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Abstract — High order modulation nonlinear effects has been DBP implementation consists on solving the revexsalinear
appointed as the main limitation in coherent optich fiber Schrddinger propagation equation. However, comjoutak
transmission. Digital back-propagation algorithms ae one of the  complexity of DBP makes it currently unfeasible, smich
current studied methods to cope with such impairmen and effort are being made to simplify the DBP algoritf8h[9].
extend the systems maximum reach. In this articleye analyzed ) . ) ) o
the digital back-propagation performance in a 224 ®/s dual In this paper, we investigate trough numerical saton a
polarization 16QAM optical coherent system. It wasobserved a ~ modified DBP algorithm based on the correlationsajnal
35% increase in maximum reached distance and an Q&R gain  power in neighboring symbols presented in [10],Gloerelated
of 2.6 dB. In order to reduce the huge required coputational Back-propagation (CBP) algorithm, in the contextao$ingle
complexity, an modified back-propagation algorithmis analyzed. ~ channel transmission of 224 Gb/s PDM-16QAM ovendéad

single-mode optical fiber (SMF). Linear equalizati®BP and

Keywords — Nonlinear Effects Compensation, Dual CBP are compared in terms of OSNR penalty, maximum

Polarization, 16QAM, Digital signal processing, Opéil Coherent reached distance and Computationa| Comp|exiw_
Systems

1. OPTICAL SYSTEM MODEL

I.  INTRODUCTION
. . L The nonlinear Schroédinger equation (NLSE) describes
The growing data traffic on telecommunication Sy&e geterministic effects of optical fiber propagatioh a single
pushed Dby broadband internet applications, has made channel and single polarization signal [11]. Foraldu

significant impact on all kinds of communicationtwerks. In polarization signals a pair of NLSE can be coupiled so
order to comply this increasing demand, the bierper .5j1ed Manakov system:

channel increased from 2.5 Gb/s to 40 Gb/s withim ytears,

and now 112 Gb/s systems start being deployedhé\same 0Exy) « JB20%E(xy) B3 0°E(xy)

time, in order to fit more capacity into the Wavejth 5z 2fen T2 6 ot3 (1)
Division Multiplexing (WDM) spectral grid, the ojtl 5 2

channel spacing was reduced from 100 to 50 GHatioge +j)/(|E(x,y)| +|Egm| )E(x_y)

denser optical systems. Due to this new scenatiois i ) o ) o
imperative to replace the traditional On-Off Keyik@OK) WhereE ) is the electric field of a signal propagating in a
modulation, present in the vast majority of deptbysptical —given polarization,E, ., is the electric field of a signal
systems, by modulation formats with higher spedffitiency.  propagating in an orthogonal polarizatioa, is the loss
In this way, there is intensive research on mule coefficient and describes fiber attenuatigh, and 5 are
modulation formats, like QPSK and QAM, using Pdlation related to CD ang is the nonlinear parameter. Usually the CD
Division Multiplexing (PDM) in ultra-long-haul optal effect is measured by dispersion paraméteand dispersion
transmission systems. PDM-QSPK has been proposéldeas slopeS, related tq3, andg; by:

standard modulation format for 112 Gb/s opticattesys [1].

Such sophisticated transmission scheme requiresharent D = _% ; 2
receiver structure that preserves all the inforamatyf optical 2

field (amplitude, phase and polarization), what barexplored 27N 2 Amc

by digital signal processing (DSP) techniques tmpensate S = (?> B3+ =5 B2 3)

most of transmission impairments [2].
. - . hereA is the carrier wavelength awds the speed of light. In
Recent advances in digital electronics enabled Dsézany optical systems, esgecially thosep which gemsploy

algorithms utilization for digital compensation aofarious Standard Single Mode Fibers (SSMF), the dispersion
transmission impairments leading to some majoreagments parameter is much higher than dispersion slope tfzen slope

in distance and channel capacity [3]. After thogf made to impact is neglected [5]. Usually CD is the domindinear
compensate major _Ilnear_ system impairments  such . effect in fiber propagation, and may cause sevass-symbol
polarization mode dispersion (PMD) [4] and chromati ;e terence. The last term of equation (1) dessrilintra-

dispers_ior_l (CD) 5], th_e next Iimit_ in uItra-Iong_achI channel nonlinear effects, including non-cohereatms,
transmission are the nonlinear effects imposedhleyadptical responsible for Self Phase Modulation (SPM) andraint

fiber. Channel Cross Phase Modulation (IXPM), and coheents

Digital Back-propagation (DBP) algorithm has becoee responsible for Intra-Channel Four Wave Mixing (IM)V
prominent nonlinear impairment compensation meflédgr]. =~ SPM and IXPM are the dominant intra-channel noaline
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effects, and cause phase rotation in the signpkr#ent of the subsystem aims to compensate deterministic andmedria
instantaneous signal power, for SPM, and adjaceméep impairments imposed by the optical fiber. Usuallylinear
power, for IXMP, including both polarizations. Thembined propagation model is assumed, and CD becomes the on
effect of SPM and CD lead to a complex interactloat cause deterministic propagation effect. Assuming thak liength and
both phase and amplitude distortions in the sif#l mean dispersion parameter are known at the receinercan
. I perform CD equalization using a linear filter witmpulse
As nonlinear effects contribution depends on thm2$1i response given by Equation (1) but with opposignsiof
instantaneous signal power on both polarizati¢fg,,)|” +  dispersion parameters, and neglecting the nonlitezar. This

|E(y_x)|2, a common measure to avoid nonlinearities is &pke filter can be implemented in a Time-Domain EqualigeDE)
low launch powers and then consider a linear prafimg 1] OF in @ Frequency-Domain Equalizer (FDE) [5¢ing the
model. However, it limits the maximum Optical Sigte  |aSt approach preferred by requiring less commati effort
Noise Ratio (OSNR) and therefore the system pedagm at [OF dispersions higher than few hundred ps/nm, even

large distances. The launch power follow a tradéeffveen CcOnSidering additional FFT and IFFT operations. Titier
nonlinear effects and OSNR limitation, which leasan  COefficients for a CD frequency domain equalizer given by:

optimal value refereed as Nonlinear Threshold (NLIBJ. B Bs
] ) _ T H(w,z) = exp [—jz (—a)z + —w3)] 4)
Another fiber effect not considered in NLSE is Pialation 2 6

Mode Dispersion (PMD). In addition to induce pulseynerez is the distance at which the chromatic dispersiots

broadening and Inter-symbol interference, PMD algoses anqy, is the frequency vector whose center correspomdset
severe polarization crosstalk if a dual polarizatgignal is  nominal frequency of a CD FDE.

transmitted. Optical linear filtering is also presdn most

systems, as well electric low pass filtering duencheidth Following CD equalization, the signal is proper fioning

constraints of transmitter and receiver electronicsrecovery, which aims to correct the time differefegween

Multiplicative Phase Noise (PN) and additive Amiglif ~Symbol period and ADC sampling time. This procedure

Spontaneous Emission (ASE) are the main noise esurc involves time error estimation, evaluated by critetike
Gardner algorithm [16], and signal interpolation.

lll.  COHERENT SYSTEM AND DIGITAL SIGNAL PROCESSING o . N
o . . B . After this, it is performed the dynamic equalizatievhich

In a polarization multiplexed system, the incomsingnal i purpose is to cope with time variant and non-deiteistic
split into two orthogonal polarization componerignce the  |inear impairments, especially those related witdiDP and
received signal has an arbitrary state of poladnataused by other linear effects not included in static equalan, like
PMD, those components represents an unknown migfultee  gptical and electrical filtering [4]. The most commapproach
transmitted data. Each component is combined with ato perform dynamic equalization is use a adapfive tdomain
orthogonal polarization of a free running localitistor signal ~ 2x2 MIMO (Multiple-Input-Multiple-Output) ~ Finite rpulse
in an electrical-optical 90° hybrid with two pab$balanced Response (FIR) filter. Some variation of ConstaradMus
photodetectors. The electrical outputs of eachcaptiybrid  algorithm (CMA), Multi Moduli Algorithm (MMA) or Radius

carry.the_ in-phase an.d quadra;ure information efrﬂrceive_d Directed Equalizer (RDE) are some options to updhe
polarization. After this, the signals pass through anti-  equalizer for QAM signals [15].

aliasing filter, and then, they are sampled by HHigbed analog o L
to digital converters (ADC). Current ADC technolesjiallow After equalization it is necessary to perform dipitarrier
sampling rates around 56 GS/s with 8 bits resaluBince 224 recovery, since the receiver usually employs amadyne
Gb/s PM-16QAM systems have a 28 GBd symbol ratés it Structure [17]. The first step to carrier recovesyFrequency
possible to achieve up to two samples per symbah wi Offset Estimation and Compensation, to identify and
commercial ADCs [14]. frequency mismatches between transmission and local
i i o i _ oscillator lasers, that can achieve up to 5 GHzconmercial

At this point, a set of digital processing techeigineed to  pFB |asers. The final step is Phase Estimation and
be employed to recover the transmitted data fromseh Compensation, to compensate phase noise from tissiem
sampled received signals. The whole processingvidedi in  and local oscillator lasers. After phase estimati@nrecovered

subsystems, as depicted in Fig. 1. symbols can be decided and decoded. Fig. 2. stimasignal
NN N N N N N for one polarization at some steps of digital pssagy.
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Fig. 2. - Signal as it was received(a), after dynamic egatibn (b) and after

Fig. 1. - Digital signal processing for coherent systems. phase estimation (c)

_ The first step is the orthon_ormallzanon .propedwvblch IV. NONLINEAR EFFECTS EQUALIZATION
aims to compensate inaccuracies in the opticalithybat can
lead to crosstalk between in-phase and quadratumpanents PDM-16QAM signals require relative high OSNR to
on each received polarization. Next, the staticabmation achieve a Bit Error Rate (BER) below Forward Error
Correction (FEC) codes limit compared to simplerdoiation
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formatsErro! Fonte de referéncia ndo encontrada. Higher
OSNR could be obtained by launching a higher opicaver,
however the NLT for 16QAM in standard fibers is aliyivery
low. To reach longer distances, it is necessargotopensate
nonlinear effects in fiber transmission.

Many different approaches has been evaluated te with
nonlinear effects in optical systems, including stefiation
design [19], nonlinear adaptive equalizers [2@nsmitter pre-
distortion [21], maximum likelihood sequence estiow [22],
and optical or electronic phase conjugation [23}wever, the
most studied method for coherent systems is thigatligack-
propagation algorithm, which involves consider tlunlinear
term of NLSE to design a digital static equalizethe receiver,
compensating SPM and CD at the same time. In dasimay
used for CD compensation in the linear regime, ¢ojgalizer
is found by solving equation (1) using 8,, 3 andy from
optical link, but with opposite signs. Unfortungtethe NLSE
do not have a closed analytical solution, but canummerically
solved using a non-interactive asymmetric SplipSE@urier
Method (SSFM) [12]. To do so, we have to split gume(1) in
a linear and a nonlinear inverse components:

aE(xy) a ]ﬁz azE(xy) ﬁ3 a3E(xy)
[ Z - z — : 5
0z 2Een ¥ G2 Ty e ®)
0E () . 2 2
o - —JV(|E(x,y>| + | )E(x.y) (6)

Instead of solve entire NLSE, we solve the linesmt
given by (5), and then the nonlinear term, given(®y This
procedure can only be applied if the impact ofdindistortion
do not affect nonlinear operation and vice-verdaickvdo not
hold for an entire optical link. Instead, we hawesplit the link
into sections small enough to apply (5) and (6assely, and
solve them in sequence. The solution for the lireanponent
is already given in frequency domain in equatioh (Bhe
solution for the nonlinear component is given mdidomain

by:
Evy(t,2 +h) = By (t,2) exp (—jyhes P(£2)  (7)
P(t,2) = |Exy(t,2)|" + |Eyx(t,2)|° (8)

whereh is the step size, the considered fiber sectiogtlen

and h,s, is a fraction ofh that corresponds to the length of

fiber under the influence of SPM. The equalizeuctire

consists in repeated steps of linear and nonlioparations. As
linear equalization is performed in frequency damaihile

nonlinear equalization is performed in time domaach step
includes direct and inverse Fourier transformati{fiST and
IFFT). Fig. 3. shows a schematic of the BP equalize

This model has some simplifications that contribidea
penalty in relation to an ideal model. The algeonthssumes
that all transmission effects are well known anel iavertible.
In this context, the method should be able to corspie all the
linear and nonlinear effects of the optical trarssian.
However, insertion of terms describing frequencysetf
optical filters and others would make the modelraxely
complex and computationally expensive. Some impatits
that are stochastic by nature, such as PMD, woaotde well
represented. Therefore, although it is not a perfystem
compensation, the only subsystem that is integratét
nonlinearity is CD equalization, with all othersirzg treated
separately.

E, E.(z+h
@ | ey H(w) IFFT _Y( )
0
\
8 = yhegP
i
-8
—— FFT H(w) IFFT
Ey(z) Ey(z+h)
xN
Fig. 3. - Step of back-propagation algorithm with lineana&ligation in

frequency domain and nonlinear equalization in tdamain.

BP computational complexity scales linearly withe th
number of steps, reaching unrealistic values forrecu
practical applications [10]. In the other hand, camnot reduce
the number of steps without penalize equalizatierfigpmance.
For a classical BP, one step per link span is lstaen as a
complexity lower bound. In [10], a modified Corrield Back
Propagation (CBP) was proposed, including the dmutton of
the first order IXMP to nonlinear equalization bgnsidering
the neighbor symbols:

n=T/2

P(t,z) = Z bn(|Ex_y(t+n,z)|2+|Ey,x(t+n,Z)|2) 9)

n=-T/2

where T is the number of symbols considered andis a
weighting coefficient. Although that algorithm hasslightly
higher complexity per step, it requires less stepachieve the
same equalization accuracy, then the overall caoxiiplés

reduced.

V. SIMULATION SETUP

Fig. 4. depicts the transmitter, optical link areteiver
structure for a PDM-16QAM system at 224 Gb/s. Fodva
transmission is simulated in Optiwave, where thgnali is
automatically up-sampled to 32 samples per syntbptaperly
account for nonlinear effects.

The transmitter consists of a laser centered at419Hz
with 500 kHz linewidth, followed by a polarizatiobeam
splitter (PBS). Each polarization component passuijh a
QAM modulator driven by four 28 Gb/s sequence gatoes
and then combined again by a polarization beam @wsb
(PBC) and sent over the transmission link. The sin@tied
sequences are a pseudo random pattern Withit8.

The link consists of a 100 km per loop of standsirgjle
mode fiber (SSMF) and an erbium doped fiber anglifi
(EDFA) with a noise figure of 5 dB which is adjust fully
compensate the attenuation of the channel. The filzes
attenuation ¢) of 0.2 dB/km, dispersion (D) of 16.75
ps/nm/km, and a nonlinearity coefficiepf) (of 1.5 W/km:; for
simplicity, we do not consider third-order dispersieffects
(slope). Self phase modulation nonlinear effecteeviecluded
according to the Schrédinger equation and polaorzatode
dispersion effects are considered with a PMD coieffit of

0.1ps/vkm. The "coarse-step method" is used to simulate the
PMD effects [24].

After fiber transmission, the received signal wa®-p
amplified (constant power of 0 dBm), filtered upim 200 GHz
bandwidth 4th order Gaussian optical band-paser filand
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passed through a PBS. Each polarization componasttien expect, the gain using DBP increases with highemdh

coherently detected by an electrical-optical hylfe® Hybrid)  powers because of the impact of the nonlinear &ffé@aunch
with 2° phase shift error and two pairs of balangledtodiodes. powers above 2 dBm present an increasing penatfjcating

The local oscillator laser has a linewidth of 508zkand a that the implemented algorithm does not fully comgages the
frequency offset of 2 GHz from the transmitter fafsequency.  nonlinear effects, possibly IXPM of high ordersWK and

The four electric analogical signals are filteresihg a 22 GHz noise-signal nonlinear interactions. The NLT isr@ased from
bandwidth 1st order low pass gaussian filter toutate the 0dBm to 2 dBm by the use of the DBP which can badfated
effect associated with a real receiver and by aG#fz in a better OSNR performance.

bandwidth 4th order low pass gaussian filter toutite the

filtering effect of an oscilloscope. Finally, thatd is resampled 10°
to 2 samples per symbol.

1078

Laser CW

Estimated BER from Q-factor

—&— FDE >
—8—Back-Propagstion | :
— — —FEC Limit :

Launch Power (dBm)

Fig. 5.  Comparison of estimated BER between linear congigmsonly
(red) and digital back-propagation (blue) at 800 km

Fig. 6. shows OSNR penalty for each launch power
compared to back-to-back for linear equalizatioty @nd the
DBP implementation. The OSNR was measured at the
maximum reached distance for each launch powea RER of
———————————————————————— 1.8 1073. The OSNR gain in the launch power of 2 dBm is
———————————————————————— 2.6 dB. There is a constant OSNR required gap ab&utB
between linear equalization and back-propagatianldanch
power higher than 3 dBm, this is likely due to t#@wing
influence of high order nonlinear effects that hayeater
impact over transmission at higher launch powers.

D e ! '
12p i !
75}
=
/ =
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_______________________ 2
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Fig. 4.  Simulation system schematic: (A) transmitter, (@irculation z
loop, (C) receiver &
Digital post-processing is performed entirely in V14AB
and includes an orthonormalization algorithm to pemnsate
front-end imperfections and Gardner algorithm taitig and e
clock recovery. Dynamic equalizer is updated with Launch Power (dBm)
conventional CMA for pre—conyerg_ence and then EIfI[lSIng Fig. 6.  Comparison of OSNR penalty between linear comparsanly
RDE. Frequency offset estimation employs a frequenc (red) and digital back-propagation (blue) at 800 km
domain approach and finally a decision-directedortigm
performs phase estimation and correction. Stati@kzation, Fig. 7. shows the maximum reached distance comsgle

applied after orthonormalization procedure, uses ahe FEC limit 0f1.8 1073 for each launch power. The peak of
conventional CD FDE for linear equalization, or firesented the red line, corresponding to linear equalizationy, is at
back-propagation algorithms for joint compensati@i 0 dBm as expect from Fig. 5. and corresponds t® Xrd. By
nonlinear effects and CD. using the DBP algorithm to compensate for SPM vezhed
2300 km at a launch power of 2 dBm which corresgandan
VI.  SIMULATION RESULTS AND DISCUSSION increase of 35% in maximum reach.

Fig. 5. shows the estimated BER when using linear In our analysis of maximum distance reached we have
compensation only and one step-per-span digitalk-bac implemented the CBP algorithm to compare with tlassical
propagation for a 800 km transmission. In both sase DBP. In order to verify the reduction of computatd
assume that, §,, B; andy are known at the receiver. Each BP complexity, we adjusted the parameters of the dhgarto
step has & of 100km and &, of 40km. As we should achieve approximately the same BER with the minimum
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number of steps. This reduction is also shown @n Fi At the ACKNOWLEDGMENTS
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