JOURNAL OF COMMUNICATION AND INFORMATION SYSTEMS, VOL. 37, NO.1, 2022. 1

Performance of Polar Codes over Generalized
Correlated Fading Channels

Francisco Caio Parente de Barros, Flavia Camila Morais de Oliveira, Maria de Lourdes Melo Guedes Alcoforado
and Waslon Terllizzie Aratdjo Lopes

Abstract—Polar coding, as introduced by Arikan in 2009,
is an error correcting code scheme that uses the polarization
technique to obtain almost noise-free channels that are suitable
for transmission. Polar codes are being widely studied due to their
applications on the 5th Generation (5G) of mobile communication
systems. In 5G communications, the wireless channel is subject
to fading that can significantly degrade the quality of the trans-
mitted signals. In this context, the generalized fading models are
useful due to their capacity to model a variety channel conditions
ranging from moderate to severe fading by adjusting some
parameters. In this work, the authors investigate the performance
of polar codes considering the transmission over generalized
fading channels. Additionally, the effect of channel correlation
is analyzed and a random interleaver is proposed to mitigate the
negative impact of the correlation on the system performance. For
the system with generalized fading modeled by 7-4 distribution
and Cyclic Redundancy Check (CRC) Aided Successive Cancella-
tion List (CA-SCL) decoding, the scenario with correlated fading
channel and interleaving shows a performance improvement
compared to the system without interleaving. In this case, a gain
of approximately 3.5 dB is obtained considering a Bit Error Rate
(BER) of 102, Considering the a-y (o = 2 and p = 1) and
the x-u (x = p = 2) fading channels, the uncorrelated systems
outperform the correlated ones. Among them, the interleaver
improves the performance of the systems. For BER of 102, as
an example, the use of fading correlated channel and interleaver
shows a performance improvement of 12 dB and 0.5 dB for the
a-p and -y fading channels, respectively.

Index Terms—5G, polar codes, wireless communications, gen-
eralized fading channels.

I. INTRODUCTION

ECENT years have seen a fast growing demand of
mobile services with greater expectations for Quality of
Service (QoS), ultra-low latency and high reliability standards.
These requirements motivated the development of the 5th
Generation (5G) of mobile communication systems [1].
There is a variety of challenges that need to be overcome
in the context of mobile communications. One of them is
the multipath propagation phenomenon [2] in which many
replicas of the transmitted signal can simultaneously reach
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the receiver. When the sum of such replicas is destructive,
fading occurs. Another challenge is the presence of noise,
such as Additive White Gaussian Noise (AWGN) [3], that
can be defined as unwanted disturbance on a given signal.
These effects, fading and additive noise, have the potential
of significantly changing the transmitted message so that the
receiver gets a different message of the one originally sent by
the transmitter characterizing an error.

In order to minimize the effects of the channel on the trans-
mitted messages several block-based error correcting codes
have been developed, for instance, Reed-Solomon [4], Low-
Density Parity-Check [5], [6] and polar codes [7].

This work is focused on polar codes that were introduced by
Arikan [8] in 2009. polar codes use the channel polarization
technique to obtain almost noise-free channels that are suitable
for transmission [9]. These codes, are theoretically significant
because they achieve the symmetric capacity for binary dis-
crete memoryless channels (B-DMC). Additionally, they are
important in practice due to their relatively low encoding and
decoding complexity [8], [10].

Efficient construction methods of polar codes for the bi-
nary erasure channels (BECs) and binary symmetric channels
(BSCs) were proposed in [11], [12], [13]. The technique called
channel polarization [8] works by combining and splitting
channels until each combined channel becomes either purely
noisy (“bad” bit-channels) or noiseless (“good” bit-channels)
when the block length increases. The most suitable channels
are chosen for the transmission of information bits, while the
inputs to “bad” bit-channels are fixed to zero, known by both
transmitter and receiver. These bits are also called frozen bits.

Using Successive Cancellation (SC), polar codes are capa-
ble of achieving symmetric capacity with complexity O =
Nlog(N) on both coding and decoding stages, in which N is
the code block length [8].

The main point of the channel polarization technique is the
possibility of accessing, in a separate fashion, each coordinate
of a n-uple of a channel, Wj(\;), which is generated by making
N copies of a channel, W, and transmitting information only
on suitable coordinates of W](Vl) given by the Bhattacharyya
Parameter [14]. In order to achieve such transmission it is nec-
essary to define the block length that will be sent through W](VZ)
and the amount of information bits, K, in each block [15].

Initially, the Bhattacharyya parameter was presented for
a BEC channel, and gradually extended for other channels.
In 2012, Shi et al [16] presented an expression of the
Bhattacharyya parameter for Gaussian and Rayleigh fading,
including recursive formulas and initial values. They analyzed
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applications concerning the transmission of image and speech.
In 2013, Bravo [17] presented two methods for the design
of polar codes considering the channel estimation scenario.
One for the case of block Rayleigh fading channel with
known channel side information and the other for the Rayleigh
channel with known channel distribution information. For the
second case, the results showed a penalty for the absence of
complete information about the channel state.

In 2014, Si et al [18] proposed, for a fading binary
symmetric channel (BSC), a hierarchical scheme based on
polar coding for block fading channels. For fading additive
exponential noise channels, expansion coding was used in
conjunction with polar codes. In 2016, Liu and Ling [19]
designed polar codes and polar lattices for independent iden-
tically distributed fading channels when the channel state
information is not available to the transmitter. For the binary
input case, they proposed a design of polar codes through
single-stage polarization to achieve the ergodic capacity. In
2018, Fang et al [20] introduced polar codes in a multiple input
multiple output free space optical communication system to
mitigate turbulence-induced fading. Recently, Niu and Li [21]
introduced a systematic framework to analyse and design polar
codes under various fast fading channels, including Rayleigh,
Rician and Nakagami channels.

The construction of polar codes in this work considers the
polar sequence and its corresponding reliability according to
the Technical Specification produced by ETSI 3rd Generation
Partnership Project (3GPP) [22]. Here, the use of polar codes
is extended from the AWGN channel in the direction of
generalized fading channels modeled with a-p [23], k- [24]
and n-p [25] distributions. Generalized fading models embrace
a variety of practical transmission scenarios ranging from
moderate to severe fading and include Rayleigh, Rice and
Nakagami, as special cases. This paper presents simulations
on different fading scenarios with random interleaving [26]
and correlation using Cholesky’s decomposition method [27].
Here, the main contribution is to analyse the bit error rate
(BER) for uncorrelated and correlated systems, with and
without interleaving. For the system with generalized fading
and CA-SCL decoding, the scenario with correlated fading
channel and interleaving shows a performance improvement
compared to the system without interleaving.

The remaining of this paper is organized as follows. In
Section II, an approach to the polarization technique is pre-
sented. Section III deals with polar coding and decoding
fundamentals. The generalized fading distributions used in
this work is discussed in Section IV. The methodology used
to generate correlation in the samples of fading and the
interleaving technique used in this work are presented in
Section V and Section VI, respectively. Section VII details
the system model used in the simulations. The results are
presented and discussed in Section VIII while Section IX is
devoted to the conclusions.

II. CHANNEL POLARIZATION

It is shown in [28] that channel polarization is a technique
that generates N independent channels, W(’), 1<i<N,

from N copies of a channel W. The polarization consists of
the fact that a fraction of WJ(VZ) will have mutual information
approximately equal to one, and such coordinates are used
to send information bits, while the remaining components
will have mutual information approximately equal to zero that
are not suitable for transmission. The bits transmitted by the
later fraction of channels are named frozen bits, known by
both transmitter and receiver. The polarization becomes more
evident as N gets higher [8]. This technique has two stages:
channel combining and channel splitting [14] as described in
the next subsections.

A. Channel Combining

The goal of this stage is to generate a channel Wy : XV —
YN, where N = 2" and n > 1, out of N copies of W [8],
where X belongs to the input alphabet and Y belongs to the
output alphabet.

When n = 1, for example, two copies of W are combined
in order to produce the vector channel W5 : X2 — Y2 with
the following transition probabilities

Waly1,y2 | w1, u2) = Wy | w1 ® ua) Wy | u2), (1)

where W(A | B) is the conditional probability of A given
B, @ represents modulo 2 addition, y1,ys are the outputs of
the channel W5 and wuq, us are the channel inputs [8]. For the
channel W, 1 = uy1 ® ug and x5 = us.

B. Channel Splitting

After obtaining Wy, the following step is to split it into a
set of N sub-channels WJ(\;) X 5 YN x X-1 1<i<N,
with the following transition probabilities [8]

WY u ) =Y

uﬁrIEXN_i

WWN(?/{V | u{v)a (2

where (y,ui™"!) is the output of the channel Wj(vi) and wu; is
the input [8].

III. POLAR CODING

The existence of capacity-achieving code sequences was
proved by Shannon [29]. However, an example of such se-
quence was not provided. In 2009, Arikan proposed a class of
codes, known as polar codes, that achieve this goal with low
encoding and decoding complexities [8].

The main point of polar coding is to access each coordinate
of an n-tuple of the channel, W('L), separately and transmit
information using the K coordinates with the highest values
of mutual information [8].

It is important to define the variables that will be used. Let
N be the block length that will be transmitted through a certain
memoryless channel, WJ(\;), K be the amount of information
bits in each block and R be the code rate defined by R =
K /N [15]. The information bits are transmitted through the K
most reliable coordinates of W](\;) which are chosen according
to the Bhattacharyya parameter [8] with initial parameter zy =
e Ev/No g5 shown in [30], where Ej, /Ny is a signal-to-noise
ratio per bit.
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A. Polar Decoding

The decoding algorithms used in this paper are called
Successive Cancellation (SC) decoding [31] and Cyclic Re-
dundancy Check (CRC) Aided Successive Cancellation List
(CA-SCL) decoding [32].

The SC is able to estimate and decide the message bits based
on the structure of the encoder and the channel output [31].
Unlike soft decoding decoding techniques [33], when decoding
a bit from a frozen position the decoder automatically assigns
a previously known bit, in this work such bit is 0, to 4,
the decoded message sequence. Otherwise, for decoding an
information bit, the decoder decision is based on the previous
decoded bits and their Log-Likelihood Ratio (LLR) as [8]

; ) WD, (N) gi—1 =0
L i) = D L0 [w =00 g
Wy (™ ey [u=1)

where W](Vi) is the transition probability of a given channel.
When W is an AWGN channel, the transition probability is
defined as

wy' = ¢ T )

where o, is the standard deviation of the additive Gaussian
noise. Then, the initial LLLRs can be defined as follows

2
Li=—ui. &)
J’n

In the SCL decoding algorithm, a set of L parallel SC
decoders is used and an ordered list of size L is constantly
updated. It is important to mention that the probability of
finding the correct sequence increases when the list size L
increases. However, there is an increment in the computational
complexity [34]. At the end of the decoding process, the
correct bit sequence is usually in the final L-size list and,
in case of fail, it would present smaller likelihood compared
to other sequences. In this case, the chosen sequence is the
one that has the best likelihood and passes in the CRC test
[34], [35].

It is important to mention that, according to the Technical
Specification TS 38.212 Version 15.2.0 Release 15 produced
by the ETSI 3rd Generation Partnership Project (3GPP) [22],
a generator polynomial for the CRC of order » = 11 should
be used for messages with length greater than or equal to 20
for the Uplink Control Information (UCI) encoded by polar
codes. In this case, the generator polynomial is given by [22]

g(D)=[D" + D" + D’ + D° +1]. (6)

Considering the addition of a CRC of length r to a polar
code (N,K — r), the K — r most reliable bit channels are
assigned to the information bits, the next most reliable r
channels are assigned to CRC bits and the N — K remaining
bit channels are frozen. By this way, the overall system code
rate is (K/N) [35].

IV. GENERALIZED FADING

In wireless communications, fading is a variation of the
attenuation of a signal as a result of the changes of various

channel parameters. One effect of fading is the loss in average
path power that the signal suffers over distances [36].

The well-known fading distributions, such as Rayleigh,
Nakagami-m, Hoyt and Rice, were derived based on the
assumption of a homogeneous transmission medium [37]. The
a-u, k- and n-p fading distributions are proposed to properly
contemplate non-homogeneous channels [37], [38], [39].

A. a-p fading
The a-p fading distribution is a rewritten form of gener-
alized Gamma distribution and explores the non linearity of
the propagation medium by using a power parameter «. In this
distribution, p represents the number of multipath propagation
clusters used in the system [40]. The fading envelope, V/, is
defined as follows
n
Ve=> (F} +G)), (7)
i=1
where F; and G; are mutually independent Gaussian pro-
cesses, with E[F;] = E[G;] = 0 and E[F?] = E[G?] =
0%/2u, 0 = {/E[V®] [4]1] and E[] is the expected value
operator. The probability distribution function is given by

Hoop—1 a
folo) = S e (u;’a) , ®)
in which o > 0 can be arbitrarily chosen, p > 0, v > 0, and
I'(-) is the Gamma function [41].

The a-p fading distribution includes Nakagami-m, Negative
Exponential, Weibull, Semi-Gaussian and Rayleigh distribu-
tions as special cases depending on the suitable choice of the
parameters « and p. For instance, when o« = 2 and p = 1, the
a-p distribution becomes the Rayleigh distribution [41].

B. k- fading
The x-p fading distribution is used to describe the small-
scale variation of a certain fading signal in a line-of-sight
condition. The signal is composed of p clusters, each one with
a dominant component, that propagates on a non-homogeneous
medium. The x-p fading distribution also considers the inde-
pendence of the in-phase and quadrature components [42]. The
envelope, V, for the x-p fading distribution is given by
H p
V2= "(Fi+p)*+ ) (Gi+a)?, )
i=1 i=1
where F; and G; are mutually independent Gaussian pro-
cesses, with E[F;] = E[G;] = 0 and E[F?] = E[G?] = o2,
p; and g; are the mean values of the in-phase and quadrature
components, respectively, of the multipath waves of cluster
1 [42]. The probability density function is given by

p+1

2u(l+k)= oM ( (1+/€)02>
v) = T = ex — U N
MO e P R )
<2u k(1 + H)U)
I,u—l ~ )
0
in which & = \/E[V?] and I,(-) is the modified Bessel

function of first species and arbitrary order m [42].
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The k-p fading distribution includes Nakagami-m, Rice,
Semi-Gaussian and Rayleigh distributions as special cases
depending on the suitable choice of the parameters « and p.
For instance, when p = 1, the x-u distribution becomes the
Rice distribution and, when x — 0, it becomes the Nakagami-
m distribution [37].

C. n-p fading

The n-p fading distribution is used to describe the small-
scale variation of a given fading channel without direct line-of-
sight to the receiver. This fading distribution has two formats
but this work is focused on Format I. In this case, the in-
phase and quadrature components are independent, 7 is the
ratio between the in-phase and quadrature power and g is
the number of clusters [42]. Then the fading envelope, V,

is defined as
nw

V2= Z:(Fi2 +G?),

i=1

(1)

where F; and G; are mutually independent Gaussian pro-
cesses, with E[F;] = E[G;] = 0 and E[F?] = o2,
E[G?] = 0%, and © = \/E[V?] [42]. The probability density
function is given by

B Ay/Tpi s e 2uhv?
 T(p)HAr o2+ o b2

2uHv?
o (227),

in which h = (24+n+n""')/4and H = (! —n)/4.

The n-p fading distribution includes Nakagami-m, Hoyt,
one-sided Gaussian and Rayleigh distributions as special cases
depending on the suitable choice of the parameters n and p.
For instance, when 1 = 1, the n-u distribution becomes the
Hoyt distribution and, when n — 1 and . = 1, it becomes the
Rayleigh distribution [37].

fv(v)
(12)

V. CORRELATED FADING CHANNELS

In wireless communication systems the most frequent sce-
nario is the absence of line-of-sight path between the trans-
mitter and the receiver. Thus, there is a non-line-of-sight
multipath propagation scenario. It is shown in [43] that the
received replicas of the signal are often correlated and, as a
consequence, the quality of transmission is lowered.

In this work, the introduction of correlation in the fad-
ing model is performed by using Cholesky decomposition
[44] followed by the inverse discrete Fourier transform [45].
Considering a correlation coefficient A, the correlated fading
coefficients are obtained using a 2x2 correlation matrix, M,

defined as
B ; \WEF B[C7)
- L WEIF?]- B[G] E[GY]

The matrix in Equation (13) is decomposed by using Cholesky
approach in order to generate a matrix 7' of the same order of
M.

The next step is the generation of uncorrelated signal
by using Gaussian distributions for the in-phase, Ph;, and

E[F?)

M , (13)

quadrature, ();, components. Then, they are both shaped by
a Doppler filter [45], H(-), followed by the inverse discrete
Fourier transform. The Doppler filter with N samples is
defined as

0,if d =0;

fd=1,2, ..., dm — 1;

\/d; |5~ tan ! (=l ) [Lif d = dos
0, if d=dp +1,... N —dp, — 11

dp, | T — dp,—1 : _ .
\/2 |3 —tan I =Ly ) | if d=N-ds

[ —2 _ifd = N-d,,+1, ..., N-1;
2/1-(5%) "
(14)

in which d,,, = |f»N] and f,, is the maximum frequency
deviation (Doppler frequency) [45].
The final step to generate the correlated components is

[Phi(corr) Qi(corr)] = [th Qz] . T7 (15)

where Ph; and @); are, respectively, the in-phase and the
quadrature uncorrelated Gaussian samples for cluster ¢, where
1< <.

It is worth to mention that the new components Ph;com)
and Qjcom are correlated Gaussian distributions for in-phase
and quadrature components for cluster <.

Figs. 1, 2 and 3 depict the x-u fading coefficients for f,,, =
1.5, 5 and 15 Hz, respectively. The coefficients were generated
using a sampling frequency of 600 kbauds, Kk = 2, p = 2
and N = 1024. As expected, faster variations of the channel
coefficients are obtained by increasing the value of f,,.

1.05

fn=1.5 Hz

0.95

09 r

Fading Coefficients

0.85

0.8

0.75

0 200 400 600 800 1000

Samples

Fig. 1. Fading coefficients for x-u fading considering f,, = 1.5 Hz, k = 2,
pn=2and N = 1024.

VI. INTERLEAVING

A interleaver is a device that takes a sequence of input
symbols from a given alphabet and produces another sequence
composed by the same input symbols in a different order. In
this work the application of the interleaving is to reduce the
correlation among information bits in order to prevent burst
errors [46], [47].
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f1=5 Hz
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Fig. 2. Fading coefficients for x-; fading considering fr, = 5 Hz, kK = 2,
p=2and N = 1024.
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Fig. 3. Fading coefficients for x-u fading considering f,,, = 15 Hz, k = 2,
pn=2and N = 1024.

In Figs. 1, 2 and 3, there are some time intervals in which
a sequence of fading coefficients presents small gain. In this
case, the sequence of transmitted symbols will be severely
attenuated leading burst errors.

It is important to point that if one decides to use an
interleaver, it is also necessary to use a deinterleaver in
order to return the symbols to the original order. Only after
deinterleaving, the decoding process can take place.

Interleavers can be divided in two types: block and con-
volutional interleavers [48]. In a block interleaver the data
are commonly structured along the rows of a permutation
matrix and read out along the columns [48]. A convolutional
interleaver is based on shift registers in order to multiplex the
data [49]. This work uses a block random interleaver and it
is generated from a random permutation based on a random
source.

VII. SYSTEM MODEL

The simulated system is an extended version of the system
found in [50] and transmits information with using polar
coding and BPSK modulation through an AWGN channel with
generalized correlated fading [51]. The random interleaver [26]

used in this work has the same length NV of the polar code.
Therefore, the received signal r(t), is given by

r(t) = a(t)s(t) + n(t), (16)

in which «(t) is the fading envelope, s(¢) is the transmitted
signal and n(t) is the additive Gaussian noise.

Fig. 4 depicts a basic version of the system without the
interleaver while Fig. 5 shows the block diagram of the
system with a decoder followed by an interleaver, at the
transmitter side, and the deinterleaver just before the decoder,
at the receiver side. In both figures, when the Encoder block
represents a polar encoding, the Decoder block is an SC
decoder. Otherwise, when the Encoder block is composed by
a polar encoder, as an inner encoder, concatenated with a CRC
encoder, as an outer encoder, the Decoder block is a CA-SCL
decoder [32].

Input
bits

(1)

Output
bits

Fig. 4. Block diagram of the proposed system without interleaving.

h;ﬁ:lt Encoder |—| Interleaver |—| Modulator
Output .
bi:)u Decoder |——| Deinterleaver |——| Demodulator

Fig. 5. Block diagram of the proposed system with interleaving.

VIII. RESULTS

The systems depicted in Figs. 4 and 5 were implemented
in Matlab® using Monte Carlo method with a minimum of
20,000 simulations per point. The Doppler frequency, f,,, used
in all simulations presented in this work was 1 Hz. The metric
used to evaluate the system performance is the bit error rate
(BER) as a function of the signal-to-noise ratio (E,/Np), in
dB. All results presented also consider K = 512 information
bits in a block length of N = 1024 bits, correlation coefficient
A = 0.8 for the correlated channels and the interleaver length
is 1024 bits. In the simulations, the criteria used to adjust the
parameters «, 7, £ and p of the generalized fading models
is twofold. First, the parameters correspond to special cases
of fading, as Rayleigh, Rice and Nakagami. Second, the
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parameters embrace practical transmission scenarios ranging
from moderate to severe fading.

Considering the «o-p fading and the SC decoding, it is
possible to see in Fig. 6, for « = 2 and p = 1, that
the system has better performance when the fading channel
is uncorrelated. For correlated fading channels, the use of
the interleaver enhances the system performance from the
correlated fading case in the direction of the uncorrelated
case. This happens because burst transmission errors can
degrade the system performance and interleaving shuffles the
transmitted sequences improving the performance in terms of
error detection and correction. For BER of 102, for example,
the scenario using the uncorrelated channel shows a significant
performance improvement when compared to the cases of
correlated fading channels with or without interleaver, where
the E}/Ny gains are approximately of 7 dB and 12 dB,
respectively. It is worth to remember that, in the case of
o =2 and p = 1, the a-p distribution becomes the Rayleigh
distribution.

0
10 Correlated without interleaver —+—
i ——— Correlated with interleaver ——
X Uncorrelated
-1 \\
10
g o
S \
m \\
& 10—2 ~ T
TS
107

o 2 4 6 8 10 12 14 16 18
Ey/N, (dB)

Fig. 6. Comparison of different scenarios of a-p fading considering N =
1024 bits, A = 0.8, @ = 2, u = 1 and SC decoding.

In Fig. 7, for a-p fading channel with o = 2 and p = 1,
2 and 4, all curves correspond to a system with correlation,
interleaving and SC decoding. It can be observed that as
(1 ranges from 1 to 4 the system performance is improved.
This is expected because the higher is pu, the lower is the
fading intensity and the corresponding BER. That happens
because an increase in the number of clusters leads to a
higher probability of receiving a sample of the signal than
can be correctly decoded. Considering the BER of 1072,
for example, the scenario with 1 = 4 shows a significant
performance improvement compared to the case with p = 1,
with a corresponding Ej /N, gain of approximately 3.5 dB.

In Fig. 8, scenarios for « = 2 and g = 1, 2 and 4,
without the interleaver are presented. It can be noted the same
behaviour found in Fig. 7 where as p increases the system
performs better. Considering, for instance, the curves gener-
ated using SC decoding, for BER equals to 1072, the case
where p = 4 shows a significant performance improvement
when compared to ¢ = 2 and p = 1, presenting gains of 1
dB and 3 dB, respectively. Considering the curves generated
using CA-SCL decoding, for the same BER, the gains are

0

10 o p—

i H=2 ——
\\\ u=4
o107 O
©
o
s
i
510-2
~ T
107
0 2 4 6 8 10 12 14 16 18

Ey/N, (dB)

Fig. 7. Comparison of different scenarios of a-p fading with interleaving
depth of N = 1024 bits, correlation coefficient A= 0.8 and SC decoding. In
this figure « = 2 and ¢ = 1, 2 and 4.

approximately 0.5 dB and 2 dB, for the cases with y = 2
and p = 1, respectively. It is important to mention that for
© = 4, the use of CA-SCL algorithm shows a performance
improvement, with a gain of 2 dB, when compared to the
case using SC decoding for the BER of 1072,

10°
107"
g 1072 \\\\
o \
S
g2 AN
5 SC, u=1 ——
SC, p=2 ——
CA-SCL, p=1 —»—
1074 £ SC, u=4
CA-SCL, p=2 ——
CA-SCL, p=4 ——
1075 i i i
2 4 6 8 10 12 14 16 18

Ey/N, (dB)

Fig. 8. Comparison of different scenarios of c-p fading for N = 1024 bits,
correlation coefficient A = 0.8 and SC/CA-SCL decoding. In this figure o = 2
and p =1, 2 and 4.

Now, consider the second type of generalized fading mod-
eled by n-u distribution. It can be seen in Fig. 9, for n = 1 and
p = 0.5 which corresponds to the Nakagami-m fading with
m = 1, that the uncorrelated system has superior performance
when compared to the correlated ones. Among the correlated
ones the interleaver improves the performance of the system.
For example, the curves generated in systems with the SC
decoder, for the BER of 1072, the scenario using correlated
channel with interleaver shows a performance improvement
gain of 4 dB when compared to the case without interleaver.
For the systems with CA-SCL and the same BER, this gain
is approximately 3 dB. For a fixed p value, the use of CA-
SCL decoder improves the performance of the system when
compared with the system with SC decoder.

Finally, considering x-p fading channel, it is possible to note
in Fig. 10, where x = p = 2, that the uncorrelated system
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10°
107" \\ ~
1072 = N NG
2107 T
E -4 X\ \\
510 5
Wio-®
a 1076 L Correlated without interleaver, SC ——
Correlated without interleaver, CA-SCL ——
70 Correlated with interleaver, SC ——
10 Correlated with interleaver, CA-SCL
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Fig. 9. Comparison of different scenarios of n-u fading for N = 1024 bits,
A=0.8, 7 =1, p =0.5 and SC/CA-SCL decoding.

has superior performance when compared to the correlated
ones. Among the correlated ones the interleaver improves the
performance of the system and such behaviour is also seen in
Figs. 8 and 9. For the curves generated in systems with the
SC decoding and BER of 1072, the use of fading correlated
channel and interleaver shows a performance improvement
compared to the case without interleaver with gain of 0.5 dB.
For the curves generated in systems with CA-SCL decoding at
the same BER, this gain is also approximately 0.5 dB. As the
expected, the CA-SCL scenario achieves better performance
than the SC scenario.

0
10 "Correlated withdut interléaver, SC ——
' Correlated with interleaver, SC ——
Correlated without interleaver, CA-SCL ——¢
orrelated with interleaver, CA-SCL
Uncorrelated, SC ——+
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Bit Error Rate
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S

1078
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Fig. 10. Comparison of different scenarios of x-u fading for N=1024 bits,
A=0.8, kK =2, u =2 and SC/CA-SCL decoding.

IX. CONCLUSIONS AND FUTURE WORKS

This paper presented a performance analysis of polar codes
in the context of generalized fading channels considering 7-
u, a-p and k-p fading distributions. An important aspect of
those distributions is the fact that they can provide an unified
analysis of the influence of different types of fading in the
performance of the communications system, such as Hoyt,
Rice, Nakagami-m, Rayleigh, and one-sided Gaussian. Addi-
tionally, the effects of the correlation of the fading samples
were discussed and a random interleaver was proposed to
enhance the performance of the overall system. Finally, the use

of CA-SCL algorithm improves the performance results, when
compared with the SC decoding considering all scenarios
presented.

For future works, different interleaving algorithms [52]
can be used as well as other decoding schemes such as
Belief Propagation [53], other modulation techniques [54] and
transmission by multiple antennas [55].
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