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Fiber Nonlinearity Limitations in
Ultra-Dense WDM Systems
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Abstract—Transmission performance of ultra-dense 2.5- and
10-Gb/s nonreturn-to-zero intensity-modulated direct-detection
wavelength-division-multiplexing systems in various single-mode
fibers is investigated. Fundamental limiting factors and their
remedies by using optimum dispersion compensation for periodi-
cally amplified systems in band are presented.

Index Terms—Cross-phase modulation (XPM), dense-wave-
length-division multiplexing (DWDM), fiber nonlinearity,
four-wave mixing (FWM), self-phase modulation (SPM).

I. INTRODUCTION

I N ORDER to increase the transmission capacity of a
dense-wavelength-division-multiplexing (DWDM) optical

system, one can either increase the transmission data rate
per wavelength or increase the number of wavelengths while
keeping proper transmission granularity. The first approach can
be illustrated by the recent increase in data rate per wavelength
from 2.5 to 10 and 40 Gb/s. The second approach is to signif-
icantly increase the number of wavelengths in a fixed optical
spectrum (e.g., band) by decreasing the spacing between
neighboring wavelengths. By using this approach, a capacity
increase can be achieved without resorting to high-speed
(e.g., 40-Gb/s) electronics, while keeping compatibility with
existing 2.5/10-Gb/s synchronous optical network/synchronous
digital hierarchy (SONET/SDH) equipment. Along this line, the
focus of this paper is on ultra-dense-wavelength-division-mul-
tiplexing (U-DWDM) transmission systems. Examples of
U-DWDM systems include 25-GHz-spaced 10-Gb/s and
6.25-GHz-spaced 2.5-Gb/s transmission systems.

It should be noted that, even though a few U-DWDM
system experiments have been carried out recently [1]–[5],
the fundamental limiting factors and their remedies in such
systems remain unclear. It is obvious that there are different
transmission issues to be dealt with in the previously men-
tioned two distinct approaches. When the transmitting data
rate is higher than 40 Gb/s, severe chromatic dispersion and
polarization-mode dispersion problems will have to be re-
solved even before dealing with optical nononlinearity-induced
penalties. On the other hand, U-DWDM systems intuitively
should have optical-nonlinearity-induced system limitations
such as four-wave mixing (FWM) and cross-phase modulation
(XPM) penalties. This study considers various nonlinear distor-
tions/interferences to determine the fiber nonlinearity limited
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maximum transmission distances in U-DWDM systems. The
optimum launched power, the dispersion compensation ratio
(DCR), and the dominant optical nonlinearities in different
systems are also discussed.

In Section II, the paper provides an overview of the main
nonlinear distortions/interferences in U-DWDM systems.
Section III analytically calculates and numerically simulates
the capacity and distance limitations of U-DWDM systems.
Discussions and conclusions are provided in Sections IV and
V, respectively.

II. FUNDAMENTAL LIMITING FACTORS IN U-DWDM SYSTEMS

The three fundamental limiting factors in U-DWDM systems
include

1) various random noise terms;
2) fiber chromatic dispersion-induced intersymbol interfer-

ence (ISI);
3) optical-nonlinearity-induced distortion and interference.

All three factors are common to conventional DWDM systems,
although the third factor can be unique in the case of extremely
close channel spacing.

We assume a multisegmented, optically amplified U-DWDM
system as shown in Fig. 1(a) to derive the general forms
of fiber nonlinearity-induced interferences/distortions. The
transmitter side contains externally modulated light sources
at wavelength , where . The wavelengths
are nonreturn-to-zero (NRZ) modulated with independent
data pattern and are multiplexed and demultiplexed by either
a pair of ideal multiplexers and demultiplexers or by a pair
of broad-band couplers (with an ideal filter in each receiver).
A tunable postdispersion compensator (PDC), which can be
tuned up to 2000 ps nm, is located right before each optical
receiver to optimize the received signal performance of each
individual channel. The th segment contains a span of
fiber and an erbium-doped optical amplifier with a noise figure
of 5 dB and a power gain to compensate
the fiber loss. The fiber can be single-mode fibers (SMFs),
nonzero-dispersion-shifted fibers (NZDSFs), or dispersion
compensation fibers (DCFs) used for broad-band dispersion
compensation. Fiber parameters assumed for analysis and
numerical simulations throughout this paper are summarized in
Table I. When DCFs are used in a transmission link, their addi-
tional loss must be compensated by additional stages of optical
amplifiers. In this case, we use a system configuration shown in
Fig. 1(b), which can be considered a special case of Fig. 1(a).
Note that in Fig. 1(b), each amplifier stage comprises a span of
SMF (or NZDSF), an optical amplifier to compensate the fiber
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Fig. 1. (a) General U-DWDM system model. (b) Periodically amplified U-DWDM system model with postdispersion compensation in every amplifier stage.

loss, a span of DCF whose span length is determined by the
designed DCR, and another optical amplifier to compensate for
the DCF loss. Therefore, it is equivalent to having a total of
stages in the general system model shown in Fig. 1(a). We will
use this periodically amplified and dispersion-compensated
system model to analyze the optimum design of U-DWDM
systems in Section III.

Throughout this paper, we will use 15.6 dB (which
gives BER under the assumption of Gaussian dis-
tributed noise) as the minimum system performance require-
ment. follows the conventional definition and is given
by

dB (1)

where and are the mean and standard deviation values
for mark ( ) and space ( ), respectively. This system
requirement assures error-free transmission when typical for-
ward-error correction (FEC) encoders/decoders are added. It
should be noted that although many published analytical results
showed that nonlinear distortions or interference are usually
non-Gaussian distributed, they did show that under small op-
tical-nonlinearity penalties, Gaussian approximation can serve
as an upper bound and can be viewed as a good approxima-
tion [6], [7]. As will be seen subsequently in our analysis, fiber
nonlinearity-induced distortions/interference is assumed to be
of the same order of magnitude as amplified spontaneous emis-
sion (ASE) noise, and at 15.6 dB, it can be considered

TABLE I
FIBER PARAMETER ASSUMPTIONS

small enough to be approximated as random noise just as ASE
noise. Note that the optical-signal-to-noise ratio (OSNR) [8], [9]
is not used as a performance index in our study. This is because
XPM and self-phase-modulation (SPM) are not measurable in
the optical domain unless they are converted to electrical signal
at a photodetector.

The nonlinear interferences/distortions under consideration
typically occur at mark, and thus . The standard de-
viation in (1) is modeled as

(2)

where is the noise variance due to optical amplifiers and
is dominated by signal–spontaneous emission beat noise at the
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Fig. 2. Cumulative waveform amplitude distribution of simulated nonlinear interference/distortion obtained at an optimum sampling point for the central four
channels of a 40-ch U-DWDM system. The result is a distribution of 50 independent simulations. Dashed curves are Gaussian approximation. (a) (FWM-dominant)
2.5-Gb/s/6.25-GHz system after 5400-km SMF transmission, corresponding to the 40-km span, DCR = 93% point in Fig. 6(a). 51 200 symbols,Q = 21.5 dB.
(b) (SPM, XPM-dominant) 10-Gb/s/25-GHz system after 4000-km NZDSF (D = 6 ps=nm=km), corresponding to the 40-km span, DCR = 90% point in
Fig. 10(a). 204 800 symbols, Q = 21 dB. (c) (SPM-dominant) comparison between Gaussian approximation and the true distribution. The true BERs (solid
curves) are obtained by using the method given in the Appendix .

presence of mark. is
the interference/distortion variance due to fiber nonlinearities,
including FWM, XPM, and SPM. Note that although SPM in-
duces deterministic waveform distortion, we approximate it as
a normal variance term because 1) we want to compare
the effect of SPM with that of FWM and XPM across various
DCR, distances, fibers, and data rates by using the same param-
eter and 2) in cases where SPM distortion has the same order
of magnitude as FWM/XPM interference, it is difficult to sepa-
rate deterministic distortion from random interference in numer-
ical simulations. The range of validity for this approximation is
shown in Fig. 2.

Note that space level impairment is dominated by determin-
istic distortions due to linear dispersion. Spontaneous–sponta-
neous emission beat noise and nonlinearity are negligible at
space level. Space-level deterministic distortion is taken into ac-

count in our calculations and simulations by replacing in (1)
with the highest distorted space amplitude. Therefore, the effect
of linear-dispersion-induced ISI on (1) is to effectively intro-
duce additional eye-opening penalties (EOPs).

To verify the validity of treating optical nonlinearities as
random noise in (2), under the conditions of a relatively large

and the fact that the variance of these impairments are
smaller than that of ASE, Fig. 2 shows the amplitude distri-
butions of mark of simulation data at the optimum decision
point of received eye diagrams. Fig. 2(a) shows the amplitude
distribution in a 40-ch 2.5-Gb/s/6.25-GHz system transmitted
over a 5400-km SMF with DCR 93 [corresponding to the
point shown in Fig. 6(a)]. The result is a distribution of 51 200
symbols, which were obtained from the central four channels
(256 symbols per channel) and 50 independent simulations.
The average is 21.5 dB and is dominated by FWM. Dashed
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Fig. 3. FWM- and ASE-limited maximum fiber input power per channel of
2.5-Gb/s/6.25-GHz systems as a function of amplifier stages for different DCRs
in (a) SMF and (b) NZDSF. Assume 40 km per amplifier stage. Dotted curve is
ASE noise-limited minimum input power. Symbols are simulation results.

curves are Gaussian approximations with the same . We can
see that the FWM amplitude distribution matches very well
with the Gaussian approximation. This is because the dominant
interference is contributed from many different independent
channels via FWM. Because of finite U-DWDM channels
and simulation symbols, the cumulative distribution of the
simulated waveform (excluding ASE noise) deviates away
from Gaussian approximation at the tail. However, when ASE
noise is added, the true BER (solid curve, with the cumulative
distribution calculated based on a method detailed in the
Appendix [7], [10]) and a BER with Gaussian approximation
(dashed curve) match each other extremely well. Fig. 2(b)
shows the amplitude distribution in a 40-ch 10-Gb/s/25-GHz
system transmitted over a 4000-km NZDSF with 6-ps/nm/km
fiber dispersion and DCR 93 [corresponding to the
maximum transmission distance in Fig. 10(a)]. The result is
a distribution of 204 800 symbols, which were obtained from
the central four channels (1024 symbols per channel) and

Fig. 4. Q as a function of average launched optical power of a
2.5-Gb/s/6.25-GHz system after 4640-km NZDSF, which corresponds to
the maximum transmission point of Fig. 5(a). Solid curve and circles are
calculated and simulated received Q , respectively. Dotted line represents
the optical-nonlinearity-limited Q . Dashed line is ASE-limited Q . Solid
triangles are the combined results of ASE and fiber nonlinearity.

50 independent simulations. The average is 21 dB and is
dominated by SPM and XPM [see Fig. 10(b)]. Although a
slight deviation from Gaussian distribution is observed, the
distribution can be brought closer to Gaussian when ASE noise
is added [see the cumulative distribution (BER) curve with ASE
noise included]. Noise and nonlinearities on space level are
neglected and not shown in these figures. Fig. 2(c) shows the
amplitude distribution when SPM-induced waveform distortion
is the dominant impairment. We checked an extreme case in
which the mark level is split into three levels due to SPM [see
the eye diagram shown in the inset of Fig. 2(c)]. We assume
the three levels are binomially distributed with probabilities of
1/4, 1/2, and 1/4, representing the probabilities of bit sequences
“00”, “10” or “01”, and “11”, respectively. Because SPM
results in deterministic waveform distortion, they cannot be ap-
proximated as Gaussian noise. However, when ASE noise with
the same order of magnitude is added, the situation is different.
The true BERs (solid curves) are obtained with a method
detailed in the Appendix. The Gaussian approximation by
treating SPM as a normal variance in (2) is shown as the dotted
curve. Three different values of , 18, 20, and 25 dB, are
shown in the figure. The corresponding are chosen so
that the combined 15.6 dB. We can see that,
although a large deviation between Gaussian approximation
and the true BER occurs when , Gaussian
approximation matches very well with the corresponding true
BER when 25 dB. As we will see the in Section III
(Figs. 10 and 11), 25 dB is generally satisfied in
our calculations/simulations, especially in the region near the
optimum DCR.

In the following, we will concentrate on analytical tools
for each individual fiber-nonlinearity-induced interference or
distortion and linear-dispersion-induced ISI. In Section III,
we will add amplifier noise in the overall system performance
evaluation.
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Fig. 5. (a) Calculated and simulated ASE-, fiber linear-dispersion-, and nonlinearity-limited maximum transmission distance of 2.5-Gb/s/6.25-GHz-spaced
systems (Q 15.6 dB) as a function of inline DCR in NZDSF. Results for both 40- and 80-km fiber spans are shown. Dashed and dotted curves were
calculated based onD = 2 and 6 ps/nm/km, respectively, while solid curves represent the worse of the two. � and are simulation results. Inline DCFs are used
for dispersion compensation, and the input power into DCF is 3 dB lower than that into transmission fiber. A tunable PDC (up to �2000 ps=nm) was used to
optimize the individual channel performance. The dashed–dotted curve is the linear-dispersion limitation atD = 6 ps=nm=km. (b) and (c) Calculated individual
Q for 40-km fiber span.

A. Four-Wave Mixing

In an amplified and dispersion-compensated DWDM
system, FWM terms generated at every amplifier stage are
added according to their phase relations. Starting from the
coupled nonlinear Schrödinger’s equations (NLSEs) with three
continuous-wave (CW) wavelengths located in , , and

and applying the general system model as shown in Fig. 1(a),
we can get a general form of FWM in -field at a frequency

and a distance
[6], [11]–[13]. See (3) shown at the bottom of the page,
where is the FWM
power; is the launched CW signal power
at frequencies ; is the degeneracy factor ( for

(3)
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and for ); is the
fiber nonlinearity parameter in the th fiber section; and
represents the phase mismatch at th fiber section and may be
expressed in terms of signal frequency differences as

(4)

In general, the dispersion-slope term can be neglected in
nonzero-dispersion regions; for example, the second term due
to dispersion slope in the band is only 0.022 ps/nm/km for
25-GHz spacing in NZDSF, which is much smaller than typical

to 6 ps/nm/km. For periodically amplified systems
without dispersion compensation, (3) can be simplified to the
result given in [11] by setting , , ,
and for all , such that

(5)

where is the effective length, and
is the mixing efficiency given by

(6)

For systems with dispersion compensation, the accumulated
phase term in (3) represents the
phase relation among FWM terms generated in each am-
plifier stage and is proportional to fiber dispersion, channel
spacing, and fiber length. For conventional DWDM sys-
tems in nonzero-dispersion fibers, where is large
(e.g., 2 rad km for a 100-GHz-spaced DWDM
system in NZDSF), small variation in span length can
result in large phase variation in FWM terms. Therefore,

was sometimes assumed to be ran-
domly distributed over [0, 2 ] and the FWM terms generated in
different fiber spans are statistically power added regardless of
the phase relation among stages, and the resultant FWM power
is proportional to [14]. This assumption, however, is not
valid for U-DWDM systems, especially in the case of analyzing
optimum DCR. For example, consider a 6.25-GHz-spaced
U-DWDM systems in NZDSF, 0.008 rad km;
therefore, small variations on have a negligible effect
on . As a result, random variable
assumption is not valid, and we need to use the exact form in
(3), where the FWM terms generated in different fiber spans
are added in the -field.

Note that the above analysis is based on three CW optical
carriers without modulations. In an -channel NRZ-modulated
U-DWDM system, the total FWM at a certain channel with fre-
quency is expressed as the sum of all the FWM
terms with in -field [6]

(7)

Fig. 6. (a) Calculated and simulated ASE-, fiber linear-dispersion-, and
nonlinearity-limited maximum transmission distance of 2.5-Gb/s/6.25-
GHz-spaced systems (Q 15.6 dB) as a function of in-ine DCR in SMF.
Results for both 40- and 80-km fiber spans are shown. � and are simulation
results. Inline DCFs are used for dispersion compensation, and the input power
into DCF is 3 dB lower than that into transmission fiber. A tunable PDC (up
to �2000 ps=nm) was used to optimize the individual channel performance.
(b) Calculated individual Q for 40-km fiber span.

where 1 or 0, depending on whether the th channel
is mark or space. is the random phase of FWM terms. If the
wavelengths in a U-DWDM system are equally spaced, some
FWM terms will fall right below other signal bands. At the re-
ceiver, the interference on mark is originated from the beating
between signal and FWM after a photodiode. The interference
on space is originated from the beating between FWM terms
(similar to spontaneous–spontaneous emission beat noise) and
can usually be neglected in the signal-to-noise ratio (SNR) range
of interest. The exact probability density functions of the FWM
interference on both mark and space are detailed in [6]. It was
shown in [6] that the Gaussian distribution can serve as a good
approximation and the equivalent factor due to FWM can be
written as

dB (8)
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Fig. 7. Optimum launched power per channel as a function of DCR in
2.5-Gb/s/6.25-GHz systems. The symbols correspond to the maximum
transmission distances at different DCR in Figs. 5(a) and 6(a).

where is the peak received signal power per channel.
can be written as [6]

(9)

where the three fractional numbers represent the probabilities
of coexisting marks among the four wavelengths (including the
signal channel itself). Note that in a U-DWDM system with
equal launched power per channel, . Therefore,
according to (8), .

It is a time-consuming task to calculate all the FWM terms
in (9) because the number of FWM terms is proportional to
the cubic of channel numbers . However, a strong phase
matching among the four wavelengths ( , , , and )
is required for the new FWM term to build up and was reflected
in the FWM efficiency (6). Note that (6) has low-pass charac-
teristics with a 3-dB point at , e.g., the
3-dB points are about 7.3 GHz and 21.2 GHz for 17 and 2

ps/nm/km, respectively. This means that 1) for a U-DWDM with
channel spacing close to 7.3/21.2 GHz in SMF/NZDSF fibers,
FWM would become very severe and 2) when calculating or
simulating the penalty due to FWM in a U-DWDM system with
a large channel count, a smaller number of closely spaced chan-
nels can possibly be used to obtain the final results (with the con-
tribution from farther away channels neglected). Using (9), we
find that for a 6.25-GHz channel spacing in a transmission fiber
with as low as 2 ps/nm/km, the difference of FWM power is
increased by less than 1 dB when the number of channels under
consideration is increased from 40 to 640 channels (fully loaded

band). The difference is even smaller when considering SMF
and larger channel spacing. Therefore, in the following analysis
and numerical simulations, only up to 40 channels are used. This
could save considerable computer time in Section III.

B. Cross-Phase Modulation

The XPM-induced phase-modulation-to-intensity-modu-
lation (PM-to-IM) interference was analyzed in frequency
domain by using a modulated pump channel and a CW probe
channel and can be written as [15], [16]

(10)

where is the optical power of a CW channel at a
distance , is the Fourier transform of the modu-
lated pump channel, ,
and is the normalized frequency re-
sponse of the XPM-induced intensity modulation from
channel to channel and can be written as [15]. See
(11) shown at the bottom of the page, where is the
stage number in Fig. 1(a), ,

, and .

is

the walk-off parameter between channels and , is the
group velocity of channel in the th fiber span, and is
the frequency spacing between adjacent channels. The XPM
induced interference in channel in a digitally modulated
U-DWDM system can be written as

(12)

(11)
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where is the optical waveform due to residual linear
dispersion at a distance and is given by [16]

(13)

where is the Fourier transform of the launched inten-
sity waveform of channel . This general form can be used to
analyze arbitrary modulation format, DCR, and PDC. We can
see that the DC term of XPM-induced interference in (11) is
zero, and the total variance of the XPM-induced interference in
channel of a U-DWDM system can be obtained by summing
all the variances as

Mark

Space

(14)

where is the signal bandwidth and is the av-
erage received optical power of channel after a transmission
distance . Accordingly, the equivalent due to XPM only
can be written as

(15)

We note that is a high-pass transfer function, which
means the variance of XPM interference in (14) is higher if the
modulation signal has higher bandwidth. Therefore, modulation
schemes with smaller bandwidths (e.g., 2.5 Gb/s) are preferred
to larger bandwidths (e.g., 10 Gb/s) from the viewpoint of min-
imizing XPM interference.

In conventional DWDM systems, one can assume that
, and the modulation bandwidth is much smaller

than the channel spacing, i.e., , then
can be neglected and (11) can be simplified to (16) [17],

shown at the bottom of the page. However, this assumption is
not valid in U-DWDM systems, and the exact form (11) must
be used in the following analysis.

C. Self-Phase Modulation and Residual Linear Dispersion

The analytical form for XPM interference can also be used to
analyze SPM distortion. In (11), in the limiting case when
, the normalized frequency response of SPM distortion can be

written as (17), shown at the bottom of the page. The distorted
pulse waveform due to ISI and SPM can be approximated as

(18)

In (18), is the waveform distortion due to the
combination of SPM and linear dispersion (similar to what was
derived for XPM in (12)). In our calculations in Section III,
SPM-limited ((1)) will be obtained by using the mean ( )
and variance ( ) at the mark level of distorted waveform (ob-
tained from (18) at the optimum sampling point) and neglect the
contribution from space level (i.e., ). The waveform dis-
tortion at space due to linear dispersion is taken into account by
replacing with the highest level at space, which causes EOP.

III. OVERALL SYSTEM LIMITATIONS

In this section, we will calculate the overall U-DWDM system
limitations by considering ISI, optical amplifier noise, and all
the optical nonlinearities discussed previously. A generalized
periodically amplified and dispersion-compensated U-DWDM
system shown in Fig. 1(b) is used. We assume optical ampli-
fier gain tilts are perfectly equalized, and DCFs are used for

(16)

(17)
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broad-band dispersion and dispersion-slope compensation. A
tunable PDC, with continuous tuning range up to 2000 ps nm
is used for individual channel performance optimization be-
tween linear dispersion and SPM/XPM. For simplicity, period-
ically amplified systems are assumed that have the same fiber
length and DCR per span. We assume that the launched optical
power into each transmission fiber span is equal, and the optical
power into each DCF is 3 dB lower than the launched power
to avoid additional nonlinearities generated in DCF. To focus
on the fundamental system limitation due to optical fiber non-
linearities, we assumed an ideal rectangular optical filter whose
bandwidth equals to channel spacing and a receiver whose elec-
trical bandwidth equals to 0.8 times data rate. Numerical results
are obtained by solving NLSE directly by using the split-step
Fourier (SSF) method with a sampling rate of 2.56 THz and
sample points (256 and 1024 symbols per channel per simula-
tion for 2.5 and 10 Gb/s, respectively). The accuracy of the SSF
method was confirmed by gradually reducing the step size. A
maximum nonlinear phase change of 0.05 /step was used in the
numerical simulation. is calculated directly from the sample
mean and standard deviation of the simulated waveform at an
optimum sampling point.

Solid and dotted curves in Fig. 3 show the calculated
FWM- and ASE-limited fiber input powers per channel (at

dB 15.6 dB) as a function of cascaded amplifier stages
, for 2.5-Gb/s/6.25-GHz systems in both NZDSF and SMF.

An amplifier span length of 40 km was assumed. Three different
DCRs—100, 90, and 60%—are shown to illustrate the effect
of DCR on FWM. All symbols were obtained by choosing
a specific input power/channel and running a simulation to
obtain the maximum amplifier stages which can be cascaded to
reach dB 15.6 dB. Simulation results include all fiber
nonlinearity, linear dispersion, and ASE noise. Symbols near
the interception points between ASE- and FWM-limited curves
deviate away from their corresponding analytical FWM/ASE
curves because in that region both FWM and ASE contribute to
the combined value (therefore due to individual FWM
or ASE may be a few decibels greater than 15.6 dB). We can
see that FWM analytical results agree very well with numerical
simulation results in 2.5-Gb/s/6.25-GHz systems in both types
of fiber [(Fig. 3(a) for SMF and Fig. 3(b) for NZDSF]. Since
numerical simulation results include all degradation factors, the
results indicate that FWM is the dominant impairment in such
systems. From Fig. 3, we can see that with DCR 100 ,
FWM-limited launched power in NZDSF is about 5 dB lower
than that in SMF due to the lower local dispersion in NZDSF.
We also observe that DCR 60 offers the maximum
transmission distance ( 40 km stage 115 stages) among
the three cases in NZDSF. The transmission distances and
optimum launched powers of 2.5-Gb/s/6.25-GHz systems in
NZDSF ( 2 ps nm km) are about 4600, 1600, and 900
km and 15, 20, and 22 dBm for 60, 90, and 100% DCR,
respectively. Similarly, the numbers for 2.5-Gb/s/6.25-GHz
systems in SMF are about 5200 and 1400 km and 13 and

18.5 dBm for 90 and 100% DCR, respectively.
From Fig. 3, we can see that for DCR 100 , the FWM-

limited launched power is inversely proportional to for both
NZDSF and SMF. This is because with DCR 100 , FWM

terms generated at every amplifier stage are added in-phase ac-
cording to (3). Owing to the fact that phase matching is critical to
the generation of FWM, maximum input power levels strongly
depend on DCR. For DCR other than 100%, the relation be-
tween FWM interference and stage number is not simply am-
plitude addition ( ) or power addition ( ), but depends
on the dispersion map of the system. The resultant FWM-lim-
ited maximum input power at a non-100% DCR can be much
higher than that with 100% DCR, especially for a large number
of cascaded amplifier stages. However, even though DCR other
than 100% can effectively cause the residual dispersion to sup-
press FWM, it can also cause pulse broadening and enhance the
PM-IM conversion via SPM and XPM (which is especially crit-
ical in 10-Gb/s systems). Therefore, there exists an optimum
DCR for a U-DWDM system in which FWM is dominant. In
contrast, 100% DCR is always the optimum point for a conven-
tional DWDM system in which FWM is not the limiting factor.

From Fig. 3, we can see that as the number of cascaded am-
plifiers increases, the maximum FWM-limited input power de-
creases while the minimum ASE-limited input power increases.
Therefore, the optimum fiber input power is a balance between
FWM and ASE. With a launched power per channel, we know
from (8) that . Let ,
where is a constant for a fixed system at a certain trans-
mission distance and can be calculated by (8). Similarly, we
have for ASE noise (assuming signal–spon-
taneous beat noise dominate). In a U-DWDM system, where
FWM is the dominant fiber nonlinearity, we have

, and the optimum launched power
at a certain distance can be found by

(19)

Therefore, or dB dB dB,
where is the launched power
level at which . The relation be-
tween and when a system is optimized is

dB dB 3 dB. Furthermore, if we assume
15.6 dB at the maximum transmission distance, we

find dB 17.5 dB and dB 20.5 dB at
the optimum launched power. Note that this general rule holds
for any (e.g., FWM, XPM, SPM, etc.). To
show how the optimum launched power is found in a particular
long-haul U-DWDM system, an example is illustrated in Fig. 4.
We plot the as a function of launched optical power in
a 4640 km 2.5-Gb/s/6.25-GHz system using NZDSF fibers
( 2 ps nm km), with 40 km per span and DCR 60 .
In this case, FWM is the dominant nonlinearity, and the dotted
line represents analytical results based on (8). As expected,
the optimum launched power is a balance between ASE and
FWM. The optimum launched power ( 15 dBm) is
about 1 dB lower than the power ( 14 dBm) which
gives . Also note that at 15 dBm,

dB 17.5 dB and dB 20.5 dB, as expected.
Fig. 3 can be plotted in a different way, as shown in Fig. 5(a),

to explicitly show that the maximum transmission distance in
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an NRZ-modulated 2.5-Gb/s/6.25-GHz NZDSF system is ob-
tained at optimum DCRs of about 40–60%. The maximum dis-
tance was calculated based on a received of 15.6 dB. For
every DCR, the input power per channel was swept from 0 to

25 dBm with a 0.5-dB step size to find the maximum achiev-
able transmission distance. Because a typical NZDSF has a dis-
persion value ranging from 2–6 ps/nm/km, we analyzed both
the upper limit ( 6 ps nm km, dotted curves) and lower
limit ( 2 ps nm km, dashed curves), and use a solid curve
to represent the worse of the two. The analytical and numerical
results of maximum transmission distance for an 80-km span as
a function of DCR are also shown in Fig. 5(a). We can see that
there exists an optimum DCR of about 40–60% and 20–40% for
40- and 80-km spans, respectively, rather than 100 in con-
ventional DWDM systems. The maximum distances are about
4500 and 2300 km for 40- and 80-km spans, respectively. Also
indicated in the same figure is the linear-dispersion limitation
(dashed–dotted curve) at long wavelength ( 6 ps nm km)
and low DCR (DCR 50 ) region and is given by [18]

PDC
Gb ps

nm
(20)

where is the data rate in gigabits per second, is the fiber
dispersion (in picoseconds/nanometers/kilometers) of stage ,

is the fiber span length (in kilometers) of stage , is
the total number of stages, and PDC represents the dispersion
of a the postdispersion compensator [PDC 2000 ps nm in
Fig. 5(a)].

Fig. 5(b) and (c) shows the corresponding calculated of
individual noise and interference terms. From Fig. 5(a)–(c), we
can see that in a 2.5-Gb/s/6.25-GHz system, the optimum DCR
is resulted from the tradeoff between linear dispersion and
FWM. FWM is the dominant optical nonlinearity for all DCRs,
especially in the short-wavelength region ( 2 ps nm km).
Note that 17.5 dB and 20.5 dB for all
DCR 50 . The dashed–dotted curve shown in Fig. 5(b)

is the sum of all nonlinearity and ASE noise. The difference
between the dash-dotted and dotted curves is due to linear-dis-
persion-induced eye-opening penalty. Because we use (20) as
linear-dispersion limitation, eye-opening penalty is kept below
1 dB. The dash-dotted curve is not shown in Fig. 5(c), because
in this region, the linear-dispersion effect can be neglected.

Having discussed the maximum transmission distances
of 2.5-Gb/s/6.25-GHz systems in NZDSF, we now turn to
the cases of SMF, as shown in Fig. 6. Fig. 6(a) shows the
linear-dispersion limitation with and without PDC. We can
see that the effect of PDC on the optimum DCR and max-
imum distance is small. This can be understood by the fact that
linear-dispersion-limited transmission distances (dotted curves)
are much longer than the maximum transmission distance at
the optimum DCR. The maximum transmission distance in
SMF is about 900 and 2300 km longer than that in NZDSF for
40- and 80-km span length, respectively. Fig. 6(b) shows the
calculated of individual nonlinearity, linear dispersion, and
ASE. The optimum DCR is around 85–93% [Fig. 6(a)], which
is a tradeoff among FWM, SPM/XPM, and linear dispersion
[Fig. 6(b)]. We can see that FWM dominates in the range

Fig. 8. Fiber input power per channel as a function of amplifier stages for
different DCRs in a 10-Gb/s/25-GHz system, with 40 km per amplifier stage.
Curves are calculation results, and symbols are numerical simulation results.
(a) NZDSF: : DCR = 100%; �: DCR = 90%; (b) SMF: : DCR = 100%;
�: DCR = 99%.

DCR 90 ; SPM, XPM, and FWM must all be considered
for DCR between 80 and 90%; linear dispersion dominates for
DCR 80 .

Fig. 7 shows the optimum launched powers for different
DCRs to achieve the maximum transmission distances given
previously in Figs. 5 and 6 for NZDSF and SMF, respectively.
Note that because of the stronger FWM in NZDSF, the op-
timum launched power levels in NZDSF are lower than those
in SMF. The optimum launched power levels in NZDSF are

15 and 12 dBm at DCR 40–60 (40-km span) and
20–40% (80-km span), respectively. The optimum launched
power levels in SMF are about 13 and 10 dBm at about
85–93% DCR for 40- and 80-km spans, respectively.

Fig. 8(a) and (b) shows fiber nonlinearities (including FWM,
SPM, and XPM) and ASE-limited optical launched powers per
channel for 10-Gb/s/25-GHz systems as a function of cascaded
amplifier stages [Fig. 1(b)] in NZDSF and SMF, respectively.



WU AND WAY: FIBER NONLINEARITY LIMITATIONS IN ULTRA-DENSE WDM SYSTEMS 1493

Curves are calculated results based on (8), (15), and (18) for
FWM, XPM, and SPM, respectively; discrete symbols are nu-
merical simulation results, which include all fiber nonlinearities,
linear dispersion, and ASE. Similar to Fig. 3, near the intercep-
tion points of nonlinearity- and ASE-limited curves, symbols
deviate away from calculated results because in these regions
symbols include the contributions from both nonlinearity and
ASE; therefore the input power for the ASE-limited case needs
to be higher than that at 15.6 dB, and the input power
for the nonlinearity-limited case needs to be lower than that at

15.6 dB. For ideal DCR 100 , it is always FWM
limited, and XPM and SPM effects can be neglected. This is
clear from the good match between simulation data ( ) and
calculated FWM limitations with DCR 100 in Fig. 8(a)
and (b). We can see in Fig. 8(a) and (b) that XPM and SPM
start to dominate over FWM after about 20 stages (800 km)
for DCR 100 in both NZDSF and SMF. As opposed to a
2.5-Gb/s/6.25-GHz system in which FWM is almost always the
dominant limiting factor at optimum DCR, a 10-Gb/s/25-GHz
system at an optimum DCR (e.g., 90% for NZDSF) must con-
sider SPM, XPM, and FWM altogether.

Results shown in Fig. 8 are calculated (or simulated) with a
tunable PDC before each receiver to optimize the individual
10-Gb/s channel performance. We found that there exists an
optimum PDC (rather than compensating all residual dis-
persions) in cases where SPM or XPM cannot be neglected.
Fig. 9(a) shows an example of the EOP due to SPM and
linear dispersion as a function of PDC, in a 3600-km NZDSF
( 6 ps nm km) with DCR 90 . The residual
dispersion in such a transmission system is 2160 ps/nm. In
the case of considering linear dispersion only (dashed curve
and open symbols), the optimum PDC value is to completely
compensate the residual dispersion accumulated from the
non-100% DCR in every stage. However, in the case when
SPM cannot be ignored in a 10-Gb/s/25-GHz system due to the
large PDC-dispersion-induced PM-to-IM conversion, we can
find that the optimum PDC is about 1200 ps nm instead of

2160 ps nm. Fig. 9(b) compares the eye diagrams obtained
from calculations (using (18)) and numerical simulation. These
results show that (18) can be used as a simple and effective
method to evaluate the combined waveform distortion due to
linear dispersion and SPM and, in turn, find the optimum PDC.
In our calculations and simulations, this optimization of PDC
value has always been implemented when SPM/XPM must be
considered.

The maximum transmission distance of a 10-Gb/s/25-GHz
NZDSF system is shown in Fig. 10(a). Similar to Fig. 5(a), max-
imum distance limitation in both 2 and 6 ps/nm/km re-
gions are shown in the figure. We can see that the optimum DCR
is quite different from those of 2.5-Gb/s/6.25-GHz systems in
Fig. 5(a). This is because 10-Gb/s systems are much more sen-
sitive to fiber dispersion, even though the larger channel spacing
can reduce various fiber nonlinearity-induced impairments. The
maximum transmission distance is about 3800 km and 3000 km
with optimum DCRs of 90–95% and 86–91% for 40- and 80-km
spans, respectively. Note that the optimum DCR is under the as-
sumption that the PDC is capable of compensating any residual
dispersion lower that 2000 ps/nm.

Fig. 9. Calculated and simulated eye-opening penalty (EOP) due to SPM and
linear dispersion as a function of PDC. Assume a single-channel 10-Gb/s system
over 3600 km of NZDSF fiber (D = 6 ps=nm=km). DCR = 90%. (a) Solid
and dashed curves are calculated EOPs due to SPM + linear dispersion and linear
dispersion only, respectively. and4 are simulated EOPs due to SPM + linear
dispersion and linear dispersion only, respectively. (b) Eye diagrams obtained
via calculations (i) and (iii) and simulations (ii) and (iv).

In Fig. 10(a), the linear-dispersion limitations (dashed–dotted
curves) are calculated in the long-wavelength region
( 6 ps nm km). We notice that when there is no
PDC applied, two negative impacts are incurred. The first is
that the maximum transmission distance is reduced to about
3000 (from 3800) and 2200 (from 3000) km for 40- and 80-km
span, respectively. The second is that the optimum DCR for
both spans is narrowed down to a sharp range of about 96%, as
opposed to the original 90–95% range when the 2000-ps/nm
PDC was used. This sharp range of optimum DCR is not prac-
tical in real-world systems. Fig. 10(b) shows the corresponding

for individual limiting factors in the short-wavelength
region ( 2 ps nm km) for DCR 91 and long-wave-
length region ( 6 ps nm km) for DCR 90 . We find
that the dominant fiber nonlinearities are XPM and SPM in
the higher dispersion region and FWM in the lower dispersion
region.
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Fig. 10. (a) Calculated and simulated fiber linear-dispersion- and fiber
nonlinearity-limited maximum transmission distance of a 10-Gb/s/25-GHz
system (Q = 15.6 dB) as a function of inline DCR in NZDSF. Solid curves
are analytical results for 40- and 80-km fiber spans with dashed and dotted
curves for D = 2 and 6 ps/nm/km, respectively. � and are simulation
results with 40- and 80-km fiber span, respectively. Inline DCFs are used for
dispersion compensation, and the input power into DCF is 3 dB lower than
that into transmission fiber. A tunable PDC (up to �2000 ps=nm) was used
to optimize the individual channel performance. (b) Calculated corresponding
individualQ of 40-km fiber span. The results shown are calculated withD =
6 and 2 ps/nm/km for DCR 90% and DCR 91%, respectively.

Fig. 11(a) shows the transmission system performance of
10-Gb/s/25-GHz system in SMF. The calculated and simulated
maximum distances are obtained with a 2000-ps/nm tunable
PDC to optimize system performance. The optimum DCR for
10-Gb/s/25-GHz systems in SMF is 98–99% because of the
larger fiber dispersion. Note that in this case, the optimum DCR
range is already very narrow. When no PDC is used, shown by
the dotted line without PDC in Fig. 11(a), this range will be
even narrower. Fig. 11(b) and (c) shows the individual due
to various impairments for 40- and 80-km spans, respectively.
We can see that SPM and XPM are the two main limiting
fiber nonlinearities in a 10-Gb/s/25-GHz system in SMF. For
DCR 90 , the transmission distances are limited by linear

dispersion.

Fig. 11. (a) Calculated and simulated fiber linear-dispersion- and
nonlinearity-limited maximum transmission distance of 10-Gb/s/25-GHz
systems (Q 15.6 dB) as a function of inline DCR in SMF. Solid and
dashed curves are analytical results for 40 and 80 km, respectively. � and are
simulation results with 40- and 80-km fiber spans, respectively. Inline DCFs are
used for dispersion compensation, and the input power into DCF is 3 dB lower
than that into transmission fiber. A tunable PDC (up to �2000 ps=nm) was
used to optimum the individual channel performance. (b) and (c) Calculated
corresponding individualQ of 40- and 80-km fiber span, respectively.

Fig. 12 shows the calculated optimum PDC [corresponding
to the maximum distances in Figs. 10(a) and 11(a)] as a
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Fig. 12. Calculated optimum PDC as a function of dispersion compensation
ratio at the optimum transmission distances in Figs. 10(a) and 11(a).

Fig. 13. Optimum launched power per channel as a function of DCR,
corresponding to the maximum transmission distances at the various DCRs in
Figs. 9(a) and 10(a).

function of DCR. In our calculations and simulations, we
assumed that the maximum PDC is up to 2000 ps nm.
From (20), a PDC can increase the transmission distance by

PDC DCR for a system limited by linear
dispersion (i.e., in the region DCR 95 and 85% for SMF and

6 ps nm km NZDSF, respectively). However, when a
system is limited by fiber nonlinearity instead, increasing PDC
is not going to be useful (i.e., in the region DCR 95 and
85% for SMF and 6 ps nm km NZDSF, respectively).
Judging from Figs. 10(a) and 11(a), which show that the
optimum DCRs are about 90–95% and 98–99% for NZDSF
and SMF, respectively, 2000-ps/nm PDC is quite sufficient
for both types of fibers.

Fig. 13 shows the optimum launched power per channel of
10-Gb/s/25-GHz systems in both NZDSF and SMF. The op-
timum launched powers in NZDSF are about 10 and 6 dBm
(at DCR 95 and 90%) for 40- and 80-km spans, respec-
tively. The optimum lunched powers in SMF are about 8 and

4 dBm (at DCR 99 and 98%) for 40- and 80-km spans,
respectively.

Fig. 14. Q as a function of transmission distance when FWM and ASE
dominate. Assume a 2.5-Gb/s/6.25-GHz system in SMF with span = 80 km
and DCR = 91%. Curves are analytical results for Q (dashed),
Q (dash–dotted), and Q (solid). and  are simulation
results with SSF method and with commercial simulation software
(VPI-TransmissionMaker), respectively.

IV. DISCUSSION

The results obtained in this work are based on the assump-
tion of being able to use ideal rectangular optical filters. How-
ever, it is well known that filter shape and bandwidth have sig-
nificant effect on ISI and adjacent channel interference, espe-
cially in U-DWDM systems [5], [19]. Furthermore, when the
interplay between filters and fiber nonlinearities are considered,
the problem becomes even more complicated, and no analytical
forms are yet available for system optimizations [9]. Therefore,
more investigations need to be carried out to understand the op-
timum filter design for U-DWDM systems.

One may find that the calculated maximum transmission
distances in Section III are shorter than some published
experiment results [2], [3]. The main difference is because

15.6 dB was used in all calculations in this work, which
leaves a reasonable margin for practical system operation with
FEC [e.g., a 5-dB coding gain for typical RS(255 239)]; while
in most previous experiments, the transmission distances were
pushed to the limit with a more powerful FEC and without
any operating margin. Second, in our calculations, all channels
were assumed to have the same polarization, while polariza-
tion interleaving was used in most published experiments.
Polarization interleaving can reduce fiber nonlinearity-induced
interference between channels; therefore, the net effect of
a polarization-interleaved DWDM system with channel
spacing will be equivalent to the case of a channel spacing be-
tween and . Nevertheless, we believe the assumptions
used in this paper fit practical system conditions better.

An interesting phenomenon we found is that of U-DWDM
systems is not always monolithically decreasing as a function
of distance because of the resonance effect of FWM [11]. The
FWM resonance can be illustrated with Fig. 14. Fig. 14(a) shows
calculated and simulated as a function of transmission dis-
tance in a 2.5-Gb/s/6.25-GHz system with an 80-km SMF span
and 91% DCR [corresponding to the maximum distance point
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TABLE II
SUMMARY OF OPTIMUM LAUNCH POWER PER CHANNEL UNDER DIFFERENT SYSTEM CONDITIONS

TABLE III
SUMMARY OF MAXIMUM TRANSMISSION DISTANCE UNDER DIFFERENT SYSTEM CONDITIONS

in Fig. 6(a)]. From the calculation, we know that the is domi-
nated by ASE and FWM. According to (3), the resonance period
of FWM in a periodically amplified DWDM system can be cal-
culated by

DCR DCR 100 (21)

Equation (21) means the phase of FWM interference generated
in the amplifier stages is equally distributed over 0 to ,
which minimizes the added phasor in (3). Using (21), we can
get a period of 2089 km, as shown in the Fig. 14.
The calculated and simulated results were double-checked by
a commercial optical system simulation software (VPI-Trans-
missionMaker), and the results show a good match with both
our analysis and simulation. We find that the simulation re-
sults do not have resonance peaks as strong as those of analyt-
ical results, especially after a long transmission distance. This
is because the analytical solutions are derived by CW FWM
with a probability of coexisting marks; while in the real system,
the NRZ-modulated signal has a 2.5-GHz frequency spread
around the center wavelength, which randomizes the phasor in
each amplifier stage slightly (e.g., 0.008 rad km
in Section II-A can be varied slightly to 0.004

0.014 rad km). Nevertheless, we can see the simulation re-
sults match very well with analytical results. It should be cau-
tioned that, due to this resonance effect, there is a wide range of
transmission distance that exhibits a value close to 15.6 dB
(e.g., from 3000–4000 km in Fig. 14). Therefore, using
15.6 dB as a hard cutoff criterion to find the maximum trans-
mission distance may not be quite appropriate in this case.

V. CONCLUSION

We have analytically and numerically investigated the trans-
mission performance of 2.5- and 10-Gb/s U-DWDM systems
with a spectral efficiency of 0.4 b/s/Hz. Numerical simulations
confirmed that the transmission system performance can be ac-
curately predicted by using analytical equations for individual
optical nonlinearity in both conventional SMF and NZDSF (e.g.,
LEAF or TrueWave fiber). The optimum launched power, the
maximum transmission distance with dominant nonlinearities,
and the corresponding DCR in various systems are summarized
in Tables II and III, respectively. Generally speaking, the op-
timum launched power is higher and the maximum distance
is longer in SMF than those in NZDSF. We observe that in



WU AND WAY: FIBER NONLINEARITY LIMITATIONS IN ULTRA-DENSE WDM SYSTEMS 1497

all U-DWDM systems, there exists an optimum DCR range to
reach a maximum transmission distance. Most systems have a
relatively manageable DCR range, except for 10-Gb/s/25-GHz
SMF system whose optimum DCR range is so narrow that it
may be impractical in real-world systems. We also note that due
to the dispersion-sensitive nature of 10-Gb/s/25-GHz systems,
postdispersion compensation is required not only to increase the
transmission distance, but also to increase the optimum DCR
range. Table III also summarizes the dominant fiber nonlinearity
under different system conditions. We see that in NZDSF, FWM
is always the dominant nonlinearity at the optimum DCR. In
SMF, however, SPM, XPM, and FWM are all important nonlin-
earity impairments to consider in 2.5-Gb/s/6.25-GHz systems;
and XPM is the dominant nonlinearity in 10-Gb/s/25-GHz sys-
tems at the optimum DCR.

APPENDIX

In the presence of waveform distortions due to fiber nonlin-
earities and/or linear dispersion, marks and spaces are split into
several rails. Gaussian noise is superimposed on these rails. We
assume marks and spaces are split into and rails, respec-
tively. The levels are defined as with
probability of occurrence of set to be (where stands
for the th rail). (mark) or 0 (space). In the presence of
waveform distortions, BER can be obtained from [7], [10] with
decision threshold

(A1)

where

(A2)

and

(A3)
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