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Abstract—We investigate, theoretically and experimentally,
crosstalk between wavelengths in subcarrier-multiplexed (SCM)
wavelength-division multiplexed (WDM) optical communication
systems. Crosstalk arises mainly from interactions between
subcarriers on one wavelength and the optical carrier of another
wavelength. In a dispersive fiber, crosstalk can be attributed to
stimulated Raman scattering (SRS) and cross-phase modulation
(XPM) combined with group velocity dispersion (GVD). We
investigate the phase relationship between SRS-induced and
XPM-induced crosstalks. Crosstalks induced by SRS and XPM
add in the electrical domain and can interfere constructively or de-
structively. Experimental results show that the combined crosstalk
level can be as high as 40 dBc after 25 km of SMF with two
wavelengths and 18 dBm per wavelength of transmitted power. We
propose two crosstalk countermeasures. The first countermeasure
uses parallel fiber transmission. We show theoretically that both
SRS-induced and XPM-induced crosstalks can be canceled to the
first order. We present an experimental demonstration of concept
which has achieved 15 dB of crosstalk cancellation over 200 MHz.
The second countermeasure uses optical carrier suppression.
We show, theoretically and experimentally, that by suppressing
the optical carrier, we can significantly reduce crosstalk while
maintaining the same link budget and carrier-to-noise ratio
(CNR) at the receiver. 20 dB of crosstalk reduction over 2 GHz
has been demonstrated experimentally.

Index Terms—Cable television (CATV), cross-phase modulation
(XPM), crosstalk, stimulated Brillouin scattering (SBS), subcar-
rier multiplexing (SCM), stimulated Raman scattering (SRS),
wavelength-division multiplexing (WDM).

I. INTRODUCTION

SUBCARRIER-MULTIPLEXED (SCM) optical systems
have traditionally been used for cable television (CATV)

distribution, backbones of wireless networks, and antenna
remoting. With the explosion in the demand for access band-
width, some of these systems are being upgraded to handle
two-way communication of voice, video, and data through the
addition of digitally modulated subcarriers and utilization of
wavelength-division multiplexing (WDM). SCM–WDM is the
predominant architecture for hybrid fiber-coax (HFC) system
that is expected to compete with copper and fiber-to-the-home
(FTTH) to provide services to the homes and businesses.
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When multiple wavelengths carrying SCM signals propa-
gates in a single fiber, fiber nonlinearities can lead to crosstalk
between subcarriers on different wavelengths. In a dispersive
fiber, the dominant fiber nonlinearities that cause crosstalk
are stimulated Raman scattering (SRS) and cross-phase mod-
ulation (XPM). SRS [1] and XPM [2] have previously been
analyzed individually. Experimental results agree well with
SRS for low modulation frequencies and large wavelengths
separation [3], and XPM for high modulation frequencies and
small wavelengths separation [4]. In this paper, we present and
analyze a generalized expression for crosstalk, which includes
the phase relationship between SRS-induced and XPM-induced
crosstalks, that agrees well with experimental results for all
ranges of modulation frequency and wavelength separation.

The crosstalk levels that have been predicted and measured
to-date [1]–[4] indicate that crosstalk in SCM–WDM systems
can easily reach intolerable levels, even with as few as two wave-
lengths. Theories on countermeasures using parallel and series
techniques to cancel SRS-induced crosstalk have been presented
in [5]. In this paper, we elaborate upon the parallel cancella-
tion technique to show that it is effective against both SRS-in-
duced and XPM-induced crosstalks. Experimental results are
presented to support the claim. In addition, we present a more
practical crosstalk reduction technique using optical carrier sup-
pression.

The rest of this paper is organized as follows. Section II con-
tains theoretical analysis and experimental investigation of non-
linear crosstalk caused by SRS and XPM, including their inter-
action. Section III describes and analyzes crosstalk cancellation
using parallel fiber transmission and discusses the experimental
results. Section IV describes and analyzes crosstalk reduction
using optical carrier suppression and discusses the experimental
results. Section V summarizes and concludes this paper.

II. NONLINEAR CROSSTALK IN SCM–WDM OPTICAL

COMMUNICATION SYSTEMS

When multiple wavelengths propagates in a single fiber, fiber
nonlinearities can lead to interactions and crosstalk between
wavelengths. These fiber nonlinearities are four-wave mixing
(FWM), XPM, and SRS. Most hybrid fiber-coax (HFC) sys-
tems deployed today use standard single mode fiber (SMF) with
zero-dispersion wavelength () around 1310 nm. These HFC
networks use SCM schemes with wavelengths near 1550 nm for
low loss and IM–DD transmission/detection. As a result, typ-
ical dispersion in the fiber link is around 17 ps/kmnm. Because
FWM efficiency degrades very quickly with increasing local
dispersion, the FWM crosstalk in these SCM–WDM systems is
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negligible. XPM affects only the phase of the signals and, in the
absence of dispersion, does not affect IM–DD system. However,
in the presence dispersion, the phase modulation is converted
to intensity modulation leading to crosstalk. SRS contributes to
crosstalk through Raman gain modulation and depletion.

This section first analyzes SRS-induced crosstalk and XPM-
induced crosstalk separately. The interaction between them is
then presented and verified against experimental work.

A. SRS-Induced Crosstalk

Consider two optical waves with the same polarization co-
propagating in a single-mode fiber. The optical power at the
input of the fiber can be expressed as

(1)

where
( ) or 2 ( ) and
;

is the average optical power;
is the modulation index;
is the modulating signal, which is assumed to be
where is the subcarrier angular frequency.

We start with the coupled equations that describe SRS inter-
action in optical fiber [1], [6]

(2)

(3)

where
is the group velocity for the transmitted signal at;
is the fiber loss coefficient;
is the standard Raman gain coefficient divided by the
fiber effective area ( ).

We first solve for in (2) by neglecting . We then substitute
into (3) to solve for to obtain [1]:

(4)

where ) is the walkoff parameter, and

(note that [1] is missing the term). For
simplicity, we assume ) to be of the form given by (1)
and ) to be unmodulated, . We expand
the exponential in (4) to the first order inand evaluate the
integral to obtain:

(5)

The first term corresponds to the carrier power after fiber loss.
The second term in the bracket corresponds to the interaction
between the optical carriers, which falls at DC in the electrical
domain. The third term is crosstalk. If is also mod-
ulated, we would get interaction between the optical carrier of

and the subcarrier of . This corresponds to a power loss
(or gain) due to SRS and does not contribute to crosstalk. We
would also get an interaction between subcarriers ofand sub-
carriers of , generating second-order beat terms. These terms
are proportional to , and, because 1 in SCM systems,
are typically negligible [1]. We keep only the crosstalk term in
(5), evaluate the integral, normalize it by the magnitude of the
modulation on , and express crosstalk in phasor
notation:

(6)

where is the length of the fiber. Expression (6) contains both
magnitude and phase information. The phase refers to the elec-
trical phase of the modulated signal relative to . A similar
expression can be obtained for crosstalk at:

(7)

The change in sign come from the fact that short wavelengths
provide gain for long wavelengths through SRS; therefore
acquires crosstalk through gain, while acquires crosstalk
through depletion. The change in the walkoff parameter comes
from the change in the reference wavelength ( ).
The phase is now relative to . Note that the magnitude of
(7) remains the same as that of (6).

B. XPM-Induced Crosstalk

Consider two optical waves with the same polarization, co-
propagating in a single-mode fiber as before. Let de-
note the slowly varying complex field envelope of each wave,
normalized so that . The coupled equations that de-
scribe XPM under the slowly varying-envelope approximation
are [6]

(8)

(9)

where is the nonlinearity coefficient. (Note the change in the
sign of the complex term from [6] because we use the conven-
tional notation, whereas [6] uses an notation to rep-
resent time dependence). With the same initial condition as that
of SRS at the fiber input, we obtain [7]

(10)

At this point, crosstalk is entirely in the phase,
. However, through group
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velocity dispersion (GVD), the phase modulation is converted
to intensity modulation via the relation [2], [8]

(11)

where , and is the phase constant of
. This is the incremental change in power over a small

segment . Over the length of the fiber, this incremental
modulation will be attenuated by due to fiber loss.
We find the modulation at the end of the fiber by integrating

. To find crosstalk, we normalize by
the magnitude of the modulation on , and
express crosstalk in phasor notation

(12)

A similar expression can be obtained for crosstalk at

(13)

Unlike SRS-induced crosstalk, (12) and (13) have the same sign,
and the only changes are: . The phases of
(12) and (13) are relative to and , respectively.

C. Total Crosstalk

Expressions (6), (7), (12), and (13) contain both phase and
magnitude information. The total crosstalk power level in the
electrical domain, normalized to the signal power level, can be
expressed as

(14)

For small or large will be dominated
by SRS. For large or small will be dominated by
XPM. In between we must consider the phases of and

. It turns out that SRS-induced intensity modulation and
the XPM-induced optical phase modulation are exactly in-phase
or exactly 180 out-of-phase, depending onand the sign of

. When the optical phase modulation is converted to intensity
modulation via GVD, its phase will change somewhat but re-
main relatively close. As a result, assuming
and will add in-phase when and out-of-phase
when [9], because changes sign with , while

does not.
To illustrate the point, Fig. 1(a) shows a plot of the theoretical

crosstalk level at versus modulation frequency, ,
for nm, dBm, and km. The solid
line denotes the total crosstalk, and the dashed lines denote the
magnitudes of the individual contributions from SRS and XPM,
respectively. We clearly see the dominance of SRS at the low
frequency, and of XPM at the high frequency. Where the dashed
curves cross, we see that the total crosstalk is 6 dB higher than
the individual contributions, indicating that and
add nearly in phase.

(a)

(b)

Fig. 1. Theoretical crosstalk level versus modulation frequency at (a)� and
(b) � for �� = 4nm,P = 17 dBm, andL = 25 km. The solid line denotes
the total crosstalk and the dashed lines denote the individual contribution from
SRS and XPM.

Fig. 1(b) shows a plot of the theoretical crosstalk level at
for the same . The magnitude of the individual contribu-
tions from SRS and XPM remain the same. However, because
the SRS crosstalk is now through depletion rather than gain, its
phase changes by, and thus we have a cancellation between
SRS-induced and XPM-induced crosstalks.

D. Experiment

We measure experimentally the dependence of crosstalk on
modulation frequency, wavelength separation, and transmit
power level. The setup is shown in Fig. 2. A DFB laser, hence-
forth called the pump, is externally modulated with a tunable
single tone by an external Mach–Zehnder (MZ) modulator. The
output of the pump is combined with the output of an unmodu-
lated tunable external cavity laser, henceforth called the probe,
via a 3-dB coupler. A phase modulator dithers the optical phase
with a 1-GHz pseudorandom bit stream (PRBS) to suppress
stimulated Brillouin scattering (SBS). The two wavelengths
are amplified by an erbium-doped fiber amplifier (EDFA)
and passed through 25 km of standard SMF with ,

17 ps/nm/km (at 1550 nm), and /(m W).
A tunable Fabry–Perot filter selects which wavelength will
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Fig. 2. Experimental setup for crosstalk measurement.

be received by the optical receiver. An electrical spectrum
analyzer measures the power level at. Crosstalk is measured
by comparing the received electrical power of the pump and
that of the probe at (the optical receiver receives the same
optical power at either wavelength). Since the theory assumes
same polarization for the two wavelength, we use a polarization
controller at the probe to align its polarization to the pump.

Fig. 3(a) shows the measured crosstalk level versus modula-
tion frequency for 1542 nm, 1546 nm, and

16.8 dBm. The solid line corresponds to theory, and the
dots are experimental data points. As predicted in theory, SRS
and XPM add in phase. Fig. 3(b) shows the measured crosstalk
level versus modulation frequency for 1542 nm,

1552 nm, and 18.2 dBm. Because of the larger
, SRS is enhanced while XPM is mitigated. Fig. 3(c) shows

the measured crosstalk level versusfor 1554 nm,
1541 nm, and 16.5 dBm. In this case, because

and add out of phase, and
they cancel almost exactly at about 1540 MHz. The match
between experiments and theory is good. The variations can be
attributed to polarization drift and drift in the bias of the MZ
modulator.

Fig. 4(a) shows the crosstalk level versus, at a fixed
55.5 MHz for three ’s. Because SRS dominates at

this frequency, crosstalk increases with increasing, as we
expect. It will continue to increase with increasing up to
100 nm (SRS gain peak) before falling. Versus the horizontal
axis, the crosstalk level varies as (slope 2 in dB–dB
scale), regardless of . Fig. 4(b) shows the result of the
same experiment, but with a fixed 1.9 GHz, where XPM
dominates. The power dependence remains the same. However,
the crosstalk level now decreases with increasingbecause
increased group velocity walkoff reduces XPM.

III. COUNTERMEASURE1: CROSSTALKCANCELLATION USING

PARALLEL FIBER TRANSMISSION

Now that we have thoroughly investigated the crosstalk
mechanisms in SCM–WDM systems, we propose coun-
termeasures to combat crosstalk. This section discusses a
countermeasure using parallel fiber transmission. This tech-

nique is theoretically elegant, but experimentally difficult to
attain. We will first describe the technique and its theoretical
limitations. We will then present an experimental demonstra-
tion and discuss practical limitations.

A. Theory

The idea of crosstalk cancellation is straightforward. If we
could transmit the same set of signals on two fibers and then
combine them at the receiver, we could arrange the parameters
in such a way that crosstalks from the two fibers will cancel,
while signals will add [5]. The detailed arrangement of the
system is as follows.

Let and denote signals transmitted on and , re-
spectively, through fiber . Let and denote signals trans-
mitted on and , respectively, through fiber . We let

, and . We further assume, for the
wavelengths of interest, that ,
and where denotes variables in . The condition
on fiber dispersion can be met by using fibers with reverse dis-
persion characteristics [10] or operatingand on opposite
sides of the zero-dispersion wavelength of the same type of fiber.
After km of transmission, crosstalks on in and in
are given by

(15)

where and are given by (7) and (13), and
and are given by (6) and (12), respectively. Because

; and because ,
’. As a result, we have ,

, and . Since the phases of and
are measured relative to and , respectively, and will
necessarily have equal magnitudes and be 180out-of-phase if
we ensure that and have the same phases. The phases of

and can be adjusted by inserting fiber lengths after wave-
length demultiplexing, or more easily by delaying the phases in
the electrical domain after detection to compensate for GVD.
Finally, by combining the received signals from the two paths,
we achieve exactly what we set out to do: add the signals and
cancel crosstalks. The same argument applies to, , and

as well.
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(a)

(b)

(c)

Fig. 3. Measured crosstalk level versus modulation frequency for (a)� =

1542 nm,� = 1546 nm, andP = 16.8 dBm; (b)� = 1542 nm,
� = 1552 nm, andP = 18.2 dBm; and (c)� = 1554 nm,� =

1541 nm, andP = 16.5 dBm. The solid line corresponds to theory, and the dots
are experimental data points.

Note that we derived the expression for crosstalk only to the
first order in and . The crosstalk cancellation, therefore, is
exact only to the first order as well [5]. However, since g and
are typically very small numbers, residual crosstalk from higher
order contributions are typically negligible.

(a)

(b)

Fig. 4. Measured crosstalk level versus transmitted optical power per channel
(P ), at a fixed modulation frequency of (a) 55.5 MHz and (b) 1.9 GHz. The
solid lines correspond to theory and the dots are experimental data points.

Fig. 5. Experimental setup for crosstalk cancellation using parallel
transmission.

B. Experiment

The experimental setup for crosstalk cancellation is shown in
Fig. 5. A pump laser (DFB) is modulated by an external MZ
modulator with dual outputs. Each output is coupled to an un-
modulated probe laser (DFB or ECL), amplified by an EDFA,
and transmitted over 25 km of SMF with 0.22,

ps/nm/km, and /(m W). The transmitted
power into each fiber is 14 dBm/wavelength. The wavelengths
of the probes are 8 nm above and below the pump wavelength,
respectively. Fabry–Perot filters select the probe wavelengths at
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Fig. 6. Measured crosstalk level versus modulation frequency for (a) crosstalk
atF ; (b) crosstalk atF ; and (c) crosstalk after cancellation.

each fiber. The probes are then converted to the electrical do-
main and combined using Harmonic Lightwaves’ lightwave ex-
tender [11]. Fiber segments and coaxial segments are used to
fine-adjust the total path lengths for optimal cancellation. The
polarization of the probes are manually adjusted to align with
the pump polarization.

There are two major discrepancies between the experimental
setup and the theoretical system described earlier. First, the out-
puts of the MZ modulator have 180phase difference, thus vio-
lating our assumption that . We compensate for this by
performing a subtraction of the received signals instead of an ad-
dition. Second, and perhaps the most serious experimental lim-
itation, is the absence of reverse-dispersion fiber in our system.

in both of our fibers have positive signs, and we are not able
to operate at two sides of the zero-dispersion wavelength. This
is a major violation of the our theoretical assumption. The con-
sequences are twofold. First, the cancellation of will be
imperfect because . However, since the transmission
length is relatively short, we may still achieve good cancellation
especially at small . Second, because ’, will
not cancel, and in fact will add, though not exactly in phase be-
cause .

Fig. 6 shows the measured crosstalk level versus modula-
tion frequency for (a) crosstalk at; (b) crosstalk at ; and
(c) crosstalk after cancellation. Although crosstalks atand

have different relative magnitude in dBc, the absolute mag-
nitudes in dBm are adjusted to be equal at the combiner. In
Fig. 6(a) and (b), crosstalks are dominated by SRS in the fre-
quency range shown. In Fig. 6(c), we clearly see the cancellation
of these SRS-induced crosstalks, reducing the total crosstalk
level by about 20 dB for frequencies below 210 MHz. At the
same time, however, the XPM-induced crosstalks are adding
instead of canceling. Beyond 210 MHz, surpasses the
residual to dominate the total crosstalk. Subsequent rise
in the crosstalk level beyond 210 MHz matches very well with
the theoretical prediction of alone.

Although the experiment lacked a key component, namely
reverse-dispersion fiber, to achieve broadband cancellation, the
outcome still validates our theory and demonstrates the feasi-
bility of such cancellation method. It also provides another ver-

ification of the crosstalk phases. Reverse-dispersion fibers are
available today in several research institutes [10] and are be-
coming more readily available commercially. By using such
fibers, one should be able to obtain a much better verification
of the proposed cancellation technique.

IV. COUNTERMEASURE2: CROSSTALK REDUCTION USING

OPTICAL CARRIER SUPPRESSION

The parallel technique takes advantage of the phase relation-
ship between crosstalks and signals to achieve cancellation.
This next countermeasure works directly on the magnitude
of crosstalk to achieve crosstalk reduction. It utilizes optical
carrier suppression, which has previously been used in mil-
limeter-wave (mm-wave) systems to increase dynamic range.
We will first show theoretically how optical carrier suppression
can reduce crosstalk. We will then present experimental results
and discuss limitations.

A. Theory

The theory for crosstalk reduction using optical carrier sup-
pression is quite straightforward. From (14), we know that XT
varies in a complex way with , , and . However the vari-
ation of XT with is simple: .

Most SCM optical communication links operate with high
transmitted power, , in order to maintain good CNR on all
subcarriers. However is kept at a few percent in order to
maintain high linearity. As a result, most of the transmitted op-
tical power resides in the optical carrier power, which contains
no useful information. Suppressing this optical carrier has been
shown to effectively increase the modulation depth without sac-
rificing linearity [12], and [13]. It also allows us to maintain the
same CNR while reducing .

To quantify this analytically, we assume the transmitted op-
tical signal to be of the form given in (1) in the tradition system.
Suppose, in the suppressed-carrier system, we reduce the trans-
mitted power by a factor so that the transmitted optical signal
is given by

(17)

where is the new modulation index after carrier suppres-
sion. In a real system, and can be adjust independently
of one another: through optical carrier suppression, and
through EDFA gain or external attenuator. At the receiver, after
conversion to the electrical domain, the signal power level is
proportional to for the tradition system, and propor-
tional to for the suppressed-carrier system. If we let

, then the signal power level is the same for both
system. If the substitute (17) into the derivation for XT, basi-
cally replacing all by ’s, we find from (14) that

(18)

This point is illustrated in Fig. 7.

B. Experiment

There are several ways to achieve optical carrier suppression.
The most straightforward method is to use a narrow-band optical
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Fig. 7. Illustration of how carrier suppression can reduce transmitted optical
power while maintaining the same received electrical signal level.

Fig. 8. Experimental setup for crosstalk reduction using optical carrier
suppression.

notch filter to filter away the optical carrier. However when the
subcarriers are within tens of megahertz from the optical carrier,
such filters are practically nonexistent. The best-performance,
but probably the most complicated, method is to use optical car-
rier cancellation, usually in a loop mirror, where an unmodu-
lated carrier cancels a modulated carrier [14]. The suppression
can be very efficient. However, for our application, we want to
have enough optical carrier left at the receiver to perform di-
rect detection. We’ve chosen a third method of optical carrier
suppression: using low-biasing of an MZ modulator [13]. This
is very simple to implement experimentally, and the level of
suppression can be easily controlled. While low-biasing a MZ
modulator does not add to the third-order nonlinearity of the
modulator, it does increase the second-order nonlinearity signif-
icantly. In a real system, this would require operation of the sub-
carriers to within an octave so that all second-order harmonics
and beat terms fall out-of-band.

The experimental setup is shown in Fig. 8. It is essentially
the same setup as that of Fig. 2, with two differences. First,
the bias voltage to the MZ modulator is now variable so that
we can adjust the level of optical carrier suppression. Second,
the phase modulator, used for SBS suppression, can be removed
when the transmitted optical power level is suppressed below the
SBS threshold. We adjust the bias of the MZ modulator and the
gain of the EDFA to reduce by 10 dB. The residual optical
carrier is strong enough that direct detection can still be em-
ployed. Because of the increase in modulation depth by a factor
of 10 arising from the suppressed carrier, the received electrical
power remains the same. We maintain equal optical power for
both wavelengths at the output of the EDFA.

Fig. 9(a) and (b) shows the measured crosstalk levels after
optical carrier suppression with 4 nm and 10 nm,

(a)

(b)

Fig. 9. Measured crosstalk before and after optical carrier suppression for (a)
�� = 4 nm and (b)�� = 10 nm.

respectively. For comparison, we repeat Fig. 3(a) and (b)
(crosstalk under normal bias for the same parameters) on the
same plots. We see that a decrease of 10 dB inresults in a
decrease in crosstalk of 20 dB as predicted by theory. This is
true in the SRS-dominated regime as well as the XPM-domi-
nated regime. Fig. 10(a) shows the electrical spectrum of the
received signal under normal bias. Because of the 1-GHz PRBS
necessary to suppress SBS, we see a very high noise floor from
the residual amplitude modulation of the phase modulator,
and from phase-to-intensity conversion through fiber GVD.
Fig. 10(b) shows the electrical spectrum of the received signal
when the optical carrier is suppressed. The transmitted optical
power is now below the SBS threshold so that the phase
dithering can be removed from the system. We see that the
received signal level is the same as that of Fig. 10(a), indicating
that we have not lost any link budget due to carrier suppression
or SBS. Furthermore, the noise floor is dramatically lowered
in the absence of the 1-GHz PRBS phase dithering, leading to
increased CNR.

This experiment demonstrates the applicability of optical car-
rier suppression in reducing crosstalk. Several practical issues
need to be addressed before this technique can be applied to a
real system. The first is the problem of single-octave operation.
This is actually not a new limitation to SCM optical system, and
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(a)

(b)

Fig. 10. Electrical spectrum of received signal under (a) normal bias with
phase dithering for SBS suppression and (b) low bias output phase modulation.

even some of the deployed systems today operate within one oc-
tave [15]. Note, however, that this limitation comes from low-bi-
asing of the MZ modulator, and not from optical carrier sup-
pression in general. Other optical carrier suppression methods,
such as the ones described earlier in this section, will not in-
duce second-order distortion. The price to pay is usually added
system complexity. The second problem, more specific to op-
tical carrier suppression, is the limitation on the number of sub-
carriers due to clipping [16] because of the increased modula-
tion index per channel. Several clipping reduction techniques
have been proposed [17], and [18] and can be used. Alterna-
tively, we can add the optical carrier back at the receiver, or
increase the bitrate per subcarrier to compensate for decreased
number of carriers.

V. SUMMARY AND CONCLUSION

We have investigated, theoretically and experimentally, op-
tical crosstalk arising from SRS and XPM in SCM–WDM op-
tical systems. We have analyzed the phase as well as the mag-
nitude of crosstalk. In general, SRS-induced crosstalk domi-
nates at low modulation frequency and large wavelength sep-

arations, and XPM-induced crosstalk dominates at high modu-
lation frequency and short wavelength separation. If the pump
wavelength is shorter than the probe wavelength, SRS-induced
and XPM-induced crosstalks will add in electrical amplitude. If
the pump wavelength is longer than the probe wavelength, then
they will cancel.

We use the phase and magnitude relations of crosstalk to
design two countermeasures. In the parallel transmission tech-
nique, we take advantage of the phase dependence on disper-
sion and pump/probe relationship to achieve cancellation. By
transmitting the same set of signals over two equal-length fibers,
we have shown, theoretically and experimentally, that we can
add the signals and cancel crosstalks simultaneously at the re-
ceiver. 20 dB of carrier suppression has been demonstrated over
200-MHz bandwidth.

In the optical carrier suppression technique, we take advan-
tage of the magnitude dependence of crosstalk on the trans-
mitted carrier power, . By reducing through carrier sup-
pression, we have shown theoretically and experimentally that
crosstalk can be reduced while received signal level remains
the same. Furthermore, we have shown that phase dithering for
SBS suppression can be removed when the optical carrier is sup-
pressed to increase the received CNR. 20 dB of carrier suppres-
sion has been demonstrated over 2 GHz bandwidth.

Both countermeasures can achieve wide-band crosstalk can-
cellation or reduction. The advantage of countermeasure 1 is
that crosstalk can, in theory, be canceled exactly to the first
order, regardless of the magnitude of crosstalk. Furthermore re-
ceiver sensitive increases by 3 dB from the addition of signals
from two path. The drawbacks are in system complexity, equal
fiber length requirement, and the need for reverse-dispersion
fiber. The advantages of countermeasure 2 are in simplicity and
the removal of SBS suppression phase/frequency dithering. The
level of crosstalk can be reduced significantly over all frequen-
cies, but the shape of the crosstalk spectrum will remain the
same. The drawbacks are in single-octave operation (if using
low-biasing of MZ modulator) and increased clipping effect.
Both drawbacks have remedies at the cost of system complexity.
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