c| = 3, 5,
7,..., for the first-order, ]c] = 4, 6, 8,..., for the second-order,

and |e¢| =5, 7, 9,...., for the third-order, respectively.

B. The case when the dispersion compensation period
becomes equal to, or shorter than the amplifier spacing
In this subsection, we consider the case when 1, is equal to, or

shorter than 1,. The wave constant k, for this case becomes kp=27/l,.

lf is assumed to satisfy 1f=pld, where p = 1, 2, 3,.... The analysis

approach for this case 1is almost similar to that of previous
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subsection. By only replacing kg in Eg. (3.15) with kg The power

gain ﬂ(w) for n-order SI c¢ffect becomes

Uw)=42|G,[ =k n - Bn0* ~BF,} 5.27)

which exhibit each peak of the SI order at frequencies determined by

o, :i\/?l—(kfn—.’lsgn(ﬁzﬂV)PJFJ), (3.28)

‘ 2av

From Eqg. (3.28), the frequencies where SI arises are determined

by the wave constant k; which 1is constant even the dispersion

management period 1; is changed. This means that, for ldslf, SI will
almost arise at the same frequencies independent of the change in 14,
which is different from the previous case. For this case, f% can be

obtained by

4
1W'~W 1,4,

2
Fy=—>" j 7, exp(—a,z)dz + '[ ¥, exp(—a,z)dz

rd||
' il -;—+ild

_E , exp(—alild)—exp(—al[%’—+ild)] exp(—az(%+ild]]—exp(—az(1d+ild)) . (3.29)

+72
prs al, a,l,

)

It should be noted that, in fact, @, slightly depends on the change

of I, through F, in Eq. (3.28) and (3.29). For example, computing

the first order SI frequency by substituting the same fiber

parameters as the calculation of Fig. 3.2 into Eqg. (3.28) and (3.29),

when we reduce [; from 40 km (= lf ) to 1 km, the first order SI

frequency only moves 0.3 GHz closer to the carrier frequency.
Therefore, such small amount of frequency shift is negligible
comparing to the shift of SI position caused by the change of kf.

Gn,, for this case, can be analytically obtained through the series

of Fourier integration

Ii+ild
-1
G, = ZLPZ: .[71 exp(— alz)exp(— jﬂzﬂwzz)exp(— jkfnz)dz
’ [;j-l I“,[ii[d (3.30)
+I_Z I;fz exp(— azz)exp(— jﬂzﬂa)z(ld - z))exp(— jkfnz)dz .
=y

L il
5 Tt
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As exp(—jﬂzﬂa)zz) in g(z) repeats periodically p times over each lf,

. l, . ' !
exp(—jﬂzﬂw%ld)=1 , exp[—;ﬁzﬂw{%-uld Dze’(p[_lﬂzﬂwz %J '

exp[‘fﬂzﬂ‘”z[’d _[%”["mzex{_fﬂzﬂ”z %] ' eXp(‘Jﬂzﬂ‘“z(ld g+ ))=1. (.31

Carrying out the integration in Eq. (3.30) by the assistance of the

relations in Eq. (3.31) gives

1- exp[— o %] exp[- J 2ﬂa)2 + k/n)%] e ( )
. exp(—a il )exp — jk cnil
al, +j(ﬂzﬂa)2+kfn}'f ; i f7

Gn =7
(3.32)

) [ :
exp[— a, %] cxp(j(ﬂzﬂwz - kfn)j’) - exp(— ayly )exp(— jkfnld) p-1

ayly - j(ﬂzﬂaﬂ = kfn}f ;!‘exp(— azild)exp(— jk[nild)

+72

Figure 3.3 shows the relations between the n = 1, 2, and 3-

order SI gains and D at resonance frequency @, . All parameters used
in Fig. 3.3 are the same as the plot in Fig. 3.2 except ld is set

equal to lf at 40 Kkm. The gain characteristics in Fig. 3.3 are in

similar shapes to Fig. 3.2 where the gain decreases and periodically
reduces to minimum points with the increase in D.

The similar characteristic is also obtained for the case of
ld <lf as shown in Fig. 3.4 where ld is reduced to 10 km. However, in

order to achieve the magnitude of SI gain as low as those of the

above two cases, relatively large D is required.
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Fig. 3.3: Relations between the n = 1, 2, and 3-order SI gain peaks and D

at resonance frequency @, . All parameters used in this figure are the

same as the plot in Fig. 3.2 except ld is set equal to l/ at 40 km. The

SI gain characteristics for all three orders are similar to Fig. 3 where
the gain decreases and periodically reduces to minimum points with the

increase in D.
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Fig. 3.4: Theoretical n = 1, 2, and 3-order SI gain peaks at resonance

frequency @, as a function of D when ld is set at 10 km and 1/- is still

40 km. Other parameters are the same as used for Fig. 3.2. All three
orders are similar to Fig. 3.2 and Fig. 3.3 where the gain decreases and
periodically reduces to minimum points with the increase in D. However,
in oxrder to achieve the magnitude of SI gain as low as those of the above

two cases, relatively large D is required.
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One interesting thing observed from Fig. 3.2 (l;>[,), Fig. 3.3

(ly=17), and Fig. 3.4 (I;<l;) is the gain characteristic in Fig. 3.2

is symmetrical with respect to D = 0 while those of Fig. 3.3 and Fig.

3.4 are not symmetrical. This can be explained as follows. As
described above, when the sign of D is reversed, the order of the
fiber installation is changed from fiber#l-fiber#2 to fiber#2-fiber#1.
For the case of Fig. 3.3 and Fig. 3.4, at least two pieces of fibers

is used for constructing the transmission line between two amplifiers.
This means that the fiber which locates at the output of amplifier
where the signal power is still high is replaced with the other fiber
which has different @ , different Y , and different sign of D.

Therefore, the gain characteristics in Fig. 3.3 and Fig. 3.4 become
asymmetrical when the order of the two fibers is changed. On the
other hand, for the case of Fig. 3.2, only one fiber is installed
over the entire length of one amplifier spacing. Therefore, the

arrangement of the two fibers will not result any differences in the

gain characteristic.

Quantitatively, |(;n| calculated from Eq. (3.25) by replacing &
and 7; with @, and %¥,, and replacing &,, ¥,, and f,, with &, ),
and —f%ﬂ is equivalent to that obtained directly from Eg. (3.25).

On the other hand, the replacement between &, 7, ﬁlﬂ and @;, Y,

—ﬂzﬂ in Egq. (3.32) yields different k;n' comparing to iG%‘ obtained
directly from Eqg. (3.32) without the replacement. Furthermore, for

the case of ldSlf, even both fiber#l and fiber#2 possess equivalent

values of X and ¥, when the order of the two fibers is reversed,

only the difference in the sign of D also leads to the different
magnitude of SI gain since the power variation on each fiber is not
the same.

It should be emphasized that, in this work, we focus only on
the higher-order dispersion managed transmission line consisting of
SMF and RDF. Since SMF and RDF possess almost equivalent absolute
values of SOD and TOD with opposite signs, our analysis model shown
in Fig. 3.1 is well wmatched with the practical transmission line
composed of SMF and RDF. However, it is still worth studying SI

induced from the dispersion-managed line which consists of fibers
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with different 1lengths and different amount of dispersion shifted

from the average dispersion value.

Figure 3.5(a) shows the model of the dispersion-managed fiber

link composed of fiber#l and fiber#2 whose lengths are unequal. The
most practical case where ld=lf is considered. 1In Fig. 3.5(a), x is
the length of fiber#l and /; —X is the length of fiber#2. D; and D,,

respectively, denote the 1local dispersion of the fiber#l and the

fiber#2 shifted from the average dispersion D, . To make the
accumulated dispersion vanished at each I,, D, can be written as the

function of D; and x as

D\x
B (3.33)
¥a X
Following the above derivation for the case [,</ we found

d=tf
that SI also occurs at the frequency determined by Eg. (3.28) but,

for this case, Fj is obtained as

X 1/
ettt oot
S o x

(3.34)
[1~exp(—a1x)J (CXP(—azx)‘CXP(—azlf)
=p| —————|+7, :
allf azlf
Oon the other hand, (G, can be obtained as
1 ! . 2 .
G, = n exp(~a12)exp(—Jﬂzla’ Z)eXP(‘ kg ”Z)dz
'
- TR (3.35)

Iy
1 , :
+ l_ JYZ exp(— a, z)exp(— Ja’2 {(ﬂzl ) )x + ﬂzzz})eXP(— ]kfnz)dz,
I x

where f, and p,, are local GVD parameters of fiber#l and fiber#2,

respectively. Completing the integrations in Eq. (3.35) by using Eq.
(3.6) and (3.33), we have

G, - 71{1 - exp(— a,x)exp(— j(ﬁua)2 + k/n)x)}

al, +j(,liﬂwZ +k/n}’/

(3.36)
exp(- azx)exp[j{wz[ P ]— k/n]x}—exp(— azlf)exv[j[mz[ﬂz'xl— k/n}/]
7 exp[ jwz{ﬂu[/ ]x} LA b
+72 - .
ayly —j{wz[[fz_’i]—k/n}/

[/—x
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Assuming both fiber#1 and fiber#2 exhibit equivalent & and ¥,
then G, depends on D; and X . To see tne variation of SI gain with
the change of both D, and Xx , the gain contour map should be used.
Figure 6(b) shows the contour map of the first order SI gain peak as
functions of D; and Xx . For obtaining Fig. 3.5(b), D, = -0.5
ps/km/nm, & = 0.2 dB/km, ¥ = 2.6 W'km', and ld=lf = 40 km are used.
The gain map in Fig. 3.5(b) indicates that the use of fiber#l that
has large 1local dispersion with relatively 1long 1length can

significantly reduce the SI .gain. Quantitatively, the length of the

fiber#l should be longer than 10 km and the local dispersion |D1

which can be both normal and anomalous dispersion, should be larger
than 5 ps/km/nm to assure the first order SI gain smaller than 107% km"
1-

For all cases, it should be noted that when l)w is set in

anomalous dispersion region the modulation instability (MI), which
can be interpreted as the O-order SI, occurs and also only be
slightly reduced by relatively large D.

Recently, the fabrication of optical fiber with designed
dispersion value has ©been realized [31]. This enables us
constructing a dispersion-managed transmission fiber with appropriate

value of dispersion in order to suppress SI effect for a given system.
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Fig. 3.5: Model of dispersion-managed transmission 1line and its
corresponding SI gain contour map. (a) shows the model of dispersion-

managed transmission line composed of fiber#l and fiber#2 whose lengths

are unequal. (b) shows the contour map of the first order SI gain peak as
functions of D, and x. The gain map indicates that the use of fiber#l

that has large local dispersion with relatively 1long length can

significantly reduce the SI gain.
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Fig. 3.6: Numerical simulation results show the spectrums of optical CW

signal and amplified spontaneous emission (ASE) noise transmitted in

dispersion management transmission line using SMF and RDF with periodic

signal amplification. (a) 2,000-km-transmitted CW spectrum for Zd =Zf =
40 km with D = 4.3 ps/km/nm, (b) 16,000-km-transmitted CW spectrum for
ld :lj = 40 km with D = 21.3 ps/km/nm, (c¢) 8,000-km-transmitted CW

spectrum for lf = 40 km, ld = 80 km with D = 14 ps/km/nm, and (d) 6,000-

km-transmitted CW spectrum for Zf = 40 km, ld = 10 km with D = 16.7

ps/km/nm. All simulation results, for both SI gain and SI frequency, are
in a good agreement with the theoretical gain shown in Fig. 3.2, 3.3 and

3.4.

When ld is determined, then, it is helpful to use SI gain contour

map to design the operating Dm, and Po at the point where the SI gain
becomes as low as possible. If we consider a practical case when

[, =1, . assuming that the local SOD is fixed at a given value, the

magnitude of SI gain now only depends on PU and Dm,. Figure 8 shows
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the gain contour wmap of the first order of SI concerning the
dispersion managed transmission line using the combination of SMF and
RDF. It should be noted that we should concentrate to the first
order SI because, practically, the low order of SI is easier to be
phase-matched and causes problem in the long haul transmission than
other high orders. The SMF and RDF parameters used for the

calculation are the same as those have been used for fiber#l and
fiber#2, respectively. In the contour map, Uﬂ is assumed to be

17ps/km/nm with positive sign for the SMF and minus sign for the RDF.

First order SI gain (xlO"4 km“l)
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=
6
:
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Fig. 3.7: Gain contour map of the first order of SI concerning the

dispersion managed transmission 1line consisting of SMF and RDF for
b 21[ = 40 km and ‘l)‘ = 17 ps/km/nm with positive sign for the SMF and

minus sign for the RDF.

In Fig. 3.7, for low f%, which is referred to relatively short
transmission, SI possesses relatively low gain over a wide range of
D, . For high power transmission, using low [J, can avoid the SI

gain and, at the same time, move the SI position out of the signal

carrier. However, at some points of F,, the SI gain exhibits large

value even at very low D for examples, SI gain as high as 9 x 107*

av !
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kmt arises from f% = 5 mW at L%v=—ﬁSDMWMm. In order to achieve the

maximum performance of the system, these operating points should be
avoided. It should be noted when this periodic dispersion management
using SMF and RDF is not applied to the system, the first order SI

induced from only periodic amplification in dispersion-shifted fiber

chain exhibits high gain larger than 107 km™* even f% > 2 mW is used.

3.2 Effect of SI on Long Haul WDM Transmission
Systemnms

In dispersion managed transmission system consisting of SMF and
RDF, all channels experience almost the same amount of [LV. Thus,

each channel produces its own SI that occurs at frequency shifted
from carrier frequency by the same amount of frequency shift with
almost the same gain. If two different channels produce SI at the
same frequency, SI will cause a serious problem to the channels whose
carriers are placed Jjust at that frequency especially for the
frequency where the first order SI arises.

In order to confirm our mention, we perform computer
simulations of the transmission of 4-wavelength CW signal and ASE
noise. In the first calculation, we focus on the case when the first
order SI gain generated from two separated channels enhances each

other and positions on the other two channels. In the calculations,
ld is set equal to lf at 40 km and other SMF and RDF parameters are

the same as those wused 1in other calculations described above.
According to the contour map in Fig. 8, to investigate the problem of

SI even the system is operating with condition that yields relatively

low SI gain, we select f% =3 mWw and D, = -0.5 ps/km/nm, which
yields the first order SI gain about 2 x 107" km™*. Using Eqg. (3.28)
and the calculation parameters, the first order SI will arise at
£ 77.4 GHz shifted from each carrier frequency. Next, we place four
channels at the frequencies -116.1 GHz, -38.7 GHz, 38.7 GHz, and
116.1 GHz shifted from the =zero-dispersion wavelength 1,550 nm
respectively. By this arrangement, SI produced from channel#l and
channel#3 will arise 3just at the position of channel#2 carrier.
Similarly, SI induced from channel#2 and channel#4 will occurs just

at the position of channel#3.
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Figure 3.8(b) shows the spectrum of the 4-channel CW signal
transmitted over 4,000 km comparing with its initial shape shown in
Fig. 3.8(a). By this channel allocation, the serious distortion of
CW spectrum is clearly observed. 1In order to avoid this problem, it
is necessary to arrange the channel allocation in such a way that

none of the channel is placed on the SI frequency.
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Fig. 3.8: Optical spectrum of 4-channel CW signal shown in linear scale.
ld is set equal to 1/ at 40 km, }% = 3 mW and l)av = -0.5 ps/km/nm. In

(a) and (b) the channel spacing is set at + 77.4 GHz where two of the

first order SI from neighbor channels arise Jjust at channel#2 and

channel#3 carrier positions. (a) initial shape and (b) 4,000-km-
transmitted spectrum. By this channel allocation, serious distortion of
CW spectrums is clearly observed. (c) and (d), respectively, shows the

initial and 4,000-km-transmitted CW spectrums simulated by decreasing 10
GHz to shift S8I frequency out of signal bandwidth. The transmitted

spectrum in (b) appears in more severe distorted shape than (d) because of
SI.
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Figure 3.8(c) and (d) respectively shows the initial four-
channel CW signal spectrum and its shape after 4,000 km transmission
simulated by the same parameters as Fig. 3.8(b). The channel spacing
in this calculation is decreased 10 GHz resulting in the shift of SI
frequency out of signal bandwidth. Comparing to Fig. 3.8(b) where
the SI occurs just at the channel position, the output spectrum in
Fig. 3.8(d) appears in similar shape to the initial than the case of
Fig. 3.8(b), confirming the achievement of avoiding the effect of SI.
In fact, as FWM among channels is easy to be phase-matched when the
channel spacing becomes smaller [1], the decrease in channel spacing
should have led to more signal distortion. However, the transmitted
spectrum in Fig. 3.8 (b) appears in more severe distorted shape than
that of Fig. 3.8(d). This can be interpreted that the effect of SI
plays a significant role in determining the transmission performance
than the inter-channel FWM for this condition.

To explore the effect of SI on WDM transmission more details,
we perform the calculation of the bit-error rate (BER) of the 4-
channel WDM system using pseudorandom 32-bit Gaussian RZ pulse train

as an input optical signal whose bit rate of each channel is equal to
10 Gbit/s. At the end of the system, the accumulated D, 1is post-
compensated by multiplying the complex amplitude of the signal with a
negative amount of linearly accumulated phase shift caused by D,, .

We assume the use of a bandwidth-adjustable optical band-pass filter
(OBPF) in front of the receiver to select the passband channel. This
OBPF 1s also always adjusted to obtain minimum BER. The receiver is
modeled by 6.5-GHz-cutoff sixth-order Bessel-Thompson low-pass filter
following by BER detector. For obtaining the numerical BER of the
detected signal, the simulation is repeated 128 times for the same
pseudo-random pulse train. The numerical @ factor of every bit is
then individually calculated at the maximum eye-opening point of the
bit period. Based on the assumption of Gaussian noise distribution,
the numerical BER'’s are computed from the bit numerical Q factors and
averaged over the entire bits [7].

Figure 3.9(a) and (b), respectively, shows the calculated BER

curves of channel#2 and 3 as a function of transmission distance
simulated by f% = 3mwWw and D,, = -0.5 ps/km/nm with different channel

spacing setting. The BER curves obtained from the system whose

signal carriers are placed on the position where the SI arises (shown
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by circles) drop more rapidly than those obtained from 10-GHz-

decreased channel spacing (shown by squares).

—e— Channel carrier is positioned just where the first order SI arises
—m— Channel spacing is decreased 10GHz to avoid the S
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Fig. 3.9: BER as a function of transmission distance calculated from the
(4 x 10)-Gbit/s-32-bit RZ signal for different channel spacings. (a) and
(b) show BER curves of channel#2 and channel#3, respectively. In both (a)
and (b}, circles show BER obtained from the system whose signal carriers

are placed on the position where the SI arises while squares show BER
obtained from 10-GHz-decreasing channel spacing. At BER = 107° (shown by
an across dotted line) the systems where the channel allocation is re-
arranged to avoid the position of SI give significantly longer

transmission length.
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If we defined the maximum transmission distance obtained at the
distance where the BER reaches 10° as shown by the across dotted line,

the systems where the channel allocation is arranged to avoid the

position of SI yield significantly longer transmission 1length. We
also simulated the system with f% = 5mW and l)av = -0.5 ps/km/nm that
yields high SI gain. The result showed more severe degradation of

BER for channel carriers positioned just on SI frequency and, on the
contrary, an obvious improvement when a channel allocation is done to
avoid the SI frequency. This confirms the necessity of avoiding SI
in higher-order dJdispersion management long-haul WDM transmission

systems.



41

4. SIMULTANEQUS SUPPRESSION OF TOD AND SI
IN OPC TRANSMISSION SYSTEMS BY COMBINATION

OF SMF AND RDF

As described in chapter 2, the performance of OPC transmission
systems 1is mainly 1limited by TOD and SI effect. Without TOD
compensation, a 10,000-km transmission with data rate of 40 Gbit/s
was achieved by following optimum design strategies to avoid the
effect of SI [16]. To increase the transmission bit-rate of the
10,000-km OPC system, it is necessary to suppress both TOD and SI.

The accumuiation characteristic of TOD in OPC systems can be
discussed through three characteristic scales: the SOD length Lg,, the
TOD length Lg4;, and the nonlinear length L,;, which are defined in ([1].
In OPC systems, SOD exists along the entire transmission length;
therefore, Lg, becomes many times shorter than L, for the case of high
bit-rate transmission. When L4, is much shorter than L, and Lg;, the
signal pulses are rapidly broadened by SOD, and their peak power
decreases after transmitting for several Ly,. This means that the
broadened pulses almost do not experience the effect of fiber
nonlinearity. Thus, in ultra-high-speed OPC systems, the
accumulation of the TOD-induced phase shift increases almost linearly
with the transmission length at an ordinary operating signal power.
The 1linear TOD accumulation enables us to achieve perfect TOD
compensation by placing only one compensator at any point in the line,
or even freely installing distributed compensators without the
necessity of concerning their intervals.

When TOD is perfectly compensated in OPC systems, the 100-Gbit/s
data transmission over 10,000 km [17] can be made possible at the
balance point of the improvement of signal-to-noise ratio (SNR) and
the degradation from SI effect. In order to further improve the
transmission performance of the TOD-compensated OPC system, the

waveform distortion induced from SI effect must be overcome.

4.1 Reduction of S8ideband instability gain by

strong dispersion management

As shown in previous chapter, the gain of SI can be practically

reduced by using a strong periodic dispersion-managed transmission
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line such as the combination of SMF and RDF, instead of uniform
dispersion line [19], [20]. This is because the increase in the
local fiber dispersion virtually shifts the order of SI to higher
orders resulting in the difficulty of phase-match process.

Furthermore, the frequency where SI arises depends on the larger

period between the amplifier spacing ( lf ) and the dispersion

management period (ld). The larger the variation period becomes, the

closer to the carrier frequency the SI frequency arises.

In order to show the reduction of SI gain through a periodic
dispersion-managed line, here we calculate the gain contour map of
the first-order SI focusing on the dispersion-managed transmission
line consisting of SMF and RDF. The dispersion management profile is
the simple type where one SMF and one RDF with an equivalent length
are only connected together. In each dispersion management period,
SMF is placed before RDF at the output end of the amplifier. The

placement of signal carrier frequency determines the values of the

operating average dispersion [%v and the local dispersion D. In Fig.
4.1, the gain map is obtained as a function of ld and an input signal

power f% when l%v and D are given. It should be noted that we

should concentrate to the first order SI because, practically, the
low order of SI is easier to be phase-matched and causes more serious

signal distortion in long haul transmission systems than higher order

SI. The fiber 1loss coefficient & and the fiber nonlinear
coefficient ), of SMF used for calculating the gain map are 0.2 dB
and 1.6 W*km*, respectively, while &, , ), representing those of RDF

are 0.25 dB and 4.8 W'km™, respectively. D _ is set at -1 ps/km/nm

av
and |[4 = 17 ps/km/nm. Comparing with these gain maps, the magnitudes

of the first, second, and third-order SI gains of a non-dispersion
management system as a function of the input power is shown in Fig.
12. In this case, the transmission fiber 1s assumed to be a

dispersion-shifted fiber (DSF) with & = 0.2 dB and ¥ = 2.6 W'km™.
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Fig. 4.1: Gain contour map of the first-order SI focusing on the

dispersion-managed transmission line consisting of SMF and RDF. The gain

is calculated as a function of ld and an input signal power fh when an

average dispersion [%v and a fiber local dispersion \l)| are set at -1

ps/km/nm and 17 ps/km/nm, respectively.

In Fig. 4.1, for low Po (¢ 3 mW), SI possesses very low gain
over a wide range of ld ; thus, SI may not affect the signal
transmission for relatively short distance systems. Even in hich
power transmission (from 3 mW to 15 mW), SI still exhibits relatively

low gain (< 107? km™) comparing with the gain shown in Fig. 4.2 at the

same PO . _Without dispersion management, Fig. 4.2 indicates that the

SI gain almost linearly increases with PO and exhibits a wvalue

1

larger than 10® km' even for PO = 2 mW for the first-order SI.

The linear accumulation of TOD, together with the reduction of
SI gain through strong dispersion management open a possibility o=
simultaneously suppressing TOD and SI in OPC systems by using the
higher-order dispersion management transmission 1line such as the
combination of SMF and RDF.

Assuming that TOD and SI are perfectly suppressed in OFC

systems, there remains the problem originated from the accumulaticn

th

of the transmission of amplified spontaneous emission (ASE) nois
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which is enhanced during the transmission by parametric interaction
between SOD and SPM [32]. As shown in Fig. 4.3, the transmission of
the ASE noise is not symmetrical with respect to the midpoint of the
system. Thus, only part of the nonlinear enhancement can be
compensated by OPC while there still exists the accumulated ASE

noise, which is enhanced by the nonlinear interaction.
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Fig. 4.2: Magnitudes of the first, second, and third-order SI gains
arising from a non-dispersion management system. The gains are obtained as
a function of signal input power. The transmission fiber is assumed to be

only DSF with & = 0.2 dB and ¥ = 2.6 W'km™.

where the nonlinear enhancement is accumulated

Fiber
Amp
[ XX
Part of the transmission of ASE naoise where the nonlinear enhancement is compensated via OPC
Fig. 4.3: Transmission of ASE noise in OPC system. ASE noise produced

from each optical amplifier is enhanced during the transmission by
parametric interaction between SOD and SPM, and will accumulate to the
end of system. Since the transmission of ASE noise is not symmetric
with respect to the system mid-point, therefore, only part of the
nonlinear enhancement can be compensated by OPC while their remains an
amount of ASE noise that is enhanced by the nonlinear interaction and

accumulates to the end of system.
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It should be noted that this fiber nonlinearity-enhanced ASE
noise cannot be suppressed by the combination of SMF and RDF.
However, its harm 1is expected to reduce through large fiber local
dispersion with sufficiently large compensation period. This is
because the signal pulses are rapidly broadened by SOD, therefore,

they almost do not experience the effect of fiber nonlinearity.

4.2 Implementation of Dispersion Management on
OPC Systems

The wmost practical way available now to compensate TOD for
ultra-high bit-rate long-haul transmission is probably the use of the
dispersion-managed fiber link such as the combination of SMF and RDF.
In the previous section, we have shown that SI induced from the
periodic power variation can be suppressed by using periodic
dispersion management with large local dispersion. Therefore, by
using such combination of SMF and RDF in OPC systems, the

simultaneous compensation of both TOD and SI can be expected.
Moreover, the accumulation of D, will be automatically compensated

by OPC without post compensation used in ordinary dispersion

management systewms.

I. Possible Installing Dispersion Profiles

Figure 4.4 illustrates two possible schemes to install
dispersion management in the OPC transmission system. In Fig.
4.4(a), both periodic dispersion variation and periodic power
variation are in wuniform distributions along the entire system
length. On the other hand, in Fig. 1.4(b), the order of SMF-RDF is
reversed to RDF-SMF after the midway OPC yielding the symmetric
distribution of the periodic dispersion variation with respect to the
system mid-point.

We suggest that the symmetric dispersion profile in Fig. 4.4 (b)
gives better transmission performance than the other profile

especially for high power transmission. The reasons can be explained
as follows: First, when the nonlinear length [m, is longer than the

periods of the wvariations, due to the uniform distributions in Fig.
4.4 (a), each order of SI arises from one frequency determined by the

two periodic perturbations and experiences the gain whose magnitude
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exponentially increases with the transmission length. On the other
hand, for the dispersion management profile in Fig. 4.4(b), the
system in the first half and second half produce their own SI at
different frequencies whose separation depends on the difference in
the nonlinear coefficient and the fiber loss coefficient between SMF
and RDF. However, each resonance frequency experiences the SI gain
only half of the system length, the signal distortion may not be so

severe as that occurs from the dispersion profile in Fig. 14 (a).

SMF RDF
L0 L O0r100-00..,
b
Amp
Power

Dispersion : = ;\‘SMF ;““SMF ¢
p ~] RDF RDF
Accumulation of SPM-local dispersion interaction due to asymmetric dispersion profile
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™. SMF SME ™
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Part of SPM-local dispersion interaction is compensated by symmetric dispersion profile

(b)

Power
v

Fig. 4.4: Two possible ways for implementing the dispersion management in
OPC transmission system. In (a) both periodic dispersion variation and
periodic power variation are in uniform distributions along the entire
system length. On the other hand, in (b), the order of SMF-RDF 1is
reversed to RDF-SMF after the system mid-point, forming the symmetric
distribution of the periodic dispersion variation with respect to the
system mid-point. The symmetric dispersion profile in (b) gives better
transmission performance than profile (a) especially when the systems
operates with high signal power because part of the interaction between

SPM and fiber local dispersion is compensated by OPC.

Second, for high power transmission, when Ln, becomes

comparable or shorter than the compensation interval, the interplay
between SPM and the local dispersion of each fiber occurs and causes
additional signal waveform distortion. Wwith this consideration, by
constructing the symmetric dispersion compensation profile as shown
in Fig. 4.4(b), part of the interaction between SPM and local

dispersion of the fiber will be compensated by OPC whether the power
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variation distribution remains unchanged. Oppositely, for the
profile in Fig. 4.4(a), this interaction will accumulate along the
transmission length due to the asymmetric distribution with respect
to mid-point of both periodic power variation and periodic dispersion
compensation.

II. Computer Simulations

In order to evaluate our proposed SI suppression method in OPC
systems, we perform a computer simulation of the transmission of 100-

Gbit/s data composed of 32-bit pseudorandom Gaussian RZ pulses based
on the system models in Fig. 4.4. In the calculation, we set 1d= lf

= 40 km. TOD is assumed to be 0.06 ps/km/nm for SMF and -0.06

ps/km/nm for RDF. Other SMF and RDF parameters used in this
simulation are the same as used above. The optical amplifier
produces ASE noise with noise figure of 5.3 dB (ng, = 1.7). The

optical pulse at the midway of the system is conjugated by an ideal
infinite-bandwidth optical phase conjugator.

When the combination of SMF and RDF is not applied for TOD
compensation, the TOD compensator, placed only at the end of system,
is assumed to be an ideal device that multiplies the complex
amplitude of the signal with a negative amount of 1linearly
accumulated phase shift caused by TOD. Also, for signal transmission
in this case, DSF with the same parameters as the calculation above

is used.

To see the efficiency of the SI suppression more obviously, the

input signal power f% is set at 21 mW giving [m, becomes equivalent

to lf. Also for all other cases, F, will be set at this value.

Since SMF and RDF exhibit different values of @ and Y ., we calculate
[%, of the system employing SMF and RDF by using the average values

of those parameters. With f% = 21 mW, l%, of the system constructed
by SMF and RDF becomes approximately 36 km, which is slightly shorter
than that of DSI.

The bandwidth of the optical band-pass filter, which is placed
at the output end of the fiber, is always adjusted to obtain the
minimum BER. The propagation of the optical pulse is calculated by
solving the nonlinear Schrodinger (NLS) equation by the split-step

Fourier method {[1]. The receiver is modeled by 65-GHz-cutoff sixth-



order Bessel-Thompson low-pass filter followed by a BER detector.

The system performance is evaluated in terms of the bit-error rate

(BER) calculated by repeating 128 times the transmission of the same

pulse train and assuming the Gaussian distribution of the amplifier

noise.
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Fig. 4.5: BER of several OPC systems, calculated as a function of

transmission distance. For all OPC systems, the input signal power 1is

adjusted to give L

nl

equivalent to l/ at 40 km. Circles show BER

obtained from the system-where only TOD is compensated. Squares show BER
of the system using SMF and RDF as transmission fiber with the symmetric
dispersion management profile of Fig. 4.4(b), while triangles show BER of
the system employing the asymmetric dispersion profile of Fig. 4.4(a).
Crosses show BER of the system where TOD is neglected. Diamonds show BER
obtained from the system where both TOD and SI are neglected. At BER =
1077, the achievable transmission length of the system using symmetric
dispersion increases 2,000 km longer than the system where only TOD is
compensated without using SMF and RDF. Furthermore, BER of the system
employing the asymmetric dispersion becomes the worst due to the
accunulation of the nonlinear interaction between SPM and local fiber

dispersion.
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Figure 4.5 shows the calculated BER as a function of
transmission distance. According to the condition L, = lf, when only

TOD is compensated (shown by circles), the performance of the system
is limited by SI and the nonlinear distortion from the interaction
between SPM and local dispersion in each segment of fiber. Thus, BER
of the system in this case rapidly decreases. When the dispersion
management profile in Fig. 4.4(b) is employed to the system (shown by
squares), BER curve drops significantly slow. Comparing to the case
without the combination of SMF and RDF, by using SMF and RDF, the
achievable transmission leng.th at BER = 10° can be further extended
approximately 2,000 km. Moreover, the BER curve of the system where
TOD is neglected (shown by crosses) almost fits with that obtained
from TOD-compensated system. This result me%ltions that ¢this sSI

suppression method does not affect accumulation characteristics of
TOD since 1d is still much shorter than the TOD length Ld3 (= 280 km)

so that in the TOD scale, the signal propagates as if there is no
dispersion management ever be installed.

On the other hand, BER of the system employing the dispersion
profile of Fig'. 4.4 (a) (shown by triangles) obviously becomes worse
than others due to the reasons described above. Furthermore, the
difference in transmission distance between the BER curve obtained
from the system using the dispersion profile of Fig. 4.4(b) and the
BER curve obtained from the system neglecting TOD and SI (shown by
diamonds) mainly comes from part of the interaction between SPM and

local fiber dispersion that cannot be perfectly compensated by OPC.

4.3 Optimum Dispersion Map for Higher-Order

Dispersion-Managed OPC Systems Using SMF and RDF

When the combination of SMF and RDF is employed to a given
system, the fiber 1local dispersion and the average dispersion are
almost automatically determined by the placement of operating signal

wavelength. In this case, the maximum system performance will be
achieved by determining the optimum ld and signal power. Below, we
discuss the optimum dispersion map design considering the OPC systems
using 1d>lf, ld=lf, and 1d<1f.

I. OPC Systems using [, >/,
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For given ld (1d>lf), the increase in the signal power can help
improving SNR. At the same time, when the signal power is increased
until L, becomes comparable to, or shorter than l;. the signal pulse
will experience the 1local dispersion rather than its periodic
variation. In this case, SI determined by the period of lf on each

local fiber length also arises. Additionally, the signal will also
be attacked by the interaction between SPM and the local dispersion.
Therefore, for given ld (ld>1f), the maximum system performance will
be achieved by using an optimum input power which yields the balance
of the improvement in SNR and the degradation described above.

Even the use of very large [, (ld>lf ) can also help reducing
the nonlinear enhancement of the ASE noise since the signal and the
ASE noise will transmit through large local dispersion which repeats
for long length ([32]. Additional to the problems discussed above,
the larger ld we use, SI, whose position is determined by Zd in this

case, will occur at the frequency closer to the signal carrier.

Therefore, even only a small SI gain may cause serious signal

distortion. As a result, for larger ld , the optimum signal power

will exhibit lower wvalue than that of shorter ld. Futhermore, the

system may give a good result close to the linear SNR limit for
relatively low power transmission. However, the system performance
will degrade very immediately after reaching the optimum signal power.

Comparing to ordinary dispersion management systems, in OPC
systems, such optimum power will be found at relatively high value
since dispersion exists along the transmission yielding L4, several
times shorter than L,;, especially for the case of high bit-rate

transmission.

II. OPC Systems using [, =/,

When b :lf , the transmission of signal is expected to give a

good result since SI occurs at the furthest frequency from the signal
carrier. However, the signal, in this case, keeps its high peak

power during the transmission because the signal almost restores its

shape at each 1[ due to low average dispersion. Therefore, it 1is

easy to be affected by the nonlinear effect. When LMZ>L,=1/ , the
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nonlinear enhancement of ASE noise by the interaction between SPM and

average dispersion, which is more severe than that of system with
b >lf, becomes a main problem that limits the system. Moreover, in

the second half of the system, RDF, which exhibits larger nonlinear
coefficient than SMF, is installed near the output of the optical
amplifier according to the symmetric dispersion distribution. This
results 1in more serious enhancement of ASE noise since, in the second

half, the signal and the accumulated noise will propagate through the

highly nonlinear RDF where their power are still intense. When [w

approaches Zd by the use of high signal power, the interaction

between SPM and fiber 1local dispersion also arises and causes

additional signal waveform distortion. By these reasons, the system

constructed with Q =1f may not be expectable to give good

transmission performance comparing to Q >lf case and even h <lf
case.

III. OPC Systems using [, </,

For the system with b <lf , SI will arise at the same
frequencies as those of the 1d=1f case since the position of the

resonance frequency depends on the larger period between ld and lf.
With increasing the signal input power, similar to the case of
b =lf , the problem which limits the performance of the system comes

from the enhancement of the amplifier noise by the interaction
between SPM and average dispersion. However, even if we reverse the
order of fibers after the mid-point to form symmetric dispersion

profile, the nonlinear accumulation of amplifier noise will not be so
severe as the case of L,=l/ . This is because the signal at high

peak power does not propagate on highly nonlinear RDF for a long

length.

Even lm[ becomes very short by using relatively high input

power, the interaction between the local dispersion and SPM will not

be so serious as the case of Q Zlf. This is because the signal does

not too much feel the local dispersion as long as LM is still not
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comparable to [, . This makes the systems with /[, <l, way yield a
significant tolerance to high power transmission comparing to other

cases. At given [, ([, <1/ ), the optimum power will exhibit

relatively high value than the case of [ >lf. However, for a low
input power, the system may not give good performance comparing to
the case of b >lf according to the interaction of SPM and average
dispersion.

From the above discussion, for each ld, the optimum input power

for achieving maximum transmission performance will be found at

different wvalues. One will be relatively low input power obtained
for the case Q >Zf. The longer ld is, the lower the optimum power
becomes. The other one will be found at relatively high value for

the case h <1f and will be higher wvalue with the reduction in ld.

However, the system operating with Q =lf may not give as good result

as the others.

4.4 Ultimate Performance of Higher-Order

Dispersion-Managed OPC Systems

To explore the wultimate performance of the higher-order
dispersion-managed OPC systems employing the combination of SMF and
RDF when the systems are operating in optimum conditions, we perform
extensive computer simulations of the systems with data rate of 100
Gbit/s, 160 Gbit/s, and 200 Gbit/s. The dispersion profile used in
the simulations 1is the symmetric profile shown in Fig. 4.4(b). The
system parameters and fiber parameters are all the same as above
calculations.

Figures 4.6, 4.7, and 4.8, respectively, show the calculated
BER at 10,000 km of OPC transmission systems with data rate of 100

Gbit/s, 160 Gbit/s, and 200 Gbit/s as a function of the signal input
power }% for several Zd (10 km, 40 km, 80 km, 160 km, and 240 km).

In each figure, BER of the same OPC system neglecting the nonlinear
coefficient ¥ 1is also calculated to show the linear SNR limit for

comparison.
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According to the simulated results of the 100-Gbit/s OPC

systems shown in Fig. 4.6, for low f%, BER of the systems with larger
Q appears in a value closer to the SNR limit because the use of
large b can help avoiding the effect of fiber nonlinearity. For
higher P,, BER of the systems using large Id start decaying rapidly

while that of system using ld = 10 km still shows a good result due
to its tolerance to fiber nonlinearity. As discussed above, the
system with ld is set equivalent to h— at 40 km shows the worst

result. However, with defining a maximum transmission distance at

BER = 107°, all 100-Gbit/s systems can achieve 10,000-km transmission
for a wide range of 1%. In comparison with theée results, the system
using DSF incorporated with TOD compensation can only reach 10,000 km
by only }% = 7 mW [17]. This mentions the significant improvement of

the OPC system by wusing the higher-order dispersion managewment
transmission line consisting of SMF and RDF.

For the 10,000-km transmission result of 160-Gbit/s data shown

in Fig. 4.7, the existence of the optimum f% can be observed more

obviously. The systems with ld = 240 km, 160 km, 80 km, and 10 km
reach maximum performance, at BER smaller than 107?, with their own

optimum f% at 9 mW, 10 mW, 14 mW, and 15 mW, respectively. As
predicted, the optimum F, for longer [, is found at lower value.
However, system with ld = 40 km no longer succeeds BER = 1077 for all

range of .

According to this ultimate performance of dispersion-managed
OPC systems, further increase 1in transmission bit-rate can be
expected. The calculated BER of 200-Gbit/s data transmission at

10,000 km shown in Fig. 4.8 indicates the possibility of this ultra-

high bit-rate long-haul transmission at BER = 107° using [/, = 240 km

with Fy = 11 mW or /[, = 10 km with F, = 15 mwW.

To extend the bit-rate more than 200 Gbit/s in 10,000-km

transmission, the easiest way may be the optimization of the average

dispersion value D, . The increase in D, can reduce the effect of



54

fiber nonlinearity, at the same time, moving the SI which is not

completely suppressed to occur more inner signal bandwidth. The

optimum D, will be found under the balance of these two effects.
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Fig. 4.6: BER of  Thigher-order dispersion-managed 100-Gbit/s OPC

transmission systems at 10,000 km as a function of the signal input power
f% for several ld (10 km, 40 km, 80 km, 160 km, and 240 km), comparing
with the linear SNR-limited BER. At BER = 107, all systems can achieve

10,000-km transmission for a broad range of K, . Since the OPC system

using DSF where TOD is compensated can only reach 10,000 km by only 1% =

7 mW [10], these results show the significant improvement of OPC system by
using the higher-order dispersion management transmission line consisting

of SMF and RDF to eliminate both TOD and SI.
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Fig. 4.7: BER of higher-order dispersion-managed 160-Gbit/s OPC transmission

systems at 10,000 km as a function of the signal input power 1% for several
ld (10 km, 40 km, 80 km, 160 km, and 240 km), comparing with the linear SNR-
limited BER. The systems with ld = 240 km, 160 km, 80 km, and 10 km reach
maximurmm performance, with BER smaller than 107?, with the optimum 1% at 9 mwW,
10 mW, 14 mW, and 15 mW, respectively. However, system with ld = lf = 40

km does not achieve BER = 107’ for all range of }%.
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Fig. 4.8: BER of higher-order dispersion-managed 200-Gbit/s OPC
transmission systewms at 10,000 km as a function of the signal input power
f% for several ld (10 km, 40 km, 80 km, 160 km, and 240 km), cowparing

with the linear SNR-limited BER. The 10,000-km transmission of the data

rate as high as 200 Gbit/s becomes possible at BER = 1077 by using ld =

240 km with }% = 11 mW or Zd = 10 km with l% = 15 mW in the higher-order

dispersion-managed OPC transmission system.

Since. polarization mode dispersion (PMD) has been recognized as
a significant problem limiting the transmission of such ultra-high
bit-rate data, in this paper, we do not take PMD into account in the
calculations. However, as it has been shown that, without

compensation, PMD of the dispersion-managed transmission fiber using

SMF and RDF is as small as 0.03 ps/JEE; {141. Thus, by incorporating
with PMD compensation, the performance of the dispersion-managed OPC
systems may not be degraded too much.

In all calculations shown above, we assume that the RDF
exhibits the complete reverse dispersion characteristic of that of
the SMF. In fact, commonly the cancellation of the TOD of the SMF by
the RDF reduces the total TOD in each link to be lower than 107*
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ps/km/nm?*. Such very low TOD may slightly affect the transmission of
ultra-high capacity WDM data that consumes extremely large band width.
Since our highest transmission data rate used in the simulation is
only 200 Gbit/s, the TOD length of the fiber consisted of SMF and RDF
for this case will be several times larger than 10,000 km. This
mentions that even we assume that the SMF and the RDF possess the
complete opposite dispersion characteristic, the transmission using

our scheme in real world will not so different from our calculated

results.
Furthermore, in all our calculations the optical phase
conjugator 1s assumed to be ideal. Practically, if we use the

optical nonlinearity for producing the conjugated replica of the
signal, the SNR of the signal will unavoidably. decreases. This will
cause poorer BER than the results we have shown in this paper.
Furthermore, in our calculations, we neglect the spatial
fluctuation of local dispersion and the stimulated Brillouin
scattering (SBS) effect [1]. The two effects can also cause
significant signal distortion in OPC systems. For the systems where

the dispersion fluctuation period is shorter than the nonlinear

length: LM , the dispersion fluctuation has a 1little influence on
signal transmission because, the dispersion fluctuation can be
averaged out in the nonlinear scale. Then, the signal almost feels

the average dispersion rather than the dispersion fluctuation while

propagating in such systems. On the other hand, the dispersion
variation whose period is comparable or longer than Lm will cause

significant signal distortion. Since the nonlinear coefficient of
RDF is larger than that of SMF, the dispersion fluctuation on the RDF
will result more severe degradation than that occurs in the SMF.

The signal distortion caused by the dispersion fluctuation can
be reduced by using the transmission fibers with a relatively large
dispersion. Since the combination of SMF and RDF yields large local

fiber dispersion, moreover, in all calculations, we set the average

dispersion value: [%v at -1 ps/km/nm, we believe that the influence

of dispersion fluctuation is sufficiently suppressed in our proposed
systems.

On the other hand, for the problem induced from the SBS, we
have estimated the SBS threshold powers ({33], [34] of the RDF for

several data rates used in our simulations because the RDF is more
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nonlinear than the SMF. The SBS thresholds for the case of 100-

Gbit/s, 160-Gbit/s, and 200-Cbit/s data are approximately 51 mW, 81
mW, and 102 mW, respectively. Therefore, we can conclude that the

SBS can be neglected for all values of the signal input powers used

in our calculations.
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5. CONCLUSIONS

In this report, performance improvement of ultra-long-haul
high-bit-rate optical transmission system using midway OPC was
studied. The serious limitations of OPC system is mainly resulted
from TOD and SI effect. We have shown that the accumulation
characteristic of the TOD in OPC transmission systems is almost
linear as long as the GVD length is much shorter than the nonlinear
length. This fact gave us a possibility to install only one of the
linear TOD compensator at any point in the system for perfect TOD
compensation. By assuming the ideal TOD compensator, the computer
simulation result has shown the possibility of 100Gbit/s, 10,000km
transmission based on TOD compensated OPC systems.

We have presented the derivation of the~ana1ytical expression
of the sideband instability (SI) induced from periodic signal power
variation and ‘periodic dispersion management considering when two
different fibers are connected together to form the dispersion
compensation link. Three possible dispersion management systems were
considered: (a) system where dispersion management period is larger
than amplifier spacing, (b) system where the two lengths are equal,
and (c) system where amplifier spacing is larger than dispersion
management period.

We found that SI frequency depends on the larger period between
the amplifier spacing and the dispersion management period. The
larger the wvariation period becomes, the SI frequency will arise
closer to carrier frequency. Moreover, the gain of SI appears to be
reduced with the increase of local fiber second-order dispersion
(SOD) . This 1is because the increase in the local SOD wvirtually
shifts the order of SI to higher order resulting in the difficulty of
phase-match process. The computer simulations were made and their
results were in a good agreement with the derived theory.

In WDM systems thet use relatively narrow channel spacing, we
demonstrated that even the dispersion map is properly designed to
achieve low SI gain, SI causes signal distortion to specific channels
that fall just on the low order SI frequency, especially the first
order. Additionally to WDM system design rules, the channel
allocation must avoid the SI position in such a way that none of the
channel should be lied at. The computer simulations have confirmed

that BER of WDM systems whose channel location is re-arranged to
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avoid SI give a significant improvement of the transmission
performance.

Next we proposed for the first time the simultaneous
suppression of the two main problems, TOD and SI, in OPC transmission
systems by employing higher-order dispersion management fiber link
consisting of SMF and RDF. In order to implement the combination of
SMF and RDF on OPC systems, we demonstrated that it is necessary to
use symmetric dispersion profile with respect to mid-point of the
system to reduce SI gain together with the accumulation of the
interplay between SPM and each fiber local dispersion. According to
the numerical computation results, the 100Gbit/s OPC systems using
the SMF+RDF-dispersion-managed link without optimizing the dispersion
map has achieved the transmission length at -BER=10"° over 2,000 km
longer than system where SI is not suppressed even the nonlinear
length of the system is set comparable to the amplifier spacing.

Next, we haveé introduced the system design approaches to

achieve the maximum system performance considering the determination
of dispersion wmanagement period ld and the corresponding signal input

power. Such maximum performance can be achieved by using optimum

input power which will be found at relatively low value for the case
[, >1f and at relatively high value for the case [, <lf. The computer

simulation results have demonstrated that the 10,000km transmission
of 100Gbit/s, 160Gbit/s and even the data rate as high as 200Gbit/s
become possible by the dispersion-managed OPC system whose dispersion
map 1s properly designed.

Since . all the systems considered in this work are single
channel transmission systems, for future works, we suggest the study
on the use of higher-order dispersion-managed OPC scheme on long-haul
WDM transmission systems. In this case, design strategies for signal
channel allocation that avoids the position of 8I should be
considered. Furthermore, the expansion of the bandwidth of OPC
device should also be studied in order to support such ultra

broadband transmission.
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Complete Analysis of Sideband Instability in Chain
of Periodic Dispersion-Managed Fiber Link and Its
Effect on Higher Order Dispersion-Managed
Long-Haul Wavelength-Division
Multiplexed Systems

Pasu Kaewplung, Tuptim Angkaew, Member, [EEE, and Kazuro Kikuchi, Member, IEEE, Member, OSA

Abstract—We present for the first time a complete theoretical
analysis of sideband instability (SI) that occurs when two kinds
of fibers with different characteristics are concatenated to form a
dispersion-managed fiber link. In the analysis, the following three
cases are taken into account: case (a) when a dispersion-manage-
ment period is larger than an amplification period, case (b) when
the two lengths are equivalent, and case (c) when a dispersion-man-
agement period is smaller than an amplification period.

We find that the SI gain peak appears at frequencies determined
by the larger of the two variation periods. Moreover, for all three
cases, the magnitude of the SI gain reduces with the increase in
strength of dispersion management.

Next, we focus on the fiber link using the combination of stan-
dard single-mode fiber and reverse dispersion fiber, which is widely
used for simultaneously compensating second- and third-order dis-
persion. By computer simulation, it is shown that in wavelength-di-
vision-multiplexed systems, SI still induces significant degradation
in channels located at frequencies where SI induced from other
channels arises. By reallocating the channel frequency to avoid the
SI frequency, the transmission performance is improved signifi-
cantly.

Index Terms—Optical amplifiers, optical fiber communication,
optical fiber dispersion, optical Kerr effect, wavelength-division
multiplexing.

[. INTRODUCTION

A. General Background

OUR-WAVE mixing (FWM) apd cross-phase modulation

(XPM) in optical fibers have been recognized as the
main problems that cause signal waveform distortion in wave-
length-division-multiplexed (WDM) systems [1]-[3]. FWM
induces signal energy transfer among channels, while, through
XPM, temporal intensity variation of every channel modulates
the phase of other copropagating channels. In fact, the use of
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nonzero dispersion for signal transmission yields relatively
different propagating group velocity among channels, referred
to as walkoff, which dramatically results in the reduction of
channel crosstalk induced from both FWM and XPM. For
this purpose, the second-order dispersion (SOD) management
method has been proposed and demonstrated [4]-{7]. Through
this method, fiber sections are periodically arranged in such
a way that the signal carrier wavelengths alternatively fall
in normal and anomalous dispersion region, while, for each
period, the total fiber exhibits zero or near zero dispersion on
average. Therefore, signal pulse propagating in the link will
always experience nonzero dispersion, while its width is almost
preserved at each compensation period due to low average
dispersion.

However, such an approach can manage only SOD in only
one channel. Therefore, in WDM systems, signal channels
far from the average zero-dispersion wavelength experience
different amounts of dispersion accumulation along the entire
system length because of the existence of the dispersion slope
or third-order dispersion (TOD).

It has been predicted that the existence of TOD limits the
available passband of the WDM systems with data rates of
more than 10 Gbit/s [8]-[10]. For further expansion in both
capacity and distance, dispersion management to eliminate both
SOD and TOD will be one of the key issues. For this purpose,
special dispersion compensating fiber called reverse dispersion
fiber (RDF) [11], [12] has been proposed and has demonstrated
its potential. Since RDF exhibits low negative TOD with large
negative SOD, we can achieve the dispersion flattened fiber
link with low average SOD by combining RDF with standard
single-mode fiber (SMF) in each compensation interval. The
use of such a higher order dispersion compensation fiber
link in combination with the optimization of channel spacing
realizes the simultaneous reduction of FWM, XPM, and TOD.
Transmission experiments show that using the combination
of SMF and RDF can achieve a data rate as high as | Tbit/s
(104 x 10 Gbit/s) WDM transmission over 10 000 km [13].

B. Purpose of This Paper

In this paper, we demonstrate that the additional signal
distortion to long-haul higher order dispersion-managed WDM

0733-8724/02$17.00 © 2002 IEEE
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systems can occur via the quasi-FWM phase-match process
assisted by periodic variation of the signal power in the chain
of lossy fiber intervals and lumped amplifiers incorporated
with periodic dispersion management. This parametric process,
which occurs in both normal and anomalous dispersion regions,
is called sideband instability (SI). Through this process, the
signal carrier transfers its energy to specific sideband frequen-
cies, which grow up exponentially with transmission distance.

It has been shown theoretically that in order to avoid the
XPM-induced signal waveform distortion for 10-Gbit/s-based
10000-km WDM transmission, the use of channel spacing
larger than 100 GHz is preferable [14]. Several long-haul
transmission experiments also demonstrate attractive results
using channel spacing around this value [8], [13], [15]. With
this relatively large channel spacing, the first-order SI, which
usually exhibits larger gain than higher orders, will not arise
inside one’s channel bandwidth. Therefore, the problem
induced from SI has not yet appeared and can be ignored for
such transmissions.

However, with system distance shorter than 10000 km, the
possibility of using smaller channel spacing for signal transmis-
sion has been shown [16]-[18]. In this situation, if two different
channels produce SI at the same frequency, SI will cause a se-
rious problem to the channels whose carriers are placed just at
that frequency, especially for the frequency where the first-order
ST arises.

Historically, Matera et al. first theoretically showed the oc-
currence of SI in long-distance systems through the periodic
signal amplification [19]. Kurtzke and Peterman briefly dis-
cussed the impact of SI on multichannel long-distance optical
communication systems [20], [21]. In their works, by computer
simulations, a serious channel signal distortion was observed
when the S resonance frequency superpositions on the channel
frequency. Kikuchi ef al.experimentally observed SI in an op-
tical amplifier chain using a recirculating fiber loop [22]. Smith
and Doran predicted that the periodic dispersion management
also leads to the occurrence of SI. They also demonstrated that
the gain of SI could be reduced by strong dispersion manage-
ment {23]. Recently, we have presented a part of the derivation
of SI under the existence of both periodic power variation and
periodic dispersion variation {24].

However, none of the previous works has included the peri-
odic variation of fiber parameters such as fiber loss coefficient
and fiber nonlinear coefficient, which is practically necessary
to consider when two different fibers are connected together
to form a dispersion-managed transmission line. Moreover, to
avoid the problem of SI in WDM systems, it is important to
study SI in more detail, and the exact analytical expression of
SI must be derived.

C. Organization of This Paper

This paper makes the first complete theoretical analysis of
SI focusing on the case when two different characteristic fibers
are connected together. In our analysis, not only the periodic
power variation but also the periodic dispersion management,
periodic fiber loss coefficient variation, and periodic nonlinear
coefficient variation are included. In Section 11, we derive the
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analytical SI gain and the SI frequency considering three cases:
a) when a dispersion-management period is larger than an am-
plifier spacing, b) when the two lengths are equal, and ¢) when
an amplifier spacing is larger than a dispersion-management pe-
riod. In Section III, the accuracy of the derived theory is evalu-
ated by computer simulations.

Section IV focuses on dispersion-managed transmission
system consisting of SMF and RDF. Our computer simulation
results show that when two or more channels produce S at the
same frequency, S significantly causes a serious problem to the
channel whose carrier is positioned just at that superposition
resonance frequency. We also demonstrate that by rearranging
the channel position or channel spacing in such a way that
none of the SI resonance frequency falls inside the channel
signal bandwidth, the transmission performance is significantly
improved. Finally, this paper is summarized in Section V.

II. DERIVARION OF SIDEBAND INSTABILITY IN THE
PRESENCE OF PERIODIC POWER VARIATION AND
PERIODIC DISPERSION MANAGEMENT

In long-haul and high-capacity fiber transmission systems,
the power of the optical signal must be kept high in order to ob-
tain good signal-to-noise ratio (SNR) at a receiver. In such high-
power systems, by amplification process, the periodic power
variation 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 shown in Fig. 1, a parametric resonance
between the virtual grating and the signal will occur at the signal
sideband component whose wave number is half of the wave
number of this virtual grating, resulting in exponential growth
of that component with transmission length [19]. This phenom-
enon is known as the sideband instability, which causes signal
waveform distortion if SI arises at frequency inside the signal
bandwidth since it cannot be eliminated by using an optical
bandpass filter.

Quantitatively, the occurrence of SI can be explained in terms
of a quasi-phase-matched FWM process that is assisted by the
virtual grating induced by the periodic power variation as the
condition [19]

ky + ko =2ko + ky. )
In (1), the wave number of the signal, which acts as a pump,
is ko = —yP + f{wo); and the sideband wave numbers are
ky = k- = 1/2Bw2+B(wp), where B(wq) is the wave number
at the central carrier frequency wo. kj is the wave number of the
virtual grating, which is given as

21n

S

(2)
where n. = 00, £1,£2, ..., and l; is the amplifier spacing. The
sideband frequency w,, shifted from the carrier frequency at
which S[ arises is obtained from (1) and (2) as

w, =+ L (/\Z!‘II, — 2 sgn(fi2) '713) )
| 32
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Fig. 1. Occurrence of sideband instability. A virtual grating is formed through
fiber loss and periodic amplification via Kerr effect. A resonance between this
virtual grating and propagating signal gives rise to an exponential growth with
transmission length of the signal carrier sideband components whose wave
vector matches that of the virtual grating.

where P is the path-averaged signal power. The power gain
A{wn) of SI at each n-order resonance frequency is

MMw,) = 2P | Fy| “®

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 [y.

In fact, not only the periodic power variation but also all of the
periodic perturbation under the Kerr effect—such as the peri-
odic dispersion variation, the periodic fiber loss coefficient vari-
ation, and the periodic fiber nonlinear coefficient variation—can
lead to the occurrence of SI. To obtain the general expression
of SI considering all of the periodic perturbation, we should
start the analytical derivation based on the models of disper-
sion-management systems illustrated in Fig. 2. In Fig. 2, the
signal power and the fiber dispersion is assumed to change pe-
riodically with transmission length. As we aim to concentrate
to dispersion-managed transmission system consisting of SMF
and RDF, the fiber link is composed of two different charac-
teristic fibers with the same length. Therefore, the dispersion
profile is the simplest type, where the dispersion varies every
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Fig. 2. Models of dispersion-management system used for analytical
derivation. The signal power and fiber dispersion change periodically with
transmission length. The fiber link consists of two different characteristic fibers
with the same length. Three possible cases are modeled: a) when the dispersion
compensation period 4 is longer than the amplifier span I, b) when the two
scales become equal, and ¢) when ly < I;.

half-period with the same amount plus and minus around a given
average dispersion value. Each fiber has its own nonlinear coef-
ficient and fiber loss, which is assumed periodic by the period
equivalent to the dispersion-management period. We consider
here three possible cases: a) when the dispersion-management
period is longer than the amplifier span, b) when the two scales
become equal, and ¢) when the dispersion-management period
is shorter than the amplifier span.

The analysis starts from the nonlinear Schrodinger equation
[1] for the signal envelope function U(z,t)

ou _a(z)

v _ 82U
9z — 2

ot2

+57v(2) U U.
(5)

In (5), the GVD is separated in two parts: the constant average
Ba2av and the fluctuation part B2q(2). The fiber loss coefficient
a(z), the nonlinear coefficient y(z), and Baq(z) are the func-
tions of z that are assumed periodic with the same period equiv-
alent with the dispersion-management period. It should be noted
that the GVD parameter (35 relates to the common dispersion pa-
rameter D by

U~ L (B + Bn(2)

D=—-——0 (6)

where wq denactes the carrier frequency and Ay the carrier wave-
length.
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At each amplifier, the span loss is compensated so that we can
assume that the optical field propagating in each amplification
period has the form

U(z, 1) = u(z, £) exp (—%a(z)z) . %
Inserting (7) into (5), we obtain
h : 32
55 = ~3 o + Bon(2) g + i@l @®

where f(z) = ~(z)exp(—«(z)z) is the periodic function
whose period is equal to the amplifier spacing. Next, we
perturb (8) by a small amplitude fluctuation a added to the
steady solution of (8) J

u(z,t) = ( Py + a) exp (jPo/ f(z')dz') ©
0
where Py denotes the input peak power and a is defined as
1
a{z,t) = E{a(z,w) exp(jwt) + a(z, —w) exp(—jwt)}. (10)

Substituting (9) and (10) back to (8), we obtain one set of two
diffecential equations as shown in (11) at the bottom of the page,
where the subscript * indicates the counterpart complex con-
jugate. By introducing the transformation shown in (12) at the
bottom of the page, (11) becomes

%) b(z,w)
EXA [b‘(z, —w)}
= [%ﬁZa\'wz + f(Z)PO
~9"(2)Fo

| [wb((fjfl)}

9(z)Po }
""%,62avw2 - f*(Z)PQ

(13)
where
() = f(2)exp (—jw2/ ,Bgﬂ(z')dz'> . (14)
0

By this transformation, we can remove the fast oscillations in
the field envelope, so that only those changes that accumulate
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over the period of By4(2) are left. The key step of this analysis
is to expand f(z} and g(z) as complex Fourier series

f@)= > F.exp(jksnz)

oo
g9(z) = Z G exp (jkynz) (15)

where ks and k, are the fundamental wave constants of f(z)
and g(2) and F;, and G,, denote the Fourier series coefficients
of f(z) and g(z).

A. The Case When the Dispersion Compensation Period is
Larger Than the Amplifier Spacing

First, we consider case a) when the dispersion-management
period l4 is larger than the amplifier spacing {;. The wave con-
stant kg in this case can be written as k, = 27 /lg = ka, where
lg = 2ply, sothat ky = 2pkg and p = 1,2,3,.... To get close
to the resonance of the nth Fourier component of the perturba-
tion, we introduce the variable transformation

b(z,w) | _[exp (j%lcdnz) 0
b*(z,—w) | — 0 exp (—jLkanz)

| oelz,w) '

c*(z, —w)

Inserting (15) and (16) into (13) and equating only the coeffi-
cients of exp(jkqnz/2) and exp(—jkqnz/2) (for the complex
conjugate counterpart), we obtain (17), shown at the bottom of
the page, where Iy and G,, denote the fundamental and the nth
order coefficient of Fourier series of f(z) and g(z), respectively.

From the eigenvalues of (17), we obtain the power gain A{w)
for the norder SI effect as

(16)

() = \/4P2 |Gul? = (kan — Brav® — Po[Fo)). (18)

At each order of SI, A appears at its peak at frequencies defined
by

Wy = i\/ﬁ (katt — 2 sgn (Baav) Po | Fol)- (19

57 Lf{;;f&)} =3 [ —F* ()P

% (/7)21\\' i /32{](2’))0}2 + f(Z)PO

f(Z)PO ‘||: ”’(sz) j| (1)
~3 (Baa + Ban(2))w? = f*(2)Po | | 0* (2. ~w)

{ a(z,w) } = (/% ko ﬁzﬂ(Z’MZ/) " { b(z,w) } (12)
(7 —w) 0 - exp (J% Jo ﬂ?ﬁ(zl)dzl) )
_ld_ ('(Z‘UJ) — J _%kd” + 7)},”2;1\"‘}2 + 1)0[:‘() R)Gn. (;(Z,(IJ) (17)
07 | e (z, ~w) ~ PG %1;:471. - %ﬁg;,\,w? - PoFy | | (2, —w)
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It is remarkable from {19) that SI cccurs at frequencies deter-
mined by the dispersion-management period /4 and by the av-
eraged GVD fa,, independent of the fluctuation part faq. For
larger {4, the SI gain position moves closer to signal carrier fre-
quency, which may cause more severe signal waveform distor-
tion. On the other hand, the peak of SI gain at the norder res-
onance frequency A{w,) depends on fa,, through w,, in |G|
according to (14) and (19).

To obtain the expression of the SI gain, Fy and G, have to be
derived. Fy can be calculated from

la la

Ro= 1 [ 1@ = ¢ [T a@en-aeie @)
since this paper considers the periodical dispersion compensa-
tion, which is constructed by the combination of two fibers in
equal length. Each fiber exhibits different values of & and 7,
which are assumed to be constant along each fiber length. In
each compensation interval, let @; and ~y; represent the fiber
loss coefficient and the nonlinear coefficient of the first fiber
and a9 and 7y, represent the fiber loss coefficient and the non-
linear coefficient of the second fiber, respectively. Fy is obtained
through

1=
Fy=—

! La/(2p)+ila/(2p)
; / Y1 exp(—oyz)dz
d 1

i=0 L J/ila/(2p)

laf2+ta/(2p)+ila/(2p)
+ / Y2 exp (—agz) dz
Laf2+il4/(2p)

1—exp ( oy é},’)
arla

1 —exp (—azé—'l’))
agld

=P \m

+ 72 @n

By assuming that Oz4(z) follows the profile shown in Fig. 2,
we have

1y = {ﬂ2ﬂ2,2 = [01 %‘) (22)

23 2" )d
./{ Paa()dz Baa(la—2), 2z = [%,14] .

18%9

Substituting (22) into the exponential part of (14), G,, can be
analytically obtained through the Fourier integration

1 P21 pld/(2p)+ila/ (2p)
/ 71 exp (—a 2)
i=0 /il

G, =—
ila/(2p)
-exp (—jBaaw?z) exp (—jkanz) dz
1 P21 pla/2+1d/(2p) +ila/(2p)
_/ 72 exp (—aaz)

ld i—0 Y la/2+ila/(2p)

-exp (—jPaaw? (la — 2)) exp (—jkanz) dz. (23)

Because f(z) is periodical over each fiber length with the period
of [ila/(2p),ila/(2p) + la/(2p)) fori = 0,1,2, ..., it satisfies
the following relations:

1(5) o (o3 =1
(550 o]
() v (o (4 2) -

f (l—d+é—‘;+ ;l—d) =7y exp (—a%).

Applying the above conditions to (23), we obtain (25) as shown
at the bottom of the page.

At resonance frequency w,, where the n-order SI occurs, the
n-order SI gain becomes 2P,|Gy|. Fig. 3 plots the n = 1,2,
and 3-order SI gain peaks at w,, as a function of local SOD
D, calculated by (25) with I = 40 km, {; = 80 km. P is
assumed to be S mW, D,, is —5 ps/km/nm, and «; and 7; of
fiber #1 are 0.2 dB and 1.6 W™ km™?. For fiber #2, cep and o
are 0.25 dB and 4.8 W~ 'km ™!, respectively. It should be noted
that D exhibits a negative value when the arrangement of fiber
link changes the order of fiber installation to fiber #2, fiber #1
instead of fiber #1, fiber #2.

The gain characteristics shown in Fig. 3 for all three orders ap-
pear to be decreased and periodically reduced to minimum points
with the increase in fiber local SOD. The reduction of SI gain with
the increase of local SOD has been predicted by Smith and Doran
[23]. However, the reason for explaining this phenomena has not
been clearly mentioned yet. According to (23), it is obvious that

(24)

G, =m

1 —cxp ( ) é” ) exp (—j (ﬂzﬁwz + kd”) %)

r-1

aply + J (ﬁgﬂwz + k,m) la

exp (j (Baaw? — - kqn.) 7‘) — exp (—ag é—;) exp ( (Bapw? — kqn) (7” '—"))

il
Ze)\p < ﬁzﬁw + k,m) 2—;)

+ 72

gl = j (faaw? — kan)ly

p-1

il
Z()\I) < ﬂgﬁw — k,le,) %—i)
1

=0

(25)
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Fig.3. Theoreticaln = 1, 2, and 3-order SI gain peaks at resonance frequency
w, as a function of local SOD D, calculated with {; = 40 km, {; = 80 km,
Py = 5mW, and D,, = —5 ps/km/nm. D exhibits a negative value when the
arrangemeat of fiber link changes the order of fiber installation to RDF-SMF
instead of SMF-RDF. The gain characteristics for all three orders appear to be
decreased and periodically reduced to minimum points with the increase in D.

the reductionof SI gaindoes notcome from the linear additionand
cancellation of the two Fourier components: one induced from
the periodic power variation Py () and the other from the peri-
odic GVD variation f2a(2). To understand the reason, we should
rewrite g = 2l;(p = 1) and Beqw? = ckq, where ¢ denotes a
real number larger than zero. Then (23) can be written as shown
in (26) at the bottom of the page.

Equation (26) indicates that for the n-order SI, by increasing
the local GVD |B2al, the corresponding ¢ is increased, resulting
in the increase of wave constant kg by the factor of (¢ + n)/2
for the first term and (¢—n)/2 for the second term, respectively.
Each order of the SI gain, which becomes smaller for large &y, is
correspondingly reduced. In other words, the first term of (26) is
similar to the formula of Fourier integration used for obtaining
the (¢ + n)/2-order Fourier coefficient of f(z) when the pe-
riod is [y and, for the second term, the (¢ — n)/2-order Fourier
coefficient. Therefore, this also can be interpreted as meaning
that the increase of local GVD |Baq| virtually shifts the order of
SI induced from the power variation to higher order, which ex-
hibits lower gain than the lower order. Furthermore, the SI gain
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falls down to mininum points when the virtual order numbers
{c+n)/2 and (¢ — n)/2 together become an integer. In Fig. 3,
agreeing with our prediction, the SI gain reduces to minimum
points when (¢ 4+ n)/2 and (¢ — n)/2 become |¢| = 3,5,7, ...
for the first order, |¢| = 4,6,8,... for the second order, and
|| = 5,7,9,... for the third order, respectivety.

B. The Case When the Dispersion Compensation Period
Becomes Equal to or Shorter Than the Amplifier Spacing

In this section, we consider the case when /; is equal to or
shorter than [;. The wave constant &, for this case becomes
kg = 2nfls. Ly is assumed to satisfy Iy = ply, where p =
1,2,3,.... The analysis approach for this case is similar to that
of the previous section. By only replacing k4 in (15) with kj,
the power gain A{w) for n-order SI effect becomes

AW) = \J4P2 |Gl = (kyn — foars® — Po|Fol)’  (27)

which exhibit each peak of the SI order at frequencies deter-
mined by

Wi = i\/lﬁzl—l (kfn—2sgn(ﬂ2av) PolFol) (28)

From (28), the frequencies where SI arises are determined by
the wave constant k¢, which is constant even if the dispersion-
management period l4 is changed. This means that for Iy < Iy,
SI will almost arise at the same frequencies independent of the
change in [, which is different from the previous case. For this
case, Fp can be obtained by (29) as shown at the bottom of
the page. It should be noted that, in fact, w, slightly depends
on the change of [ through Fp in (28) and (29). For example,
computing the first-order SI frequency by substituting the same
fiber paramerters as the calculation of Fig. 3 into (28) and (29),
when we reduce {4 from 40 km (I§) to 1 km, the first-order SI
frequency only moves 0.3 GHz closer to the carrier frequency.
Therefore, such a small amount of frequency shift is negligible
compared to the shift of SI position caused by the change of kj.

Gn| =

! (ctn
% Jo! rexp (—enz)exp (—J%kﬂ) dz

—G—% exp(—j{c+ n)w) fol’ Yo exp (—aaz) exp (j(c_T")kfz) dz

(26)

g/ 24ily La+ily
/ yiexp(—az)dz + /
il Jig2+ity

p 2t
o :E Z {
=2

=)

(Xllf

¢ —a1tlg) — exp (— LRSI
’71()([)( v14ld) 1( (11(2 'd))>+

Yo exp (—oz) (/.z}

(Yglf

. ((‘.xp (—(12 (17’ + ild)) —exp (—ao (L + lld))) } . (29)
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G, for this case, can be analytically obtained through the
series of Fourier integration

-1 /24l
1 |4 /’d d
Ly ; ila

- eX]P (—jﬂzﬂw2z) exp (—jksnz) dz

1 ol iy
+ - / Yo exp (—op2)
by =5 Jiapatita
- exp (—,7ﬁ2ﬂw2 (la — 2)) exp (—jkynz) dz.
(30)

Gn. 85! exp(_alz)

As exp (—jf2aw?z) in g(z) repeats periodically p times over
each l¢

exp (—jfaaw’ils) =1

€Xp <_j:32ﬂw ( + Zld>> =€ (—jﬂzﬂUJQ%)
ol (o () o)
exp (—jﬂZHUJ (la — (g +ilg)) 31

Carrying out the integration in (30) by the assistance of (31)
gives (32) as shown at the bottom of the page.

Fig. 4 shows the relations between the n = 1, 2, and 3-order
SI gains and D at resonance frequency w,. All parameters used
in Fig. 4 are the same as the plot in Fig. 3 except that [, is set
equal to [; at 40 km. The gain characteristics in Fig. 4 are similar
in shape to Fig. 3 where the gain decreases and periodically
reduces to minimum points with the increase in D.

A similar characteristic is also obtained for the case of I <
lg, as shown in Fig. 5, where 4 is reduced to 10 km. However,
in order to achieve a magnitude of SI gain as low as in the above
two cases, relatively large D is required.

One interesting thing observed from Figs. 3 (la > If), 4
(la = lg), and 5 (lg < Iy) is that the gain characteristic in Fig. 3
is symmetrical with respect to D = 0 while those of Figs. 4 and
3 are not symmetrical. This can be explained as follows. As de-
scribed above, when the sign of D is reversed, the order of the
fiber installation is changed from fiber #1, fiber #2 to fiber #2,
fiber #1. For the case of Figs. 4 and 5, at least two pieces of fibers
are used for constructing the transmission line between two am-
plifiers. This means that the fiber that locates at the output of
jamplifier where the signal power is still high is replaced with the
\other fiber, which has different «, different -, and different sign
i0f D. Therefore, the gain characteristics in Figs. 4 and 5 become
isymmetrical when the order of the two fibers is changed. On
llhe other hand, for the case of Fig. 3, only one fiber is installed
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Fig. 4. Relations between the n = 1,2, and 3-order SI gain peaks and D at
resonance frequency w,,. All parameters used in this figure are the same as the
plotin Fig. 3 except that [, is set equal to I ; at 40 km. The SI gain characteristics
for all three orders are similar to Fig. 3 where the gain decreases and periodically
reduces to minimum points with the increase in D.
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Fig. 5. Theoretical n = 1,2, and 3-order SI gain peaks at resonance
frequency w, as a function of D when I, is set at 10 km and { is still 40 km.
Other parameters are the same as used for Fig. 3. All three orders are similar to
Figs. 3 and 4 where the gain decreases and periodically reduces to minimum
points with the increase in D, However, in order to achieve a magnitude of SI
gain as low as in the above two cases, relatively large D is required.

over the entire length of one amplifier spacing. Therefore, the
arrangement of the two fibers will not result in any differences
in the gain characteristic.

Quantitatively, |G, | calculated from (25) by replacing «; and
~1 with a2 and «y2 and replacing a2, 72, and f2a with a1, 7,
and — 390 is equivalent to that obtained directly from (25). On
the other hand, the replacement of a1, vy, B28 With a2, v2, — 24
in (32) yields different |G, | compared to |G,,| obtained directly

G, = 1 —exp (—a1%g) exp (=3 (Boaw? + kyn) i)
no aily + j (Boaw? + kgn) Iy

p=1

3 exp (—eryila) exp (—jkmila)
i=0

N exp (—az’t) exp (j (Baw? — kgn) 42) — exp (—oola) exp (—jksnlq)
72 aglf — _/ (ﬂgﬂ&ﬂ — ]»”._,'TL) lf

}Z(*xp —agilg) exp (—jkpnily)
=0
(32)
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from (32) without the replacement. Furthermore, for the case of
ls < Iy, evenboth fiber #1 and fiber #2 possess equivalent values
of « and =y, when the order of the two fibers is reversed. Only the
difference in the sign of D leads to the different magnitude of SI
gain since the power variation on each fiber is not the same.

[t should be emphasized that in this paper, we focus only
on the higher order dispersion-managed transmission line
consisting of SMF and RDF. Since SMF and RDF possess
almost equivalent absolute values of SOD and TOD with
opposite signs, our analysis model shown in Fig. 2 is well
matched with the practical transmission line composed of SMF
and RDF. However, it is still worth studying SI induced from
the dispersion-managed line, which consists of fibers with
different lengths and different amount of dispersion shifted
from the average dispersion value. ’

Fig. 6(a) shows the model of the dispersion-managed fiber
link composed of fiber #1 and fiber #2, whose lengths are un-
equal. The most practical case where [y = [ is considered. In
Fig. 6(a), = is the length of fiber #1 and iy — = is the length of
fiber #2. Dy and D,, respectively, denote the local dispersion of
fiber #1 and fiber #2 shifted from the average dispersion Day.
To make the accumulated dispersion vanish at each l4, Dy can
be written as the function of D; and x as

Dl.’L'

Dy = — ;
2 lf—.’I:

(33)
Following the above derivation for the case I; — I, we found

that ST also occurs at the frequency determined by (28) but, for
this case, Fp is obtained as

1 x I
Fy =T {/ T1exp (-1 z) dz + / 72 exp (—022) dz}
f 0 R o

(1 — exp (—ala:))
=y | ————=
allf

exp (—agr) —exp (—asl
+72< p(~aax) p( 2f)>‘ 34)
(lglf
On the other hand, |G| can be obtained as
1 x
G, =1 / "1 exp (—ayz) exp (—jBaw?z)
0
~exp (—jksnz) dz
ly
+ l—‘ Y2 exp(—agz)
fJz
- exp (—JW2 {(B21 — Baz) & + Pa2z})
-exp(—jkgnz)dz (35)
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Fig. 6. Model of dispersion-managed transmission line and its corresponding
SI gain contour map. (a) shows the model of dispersion-managed transmission
line composed of fiber #1 and fiber #2, whose lengths are unequal. (b) shows
the contour map of the first-order SI gain peak as function of Dy and z. The
gain map indicates that the use of fiber #1, which has large local dispersion with
relatively long length, can significantly reduce the SI gain.

where (2; and (99 are local GVD parameters of fiber #1 and
fiber #2, respectively. Completing the integrations in (35) by
using (6) and (33), we have (36), shown at the bottom of the
page.

Assuming that both fiber #1 and fiber #2 exhibit equivalent
« and v, then G,, depends on D; and z. To see the variation
of SI gain with the change of both D; and z, the gain contour
map should be used. Fig. 6(b) shows the contour map of the first-
order SI gain peak as a function of D; and z. To obtain Fig. 6(b),
Do = —0.5 ps/km/nm, ¢ = 0.2 dB/km, v = 2.6 W km™*
and Iy =

’

lf = 40 km are used. The gain map in Fig. 6(b)

allf + (,6210.12 + kf’n) lf

Gn =71 { 1- oxp (—(111;) CxXp (—J (ﬂ21"~)2 + kf‘lL) :1;) }

+ 2 exXp (—jw2 (ﬂz;ﬁ) :1:)
ly —x

exp (—agz) exp (j (w2 ({';—l',> - k[n) :1:) —exp (—eelyp) exp (j (w2 (,ﬂ[z—fr) - k:fn) lf)

agly — g (w2

(36)

(f22) - kpn) 1y
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Numerical simulation results show the spectrum of optical CW signal and ASE noise transmitted in dispersion-management transmission line using SMF

and RDF with periodic signal amplification. (a) 2000-km-transmitted CW spectrum for Iy = {; = 40 km with D = 4.3 ps/km/nm. (b) 16 000-km-transmitted
CW spectrum for Iy = {; = 40 km with D = 21.3 ps/km/nm. (c) 8000-km-transmitted CW spectrum for {; = 40 km, I; = 80 km with D = 14 ps/km/nm.
(d) 6000-km-transmitted CW spectrum for {; = 40 km, {; = 10 km with D = 16.7 ps/km/nm. All simulation results, for both SI gain and SI frequency, are in a

good agreement with the theoretical gain shown in Figs. 3-5.

indicates that the use of fiber #1 that has large local dispersion
with relatively long length can significantly reduce the SI gain.
Quantitatively, the length of fiber #1 should be longer than 10
km and the local dispersion |D;|, which can be both normal
and anomalous dispersion, should be larger than 5 ps/km/nm to
assure a first-order SI gain smaller than 1073 km™1.

For all cases, it should be noted that when D,, is set in an
anomalous dispersion region, the modulation instability (MI),
which can be interpreted as the zero-order SI, occurs and is only
slightly reduced by relatively large D.

Recently, the fabrication of optical fiber with designed disper-
sion value has been realized [25]. This enables us to construct
adispersion-managed transmission fiber with appropriate value
of dispersion in order to suppress SI effect for a given system.

[II. COMPUTER SIMULATIONS

To confirm the validity of the proposed theory, we have per-
formed some numerical simulations using a continuous-wave
(CW) signal and amplified spontaneous emission (ASE) noise
i a sideband frequency source. It should be noted that the CW
s used for the convenience of observing the gain and the po-
sition of SI. The main parameters used in the simulations are
lhe same as those used in Figs. 3-5. The TODs of fiber #1
nd fiber #2 are set at 0.06 and —0.06 ps/km/nm?, respectively.
Since the two fibers have equal length, the accumulated TOD
s canceled at each dispersion compensation interval. At the

output of each amplifier, the ASE noise is added to the signal
through the process of amplification with noise figure of 5.3 dB
(nsp=1.7). The propagation of the optical signal is calculated
by solving the nonlinear Schrodinger equation by the split-step
Fourier method [1].

The results of the numerical simulations for several cases in
terms of transmitted optical spectrum are shown in Fig. 7. The
transmitted CW spectrum for I; = Iy = 40 km with D =
4.3 and 21.3 ps/km/nm are shown in Fig. 7(a) and (b), respec-
tively. Fig. 7(c) and (d) shows the results for the case lq > Iy
with D = 14 ps/km/nm and I, < Iy with D = 16.7 ps/km/nm,
respectively. According to Fig. 4, at D = 4.3 ps/km/nm, the
first-, second-, and third-order SI all exhibit high gain with al-
most the same value. However, at D = 21.3 ps/km/nm, all three
orders of SI appear at minimum value.

As expected, in all figures, the computer simulation results
of both SI gain and SI frequency are in a good agreement with
the theoretical gain shown in Figs. 3-5 together with (19) and
(28), confirming the accuracy of our analytical derivation. For
high SI gain as in Fig. 7(a), S arises obviously even in relatively
short transmission length (2000 km). On the other hand, in order
to observe Sl for large D, a transmission distance as long as
16 000 km is required to serve the gain as shown in Fig. 7(b),
8000 km in Fig. 7(c), and 6000 km in Fig. 7(d). This informs us
that strong dispersion-management fiber using the combination
of SMF and RDF can be used to suppress SI.
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Fig. 8. Gain contour map of the first order of SI concerning the dispersion-

managed transmission line consisting of SMF and RDF forl; = I; = 40 kmn
and |D| = 17 ps/km/nm with positive sign for the SMF and minus sign for
the RDF.

When I, is determined, then, it is helpful to use an SI gain con-
tour map to design the operating D,, and P, at the point where
the S1 gain becomes as low as possible. If we consider a practical
case when [y = Iy, assuming that the local SOD is fixed at a
given valuc, the magnitude of SI gain now only depends on P,
and D,, . Fig. 8 shows the gain contour map of'the first order of SI
concerning the dispersion-managed transmission line using the
combination of SMF and RDF. It should be noted that we should
concentrate onthe first-order SIbecause, practically, the low order
of SI is easier to phase-match and causes more serious problems
in the long-haul transmission than other high orders. The SMF
and RDF parameters used forthe calculation are the same as those
used for fiber#1 and fiber#2, respectively. In the contour map, | D|
isassumed to be 17 ps/km/nm with positive sign for the SMF and
minus sign for the RDF.

In Fig. 8, for low Py, which is referred to relatively short
transmission, SI possesses relatively low gain over a wide range
of D,,. For high power transmission, using low D,, can avoid
the SI gain and, at the same time, move the SI position out
of the signal carrier. However, at some points of Fp, the SI
gain exhibits large value even at véry low D,,—for example,
SI gain as high as 9 x 107* km™! arises from Py, = 5 mW
at D,, = —0.5 ps/km/nm. To achieve the maximum perfor-
mance of the system, these operating points should be avoided.
It should be noted that when this periodic dispersion manage-
ment using SMF and RDF is not applied to the system, the
first-order SI induced from only periodic amplification in dis-
persion-shifted fiber chain exhibits gain larger than 1073 km™*
¢ven when Py > 2 mW is used.

[V. EFFECT OF SI ON LONG-HAUL WDM
TRANSMISSION SYSTEMS

In a dispersion-managed transmission system consisting of
SMF and RDF, all channels experience almost the same amount
of D,.. Thus, each channel produces its own SI that occurs at
frequency shifted from carrier frequency by the same amount of
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frequency shift with almost the same gain. If two different chan-
nels produce SI at the same frequency, SI will cause a serious
problem for the channels whose carriers are placed just at that
frequency, especially for the frequency where the first-order SI
arises.

To confirm our mention, we perform computer simulations
of the transmission of four-wavelength CW signal and ASE
noise. In the first calculation, we focus on the case when the
first-order SI gain generated from two separated channels en-
hances each other and positions on the other two channels. In
the calculations, I is set equal to I at 40 km, and other SMF
and RDF parameters are the same as those used in other cal-
culations described above. According to the contour map in
Fig. 8, to investigate the problem of SI even when the system
is operating with condition that yields relatively low SI gain,
we select Pp = 3 mW and D,, = —0.5 ps/km/nm, which
yields first-order SI gain of about 2 x 10~* km™L. Using (28)
and the calculation parameters, the first-order SI will arise at
+77.4 GHz shifted from each carrier frequency. Next, we place
four channels at frequencies of —116.1, —38.7, 38.7, and 116.1
GHz shifted from the zero-dispersion wavelength 1550 nm, re-
spectively. By this arrangement, SI produced from channel #1
and channel #3 will arise just at the position of channel #2 car-
rier. Similarly, SI induced from channel #2 and channel #4 will
occur just at the position of channel #3. '

Fig. 9(b) shows the spectrum of the four-channel CW signal
transmitted over 4000 km compared with its initial shape shown
in Fig. 9(a). By this channel allocation, the serious distortion of
CW spectrum is clearly observed. To avoid this problem, it is
necessary to arrange the channel allocation in such a way that
none of the channel is placed on the SI frequency. Fig. 9(c) and
(d), respectively, shows the initial four-channel CW signal spec-
trum and its shape after 4000-km transmission simulated by the
same parameters as Fig. 9(b). The channel spacing in this cal-
culation is decreased 10 GHz, resulting in the shift of SI fre-
quency out of signal bandwidth. In contrast to Fig. 3(b), where
the SI occurs just at the channel position, the output spectrum
in Fig. 9(d) has less distortion than Fig. 9(b) when compared
with its input shape, confirming the achievement of avoiding
the effect of SI. In fact, as FWM among channels is easy to
phase-match when the channel spacing becomes smaller [1], the
decrease in channel spacing should have led to more signal dis-
tortion. However, the transmitted spectrum in Fig. 9(b) appears
in more severe distorted shape than that of Fig. 9(d). This can
be interpreted as meaning that the effect of SI plays a more sig-
nificant role in determining the transmission performance than
the interchannel FWM for this condition.

To explore the effect of SI on WDM transmission in more
detail, we perform the calculation of the bit error rate (BER)
of the four-channel WDM system using pseudorandom 32-bit
Gaussian return-to-zero (RZ) pulse train as an input optical
signal whose bit rate of each channel is equal to 10 Gbit/s. At
the end of the system, the accumulated D, is postcompensated
by multiplying the complex amplitude of the signal with a
negative amount of linearly accumulated phase shift caused
by Da.. We assume the use of a bandwidth-adjustable optical
bandpass filter (OBPF) in front of the receiver to select the
passband channel. This OBPF is also always adjusted to obtain
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Fig. 9. Optical spectrum of four~channel CW signal shown in linear scale. {4 is set equal to {; at 40 km, P, = 3 mW, and D,, = —0.5 ps/km/nm. In (a) and
(b), the channel spacing is set at £77.4 GHz, where two of the first-order Sls from neighbor channels arise just at channel #2 and channel #3 carrier positions.
(a) Initial shape and (b) 4000-km-transmitted spectrum. By this channel allocation, serious distortion of CW spectra is clearly observed. (c) and (d), respectively,
show the initial and 4000-km-transmitted CW spectra simulated by decreasing 10 GHz to shift SI frequency out of signal bandwidth. The transmitted spectrum in

{b) appears in more severe distorted shape than (d) because of SI.

minimum BER. The receiver is modeled by a 6.5-GHz-cutoff
sixth-order Bessel-Thompson low-pass filter followed by
BER detector. To obtain the numerical BER of the detected
signal, the simulation is repeated 128 times for the same
pseudorandom pulse train. The numerical @ factor of every bit
is then individually calculated at the maximum eye-opening
point of the bit period. Based on the assumption of Gaussian
noise distribution, the numerical BERs are computed from the
bit numerical @ factors and averaged over the entire bits [7].
Fig. 10(a) and (b), respectively, shows the calculated BER
curves of channel #2 and channel #3 as a function of trans-
mission distance simulated by Py = 3 mW and D,, =
~0.5 ps/km/nm with different channel spacing setting. The
BER curves obtained from the system whose signal carriers are
placed on the position where the SI arises (shown by circles)
drop more rapidly than those obtained from 10-GHz-decreased
thannel spacing (shown by squares). If we defined the maximum
fansmission distance obtained at the distance where the BER
raches 1077 as shown by the dotted line, the systems where the
thannel allocation is arranged to avoid the position of SI yield
lignificantly longer transmission length. We also simulated the
fystem with Pp = 5mW and D, = —0.5 ps/km/nm that yields
ligh SI gain. The result showed more severe degradation of BER
or channel carriers positioned just on S frequency and, on the

contrary, an obvious improvement when a channel allocation is
done to avoid the SI frequency. This confirms the necessity of
avoiding SI in higher order dispersion-management long-haul
WDM transmission systems.

V. CONCLUSION

In this paper, we have presented the derivation of the
analytical expression of the SI induced from periodic signal
power variation and periodic dispersion management when two
different fibers are connected together to form the dispersion
compensation link. Three possible dispersion-management
systems were considered: a) where dispersion-management
period is larger than amplifier spacing, (b) where the two
lengths are equal, and (¢) where amplifier spacing is larger than
dispersion-management period.

We found that SI frequency depends on the larger period be-
tween the amplifier spacing and the dispersion-management pe-
riod. The larger the variation period becomes, the closer the SI
frequency will arise to carrier frequency. Moreover, the gain
of SI appears to be reduced with the increase of local fiber
second-order dispersion. This is because the increase in the local
SOD virtually shifts the order of SI to higher order, resulting in
the difficulty of phase-match process. The computer simulations
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Fig. 10. BER as a function of transmission distance calculated from the
(4 x 10)-Gbit/s 32-bit RZ signal for different channel spacings. (a) and (b)
show BER curves of channel #2 and channel #3, respectively. In both (a) and
(b), circles show BER obtained from the system whose signal carriers are
placed on the position where the SI arises while squares show BER obtained
from 10-GHz-decreasing channel spacing. At BER = 10~? (shown by an
across dotted line), the systems where the channel allocation is rearranged to
avoid the position of SI give significantly longer transmission length.

were made, and their results were in good agreement with the
derived theory.

In WDM systems that use relatively narrow channel spacing,
we demonstrated that even when the dispersion map is prop-
erly designed to achieve low SI gain, SI causes signal distor-
tion to specific channels that fall just on the low-order SI fre-
quency, especially the first order. Additionally to WDM system
design rules, the channel allocation must avoid the SI position
in such a way that none of the channel should be lied at. The
computer simulations have confirmed that the BER of WDM
systems whose channel location is rearranged to avoid SI gives
a significant improvement in the transmission performance.
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Abstract

We present for the first time an analytical expression
of sideband instability (SI) that occurs when two kinds
of fibers with different characteristics are concatenated
to form a dispersion-managed fiber link. We focus on
the fiber link using the combination of standard single-
mode fiber (SMF) and reverse dispersion fiber (RDF),
which is widely used for simultaneously compensating
second-order dispersion (SOD) and third-order
dispersion (TOD). By computer simulation, it is shown
that, in dense-wavelength-division-multiplexed
(DWDM) systems, SI still induces significant
degradation in channels located at frequencies where Sl
induced from other channels arises. By re-allocating the
channel frequency to avoid the SI frequency, the
transmission performance is improved significantly.
Keywords: optical fiber transmission, wavelength
division multiplexing, fiber nonlinearity, four-wave
mixing, sideband instability, dlsperswn third-order
dispersion, dispersion management.

1. Introduction

Second-order dispersion (SOD) management method has
been proposed and demonstrated for reducing four-wave
mixing (FWM) and cross-phase modulation (XPM)
effect in wavelength-division multiplexed (WDM)
systems [1], [2]. However, such an approach can
manage only SOD in only one channel. Therefore, in
WDM systems, signal channels far from the average
zero-dispersion wavelength experience different amount
of dispersion accumulation along the entire system
length because of the existence of the dispersion slope or
third-order dispersion (TOD) [3].

It has been predicted that the existence of the third-
order dispersion (TOD) . of optical fibers limits the
available passband of the WDM systems with the data
rates of over 10Gbit/s [4]. For further expansion both in
capacity and distance, dispersion management to
eliminate both SOD and TOD will be one of the key
issues.  For this purpose, the special dispersion
compensating fibers called reverse dispersion fiber
(RDF) [5], [6] has been proposed and demonstrated its
potential. Since RDF exhibits low negative TOD with
large negative SOD, we can achieve the dispersion
flattened fiber link with low average SOD by combining
RDF with standard single-mode fiber (SMF) in each
compensation interval. The use of such higher-order
dispersion compensation fiber link in combination with

the optimization of channel spacing realizes the
simultaneously reduction of FWM, XPM, and TOD.
Transmission experiment shows that using the
combination of SMF and RDF can achieve the data rate
as high as 1Tbit/s (104channels x 10Gbit/s) WDM
transmission over 10,000km [7}

In this paper, we demonstrate that the additional signal
distortion to long-haul higher-order-dispersion-managed
WDM systems can occur via the quasi FWM phase-
match process assisted by periodic variation of the signal
power in the chain of lossy fiber intervals and lumped
amplifiers incorporated with periodic dispersion
management. This parametric process, which occurs in
both normal and anomalous dispersion region, is called
sideband instability (SI) [8]-[11]. Through this process,
signal carrier transfers its energy to specific sideband
frequencies which grow up exponentially with
transmission distance.

This paper is organized as follows. In section 2, the
complete analytical expression of SI focusing on the case
when two different characteristic fibers connected
together has been shown for the first time following our
derivation approach described in [11]. In our analytical
expression, not only the periodic power variation but the
periodic dispersion management, periodic fiber loss
coefficient variation, and periodic nonlinear coefficient
variation are also included. In section 3, we focus on
dispersion managed transmission system consisting of
SMF and RDF. Our computer simulation results show
that, when two or more channels produce Sl at the same
frequency, SI significantly causes a serious problem to
the channel whose carrier is positioned just at-that
superposition resonance frequency. We also
demonstrate that, by re-arranging the channel position or
channel spacing in such a way that none of the SI
resonance frequency falls inside the channel signal
bandwidth, the transmission performance is significantly
improved. Finally, the summary of this paper is made at
section 4.

2. Analytic expressions of SI frequencies and gains
induced by periodic dispersion management fiber
link

In long haul and high-capacity fiber transmission

systems, the power of the optical signal must be kept
high in order to obtain good signal-to-noise ratio (SNR)
at a receiver. In such high power systems, by
amplification process, the periodic power variation
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p«:duccs a periodic vadation of fiber refractive index
hrough the nonlinear Kerr effect of an optical fiber. By
js process, it seems like a grating is virntually
‘constructed in the transmission fiber. A resonance
eween the virtual grating and the signal will occur at
3 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
& gideband instability (SI) [8], which causes signal
waveform distortion if SI arises at frequency inside the
signal bandwidth since it cannot be eliminated by using
optical bandpass filter.

The models of dispersion management transmission
line used in this paper is illustrated in Fig. 1. As we aim
(o concentrate to dispersion managed transmission
i system consisting of SMF and RDF, the fiber link is
& composed of two different characteristic fibers with the
same length. Therefore, the dispersion profile is the
simplest type where the dispersion varies every half of
period with the same amount plus and minus around a
given average dispersion value. Each fiber has its own
" ponlinear coefficient and the fiber loss, which is

dispersion management period.

o o oo
e

Fig. 1: Dispersion management transmission line model. The
fiber link is composed of two different characteristic fibers but
equal in length.

By additionally including periodic variation of fiber
loss coefficient and nonlinear coefficient and following
our derivation of SI in the presence of periodic power

* variation and periodic dispersion variation in [11], the n-
order SI frequency w, shifted from carrier frequency
can be obtained as

a, =iJﬁ(k/n—2S-gn(ﬂzw)PolFol) - M

“which is derived from the case that the amplification
period / s is set equivalent to the dispersion management

period [, . In Eq. (1), P, denotes the input signal power,
k.f =2zll, , B,. the average
lispersion (GVD). It should be noted that the GVD
Parameter f3, relates to the dispersion parameter D by
Dz"woﬂz / Ay, where @, and A, respectively, denote

the carrier frequency and the carricr wavelength. In Eq.
1), £, is obtained from

group velocity

assumed periodic by the period equivalent to the-

Fo‘“"?’l[

+ Yz[exp(— ayl, 12)-exp(- 2,1, )]

a,l,
where ¢ and ¥, represent the fiber loss coefficient and
the nonlinear coefficient of the first fiber, whereas a,
and y, the fiber loss coefficient and the nonlinear

coefficient of the second fiber in the link, respectively.
The n-order Sl gain A(w,) appearing at resonance

t—exp(-e,l,/2)
al,

, @

frequency @, becomes

7: exp(-az)exp(= H(C +nk, 2}z

S M~

< -

»(3)

I

Uw,)=2P+ cxp(— o, /2)exp(— J(C+n)x)

~—

s

Iy
[72exp(-ayz)exp(i(C —nk, 2 Mz
Iy
2

where C denotes a real number larger than zero and
Ck, =p, ﬂwf ’ wl'iere B, p is the fiber local GVD
differing from g, . Equation (3) indicates that, for the
n-order SI gain, by increasing fiber local SOD through
the increasing in C, the wave constant k 7 is virtually

shifted to (C +n) for the first term and to (C —n) for
the second term. Intrinsically, the resonance at higher
k r exhibits lower gain, therefore, to increase fiber local
SOD will lead to the reduction of SI gain. Since the
SMF-RDF based fiber link yields large local SOD,
sufficient low SI gain is also expectable. From Eq. (1), it
is remarkable that the position of n-order Sl frequency is
determined only by £,  without the dependence on g, .

On the other hand, A(w,) depends not only on g, 7 but
also-on £,  through @, according to Eq. (1) and (3).
Equation (3) can be utilized to calculate the gain map
of the first order SI concemning the SMF+RDF
combination based fiber link, which is useful for
determining the operating F,, and D,, . Figure 2 shows
the gain contour map of the first order of SI concerning
the dispersion managed transmission line using the
combination of SMF and RDF. In obtaining Fig. 2, we
substitute SMF parameters @, =0.2dB/km, y, =1.6W"

'km™ and RDF parameters a, =0.25dB/km, y, =4.8W’
'km™ [2] into Eq. (3), and assume the fiber local SOD
|D|=17ps/km/nm with positive sign for the SMF and

minus sign for the RDF, following by setting I,
equivalent to /-at 40km. It should be noted that we
should concentrate to the first order SI because,
practically, the low order of SI is easier to be phase-
matched and causes problem in the long haul
transmission than other high orders. In Fig. 2, for low
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F,, which is referred to relatively short transmission, SI
possesses relatively low gain over a wide range of D, .

For high power transmission, using low D, can avoid
the SI gain and, at the same time, move the SI position
out of the signal carrier. However, at some points of Po )

the SI gain exhibits large value even at very low D,
for examples, SI gain as high as 9x10™*km™ arises from
Fy =5mW at D, = 0spskmiom. In order to achieve the

maximum performance of the system, these operating
points should be avoided. It should be noted when this
periodic dispersion management using SMF and RDF is
not applied to the system, the first order SI induced from
only periodic amplification in dispersion-shifted fiber

chain exhibits high gain larger than 10km’ even Py >
2mW is used.

First order SI gain (xlO'4 km")

—
(=]

Input signal power Py [mW]
N W A NN 0 O

0.5 -1 -1.5 2 25 -3 -35 4 45 -5
Average dispersion D,, [ps/km/nm]

Fig. 2: Gain contour map of the first order of SI conceming the
dispersion managed transmission line consisting of SMF and

RDF for I, = I =40km and |D| = 17ps/km/nun with
positive sign for the SMF and minus sign for the RDF.

3. Effect of SI on long-haul DWDM transmission
systems

It has been shown theoretically that in order to avoid the
XPM-induced signal waveform distortion for 10Gbit/s-
based 10,000km WDM -transmission, the use of channel
spacing larger than 100GHz is preferable [12]. Several
long-haul transmission experiments also demonstrate
attractive results using the channel spacing around this
value [4], [7]. With this relatively large channel spacing,
the first order SI, which usually exhibits large gain than
higher orders, will not arise inside one’s channel
bandwidth. Therefore, the problem induced from £l has
not been yet appeared and can be ignored for such
transmissions.

However, with Systcm distance shorter than 10,000km,
the possibility of using smaller channel spacing for
signal transmission has been shown [13], {14].
Moreover, to realize long-haul controversial dense
wavelength division multiplexed (DWDM) transmission,
the channel spacing has a tendency to be shortened

closer to Nyquist limit. In this situation, for dispersion
managed transmission system consisting of SMF and
RDF, since all channels experience almost the same

amount of Duv, each channel produces its own SI that

occurs at frequency shifted from carrier frequency by the
same amount of frequency shift with almost the same
gain. If two different channels produce SI at the same
frequency, SI will cause a serious problem to the
channels whose carriers are placed just at that frequency
especially for the frequency where the first order SI
anses.

In order to confirm our mention, we perform
computer simulations of the transmission of 4-
wavelength CW signal and amplified spontaneous
emission (ASE) noise. In the first calculation, we focus
on the case when the first order SI gain generated from
two separated channels enhances each other and
positions on the other two channels. In the calculations,

1, is set equal to [ at 40km and other SMF and RDF

parameters are the same as those used in the calculation
of Fig. 2. The propagation of optical signal is calculated
by solving the nonlinear Schrodinger equation by using
the split-step Fourier method [3].

According to the contour map in Fig. 2, to investigate
the problem of SI even the system is operating with
condition that yields relatively low SI gain, we select

Py =3mW and D,, =-0.5ps/kmv/nm, which yields the

first order SI gain about 2x10™*%km™. Using Eq. (1) and
the calculation parameters, the first order SI will arise at
+ 77.4GHz shifted from each carrier frequency. Next,
we place four channels at the frequencies ~116.1GHz, -
38.7GHz, 38.7GHz, and 116.1GHz shifted from the
zero-dispersion wavelength 1,550nm respectively. By
this arrangement, SI produced from channel#l and
channel#3 will arise just at the position of channel#2
carrier.  Similarly, SI induced from channel#2 and
channel#4 will occurs just at the position of channel#3.
Figure 3(b) shows the spectrum of the 4-channel CW
signal transmitted over 4,000km comparing with its
initial shape shown in Fig. 3(a). By this channel
allocation, the serious distortion of CW S$pectrum is
clearly observed. In order to avoid this problem, it is
necessary to arrange the channel allocation in such a way
that none of the channel is placed on the SI frequency.
Figure 3(c) and (d) respectively shows the initial four-
channel CW signal spectrum and its shape after 4,000km
transmission simulated by the same parameters as Fig.
3(b). The channel spacing in this calculation is
decreased 10GHz resulting in the shift of SI frequency
out of signal bandwidth. Comparing to Fig. 3(b) where
the SI occurs just at the channel position, the output
spectrum in Fig. 3(d) appears in similar shape to the
initial than the case of Fig. 3(b), confirming the
achievement of avoiding the effect of SI. In fact, as
FWM among chaunels is easy to be phase-matched when
the channel spacing becomes smaller [3], the decrease in
channel spacing should have led to more signal
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distortion.
Fig. 3

nd 'ﬁOﬂ.

1

However, the transmitted spectrum in Fig.
rs in more severe distorted shape than that of
(d). This can be interpreted that the effect of SI
1vs @ significant role in determining the transmission
‘performance than the interchannel FWM for this
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Fig. 3: Optical spectrurn of 4-channel CW signal. Py = 3mw
and D, =-0.5ps/kin/nm. In (a) and (b) the channel spacing is
set at & 77.4GHz where two of the first order SI from
neighbor channels arise just at channel#2 and channel#3 carvier
positions.  (a) initial shape and (b) 4,000km-transmitted
spectrum. By this channel allocation, serious distortion of CW
spectrums is clearly observed. (c) and (d), respectively, shows
the initial and 4,000km-transmitted CW spectrums simulated
by decreasing 10GHz to shift SI frequency out of signal
bandwidth. The transmitted spectrum in (b) appears in more
severe distorted shape than (d) because of SI.

To explore the effect of SI on WDM transmission
more details, we perform the calculation of the bit-error
rate (BER) of the 4-channel WDM system using
pseudorandom 32-bit Gaussian RZ pulse train as an
input optical signal whose bit rate of each channel is
equal to 10Gbit/s. At the end of the system, the

accumulated D, is post-compensated by multiplying

the complex amplitude of the signal with a negative
amount of linearly accumulated phase shift caused by

D,,. We assume the use of a bandwidth-adjustable

optical band-pass filtet (OBPF) in front of the receiver to
select the passband channel. This OBPF is also always
adjusted to obtain minimum BER. The receiver is
modeled by 6.5GHz-cutoff sixth-order Bessel-Thompson
low-pass filter following by BER detector.

BER of detected signal is calculated by repeating
128times the transmission of the same pulse train and
assuming Gaussian -distribution of amplifier noise.
Figure 4(a) and (b), respectively, shows the calculated
BER curves of channel#2 and 3 as a function of

transmission distance simulated by F, =3mW and D,,

= -0.5ps/km/nm with different channel spacing setting.
The BER curves obtained from the system whose signal
carriers are placed on the position where the SI arises
(shown by circles) drop more rapidly than those obtained
from 10GHz-decreased channel spacing (shown by
squares). [If we defined the maximum transmission
distance obtained at the distance where the BER reaches
10® as shown by the across dotted line, the systems
where the channel allocation is arranged to avoid the
position of SI yield significantly longer transmission

length. We also simulated the system with P, = SmW

and D,, = -0.5ps/km/nm that yields high SI gain. The

result showed more severe degradation of BER for
channel carriers positioned just on SI frequency and, on
the contrary, an obvious improvement when a channel
allocation is done to avoid the SI frequency. This
confirms the necessity of avoiding SI in higher-order
dispersion management long-haul WDM transmission
systems.

4, Conclusion

In this paper, we have presented the analytical
expression of the sideband instability (SI) induced from
perodic signal power variation and periodic dispersion
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management considering when two different fibers are
connected together to form the dispersion compensation
link.

In DWDM systems that use relatively narrow channel
spacing, we demonstrated that even the dispersion map
is properly designed to achieve low Sl gain, SI causes
signal distortion to specific channels that fall just on the
low order SI frequency, especially the first order.
Additionally to WDM system design rules, the channel
allocation must avoid the SI position in such a way that
none of the channel should be lied at. The computer
simulations have confirmed that BER of WDM systems
whose channel location is re-arranged to avoid SI give a
significant  improvement of the transmission

performance.

—a— Channel carrier is positioned just where the first order Sl arises
—m~— Channecl spacing is decreased 10GHZ to avoid the SI

50
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~—a— Channcl carrier is positioned just where the first order SI arises
—m— Channc! spacing is decreased 10GHz to avoid the SI
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Fig. 4: BER as a function of transmission distance calculated
from the 4x10Gbit/s 32-bit RZ signal for different channel
spacings. (a) and (b) show BER curves of channcl#2 and
channel#3, respectively. In both (a) and (b), circles show BER
obtained from the system whose signal camriers are placed on
the position where the SI arises while squares show BER
obtamod from 10GHz-decreasing channel spacing. At BER =
10°° (shown by an across dotted line) the systems where the

channel allocation is re-arranged to avoid the position of St
give significantly longer transmission length.
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Abstract

In optical phase conjugation (OPC) systems, the third-
order dispersion (TOD) of optical fibers and the
ponlinear resonance at well-defined signal sideband
" frequencies called sideband instability (SI) mainly limit
the transmission performance. We propose, for the first
time, a scheme for simultaneous suppression of both
TOD and SI in OPC systems using a higher-order
~ dispersion-managed link consisting of standard single-
mode fibers (SMFs) and reverse dispersion fibers
(RDFs).  Numerical simulation results show that
- 100Gbit/s transmission using OPC with SMF+RDF has
achieved the transmission length at BER=10" over
2,000km longer than system where SI is not suppressed
even the nonlinear length of the system becomes
comparable with the amplifier spacing.

Keywords: optical fiber transmission, fiber nonlinearity,
_ dispersion, third-order  dispersion, dispersion
compensation, optical phase conjugation.

1. Introduction

In ultra-high bit-rate optical-time-division multiplexed
(OTDM) transmission systems, both second-order
dispersion (SOD) and third-order dispersion (TOD) of
_transmission fibers must be completely compensated.
Among available such dispersion compensation schemes,
the special dispersion compensating fiber called reverse
dispersion fiber (RDF) [1], [2] secems to be more
practical and attractive than other TOD compensators
owing to its low loss, low nonlinearity, and low
polarization mode dispersion (PMD). By combining
with conventional single-mode fiber (SMF) in each span,
a dispersion flattened fiber link with low average SOD
for simultaneously compensating both SOD and TOD is
achieved. Several recent OTDM transmission
experiments have demonstrated very attractive results of
SMF+RDF combination based systems such as the
transmission of 640Gbit/s over 92km [3] and even a data
bit rate as high as 1.28Tbit/s over 70km [4].

As an alternative approach for ultra-high bit-rate
long-haul  transmission, midway optical phase
Conjugation (OPC) is an attractive solution to
Compensate for the distortion induced from the interplay
between SOD and self-phase modulation (SPM) [5].

Owever, the ultimate performance of the OPC systems

is also limited by TOD together with a nonlinear
resonance at well-defined signal sideband frequencies
induced by periodic signal power varation through
amplification process called sideband instability (SI)
effect [S]. Recently, we have demonstrated by numerical
simulation that the single-channel 100Gbit/s, 10,000km
transmission can be made possible by using the optimum
signal power in the OPC system incorporated with TOD
compensation [6].

For the SI effect, recently, our analysis has
demonstrated 2 more practical way to suppress Sl by
only applying strong dispersion management (7], [8].
Therefore, by using such combination of SMF and RDF
in the OPC system, the simultaneous suppression of both
SI and TOD can be expected.

In this paper, we show, for the first time to our
knowledge, the simultaneous suppression of TOD and SI
in ultra-high bit-rate long-haul OPC transmission
systems using the dispersion-managed fiber link
consisting of, SMF and RDF. This paper is organized as
follows. Section 2 reviews our previous works about the
TOD compensation scheme in OPC systems and the
reduction of the SI gain by employing the combination
of SMF and RDF. Our main contributions presented
here commence from section 3. In this section, we
discuss an implementation of dispersion management in
OPC systems. We suggest that a symmetric dispersion
profile with respect to the mid-point of the system is
preferable in order to avoid nonlinear accumulation of
amplifier noise when the system operates with relatively
high signal intensity. The simulation result shows that,
even the system is operating in the worst condition of Si,
the 100Gbit/s OPC systems using SMF+RDF dispersion-
managed link has improved transmission length at
BER=10" over 2,000km longer than system where SI is
not suppressed.

2. Simultaneously suppression of TOD and SI by
combination of SMF and RDF
As described above, the performance of OPC

transmission systems is mainly limited by TOD and SI
effect.  Without TOD compensation, a 10,000km
transmission with data rate of 40Gbit/s was achieved by
following optimum design strategies to avoid the effect
of SI [5]. To increase the transmission bit-rate of the
10,000km OPC systems, it is necessary to suppress both
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TOD and SI. In this section, we review and summarize
our previous studies on the TOD compensation scheme
in OPC systems [6] and the reduction of S] gain through
periodic strong dispersion-managed fiber link [7], [8].

2.1 TOD compensation scheme in OPC systems

The accumulation characteristic of TOD in OPC systems
can be discussed through three characteristic scales: the
SOD length L, the TOD length L,;, and the nonlinear
length L,, which are defined in [9]. In OPC systems,
SOD exists along the entire transmission length;
therefore, Ly, becomes many times shorter than L,, for
the case of high bit-rate transmission. When Lg; is much
shorter than Ly and L, the signal pulses are rapidly
broadened by SOD, and their peak power decreases after
transmitting for several "Lj,.  This means that the
broadened pulses almost do not experience the effect of
fiber nonlinearity. Thus, in ultra-high-speed OPC
systems, the accumulation of the TOD-induced ,phase
shift increases almost linearly with the transmission
length at an ordinary operating signal power. The linear
TOD accumulation enables us to achieve perfect TOD
compensation by placing only one compensator at any
point in the line, or even freely installing distributed
compensators without the necessity of conceming their
intervals. :

When TOD is perfectly compensated in OPC systems,
the 100Gbit/s data transmission over 10,000km [6] can
be made possible at the balance point of the
improvement of signal-to-noise ratio (SNR) and the
degradation from SI effect. In order to further improve
the transmission performance of the TOD-compensated
OPC system, the waveform distortion induced from SI
effect must be overcome.

2.2 Reduction of Sideband instability gain by strong
dispersion management .

For long distance transmission, periodic lump
amplification is used for maintaining good SNR at 2
receiver. The fiber loss and the periodic gain form a
periodic signal power distribution along the system
length,  producing a periodic variation of the fiber
refractive index through the nonlinear Kerr effect of an
optical fiber. This process constructs a virtual grating in
the transmission fiber. The resonance between the
virtual grating and the signal will occur at signal
sideband components whose wave vectors match with
the wave vector of this virtual grating, resulting in
exponential growth of those components with
transmission length.

This phenomenon is known as sideband instability (SI),
which causes signal waveform distortion if SI arises at
frequencies inside the signal bandwidth [10]. Since the
signal power distribution in practical OPC systems is not

" symmetrical with respect to the mid-point, SI cannot be
compensated and will accumulate to the end of the
system length.

The gain of SI can be practically reduced by using a
strong periodic dispersion-managed transmission line

such as the combination of SMF and RDF, instead of
uniform dispersion line [7]. This is because the increase
in the local fiber dispersion virtually shifts the order of
SI to higher orders resulting in the difficulty of phase-
match process. Furthermore, the frequency where Si
arises depends on the larger period between the amplifier

spacing (lf) and the dispersion management period

(Id ). The larger the variation period becomes, the closer

to the carrier frequency the SI frequency arises.

In order to show the reduction of SI gain through a
periodic dispersion-managed line, here we calculate the
gain contour map of the first-order SI focusing on the
dispersion-managed transmission line consisting of SMF
and RDF. The dispersion management profile is the
simple type where one SMF and one RDF with
equivalent length are only connected together. In each
dispersion management period, SMF is placed before
RDF at the output end of the amplifier. The placement
of signal carrier frequency determines the values of the

operating average dispersion D, and the local
dispersion D. In Fig. 1, the gain map is obtained as a
function of Id and an input signal power Py when

D_, and D are given. It should be noted that we should

concentrate to the first order SI because, practically, the
low order of SI is easier to be phase-matched and causes
more serious signal distortion in long haul transmission
systems than higher order SI. The fiber loss coefficient
@, and the fiber nonlinear coefficient ¥, of SMF used
for calculating the gain map are 0.2dB and 1.6W'km™,

respectively, while @,, ¥, representing those of RDF
are 0.25dB and 4.8W'km’', respectively. D, is set at —

1ps/km/nm and |D| = 17ps/km/nm. Comparing with
these gain maps, the magnitudes of the first, second, and
third-order SI gains of a non-dispersion management
system as a function of the input power is shown in Fig.
2. In this case, the transmission fiber is assumed to be a
dispersion-shifted fiber (DSF) with & =0.2dB and y =
2.6W'km™.

In Fig. 1, for low F, (< 3mW), SI possesses very low

gain over a wide range of 1.1 ; thus, SI may not affect the

signal transmission for relatively short distance systems.
Even in high power transmission (from 3mW to 15mW),
SI still exhibits relatively low gain (<10%km™)
comparing with the gain shown in Fig. 2 at the same

P, .

that the Sl gain almost linearly increases with Py and

Without dispersion management, Fig. 2 indicates

exhibits a value larger than 10°km™” even for Py =
2mW for the first-order SI.

The linear accumulation of TOD, together with the
reduction of SI gain through strong dispersion
management open a possibility of simultaneously
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a1y ' ing TOD and SI in OPC systems by using the
v order dispersion management transmission line
Fiach as the combination of SMF and RDF.

~suming that TOD and Sl are perfectly suppressed in
'OPC systems, there remains the problem originated from
Sthe accumulation of the transmission of amplified
3 cous emission (ASE) noise which is enhanced
g the transmission by parametric interaction
cen SOD and SPM [11]. Since the transmission of

5 du

First order S gain [x10™ km™]

/&I 9.8

9
50 ~—50 74

>98

3

s
L
£
i

4
2.6 =5

2t — : a3 - —— 13;

1020 40 80 160 240

Compensation Interval [km]

- Fig. 1: Gain contour map of the first-order SI focusing on the
dispersion-managed transmission line consisting of SMF and

~ RDF, The gain is calculated as a function of l 4 and an input

j‘signal power P, o0 when an average dispersion Dav and a

- fiber local dispersion |D| arc set at —lps/km/nm and
17ps/kr/nm, respectively.
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Fig-_ 2: Magnitudes of the first, sccond, and third-order S! gains
insing fr'om a non-dispersion management system. The gains
e obtained as a function of signal input power. The

transmission fiber is assumed to be only DSF with & =0.2dB
andv=2.6W'km".

It should be mnoted that this fiber nonlinearity-
enhanced ASE noise cannot be suppressed by the
combination of SMF and RDF. However, its harm is
expected to reduce through large fiber local dispersion
with sufficiently large compensation period. This is
because the signal pulses are rapidly broadened by SOD,
therefore, they almost do not experience the effect of
fiber nonlinearity.

3. Implementation of dispersion management on
OPC systems

The most practical way available now to compensate
TOD for ultra-high bit-rate long-haul transmission is
probably the use of the dispersion-managed fiber link
such as the combination of SMF and RDF. In the
previous section, we have shown that SI induced from
the periodic power variation can be suppressed by using
periodic dispersion management with large local
dispersion. Therefore, by using such combination of
SMF and RDF in OPC systems, the simultaneous
compensation of both TOD and SI can be expected.

Moreover, the of D, will be

automatically compensated by OPC without post
compensation used in ordinary dispersion management
systems. A

accumulation

3.1 Possible installing dispersion profiles

Figure 3 illustrates two possible schemes to install
dispersion management in the OPC transmission system.
In Fig. 3(a), both periodic dispersion variation and
periodic’ power variation are in uniform distributions
along the entire system length. On the other hand, in Fig.
3(b), the order of SMF-RDF is reversed to RDF-SMF
after the midway OPC yielding the symmetric
distribution of the periodic dispersion variation with
respect to the system mid-point.

. distance

®)

Fig. 3: Two possible ways for implementing the dispersion
management in OPC transmission system. In (a) both periodic
dispersion variation and periodic power varation are in
uniform distributions along the entire system length. On the
other hand, in (b), the order of SMF-RDF is reversed to RDF-
SMF after the system mid-point, forming the symmetric
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distribution of the periodic dispersion variation with respect to
the system mid-point.

We suggest that the symmetric dispersion profile in
Fig. 3(b) gives better transmission performance than the
other profile especially for high power transmission.
The reasons can be explained as follows. First, when the

nonlinear length L, is longer than the periods of the

variations, due to the uniform distributions in Fig. 3(a),
each order of SI arises from one frequency determined
by the two periodic perturbations and experiences the
gain whose magnitude exponentially increases with the
transmission length, On the other hand, for the
dispersion management profile in Fig. 3(b), the system in
the first half and second half produce their own SI at
different frequencies whose separation depends on the
difference in the nonlinear coefficient and the fiber loss
coefficient between SMF and RDF. However, each
resonance frequency experiences the SI gain only half of
the system length, the signal distortion may not be so
severe as that occurs from the dispersion profile in Fig.
3(a).

Second, for high power transmission, when L,

becomes comparable or shorter than the compensation
interval, the interplay between SPM and the local
dispersion of each fiber occurs and causes additional
signal waveform distortion. With this consideration, by
constructing the symmetric -dispersion compensation
profile as shown in Fig. 3(b), part of the interaction
between SPM and local dispersion of the fiber will be
compensated by OPC whether the power variation
distribution remains unchanged. Oppositely, “ for the
profile in Fig. 3(a), this interaction will accumulate along
the transmission length due to the asymmetric
distribution with respect to mid-point of both periodic
power variation and periodic dispersion compensation.

3.2 Computer simulations i

In order to evaluate our proposed SI suppression method
in OPC systems, we perform a computer simulation of
the transmission of 100Gbit/s data composed of 32bit
pseudorandom Guassian RZ pulses based on the system

models in Fig. 3. In the calculation, we set [, =/, at

40km. TOD is assumec to be 0.06ps/km/nm for SMF
and -0.06ps/km/nm for RDF. Other SMF and RDF
parameters used in this simulation are the same as used
in Fig. 1. The optical amplifier produces ASE noise with
noise figure of 5.3dB (ng, = 1.7). The optical pulse at the
midway of the system is conjugated by an ideal infinite-
bandwidth optical phase conjugator.

When the combination of SMF and RDF is not applied
for TOD compensation, the TOD compensator, placed
only at the end of system, is assumed to be an ideal
device that multiplies the complex amplitude of the
signal with a negative amount of linearly accumulated
phase shift caused by TOD. Also, for signal
transmission in this case, DSF with the same parameters
as the calculation in Fig. 2 is used.

To see the efficiency of the Sl suppression more
obviously, the input signal power F, is set at 2ImW

giving L, becomes equivalent to /. Also for all other

cases, P will be set at this value. Since SMF and RDF

exhibit different values of @ and ¥, we calculate L,
of the system employing SMF and RDF by using the
average values of those parameters. With P°=21mW,

L, of the system constructed by SMF and RDF

becomes approximately 36km, which is slightly shorter
than that of DSF.  °

The bandwidth of the optical band-pass filter, which is
placed at the output end of the fiber, is always adjusted
to obtain the minimum BER. The propagation of the
optical pulse is calculated by solving the nonlinear
Schrodinger (NLS) equation by the split-step Fourier
method [9]. The receiver is modeled by 65GHz-cutoff
sixth-order Bessel-Thompson low-pass filter followed by
a BER detector. The system performance is evaluated in
terms of the bit-error rate (BER) calculated by repeating
128times the transmission of the same pulse train and
assuming the Gaussian distribution of the amplifier noise.

Figure 4 shows the calculated BER as a function of
transmission distance.  According to the condition

L,=1,, when only TOD is compensated (shown by

circles), the performance of the system is limited by SI
and the nonlinear distortion from the interaction between
SPM and local dispersion in each segment of fiber. Thus,
BER of the system in this case rapidly decreases. When
the dispersion management profile in Fig. 3(b) is
employed to the system (shown by squares), BER curve
drops significantly slow. Comparing to the case without
the combination of SMF and RDF, by using SMF and
RDF, the achievable transmission length at BER=10"
can be extended approximately 2,000km longer.
Moreover, the BER curve of the system where TOD is
neglected (shown by crosses) almost fits with that
obtained from TOD-compensated system. This result
mentions that this SI suppression method does not affect

accumulation characteristics of TOD since Id is still

much shorter than the TOD length L‘,J'(=280km) SO

that in the TOD scale, the signal propagates as if there is
no dispersion management ever be installed.

On the other hand, BER of the system employing the
dispersion profile of Fig. 3(a) (shown by triangles)
obviously becomes worse than others due to the reasons
described above. Furthermore, the difference in
transmission distance between the BER curve obtained
from the system using the dispersion profile of Fig. 3(b)
and the BER curve obtained from the system neglecting
TOD and SI (shown by diamonds) mainly comes from
part of the interaction between SPM and local fiber
dispersion that cannot be perfectly compensated by OPC.
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