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Frequency Response of Cross-Phase Modulation in
Multispan WDM Optical Fiber Systems
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Abstract— The spectral characteristics of cross-phase modulation (XPM) in multispan intensity-modulation direct-detection
optical systems were investigated both experimentally and theoretically. XPM crosstalk levels and its spectral features were
found to be strongly dependent on fiber dispersion and optical signal channel spacing. Interference between XPM-induced
crosstalk effects created in different amplified fiber spans is
also found to be important to determine the overall frequency
response of XPM crosstalk effects.
Index Terms— Crosstalk, optical fiber communication, optical
fiber nonlinearity, WDM optical systems.

XPM-induced crosstalk effects created in different amplified
optical spans is also found to be important to determine
the overall spectrum features of XPM-induced crosstalk. A
simple analytical expression is obtained to describe the XPMinduced crosstalk. Excellent agreement between measurements
and theoretical predictions has been obtained.
The theoretical analysis begins with the nonlinear wave
propagation equation [5]. Consider probe and pump optical
and
, copropagating in the same
signals,
optical fiber:

I. INTRODUCTION

C

ROSS-PHASE modulation (XPM) has been found to
have an important impact in the performance of highspeed wavelength-division-multiplexed (WDM) optical fiber
communication systems [1], [2]. Due to the Kerr effect in
optical fibers, intensity modulation of one optical carrier can
modulate the phases of other copropagating optical signals
in the same fiber. Unlike coherent optical systems, intensitymodulation direct-detection (IMDD) optical systems are not
particularly sensitive to signal phase fluctuations. Therefore,
the crosstalk-induced phase modulation is not a direct source
of IMDD systems performance degradation. However, due to
chromatic dispersion of optical fibers, phase modulation can be
converted into intensity modulation [3] and, thus, can degrade
the IMDD system performance.
It has been found that XPM created phase modulation
is inversely proportional to the baseband signal modulation
frequency [4]. On the other hand, since the phase-to-intensity
conversion through fiber dispersion is also a function of the
modulation frequency [3], the overall intensity-to-intensity
crosstalk will be a combination of these two effects. Since
XPM is an important source of performance degradation in
dense WDM optical systems, a better understanding of XPMinduced crosstalk and its frequency response is indispensable
in the systems design and their performance evaluation.
In this letter, we report the results of our measurements on
the XPM frequency response of a multispan WDM optical system. The crosstalk level is found to be dependent on the optical
channel spacing and fiber dispersion. Interference between
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(1)
is the attenuation coefficient of the fiber,
is the nonlinear coupling coefficient,
is the
and
are the probe and the
nonlinear refractive index,
is the fiber effective core area,
pump signal wavelengths,
and
are optical powers of the pump and
is the relative walkoff
the probe signals,
, the group velocities of the
between the two signals with
two channels. Through linear approximation, the walkoff can
, where
and
be expressed as
are fiber zero-dispersion wavelength and dispersion slope and
is the wavelength spacing between the probe and the
pump signals.
In order to simplify the analysis and to be able to focus our
attention on the effect of interchannel crosstalk, we suppose
that the probe signal is operated in continuous-wave (CW)
whereas the pump signal is modulated with a sinusoid wave
at the frequency . Under this condition and with small
signal approximation, the probe signal self-phase modulation
(SPM) can be neglected and thus the first term on the righthand side (RHS) of (1) can be removed. Translating this
propagation equation into the frequency domain using Fourier
transformation, we have

where

(2)
is the Fourier transformation of
and
is the power spectrum of the pump signal at the
system input. On the RHS of (2), the first term accounts
for attenuation and linear phase delay. The second term is
responsible for phase modulation in the probe signal ( )

where
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induced by the pump signal ( ). This phase modulation is
proportional to the optical power in the pump signal and the
, the crosstalk
fiber nonlinearity. In a short fiber section
phase modulation in the probe signal, induced by the pump
signal, can be linearized under the small signal approximation
[4]
(3)
Now, look at the third term on the RHS of (2). This is
the term responsible for the phase noise to intensity noise
conversion in the probe signal. Phase noise generated at
is converted into intensity noise at the end of the
due to chromatic dispersion. As discussed in [3],
fiber
the in-phase component of this conversion is proportional to
. Integrating all XPM contributions along
the fiber, adding fiber loss and linear phase delay, we can
obtain the total intensity noise at the end of the fiber

(4)
is the probe signal average optical power at
where
. Under the assumptions that
the end of the fiber
and the modulation bandwidth is much
, we
smaller than the channel spacing, i.e.,
can find a simple form to describe the relative amplitude
fluctuation induced by XPM as

(5)
is the XPM-induced amplitude modulation
where
in the probe signal, normalized to the field amplitude in this
channel without crosstalk. In multispan, optically amplified
systems, the total amplitude fluctuation at the receiver is the
sum of XPM contributions created by each fiber span. Under
the assumption that the length of each span is much longer than
the fiber nonlinear length [1], which is typically about 20 km,
the normalized XPM frequency response can be expressed as

(6)

is the total fiber length in the system
where
with
spans,
is the number of spans,
and
are
0,
fiber length and dispersion of the th span with
is the pump signal input power spectrum of the th

Fig. 1. Experimental setup. ECL: external cavity semiconductor laser.
OBPF: optical bandpass filter. Amp.: microwave amplifier. EOM: external
optical modulator. PD: photodiode.

span and

is the relative walkoff between two channels in

0. Equation (6) describes the XPMthe th span, where
induced intensity modulation in the probe signal, normalized
to its power level without this effect.
Our experimental setup, designed to measure the XPM
frequency response, is shown in Fig. 1. Two external-cavity
and
tunable semiconductor lasers (ECL) emitting at
are used as sources for the probe and the pump signals,
respectively. The probe signal operates as CW and the pump
signal is externally modulated by the signal coming from
a microwave network analyzer. The two optical signals are
combined through a 3-dB coupler and then sent to an optical
amplifier to boost the optical power. The optical system in the
experiment has two nonzero dispersion shifted fiber spans with
lengths of 114 and 116 km, respectively. A tunable optical
filter is used at the receiver to select the probe signal and
suppress the pump signal. After passing through an optical
preamplifier, the signal is detected by a 32-GHz bandwidth
photodiode, amplified by a 10-GHz bandwidth microwave
amplifier, and then sent to the receiver port of the network
analyzer. The optical power injected into each fiber span is
fixed at approximately 11.5 dBm at each channel. Due to
XPM-induced crosstalk, the probe signal output, which was
initially CW, is intensity modulated by the pump signal.
Fig. 2 shows the normalized XPM frequency response measured at the output of the system with only a single 114 km
fiber span. The channel spacings used to obtain this figure
1559 nm,
1559.8 nm) (stars)
were 0.8 nm (
1559 nm,
1560.6 nm) (circles).
and 1.6 nm (
Continuous lines are calculated using (6). Parameters used in
1520.2 nm,
0.075 ps/km/nm ,
the calculation are:
2.35 10
m /W,
5.5 10
m ,
0.25
dB/km and the pump signal input optical power
11.5 dBm with its modulation frequency swept from 50 MHz
to 10 GHz. High-pass characteristics are clearly demonstrated
in both curves in Fig. 2 and XPM crosstalk levels are higher
with narrower channel spacing. This is qualitatively different
from the results obtained in [4] where only phase modulation index was concerned, which is inversely proportional to
the signal baseband modulation frequency. However, since
the efficiency of phase to intensity modulation conversion
,
through the fiber dispersion is proportional to
as indicated in (4), the crosstalk in the low frequency part is
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Fig. 2. XPM frequency response in the system with single span (114 km)
nonzero dispersion shifted fiber. Stars: 0.8-nm channel spacing (probe
1559 nm and pump
1559.8 nm). Open circles: 1.6-nm channel spacing
(probe
1559 nm and pump
1560.6 nm). Continuous lines are
corresponding theoretical results.
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greatly suppressed and this brings the overall XPM frequency
response to a high-pass like characteristic. We believe that the
discrepancy between theoretical and experimental results in the
low frequency part is caused by the frequency discrimination
effect introduced through the narrow-band optical filter.
Fig. 3 shows the XPM frequency response measured in
the system with two optical fiber spans, as shown in Fig. 1,
with 0.8-nm (stars) and 1.6-nm (open circles) optical channel
spaces. Corresponding theoretical results calculated from (6)
are also displayed. It is very interesting to note that in the
system with many optical spans, the ripple of XPM frequency
response is strongly dependent on the channel spacing. This is
because of the interference between XPM-induced crosstalks
created in the different fiber spans. From (6), it is easy to see
that the frequency difference between adjacent notches of a
with
the fiber length of the
spectrum is
first span.
In conclusion, spectral characteristics of XPM in multispan
WDM systems have been evaluated both experimentally and
theoretically. The crosstalk level is found to be dependent
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Fig. 3. XPM frequency response in the system with two spans (114 and
116 km) of nonzero dispersion shifted fiber. Stars: 0.8-nm channel spacing
(probe 1559 nm and pump 1559.8 nm). Open circles: 1.6-nm channel
spacing (probe 1559 nm and pump 1560.6 nm). Continuous lines are
corresponding theoretical results.
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on optical channel spacing and fiber dispersion. Interference
between XPM crosstalks created in different fiber spans creates
strong ripples in the frequency response. A simple analytical expression was obtained to describe the XPM-induced
crosstalk. An excellent agreement between measurements and
theoretical prediction has been obtained.
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