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Abstract: In this paper, the performance of polar code in high-speed coherent optical
orthogonal frequency division multiplexing (CO-OFDM) system with nonlinear and linear im-
pairments is comprehensively investigated for the first time. Results show that soft decision-
based polar code is slightly affected by nonlinearity-induced non-Gaussian noise but still
performs strong robustness. In the nonlinear domain of single-channel 40-Gb/s CO-OFDM
at 320-km of transmission, with the help of polar code, the nonlinear tolerance is extended
by 4 dB and a maximum code gain (in Q-factor) of 5.9 dB is achieved under symmetric
dispersion compensation. Meanwhile, polar code significantly resists linear impairment in
both nonlinear and linear domains.

Index Terms: Coherent optical orthogonal frequency division multiplexing (CO-OFDM),
polar code, nonlinear impairment, linear impairment.

1. Introduction
To adapt to the ever-increasing demand of transmission capacity and data rate in the fiber-optic
community [1], coherent optical orthogonal frequency division multiplexing (CO-OFDM) has at-
tracted a lot of interest due to its high spectral efficiency, dispersion resilience, superior receiver
sensitivity and low-complexity digital signal processing (DSP) [2]–[4]. However, there are two cat-
egories of impairments in high-speed CO-OFDM system, linear and nonlinear impairments. The
linear impairment mainly contains dispersion, and the nonlinear impairment mainly contains fiber
nonlinearity and laser phase noise [5], [6]. Firstly, fiber nonlinearity will impose restrictions on the
maximum achievable data rate as well as transmission distance and cause severe signal degra-
dation [7], [8], due to the fact that the high peak-to-average power ratio (PAPR) of OFDM makes
it vulnerable to nonlinear effects [9]. Secondly, laser phase noise will introduce inter-carrier in-
terference (ICI) [10] which causes the loss of orthogonality among OFDM subcarriers [11] and
is difficult to mitigate, as a result, the system performance is severely degraded. Forward error
correction (FEC), as an effective method to improve overall system performance, has been exten-
sively used in optical communication systems to guarantee quasi error-free transmission despite
transmission impairments [12], in particular, next generation optical transmission systems tend to
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Fig. 1. Configuration of single-channel polar coded CO-OFDM system. DAC: digital to analog convertor,
I/Q modulator: in-phase/quadrature modulator, EDFA: erbium doped fiber amplifier, SMF: single mode
fiber, VOA: variable optical attenuation, BPD: balanced photo diode, ADC: analog to digital convertor.

employ soft decision-based FEC solutions rather than hard decision case due to their superior
performance [13].

In our previous work [14], the polar code, as a novel soft decision-based and provable Shannon
capacity-achieving code with low complexity [15], [16], was introduced and experimentally demon-
strated in CO-OFDM system for the first time to achieve high-performance cost-effective long-haul
transmission. However, in the nonlinear domain of CO-OFDM system where nonlinearity-induced
non-Gaussian noise exists, it is unclear whether the soft decision-based polar code necessar-
ily yields optimal performance since the channel assumption of additive white Gaussian noise
(AWGN) used for soft decision is not valid [17], [18].

To further study the polar code in high-speed CO-OFDM system, for the first time, this paper
comprehensively investigates the behavior of polar code under nonlinear and linear impairments.
It is well known that for the high-speed transmission operating at 40 Gb/s and above, the major
nonlinear penalties are from intra-channel nonlinearities rather than inter-channel nonlinearities
[19]. Thus the performance of single-channel 40-Gb/s polar-coded CO-OFDM system is evaluated
with higher order modulation format and inadequate DSP under three different dispersion maps,
since the dispersion compensation plays an important role in the nonlinear mitigation [10]. Results
show that the performance of polar code is slightly affected by nonlinear impairments but still
performs strong robustness. Aided by polar code, in nonlinear domain of single-channel 40-Gb/s
CO-OFDM at 320-km of transmission, the optimal fiber launch power is increased by 4 dB and a
maximum code gain (in Q-factor) of 5.9 dB is achieved under symmetric dispersion compensation.
The remainder of this paper is organized as follows. Section 2 describes the system setup and
parameter setting, also, theoretically analyzes the effect of nonlinearities on polar code. Section 3
first presents the simulation results of the performance of polar coding under nonlinear and linear
impairments in three dispersion map schemes, and then verifies them by experiment. Conclusions
are given in Section 4.

2. System Setup and Theoretical Analysis
Following the system configuration in Fig. 1 and generation/post-processing procedures of polar
coded CO-OFDM signal detailed in our previous work [14], Monte-Carlo simulation is conducted
using commercial software OptiSystem 7.0 and MATLAB. The electrical parts, including the polar
encoder, OFDM generation, OFDM processing and polar decoder, are implemented in MATLAB. All
the optical parts are implemented in OptiSystem 7.0. At the transmitter, the original data U is first
encoded by polar code of length N = 512, code rate R = 0.5 and code unit d = 800 (d = u/N /R ,
u is the length of U ). The polar coded data in each code unit xp (p = 1, 2, 3, . . . , N ) is denoted by

x = U · G N = U · B N ·
[

1 0
1 1

]⊗n

(1)

where G N is the generator matrix, B N is the bit-reversal operation and ⊗n denotes the nth (n =
log2N ) Kronecker power of the matrix [15]. Then M-quadrature amplitude modulation (QAM) OFDM
modulation is adopted. To obtain the signal transmission rate R O FD M of 40 Gb/s, for the total number
of subcarriers N sc, N sc/2 subcarriers are set as data subcarriers N data [9] mapped with 16-QAM
polar coded data X q (q = 1,2, .., N · d/m , m = log2M , M = 16), while zeros occupy the remaining
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subcarriers to act as guard band and spectrally separate the baseband from high frequency aliasing
products [20]. The cyclic prefix (CP) length is 1/8 of the fast Fourier transform (FFT) size N F F T . The
total number of measured symbols is N s = N · d/(m · N data). The polar coded OFDM symbol can
be expressed as

SB (t) =
N sc∑
k=1

ej2πfk
t
C k (2)

where fk is the frequency of k-th subcarrier, C k is the k-th polar coded OFDM data. The in-phase (I)
and quadrature (Q) components of the generated polar coded OFDM signal SB (t) are sampled by two
digital-to-analog convertors (DACs) with sampling rate S of 20 GS/s and then are used to drive the
I/Q modulator biased at the null point to get linear electrical/optical conversion, the corresponding
data rate is 40 Gb/s (R O FD M = S · log2(M ) · N data/N sc). The laser centered at wavelength λ0 of
1550 nm serves as optical source. An erbium doped fiber amplifier (EDFA) is deployed after the
I/Q modulator to boost the optical polar coded CO-OFDM signal S(t) = ejωt+φ · SB (t), where ω and
φ are the frequency and phase of the laser respectively. The fiber link consists of K = 4 spans of
80-km standard single mode fiber (SMF) and an EDFA of 16-dB gain and 6-dB noise figure. The
SMF has the loss α of 0.2 dB/km, dispersion parameter D of 16.75 ps/nm/km, dispersion slope of
0.075 ps/nm2/km, differential group delay β1 of 0.2 ps/km, second-order group velocity dispersion
β2 (β2 = −λ2

0D /(2πc), where c is the speed of light in vacuum) of −21.35 ps2/km, the nonlinear
refractive index coefficient n2 of 2.6 × 10−20 m2/W and fiber effective area A eff of 80 μm2. The
corresponding nonlinear Schröinger equation [21] for S(t) can be simplified as

∂S
∂z

+ α

2
S + β1

∂S
∂t

+ j
β2

2
∂2S
∂t2

= j
2πn2

λ0A e f f
|S|2S (3)

At the receiver, the received optical signal beats with the local laser signal in a 90° optical hybrid
whose four outputs are injected into a pair of balanced photo diodes (BPDs) to obtain the I and
Q components of the received polar coded CO-OFDM signal. After sampled by analog to digital
convertors (ADCs), OFDM post-processing is performed first. Assume that the signal before 16-
QAM demodulation is labeled as yp = yp ,Re + i · yp ,I m , xq,0

k denotes the demapping condition when
xmp −m+q = 0 (k = 1, 2, 3 . . . , 2m−1, p = 1, 2, 3 . . . , N /m, q = 1, 2, 3 . . . , m), xk can be expressed
as xk = xk,Re + i · xk,I m since it’s a complex number. Soft decision which presents a reliability
measure of each bit being 1 or 0 for a certain symbol is based on the assumption of AWGN channel
with zero mean and variance σ2, the prior probability P (y |x), i.e. channel transition probability, is
given as

P
(
yp |xmp −m+q = b

) =
2m − 1∑
k=1

P
(

yp ,Re, xq,b
k,Re

)
· P

(
yp ,Im, xq,b

k,Im

)

=
2m − 1∑
k=1

1

σ
√

2π
exp

⎛
⎜⎝−

(
yp ,Re − xq,b

k,Re

)2

σ2

⎞
⎟⎠ · 1

σ
√

2π
exp

⎛
⎜⎝−

(
yp ,Im − xq,b

k,Im

)2

σ2

⎞
⎟⎠ (4)

where b = 0,1. The corresponding posterior probability P (x |y) is

P
(
xmp −m+q = b|yp

) = P
(
yp |xmp −m+q = b

)
P

(
yp |xmp −m+q = 0

) + P
(
yp |xmp −m+q = 1

) (5)

Then, the consequent polar decoding finds the maximum posterior probability among P (x |y)
based on successive cancellation list (SCL) algorithm using a list size of 4 for bit recovering [14], [22].
Therefore, the channel model will affect the transition probability and soft decision, consequently,
deviations can be expected in the behavior of polar code. In the nonlinear domain of CO-OFDM
system where the nonlinearity-induced non-Gaussian noise exists [17], [18], the initial assumption
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Fig. 2. (a) Q-factor as a function of fiber launch power for conventional and polar coded 40-Gb/s CO-
OFDM signals and (b) polar code gain in Q-factor versus fiber launch power in three different dispersion
map schemes after 320-km transmission under a combined laser linewidth of 20 kHz.

of channel model is not valid anymore, thus the accuracy of the polar decoding is decreased
compared with the AWGN case.

3. Results and Analysis
3.1 Simulation Results

First, nonlinear impairment, which mainly includes fiber nonlinearity and laser phase noise, is
discussed [6]. To only evaluate the tolerance of polar code to fiber nonlinearity, we first minimize
the laser phase noise by reducing laser linewidth and FFT size [10]. Because laser phase noise
φ(n ′) will lead to ICI [4] whose coefficient I(k) is denoted as

I (k) = 1
N F F T

N F F T −1∑
n=0

exp
[

j
2πkn
N F F T

+ jφ
(
n ′)] , σ2

φ (T ) = 2πf3dB T (6)

where T is the sampling period, σφ is standard deviation of φ(n ′) and f3dB is the 3-dB bandwidth of
the Lorentzian shape of the laser [23], [24], indicating that ICI power can be reduced by decreasing
f3dB and N F F T . Thus, laser linewidths f3dB at the transmitter and receiver are both set to 10 kHz
which is the same as the experimental laser, the FFT size N F F T is set to 128, similar to [10]. The
corresponding number of data subcarriers is 64, CP length is 16 and the number of measured
symbols is 1600. 16 training symbols are periodically inserted for channel estimation and phase
noise compensation [25]. Owing to the fact that the nonlinear mitigation depends on dispersion
compensation scheme [10], three different dispersion map schemes are investigated which are fiber
links without dispersion compensation (W/o Comp.), with half pre-compensation (50% Pre-comp.)
to obtain a symmetric dispersion map along the link [21], with half pre- and half post-compensation
(known as symmetric compensation, abbreviated as Sym. Comp. [10]) respectively. The dispersion
compensation is based on dispersion compensation fiber (DCF), which is the same as that used
in the practical backbone network. DCF of −2680 ps/nm, which is half of the cumulative dispersion
along the 320-km link, is applied before the first span to introduce half pre-compensation or after
the last span to perform half post-compensation [21].

Fig. 2(a) demonstrates the Q-factor as a function of fiber launch power in three different dis-
persion map schemes for conventional and polar coded 40-Gb/s CO-OFDM signals after 320-km
transmission. Note that Q-factor, as an assessment of system performance, is estimated from the
bit error rate (BER) obtained by error counting after hard-decision for conventional (uncoded) signal
or soft-decision for polar coded signal, measured by Q = 20 log10[21/2erfc−1(2B E R )] [26]. Results
show that when the launch power is higher than 4 dBm, signal undergoes nonlinear domain where
nonlinear impairment dominates over linear impairment. The performance improvement brought by
polar code is apparent when compared to the conventional case. It is interesting to observe that
for conventional signal, the tolerable launch power offset for a fixed Q-factor in nonlinear domain
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Fig. 3. Contour plots of Q-factor versus launch power and laser linewidth for (a) conventional and
(b) polar coded 40-Gb/s CO-OFDM signals after dispersion-unmanaged 320-km transmission.

Fig. 4. Contour plot of Q-factor versus launch power and laser linewidth for (a) conventional and
(b) polar coded 40-Gb/s CO-OFDM signals after symmetric dispersion-compensated 320-km
transmission.

is symmetric with that in linear domain, while for polar coded signal, the tolerance in nonlinear
domain is smaller than that in linear domain. The phenomena agree with the theoretical analysis
in Section 2 that the non-Gaussian noise in nonlinear domain affects the performance of polar
code. When dispersion compensation is applied, the Q-factor is improved. It is worth noting that
the improvement is more pronounced for polar coded signal compared to the conventional case,
the corresponding code gain (in Q-factor) in nonlinear domain as a function of launch power is
depicted in Fig. 2(b). It is shown that polar code extends the optimum fiber launch power to 8 dBm
from 4 dBm, that is, a 4-dB improvement in nonlinear tolerance is achieved in any dispersion map
scheme. When the launch power is higher than 8 dBm, code gain decreases because higher order
nonlinearities will significantly affect the AWGN channel model which results in the inaccuracy of
polar decoding. For different dispersion map schemes, the maximum code gains (in Q-factor) of
3 dB, 5.4 dB and 5.9 dB are obtained in unmanaged, pre-compensation and symmetric compen-
sation schemes respectively, clearly indicating the benefit of symmetric compensation scheme,
especially for polar coded signal which further enhances the code gain by 2.9 dB. These phenom-
ena attribute to the fact that symmetric compensation scheme enhances the similarity of distortions
on neighboring OFDM subcarriers [2] which makes transition probability of each channel in polar
decoding more consistent, and also, it mitigates the dispersion-induced inter-symbol interference
which cyclic prefix and symbol duration of the OFDM signal are insufficiently long to combat for a
long transmission link. The results above verify that polar code can still mitigate the non-Gaussian
distributed noise-induced performance deterioration to some extent, which is suitable for the
nonlinear region of CO-OFDM system.

Then, without loss of generality, the performance of polar code in 40-Gb/s CO-OFDM system
with both fiber nonlinearity and laser phase noise is studied comprehensively. Fig. 3 demonstrates
the contour plots of Q-factor versus launch power and combined laser linewidth after 320-km
dispersion-unmanaged transmission. For a fixed launch power, as laser linewidth varies from
0 MHz to 5 MHz, the Q-factor of polar coded signal remains almost unchanged as depicted in
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Fig. 5. BER versus electrical SNR for conventional and polar coded 40-Gb/s CO-OFDM signals af-
ter dispersion-unmanaged and symmetric dispersion-compensated 320-km transmissions when the
optimal launch power is applied under a combined laser linewidth of 20 kHz.

Fig. 3(b), while the Q-factor of conventional signal decreases massively as shown in Fig. 3(a)
which can be told from the gradient represented by color. It reveals that polar coded CO-OFDM
system is insensitive to laser linewidth under any launch power, that is, the capability to resist linear
impairment stays constant under any nonlinear impairment. For a fixed combined laser linewidth,
as the launch power varies from −6 dBm to 10 dBm, compared to the conventional signal, polar
coded signal has higher optimum launch power and larger power range that maintains the same
Q-factor. It indicates the improved robustness against nonlinearity under any linear impairment
aided by polar code. Similarly, for symmetric dispersion compensation scheme, Fig. 4 shows the
contour plots of Q-factor versus launch power and combined laser linewidth. For a fixed launch
power, the difference in laser linewidth tolerance between conventional signal in Fig. 4(a) and polar
coded signal in Fig. 4(b) is smaller compared with Fig. 3. The reason is that symmetric dispersion
compensation can partly neutralize performance degradation brought by linewidth. Similarly, for
a fixed laser linewidth, the polar coded signal is less sensitive to launch power and has higher
optimum power compared with conventional case. Hence, polar code has excellent tolerance to
both nonlinear and linear impairment. When comparing Fig. 4(a) with Fig. 3(a), it can be known
that under symmetric dispersion compensation, the Q-factor improves while the reachable optimum
launch power stays almost the same, indicating that for conventional signal, symmetric dispersion
compensation can partly improve the system performance in both linear and nonlinear regions but
cannot strengthen the nonlinear tolerance. When comparing Fig. 4(b) with Fig. 3(b), it can be seen
that for polar coded signal, Q-factor and nonlinear tolerance are both enhanced when symmetric
dispersion compensation is applied. It can be concluded that nonlinear and linear impairments are
both mitigated by polar code effectively, what is more, when symmetric dispersion compensation is
adopted, they are further alleviated.

At last, the performance of polar code in mitigating linear impairment is also clearly demonstrated.
By applying the optimal fiber launch power 4 dBm and setting laser linewidths at transmitter and
receiver both low as 10 kHz, the nonlinear impairment is minimized. Fig. 5 depicts the BER versus
electrical signal noise ratio (SNR) for the conventional and polar coded 40-Gb/s CO-OFDM sig-
nals after dispersion-unmanaged and symmetric dispersion-compensated 320-km transmissions.
It shows that at BER of 2 × 10−3, polar code gains (in SNR) of 4.5 dB and 6.2 dB are obtained
under dispersion-unmanaged and symmetric dispersion-compensated schemes respectively.

3.2 Experiment verification

The experiment is conducted to evaluate the performances of conventional and polar coded CO-
OFDM signals in linear and nonlinear regions to verify the conclusions obtained from subsection
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Fig. 6. Experimental results of (a) Q-factor for conventional and polar coded 25-Gb/s CO-OFDM sig-
nals and (b) the corresponding polar code gain in Q-factor versus fiber launch power over various
transmission distances.

3.1. At the transmitter, the output of a continuous-wave laser (Koheras AdjustiK-E15) at 1550 nm
passes through a polarization controller which is precisely adjusted before injecting into the I/Q
modulator (FUJITSU FTM7960EX) to get the best modulation performance. I and Q components of
the polar coded OFDM signal which are generated offline in MATLAB are loaded into the arbitrary
wave generator (AWG, Tektronix AWG7122C) with 20-GS/s sampling rate. Two output channels are
first amplified by two high-linearity electrical amplifiers (Analog Devices Inc. ADL5240) respectively
to mitigate the inherent unsatisfactory frequency response of AWG [11], and then drive the I/Q
modulator biased at the null point to achieve a linear RF-to-optical conversion and eliminate the
modulator nonlinearity [3], [5]. The output optical polar coded OFDM signal from the I/Q modulator
is first amplified by an EDFA (WXZTE-WZEDFA) and then transmits through the loop which consists
of the SMF and EDFA. After fiber transmission, the output of an EDFA functions as noise loading
to adjust the SNR, together with a variable optical attenuator (VOA). At the receiver, the received
signal passes through a polarization controller first and then injects into a 90° optical hybrid (Kylia
COH28-X), together with the output of local oscillator (Koheras AdjustiK-E15). Four outputs of the
hybrid are detected by a pair of BPDs (Discovery DSC-R412) whose two outputs are sampled by
a real-time oscilloscope (LeCroy SDA 830Zi-A) and then offline processed in MATLAB. Due to the
limited working condition of the electrical amplifier whose operating frequency is from 100 MHz to
4 GHz in our lab [14], we set 10 subcarriers from the zero frequency to null subcarriers to mitigate the
ground noise and 40 subcarriers to data subcarriers, making the OFDM signal occupy the frequency
from ∼780 MHz to 3.9 GHz. That is, all the experimental parameter settings are the same with the
simulation use in subsection 3.1 except for the number of data subcarriers which is set to 40, thus
we can only demonstrate the transmission rate up to 25-Gb/s. Note that, both the transmitter and
receiver lasers have a claimed linewidth below 10 kHz. Fig. 6(a) plots the experimental results
of Q-factor at different fiber launch powers for conventional and polar coded 25-Gb/s CO-OFDM
signals over transmission distance up to 320 km. It is shown that system undergoes nonlinear
domain when the launch powers are higher than 6 dBm, 5 dBm and 5 dBm for 100 km, 200 km and
320 km transmission respectively. Aided by polar code, performance is significantly improved in
both the linear and nonlinear domains, the corresponding code gain in Q-factor of nonlinear domain
is shown in Fig. 6(b). Maximum code gains of 6.1 dB, 6 dB and 5.5 dB are obtained in nonlinear
region at optimum launch powers of 8 dBm, 6 dBm and 6 dBm for 100 km, 200 km and 320 km
transmissions respectively. Also, for a fixed Q-factor, the tolerable launch power offset in nonlinear
domain is smaller than that in linear domain owe to the non-Gaussian noise, which is similar to the
simulation results.

4. Conclusion
In this paper, the performances of high-speed polar coded CO-OFDM system with nonlinear and
linear impairments are comprehensively investigated by simulation and experiment for the first
time. Results show that for single-channel 320-km 40-Gb/s CO-OFDM system, in nonlinear region,
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polar code is slightly affected by nonlinearity-induced non-Gaussian noise but still performs strong
robustness. Compared with the conventional approach, with the help of polar code, the optimal
fiber launch power is increased by 4 dB, a maximum code gain (in Q-factor) of 3 dB is achieved
in dispersion-unmanaged scheme and a 2.9 dB is further enhanced under symmetric dispersion-
compensated scheme. In the linear region, polar code gains (in SNR) of 4.5 dB and 6.2 dB are
obtained at BER of 2 × 10−3 under dispersion-unmanaged and symmetric dispersion-compensated
schemes respectively. Meanwhile, polar code significantly resists laser phase noise in both nonlinear
and linear domains which effectively relieves the linewidth requirement, achieving a cost-effective
system.
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