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Abstract:  In order to improve the spectral efficiency of coherent @gtic
communication systems, it has recently been proposed t@ msd of the
orthogonal frequency-division multiplexing offset quatlire amplitude
modulation (OFDM-OQAM). Multiple optical channels spacéd the
frequency domain by the symbol rate can be transmitted gathally, even
if each channel overlaps significantly in frequency withtit® adjacent
channels. The solutions proposed until now in the liteeumfortunately
only address a single polarization communication, andefioee do not
benefit from the capacity gain reached when two polarizatiare used
to transmit independent information signals. The aim of ghesent paper
is to propose a receiver architecture that can decouplewtbepblariza-
tions. We build an equalizer per channel at twice the symbt# and
optimize it based on the minimum mean square error (MMSHEgoin.
We demonstrate the efficiency of the resulting system coethéo the
Nyquist wavelength-division multiplexing (N-WDM) systeloth in terms
of performance and complexity. We also assess the systesitigiy to
transmit synchronization errors and show that system can eork under
significant synchronization errors.
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1. Introduction

In wavelength-division multiplexing (WDM) optical commigation systems, increasing the
spectral efficiency (SE) is a key target in order to resportddgber capacity requirements. The
system designers have demonstrated the feasibility offigntly increasing the capacity on a
single optical channel by using high-order modulation fatercoupled with coherent detection
at the receiver [1]. Advanced digital signal processingRIPpSolutions made possible thanks to
the increasing speed of the new digital processors arersigp compensate for the impair-
ments introduced by the optical fiber, like the chromatipdision (CD) and the polarization
mode dispersion (PMD). The channel capacity is generatthér doubled by transmitting in-
dependent signals on the two polarization axes of the dgtedd and by decoupling them at
the receiver with additional signal processing (polara@atlivision multiplexing - PDM) [2].
When multiple channels are considered together, the SEttsagly depends on the channel
spacing, defined as the frequency separation between tieabgarriers. As the communica-
tion channels suffer from inter-carrier interference jl@hen the channel spacing is reduced



towards the symbol rate, substantial effort is currentlyoted to design orthogonal multi-
channel systems. Two approaches have been proposed itetiatulie to achieve this goal:

 The first approach, referred to as Nyquist wavelengthstivi multiplexing (N-WDM),
consists in using nearly rectangular frequency pulseanit the channel bandwidth to
the symbol rate;

* The second approach, referred to as coherent orthogeualéncy-division multiplexing
(CO-OFDM), results from the application of the OFDM modidatwidely used for
wireless communications systems to multiple optical cleésin

N-WDM systems operate with shaping pulses having nearbanggilar frequency spectrum,
of bandwidth equal to the symbol rate [3]. The class of r@ited-cosine (RRC) functions is
of particular interest, because they satisfy the Nyquis¢igon of zero inter-symbol interfer-
ence (ISI) whatever the roll-off factor when applied at smauitter and receiver. Maximum SE
can be achieved in case of zero roll-off factor, at zero ISijéal conditions are met. How-
ever, N-WDM suffers from hardware implementation limitats such as the finite length of
the pulse shaping filters, the timing jitter of the data sangp&nd the finite resolution of the
analog/digital converters. These constraints transtatel 51 and ICI, and therefore affect sig-
nificantly the performance. Allowing for nonzero roll-ofidtors relaxes the constraints on the
filter length and the tolerable jitter at expense of incnegé$Cl. Most recent works on N-WDM
assume very small roll-off factors [4, 5].

The first implementations of OFDM for optical fibers are elieetl per channel and aim at
low computational complexity equalization of the chanmebairments [6, 7]. OFDM divides
the wideband channel in a set of narrowband flat subchanmai€an be equalized indepen-
dently with a single-tap equalizer. For the subchannelset@ithogonal, a redundant guard
interval must be added to each block of symbols whose lenaghtd be chosen carefully to
prevent a too large capacity penalty [8]. OFDM is easily corat with multi-input multi-
output (MIMO) techniques interesting to support PDM [9].

The implementation of optical OFDM is challenging as it riegs the generation of a set
of frequency-locked and synchronously modulated optieatiers (therefore the name CO-
OFDM) [10]. Two alternative hardware architectures arestered to this end: the cascaded
Mach-Zender modulator for small numbers of carriers [11d #me recirculating frequency
shifter when the number of carriers is larger [12]. The frery-locked carriers are separated
by a wavelength demultiplexer, before being individuallgdulated by an IQ modulator, and
combined by an optical coupler. In the case of CO-OFDM, thalper channels remains gen-
erally small and the overhead incurred by the guard intasvido large. Paper [13] proposes
to completely or partially remove the guard interval anddplace it with conventional per-
channel DSP to cope with the resulting ICI. Minimum - but utidoately not negligible - ICI
arises when the channel spacing equals the symbol rate bickannel and when the symbols
of the modulated channels are time-aligned as demonseapedimentally in [14].

Filter-bank multi-carrier (FBMC) modulations, and moresffically OFDM-offset quadra-
ture amplitude modulation (OQAM), are seen as an intergstiternative to OFDM for future
communication systems [15, 16]. Like OFDM, OFDM-OQAM deqmses the communica-
tion channel in a set of lower-bandwidth subchannels thatlearefore also be compensated at
a low complexity with a single-tap equalizer. The time/inegcy resolution of the waveforms
is increased resulting in a better utilization of the phgiesources and in an improved robust-
ness to channel time variations and frequency offsets.r@grtio OFDM, OFDM-OQAM does
not require the addition of a redundant guard interval aectteated subchannels are only ap-
proximately flat and orthogonal. When the channel frequeegsctivity increases, the OFDM-
OQAM system suffers from both ISI and ICI, making it neceggaruse advanced equalizer



structures [17, 18]. Furthermore the combination of OFDIQAM with MIMO techniques
results in unmanageable inter-antenna interference (&) prevents the straightforward ap-
plication of the MIMO techniques designed for flat fading ichels on each subchannel inde-
pendently (as it was the case with OFDM) [19]. The MIMO exten®f the equalizer structure
[18] is proposed in [20] to deal with all sources of interfece (ISI, ICI, IAl). While [20]
focuses on linear and successive interference cancellatjaalizers, paper [21] extends the
results to the adaptive decision feedback equalizer.

Until now, the FBMC modulations have mainly been considdogdvireless communica-
tions, even if first contributions highlight their interdstr coherent optical fiber communi-
cations [22, 23]. Like CO-OFDM, OFDM-OQAM requires dediedthardware to generate a
set of frequency-locked and synchronously modulated alptarriers. Both [22, 23] simu-
late a single-polarization OFDM-OQAM system and demorstthat it outperforms the N-
WDM and CO-OFDM systems. This paper aims at demonstratigttis possible to combine
OFDM-OQAM and PDM to double the spectral efficiency. An edgealsimilar to the one pro-
posed in [20] is developed to decouple the two polarizatignals. It works per subchannel
at twice the symbol rate (DSP per optical subchannel) andilstaking the statistics of the
interference coming from the two adjacent subchannelsactount.

The paper is organized as follows. Section 2 describes tHeMPBQAM system model.
Section 3 develops the equivalent mathematical modeldoasevhich the equalizer is devel-
oped in Section 4. Finally the performance and complexitthefproposed system is numeri-
cally assessed in Section 5. In the sequel, we use bold lasetetters for the vectors and bold
uppercase letters for the matrices. The operdtofsand(.)" are used to denote the transpose
and conjugate transpose of a vector or a matrix. M#@ix; is the sizeM x N matrix composed
of zeros, matrixXy is the sizeN identity matrix.

2. Dual-polarization OFDM-OQAM system

Figure 1 illustrates the model of the OFDM-OQAM system. Trensmitter implements a
synthesis filterbank composedifchannels, each modulated with QAM information symbols
of varianceo? transmitted at the rate/Ts. The information symbols are separated into their
in-phase componemfmk) [n] and quadrature componestLT,k) [n] (indexnt = 1,2 refers to
the two polarizations at the transmitter, index 1,--- M refers to theM subchannels). The
OQAM modulation is implemented by delaying the quadratunegonent by half a symbol
with respect to the in-phase component (therefore the ndiset QAM).

After upsampling to reach the sample raf@s (the upsampling consists in inserting zeros
between the samples of the input sequence), the symbolsmaveleed with the pulse shaping
filter u[n]. Without loss of generality, we assume that the time domaipuise response of
the pulse shaping filteu[n] is a halfroot Nyquist filter (square root raised cosine fjltd@wo
adjacent channels are spaced by a frequency shift equat toplat symbol rate. The model
focuses on the channkland its two adjacent channéds- 1 andk + 1 since the interference
caused by the other channels on the chaknglnegligible. In order to prevent inter-channel
interference in the case of flat fading or slightly selectihannels, a factotj multiplies the
signal on the two adjacent channels. Mie&hannels are added together after signal shifting on
the frequency grid (multiplication with the exponentialgldéferent frequencies).

The signal is transmitted through the frequency selectianoelh,; ;[N representing the
optical fiber and the transmit/receive front-ends (indgxefers to the two polarizations at the
receiver). Additive white Gaussian noise (AWGW,), [n] of variances? corrupts the received
signal.

At the receiver, the analysis filterbank implements the ¢eupart of each operation per-
formed at the transmitter. After frequency shifting to mrss each channel around the origin,
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Fig. 1. OQAM-FBMC system model for subchantel

the received sequence is convolved with the filters matcbete pulse shaping filters. The
half symbol delay applied on the imaginary branch is comattsso that both the real and
imaginary sequences are received synchronously when doapisg.

3. Unified system model

The real output sequence&R,k) [n] andrEnR’k) [n] on the polarizatiomg of channelk can be

expressed as a function of the real input seques%g%[ ands'nTI [n] coming from both
polarizations it = 1,2) of the channek and its adjacent channels= k— 1,k k+ 1). Since
we are developing the equalizer at twice the symbol rate, @adrio define the polyphase
components of the output sequences:

Mheko oM = Mheio[2n+P] (1)
Mork oM = Mg o [20+ P 2)

for p = 0,1, so that the overall model is eventually working at the sghnate:

2 k+1

rF“R Z gnTl (nr.k).p []®SF$1T|[]
nr=1i
2 kt1 IR
D Z g(ﬁT,i),(nR,kLp[n]®Sl(nT,i)[”]+V'(QnR,k),p[”] 3)
nT=1i
| 2 kt1
r(an nz 1IZ gnTI ),(NR,K),p []®SRFITI[]
2 k+1 |
Z g I'IT i),(nr,k),p [ ] Sl(nT,i)[n] +V(HR,k),p[n] (4)
I'IT 1i

where® is the convolution operator. The paramebes relative to the two polyphase compo-
nents. The composite channel impulse responses resultffi@eonvolution of the transmitter



filter, channel response and receiver filter, downsampleaifagtorM, as defined in:

gl(?r,]TR’i)’(nR’k%p[n] = D{pl ®hnT nR[ ]®q5[m]}\n:mM+p-’\24 (5)
gl(’n?,i),(nR,k)’p[n] = D{p| ®hnT nR[ ]®q5[m]}‘n:m|\/|+p% (6)
gﬁ’,IT,i)’(nR’k%p[n] = D{p| | @ by gl ]®qL[m]}\n:mM+p% (7)
gl(’r:T,i),(nR,k)’p[n] = D{p| ®hnT nR[ ]®qL[m]}\n:mM+pMZ (8)

in which the functiongR[n], p![n] andgl[n], gl [n] are the synthesis and analysis filters:
i = ()i -exp 2y ) ©
i = (1) ujn- G | exp( 2 ) (10

and:

dl = () [n-en( j2my ) (1)
din = (000w | n- | exp( oy ). 12

The synthesis and analysis filters are computed by first viogethat the pulse shaping filter,
the frequency shift and the factoy)' on channel can be combined in a unified impulse re-
sponse j)' - u[n] - exp(j2mmy) at the transmitter angj) ~" - u* [—n]-exp(j27t}1 ) at the receiver.
At the transmitter, the real branch is only composed of thagmitter impulse response,
giving directly Eg. (9). The imaginary branch is composetheftransmitter impulse response
combined with the elemenfsandz™/2 (z-1 moved after the upsampling /2), giving Eq.

(10) if we further note that ex<)12rr - M/z)) =exp(j2mi) - (-1)\.
At the receiver, the real branch is only composed of the vecémpulse response, giving

directly Eq. (11). The imaginary branchis composed of tiseirer impulse response combined
with the factorZ/2 (zt1 moved before the subsampling by/2), giving Eq. (12) if we further

note that exp€12n ”*M/a) —exp(j2ni—”) (—1)\.
The noise sequenca% andv >p[n] are obtained by filtering the input noise se-

quencenn,[n] with the anaIyS|s fllters downsampllng by, keeping the real part or the imag-
inary part, and defining the polyphase components of thdtrasulone in Eq. (1) and Eq. (2)
for the received sequence.

In order to build a unified system model, the real/imaginastpof the input sequences on
both polarizations have been arranged in a sequence ohldnggctorsi(= k— 1,k k+ 1):

sl == [ (say[)T | (82 )7 17 (13)
with: T
Sinry[N] = [ S(E;T,n[”] SI(nT,n[”] } ; (14)

the real/limaginary parts of the noise and received sequeolghase components on both
polarizations have been arranged in sequences of lengtlt8rg:

rln == [ (ra)T | rei)™ " (15)
v = [ (VDT | (V)T B (16)



with:

. R R | | T
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.

V(nRak>[n] = [ V'(qr\R,k)-,O[n] V'(an,k)-,l[n] VI(”R,k),O[n] VI(”R,k),l[n] } ) (18)

and the real/imaginary parts of the channel impulse regmosrresponding to both polariza-
tions are arranged in a sequence of size8matrices:

. Ginawn | Gej.akn
ouin = [grauigenan a9
with: - RR IR
Ing ) 0e.0" Ging ) i ol
G(nr.i), ek [N] 1= zg??")’mR’k)’lm zl(T’wR’k)’lm (20)
QlT,I),(nR,k)-,O I(HIT,I),(HR,k)-,O
I i), (k.1 G iy (e 1 M)
for nt,nr = 1,2. Expressions (3)-(4) are equivalently written:
k+1
re[n] = | ZlGi,k[n] @s[n] + vk[n] (21)

where the definition of the convolutiah of a vector sequenodn] with a matrix sequend8|n]
is traditionally defined asi[n] := S -, G[M] - X[n—m].

4. Equalizer design

In the case of a single-polarization flat or slightly freqogeelective channel, it can be shown
that the interference caused by the subchankeld andk + 1 on the subchannélis either
imaginary on the real branch or real on the imaginary braseithat no inter-subchannel inter-
ference is left when the real part (resp. the imaginary gegglected on the real branch (resp.
the imaginary branch). Furthermore, the convolution oftéte halfroot Nyquist filters reduces
to a Nyquist filter sampled at the symbol rate, so that the-syenbol interference is removed
on every subchannel. Therefore, a single-polarizatigingii frequency selective channel can
be compensated at a low complexity by simple inversion witbraplex coefficient.

When the channel is significantly frequency selective, arabzer must be foreseen to cope
with the inter-symbol interference appearing on each saiweél, and with the inter-subchannel
interference. In the case of a dual-polarized communinaigstem, inter-polarization inter-
ference must also be taken into account in the equalizege$he MIMO linear equalizer
designed according to the minimum mean square error (MM8EtErion can be built for the
channek based on the unified system model in Eq. (21). The derivatidgheoequalizer can
be found in [24] for the continuous transmission case (itdilength equalizer computed in the
z-domain) or in [25] for the burst transmission case (finiteglh equalizer computed based on
a matrix model). Its application to the FBMC systems can hmébin [18, 20].

For practical purposes, we focus in this paper on the finitgtte MMSE equalizer. A matrix
model is obtained by assuming that the symbol vegdoi, at timen, is estimated based on the
observation of the sequence of received veatgrg on the finite windown —Ws, n+W]. The
channel impulse responses are furthermore assumed ofrslippied to the interval—L1, L].

In this case, the convolution in the model in Eq. (21) can h@essed as a matrix product:

TN = _; ) Gik-S[n + Vi[n] (22)



where the symbol vector is defined as:

s = [ (s+WirLa)T - (s-We—La)T |7, (23)
the received and noise vectors are defined as:
= [ (rn+Wa)T e (rdn—we)T ] (24)
V] = [ (n+Wa)T e (vdn—We))T ] (25)
and the size @V +Wso + 1) x 4(Wyp + L1 +Ws + Lo + 1) channel matrix is defined as:
Gik[-Li] -+  Giklla] Osx2
Gik = : : : (26)
Ogx2 Gik[~Li] - GiklLz]

The finite length linear MMSE equalizer that multiplies theteived vector to produce the
symbol estimat&[n] = Fy - r[n] is given by [25]:

=H 1 = Nt =H oo
Fk = GH ’ (Gk,k ’ RVk:\L/k ’ Gk-,k + RSSl) ’ Gk,k ’ RVk:\L/k (27)
in which:
* The symbol auto-correlation matrix is an identity matrix:

2
(o}
Rss = 75 Laowy Ly Vo +Lp+1) 5 (28)

because the symbols are independent.

» The noise auto-correlation matrix is:
2 2
Os = =H oS = —H
Ryv = Rw + ?S Gk-1k-Gr-1k + 75 Gkt 1k Gk (29)
because the noise accounts for AWGN (first term) and for therskorder statistics of
the interference generated by chanrels1 andk+ 1 on channek (two last terms).
The AWGN auto-correlation matrik,y includes coefficients expressing the correlation
existing between two polyphase components of the noisecsegs at the output of the
receiver filter.

» The matrix6 is designed to select the symbol at timi the vectors[n]:
o™ §n) = snl. (30)

Itis composed of zeros except on positiqiV4+L;) +1 in each column (1 =1,--- ,4)
where it is 1.

The linear MMSE equalizeffy is a matrix of size 4« 8(W; +W, + 1) that can be viewed as a
set of 4 size-8M +W, + 1) filters applied to the received sequence. The variance cérttoe
elements ing[n] := s[n] — &[n] can be found on the diagonal of the error auto-correlation
matrix:

—H -~ __ 1
Reeg = 6" - (Gk,k' Rvk:\L/k -Gy + Rssl) 0. (31)

The MMSE linear equalizer is computed based on the knowleddgee channel impulse re-
sponses that is generally acquired through channel esimainother option is to employ
adaptive algorithms that progressively converge to the MMS8Ilution based on the observa-
tion of the remaining symbol estimation error. The last 8olualso offers the advantage that
the system is inherently robust to channel time variatifds.believe however that this dis-
cussion is beyond the scope of the present paper.



5. Numerical results

The objective of this section is to assess the performantteeafual-polarized OFDM-OQAM
system and to discuss its implementation feasibility. Thenerical results are organized in
three parts:

* We first investigate the gain achieved by making use of thé\@nodulation and di-
mension the MMSE equalizer.

* We secondly compare the performance and complexity of thBM)OQAM and N-
WDM systems.

< We finally investigate the time and phase synchronizatmuirements at optical trans-
mitters for the proper work of the OFDM-OQAM system.

If not stated differently, the numerical results are olediffior the following system param-
eters. The number of channdlkis fixed to 8 in the simulations. The symbol rate per optical
channel is equal to 30 Gsymb/s. The modulation format issbtisaternary phase shift keying
(OQPSK). The transmit filter has a square root raised coSR&C) pulse shape of 3-dB band-
width equal to 30 GHz. Its length is equal to 8 symbols andoisaff is equal to 1. The optical
channel spacing is also equal to 30 GHz. Two independentalysttieams are transmitted on
the two polarizations. In accordance to the scope of therfapased on a dual polarization
PDM system, the optical fiber model has been reduced to PMIO® km long typical stan-
dard single mode fiber, characterized by.2a ps.knt %> PMD, is assumed. The CD has been
neglected in the simulations as it is generally pre-comgkeaksdigitally before equalization.
The memory length of the 2 2 equalizer filters if fixed t&\y = 2W, = 20 (see the explana-
tions in the next section). The system performance is asddgscomputing the (inverse of the)
symbol estimation mean square error (MSE) or the bit errier RER) reached at the output
of the equalizer. The results are averaged over 100 chasal&ations.

5.1. OFDM-OQAM system parametrization
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Fig. 2. Comparison of performance between the QAM and OQMAME systems for a
varying SNR at the input of the receiver. The symbol ratenokeébandwidth and channel
spacing are all equal to 30 Gsymb/s or GHz.

This subsection firstly evaluates the gain achieved by ngakée of the OQAM modulation
compared to the conventional QAM modulation. Figure 2 compahe symbol estimation
MSE of the QAM and OQAM-FBMC systems for a varying signalroise ratio (SNR) at



the input of the receiver. While the dashed curve demorssttett the performance of both
QAM and OQAM-FBMC systems improves linearly with the SNR wtthe ICI is neglected
(the interference coming from the adjacent sub-channeisli}, the solid curves demonstrate
that the OQAM modulation scheme significantly outperforims QAM modulation scheme
in the presence of ICI. The OQAM system performance in thegree of ICl is close to
the performance in the absence of ICI. The QAM system peidoia in the presence of ICI
saturates asymptotically to a low MSE value equal &dB.
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Fig. 3. Performance of the OFDM-OQAM system as a functiorhefeéqualizer memory
length for a varying symbol rate. The channel bandwidth drahnel spacing are varying
according to the symbol rate. The received SNR is fixed to 20 dB

Figure 3 evaluates the performance/complexity tradeaftlie OFDM-OQAM system. It
illustrates the symbol estimation MSE of the OQAM system darection of the equalizer
memory lengthd\y, W, for different values of the symbol rate. The memory lendthsl,
account for the anti-causal and causal parts respectivéheaomposite impulse response. In
our simulations, we assume thatis equal to the half length of the combined transmit/receive
filters (thereforel; = 8) and thatl, is equal to the remaining half length of the combined
transmit/receive filters plus the length of the optical filmepulse response (therefdrg = 8+
Lot whereL ¢ is the length of the optical fiber impulse response equal$o1®, 15 whenRs =
5,10,20,30 Gsymb/s respectively). When the equalizer is desigmediengthW, represents
the observation span on the indices abowehere the symbol vectag[n] contributes due to
the causal part of the impulse response, and the lengttepresents the observation span on
the indices belown where the symbol vectas[n] contributes due to the anti-causal part of
the impulse response. It is therefore reasonable to d&lest\W, to estimate the symbol vector
s[n] and we choos@h = 2Ws. The pulse shaping filter 3-dB bandwidth and the channeisgac
are adjusted according to the symbol rate. The SNR is fixed B When the symbol rate
increases (or equivalently the channel bandwidth), thechlafrequency selectivity on each
channel becomes significant and the necessary equalizeorpéength to cope with the ISI
increases. However, this is partly compensated from a aexitplpoint-of-view by the number
of channels that decreases with the channel bandwidth @\taeall communication bandwidth
is maintained constant. Assuming a 30 Gsymb/s symbol reedqualizer should be of memory
length at least equal to 20 to ensure a negligible degradatio

5.2. Performance comparison with N-WDM

This subsection targets to compare the proposed OFDM-OQ/kém to the well investigated
N-WDM system. The N-WDM system is simulated by reducing thleaff of the conventional
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Fig. 4. Comparison of performance between the N-WDM and O@dems for a varying
pulse length. The received SNR is fixed to 20 dB.

QAM system to (05. In a first step, we keep the channel spacing equal to theayrate so
that both systems deliver the same spectral efficiency.r€igullustrates the symbol estima-
tion MSE as a function of the pulse shaping filter length, detdfore of its implementation
computational complexity. The SNR is equal to 20 dB. The @a&lja channels in the case of
the OFDM-OQAM system remain orthogonal whatever theirdietcy overlap, explaining the
constant performance as a function of the pulse shapingHetmthe case of the N-WDM sys-
tem, the frequency overlap between the adjacent chanmetsybf impacts the performance.
The performance improves significantly with the pulse shgfgngth and tends asymptotically
to a value lower than the one obtained with the OFDM-OQAMeystbecause the roff-off fac-
tor different from zero still lets a small amount of interacimel interference.
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Fig. 5. Comparison of performance between the N-WDM and O@4bdtems for a varying
subchannel spacing (normalized to the symbol rate equaD t6syymb/s). The received
SNRis fixed to 20 dB.

In a second step, we keep the pulse shaping length constvaaynthe channel spacing.
Figure 5 illustrates the symbol estimation MSE of both OF@QAM and N-WDM systems
as a function of the channel spacing normalized to the symat@! The SNR is fixed to 20 dB.
While the performance of the N-WDM system continuously ioy&s with the channel spacing
since the ICl is reduced in that case, the performance of #2NDOQAM system is optimal
for a channel spacing equal to the symbol rate since the efsare orthogonal in that case.



We observe the large performance gain obtained with the OQ@Addulation scheme in the
presence of ICl. The N-WDM system outperforms the OQAM gsystehen the ICI becomes
negligible for large channel spacings but this is at the agp®f spectral efficiency!
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Fig. 6. Comparison of performance between the N-WDM and O@stems for a pulse
length equal to 8 or 20 (long pulse filter).

Figure 6 illustrates the BER as a function of the SNR for boBD®-OQAM and N-WDM
systems. As for the N-WDM system, two values of the pulse istigglength are considered.
The BER analysis confirms the former conclusions: the OFD®IAM system outperforms
the N-WDM system when the spectral efficiency is equal fohtmtstems, the performance
of this last scheme can be improved - but do not reach the ipeafuce of the OFDM-OQAM
system - by increasing the length of the pulse shaping fitteequivalently its implementation
complexity).

5.3. Impact of synchronization errors

The improved performance achieved with the OFDM-OQAM syst®mes unfortunately at
the cost of important synchronization requirements atrduesimit side: the phase of the optical
carriers should necessarily be shifted fp§2 between the adjacent channels; the pulse shap-
ing filters should be time aligned on all channels. This satise investigates the impact of
synchronization errors on the BER performance.

Fig. 7. Impact of a time synchronization error on the OQAMtegs bit error rate.



Figure 7 gives the BER as a function of the SNR for increasialges of the time syn-
chronization error. The time erraris simulated as a uniformly distributed random variable
of maximum indicated in the figure. Figure 8 on the other hamdggthe BER as a function

Fig. 8. Impact of a phase synchronization error on the OQAMesy bit error rate.

of the SNR for increasing values of the phase synchronizaticor. Like the time error, the
phase errop is assumed to be a uniformly distributed random variable @timum indicated
in the figure, constant for each channel realization. Evgiése/time synchronization errors
clearly degrade the BER performance, it is noteworthy thatfterformance is still acceptable
for significant errors: a A Ts time error or art/8 phase error are affordable.

6. Conclusion

This paper demonstrates that the OFDM-OQAM modulationmgeroposed for coherent
optical fiber communications can advantageously be cordhiith PDM to still double the
spectral efficiency. More specifically, the MMSE equalizearking per channel at twice the
symbol rate is designed to decouple the two polarizationadgy and its efficiency is assessed
numerically. Compared to the well studied N-WDM system,gheposed system benefits from
an improved BER performance when the pulse shaping filtersfadentical length, or equiv-
alently from a reduced computational complexity to achi@wedentical BER. The main chal-
lenge in the design of the OFDM-OQAM system comes from theessary time and phase
synchronization of the optical channels, but we demorssttat the synchronization require-
ments are actually not stringent.



