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Compensation Improvement of DPSK Signal With
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Abstract—When nonlinear phase noise is compensated by the Il. CLOSED-FORM ERRORPROBABILITY

received intensity, simple formulas are derived for the error prob- . . . .
ability of differential phase-shift keying signals. Simulation is con-  With uncompensated nonlinear phase noise, a DPSK signal

ducted to verify the error probability. The tolerance of nonlinear  iS demodulated using the differential phase of
phase noise is doubled by the compensator, allowing doubling of

the transmission distance if nonlinear phase noise is the dominant AD, =, (1) — @,.(t-T)
Impairment. :e(t) 4 @n (t) _ ‘I)NL(t)
Index Terms—Differential phase-shift keying (DPSK), fiber non- —t—T)—0,t-T)+OxL(t—-T) (1)

linearities, nonlinear phase noise, phase modulation.
where®,.(-), 4(-), ©,(-), and®y1(-) are the received phase,
the transmitted phase, the phase of amplifier noise, and the non-
linear phase noise as a function of time, @hids the symbol
ONLINEAR phase noise, often called the Gordon—-Moltime. The phases atandt — T' are independent identically dis-
lenauer effect [1], is induced by the interaction of the fibetibuted random variables. Error probability is calculated using
Kerr effect and optical amplifier noise. Both phase-shift keyinghe pdf of A®,.. The pdf of the phase of amplifier noise can be
(PSK) and differential phase-shift keying (DPSK) signals afeund in [6] and [18]-[20]. The characteristic function of the
degraded by nonlinear phase noise [1]-[6]. DPSK signaling hasnlinear phase noise can be found in [16] and [17].
renewed interests recently for both long-haul and spectral effi-Having a period o2, the pdf of the phase of amplifier noise
ciency transmission systems [7]-[11]. Correlated with the noof ©,, has a Fourier series of [18]-[20]
linear phase noise, the received intensity can be used to compen-

I. INTRODUCTION

sate the nonlinear phase noise [12]-[15] to about half its stan- pe, (0) = 1 + 1 Z Cm cos(mf) )
dard deviation [12]—[14]. 2r - om

Recently, Kim and Gnauck [5] show experimentally and tr\ﬁ:,ith coefficients of
author [16], [17] shows theoretically that the nonlinear phase
noise is not Gaussian distributed. The variancé&dactor [1], rg + 1)/);”/2 m
[4], [12]-[14] is not sufficient to characterize the system perfor- ™ ~ m! 11 (5; m+1; —ps)
mance. Using the probability density function (pdf) from [16], _VTPs 0 7 Ps\ . g Ps 3)
this letter evaluates the error probability for DPSK systems with 2 © [ (m—1)/2 ( 2 )+ (m+1)/2 ( 2 )]
and without compensation. wherep, is the SNRI'(-) is the Gamma function,F} (a; b; -)

This letter assumes that both the nonlinear phase nojg&ne confluent hypergeometric function of the first kind, and
without compensation and the residual nonlinear phase NOESE.) is thevth order modified Bessel function of the first kind.
after compensation are independent of the phase compongsing a series similar to (2), the error probability is found for
of the amplifier noise. Using the Fourier series expansion pfpsk signals with noisy reference [19], phase error [20], or
the pdf of the phase noise [18]-{20], closed-form formulas afgser phase noise [21].
derived to calculate the error probability of DPSK signals with Assume that the signal phasestand¢ — T are the same
either nonlinear phase noise or residual nonlinear phase noigeh #(t) = 6(t — T). If the phase of amplifier noise @, is
The signal-to-noise ratio (SNR) penalty is also calculated for @#dependent of the nonlinear phase nois@gf,, the pdf of the
error probability ofl0=?. Monte Carlo simulation is conducteddifferential phase is
to verify the formulas.

1 1 ,
pas,(0) = Gy Z cr|Way, (jm)[* cos(mf)  (4)
m=1

where¥s ., (+) is the characteristic function of the nonlinear

phase noise from [16]. In (4), the coefficients of, and

|Vs,, (jm)|? correspond to the term &,,(t) — ©,,(t — T)
Manuscript received March 11, 2003; revised May 19, 2003. and Oni.(t) — ®xi(t — T), respectively, in the differential
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Based on interferometer, the direct-detection DPSK receiv 10

provides a decision variable proportional ¢os(A®,.) [7],
[9]-[11]. The receiver makes the decision based on whett 105
cos(A®,.) is positive or negative that is equivalent to whethe
A®, is within or without the angle ofr /2. The error proba- gt
bility for DPSK signal is >
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. . . Fig. 1. Error probability of DPSK signal with nonlinear phase noise
Becausein(mn/2) = 0 if m is an even number, we have (a?without and (%) with Cgmpensaﬁon_ 9 P

Pe,NL = % - ﬂse;ps i ;/:_11_)’; [Ik(%) T Ikﬂ(%)]?

5

k=0
q12

x| Woy, [(2k+ 15" (7) ¢
Efficiently calculated, the error probability of (7) gives about the %,3
same results as that in [6]. With a simple closed-form expression £ w/o comp.
of (7), the more complicated characteristic functions from [16] &
can be used in the calculation. ;2

As shown in [14], the differential received intensityaf = = w/ comp.

P(t) — P(t — T) can be used to compensate for the differential
nonlinear phase noise @yr.(t) — &1 (¢ — T') using the same

optimal scale factor as that in [14]. Similar to the procedure
from (4) to (7), the error probability with nonlinear phase noise

compensation is 0 0.5 1 15 2 25 3
P Mean Nonlinear Phase Shift <<I>NL> (rad)

—_
T

—Ps > — k 2
DeRES = 1 _ ps€ Z ( 1) [[k(&) + Ik-i—l(&)] Fig. 2. SNR penalty of an error probability ) —° as a function of mean

2 2 Pt 2k +1 2 2 nonlinear phase shift df®x1.).

12
X |\I’¢’RES [(2k + 1)3” (8) of DPSK signal without compensation and having a mean non-

linear phase shift of®x1.) is slightly larger than that with com-

where Vg, () from [16] is the characteristic function of thepensation but having twice the mean nonlinear phase shift of

residual nonlinear phase noise after compensation. D
The formulas of (7) and (8) are similar to that of [19] With2< Wl\ilfr>1;)ut compensation, the error probability in Fig. 1(a) is
noisy reference and that of [21] with laser phase noise. If the P ’ P y 9.

nonlinear phase noise is assumed to be Gaussian distributeds'mjiIar to that in [6] but using the more complicated pdf from

. e . ) % instead of the asymptotic pdf from [17]. From [17], the tail
'Cn:neggn;?xgtghdeg;?;f] ofamplifier noise, the error prOb{mll,ﬁobability of the pdf with 32 fiber spans is larger than that with

infinitely many fiber spans and the error probability of Fig. 1(a)
is slightly larger than that from [6].
Fig. 2 shows the SNR penalty for an error probability of
Fig. 1 shows the error probability of DPSK signal as a fund0—? as a function of mean nonlinear phase shift(®)
tion of SNRp,. The error probability without and with compen-for the same system of Fig. 1. Mean nonlinear phase shifts of
sation is calculated by the formulas of (7) and (8), respectivelybnr,) = 0.62 and1.27 rad give a SNR penalty of 1 dB without
The system in Fig. 1 has 32 identical fiber spans. In Fig. 1, tlied with compensation, respectively. For the same power
error probability with different values of mean nonlinear phageenalty, the DPSK system with compensation can tolerate a
shift (&) is shown for comparison. Without nonlinear phasmean nonlinear phase shift slightly larger than twice of that of
noise, the error probability is<p(—ps)/2 [6], [19], [20]. When the system without compensation, confirming the same results
the nonlinear phase noise is compensated using the receivedriom [12]-[14], [16], and Fig. 1.
tensity with the optimal scale factor from [14] or the approxi- Similar to [6], the derivations from (4) to (8) assume that the
mated scale factor from [13], the standard deviation of the nophase of amplifier nois®,, is independent to the nonlinear
linear phase noise is reduced by a factor of about two [12]-[14hase noise ofbnr, or the residual nonlinear phase noise of
[16]. Comparing Fig. 1(a) with Fig. 1(b), the error probabilityPrgs. Itis obvious that the phase of amplifier noise is correlated

[ll. NUMERICAL RESULTS
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Fig. 3. Simulated error probability of DPSK signal with nonlinear phase noise [7]
(a) without and (b) with compensation.

to neither the nonlinear phase nois&@gft, nor the residual non-
linear phase noise @rgs. However, as non-Gaussian random 8]
variables, they may be weakly dependent [6].

Fig. 3 show little difference between the simulated and the-
oretical error probability. There is a 0.2-dB SNR difference for (g
the same error probability. Fig. 3(a) and (b) has mean nonlinear
phase shifts of®xp) = 1/v/2 andy/2, without and with com-
pensation, respectively, for an SNR penalty around 1 dB. The
variance of the phase of amplifier noise is about 1.5 times thgo]
variance of the nonlinear phase noise or the residual nonlinear
phase noise [1], [14].

The simulation of Fig. 3 is conducted similar to [6] and [14] [11]
but for DPSK signals. Equivalently speaking, the signal distri-
bution for DPSK signal (see [14, Fig. 2] for PSK signal) is found
and the error probability is calculated by counting the numbef12]
of points outside the decision region. We count at least ten er-
rors to ensure a good confident interval [22, Fig. 2].

The SNR of Figs. 1 and 3 is defined the same as that in [6]13]
and [17]-[21]. When optical SNR (OSNR) is measured using
an optical spectrum analyzer with a bandwidthBoV ¢, the  [14
SNRis related to OSNR by, = 20SNR x BW,,:/ R, where
Ry is the data rate of the signal and the factor of two assumes[%]
polarization-insensitive optical spectrum analyzer.

[16]
IV. CONCLUSION

Closed-form formulas are derived for the error probability of[m
DPSK signals contaminated by nonlinear phase noise with arnidél
without compensation using the received intensity. The errofg;
probability is derived based on the assumption that the phase of
amplifier noise is independent of both the nonlinear phase noigé®l
without compensation and the residual nonlinear phase noiggy
after compensation. Simulation shows that the error probability
formulas are very accurate. For the same SNR penalty, the mejn
nonlinear phase shift is double, doubling the transmission dis-
tance if nonlinear phase noise is the dominant impairment.
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