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Asymptotic Behavior of In-Band Crosstalk Noise In
WDM Networks

Thomas Kamalakis and Thomas SphicopouMember, IEEE

Abstract—In-band crosstalk noise can pose important limita- method [2, Ch. 5]. In this letter, an optically preamplified re-
tions in an optical network. To calculate the bit error rate (BER),  ceiver with an electrical integrate-and-dump filter and an ideal
the crosstalk—crosstalk beating noise is usually ignored in the rectangular optical filter will be considered. The quantum ef-

literature. In this letter, it is shown how the crosstalk—crosstalk fici fth hotodetect il b d |t it
noise can be taken into account in the analysis of an optical ICiency or the photoaetector will be assumed equal 1o unity.

receiver in the case of many independent interferers. It is shown Under these assumptions the MGF;| x (s) of Z conditioned
that the crosstalk—crosstalk noise can influence the value of the on the energyX (in photons) of the incident optical field at the
BER, change the optimum receiver threshold, and introduce some input of the amplifier, is given by [2, Ch. 7]

power penalty.

L
Index Terms—Crosstalk, error analysis, optical receivers, wave- M, \'( S) — 1 exp XGs ) 1)
length-division multiplexing (WDM). I 1 — Nys 1 — Nps

In (1), No = nsp (G — 1) is the power spectral density of the
|. INTRODUCTION amplified spontaneous emission (ASE) noise, whilandn.,

T HE PERFORMANCE of wavelength-division-muilti- are the gain and the spontaneous emission parameter of the op-
lexina (WDM) networks can be severely limited b ical amplifier respectivelyL + 1 is equal to the producBT’
plexing (WDM) y jthe bandwidthi3 of the optical filter and the bit duratiof

assumed to be an integer). The M@F;(s) of Z un-
g?nditionally of X, can be calculated by taking the expected
lue of Mz x (s) with respect toX. The optical field at the
ut of the amplifier can be represented in complex notation

the presence of in-band optical crosstalk noise [1]. In-bal
crosstalk noise arises at optical cross connects because,
to their imperfect characteristics, a small delayed version
the signal or a small portion of light from other channels e

the same wavelength (in a network with wavelength reus! . .
is routed along the same path as the signal. Since in-b (t) = Re{A(t) exp(j2m fot)} whereA(?) is the envelope

crosstalk noise is at the same wavelength as the signal, it can(?]fotpe optical field, andfy the optical frequency. If the desired

be removed using additional filtering and can degrade the ﬁgnal and the in_-b_and crosstalkint_erfe_ring components have the
error rate (BER) at the receiver. same pulse variation(t), then A(t) is given by

If the receiving photodiode is assumed to act as a square-law M '
device, then there are two in-band crosstalk noise contributions A(t) = Z cmg(t)el . (2
present at the receiver: one resulting from the beating of the m=0

optical signal with the optical crosstalk noise, and one from |, (2), e, are the amplitudes of the signah(= 0) and of

the beating of the optical crosstalk noise with itself. Thg o crosstalk componentsi(> 0), ¢, is the phase difference
crosstalk—crosstalk noise is usually neglected in the literatygu,een the signal and interferer >’ 0 (¢o = 0), and M is
[1]. In this letter, the effect of the crosstalk—crosstalk beatinge number of interferers. The, are caused by the phase noise

noise is considered, in the limit of many independent integz he | ASER sources and are assumed uniformly distributed in
fering channels. It is shown that even in the presence of optlT@I 21]. The energy of the signal is given by

amplifier noise, which is often considered as the major noise
contribution in an optical network, the crosstalk—crosstalk T MM .

. . . _1 2 g i (br—bn
noise can influence the value of the BER, change the optimum® = 2 /0 |AQ)]" dt = Z Z creqed PEm )
receiver threshold, and introduce some power penalty. ' k=0 n=0

M M M
2 (k= b
Il. MATHEMATICAL CONSIDERATIONS =co+2c0 ) chcosdrt+ ¥ D cpeaed PO (3)
k=1 k=1 n=1
The moment generating function (MGREJz(s) of the deci- "

sion variableZ (in photoelectrons) at the receiver is defined as I (3) the factor 1/2 in front of the integral ¢fi(#)|? is due

the expected value afZ. If M (s) is known, then the calcu- {0 the complex notation adopted feft) [2, Ch. 7]. Itis also as-

lation of the BER can be accomplished using the saddle pofittmed thay(t) is normalized so thait/2 [ |g(t)|* dt = 1. Due
to this normalizationg? is the number of photons in the signal
while ¢2, is the number of photons of interferer > 0. As seen
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beating (second sum). Taking the expected value of (1) with re-
spect toX, we obtain

Mz(s)=E {Mzx(s)} = (1_§Vos>L Mx (1—Glffos> (4)

whereMx (s) = E{e**} is the MGF ofX andE{.} denotes
expected value. If the crosstalk—crosstalk contribution in (3) is
ignored, then due to the central limit theorem [3, Ch.1], as the
number of interfererd/ becomes largeX becomes Gaussian

with mean value equal &, while its standard deViatiOﬂ§ and Fig. 1. Relation between the receiver threshold and the error probabilities for

0.2 0 I 3
dy=dl(Gcy®)

MGF Mx(s) are given by
03 =2c2 Z 2
m>1

Mx(s) = exp (c§s + 0332/2) .

(®)

(6)

Using (6) and (4), it is possible to calculate the MGF

bit b, = 1 (solid lines) andb, = 0 (dashed lines) and the threshold at the
receiverd normalized with respect t6'c2.

Mz(s), which is determined by (10) and (4), can be used to es-
timate the BER, when the crosstalk—crosstalk noise is included.

lll. 1 MPORTANCE OF THECROSSTALK-CROSSTALK NOISE

of the decision variable when the crosstalk—crosstalk noiserhe MGFs calculated in the preceding section will now be

influence is ignored. To calculate the MGF a&f when the
crosstalk—crosstalk noise is taken into accountRletindV be
given by

R = Z Cm COS Ppy, V= Z Cpn SIN Dy, -

m>1 m>1

()

The mean value oR andV is E{R} = E{V} = 0. When

used to estimate the importance of the crosstalk—crosstalk noise
in the performance of the system, using the saddle point method
[2, Ch. 5]. In the case where the signal bittis = 1, the
MGF can be obtained using (4) and either (6) or (10) depending
on whether the crosstalk—crosstalk noise is included or not, re-
spectively. Assuming a simple nonreturn-to-zero (NRX)OFF
keying, c2 will be given byc2 = P,,T/(hfo) whereP,, is the

M — oo, the random variableB andV asymptotically become incident optical power of the signal at the amplifier input and
Gaussian and their joint statistical behavior is completely detdrIS Planck’s constant. In the case whége= 0, assuming a

mined by their covariance= E{RV}.If p = 0, thenR andV/
are mutually independent [3, Ch. 1]. Using (#)is written as

p=E{RV}=>">" cpcxE{cos g singr} =0. (8)

m>1 k>1

Equation (9) holds because, for uniformly distributegd
inside [0, 2], one hasE{cos¢,,singdr} = FE{cosd,}
E{sin¢gp} = 0 for m # k and E{cos¢,sind,,} =

perfect extinction ratio, the MGF is obtained by the same proce-
dure, setting:;y = 0. In order to take into account the electrical
thermal noise, the MGF of the decision variable is multiplied
by exp(c?,s%/2) which is the MGF of the thermal noise. The
power of the thermal noise is equaltf), = 2k Tk T/(¢*R1),
wherek g is Boltzmann'’s constanf};, the load resistor of the
photodetector]x the temperature (in kelvin), while is the
charge of the electron.

In Fig. 1, the error

probabilities P¢¢, when the

e,

1/2E{sin(2¢,,)} = 0. Sincep = 0, the Gaussian random ¢crgsstalk—crosstalk noise is included and the signal bit is

variablesk andV are independent.
Using (7) and (3)X is expressed a& = (co+R)>+V?2,i.e.,

bs = 1, are plotted with solid lines for various values of the
decision threshold at the receiver (normalized with respect

as the sum of the squares of the independent Gaussian rang9ihe number of photoelectroiia:? of the signal at the pho-
variablescy + R andV. Therefore, X has a noncentral chi- ggigde output) assuming th&, = —30 dBm, G = 30 dB,

(pdf) fx(z) and MGFMx (s) given by

1 z + 2 2co\/T
oo (-5 0 (*35)
o o

9)

(10)

wherea? is the number of photons of the crosstalk noise

M
o’ =E{R’}+E{V’} =Y ¢,

m=1

(11)

B = 10/T = 100 GHz, R;, = 100 Q, andc?/o? = 100
(implying an optical signal-to-crosstalk ratio of 20 dB). Also
plotted with dashed lines are the error probabiliti€s
when the crosstalk—crosstalk noise is neglected. The error
probabilities predicted by the two models are quite different
whenb, = 0 since, in this case the signal-crosstalk noise is
not present and the crosstalk—crosstalk beating noise becomes
a major noise contribution. The difference between the two
models is significant but not as pronounced in the case where
bs = 1, since both models take into account the signal-crosstalk
beating noise which is larger than the crosstalk—crosstalk noise.
It is interesting to note that the error probability whign= 1

The ratioc3 /o2 represents the signal-to-crosstalk ratio in this less when the crosstalk—crosstalk term is included. This
optical domain. It is sometimes convenient to normalize the opesult can be justified by considering the special case of no
tical field so thatr> = 1. By applying the saddle point method,optical amplification(G' = 1, Ny = 0) and no thermal noise.
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Fig.2. Pdfofthe decision variabe when the crosstalk—crosstalk influence is . N
ignored (dashed lines) and when it is taken into account (solid lines) fer 10 -40 T T T T T T T T T T T b
ando? = 1 without ASE and thermal noise. -13 -12 -11 -10 -9 -8 -7 -6 -5 -4
log,o(BER)
0 . ) o .
Fig. 4. Relation between the BER and the power incident at the amplifier
: input, (a) when the power of the crosstalk components does not change, (b) when
-2 the signal-to-crosstalk ratio remains constant. The solid lines represent the BERs

calculated when the crosstalk—crosstalk noise is included and the dashed lines

-4 the BERs when it is not.

noise becomes less important reducing the difference between
the two models.

log,o(BER)
&
1

| The decrease of the BER experienced by increasing the
-104 incident powerP,, of the signal is depicted in Fig. 4, for
1 ct/o? = 100 at P,, = —40 dBm andN = 1, ny, = 1,
-12 — T T T T 1 G =30dB,T = 100 ps,Ry = 100 Q, B = 100 GHz. Two
06 01 02 03 04 05 cases are examined: a) the incident power is increased and the
dy=d/(Gey?) crosstalk power remains constant; and b) the incident power

is increased and the signal—crosstalk ratio remains constant.
Fig. 3-Ik Calcula}ﬁd values ofk the BER at th? rlgdceli_ver,) thn thHFhe latter case is considered because in many networks, such
crosstalk—crossta noise is taken into account (soli Ines) and w H H H : H H
it is neglected (dashed lines) assuming that the signal and the crossé%( an arrayed_wavegu'_d? grating mterconneptlon,_ Increasing
components pass through a cascadeVof= 1, 5, or 10 amplifiers before the power of the transmitting channels results in an increase of
reaching the photodiode. the power of the crosstalk noise by the same amount [4]. By
comparing the values d?,, required to achieve a BER equal to
In this case, using (4), it is deduced thet;(s) = Mx(s) 1079, itis deduced that the inclusion of the crosstalk—crosstalk

and hence the pdf(z) is the same as that of. When the noise causes a power penalty of 0.2 dB in Case a, and 1.5 dB in
crosstalk—crosstalk is taken into account, the pdfa$ given Case b. Depending on the designer’s crosstalk power penalty
by (9) and is plotted with a solid line in Fig. 2, fer? = 1 requirement, it is, therefore, deduced that crosstalk—crosstalk
ande, = 10. As stated in Section 11, if the crosstalk—crosstalR0ise can become an important issue in system design.

noise is neglected, the pgi@”(z) of Z is Gaussian with mean

value equal ta3 and standard deviation given by (5). The pdf IV. CONCLUSION

(2 is also plotted with dashed lines in Fig. 2. It is evident |, tis letter, the influence of the in-band crosstalk—crosstalk
that the left tails of the Gaussian pgf’’ are above those of beating noise in the performance of a preamplified receiver was
fz. Since the error probability in the cale= 1, is determined jnvestigated in the limit of a large number of interferers. The re-
by the left tails of the pdf of the decision variable [2, Ch. 5], itults obtained suggest that the crosstalk—crosstalk beating noise
is evident that inclusion of the crosstalk—crosstalk noise leagignnot be neglected in general and can influence the BER of the

to a smaller error probability. system and the choice of the optimum threshold.
The value of the BER of the system obtained as the average of
the error probabilities obtained in the casgs= 1 andb; = 0 REEERENCES
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