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Abstract—In-band crosstalk noise can pose important lim-
itations in wavelength-division-multiplexing (WDM) optical
networks. This paper describes a model that takes into account
the statistical behavior of in-band crosstalk noise accurately and
that can be used to estimate the error probability (EP) in a WDM
receiver. It is based on the formulation of the moment-generating
function of the decision variable in terms of a double integral,
which allows the inclusion of the crosstalk–crosstalk noise, which
was previously neglected in the literature. The optical amplifier
noise and the electrical receiver noise are also incorporated, and
the model is used to assess the implications of the crosstalk–
crosstalk contribution. With the aid of some examples, it is shown
that the crosstalk–crosstalk noise can influence the value of the
EP, change the optimum receiver threshold, and introduce some
power penalty.

Index Terms—Crosstalk, error analysis, optical receivers, wave-
length-division multiplexing (WDM).

I. INTRODUCTION

WAVELENGTH-DIVISION multiplexing (WDM) [1]
is a promising technology for the realization of optical

networks because it allows the full utilization of the large
bandwidth of the optical fiber. In WDM networks, wavelength
multiplexers and demultiplexers play a central role by allowing
the combination and separation, respectively, of the wavelength
channels. However, as a result of their imperfect filtering char-
acteristics, the separation of the wavelengths at the receiver may
not be ideal, leading to performance degradation due to crosstalk
noise. Crosstalk noise is divided into two categories: in-band and
out-band crosstalk noise. Out-band crosstalk noise occurs when
the carrier frequencies of the signal and the interferer differ by an
amount greater than the bandwidth of the electronic filter, while
in-band crosstalk noise occurs otherwise. Out-band crosstalk
noise can be removed by additional filtering at the receiver.
In-band crosstalk, however, cannot be removed and can therefore
degrade the error probability (EP) of the system [2].

Several approaches have been proposed in the literature in
order to assess the implications of in-band crosstalk on system
performance. In order to evaluate the EP, the statistical behavior
of the decision variable at the receiver must be considered.
If the receiving photodiode is assumed to act as a square law
device, then the decision variable can be written as the sum
of three contributions: the signal–signal beating, the signal–

Manuscript received February 24, 2003; revised June 9, 2003.
The authors are with the Department of Informatics and Telecommunications,

University of Athens, Athens GR-15784, Greece.
Digital Object Identifier 10.1109/JLT.2003.816848

crosstalk beating noise, and the crosstalk–crosstalk beating
noise. When only the signal–signal contribution and the signal–
crosstalk noise is assumed, then in the case of a large number
of interfering channels, the probability density function (pdf) of
the decision variable can be assumed Gaussian and the EP can
be easily computed. Despite its simplicity, the Gaussian model
cannot accurately describe the signal–crosstalk noise, espe-
cially when the number of interfering components is not large
[3]. Since the exact pdf of the crosstalk noise is not known in
closed form, an alternative is to use the saddle point method for
the evaluation of the EP [4]. The saddle point method computes
the EP from the moment-generating function (MGF) of the
decision variable at the receiver. Most of the previous models
neglected the crosstalk–crosstalk contribution at the receiver,
in which case the MGF of the decision variable is known in
closed form and the EP can be easily computed numerically
[3], [5]. Other analyses assumed that the components of the
crosstalk–crosstalk contribution are mutually independent and
uncorrelated from the signal–crosstalk contribution [6], which
may not provide an accurate description of the situation since
both of these contributions originate from the same optical
crosstalk noise.

In [7], it is noted that the inclusion of the crosstalk–crosstalk
beating term can affect the pdf of the crosstalk noise. However,
the influence of the crosstalk–crosstalk noise in the value of the
EP was not considered in the previously mentioned study. More-
over, the calculation of the MGF through which the pdf was
computed was accomplished using-dimensional numerical
integration, where is the number of interfering channels. As
a result, the calculation of the MGF can prove a time-consuming
task if the number of interferers is large. The implications of
the crosstalk–crosstalk noise in the performance of the system
were considered in [8], assuming that the number of interferers
is infinite ( ). In the absence of optical amplification, the
decision variable was shown to follow a noncentral chi-square
distribution, whose MGF is known in closed form. Using the
saddle-point approximation, it was shown that even in the pres-
ence of optical amplification, the crosstalk–crosstalk noise can
significantly affect the value of the EP, can change the value of
the optimum receiver threshold, and can also introduce some
power penalty.

In this paper, an efficient method for the calculation of the
MGF of the decision variable is presented in the practical
case where the number of interferersis finite. Using certain
symmetrical properties of , it is shown that in the absence
of optical amplification and electrical noise, the MGF
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of can be expressed in terms of a double integral. For neg-
ative arguments ( ) it is shown that this double integral
reduces to a simple Sommerfeld integral that can be computed
efficiently using the saddle-point approximation. For positive
arguments ( ), an efficient numerical integration proce-
dure is described for the evaluation of the MGF. The model is
then extended to take into account both the amplified sponta-
neous emission (ASE) noise of the optical amplifiers and the
electrical noise of the receiver. Using this model, the influence
of the crosstalk–crosstalk noise is discussed. It is shown that,
as in the case of , the crosstalk–crosstalk noise can
strongly influence the performance of the system and should be
taken into account in system design.

The rest of the paper is organized as follows. In Section II,
the evaluation of the EP from the MGF of the decision variable
using the saddle-point method is briefly reviewed. In Section III,
the crosstalk noise is related to the decision variable at the re-
ceiver. Using the results of Section III, a double integral formu-
lation for the MGF is derived in Section IV, and it is shown that
for negative arguments, this formulation can be further reduced
to a single Sommerfeld-type integral, which can be computed
efficiently using the saddle-point approximation. An efficient
method for the calculation of the MGF for positive arguments is
also presented. In Section V, the accuracy of the calculated MGF
is discussed, and in Section VI, the model is extended to include
both the ASE noise of the optical amplifiers and the electrical
noise of the receiver. Using the extended model, the importance
of the crosstalk–crosstalk noise in a WDM receiver is analyzed
in Section VII.

II. COMPUTATION OF THEEP FROM THE MGF

If the MGF of the decision variable is known in closed form or
can be accurately computed numerically, then the saddle point
method can be used to evaluate the value of the EP [4, Ch. 5].
More specifically, let be the decision variable at the receiver
and the conditional MGF of , given that the signal
bit is . If

(1)

where is the decision threshold at the receiver, then by locating
the saddle point of which is found on the
negative real axis [4, Chp. 5], the error probability in the
case is approximately given by

(2)

A similar procedure can be carried out when the signal bit is
. If is the conditional MGF of given that
and

(3)

then, by locating the saddle point of on the positive
real axis, the error probability given that is approxi-
mately given by

(4)

After calculating and , the EP at the receiver can be
calculated as .

Fig. 1. Typical receiver diagram.

III. RELATION BETWEEN THE DECISION VARIABLE

AND THE CROSSTALK NOISE

In this section, an expression relating the decision variable
(without the influence of the ASE and thermal noises) with the
amplitudes and the phases of the signal and the interferers will
be given. This expression will subsequently be used to formu-
late the MGF of the decision variable in terms of a double inte-
gral. In an optical receiver, without optical preamplification, the
complex envelope of the optical field at the input of the
receiving photodiode is given by the sum of the signal ( )
and the noise components ( )

(5)

In (5), the functions are the pulse shapes of the signal
( ) and the crosstalk components ( ). The random
phases describe the phase noise of the signal and the
crosstalk components. If the noise components and the signal
all originate from different laser sources, as in the case of
an arrayed-waveguide grating (AWG) interconnection [3],
then the phases are all independent of each other. The
phase noises are Gaussian but can be modeled as uniformly
distributed inside [ ] at the incoherent crosstalk regime.
It should also be mentioned that the signal and the crosstalk
noise components in (5) are assumed to be copolarized and
that the bits of the interfering channels are all “1.” This clearly
represents a worst case scenario.

A typical receiver diagram of a direct detection amplitude-
shift-keying (ASK) system is given in Fig. 1. The photocurrent

, which is induced in the photodiode by the optical field, is
given by

(photoelectrons/s) (6)

In (6), is the quantum efficiency of the photodetector,is
Planck’s constant, and is the central frequency of the optical
field. The effect of the electrical noise is neglected in (6). To
avoid carrying out the factor in further calculations,
the optical field is normalized so that . By re-
placing (5) with (6), the following expression is obtained for
the photocurrent

(7)

It can be assumed that the signal pulses have all the same shape,
i.e., , where is the amplitude of optical
crosstalk noise component. In the case the signal bit is
and if a perfect extinction ratio is assumed, then . Note
that if the energy of the pulse is equal to unity (
), then is equal to the signal energy inside the bit duration
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. In the same way if then is equal to the energy of
the interfering channel . The decision variable is given by

(8)

where is the impulse response of the receiver filter and
is the bit duration. If the electronic filter is assumed to be a
finite-time integrator (integrate and dump filter) then
for inside [0, ]. The amplitude of is chosen equal to 1
inside [0, ] in accordance with [4, pp. 106–107]. If one wishes
the electronic filter to have unity gain at dc, must equal
inside [0, ]. This simply results in a different normalization of
the signal and noise power and does not affect the final results.
Using (7) and carrying out the integration in (8)

(9)

Equation (9) is the desired expression relating the decision
variable of an optical receiver with the amplitudes and phases
of the signal and the crosstalk noise components. Inspecting the
last equality of (9), it can be deduced that the decision variable

can be decomposed into three parts: the signal–signal beating
term ( ), the signal–crosstalk beating term (single sum), and
the crosstalk–crosstalk beating term (double sum). Note that if
the crosstalk–crosstalk beating term is ignored, then the MGF
of can be written in closed form [3]

(10)
Here, denotes expected value, and is the MGF
of without the crosstalk–crosstalk contribution and the in-
fluence of the ASE and electrical noises. The functionis
the modified Bessel function of zero order [9, Ch. 11]. If the
crosstalk–crosstalk noise is not neglected however, there is no
closed form formula for . In this case, for finite , the
MGF can be computed numerically, from the-dimensional
integral [7]

(11)

As shown in [7], although depends on random vari-
ables ( ), one can reduce the dimension of integration
by 1. This can be done by integrating with respect to the vari-
ables where . As begins to increase
however, the -dimensional numerical integration can become
quite a time-consuming task, which may not provide very ac-
curate results. In the next section, an alternative double integral
formulation for will be presented, which can be used to
calculate more efficiently and accurately.

IV. FORMULATION OF THE MGF OF

USING A DOUBLE INTEGRAL

In this section, two auxiliary random variables and
will be defined, and the MGF of when the crosstalk–
crosstalk noise is included will be expressed in terms of these
variables instead of the . This will result in a two-di-
mensional (2-D) integral formulation for instead of an

-dimensional one. Let and be defined as

(12)

Using (9), it is easy to prove that

(13)

As will be shown next, the joint MGF of
and can be expressed in closed form and depends only on

. As a result of this, the joint pdf
will be expressed as a Hankel transform of . Using this
expression of , the MGF of will then be expressed in
terms of a 2-D integral of a function also known in closed form.

A. Joint MGF of and

The joint MGF of and is given by

(14)

Substituting and in (14)
obtains the result

(15)
Since the phases are uniformly distributed in [ ], the
MGF of is given by

, where is the Bessel function of
zero order [9, Ch. 11]. Therefore, since the are independent

(16)

In (16) and throughout the paper, all the interfering bits are
assumed to be 1, which represents a worst case scenario. If,
instead, the interfering bits are assumed to take the values 1
and 0 with equal probability, then it is easy to show that the
theory presented subsequently still applies if the function
is written as a product of the functions instead
of . From (16), it is deduced that the joint MGF
of and depends only on .

B. Joint pdf of and

The joint pdf of and is given by the inverse
Fourier transform of

(17)
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Changing the variables of integration toand

(18)

where and . Using the integral
representation of the Bessel function[9, Sec. 9.1.21]

(19)

the double integral of (18) is written as

(20)

Equation (20) states the fact that and are related
through a Hankel transform pair.

C. MGF of

The MGF of (without the electrical noise contribution) is
given by

(21)

Changing the integration variables from () to ( ) defined
in Section IV-B, (21) is reduced to

(22)

Substituting (20) in (22), the following expression for is
obtained:

(23)

Note that is directly related to the pdf
of . Indeed, using the transformation

, , where and ap-
plying the theorem of transformation of random variables, one
can easily show that

(24)

Since the decision variable is given by (9), it is easy to see
that , where

(25)

Therefore, since the value of can not exceed ,
for and using (24), it is deduced that for

. As a consequence, the upper limit of integration in (22)
can be set to instead of , and (23) can be written as

(26)

The 2-D integral formulation of in (26) will prove useful
for the computation of the MGF when .

The fact that for can also be derived by
directly substituting from (16) into (20), in which case

is given by

This integral is known to be zero [10, Sec. 6.573], for
. When , the order of integration in

(23) can be changed, and (23) can be written in a similar form

(27)

D. Evaluation of for Negative Argument ( )

The double integral in (27) can be reduced to a single one,
since the inner integral is known in closed form [10, 6.631.4]
for

(28)

By substituting (16) and (28) into (27), is written as

(29)

Equation (29) holds for which is the interval in which
must be known in order to evaluate using (2). The

path of integration of (29) can be extended in the entire real
axis, if the Bessel function is replaced by the Hankel
function and the integral is divided by two. This is a
standard practice in electromagnetism, where integrals of sim-
ilar type often occur in the computation of Green’s function in
a layered medium [11]. In doing so, (29) is reduced to

(30)

Integrals of the type of (30) are known as Sommerfeld inte-
grals. The amplitude of the signal is in general much larger
than the amplitudes of the interferers , and therefore,
the saddle-point approximation can be used in order to evaluate
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(30) with high accuracy. Since , one can use the asymp-
totic form of the Hankel function [9, Sec. 9.2.3], as follows:

(31)

Let the function be defined by

(32)

Using (31) and (32), one can approximate (30) as

(33)

where . The saddle point of can be
located by solving numerically the equation . The
derivative of can be computed either analytically or numer-
ically. The value of the integral in (33) is approximately given by
the contribution of the neighboring points of on the steepest
descent path passing through, which is given by [12, Ch. 6]

(34)

Using (30)–(34), can be approximately written as

(35)

Since is known in closed form and can be com-
puted either analytically or numerically, (33) can be used to es-
timate the MGF of once the saddle point is located. The
error probability in the case where the signal bit is
can then be computed from using the method outlined in
Section II.

E. Evaluation of for Positive Argument ( )

In the case where , the 2-D integral formulation of
cannot be reduced further, since the inner integral of (26) is not
known in closed form. To facilitate the numerical integration of
(26), we define the function as

(36)

As shown in Appendix A, an asymptotic closed form for
valid for large complex is

(37)

Since for , the integral in (26) can
be written as

(38)

Fig. 2. Deformation of the original contour of integrationC (positive real
axis) to the contoursC andC .

To facilitate the numerical calculations, the contour of inte-
gration is deformed to a straight line , parallel and above the
positive real axis (see Fig. 2). To justify this deformation, we
first note that , where is the
modified Bessel function of the second type [9, Ch. 9]. Hence,

is real for and the function in (36)
is purely real along the path of Fig. 2. Since lies entirely
on the imaginary axis, the contribution of the integral along
is purely imaginary. The MGF is the real part of the integral (38)
and the contribution of can be ignored. Hence, the integra-
tion can be carried out along , and
is given by

(39)

The value of should be chosen so that the oscillations
of the integrand of (39) have the smallest possible ampli-
tude. A likely candidate is the value for which

becomes minimum. For this value of,
the oscillations of along will start with
the minimum amplitude rendering the integrand more suitable
for numerical integration. These remarks are better illustrated
in Fig. 3. In Fig. 3(a) is plotted for

, , , and it is seen that
the value of that minimizes , is

. In Fig. 3(b) and (c), the real part of the functions
and

(where ) are plotted, respectively. It is clearly seen
that the amplitude of the oscillations of is much lower
than those of . Since, as explained previously, the value
of can be calculated either from the integral of
or , it is preferable to integrate in order to obtain

.
The evaluation of the function given by (36)

can be easily accomplished using standard numerical integra-
tion methods. Then, the function can be computed numer-
ically using (39) and the computed values of .
For large , the asymptotic form of given in (37) can
be used to speed up the computations. This procedure proves to
be accurate if the number of interferers does not exceed 70.
As will be shown subsequently if , then the limiting
form of as can be used to approximately esti-
mate the EP.
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Fig. 3. (a) The functionlog jM(jq)G(jq; s; L)j with respect toq. (b) The functionM(x)G(x; s; L) with respect tox. (c) The functionM(x+ jq )G(x+
jq ; s; L) with respect tox. The functions are plotted forM = 16, c = 0, c = � � � = c = 0:25, ands = 3.

Fig. 4. Logarithmic plot of the numerically computed MGFs (solid lines) and
MGFs obtained using (40) (shown with circles) for (a)M = 1,s < 0,c = 10,
c = 1 and (b)M = 2, s > 0, c = 0, c = 1, andc = 1.

V. ACCURACY OF THECOMPUTED MGF

Before the theory developed in the previous sections is ap-
plied, it is useful to investigate the validity of the computed
MGFs. In the special case where there are only two nonzero
amplitudes for , then is known in
closed form, and a first test is to compare the computed MGFs
with their closed forms values. If and denote the two
nonzero amplitudes from (9), thenreduces to

. Using the fact that the expected value of
is [3], it is easily deduced

that the MGF is given by

(40)

In Fig. 4(a), the numerically computed MGF and the MGF of
(40) are plotted for , for and .
The same is done in Fig. 4(b) for , for and

. The agreement between (40) and the numerically
computed MGFs is excellent in both cases.

In order to test the validity of the computed MGFs in the case
where the number of nonzero is larger than two for ,
the MGF obtained with the numerical integration procedure out-
lined in Section IV-E is plotted Fig. 5, along with the asymptotic
MGF (B3) for large obtained in Appendix B. The MGFs are
computed for and in Fig. 5(a),

in Fig. 5(b), and in
Fig. 5(c). In all three sections of the figure, the numerically com-
puted MGFs eventually converge to their asymptotic values, and
this convergence becomes slower as the number of interferers

increases, as explained in Appendix B. The agreement be-
tween the asymptotic and the numerical value of the MGF is
a strong indication that the numerical integration procedure of
Section IV-E produces accurate results.

For , the results obtained using the saddle-point approx-
imation and direct numerical integration of (29) along the real
axis are compared in Fig. 6, for . The numerical integra-
tion procedure applied is a slight variation of standard Gaussian
quadrature [13]. The integral in [0, ) is approximated by the
integral in the interval [0, ], where is chosen so that
the exponential in (29) is below . This
ensures that the value of the integral in [ , ) is negli-
gible and that the integral in [0, ) can be approximated by
the integral in [0, ]. Next, the zeroes of the integrand are
located in the positive real axis inside the interval [0, ].
The located zeroes define intervals in
which the integrand is smooth and where Gaussian quadrature
can be accurately applied. The value of the integral in [0, ]
is the sum of the computed values of the integrals in the inter-
vals . It should be noted that this procedure is likely to fail
if is large, in which case the rate of decay of the exponen-
tial is slow and the integrand of (29) undergoes
many sign changes in [0, ]. In the computation of the EP
by the saddle-point method presented in Section II, the MGF
is expected to reach very low values (even below than ).
Consequently, a numerical error in the estimation of the inte-
gral of the order (due to roundoff errors, for example)
will cause a significant deviation between the computed and
the actual value of if the actual value of is very
small. This is readily seen in Fig. 3, where the results obtained
with the saddle-point method and Gaussian quadrature are com-
pared for and in Fig. 6(a),

in Fig. 6(b), and
in Fig. 6(c). For values of the MGF above , the results
obtained by numerical integration and the saddle-point approx-
imation agree very well, but for lower values, the MGF ob-
tained with numerical integration behaves rather strangely for
reasons explained previously. It is therefore preferable to use
the saddle-point approximation in order to compute the MGF.

It is also useful to demonstrate that the pdf ofconverges to
its asymptotic form when , which is given by a
chi-square distribution [8]

(41)

where

(42)
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Fig. 5. Logarithmic plot of the asymptotic MGFs (shown with circles) and MGFs calculated by contour deformation and numerical integration (solid lines) for
c = 0 and : (a)M = 3, c = c = c = 1; (b)M = 16, c = � � � = c = 0:5; and (c)M = 64, c = � � � = c = 0:1.

Fig. 6. Logarithmic plot of the MGFs calculated with the saddle-point approximation (solid lines) and numerical integration along the real axis (shown with
circles) forc = 10 and (a)M = 3, c = c = c = 1; (b)M = 16, c = � � � = c = 0:5; and (c)M = 64, c = � � � = c = 0:1.

Fig. 7. Convergence of the left tails of the pdf of the decision variable to their
asymptotic chi-square form whenM ! 1. It is assumed thatc = 10 and
� = 1.

In the case of finite , it is possible to calculate the left tails
of the pdf by numerically differentiating the cumulative prob-
ability density function (cpdf) of given by (2). The left tails
of the pdf of for the case , and ,
60 100 180 are plotted in Fig. 7, along with the left tails of the
asymptotic pdf obtained using (41). For finite, it is assumed
that the interferers have the same amplitude (i.e., , for

). It is deduced that the pdf of gradually converges
to its asymptotic chi-square distribution. In fact, for ,
the pdf of is practically indistinguishable from its asymptotic
distribution.

VI. I NCLUSION OFASE AND ELECTRICAL NOISE

In this section, the model will be extended to include the op-
tical amplifier ASE noise and the electrical noise at the receiver.
In this paper, it will be assumed that the transfer function of the
optical filter following the amplifier is rectangular and that the
quantum efficiency of the photodetector is equal to unity. Under
these assumptions, the MGF of the decision variableof the
amplified system , conditioned on the decision vari-
able of the unamplified system (measured in photoelectrons)
is [4], [8]

(43)

In (43), is the power spectral density of the
ASE noise, while and are the gain and the spontaneous
emission parameter of the optical amplifier, respectively.
is equal to the product of the bandwidth of the optical
filter with the bit duration ( is assumed to be an integer).
Taking the expected value of with respect to , one
can calculate the MGF of unconditionally of

(44)

It is therefore deduced that the MGF of the optically
amplified system can be directly computed from the MGF of
the unamplified system with a simple change of vari-
able and multiplication with the factor

. Although (44) holds in the case of a rectangular
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optical filter, it is easy to obtain an expression similar to (44)
for a nonrectangular optical filter, in which case (44) is slightly
more complicated [14].

The electrical thermal noise, which is neglected in (44), can
easily be incorporated. The thermal noise is assumed a Gaussian
additive noise, whose MGF is , where is the
thermal noise power. Therefore, to include the thermal noise
influence, the MGF of the decision variable must therefore be
multiplied by .

VII. I MPORTANCE OF THECROSSTALK–CROSSTALKNOISE

The model presented in the previous sections will now be
used to assess the implications of the crosstalk–crosstalk noise
in the performance of the system. Assuming a simple nonreturn-
to-zero (NRZ)ON–OFFkeying, then in the case where the signal
bit is , the energy of the optical signal (in photons) before
the optical amplification will be given by ,
where is the incident optical power of the signal at the am-
plifier input, is Planck’s constant, andthe bit duration. In the
case where , assuming a perfect extinction ratio, .
The power of the thermal noise (in photoelectrons) is equal
to where is Boltzmann’s constant,

the load resistor of the photodetector, the temperature
(in Kelvin), while is the charge of the electron.

In Fig. 8(a), the error probabilities when the crosstalk–
crosstalk noise is included and the signal bit is are plotted
with solid lines for various values of the decision thresholdat
the receiver (expressed as a percentage of the number of photo-
electrons of the signal at the photodiode output in the case

), assuming that , 30 dBm, 30 dB,
, 100 ps (corresponding to a bit rate of 10 Gb/s),

100 GHz, 100 , and signal-to-crosstalk
ratio 20 dB, where

(45)

is the optical-signal-to-crosstalk ratio, defined as the ratio of
the energy of the signal divided by the energy of the crosstalk
noise. Also plotted with dashed lines are the error probabil-
ities when the crosstalk–crosstalk noise is neglected ob-
tained using the MGF given by (10). The error probabilities pre-
dicted by the two models are quite different when , since
in this case, the signal–crosstalk noise is not present and the
crosstalk–crosstalk beating noise becomes a major noise con-
tribution. The difference is also important in the case where
the signal bit is . It is interesting to note that if
, the error probability is less if the crosstalk–crosstalk influ-

ence is included. This behavior can be justified by considering
an unamplified system with , in which case the pdf
of the decision variable is known in closed form. When the
crosstalk–crosstalk influence is included, the pdf of the
decision variable is given by the chi-square distribution (41).
When the crosstalk–crosstalk term is ignored, the pdf ofis
a Gaussian distribution [8] with a mean value equal toand
standard deviation equal to . In Fig. 8(b), and
are plotted for and . As seen by the figure,
the inclusion of the crosstalk–crosstalk noise changes the sta-
tistical behavior of the decision variable, and since the left tails

Fig. 8. (a) Error probabilitiesP when the crosstalk–crosstalk noise is
included (solid lines) andP when the crosstalk–crosstalk noise is neglected
(dashed lines) with respect to the threshold at the receivera (expressed as
percentage of the input signal energyGc at the receiving photodiode). (b) The
asymptotic pdfsf (x) andg (x) of the unamplified system in the case where
c = 10 and� = 1.

Fig. 9. Variation of the EP with respect to the receiver threshold (expressed
as percentage of the input signal energyGc at the receiving photodiode) when
the crosstalk–crosstalk noise is included (solid lines) and when it is not (dashed
lines), forM = 32, SXR = 20 dB, andP = �30 dBm.N is the number
of optical amplifiers.

of are below those of , will be less when the
crosstalk–crosstalk noise is included.

In Fig. 9, the value of the EP of the system obtained as the
average of the error probabilities obtained in the cases
and are plotted. In the figure, denotes the number of
optical amplifiers that both the signal and the crosstalk compo-
nents pass, before reaching the photodiode. The power spectral
density of the ASE noise is . The last ampli-
fier is that of the preamplified receiver,,and in the case ,
only this amplifier is assumed. The rest of the system parame-
ters are those of Fig. 8(a). For , the optimum threshold
predicted by the two models is quite different and the minimum
EP also differs in about two orders of magnitude. However,
as begins to increase, the ASE noise accumulates, and the
crosstalk–crosstalk noise becomes less important, reducing the
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Fig. 10. Variation of the minimum EP with respect to the number of
interferersM for constant signal-to-crosstalk ratioSXR = 20 dB when the
crosstalk–crosstalk noise is included (solid lines) and when it is not (dashed
lines). Also plotted is the asymptotic value of the EP obtained using the model
of [8] (circles).

Fig. 11. Variation of the minimum EP with the input powerP when the
crosstalk–crosstalk noise is included (solid lines) and when it is not (dashed
lines), forM = 32 interfering channels andSXR = 20 dB.

difference between the two models. The difference in the EP
is about one order of magnitude for . The value of the
optimum threshold (i.e., the threshold for which the EP is min-
imum) is also quite different for the two models. For ,
the ASE noise dominates, and the value of the minimum EP is
approximately the same for the two models.

The variation of the minimum EP, when the crosstalk–
crosstalk contribution is included (solid line) and when it is
ignored (dashed line), with the number of interferers for
SXR constant and equal to 20 dB is also plotted in Fig. 10. As
seen by the figure, the difference between the predicted values
of the EP is about two orders of magnitude for . Also
plotted in the figure is the asymptotic value of the EP when
the crosstalk–crosstalk noise is included, which is calculated
with the asymptotic MGF ( ) [8] and was found to be

. As seen in the figure, the EP gradually converges
to its asymptotic value. For , the EP using the model
of the present paper was estimated to be about .
This implies that for , the EP will be of the same order
of magnitude compared to the EP obtained by the asymptotic
model ( ).

The difference between the two models is further illustrated
in Fig. 11, where the value of the EP is plotted as a function of

the input power for , assuming that the optical SXR
remains constant and equal to . This assumption is
made since, in most networks (such as an AWG interconnection
[3]), the power of the crosstalk noise is proportional to the power
of the signal, and therefore increasing the input power does not
alter the value of the SXR. By comparing the values of re-
quired to achieve an EP equal to , it is deduced that the in-
clusion of the crosstalk–crosstalk noise causes a power penalty
of about 1.3 dB. Hence, the crosstalk–crosstalk noise can be-
come an important issue in system design.

VIII. C ONCLUSION

In this paper, an accurate method for the estimation of the EP
in the presence of in-band crosstalk in a WDM receiver was pre-
sented. This model is based on the formulation of the MGF of
the decision variable in terms of a double integral. This formula-
tion allows the inclusion of the crosstalk–crosstalk noise, which
was neglected in previous models. The model was extended to
include the ASE noise of the optical amplifiers and the thermal
noise at the receiver. Using this model, the importance of the
crosstalk–crosstalk noise in the performance of the system was
investigated, and it was shown that the crosstalk–crosstalk noise
can have an important bearing in the performance of the system,
since it influences the value of the optimum threshold, the min-
imum EP and can also introduce some power penalties.

APPENDIX A
DERIVATION OF THE ASYMPTOTICFORM OF

To obtain an asymptotic form for , we use the
integration by parts technique frequently employed for the
asymptotic expansion of integrals [12]. Since

, integral (36) can be written as

(A1)

Applying de L’Hopital’s rule, one can show that
. Using the integration by parts technique once again, it

is also possible to show that the remainder integral in (A1) is
. Hence, for large , behaves as

(A2)

APPENDIX B
DERIVATION OF THE ASYMPTOTIC FORM

OF FOR LARGE

Using (11), one can derive an asymptotic expression for the
MGF of the decision variable for large values ofusing the
theory of [12, Ch. 4]. Let the function be defined as

(B1)
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Then (11) can be written as

(B2)

To find the asymptotic expansions (B2), one must locate the
critical points of where . The most important critical
point is , where obtains its highest value

. Neglecting the contribution of the other crit-
ical points of (such as and for , etc.),
then for large , the first-order term in the asymptotic expansion
of (B2) is given by

(B3)

where the elements of the matrix are the partial deriva-
tives calculated at . It
should be noted that (B3) is the contribution of the most impor-
tant critical point. As increases, however, so does the total
number of the critical points, and as a result, the convergence of

to its asymptotic form (B3) may be slower, as shown in
Fig. 5.
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