Inter-Band Nonlinear Interference Canceler
for Long-Haul coherent optical OFDM Transmission

Abdelkerim Amari, Philippe Ciblat and Yves Jaouén
Institut Mines-Telecom/Telecom ParisTech, Paris, France
Email: abdelkerim.amari @telecom-paristech.fr

Abstract—In the context of long-haul multi-band coherent
OFDM transmission (at 400 Gbps), we propose an inter-band
nonlinear interference canceler based on Volterra series. This
new type of receiver significantly improves the BER performance
compared to the standard third-order inverse Volterra series
nonlinear equalizer.

I. INTRODUCTION

Super-channel approaches, such as Nyquist-WDM and
multi-band orthogonal-frequency-division-multiplexing (MB-
OFDM) signals, allow both high spectral efficiency, small
guard-band which makes them promising candidates for 400
Gbps and 1 Tbps long-haul WDM transmission [1], [2]. By
using the MB-OFDM technique, bit-rate elasticity would be
obtained by playing both over the number of bands and the
modulation format transported by the sub-carriers constituting
the OFDM bands. In addition, high spectral efficiency mod-
ulation formats, such as 16-QAM, are of primary importance
for increase the spectral efficiency. However, their higher
OSNR requirement and increased sensitivity to fiber nonlinear
effects lead to a dramatic reduction of the transmission reach.
Therefore, mitigating nonlinear impairments is essential for
long-haul high data rate optical communications.

Several approaches have been considered to mitigate non-
linear effects such as digital back propagation (DBP) [3] and
third-order inverse Volterra series transfer function (IVSTF)
based nonlinear equalizer (NLE) [4], [5]. These techniques are
typically used only to compensate for intra-channel nonlinear
effects and the main interest of IVSTF compared to DBP is
its computational load since parallel processing can be done.
On the other hand, multi-band/channel transmission approach
leads to inter-band/channel nonlinear interference, reducing
significantly the nonlinear equalization performance [6].

Therefore, in the context of multi-band coherent OFDM, we
propose an Inter-band Nonlinear Interference Canceler (INIC).
The nonlinear interference cancellation has been already con-
sidered in wireless communication system [7], [8]. The INIC
is proposed hereafter to compensate for the inter-band/channel
interference. Actually, the contribution of the detected symbols
of adjacent bands is rebuilt based on VSTF fiber model and
removed from the band of interest. Therefore our receiver
is related to the large class of Decision Feedback Equalizer
(DFE). Through simulations, we show a significant gain in
terms of BER.

II. PROPOSED INIC RECEIVER

We consider a single mode fiber (SMF) with N spans, each
of length L, attenuation coefficient «, second-order dispersion
parameter (32, and nonlinear coefficient . As shown in [9],
the VSTF model is a powerful tool for solving the so-
called nonlinear Schrédinger equation that governs the wave
propagation within a SMF. Let X be the transmitted signal and
Y the fiber output of the N-th span. In the frequency domain,
the transmitted signal X is written as:

X(w) = [Xa(w), Xy(w)]

where X, and X, are the transmitted signal in polarization
z and y respectively. In the following equations, we focus on
polarization x. Similar processing has to be done for polar-
ization y. In multi-band transmission context, the transmitted
signal X of polarization x can be written as:

M
XJ(LU) = Z X.’L‘,’ﬂl(w)
m=1

where X, ,,, is the transmitted signal on band m and M is
the number of transmitted bands. In addition, the transmitted
signal X, ,,, carries a sequence S, ,, of information symbols
(typically QAM symbols). Based on VSTE, the received signal
Y, of polarization x can be written, with respect to the
transmitted signal X as follows :

Va(w) = Hi(w) X (w)
+/ Hj(wi,wa,w — wi 4+ w2) Xy (w — wy + wa)
X [XT(wl)X;(wg) + Xy(wl)X;(WQ)]dwldWQ

where H; and Hj3 denote the first-order and third-order VSTF
kernels respectively and given by [5]:

Hi(w) = e=Jw*B2NL/2

. N-1
_iC »
H3(w,wa,w — w1 +wa) = 7(257)2H1(w) Z e~ IkP2AQL
k=0

with AQ = (w1 — w)(w; — ws) and C = 8y(1 — e~L) /9a.
As the receiver proceeds band by band, a band selection is
done before signal processing. The received signal Y, ,,, on the
band m is disturbed by intra-band nonlinear effect and Inter-
band Nonlinear Interference (INI). The intra-band nonlinear
effect is compensated using [IVSTF-NLE. As the INI caused by
the two closest adjacent bands is more important than other INI
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Fig. 1: Transmission diagram

terms caused by further bands, the INI is well approximated
by the contribution of the two closest adjacent bands when
central bands are considered. The cancellation of this INI is
done hereafter based on decision feedback equalizer principle.

During the first step, the fiber output signal is equalized at
the receiver side using the third-order IVSTF-NLE for N-span
fiber. The IVSTF-NLE output signal Z ,, for polarization x
and selected band m can be written as:

Zym(w)
+ / K3(w1,wz,w —wi +w2)Ye (W — wr +wy)
X [Yam (w1) Yy (w2) + Yy m (w1)Y, (w2) ] devy doo

= Kl (w)Yw,m(w)

where K7 and K3 are the first-order and third-order IVSTF
kernels respectively and given by [5]:

Ky (w) = e BNLP2

N
K3(wi,wa,w —wy +wy) = W w)zejkﬁzAQL.
k=1
Then, a threshold detector is applied on Z ;,, for each band m
in order to find out the detected symbols S, ,,, corresponding
to the transmitted symbols Sy ,,,.

During the second step, the objective is to re-build the
received signal associated with each interference band given
the detected symbols on these bands in order to removing it
on the band of interest m. We thus build Y, ,,, the output of
the VSTF model of the considered fiber Lhere, the SMF) for
polarization = and the detected symbols S, ,,,. Consequently,
we have:

Y. m( )_
/ Ha(wy, w2, w — w1 4 w2) X m (w — w1 + wp)

Hy(w) X m (@)

X [ X (W1) X5 (w2) + Xy (1) X (w2)]dewr de

INIC-DFE for band m
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Fig. 2: INIC

where X = [)?w m,Xy m) is the re-modulated signal corre-
sponding to the detected symbols S = [Sz’m, Sy,m} Due to
nonlinear effect, one can notice that vam is not only on band
m but is also spread over adjacent bands m — 1 and m + 1.
Finally, if the band of interest 1s denoted m, we subtract its
closest adjacent band signals Y,,_;(w) and Ym+1( ) from
the original received signal Y. The final decision Sm’dfe is
taken on the signal Y,, 4r. after it has been passed once again
through a band selection and through the IVSTF receiver to
compensate for the intra-band nonlinear effect, where we have

Yindre(@) = Y(@) = Vo1 (@) — Vs ().

Fig. 1 shows the transmission diagram where the transmitted
signal spectrum consists of four bands OFDM, and a single
mode fiber with N spans is used as transmission medium.
The receiver structure is based on decision feedback equalizer
which explains the loop. Fig. 2 precises the INIC implemen-
tation for the band m.

The proposed INIC roughly triples the complexity compared
to the IVSTF-NLE. Indeed, assuming that the complexity
comes from the (I)VSTF operator, the IVSTF-NLE requires M
IVSTE, whereas in our case, each band reconstruction needs
one additional VSTF (so M VSTF) and each Y, 4. is passed
through an extra IVSTF (so M IVSTF). Therefore we need
3M (I)VSTF instead of M.



ITI. SIMULATION RESULTS

The simulation setup is inspired from the SASER European
project whose the goal is to design a 400 Gbps system for
long-haul communications. We transmit four OFDM modu-
lated bands of bandwidth 20 GHz and spaced by 2 GHz inter-
val guard. We consider a Dual-Pol-16QAM OFDM with 512
subcarriers and a 11% loss in efficiency due to the cyclic prefix
on each band. The transmission line consists of 8 spans of
100 km. Each span is a standard SMF with o = 0.2dB.km ™!,
By = 17psam~Lkm™!, and v = 1.4W~1km~!. An Erbium-
Doped Fiber Amplifier (EDFA) with a 5.5 dB noise figure and
a 20 dB gain is also used at each span. All results in this work
concern the central bands because they are the most degraded
by nonlinear effects.
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Fig. 3: Constellations: (A) linear equalization; (B)
IVSTF-NLE; (C) Proposed INIC

In Fig. 3, we show the constellations after linear equal-
ization, IVSTF-NLE and INIC respectively. The constellation
after INIC is clearer and the points are more visible which
should lead to better BER.

In Fig. 4, we plot BER vs. input power when only one
single-polarization is active. The performance of the IVSTF-
NLE is closed to those of the linear equalization because of the
inter-band interference. In contrast, the proposed INIC strongly
outperforms the IVSTF-NLE.
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Fig. 4: BER vs. input power for 4-band Single-Pol-16QAM

OFDM

In Fig. 5, we plot BER vs. input power when both polar-
izations are active. The gain of the proposed INIC compared
to the IVSTF-NLE still exists but is less stronger than in the
single polarization case. This can be explained by the existence

of XpolM nonlinear effects [10] whom proposed INIC does
not treat and so does not combat. Nevertheless, we have a non-
negligible BER improvement in comparison to the IVSTF-
NLE.
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Fig. 5: BER vs. input power for 4-band Dual-Pol-16QAM
OFDM

IV. CONCLUSION

We proposed an inter-band nonlinear interference canceler
for multi-band coherent optical transmission system. We
showed that the proposed INIC significantly improves system
performance in single and dual polarization configuration
compared to the standard IVSTF-NLE.
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