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Application of the Saddle Point Method for
the Evaluation of Crosstalk Implications in an
Arrayed-Waveguide Grating Interconnection

Thomas Kamalakis and Thomas Sphicopoulos, Member, IEEE

Abstract—The effect of in-band crosstalk can pose severe
limitations in an optical network. In this paper, the implications
of in-band crosstalk induced by an arrayed-waveguide grating
(AWG) router in a passive optical interconnection are
analyzed with non-Gaussian statistics using a numerical model.
The model is based on the saddle point approximation and takes
into account fluctuations of the transfer function’s sidelobes
induced by the phase errors in the grating arms, phase noise,
polarization variations, bit misalignment, and shot and thermal
noise. The influence of these effects on the interconnection’s
bit error rate (BER) is analyzed. The validity of the Gaussian
assumption for the crosstalk noise statistics is discussed. Finally,
the model is used to examine the mean crosstalk requirements for
various numbers of network nodes.

Index Terms—Gratings, optical crosstalk, phased arrays, wave-
length division multiplexing (WDM).

I. INTRODUCTION

A RRAYED-WAVEGUIDE gratings (AWGs) [1], [2] are
important components for the realization of modern

optical wavelength division multiplexing (WDM) [3] networks
on which they can serve as multiplexers, demultiplexers, and
wavelength routers. Devices of this kind have been made
commercially available, and there are techniques that allow po-
larization-insensitive operation [4]. However, due to fabrication
imperfections, AWGs suffer from phase errors [5], [6], which
tend to create sidelobes outside the main lobe of their transfer
function, making the separation of the wavelength channels
less than ideal.

In a network with wavelength reuse, this can lead to in-band
crosstalk noise (which is on the same wavelength as that of
the signal) as well as out-of-band crosstalk noise (which is on
a different wavelength) [7]. Out-of-band crosstalk can be re-
moved with additional filtering at the receiver side, but in-band
crosstalk cannot be removed and can significantly increase the
bit error rate (BER) of the received signal. In the network con-
sidered in this paper, in-band crosstalk originates from different
laser sources at different network nodes. As a result, the noise
components and the signal will be considered statistically inde-
pendent of each other.

Many studies have been done to understand the implications
of in-band crosstalk in an optical network (see [8]–[11] and
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references therein). In the case of many independent identically
distributed (i.i.d.) interferers, the probability density function
(pdf) of the crosstalk noise can be assumed approximately
Gaussian because of the central limit theorem (CLT). The
Gaussian approximation has also been used for the estimation
of the performance of a AWG interconnection [8]
where the interferers are not of equal power. Although the CLT
is still valid in this case, the Gaussian model may not provide
a sufficiently accurate description. This is because the pdf of
the crosstalk noise may not converge to a Gaussian shape as
fast as in the case of i.i.d. interferers. Also, this study did not
include the effects of shot noise and bit misalignment, which
has been recently studied in [13] for a general optical add-drop
multiplexer using the Gaussian model.

The saddle point approximation [12] can be used for
the computation of the BER in the presence of noise with
non-Gaussian statistics using its moment-generating function
(MGF). This method has been applied [11] for the special case
of i.i.d. interferers, taking into account phase noise, polarization
variations, and shot and thermal noise. In this paper, the MGF
of the in-band crosstalk noise which is present in a
AWG passive optical interconnection is evaluated, and the BER
is calculated using the saddle point method. The strength of the
interfering channels is estimated using the transfer function of
the AWG, taking into account the phase errors on the grating
arms. This allows an accurate description of the filtering
characteristics of the AWG, including the chirp it induces both
in the signal and in the noise components. The effects of phase
noise, polarization variations, and shot and thermal noise are
incorporated in the model. Bit misalignment is also taken into
account in the computation of the MGFs. The validity of the
Gaussian approximation is discussed both theoretically and
numerically by comparing the results of the two methods.
With the aid of some examples, the importance of the factors
determining the BER is shown. Finally, the performance of the
network for various values of the AWG average sidelobe level
is presented in the form of diagrams.

II. CROSSTALK NOISE MODEL DESCRIPTION

A. General Considerations

A typical interconnection employing an AWG wave-
length router is depicted in Fig. 1(a). There arenodes in the
network that can communicate with each other resulting in
simultaneous connections. The AWG is designed so that its free
spectral range (FSR) is equal to multiplied by the channel
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Fig. 1. (a) AN � N optical interconnection employing a AWG wavelength router. (b) The transmittancejH(f=FSR)j of a 16� 16 AWG withM = 65
waveguides and phase errors� with standard deviation equal to�=10. (c) Routing of wavelength� between the input and output ports of the AWG. Solid
arrows represent intended directions, and dashed arrows represent leaked components. (d) A typical receiver diagram.

spacing, and as a result, the total number of wavelengths re-
quired is [14].

In Fig. 1(b) the transmittance of the central
input and output ports is plotted. The frequencyis measured
around the central frequency of the AWG and is normalized by
dividing it by FSR as usual [5]. Because of the cyclic proper-
ties of the AWG [14], the transfer function between input port
and output port is where is the
efficiency and is the channel spacing of the AWG. Each
node is assumed to havelaser sources, each transmitting on a
different wavelength . The same wavelengths are
used in the other network nodes as well. Because of this wave-
length reuse, the signal at a wavelengthfrom a network node
will be accompanied by crosstalk noise components originating
from the other network nodes.

Fig. 1(c) shows how the AWG routes the signals at wave-
length from its input ports to its output ports. The solid ar-
rows represent the desired wavelength routes, and the dashed
arrows represent the leaked components. For example, although
light at output port 2 should come only from input port 4 at
wavelength , there are also light components atoriginating
from input ports 1 to 3. This is because the transfer function be-
tween output port 2 and each of the input ports 1 to 3 cannot
completely suppress light at wavelength originating from
input ports 1 to 3. It is interesting to note that in the case of an
AWG interconnection, the in-band crosstalk noise components

come from laser sources located at different network nodes. As
a result, at a given output port, the crosstalk noise components
are independent of each other and of the signal.

Fig. 1(d) shows the diagram of a simple receiver circuit
without optical preamplification. The optical field entering the
receiver’s photodiode is the sum of the signal on a
wavelength and the in-band crosstalk noise on the same
wavelength,

(1)

and

(2)

where denotes the envelope of the signal, anddenotes the
envelope of the crosstalk noise. The unit vectorsdenote the
polarization direction of the signal and the crosstalk
components , while the symbols denote
the random phases induced by the phase noise of the lasers. The
function describes the time variation of the desired signal
at the considered output port of the AWG router, and the func-
tions describe the time variation of the accompa-
nying crosstalk noise components. The photocurrent, mea-
sured in photoelectrons per second, which is induced in the pho-
todetector, is
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(3)

where is the photodetector quantum efficiency,is Planck’s
constant, is the frequency corresponding to the wavelength.
In this equation, was replaced by , where is the
angle between the polarization vector of the signal and the
polarization vector of crosstalk component.

As will be shown next, the value of the BER is independent
of the value of . The crosstalk–crosstalk beating term ,
which should be small in systems hoping to achieve small BER,
is neglected, and denotes the complex conjugate of. To
avoid carrying the factor in further calculations, the op-
tical field is normalized so that . At the output of the
receiver filter, the decision variable is defined by

(4)

where denotes the bit duration and is the impulse re-
sponse of the filter. For simplicity, the filter will be assumed to
be an integrator ( for ). The decision variable
can be decomposed into two parts, one due to the signaland
one due to the crosstalk noise as follows:

(5)

(6)

In (6), it is assumed that the random phasesand the polar-
ization angles change slowly and can therefore be considered
constant over several bit periods.

In order to make the model as general as possible, it is impera-
tive to take into account the induced chirp [15] in both the signal
and the crosstalk terms due to the phase errors of the AWG. As
a result, the functions should be assumed
complex functions

(7)

where is the phase of , . By re-
placing (7) in (6), the following equation is obtained:

(8)

where

(9)

and

(10)

As seen by Fig. 1(c), the crosstalk components accompanying
the signal are originating from different input ports. Hence, the

phases are due to the phase noise of different laser sources
and are considered independent. The same is true for the polar-
ization direction angles . Both and are assumed to be
uniformly distributed in , and consequently, the moments
of for each value of are calculated using

(11a)

(11b)

In the above equations, denotes the expected value of a
random variable. Equations (11a) and (11b) can be derived by
expanding in terms of and per-
forming the integration. Equations (11a) and (11b) express the
fact that the moments of are independent of

and . Consequently, and do not have any bearing on
the statistical behavior of the decision variable and can be set
equal to zero , and can be written as follows:

(12)

B. Modeling of the Imperfect Filtering Characteristic

Considering the central output port, the functions
, which are due to the imperfect filter characteristic

of the router, can be calculated using

(13)

In (13), is the transfer function of the AWG between the
input port and the central output, and is the input spec-
trum of interfering signal centered on the same wavelength
as the signal. Assuming that the channel uniformity is equal to
unity and using the cyclic property of the AWG, the
transfer function satisfies [5], [14]:

(14)

where is the transfer function between the central input
and output ports of the AWG, is the power intercepted by
the -th grating waveguide normalized to the total power,is
the optical frequency, and represents the phase errors of the
AWG. The total number of grating waveguides is .

The phase errors of the AWG are due to the imperfections
of the grating waveguides, which cause a deviation of their ef-
fective index from its nominal value. In the simulations per-
formed in this paper, where a large number of AWGs with dif-
ferent crosstalk characteristics must be considered, the phase
errors will be assumed zero-mean Gaussian random variables
[17]. Since the phase errors occur in different waveguides they
will also be assumed independent. In any case, the validity of the
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method described in this paper does not depend on the partic-
ular statistical behavior of the phase errors. A different behavior
of the phase errors will only change the values of the BER in
the simulations, but the method itself will still be applicable.
Furthermore, in a real interconnection, the phase errors
of the AWG can be measured experimentally, and the transfer
function can be calculated with high precision [16] using (14).
The MGF of the crosstalk components can then be estimated as
discussed in Section II-D, and the BER can be evaluated as dis-
cussed in Section II-F.

One can establish a relationship between the mean value of
, the power distribution of the grating arms , and the

standard deviation of the phase errors:

(15)
where is the transfer function between the central
input and output port in the absence of phase errors

. Equation (15) is derived using the fact that
for Gaussian-distributed and that

for since are assumed in-
dependent. Because the sidelobes of are very low, it
is deduced that the mean value of outside the main lobe
is constant and equal to

(16)

This expression relates the mean sidelobe leveland the
standard deviation of the phase errorsgiven the power distri-
bution of the grating arms. The quantity is directly related
to the sidelobe level of the transfer function of the AWG and will
therefore be used in the results presented next.

C. Inclusion of Random Bit Misalignment

To include the random bit misalignment, one should allow for
the function , which corresponds to the interfering spectra

, to be displaced by a random offset. Because of the lin-
earity of (13), the functions will also be displaced by .
Therefore, the random variables used to calculate the deci-
sion variable will depend on as follows:

(17)

and can be written as

(18)

For simplicity, the time offsets are measured with respect to the
offset of the signal, i.e., . The value of the random vari-
ables will depend on the two bits and of channel that
overlap with the bit of the signal within its duration as fol-
lows:

(19)

In the relation in (19), is the function corresponding
to a single “1” bit at the interfering channel. The time offset

is assumed uniformly distributed in [9]. If the two bits
are different , only one pulse inside the interval

must be considered. Consequently, , and the
expected value of can be written as

(20)

In (20), a perfect extinction ratio was assumed, which implies
that .

D. Calculation of the MGF

As pointed out in Section I, the MGF must be evaluated in
order to use the saddle point method to calculate the BER. The
MGF of each crosstalk termwill be given by

(21)

Using the fact that [11], where
is the modified Bessel function of zero order, the MGF can

be written

(22a)

The initials PPM stand for the inclusion of polarization vari-
ations, phase noise, and bit misalignment, respectively. If no
misalignment is assumed , then the signal’s bit coin-
cides exactly with one bit of each interfering channel. Con-
sequently, the adjacent bits ofdo not affect the MGF, which
will be given by

(22b)

where, similarly to (22a), the existence of the initials PP in
stands for the inclusion of polarization variations and

phase noise.
In the cases in which either the signals are copolarized
or the phase noise is neglected , the MGF is written

as

(22c)

In (22c), the fact that
[11] was used. Once again, if bit

misalignment is not present, the above result becomes

(22d)

If neither the phase noise nor the polarization variations are
taken into account, there are no cosines involved in the crosstalk
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terms. In this case, using (6) and (9), it is easy to show that the
MGF of each individual crosstalk term will be given by

(22e)

Finally, if bit misalignment is ignored, (22e) reduces to

(22f)

Equations (22a)–(22f) can be used to calculate the MGFs of the
interfering terms for all combinations of the factors (i.e., phase
noise, polarization variation, and bit misalignment) that affect
the crosstalk noise. The MGF of the decision variable

given that the signal bit is “1” is

(23)

In the above equation, is the MGF of the signal,
which, given the values of , is deterministic (since ).

E. Inclusion of Shot and Thermal Noise

Finally, the effects of thermal noise and of shot noise, due to
the random arrival of the photons at the receiver, should also be
included. Since the photon arrival process is a Poisson process,
the variable must be replaced by [12]. On the other hand,
the thermal noise is represented by a Gaussian random variable

, which is added to with zero-mean value and
. The thermal noise has MGF equal to

and is independent of the crosstalk noise. Hence, the MGF of
the decision variable given that the signal bit is “1”, including
the shot and thermal noise, is written

(24)

F. Calculation of the BER with the Saddle Point Method

Given the MGF of a random variable, the saddle point
method can be used to calculate numerically the cumulative
probability distribution function (cpdf) of a random variable.
This method is based on the fact that the MGF of a random vari-
able is the Laplace transform of its pdf. Consequently, the cpdf
reduces to the integral of ( being the decision
threshold used at the receiver) on a complex contour. This in-
tegral can be approximated by a simple formula involving the
logarithm of the integrand and its second derivative both calcu-
lated at the saddle point of the integrand [12].

In the case examined, the MGF , which can be cal-
culated numerically performing the simple integrations in (22a)

for each product component of (24), can be used to evaluate the
BER using the saddle point method. If we define

(25)

where is the decision threshold used in the receiver, then by
locating the negative saddle pointof the function on the
real axis, the following formula can be used for the calculation
of the BER , given that the signal bit is “1” [12]:

(26)

where is the pdf of the decision variable (including the
thermal noise and the shot noise contributions).

The BER, given that the signal bit is “0”, is calculated by

(27)

since, due to the perfect extinction ratio assumption, only the
thermal noise is present in this case. In some systems, a finite
extinction ratio might have to be taken into account, resulting in
the presence of crosstalk terms in the case of the “0” signal bit as
well. In this case, the saddle point can be used again to calculate

with MGFs taking into account the finite extinction ratio. In
any case, the average BER will be given by

(28)

The optimum decision threshold is the value of that
minimizes and can be found by computing numerically the
derivative of and solving the equation .
In the following, the BER values presented are the min-
imum values obtained by optimizing the decision threshold

.

G. Accuracy of the Model

The saddle point method provides an accurate and efficient
way to compute the BER in the case of a noise with a cpdf not
known in closed form [12]. The accuracy of the method was
investigated in [11], where a comparison between the BER pre-
dicted by the saddle point method and the experimentally mea-
sured BER was carried out for the case of i.i.d. (i.e., equal pow-
ered) crosstalk noise components. The theory was shown to be
in good agreement with the experimental results. In this paper,
an AWG interconnection is addressed, and since particular at-
tention is paid to the precise modeling of the AWG transfer func-
tion, it is expected that the calculated BER should be in agree-
ment with the experimentally measured BER in this case as well.

III. V ALIDITY OF THE GAUSSIAN APPROXIMATION

The BER of an passive optical interconnection has
been previously studied using the Gaussian model [8]. How-
ever, since the interfering signals are expected to have different
powers, the Gaussian model might not provide an accurate de-
scription of the noise behavior. In this section, the results of the
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Fig. 2. Variation of the BER with respect to the power entering the input
of a 16� 16 AWG for various values of the mean sidelobe level(X). The
dashed lines correspond to the results of the Gaussian model, and the solid lines
correspond to the results of the saddle point method.

saddle point method and of the Gaussian model will be com-
pared.

In the Gaussian model, the noise, given that the signal bit is
, is assumed to be a Gaussian random variable with noise

power , and the BER is determined by

(29)

In (29), and are the mean value of the signal and the
power of the crosstalk noise, respectively, in the case where
. To calculate , (12) is used together with

. After carrying out the computations, the
following result is obtained:

(30)

In (30), the term is the power of the shot noise.
A comparison of the results obtained using the Gaussian ap-

proximation and the saddle point method is shown in Fig. 2 for
the case of a 16 16 AWG router with three different mean side-
lobe values . The phase errors of each case were calculated
using

(31)

where is a Gaussian distribution with standard deviation
equal to 1 (the same samples ofwere used in the three cases
of Fig. 2), and is calculated by solving (16) with respect
to . The channel spacing is set to 200 GHz, and at the input
of the AWG, 10 Gb/s Gaussian RZ pulses are assumed with
full-width maximum equal to one-third of the bit duration,
which is ps. The thermal noise variance was set equal
to . The input power is the peak power of the “1”
signal bit at the input of the AWG. These specifications will be
used throughout this paper.

It is obvious that the Gaussian approximation does not pre-
dict an accurate value for the BER. In Fig. 3, the functions

Fig. 3. A typical example of the functionsG (� ) for the 15 interfering
channels in the case of a 16� 16 AWG.

, which determine the amplitude of each interferer, have
been plotted for the case of an AWG with mean crosstalk

dB. As stated in Section I, the interferers are not of equal
power, and hence, the noise pdf converges to a Gaussian shape
slowly. This explains why the BER predicted by the Gaussian
approximation does not agree with the BER predicted by the
saddle point method. In fact, the Gaussian model seems to un-
derestimate the BER.

To justify this statement theoretically, the higher moments of
the crosstalk noise can be compared in the case of the more accu-
rate, non-Gaussian statistics and in the case of Gaussian statis-
tics. The th-order moment of a random variablehaving pdf
equal to is given by and is a mea-
sure of how fast the pdf of tends to zero as . For two
random variables having the same standard deviation and mean
value, the fourth-order moment can be used to determine which
of the two has the pdf with the lower tails. This argument can
be used when the two pdfs do not differ significantly in shape.
As noted in Section I, the pdf of the crosstalk noise converges to
a Gaussian shape as the number of interferers increase. Hence,
by comparing the higher order moments of the actual noise dis-
tribution and its Gaussian approximation, it may be possible to
conclude which one has the lower tails.

First, the higher order moments of the photocurrent, with
only a single interfering term, are considered. In this case,is
given by

(32)

where and are uniformly distributed in . To account
for bit variations, is taken as a random variable assuming the
values and with equal probability

. Finally, is the standard deviation of the crosstalk noise
since

(33)

The fourth-order moment of is equal to

(34)
where formula (11b) was used along with the fact that

.
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Let be the Gaussian approximation of, i.e., a Gaussian
random variable with the same standard deviation as,

. The fourth-order moment of is
, which is smaller than the fourth-order moment

of given by (34). When there are more interferers
present, the th-order moment of the crosstalk noise can be
calculated by applying successively the fact that, for two
independent random variablesand ,

(35)

This equation can be applied regardless of the individual distri-
bution of and . Equation (35) can be used to show that if

and for , then

(36)

Applying (36) successively, in the case of , it can be
shown that when more interferers are present, the fourth-order
moment of the crosstalk noise will be again greater than that
of a Gaussian random variable with the same standard deviation.
Using the same reasoning, it can be ascertained that this holds
for , and . In other words, the higher order moments
up to the tenth order corroborate the fact that the Gaussian ap-
proximation underestimates the BER.

In this analysis, the effect of shot noise was neglected. The
shot noise adds one further random factor in the signal’s statis-
tics because the arrivals of the photons are assumed to obey a
Poisson process. The MGF of the photocurrent without
the thermal and shot noises is given by

(37)

where are the moments of the sum of
the signal and the crosstalk noise. Using the binomial ex-
pansion of and the fact that ,

, and ,

(38a)

(38b)

(38c)

and

(38d)

When the shot noise is taken into account, the MGF of the pho-
tocurrent becomes

(39)

The expectations of the photocurrent in the
presence of shot noise can be calculated using the fact that

. After carrying out the computations, the fol-
lowing result is obtained:

(40a)

(40b)

(40c)

(40d)

and

(40d)

Using the binomial expansion of , the fourth-order
moment of is written as

(41)

Using (38) and (40) within (41), the fourth-order moment of
eventually takes the form

(42)

The fourth-order moment of a Gaussian distribution with stan-
dard deviation that is equal to the sum of the power of the

crosstalk and shot noises is , or

(43)

Comparing (42) with (43) and using the fact that ,
which was demonstrated previously, it is deduced that the
fourth-order moment of the crosstalk noise is again larger than
the fourth-order moment of its Gaussian approximation. In fact,
the existence of in (42) implies that, in this case, the shot
noise has increased the difference between the fourth-order
moment of the crosstalk noise and its Gaussian approximation.

This behavior is further illustrated in Fig. 4, where the loga-
rithmic plot of the pdf of the crosstalk noise and its Gaussian
approximation are presented for a 1616 AWG with

dB and dBm. The pdfs are centered for conve-
nience around . Shot and thermal noise are taken into ac-
count in both cases. The pdf of the crosstalk noise was
computed numerically using the fast Fourier transform (FFT)
algorithm and the fact that and are related
through a Fourier transform pair:

(44)

and

(45)

Since, as shown in Fig. 4, the tails of the Gaussian distribution
are lower, it is evident that the Gaussian model underestimates
the BER.

IV. I MPORTANCE OF THEDIFFERENTEFFECTSDETERMINING

THE CROSSTALK LEVEL

As can be seen from (12), for an AWG router with given phase
errors in the grating arms , there are three random factors that
determine the value of the interfering terms: the phase noise

, the polarization variations , and the bit misalignment
(which is related to the random time offset of each interferer).
In Fig. 5, the BER resulting from taking into account different
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Fig. 4. Logarithmic plots of the exact (solid line) and approximate Gaussian
(dashed line) pdfsf (x), measured in (photoelectrons) and centered
aroundx = 0. The mean sidelobe level of the AWG isX = �22 dB, and the
input power isP = �24 dBm.

Fig. 5. The dependence of the BER as a function of the input powers
P taking (a) polarization variations, phase noise, and misalignment, (b)
polarization variations and phase noise only, (c) misalignment and either phase
noise or polarization variations, and (d) either phase or polarization variations.

combinations of these factors is depicted for various values of
in the case of a 16 16 AWG with mean crosstalk
dB. From (12), it is evident that, since the phase noise

and the polarization angle are identically distributed, they
affect the statistical behavior of the interfering termin the same
way. Consequently, when only one of these random factors is
taken into account in Fig. 5, it does not matter whether it is the
phase or the polarization.

In Fig. 5, curve (a) corresponds to the existence of the com-
bined effects of phase noise, polarization variations, and bit mis-
alignments, and curve (b) corresponds to the existence of only
the phase noise and the polarization variations in the statistics
of the crosstalk noise. It is deduced that misalignment can de-
crease the BER to about two orders of magnitude and hence im-
prove the performance of the network. This can be understood
in terms of the noise power in these cases. When no misalign-
ment is present , the power of the crosstalk contribution
of the decision variable is given by

(46)

Fig. 6. The pdf of the decision variableD assuming that (a) no crosstalk is
present, (b) there is crosstalk with no bit misalignment, and (c) there is crosstalk
with bit misalignment. In all cases, shot noise is taken into account, but no
thermal noise is assumed.

whereas when bit misalignment is present, the noise power is
given by

(47)

These results can be derived in a way similar to the one used to
derive in (30). Alternatively, the noise powers can be calcu-
lated using the second-order derivative of the moment functions
(22a) and (22b) at .

From Fig. 3, it is deduced that the majority of these func-
tions take their maximum values around . The average of

in (46) will be much smaller than in (47)
for the case of the RZ format. As a result, , and this
explains why the BER is less when bit misalignment is present.
The same behavior can be seen in Fig. 6, where the pdf of
has been plotted for dBm in three different cases.
Pdf (a) corresponds to the case where only shot noise is present.
Pdf (b) corresponds to the case of the crosstalk noise that in-
cludes bit misalignments, phase noise, polarization variations,
and shot noise. Finally, pdf (c) corresponds to the same condi-
tions as in (b) but without bit misalignment. Pdfs (b) and (c) are
in agreement with the behavior of curves (a) and (b) of Fig. 5. It
should be noted, however, that if a different input pulse format
is used (ex. NRZ format), it is not guaranteed that bit misalign-
ment will lead to a decrease in the BER.

In Fig. 5, curve (d) corresponds to the case where either phase
noise or polarization variation is taken into account. By com-
paring curve (b) with curve (d), it is deduced that, when both
of these random factors are present, the BER is reduced by at
least one order of magnitude. This is because the standard de-
viation of the two cosines product appearing in (12) is equal to
one-fourth, whereas if a single cosine term is present in (12)
(when either phase or polarization variation is neglected), its
standard deviation becomes one-half. In other words, the noise
power is doubled, and the BER deteriorates.

In the case when both phase noise and polarization variation
are neglected, however, the BER turns out to be much smaller
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Fig. 7. The values ofP when (a)N = 16, (b)N = 32, (c)N = 64, (d)N = 128 for various values of the input powerP in the AWG and the mean
crosstalk levelX . The difference inX for two adjacent curves in the same graph is 0.5 dB.

than in the previous cases. In this case, the statistics of the
crosstalk noise is determined by the randomness of the inter-
fering bits. By numerically calculating the pdf of the crosstalk
noise under these conditions, it can be shown that the tails of
the pdf are much lower than in the case where phase noise and
polarization variations are taken into account. In addition, the
amplitudes of the interferers are smaller in this case because
only the real part of the functions is present in (22e) and
(22f).

V. BER DEPENDENCE ON THENUMBER OF CHANNELS

In order to assess the implications of crosstalk noise in the
network’s BER, a series of computer simulations have been per-
formed. Various values for the expected sidelobe level, for
the input power , and for the number of channels have
been considered. The MGFs used in the BER calculations in-
cluded the contribution of polarization variations, phase noise,
bit misalignment, and shot and thermal noise. The results are il-
lustrated in Fig. 7(a)–(d) for , , and

, respectively. In each case, 25 different AWG transfer
functions were created using Gaussian-distributed phase errors

with the same standard deviation, which is related to the
mean AWG crosstalk through (16). The mean logarithmic
BER, was computed from the BER’s corresponding
to each transfer function, using

(48)

As indicated by Fig. 7, a mean crosstalk level of25 dB
achieves very low BER when the number of channels is 16.
However, as the number of channels increases to 128, mean
crosstalk level equal to 35 dB is required to achieve the same
BER. It is therefore imperative to use an AWG with lower
crosstalk levels as the number of channels increases.

Another point of interest in these diagrams is that an increase
in the input power does not, in most cases, result in a
drastic improvement of the BER. This is because the crosstalk
contribution to the decision variable given by (6) depends
linearly on the products . An increase in the input
power by a factor of is equivalent to the multiplication of each

by a factor of ; therefore, the power of the signal (which
is the expected value of ) and of crosstalk noise (which is the
expected value of ) will both be multiplied by a factor of .
It is therefore expected not to have a drastic improvement in the
BER.

VI. CONCLUSION

The implications of non-Gaussian AWG crosstalk noise on
the performance of a passive interconnection were exam-
ined using the saddle point method. A model for the calculation
of the BER including the phase noise, polarization variations,
and bit misalignments has been presented, and the importance of
these factors has been evaluated. The thermal noise and the shot
noise have also been incorporated into the model. The validity
of the Gaussian approximation was examined, and it was shown
that there are cases in which the Gaussian approximation does
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not provide an accurate value for the BER. It was deduced that
bit misalignments can lead to a decrease in the BER by approx-
imately two orders of magnitude in such a network in the case
of the RZ format. Finally, the performance of the network has
been evaluated for various values of node number, input power,
and mean AWG crosstalk. It was deduced that, as the number of
channels increase, the mean AWG crosstalk must decrease sig-
nificantly to achieve the same order of magnitude BER.
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