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Asymmetric Probability Density Function of a Signal
with Interferometric Crosstalk

Xin Jiang Member, IEEEand loannis Rouda®lember, IEEE

Abstract—An asymmetric probability density function due to
the beating of interferometric crosstalk and amplifier spontaneous
emission noise in a system with optical preamplifier is observed ex-
perimentally and explained theoretically. An accurate derivation i
of the probability density function of the photocurrent in the pres- i
ence of N incoherent homodyne interferers is presented, for the
first time, to explain the asymmetry. The model is compared with
the experiment and is shown to be in excellent agreement.
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Index Terms—Amplifier noise, cochannel interference, net-
works, optical crosstalk.
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I. INTRODUCTION

NTERFEROMETRIC crosstalk is one of the major im- 01 . 7 —— ; .
pairments in transparent wavelength-division-multiplexing 00 02 04 06 08 1.0 12 14 16 18
(WDM) optical communication systems and networks and ca Signal Level
cause severe performance degradation [1]-[5]. A number of
models with various degrees of accuracy were proposed in ffii@ 1. Histograms of optical power with one crosstalk term when a
literature for the evaluation of the probability density func_:tiorg[)eszr:ggfgrc'foissf;kThe inset plotis the histogram of the optical power in the
(PDF) of the direct-detection receiver photocurrent in optically
amplified communication systems in the presenceNofin-
coherent homodyne interferers, e.g., most recently [5]. Thedls, which have the same wavelength and polarization state,
analyses usually neglect the crosstalk-crosstalk and amplifi¢iih an unmodulated signal using a coupler. An optical ampli-
Spontaneous emission (ASE) noise-crosstalk beatingS, as \K)@n is placed in front of a broad-band direct-detection receiver.
as the direct detection of the crosstalk and the ASE noise. TN electronic low-pass filter is used [6].
omission of the aforementioned terms results in a symmetricFig. 1 shows histograms of the optical power when one
photocurrent PDF. However, in a realistic system with optic&losstalk term is present with crosstalk levels in the range
amplifiers, the interplay between interferometric crosstalk andl0 dB to—25 dB. The inset plot shows the histogram of the
ASE noise in the receiver cannot be neglected when crosst@kical power of the signal without any crosstalk. The observed
is not small. Obvious asymmetric PDF has been observedARF with one crosstalk term resembles the arc-sine statistics of
the experiment [6]. interferometric crosstalk predicted by the previous models, e.g.,
In this letter, we present a theoretical and experimental stuthl; however, the two peaks are obviously asymmetric even
of the PDF of the direct-detection receiver photocurrent in tiBough the phases of the signal and crosstalk are uncorrelated.
presence of multiple interferometric crosstalk. An accuratee asymmetric broadening of the optical PDF is due to the
derivation of the photocurrent PDF, taking into account th®SE noise. For an optically preamplified receiver, the dominant
aforementioned neglected terms, is used to explain the asy#@nal-ASE noise beating, whose variance increases with the

metry. The theoretical PDF is compared with the experimefignal power, leads to a larger broadening of the part of the PDF
and is found to be in excellent agreement. associated with the constructive interference, i.e., hlgher signal

levels, than the one associated with the destructive interference.
Fig. 2 shows the PDF of the signal with one crosstalk term
in the absence of optical preamplifier in front of the receiver.
The experimental setup is described in [6]. The measuremepjhout ASE contribution, the PDF is symmetric.
are taken by combining one to eight unmodulated optical sig-The asymmetries of the PDFs with multiple crosstalk chan-
nels are shown in Fig. 3.
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which follows a Gaussian distribution with zero mean and vari-

! C:ZLB’ ancec?,. The latter can be increased to approximately account

il s for the contribution of the shot noise. In the right-hand side of

204 /'\ “ —me 20 dB expression (2), we distinguish the following terms: the double
HEA --+-e-25 48 sum includes the direct detection of the signal and the crosstalk,

as well as the signal—crosstalk and the crosstalk—crosstalk beat-
ings; the second and third terms arise from the direct detection
of the ASE noise; the fourth and fifth terms arise from the ASE
noise-crosstalk beating.

In a worst case scenario, the signal and the crosstalk terms
have the same frequency, so the argument differefdegs,,
are equal to the phase noise difference4,,,,. Phase noises
Fig. 2. Histograms of optical power with one crosstalk term withouekv k=1,..., N +1can be considered independent Wiener
preamplifier. The solid curve is signal without crosstalk; the dashed curves #&ndom processes [10], so they follow Gaussian distributions.
in the presence of crosstalk. In the experiment, the variance aféy,,, is so large that the
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phase noise&., £k =1, ..., N +1 can be considered indepen-
I1l. THEORETICAL MODEL dent, identically distributed random variables following a uni-
The electric field impinging upon the photodiode can b&rm distribution in the interval{=, 7]. _
written E(t) = R{E(t)c*»'}, where ® denotes the real For the evaluation of the characteristic function of the pho-
part,w, is the carrier angular frequency, and tilde denotes tieurrent, first, we define the auxiliary Rv= 21(¢)/R. Using
complex envelope (2) and the definition of the characteristic function [7], it is

straightforward to see that the characteristic functior» a$

N+1 . . ..
. 4 ) given by (3) at the bottom of the page, wheid is the joint
— i ;
E(t)= ) Apc™ +ne(t) +iny(t). () PDF ofne, ns, . .., fx1, and we define the auxiliary function
k=1

In (1), A; is the amplitude of the signallx, k=2, ..., N+  F(w)= %ﬂ/ /
1 are the amplitudes of th& crosstalk terms or interferers, (2m) - -7

™

which are assumed copolarized with the sigral, ¢, k = %w o

2, ..., N + 1 are the arguments of the complex envelopes of TP T 9020 Do D Ardn cos A
the signal and interferers, respectively, and »; are the real k=1m=kt1

and imaginary parts, respectively, of the complex envelope of ~doy - dOny (4)

the ASE noise, which are considered independent narrow-bapdne case of one interfere®( = 1), (4) can be evaluated
bandpass Gaussian stochastic processes with zero mea”%ticaﬂy [8, eq. (3.339)], s0 (3) yie’Ids
varianceo? [7]. ' ’

Assuming that the photodiode is an ideal square law detector, Vo (w) = 1 o (05,07 2D H[iw(AT+A5) /(1207 iw)]
the power of the detected signal is givenBgt) = |E(t)|?/2. . 1 —20%w
The photocurrent at the output of the photodiode can be written I < 2iw A1 Ay ) )
R (N4 1— 202w
) =5 { S0 Ay cos Ag +ni() wherel,(x) is the modified Bessel function of the first kind of
k=1 m=1 order zero.
N+1

) In the case of multiple interferersM > 1), the evaluation

+ng(t) + 2n.(t) Z Ay, cos ¢y, of (4) requiresN + 1 numerical integrations. For this purpose,
k=1 Gauss-Legendre quadrature can be used [9]. The selection of

the number of integration nodes is a compromise between accu-

N41
+ 2ns(1) Z Ay sin d)k} +ra(t)  (2) racy and computational complexity. Since the number of opera-

k=1 tions grows proportionally to the\+1)th power of the number
where R is the responsivity of the photodetectaxg;,, = of integration nodes, the latter must be kept as small as pos-
o1 — P is the difference of the arguments of thtk and thenth  sible. It is possible to reduce by one the number of integrals in
interfering channel, and,; (¢) is the receiver thermal noise,(4) using a transformation of variables frafy, ..., Ox41 to

oo

N+1
_ _ Jt}Lw w A2 F
1— 20%w eXp( 9 T1 20%, > ’“) (w)

o) = B{e™*} = / / / / / Dy Mo, Ty B, -, Oy saldne dn i, dBy - dBx sy
1 2 2 s
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Fig. 4. Fit of measurements of Fig. 3 with the expression (6). (a) Linear; (b)
Logarithmic (Symbols: lines- model; points= experiments).

guadrature with ten nodes is used for the evaluation of (4). In
all cases, a fast Fourier transform with 2048 points is used for
the numerical evaluation of (6). The receiver thermal noise
varianceo?, is set to zero. The theoretical model accurately
describes both the center and the tails of the measured PDF.
The shape of the PDF is clearly asymmetric, with steeper left
edge and smoother right edge. The asymmetry is attributed to
the ASE noise-crosstalk beating, as well as the direct detection
of the ASE noise.

IV. SUMMARY

An asymmetric photocurrent PDF at the output of an optically
amplified, direct-detection receiver in the presencé&/diomo-
dyne incoherent interferers is observed experimentally and ex-

Fig. 3. Histograms of optical power with multiple crosstalk terms with (a) Wolained theoretically for the first time. An accurate expression of

crosstalk terms, and (b) four crosstalk terms.

01 — 02, 62 — 03, ..., Oy41 and integrate ovefy 4. In ad-

the PDF of the photocurrent is derived. The model is compared
with the experiment and is shown to be in excellent agreement.
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