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Abstract—Offset-QAM-based filterbank multicarrier
(FBMC/OQAM) is an attractive candidate to improve the
spectral containment of optical fiber communication systems,
especially when considering a sufficiently high number of
subcarriers. As for other multicarrier modulations, the
chromatic dispersion (CD) compensation is simplified in
FBMC/OQAM systems since it is performed in the frequency
domain. Unfortunately, FBMC/OQAM systems are sensitive to
the laser phase noise (PN). The PN becomes difficult to mitigate
when the number of subcarriers increases due to the increased
symbol period. It results in inter-carrier interference (ICI) and
inter-symbol interference (ISI) due to the loss of OQAM
orthogonality. In this paper, we consider the use of moderate
numbers of subcarriers to allow for simpler PN tracking.
Consequently, more advanced CD compensation methods are
required and a trade-off between CD and PN compensations
needs to be studied. In this paper, the frequency sampling
equalizer is used for the CD compensation, whereas an innovative
adaptive maximum likelihood estimator is used for the PN
compensation. A methodology is then presented to analyze this
performance trade-off between CD and PN compensations, and
design the desirable system parameters such as the number of
subcarriers and the equalizer length. This is illustrated in the
case of a terrestrial long-haul FBMC/OQAM transmission
system, with 400-kHz laser linewidth and a 1000 km optical link.

Index Terms—Filter-bank multicarrier, offset QAM, coherent
detection, carrier phase estimation, CD compensation, long-haul
communications.

I. INTRODUCTION

N ORDER TO satisfy the ever-increasing network capacity
demands, multicarrier modulations have currently been
receiving increased attention in optical fiber communication
systems [1-4]. Among multicarrier modulations, offset-QAM-
based filterbank multicarrier (FBMC/OQAM) has become a
promising candidate to improve the spectral efficiency (SE) of
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optical fiber wavelength-division multiplexing (WDM)
communication systems [2]. FBMC/OQAM requires no cyclic
prefix compared to the optical orthogonal frequency-division
multiplexing (OFDM) modulation, which improves its
throughput rate. Furthermore, FBMC/OQAM exhibits a much
better spectral containment than OFDM thanks to the use of a
time-frequency well-localized shaping filter [3]. By using a
sufficiently high number of subcarriers, the guard band
inserted between two optical channels can be kept as low as
tens of MHz [2], again improving the SE.

As in common multicarrier systems, using a high number of
subcarriers provides a simple way to compensate for channel
time dispersion generated by the chromatic dispersion (CD)
with the use of a one-tap equalizer on a per-subcarrier basis.
However, multicarrier systems become more sensitive to the
time varying effects of the channel such as laser phase noise
(PN) when the number of subcarriers increases due to the
increased symbol duration. The PN causes inter-carrier
interference (ICI) and inter-symbol interference (ISI) due to
the loss of the OQAM orthogonality. Several new carrier
phase estimation (CPE) algorithms to compensate for PN have
been proposed for OQAM modulations. In the tens of GHz
bandwidth of optical multicarrier systems with a laser
linewidth in the commercial range (tens of kHz to several
MHz), most of CPE algorithms have been validated in FBMC
systems using a small number of subcarriers (2M < 8, where
M 1is half number of subcarriers), such as the modified blind
phase search algorithm (M-BPS)[5] and its reduced
complexity versions [6-7]. We have recently proposed a
frequency-domain M-BPS algorithm that can work with a
higher number of subcarriers [8], up to 2M = 1024. The pilot
tone method for the PN compensation has been proposed
in [9]. However, it incurs a loss of SE. In our paper, we focus
on non-data-aided (blind) PN compensation methods. Since
the time domain PN compensation requires some iterations
and extra interpolations in multicarrier modulations
systems [10], the frequency domain compensation is preferred.
As concluded in [8], the number of subcarriers should be
moderate enough to ensure that the PN compensation is
possible in the frequency domain.

On the other hand, the CD tolerance offered by one-tap
equalizer is reduced if the fiber dispersion is high, the
propagation distance is long and/or the number of subcarriers
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Fig. 1. FBMC/OQAM system model, considering the chromatic dispersion and laser phase noise impairments.

is low. This reduction comes from the fact that the frequency
response at the subcarrier level can no longer be considered as
flat when the length of the channel impulse response is long
with respect to the FBMC symbol duration. Therefore,
advanced methods for CD compensation are required. So far,
two methods have been applied to enhance the CD tolerance.
Zhao et al. [9] have proposed to deploy multiple analysis filter
banks (AFBs) where each AFB uses a different frame
synchronization. Recently, Yu et al [11] have designed a
three-tap equalizer to alleviate the crosstalk from the two
adjacent subcarriers. One disadvantage of the former is that it
requires many AFBs at the receiver to compensate for CD,
while the latter uses only the information from adjacent
subcarriers leading to the limited CD tolerance improvement.
In wireless FBMC/OQAM communications, the frequency
sampling (FS) equalizer has been shown to be an effective
solution for the compensation of strong frequency selective
channel [12]. To the best of our knowledge, it has not been
applied to compensate for the CD in optical FBMC/OQAM
systems.

In this paper, we investigate long-haul terrestrial optical
fiber FBMC/OQAM systems in the presence of both CD and
PN. The number of subcarriers is kept sufficiently high in
order to get a high SE, i.e. at least 128 subcarriers so that
discarding one subcarrier at the spectrum edge to create a
guard band between two optical channels leads to less than 1%
spectral loss. However, it has been shown that the number of
subcarriers should not be too high to ensure that the PN can be
compensated in the frequency domain, allowing for a low
complexity algorithm [13]. In this work, we propose to use the
FS equalizer for improving the CD tolerance. Moreover, a new
simple CPE algorithm is derived from the log-likelihood
function of the PN estimation. The objective of this method is
to minimize the PN estimation error by using the inverted
gradient descent method. This method in turn acts as an
adaptive maximum likelihood estimator, referred to as AML
algorithm, and it is shown to be of low complexity compared
to the M-BPS. The proposed algorithms are numerically
validated with 4- and 16-OQAM modulations after
transmission over 1000 km of standard single-mode fiber
(SSMF), with a combined laser linewidth of 400 kHz. The
sampling rate is set equal to 60 GHz. Finally, we show how to
optimize the FBMC/OQAM system design in terms of the
performance of both CD and PN compensation and their
complexity. It is shown that the number of subcarriers should
be carefully chosen so that the trade-off between efficient CD

and PN compensation is optimized while the complexity is
kept relatively low.

The paper is organized as follows: in Section II, the
FBMC/OQAM system model and its impairments are defined.
In SectionIll, we present the FS equalizer for CD
compensation and study its performance regarding the number
of taps. In Section IV, we derive the PN compensation method
based on the AML algorithm and investigate its performance.
The hardware complexity of the proposed algorithms is
discussed in Section V. In Section VI, we introduce the
methodology for designing the FBMC/OQAM systems in the
presence of both CD and PN effects. Finally, Section VII
concludes our paper.

II. FBMC/OQAM SYSTEM MODEL

In order to focus on the CD and PN effects, only one
polarization is considered. However the extension to dual-
polarization systems is straightforward. Ideal time/frequency
synchronization is assumed. Fig.1 illustrates the
FBMC/OQAM system model in the presence of CD and PN.
The parameters 2M, m and T denote the number of subcarriers,
subcarrier index and QAM symbol duration, respectively. At
the transmitter, the QAM symbols, c,,, are firstly pre-
processed by the OQAM block (C2R,,), where the real and
imaginary parts of QAM symbols are destaggered to form the
real-valued symbols, d,,;, at the rate 2/T. These symbols are
OQAM modulated by multiplication by a phase factor,
6, =;""". Then the samples are M-upsampled before being
filtered by the synthesis filter banks (SFB). The prototype
filter, g[n], has a length L, = 2KM, where K is the overlapping
factor. The output FBMC signal at the rate 1/75=2M/T is
obtained by the summation of all subcarriers and can be
written as [14]

2Ng 2M

S[”]Zzzdmﬂz'gm.z["] > (1)

=1 m=1

where g,,[n] = 6,,rg[n—IM]-exp(jmm/M(n—(Ls~1)/2)) and 2Ng
denotes the number of real-valued multicarrier symbols
(assumed to be either finite or infinite). In the simulations, we
use the PHYDYAS filter as the prototype filter with
overlapping factor K = 4 [14]. The time and frequency domain
presentations of the prototype filter are shown in the inset of
Fig. 2. The FBMC signal is then transmitted onto fiber links.
The transfer function associated with CD, H(f), can be
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Fig. 2. Presentation of the prototype filter in a) time and b) frequency

domains.

expressed as [15]

H(f)=e <, )

where L is the fiber length. The parameters A and ¢ denote the
wavelength and speed of the light in vacuum, respectively.
The parameter D represents the dispersion coefficient of the
fiber. Note that, f'is the relative frequency with respect to the
optical carrier frequency.

The received signal, 7[n], is corrupted by additive
circularly-symmetric white Gaussian noise (AWGN), denoted
by n[n], with zero-mean and variance Ny and by the PN ¢[x]
of linewidth Av. The additive noise representing the amplified
spontaneous noise (ASE) of optical amplifiers and other noise
sources, i.e. thermal noise, shot noise, is usually a valid
assumption. The combined PN coming from transmitter and
receiver lasers is modeled as a Wiener process [8]

¢[n]=¢[n—1]+9[n], 3)

where 0[n] is a zero mean real Gaussian random variable with
variance o,” = 1-Av-T/M. The received signal can be expressed
as

r[n]=(JS(H (e ™ df +n[n])e™, @)

in which S(f) is the Fourier transform of s[n]. Assuming that
the channel frequency response is approximately flat at the
subcarrier level and that the phase noise is slowly varying with
respect to the symbol duration, the received signal at the
output of the AFB, at the subcarrier my and the multicarrier
symbol /; is given by

Ly

Yy = 2,7 (180, (]

n=1
5)

2Ny 2M

= ej% Hmo zzdm,lzgm,l [n]g:lovlo [i’l] + Wmo’l” ’

1=l m=1 n=1

where H,, = H(f,) with f,, being the m-th subcarrier frequency,

Wi denotes the filtered additive noise with zero mean and

mgy

variance ©,° for both real and imaginary parts. Since
Re{z,f;gm’,[n]g;o,lo[n]}z&mﬂnﬂ.lflo, in which 6 is the

Kronecker delta function and Re is the real part operator, the
received signal in (5) can be reformulated as follows

ym.[ = Hm (dm,l + J : um,[)ejtpl + Wm,[ ’ (6)

where u,,; is the so-called intrinsic interference coming from
the neighboring symbols on the carrier of interest. In order to
obtain a simple PN estimator, we make the simplifying
assumption that u,,,; is independent of the transmitted data and
has a Gaussian distribution with zero mean and variance
denoted by Guz. Assuming that the transmitted symbols d,,; are
independent and of variance E¢/2, the variance o, is given by

E x
ol ==Y {3 g, [nlg,, [n]]. 9

m,l

in which Im is the imaginary part operator. In our simulations,
the signal is normalized so that the variance Eg¢?2 is set equal
to 1/2. In the absence of PN, the transmitted signal can be
recovered by taking Re(y,/H,). Consequently, the PN
rotation should be compensated prior to the OQAM post-
processing. Moreover, when the transmission distance
increases and/or the number of subcarriers decreases, the
assumption of a flat channel frequency response at the
subcarrier level is no longer valid. This motivates the need for
a more efficient CD compensation technique. Note that Fig.1
gives an intuitive understanding on the underlying principle of
FBMC system and that it is efficiently implemented in this
study by applying the poly phase network (PPN) and fast
Fourier transform [14]. In the following sections, we discuss
in details the FS equalizer for CD compensation and the
proposed AML algorithm for the PN compensation.

III. CHROMATIC DISPERSION COMPENSATION WITH THE
FREQUENCY SAMPLING EQUALIZER

The CD compensation method used in this paper consists in
using a finite impulse response (FIR) filter applied per
subcarrier (Fig. 1), whose principle is to invert the channel
response at a number of target frequency points within the
subchannel bandwidth. The equalizer frequency response can
be calculated at the corresponding points in frequency
according to the zero-forcing (ZF) criterion [12]. Hence, a FIR
equalizer h,[n] can be derived by the inverse Fourier
transform. The equalized signal at the receiver can be written
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120

as

N,—1

tap ™

ym,l = 2 hm,lo 'ym,lo—l+a > (8)
Iy=0

in which Ny, is the number of taps of the equalizer and o is
introduced to take into account the reconstruction delay. As
proposed in [12], an odd number of filter taps is used in order
to symmetrically control the equalizer response with respect to
the subcarrier center frequency. In this case, the center
frequency itself is one of the target frequency points. The
equalizer can be implemented based on the knowledge of the
CD. In this paper, we assume that the CD is perfectly known
at the receiver. In practice, it can be acquired beforehand by
using one of the existing CD estimation methods, such as [16].

To focus on the effectiveness of the FS equalizer to deal
with the CD, AWGN and PN are not considered. Fig. 3 shows
the mean square error (MSE) of received symbols for each
subcarrier using the FS equalizer with a varying number of
taps after a 1000 km optical fiber transmission. Note that, the
dispersion coefficient of SSMF used in simulations is chosen
equal to 17 ps/nm/km. The number of subcarriers is set to 256.
The MSE exhibits the highest values on the edges of the
frequency band since the phase variations of the channel are
increasing with the absolute value of frequency. As it would
be expected, the MSE reduces when the number of taps of the
FS equalizer is increased.

Fig. 4 presents the average MSE as a function of the
number of subcarriers for a 200 km and a 1000 km optical
fiber transmission in the absence of AWGN and PN. In this
figure, the performance of the FS equalizers with 1 tap and 7
taps are plotted. As the number of subcarriers increases, the
MSE is reduced since the subcarrier width is reduced and the
frequency response of the channel can be considered to be
flatter at the subcarrier level. For example, in order to achieve
a -28 dB MSE, if we use 1 tap equalizer and 128 subcarriers,
the propagation length cannot exceed 200 km. However, using
the 7 taps equalizer, a 1000 km fiber transmission achieves the
same MSE by using only 64 subcarriers. The complexity of

B=-a

=1 tap
7 taps

102 10° 10*
Number of subcarriers, 2M
Fig. 4. MSE versus number of subcarriers, in the absence of PN and AWGN.
Solid lines: 200 km, dashed lines: 1000 km.

increasing the equalizer number of taps will be discussed in
section V.

IV. PHASE NOISE COMPENSATION BASED ON INVERTED
GRADIENT DESCENT ALGORITHM

Assuming that CD is completely compensated by the FS
equalizer as discussed in Section III and that PN is slowly
varying with respect to the symbol duration, the received
signal can be re-written as

Ty = (de +j-um,,)ej¢‘ W, - )

We denote by X* (resp. X) the real (resp. imaginary) part of
the variable X, and (-)" is the transpose operator. Considering
all subcarriers (m=1,...,2M) at instant [, (9) can be
reformulated as

5=4,®¢+y, (10)
where the operator ® is the Kronecker product, the received
vector, the symbol vector and the PN vector are defined as

(R _I _R _I R 1\
3= \%y %%y ZueZamy Romy
T
41=(d1,1 d2,1~-~d2M,1) (11)
. T
@ = (cosq‘), sm(b,) .
The additive noise vector and its elements are defined as
(. R I R _I R 1\
Y =W Vi Yau Vaue Vama Vamu
R _ . R
vm,l - _um,/ sm ¢l + Wm,l (12)
I 1
vm,l - um,l Cos ¢l + Wm,l‘

It should be reminded that u,,; is assumed to be independent
of the transmitted data and being Gaussian distributed with
zero mean and variance ©,”. The log-likelihood function
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(LLF) of

phase noise ¢, has been computed in [8]

z,, knowing the transmitted OQAM signals d, and

F(0)=toe(sla.0)-c+ 13 ol Ll
¢,)=log f(z|d,.9, 2~ 03 G +O'
, (13)
1& o, oy duOL O +0'
_5% o, o +0] Re(zm’lle ”’) 00,

in whichC = —log(2n’ow112M(0'f +0'i,)). Considering a low

noise case (0, <0, ), the LLF becomes

2M
=3 [

u m=1

d,,) -

F(¢,)= —log(ZﬂG o \/—)
(14)

1 2M

20?2

w m=l1

20
(Re(zm’l ‘e "”’)

The parameter ¢ should be selected to maximize the LLF.
Equivalently, the derivative of the LLF should be equal to
zero. Therefore an assessment of the LLF derivative at the
current PN estimate is a measure of the PN estimate error. The
derivative of the LLF, evaluated at the current estimate of the
phase, is given as

(dml - costf)l -Re(zm,l)— sinqA), -Im(zm,,)).

We propose to use a gradient ascent approach to update the
current phase estimate based on the measure of the phase error
G =0+ 1, (16)

where u is the step-size parameter controlling the rate of
convergence, & is a measure of the compensation error,

Number of subcarriers, 2M
Fig. 6. MSE versus number of subcarriers using different PN compensation.
Averaging PN compensation is carried out with the assumption of knowing
PN.

obtained from (15). Since d,,; is not known in advance, it is
estimated by direct decision of a pre-rotated version of z,,;
with the previous PN estimate value. Note that, the use of all
subcarriers for the PN estimation makes the algorithm more
robust against the additive noise. Finally, the PN estimate is
used to compensate for the PN effect at the next FBMC
symbol.

The step-size in the adaptive maximum likelihood (AML)
algorithm is a crucial parameter. It should be optimized in
order to achieve the best performance of PN compensation. To
study the impact of step-size on the PN compensation, the CD
and AWGN are first neglected. Fig. 5 presents the optimum
AML step-size as a function of the number of subcarriers. The
optimum value is selected corresponding to the minimum
MSE when varying the step-size. Inspection of (15) reveals
that the estimation error is accumulated when increasing the
number of subcarriers. This intuitively explains the reduction
of the optimum step-size as the number of subcarriers
increases.

Fig. 6 shows the MSE as a function of the number of
subcarriers using different PN compensation methods. The
“average PN compensation” is also plotted as a reference for
the comparison. It is obtained, assuming that the PN is
perfectly known, by computing the average of the PN on the

T T

=M- BPS
10F -¥-AML
o Q—MCRLB
=)
z Or 1
o
2
< 10
E
%)
[}
S
L
(2]
=
404 L 1 L 1 L _I
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Fig. 7. MSE of the estimated PN versus SNR. Laser linewidth is set to
400 kHz and 2M = 256.
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to the fact that the symbol duration is longer when using a
higher number of subcarriers, and thus the PN is no longer
constant within the symbol duration making the compensation
less effective. At the same time, as shown in [8], the M-BPS
performance is worse for a low number of subcarriers, since
there are not enough samples to average out the additive noise.
Somewhat surprisingly, the AML shows better MSE than the
compensation based on the true PN average, implying that the
optimum value for the PN compensation of one FBMC
symbol is not obtained by averaging the PN.

Fig. 7 presents the MSEs of the estimated PN using
different PN compensation methods versus the signal-to-noise
ratio (SNR) with the considered 400 kHz laser linewidth and
2M = 256. The AML shows a better MSE for a large range of
SNR compared to the M-BPS, which is consistent to the
results in Fig. 6. Also, the modified Cramer-Rao lower bound
(MCRLB) [17] is plotted as a benchmark.

It should be noted that the progressive PN update based on
the previous PN estimation in the AML algorithm gets rid of
using multiple phase tests as in the M-BPS algorithm. Hence,
the complexity of proposed AML is obviously lower than that
of M-BPS and it does not suffer from the phase quantization
of M-BPS due to the limited number of phase tests. However,
the performance of AML becomes worse than that of BPS for
high laser linewidth or large number of subcarriers, since the
assumption of the slowly varying PN is no longer valid.
Details on the complexity of the PN compensation algorithm
are given in Section V.

V. HARDWARE COMPLEXITY

We evaluate the complexity of different compensation
algorithms in terms of multiplications and additions.
Assuming that multiplying two complex numbers requires 4
real multiplications and 2 real additions, the complexity
depicted in Tab.I corresponds to the number of required
operations for the transmission of one real multicarrier symbol
at one subcarrier. It is observed that for CD compensation, the
number of multiplications and additions required by the L taps
FS equalizer is proportional to L. Regarding the PN
compensation, the AML reduces significantly the complexity
compared to the M-BPS, as the number of phase tests B of M-
BPS is generally at least equal to 16 [8].

The previous studies focus on the separated impacts of CD

Number of subcarriers, 2M
Fig. 8. Trade-off between the CD and PN compensation, 1000 km fiber and
400 kHz linewidth. Black solid lines: 1 tap equalizer; Black dashed lines: 7
taps equalizer.

and PN on the FBMC/OQAM systems. In practice, the two
effects are present at the same time. One can note that there
exists a contradiction between the use of a high number of
subcarriers for the effective mitigation of CD (Fig. 4) and the
use of a relatively low number of subcarriers for the better PN
compensation (Fig. 6). Moreover, the achievable performance
should be traded with the complexity required by the
compensation algorithms. We discuss in details in the next
section the methodology for designing a long-haul
FBMC/OQAM transmission system making the optimized
trade-off between CD and PN compensation.

VI. SYSTEM DESIGN AND DISCUSSION

The performance of a 60 GBaud FBMC system based on 4—
and 16—-OQAM modulations is assessed in this section in the
presence of both CD and PN for a 1000 km transmission
distance and a laser linewidth of 400 kHz. The number of
subcarriers is considered here as a key design parameter as it
directly fixes the SE in unsynchronized WDM systems using a
small guard band [2]. This number is varied in order to find
the best trade-off between the CD and PN compensation. Even
though the transmission distance and laser linewidth are fixed
in the simulations, the system design methodology still applies
for different values of CD and PN. Note that we neglect the
effects of the digital-to-analog converter (DAC)/ analog-to-
digital converter (ADC) and analog low-pass filters in our
simulations. We assume that the carrier frequency offset
(CFO) is pre-compensated before the data detection can take
place. Typically, the differential phase increment method
proposed in [18] can perform the CFO acquisition based on
the observation of dedicated training sequence.

Fig. 8 shows the trade-off between the CD and PN
compensation in terms of MSE when varying the number of
subcarriers. Note that no AWGN is added in the simulations in
order to focus on the CD and PN impacts. The performance
achieved when only one of the two effects is activated is
assessed as a benchmark. Regarding the CD compensation, the
performance of 1-tap equalizer (black solid lines) is compared
to that of the 7-tap FS equalizer (black dashed lines).
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Fig. 9. BER versus SNR after 1000 km transmission with the combined laser
linewidth of 400 kHz. Theory curves are achieved with only AWGN. Solid
lines: 4-OQAM modulations; dotted lines: 16-OQAM modulations.

Regarding the PN compensation, only the performance of the

AML algorithm is illustrated as it has been shown to

outperform the M-BPS algorithm for the considered laser
linewidth (Fig. 6). More interestingly, the AML algorithm is

of lower complexity than the M-BPS. The joint CD and PN
compensation is then studied. At the receiver, the CD
compensation using different numbers of equalizer taps and
the PN compensation using the AML algorithm are
investigated. For a low number of subcarriers, it can be seen
that the 1 tap equalizer fails to recover the symbols and leads
to a high MSE. For a high number of subcarriers, the
performance of CD compensation is better, resulting in the
reduction of MSE. As 2M is further increased, the PN
compensation becomes less efficient resulting in an increase
of the MSE. It is observed that there is an optimum
compromise between CD and PN compensation regarding the
number of subcarriers. Note that the exact value of the
optimum number 2M varies depending on either the number of

FS equalizer taps or the optical link parameters, i.e. optical
fiber length, laser linewidth. More specifically, with the
considered link configuration, the optimum number of
subcarriers is 1024 when using a 1 tap equalizer and 256 when

using a 7 taps equalizer.

In the next analysis, we investigate the performance of the
optical link using the optimum number of subcarriers with 4-
and 16-OQAM modulations. Fig. 9 shows the BER of 4- and
16-OQAM signals as a function of the SNR using AML and
M-BPS algorithms. Note that, we define the SNR as the ratio
between the optical signal power at the receiver input and the
optical noise power over the 60 GHz system bandwidth. When
2M =256 and 7 taps FS equalizer are considered, no
noticeable SNR penalty is observed for 4—-OQAM signals
while a 0.9 dB SNR penalty at the 10° BER is reported for
16-cOQAM signals. If we now consider the 1-tap FS
equalizer, the optimum 2M value is 1024 (see in Fig. 8) and
we can see in Fig. 8 that the BER is worse for both 4— and
16-OQAM modulations. More particularly, the 4-OQAM
modulation exhibits a 0.6 dB SNR penalty at the BER of 107,
whereas the 16cOQAM modulation cannot reach the 10° BER
level regardless of the PN compensation algorithms. Note that,

Linewidth (kHz)
Fig. 10. SNR penalty at a BER of 10° versus laser linewidth after 1000 km
transmission. 7-tap FS equalizer is used. Number of subcarriers: 2M = 256.

in the best design parameters set (corresponding to the lowest
MSE) where the 2M = 256 and 7 taps FS equalizer are used,
the AML algorithm slightly outperforms the M-BPS algorithm
with about 0.1 dB less SNR penalty at a BER of 107, while
the complexity of AML is lower than that of M-BPS.

In order to confirm the effectiveness of the proposed PN
compensation in the laser linewidth range [10 kHz, 500 kHz]
of commercial sources, we evaluate the SNR penalty to
achieve a bit error rate (BER) of 107 (corresponding to the
hard forward error correction (FEC) limit) as a function of
laser linewidth (Fig. 10). The SNRs when considering only
AWGN and no transmission to achieve a BER of 10” for 4—
and 16—OQAM signals are 9.8 dB and 16.7 dB, respectively,
and these values are used as the benchmarks for the SNR
penalty calculation. To this evaluation, the 7 taps FS equalizer
is used to compensate for the CD after 1000 km transmission
and 2M =256. The performance of AML algorithm is
compared to that of M-BPS algorithm for 4- and 16-OQAM
modulations. It can be seen that the AML can provide a
smaller SNR penalty than the M-BPS for systems working
with laser linewidths smaller than 2 MHz and 400 kHz for
corresponding 4- and 16-OQAM modulations. Considering a
1-dB SNR penalty, the tolerated linewidths of AML and M-
BPS are about 3 MHz and 600 kHz for 4- and 16-OQAM

8

o N

6]

SNR penalty (dB)
w H

Fiber length (km)
Fig. 11. SNR penalty versus fiber length at the 10° BER for 4- and 16-OQAM
signals with laser linewidth Av = 400 kHz and 2M = 256.
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modulations, respectively.

A similar investigation is carried out by varying the fiber
length. More specifically, we investigate the SNR penalty at a
107 BER as a function of the fiber length for 4- and 16-QAM
modulations using different number of taps of the FS equalizer
(Fig. 11 with 2M =256 and 400 kHz laser linewidth). Only
AML algorithm is applied to compensate for the PN. For a
1 dB SNR penalty, the maximum reachable distances using
the 1 tap equalizer are 400 km and 150 km for the 4— and
16-OQAM modulations, respectively. When the 7 taps
equalizer is applied, the maximum transmission distances
increase to 3200 km and 1000 km for the 4— and 16—OQAM
modulations, respectively. Such results confirm the
effectiveness of the proposed algorithms for CD and PN
compensation. The results shown in Figs. 10 and 11 imply
that, for a fixed complexity, there is a limitation in terms of
linewidth and fiber length that can be handled by the system,
whatever the choice of the number of subcarriers is. The only
way to improve the system performance is to go towards
higher complexity receivers. It is also worthwhile to note that
this is also typically the point where the performance of AML
starts to degrade. However, for all practical scenarios where
the impact of CD and PN is mixed, AML will be better than
M-BPS.

Even though the parameters of the considered systems are
suitable to the terrestrial communication links, the system
design rule can easily be extended to other communication
links such as submarine links. For example, considering a
10 000 km transmission, the sensitivity to PN is increased in
comparison to the terrestrial communication links due to the
larger CD. The only way to keep an acceptable performance is
to increase the number of subcarriers and possibly the number
of taps of FS equalizers and to use lasers with reduced
linewidth, i.e. by using 2048 subcarriers, 29 taps FS equalizer
and 100 kHz laser linewidth, our numerical results show that a
60 GBaud FBMC system can reach 12000 km and 4000 km
optical fiber transmission for respective 4- and 16-OQAM
modulations with SNR penalties less than 1 dB at the 1.9x107
BER (corresponding to the soft FEC limit). This methodology

provides an efficient way to optimize the optical
FBMC/OQAM systems in terms of performance and
complexity.

VII. CONCLUSION

We have investigated the joint CD and PN impact in optical
FBMC/OQAM systems. To deal with such impairments, the
simple and efficient frequency domain compensation method
has been analyzed. The first one is the FS equalizer for the CD
compensation and the second one is the AML algorithm for
the PN compensation. The derived methods have been
numerically validated with 4— and 16—-OQAM modulations,
confirming their effectiveness. We further discuss a
methodology for the design of long haul FBMC/OQAM
transmission systems in order to find the best trade-off
between the performance of CD and PN compensation, and
the complexity. It has been shown that the number of
subcarriers is a critical parameter in the optimization of the

system design. This investigation can be extended to different
values of the fiber length and laser linewidth, providing an
efficient way for system design.
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