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Abstract: We propose an optoelectronic method for distributempensation of XPM based on
power-dependent phase rotation. Simulations sh@vdB.improvement in pea® for a 28-Gbaud

QPSK channel with 14-Gbit/s NRZ-OOK neighbors a8200-km transmission.
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1. Introduction

In long-haul optical communication systems, fibenimearities such as cross-phase modulation (XBlthately
limit the information capacity of the link [1]. The nonlinearities are the result of the Kerr effedtich converts
intensity fluctuations into nonlinear phase noiskN), and may be mitigated by applying a phasé shat is
proportional to the instantaneous power. Such gmogeh has been demonstrated as a simple meangpcess
both intra-channel [2], and inter-channel [3,4]nlweearities at the start or end of the link. Hoeewhese phase
rotation based pre- or post-compensators requiwvlkatge of the evolution of the optical waveform ias
propagates through the link, which can ultimatatyitltheir effectiveness.

Recently, distributed nonlinear compensation (NL@s been demonstrated with optical phase conjugatio
(OPC) [5], and in-line phase sensitive amplifiePSA) [6]. These techniques periodically suppres$Nlas the
signal propagates through the link, and are pathytinteresting for applications in optically reat networks,
where end-span techniques cannot accurately comgefa inter-channel nonlinearity. Additionally & along
the link using the local waveform, may be the onlgy to overcome the non-deterministic nonlineaerattions,
which limit current state-of-the-art end-span téghes [7]. However, while OPC and PSA have showmsing
results, the complexity of these techniques mag limiting factor for their deployment.

In this work, we propose using in-line phase motdutaas a simple way to achieve distributed NLCXBM.
Numerical simulations show that this effectivelypptesses phase modulation from XPM on a continwease
(CW) probe. As a test case for transmission perdmea, we simulate a hybrid WDM system [8], dematitg
2.4-dB and 2.7-dB improvements in pe@kfor a 28-Gbaud quadrature phase shift keyed (QR3idhnel with
14-Gbit/s on-off keyed (OOK) neighbors over 1600-&nd 3200-km links respectively.

2. In-line compensation of XPM
Using a phase modulator to apply a phase shift gtmmal to the instantaneous optical power of gl
wavelength is a well-known method for suppressialf-ghase modulation (SPM) [2]. Similarly, competirsg
XPM at the receiver in both single-carrier [3], amthogonal frequency division multiplexed (OFDMJ,[systems
has been demonstrated, using a single photodetectoeasure the total optical power of a band off\MvEhannels.
The measured power is then used to drive the pmaskilator, which compensates XPM over the entimedbaf
channels simultaneously. We refer to this device eal-intensity directed phase modulator (TID)PM

At first glance, a TID-PM would seem to need anr@xiely large bandwidth, to account for the many
wavelength channels. However, walk-off due to chabendispersion (CD) means that the high frequencik
intensity fluctuations have a minimal contributianthe overall XPM penalty in an optically ampldiéink [9]. This
XPM efficiency characteristic is approximated wihlow-pass filter. As a result, compensation & ¥XPM
developed in a band of WDM channels simultaneoisshossible by using low-bandwidth (~1 GHz) compuega
photodiode, an amplifier, a filter and a phase nfetdu, as shown in Fig. 1.

a) b)o —

=)

)
=]

Attenuation [dB]

&
=}

02

| 04 06 08 1 12
Total intensity directed-phase modulator Freq [GHz]

Fig. 1. a) System block diagram. LPF — low-pagsrfilPM — phase modulator; b) Response of LPF tsechulate walk-off.
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We propose that these TID-PMs are well suited foline NLC, due to the low complexity of individual
modules. As each compensator is only required toove the XPM in one span, accuracy is improvedhas t
waveform is not greatly affected by CD for thistdizce. Additionally, in-line TID-PMs may be robust optical
link design; when performing NLC span-by-span, destike link length and dispersion map may be yuortant.

To investigate the ability of in-line TID-PMs topgaress XPM, we used VPItransmissionMaker v9.1 noukite
the system shown in Fig. 1a) for distances of I&®ON = 20) and 3200 kmN = 40). The link comprised 80-km
spans of standard single mode fiber (SSMF) witkeratation of 0.2 dB/km, 16 ps/(nm.km) CD and nordine
coefficient ¢) 1.3 W*m™. The link is dispersion managed, as is commonhin test case legacy system we
investigate here. CD was removed using dispersionpensating fiber (DCF) with attenuation of 0.6 kiB/ -100
ps/(nm.km) CD ang of 5.68 W'km™, leaving 100 ps/nm residual dispersion per spattittonal DCF was placed
just before the receiver to post-compensate thidualsCD. Erbium doped fiber amplifiers (EDFAs) via 6 dB
noise figure were used to compensate all lossdh, géins set so that the launch power into the @B 7 dB
lower than the launch power into the SSMF. XPMadsnpensated on a span-by-span basis using TID-Pkth E
TID-PM uses a 90/10 optical coupler to tap off atipm of the signal, which is received by a photatfi. The
walk-off characteristic of each span is approxirdaty the filter response in Fig. 1b), which wasaifed by
truncating the analytic walk-off in [9], to 1 GHELC is achieved by driving a loss-less phase mddul® oppose
the phase shift caused by XPM. At the receiverQaG8iz optical bandpass filter was used to de-mleltighe
QPSK channel before coherent reception, where i ®a& oversampled before digital signal processing.
Equalization of the signal was achieved using etiaally-spaced/2 constant modulus algorithm before bit error
counting. Simulations were constrained to a sipglarization and laser linewidth set to zero.

3. Simulation results

We began by evaluating the received phase of alBii-CW probe laser placed 50 GHz away from a 0-dBm
14-Gbit/s OOK signal after 1600-km transmissiontWgero linewidth, the phase of the probe shoulddrestant,
but fluctuates due to both in-band ASE and XPM friira OOK channel. SPM is negligible on the low-powe
probe. Fig. 2 plots the magnitude of the Fouriansform for the root mean squared phase noiseamithwithout
in-ine XPM compensation to show the spectral congms of the XPM distortion, at 1 GHz measurement
bandwidth. Fig. 2 also plots the phase noise spectrith low power (-10 dBm) in the OOK channel,determine
the residual components resulting from ASE. We olesehat XPM causes significant low-frequency spact
components, which can be reduced by using in-liie-HMs. We then replaced the CW laser with a 28+@ba
QPSK signal at -10 dBm, and observe the receivedtetiations with (Fig. 2¢) and without (Fig. 2betuse of in-
line TID-PMs. The large reduction in phase noisthwhe use of in-line TID-PMs confirms that XPMsisppressed.
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Fig. 2. a) Phase noise spectra of CW laser afted ké; Constellation of QPSK channel b) w/o in-liIi®-PMs and c) w/ in-line TID-PMs
for XPM compensation

We then simulated a dispersion managed hybrid WDk b type of configuration which may be found whe
upgrading legacy links, which is representativehaf worst-case scenario for nonlinear performarfid@RSK [8].
The WDM signal consisted of seven channels, alhwiite same average power, on a 50-GHz grid; théecen
channel carries 28-Gbaud QPSK while the otherls&noels carry 14-Gbit/s NRZ-OOK. 14-Gbit/s secohdmmels
were used as VPI requires a factor 8ff@r the time window. We compared the performantédine and post-
compensation of XPM using TID-PMs for 1600-km arD@-km transmission. The post-compensating TID-PM
was modeled similarly to the in-line TID-PMs deberl previously. In this case, the effect of walkaf the XPM
efficiency characteristic was approximated withrapézoidal filter, identical to the one in [3]. Véptimized this
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filter for each link length, using a filter with feat pass band of 500 MHz (100 MHz), rolling off #éostop band
attenuation of 30 dB at 1 GHz (200 MHz) for 1600-43800-km) transmission.
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Fig. 3. System performance against launch poweclpannel for: a) 1600-km transmission and b) 32@0tansmission.
Open markers a® from constellation variance; Solid markers @#&om BER.

Fig. 3 plots signal qualityQ, against launch power per channel for a) 16004amstmission and b) 3200-km
transmission. We calculated from the constellation variance (open markers) BRR (closed markers), witQ
from BER calculated a0 x log;,[vV2 x erfc™'(2 x BER)]. After 3200-km transmission (Fig. 3b), both
derivations of Q are reasonably similar at the optimal launch powsut Q from constellation variance
underestimates the impairment due to phase noigbeimonlinear region. At this distance, there i2.a-dB
improvement from using in-line TID-PMs, but onlynagligible (<0.3 dB) benefit from post-compensatiéior
1600-km transmission, we only pl@tfrom constellation variance (BER = 0), and obser\24-dB increase in peak
Q for in-line NLC and a 1-dB increase for post-comgetion. As the transmission distance is increatbedfilter
used by the post-compensator to approximate nanlinealk-off becomes less accurate, leading to poore
compensation. In contrast, the in-line TID-PMs pdeva similar performance improvement for both afises,
outperforming post-compensation significantly. Altlgh we have simulated a OOK/QPSK link here, padr
shows that TID-PM can compensate XPM in high capawiherent WDM systems [4], and preliminary sintiglas
show that in-line TID-PM should also provide comsable benefits in modern, dispersion unmanagéd.lin

4. Conclusion

Distributed methods of nonlinear compensation mal attractive way to overcome the limitationgradlitional
end-point techniques. In-line TID-PMs provide a pgienmethod of achieving in-line XPM compensatiorurO
simulations show that in-line TID-PMs are effectie® suppressing XPM, and that they can improve the
performance of a 28 Gbaud QPSK channel with 14/SBIOK neighbors by 2.7 dB after 3200-km transroissi
and 2.4 dB after 1600-km transmission.
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