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Reduction of Intrachannel Four-Wave Mixing Using
Subchannel Multiplexing

John Zweck and Curtis R. Menyuk, Fellow, IEEE

Abstract—We propose to reduce intrachannel four-wave mixing
by using subchannel multiplexing for each wavelength-division-
multiplexed channel. We calculate the growth in both signal distor-
tion and noise, and we show that there is a tradeoff between propa-
gation distance and spectral efficiency. The method performs best
with strong dispersion management and Raman amplification.

Index Terms—Nonlinear distortion, optical fiber communica-
tion, optical fiber dispersion.

I. INTRODUCTION

A MAJOR OBSTACLE system designers must overcome to
achieve long-haul propagation in quasi-linear high data

rate fiber-optic transmission systems is to reduce pulse distor-
tion due to nonlinear effects. Systems that have a greater toler-
ance to the fiber nonlinearity can be operated at higher power
and hence are also more tolerant to the accumulated effects of
noise from erbium-doped or Raman fiber amplifiers. In quasi-
linear systems, strong dispersion management is used to reduce
both interchannel nonlinear effects and pulse distortion due to
self-phase modulation. However, in strongly dispersion-man-
aged return-to-zero systems operating at data rates of 40 Gb/s
and above, the large degree of pulse overlap during transmis-
sion results in intrachannel four-wave mixing (FWM) that can
limit the propagation distance [1]. In these systems, FWM trans-
fers energy from triples of pump pulses into the bit slots of
the spaces, thereby generating ghost pulses. FWM also trans-
fers energy into the bit slots of the marks, inducing jitter in the
energy of the marks [2]. When designing new systems, the ef-
fects of intrachannel FWM can be reduced by using low-nonlin-
earity slope-matched fiber, by optimizing the dispersion map, by
choosing appropriate amounts of dispersion pre and postcom-
pensation, and by using Raman amplification [3]–[5]. However,
intrachannel FWM can also severely limit the propagation dis-
tance when installed systems are upgraded to higher per-channel
data rates, as for example, when a terrestrial system is upgraded
from 10 to 40 Gb/s. In this situation, it is more cost effective to
modify the transmitter and receiver subsystems than to install
new fiber or to redesign the dispersion map. Consequently, sev-
eral novel transmission formats have recently been proposed to
decrease intrachannel FWM [6]–[9].

In this letter, we show that the effect of intrachannel FWM
can be reduced by replacing each 40-Gb/s wavelength-division-
multiplexed (WDM) channel by two 20-Gb/s subchannels that
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are slightly separated in frequency. We note that these two sub-
channels are not separate channels, which would require them
to be separately demultiplexed and detected. Instead, at the re-
ceiver the pulses in the two subchannels must not overlap in the
time domain. This method works best for systems in which there
is substantial pulse overlap during transmission, such as one
would encounter when upgrading an installed system from 10
to 40 Gb/s. The method relies on trading off decreased spectral
efficiency for increased propagation distance. To examine this
tradeoff, we performed simulations of a single-channel terres-
trial system with amplifier noise and a realistic receiver. Using
a single carrier, the maximum propagation distance for which
the factor exceeded 12 was only 800 km. However, by using
subchannel multiplexing, where the combined bandwidth of the
two subchannels was twice that of the single-carrier signal, the
propagation distance was increased to 1600 km.

In a previous letter, we analyzed FWM between pulses in a
subchannel-multiplexed system with fiber [9]. Using
noise-free simulations, we found that for a pseudorandom bit
sequence there are strong resonances in the mean optical energy
in the spaces and in the jitter in the optical energy of the marks,
and that away from these resonant subchannel frequency spac-
ings the effect of FWM decreases as the subchannel spacing in-
creases. In this letter, we take noise into account. First, we show
that the strength of the resonances is decreased due to the noise.
Second, we examine single-mode fiber (SMF)/dispersion com-
pensating fiber (DCF), which is more likely to be encountered
in a system upgrade than fiber, and we show that, in
conjunction with hybrid Raman-erbium-doped fiber amplifica-
tion, the subchannel-multiplexing format can still be useful if
increased distance is more important than increased spectral ef-
ficiency.

II. SYSTEM DESCRIPTION

The subchannel-multiplexed signal is obtained by replacing
each WDM channel by a pair of subchannels that are created
by shifting the central frequencies of the pulses in the even
numbered bit slots by and those in the odd bit slots
by . For a 40-Gb/s signal, this procedure produces
two 20-Gb/s signals whose pulse widths are appropriate for a
40-Gb/s signal and that are spaced apart in frequency with
a time offset of 25 ps. In experiments, subchannel-multiplexed
signals could be produced using a hybrid optical time- and
WDM scheme. At the receiver, the two subchannels are treated
as if they were a single 40-Gb/s channel. In particular, each
pair of subchannels is demultiplexed from the full WDM signal
using a single optical filter whose central frequency is the
average of the central frequencies of the two subchannels. To
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ensure that at the receiver the pulses in the two subchannels do
not overlap in the time domain, we assume that the total accu-
mulated dispersion and dispersion slope are close to zero. We
will examine the dispersion tolerance of the subchannel-multi-
plexing transmission format in Section III.

To understand how subchannel multiplexing reduces FWM,
suppose that the envelope of the electric field can be approxi-
mated by , where is the solution of the linear disper-
sive equation and whereis a nonlinear perturbation [10]. The
perturbation is the sum of the perturbations due to non-
linear forcing terms in the nonlinear Schrödinger equa-
tion, where denotes a pump pulse in theth bit slot. In [9],
we showed that, if two of the pump pulses are in one subchannel
and the third is in the other subchannel, then the energy of
decreases exponentially as increases. The reason for this
decrease is that the amplitude of the nonlinear forcing function
decreases as the pump pulses in the two subchannels move apart
during propagation.

We tested the method on a prototypical terrestrial system
by performing single-channel simulations using the nonlinear
Schrödinger equation. The dispersion map consisted of SMF of
length km followed by DCF of length . The SMF
had a dispersion of ps/nm km and a dispersion
slope of 0.08 ps/nm km at 1550 nm. The average dispersion
and dispersion slope of the map was zero. For the SMF and
DCF, the effective areas were 80 and 20m , respectively,
and the nonlinear Kerr coefficient was 2.610 m W.
Since intrachannel FWM is reduced by using an accumulated
dispersion function that is approximately symmetric about
the zero-dispersion axis [5], we used linear dispersion prec-
ompensation of and linear postcompensation of

. Using the method described above, we obtained
the input subchannel-multiplexed signal from a 40-Gb/s re-
turn-to-zero pulse train that used a pseudorandom bit sequence
of length 2 and consisted of raised-cosine shaped pulses
with a central frequency of 1550 nm. For this system, the
maximum pulse duration during propagation is 15-b slots and,
when GHz, the maximum walkoff between pulses
in the two subchannels is 19-b slots. The receiver consisted of
a single 200-GHz Gaussian optical filter with a central wave-
length of 1550 nm, a square-law photodetector, and a 35-GHz
fourth-order electrical Bessel filter. Thefactor was computed
using the standard formula by
averaging over 2 b.

A backward pumped fiber Raman amplifier compensated
for the loss in the SMF. This amplifier was modeled using a
continuous-wave (CW) approximation without pump depletion.
The loss in the SMF was 0.25 dB/km at the pump wavelength of
1450 nm and 0.2 dB/km at the signal wavelength of 1550 nm.
The ON–OFFRaman gain was dB. The noise
due to the Raman amplifier was added immediately after the
SMF by attenuating the signal by , and then restoring
the power using an erbium-doped fiber amplifier (EDFA) with
a noise figure of . This noise figure is the
experimentally measured effective noise figure for a backward
pumped Raman amplifier in SMF with dB [11].
An EDFA, with a noise figure of 3.8 dB that was placed after the
DCF, compensated for the loss of 0.5 dB/km in the DCF.

Fig. 1. The optima with respect to�� of the mean received voltage in the
spaces, relative to its�� average, versus transmission distance when�
 = 0.

III. RESULTS

In our first simulation study, we examined how the strength
of the intrachannel FWM resonances depends on the noise from
the optical amplifiers. Since FWM is a coherent process, we in-
troduced a constant phase difference between the pulses in
the odd and in the even numbered bit slots. We found that there
are resonances in the mean of the received voltage in the spaces
and in the standard deviation of the received voltage in the marks
as functions of the subchannel frequency spacing, and that
the strength of these resonances depends on the phase differ-
ence . In Fig. 1, for , we plot the strength of the
resonance of the mean voltage in the spaces as a function of the
transmission distance through the SMF. We performed simula-
tions with and without amplifier noise. The two solid curves are
the maximum and the minimum of this mean voltage in the case
of noise-free simulations, where the optima are taken with re-
spect to . At each distance, the voltages are given relative
to the phase-averaged mean voltage at that distance. The rel-
ative strength of the resonance is given by the difference be-
tween the two curves. The two dashed curves show the corre-
sponding results for simulations with noise. This result demon-
strates that noise disrupts the growth in the strength of the FWM
resonances. The reason the resonances are weaker in the pres-
ence of noise is that the noise randomizes the phases of the pump
pulses, and hence of the nonlinear perturbations that contribute
energy into the different bit slots. We observed similar quali-
tative behavior for the standard deviation of the voltage in the
marks. The degree to which the noise disrupts the growth of the
resonances depends on the peak power of the signal and on the
signal-to-noise ratio (SNR). For the results shown in Fig. 1, the
peak power was 2 mW, and the SNR was 18 dB after 2000 km
of propagation through the SMF. The resonances are stronger
for higher peak powers and lower SNRs.

In our second simulation study, we examined the tradeoff
between increasing propagation distance and decreasing spec-
tral efficiency for the subchannel-multiplexing transmission
format. In Fig. 2, we plot the maximum propagation distance
over which for the subchannel-multiplexed signal
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Fig. 2. Distance for whichQ > 12 versus signal bandwidth for a
subchannel-multiplexed signal relative to a standard 40-Gb/s signal.

as a function of the spectral bandwidth. All distances and
bandwidths in Fig. 2 are given relative to the corresponding
quantities for a standard 40-Gb/s signal with zero total accu-
mulated dispersion at the receiver, . By a standard
40-Gb/s signal, we mean a 40-Gb/s signal with and

. We used the rms spectral width as a measure of the
signal bandwidth. We chose the subchannel frequency spacings

to avoid the resonances in the spaces and marks, and for
each we optimized the peak power of the transmitted signal
and chose to be zero. The subchannel frequency spacings
in gigahertz and the peak power levels in milliwatts were

, (17,4), (27,4), (37,4), (47,4), (57,4), (67,4),
(80,6), (90,6), (100,8), (120,8), (140,8), (160,8), (180,8), and
(200,8). For these subchannel spacings, the results are insen-
sitive to the choice of . As increases the degradation
due to FWM decreases, and the tradeoff between the need
for low nonlinearity and the need for a high SNR shifts in
favor of higher peak powers. For the results that we show with
crosses, . The result for the standard 40-Gb/s signal,
that we show with a diamond, corresponds to a propagation
distance of 800 km and a spectral bandwidth of 24 GHz. When
the subchannel frequency spacing is GHz and the
relative spectral bandwidth is two, we can propagate almost
twice as far as for the standard 40-Gb/s signal. To examine the
dispersion tolerance of the subchannel-multiplexed format, we

studied the performance when was nonzero. For these
simulations we added a short piece of linear fiber immediately
before the receiver. The squares and plus signs show the results
for and 5 ps/nm, respectively. The dispersion
tolerance decreases as increases and becomes a significant
factor when GHz.

IV. CONCLUSION

We have proposed to decrease the effects of intrachannel
FWM in high data-rate systems by replacing each channel
with two subchannel-multiplexed channels. This method
trades off spectral efficiency for propagation distance, and it
performs best for systems in which there is a large amount of
pulse overlap. Consequently, the method may be useful when
installed systems are upgraded to higher per-channel data rates.
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