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On the Beating of ASE and XPM Noise In
Optical Recelivers

llya Lyubomirsky, Member, IEEEand Michael Y. FrankelMember, IEEE

Abstract—This letter presents a theoretical study on the effects ~ Systems limited by either ASE or XPM in isolation have been
of beating between amplified spontaneous emission (ASE) noisestudied extensively [7]-[10], and simple Gaussian noise models
and cross-phase modulation (XPM)-induced noise in optical have been used to include both effects i) anodel [11]. In
receivers. Our theory of ASE-XPM beat noise predicts that such _, . .
beating effects are actually beneficial to receiver performance, th's_ IetFer, we present a _novel theory of receiver performance,
resulting in lower error probabilities. The ASE-XPM beat noise  Which includes the beating effects between ASE- and XPM-
produces skewed non-Gaussian probability distributions and induced noise in the receiver. Our theory predicts inherently
shifts optimum receiver threshold closer to the one level. These non-Gaussian probability distributions, with important conse-
conclusions are insensitive to the exact noise statistics assumed for, uences, such as a shiftin optimum receiver threshold and lower

q
XPM or ASE. error probabilities compared to the Gaussiamodel.

Index Terms—Amplified spontaneous emission (ASE),

cross-phase modulation (XPM), noise, optical receivers. II. THEORY

Consider an optical nonreturn-to-zero or return-to-zero pulse,
. INTRODUCTION corresponding to a logical one bit, arriving at a receiver. After
PTICAL RECEIVER design is growing in importance agquare law detection in a PIN or avalanche photodiodes receiver,
wavelength-division-multiplexing (WDM) transmissionthe optical pulse is converted to an electrical pulse, amplified,
systems scale to ultradense channels spacing [1]. An optimdiliered, and sampled by a clock and data recovery (CDR) cir-
designed receiver can partially compensate for the greater trafigit. We assume that the receiver circuitry is well designed so
mission penalties inherent in ultradense WDM (UDWDM). Théhe CDR samples the signal at the optimum sampling instant,
performance of an optical receiverin UDWDM transmission sy§orresponding to the peak of the pulse. We model the resulting
tems depends critically on the optical and electrical filter shapga@mple by a normalized random variable (RV)
and bandwidths [2]-[5]. These critical receiver parameters must
be optimized taking into account the presence of amplified

spontaneous emission noise (ASE), linear crosstalk, and fiRgtieren,.. is an RV corresponding to ASE signal-spontaneous
nonlinearity. The ultimate goal is to approach the quantum limieat noisesn, ., is an RV corresponding to XPM noise, and
of receiver performance, although this is extremely challengirggasenXpm is the beating between the two optical noise terms
due to fiber nonlinear effects, which distort the pulse shape ajgth a strength parameter The addition of the noise beating
produce noise in the receiver. termena..nypm iS a central hypothesis of our theory, based on

Cross-phase modulation (XPM) fiber nonlinearity is @he physics of square law detection. The R¥ normalized,
particularly important effect in UDWDM systems operating afithout loss of generality, such that = >= 1, which is equiv-
10-Gb/s channel rates [6]. XPM produces a signal-depend@mént to normalizing ASE and XPM noise to peak optical power.
amplitude noise in the receiver, with a magnitude that \&e assume that,.. andn.,, are independent RVs, with zero
inversely proportional to channel spacing [7]. Moreover, unlikgiean, and varianae?,, andg)%pm, respectively.

four-wave mixing, XPM cannot be eliminated by launching Rv = can be written in a particularly simple, and physically
adjacent channels with orthogonal polarization. Thus, XPM fgvealing, form by first considering the case= 1

a fundamental impairment, along with the ASE noise always
present in optically amplified systems. In a well-designed z = (14 nase)(1 + nxpm) = zy. (2)

thYr\r/]I;'(\aA d t:snascrrrl]lis;lgna Sg;::zé tgstvsggﬁakéaé.ng: dp;)(\gi;_iﬁﬁ_ this form, RVz clearly exhibits the multiplicative noise nature
P of }he ASE-XPM noise beating effect [12]. The new Rvand

duced noise at the receiver. Thus, an accurate description o re also independent, with mean one, and variaigeand
receiver performance must include a model for both ASE a?(qa P .’ ! lanee

XPM, where the noise contributions from the two effects cap®™’ respectively. Using a transformation technique [13], the
be ec}ually strong probability density function (pdf) of can be put into an integral

form in terms ofz andy

z=1+ Nase + Tixpm + € Nase Nxpm (1)
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where the last equality assumes a Gaussian model for the ~ ‘ T ‘
of z. A Gaussian model for ASE noise is deemed reasonak 1¢° [ o\ ° TN 1
while we make no assumptions at this point about XPM noit \ /

statistics. The error probability for receiving a “0” given that “1” [ ‘\ g
was transmitted is obtained by integrating over - “‘

Va 1 [to° -V
Y d
P(0/1)= dzzz:—/ dy f,(y)-erfc | ——
( / ) J —0o0 f ( ) 2 J — 00 JfJ(y) <y0ase\/§>
@) |
whereV, is the threshold voltage. In comparison, ignoring thg . ‘c" /’{ ,,’
noise beating effects, and employing Gaussian statistics to *~ 107 AN
scribe XPM noise, the error probabilify(0/1) would be [

ability Distribution
S
A
~

[ [0 ) A\
Va 1 . . 1 1-V 10~8 | ./ AR L \
P (0/1) = / dz——— e (1=2)7/20F — _epfc d -0.5 0 “os 1 15 2
—o  \/2m0? 2 oV2 Normalized Receiver Voltage
®)
Whereaf — Uzse + o2 Fig. 1. Calculated probability distributions. Solid curves show Gaussian pdf

xpm*® - models for both one and zero level. Dashed curve shows how pdf for one level
The total error probability includes the probability for réchanges when ASE-XPM beating effects are included with XPM treated as

ceiving a “1” given that “0” was transmitted. We assume th@aussian RV. Dotted curve is similar to dashed curve but with XPM treated
transmitted signal has a high extinction ratio. and intersymb%ﬂ a uniform RV. Dashed-dotted curve shows the case where XPM is absent.
interference on the zero level is negligible. In this ideal case, we
canignore the influence of XPM noise on the zero level, and el

0

10
ploy a Gaussian pdf model of zero mean, and variarf§#1]. —
Thus, the probability for receiving “1” erroneously is » Gaussian P //
) v 10 ASE+XPM T
P (1/0) = Pg (1/0) = —erfc <—d) . (6) S
2 70V2 - 10"
The total error probability is obtained from the above expreé \
sions asP. = 1/2(P(0/1) + P(1/0)), where the factor of ;¢ \ ,
S - e wan Iy 10 : . Gaussian
accounts for equa priori probability for transmitting “1” or 2 \ oA ASE only
“0.” In the Gaussian approximation of ASE and XPM noise5 \\ S
optimizing the threshold voltagg; in P, = 1/2(Pg(1/0) + 10 NS
P;(0/1)) yields the@ model. oo
107° v 1
[ll. RESULTS AND DISCUSSION W
. -12
Fig. 1 shows the calculated pdfs, whetg. = oxpm = 0.1 10 o 05 0.4 06 08 ]

andoy = 0.05 (corresponding t&) ~ 5). The solid curves
represent the standard Gaussian model, which ignores any noise
beating effects. The dashed curve shows the calculated pdf whian2. Calculated error probabilities. Solid curve shows the standard Gaussian

. : S : -.model. Dashed curve shows our model including ASE-XPM beating effects with
ASE-XPM noise beatlng is included, and XPM is modeled wit PM treated as Gaussian RV. Dotted curve is similar to dashed curve but with

a Gaussian pdf. As shownin Fig. 1, the ASE-XPM noise beatingM treated as a uniform RV. Dashed—dotted curve shows the case where XPM
tends to skew the pdf toward the one level, with a skew factisrabsent.
[13] given by

Receiver Threshold

{(z = (z))*) 602,02, threshold. The ASE-XPM beat noise has the effect of shifting
§= . = P . (7)  optimum receiver threshold toward the one level. ASE-XPM
0'7% (Ugso + U)chm + O—zzsca)%pm)g/z

beat noise also results in a lower error probability compared
The skew factor is positive definite, indicating that the pdb the Gaussian model. A qualitative explanation for these
is always skewed toward the one level as long as both ASE aaftects, both of which follow from the skewed pdf, can be
XPM noises are present in the receiver. In the example showrginmen by considering the multiplicative nature of ASE-XPM
Fig. 1, the skew factaf = 0.21. Note that ASE-XPM beat noise noise beating. Physically, the impact of ASE noise, being
has relatively little impact on the total width of the pdf. Thigroportional to signal strength, is reduced when XPM results
can be clearly seen by considering the variance inzRgiven in the signal fluctuating down, and vice versa. Mathematically,
by o? = 02, + 02 + 02e02m: Where the ASE-XPM beat a skewed or asymmetric pdf results because the width of the
noise termo?, .02, gives a negligible contribution forZ ., pdf (for = < 1) is reduced when signal fluctuates down due
o2, < 1. to XPM, while the width (forz > 1) increases when signal
Fig. 2 compares the calculated error probabilities coffuctuates up due to XPM. The case of no XPM is also shown
responding to the pdfs in Fig. 1 as a function of receivén the dashed—dotted curves of Figs. 1 and 2 for comparison.
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7 numerical value of ASE-XPM beat noise strength parameter
should be determined experimentally, for example, by finding
the best parameter fit @fto measured data of error probability
versus receiver threshold voltage.

IV. CONCLUSION

We have proposed a novel theory of receiver performance that
includes a model for ASE-XPM beat noise. Our theory predicts
that ASE-XPM beat noise tends to skew the pdf toward the one
level, also shifting the optimum threshold voltage. Such noise
beating effects are beneficial in reducing the total error prob-
ability at the optimum threshold. These conclusions are rela-
tively insensitive to the exact noise statistics assumed for XPM
or ASE. While this work focused on the beating between XPM
and ASE noise, our theory may have applications to other mul-
tiplicative noise processes, as long as they dominate over the

-
On

Error Probability

10-10

ASE only

g signal independent receiver thermal noise.

Fig. 3. Calculated error probability at optimum threshold as a function of
ASE-XPM beat noise strength parameterBoth ASE and XPM are treated
as Gaussian RV. Dashed line shows the error probability when XPM is absent.
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The dotted curves in Figs. 1 and 2 show the pdf of the nor-
malized sample voltage and corresponding error probability
when XPM noise is modeled by a uniform pdf. The uniform pdf
is defined over an interval [— d, 1 4 d], where the parameter [1]
d = /3 o,,m t0 ensure the same variance as in the Gaussiarlz]
model of XPM noise. The uniform pdf model of XPM noise
tends to compress the tails in the pdf:ahore than a Gaussian
model of XPM. This results in an additional small shift in op- [3!
timum threshold toward the one level, and a modest reduction
in error probability. Note that, due to mathematical symmetry in [4]
RV z as a function ofr andy, the same error probabilities are
obtained by assuming a uniform pdf model of ASE noise, while
modeling XPM with a Gaussian pdf. Indeed, ASE-XPM beat [5]
noise exhibits similar features for any reasonable statistics as-
sumed for ASE or XPM noise. However, in practical UDWDM (g
systems, where many channels are involved in producing XPM,
XPM-induced noise should be well modeled by Gaussian sta!”]
tistics.

Itis straightforward to include an arbitrary strength parameter(s]
¢ for the ASE-XPM beat noise. The analogous result for (4) is

o0 [9]
1 -V,
PO/ = [ dus)-erte o) © o

The corresponding formulas for variance and skew factor rel1l
main the same with2 02, replaced byso? o7 .. Note

that in the limite — 0, (8) reduces as expected to the simple[12]
model of ASE and XPM noise developed by Killey al. [14,

eg. (3)]. Fig. 3 shows the calculated error probability at optimunLB]
threshold voltage as a function of ASE-XPM beat noise strengt
parametee. As long as is of order unity, our theory predicts a [14]
lower error probability compared to previous models, which ig-

nore ASE-XPM beat noise effects [11], [14, eq. (3)]. The exact

REFERENCES

P. J. Winzer and R. -J. Essiabmre, “Optical receiver design tradeoffs,” in
OFC 2003 Tech. Digvol. 2, 2003, pp. 468—470.

G. Bosco, R. Gaudino, and P. Poggiolini, “An exact analysis of RZ
versus NRZ sensitivity in ASE noise limited optical systemsEDOC
2001 Tech. Dig.vol. 4, 2001, pp. 526-527.

I. Lyubomirsky, S. Shetty, J. Roman, and M. Y. Frankel, “Optimum 10
Gbh/s NRZ receiver bandwidths for ultradense WDM transmission sys-
tems,”IEEE Photon. Technol. Lettvol. 14, pp. 870-872, June 2002.

M. Pfennigbauer, M. M. Strasser, M. Pauer, and P. J. Winzer, “Depen-
dence of optically preamplified receiver sensitivity on optical and elec-
trical filter bandwidths — Measurement and simulatiolsEE Photon.
Technol. Lett.vol. 14, pp. 831-833, June 2002.

I. Lyubomirsky, T. Qiu, J. Roman, M. Nayfeh, M. Y. Frankel, and M. G.
Taylor, “Interplay of fiber nonlinearity and optical filtering in ultradense
WDM," IEEE Photon. Technol. Lettvol. 15, pp. 147-149, Jan. 2003.

E. Ciaramella, “Nonlinear impairments in extremely dense WDM sys-
tems,”IEEE Photon. Technol. Lettvol. 14, pp. 804—-806, June 2002.

M. Shtaif, M. Eiselt, and L. D. Garrett, “Cross-phase modulation distor-
tion measurements in multispan WDM systemiEEE Photon. Technol.
Lett, vol. 12, pp. 88—90, Jan. 2000.

R. Hui, K. R. Demarest, and C. T. Allen, “Cross-phase modulation in
multispan WDM optical fiber systemsJ. Lightwave Technalvol. 17,

pp. 1018-1026, June 1999.

N. A. Olsson, “Lightwave systems with optical amplifiers, Lightwave
Technol, vol. 7, pp. 1071-1082, July 1989.

D. Marcuse, “Derivation of analytical expressions for the bit-error
probability in lightwave systems with optical amplifiersl”’ Lightwave
Technol, vol. 8, pp. 1816-1824, Dec. 1990.

H. J. Thiele, R. I. Killey, and P. Bayvel, “Simple technique to deter-
mine cross-phase modulation induced penalties in WDM transmission,”
in OFC 2000 Tech. Digvol. 3, 2000, pp. 194-196.

T. S. Uhm, I. Song, and J. C. Son, “Detection schemes for weak com-
posite signals in multiplicative noise,” iEEE Pacific Rim Conf. Com-
munications, Computer, and Signal Processig. 1, 1991, pp. 49-52.

C. W. Helstrom, Probability and Stochastic Processes for Engi-
neers New York: Macmillan, 1984.

R. I. Killey, H. J. Thiele, V. Mikhailov, and P. Bayvel, “Prediction of
transmission penalties due to cross-phase modulation in WDM systems
using a simplified technique)EEE Photon. Technol. Leftvol. 12, pp.
804-806, July 2000.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


