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Improved Performance of NOMA:
Multilevel Symmetric Superposition
Coding under Rayleigh Fading
Channel

Kyuhyuk Chung’
ABSTRACT

The main principle of non-orthogonal multiple
access (NOMA) recommends that low power is
allocated to the strong channel user, in order to
guarantee the user fairness. Recently, symmetric
superposition coding (SSC) has been proposed to
mitigate the effect of error propagation (EP) in
NOMA with quadrature phase shift keying (QPSK)
for visible light communication (VLC) networks. It
has been verified analytically that SSC NOMA with
binary phase shift keying (BPSK) achieves the
performance of the perfect SIC for the power
allocation factor range less than 50%. However, SSC
for multilevel modulations has not been reported in
the literature in NOMA. As continuing researches,
we propose NOMA with the multilevel SSC for the
4-ary pulse amplitude modulation (4PAM). It is
shown that the performance of 4PAM SSC NOMA
achieves the perfect SIC performance for the power
allocation factor range less than about 10 %, while
the performance of 4PAM NOMA with the normal
superposition coding (NSC) is the same as that of
the perfect SIC NOMA for the power allocation
factor range less than about 5 %. As a result, the
promising feature of SSC, ie., the improved
performance on the low power allocation range, is

still preserved for multilevel modulations.

Key Words : NOMA, Rayleigh fading channel,
successive interference cancellation,
4-ary pulse amplitude modulation,
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I. Introduction

The fifth generation (5G) mobile communication
has been commercialized in Korea, April 3, 2019,
for the first time in the world. One of the state of
the art techniques for 5G and beyond mobile radio
access networks is non-orthogonal multiple access
(NOMA)“'sl, Recently, the serious effect of the
superposition coding on the NOMA performance has
been mitigated with the symmetric superposition
coding (SSCO). In [7], for visible light
communication (VLC) networks, the performance of
NOMA with quadrature phase shift keying (QPSK)
is shown to achieve the perfect successive
interference cancellation (SIC) performance by
computer simulations. In [8], it is shown analytically
that NOMA with binary phase shift keying (BPSK)
also achieves the perfect SIC performance for the
power allocation factor range less than 50%. In
addition, the performance of NOMA with QPSK is
presented under fading channels™®. However, in [7],
[8] and [10], only single level modulations, such as
BPSK and QPSK, are considered. On the other
hand, in [9], the standard multilevel NOMA with
normal superposition coding (NSC) is studied. It is
shown in [9] that the 4-ary pulse amplitude
modulation (4PAM) NSC NOMA achieves the
perfect SIC performance only for the power
allocation factor range less than about 5 %.

Therefore, we observe that the SSC technique
improves the performance of NOMA for the single
level modulations, such as QPSK and BPSK'™®!,
Nevertheless, the SSC technique for the multilevel
modulations has not been reported in the literature
of NOMA.

Lastly, we summarize our contributions with
respect to the previous research results, in order to
clarify new contributions of this paper;

* previous research results: QPSK NSC NOMA
fading performance analysis“m, QPSK SSC
NOMA VLC network performance analysis'”,
BPSK SSC NOMA performance analysism,
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4PAM NSC NOMA fading performance
analysism.

* our contributions: 4PAM SSC NOMA fading
performance analysis, i.e., for the first time, the
SSC technique, which is originally proposed for
the single level modulation, such as QPSKm, is
applied to the multilevel modulation NOMA in
this paper to the best knowledge of the authors.

In this paper, we propose the multilevel SSC for
the 4PAM NOMA under Rayleigh fading channels.

The paper is organized as follows. Section II defines

the system and channel model. In Section III, the
performance of 4PAM SSC NOMA is derived
analytically. In Section IV, the results are presented

and discussed. The paper is concluded in Section V.
II. System and Channel Model

Assume that the total transmit power is P, the
power allocation factor is @ with 0 < o <1, (0% <
a < 100%), and the channel gains h; ~ CN(0.%)
and h~CN(0%,) are Rayleigh faded, with
%, >%,. The notation CN(1X) denotes the
complex circularly-symmetric normal distribution
with mean g and variance . Then aP is allocated

to the user-1 signal s; and (1 - @)P is allocated to

2 2
the user-2 signal s,, with s | =Bl | =1 The
superimposed signal is expressed by
T = VaPs + (1 —a)Ps,. (1)

Before the successive interference cancellation
(SIC) is performed on the user-1 with the better
channel condition, the received signals of the user-1

and the user-2 are represented as

7 = hlx/oe_Psl + (hlxl(l — a)Ps, + w1> )
— A a)Ps, + (haPs +w,) @

where wy and w, ™~ CN (01 N o) are complex
additive white Gaussian noise (AWGN) and N, is
one-sided power spectral density. Moreover, if the

1-dimensional modulation constellation is

considered, the following metrics are sufficient
statistics;

_‘h ‘\/_Ps’l (‘]’1‘ 1—(1)P92+n> @
= [y W1 = )P, + (| [P, +

~ N(0,N,/2) are AWGN.

The notation N (M:E) denotes the normal

where n; and n, ™o

distribution with mean x and variance X. In the
standard NOMA, the SIC is performed only on the
user-1. Then the received signal is given by, if the
perfect SIC is assumed,

y =1 — | |NA—a)Ps, = |l |[NaPs +n. (4

We assume the 4PAM modulations for both users
in the standard NOMA, i.e., the 4PAM/4PAM
NOMA,

1 1 3

3
RNRNSARNEARN ©)

8158y €

Let the symbol indexes for the user-1 and the
user-2 be my,m, € {1,2,3,4} . Then in NSC, the

modulation signal mapping is normal as

s (my = 4) T s(my = 3) = +% s (my =2) = % s(my =1) = 7%
sy(my = 4) T,sz(ml —3)= +% J(my = 2) = 7%,52(% —1= 7%
©

For the user-2, the modulation signal mapping of
SSC is exactly the same as that of NSC. However,
in SSC, the modulation signal mapping is changed
only for the user-1, as

21

www.dbpia.co.kr



The Journal of Korean Institute of Communications and Information Sciences "20-01 Vol.45 No.01

. 4PAM SSC NOMA Performance
Derivation

We derive the optimal receiver for the 4PAM

SSC NOMA. The optimum detection is made, based
on the maximum likelihood (ML), as

My = argmax py (| my =1) ®)
ie{1,2,3,4}

where the likelihoods are expressed by

PR M, (Tl ['m = 7)

4

1

S,
4\2nN, /253

(|t NP, (m, =ilmy = )| =) Py (m, = )| ©)

2N, /2

Then the decision regions are given by, for 0 < a

<0.1, for m; =4,

n > +%M«/ﬁ + %‘}ﬁ‘\/(l —a)P,n < 7%‘)&‘\/7 7%‘)”‘«/(1 —a)P
+%‘hl‘\/ﬁ - %‘hl‘\ (I-a)P <n < 7%‘)(1‘\/5 +%‘hl‘\/(l — a)P

+%‘}L1N(17u)1” <n < +%‘hl‘\/ﬁ+%‘hﬂ«/(lf a)P
_%\WTP +%w«/r WP <1 < +%\zﬁu7u ~a)P

11
I NT= P < <+ VaP - | VTP v
e I AN e S AN
for m; =2,
AP + R NT=aP < <+ T 0P
1 2 L
+f‘h1‘m <n < +7\h1\\/a7+7\h\m
75 5 ¥ 12)

7%\;@\57%\@\\/0 QP << 7%\;11\\/(1 —a)P
7%\111\,/(1 —a)P <7 < +%wﬁ - %‘/H‘J(l —a)P

for m; =1,

+%\W(Tp +%m,/(17 WP <1 < 7%\@\@7 +%‘hl‘«/7(l— P
+%‘hl‘\/ﬁ 7%‘111‘\[(1 —a)P <1 < 7%‘171‘\/57%‘171‘\ (1—-a)P.
13

Based on the decision regions, the probability of

10) .
errors is calculated as, for 0 < a < 0.1,
where for the simplification, we define the notation
for m; =3,
as
(1; M=4; SSC; NOMA; optimal ML) _ 1
elh, 4
+q(+n;+1) _ q(+2:+5) + q(“;“) —4 +q(+01+1) _ (+2-5) + (+4-1) _ q(+6:—5)
7q(+2;+5) + q(+0:+l) + q(+2;—u) 4 *Q(H —5) + (+0:+1) + q(+z +5) _ q(+4:+l)
g (RO _ (2) g gl Hat) g (4641) | (+6:43) (14)
+q(+z;+3) _ q(+z;+1) T q(+u;+|) 14 q(“h‘) + q(+2;71) _ q(HH) n q(+4;+|)
Jrq(+n +1) + q(+o:+1) _ q(+2;73) +q q(+~1;—1) + q(+1;+1) _ q(+6:—3) + q(+6:—1)
+q(+2—l) q(+2 -3) 4 q(+o:+1) + q( (+2:41) 4 q(+z +3) _ o(+4-1) q(+4;+1)
(‘1}1 M=4; S5C; NOMA; optimal ML) ~ 1 % 1 2%
el 4
Jrq(Jrn;H) o q(+3:+2) + q(+3;+4) o q(+0;+o +q(71:+4) + q(+1;—2) _ q(+5;—4) + q(+.5;—2)
_q(+2;+5) n q(71;+4) + q(“ﬂ) _ q(+ ; +q(+1:—2) n q( L+4) q(+3:+2) + q(+3;+4)
+q(+n;+1) + q(+0:+1) _ q(+2;+1) + q(+:s:+n _ q(-:z;+2) + q(+4:+1) _ q(+(s;+1) + q(+6:+3) (16)
+q(+2;+3) _ q(+2;+1) + q(+0;+1) + q(+1:72 (+1-0) o q(+2;—1) _ q(+4;71) + q(+4;+1)
Jrq(+n;+1) i q(+l:—2) o q(+1:—o) + q(+ ; (+4:-1) T q(+1:72) - q(+5;70) + q(+(s;—1)
+q(+2—l) q(+1 —0) T q(+1;72) T q(+u;+1) (+2:+1) + q(+3z+0) _ q(+3;+2) T q(+4;+|)
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I A
, WPV et
N, /2

(I:4)

2

© 1 =
and 99 = [ 7=¢ % Similarly, for 0.1 <« <02,

for 9/13 =0.693<a< 0.8,
(15) for 0.8 <a < 0.9,
for 0.9<a< 1,

Then the fading performance is calculated by

P(l; M=4; SSC; NOMA; optimal ML) __
e

(1; M=4; S5C; NOMA; optimal ML)

T Tk el
for 02<a<04/13 =0.307,
for 4/13 =0.307 < @< 0.5, 23
for 0.5<a<9/13 =0.693,
(1; M =4; SSC; NOMA: optimal ML) 1 1
N X —X2X
4 174
+q( FO+1) q(»z.\z) + q( +3:42) q( +3:4+4) + q‘ +4:43) q(m;-s) +q(m;-l) + q(u. 1) _ q(m;\n) + q(\ﬁ:\?] _ q(»s:\z) + q[ +6:43)
7q(<2:»5}+q( ﬂ:\ﬁ]iq{ mx)Jrq( 1;42)+q(»2: 3)7(1[\1. 1) +q(‘22'3)7q(””3]+q( 1”2)+qu‘0]7(1(‘3”1)74(‘4: 1) ( )
17
+’1(+172) . q(+1:+0] B ,1“5:’2] . q(+5:’0) +q(—lers) _ q(—1.+4) + q(—1+2) + q(+z.—x) _ q[+4.—1s) + q(+5.—4) _ q[+s—2] + q[+s—1)
+q(+14)) + q(qu) _ q(+3+01 i q(+3:+2) +q[+l:71) + q(fuzj _ ’1(73:+.1) + q(+u;+3] _ q(+2;+3] + q(Hﬁ) _ q[+3:74) + q(+x:+5)
(1 M =4; SSC; NOMAs optimal ML), 1 « 1 K2 x
el 4 4
Jrq[+0:+1) _ q(+3+1] + q(+2+3) _ q(uAa) + q““‘” _ q(AG:+5) Jrq(+0:+1) + q(H—I) _ q(+1+3) + q(+571) _ q(:+5+a) + q( 6:+3)
7q(+2.+a] + q(—1.+5) _ q(—n.+:x) + q(—z.—:x) + q(—l—l) _ q(+1—1) +q(+2+:;) _ q(+1.+:x) 4+ q(+1—1) + q(+1s.—is) _ q(+:x.+1) + q(+1.—1] (18)
+q[“72} N quH‘J B q(*""“) . q(*"‘"”) Jr(][4:%) _ q[71:+4) + q(fus) + q(+1:4] _ q(AG%G) + q(AJ:aﬂ _ q(+57 ) + q[+571)
Jrq[ﬂ:—u) + q(+1.+1) _ q(+1:+:s) + q(+:s;+2] +(1(+1,—1) + q(—1:+2] _ q(—u:+:s) + q(—1.+5) _ q(+3.+1] + q[+2:—:s) _ q[+3:+4) + q(+3.+5)
()(‘1,’ M =4; SSC; NOMA; optimal ML) ~ i « l 2 x
Jrq(+1+u) _ q(+2+1] + q[+:s+1) _ q(+1s.—5) + q(—1+s) _ q[+a +6) +q(—1+1) n q(+2.—1] _ q(+s.—1) + q(+1+3) _ q[H.—:x) + q(—5.+1s}
7q(+1:+s} + q(fo:+5) _ q(71:+a] + q[—l:H) + q(AZH) _ q(+370) +q(+1z+3) _ q(+1):+3] + q(73:+3] + q[71:+1) _ q[+2 +) 4 q{+3:+1) (19)
+q[’3+3J . q(”!*?] ~ q(+3:+0] . q(”“) +q(—1+o) _ q(—us) + q(—:sH) _ q(—5.+5) + q(—l—x) + q(+:x.—:x) _ q(+5.—1) + q(+s.—u)
Jrq[ 141) +q(»lzm) 7q(42:\1) +q(»1=»z) +q(»lz 0) +q( 1+1) 741(””2) +q(»3:<1) 711‘ 1:45) + q[u.m) 7(](-3:\3) + q[m;u;)
(1 M =4; SSC; NOMAs optimal ML) 1 « 1 X2 x
eliy 4 4
+q(+l:+0) q(+2:+1] + q[+3:+1) _ q(+3.+5) + q(+4:+5) _ q[+5:76) Jr‘1(71:71) + q(fzzfl] _ q(+2;+1) + q(+4;+1) _ q(+4:+:5) + q(+5;+3]
7q(71;+0) + q(70:+5) _ q(’l:“] + q[71:+1) + q(+2;71) _ q(+3.w) Jrq(+1;+3) _ q(+u;+3] + q[fu;ﬂ) + q(+2.71) _ q(+2:+1) + q(+x:+1)
+q(=5.+3) _ q(ml:ﬁ}) + q(+3:72) + q(+2:71] _ q(+4:71] + q(HHJ) _ q(+2:71) + q(+x:+1) (20)
+q(71:+1) + q(+2.71) _ q(+1;+0] + q[fu;ﬂ) _ q(+2:+1) + q(fuz) _ q(+0:+3) + q(+1;+3]
+q(—l:Jrc.) _ q(—1:+s] + q[—4:+5) _ q(—3.+4] + q(—:5:+2] + q(+3:—1) _ q(+5:—1] + q[+;:—0]
+q{+170) + q("“J _ q(+2+1) + q(+1+2] _ q(+1:+4) + q(+0+5) _ q(+3+5) + q(+3:+s)
(1; M=4; SSC; NOMA; optimal ML) 1 1
W N —X—X2X
Y 4 4
Jrq(u;m) q( +3:4+0) + q(»z:u) _ q( +4:45) + q(m +6) q( 5:46) Jrq[ 4+3) q( 3:42) + q( 2+1) + q( H-1) q( +3:40) + q( +2:+1)
7{]( +1:46) + q( 1+6) q( 0:45) + q‘ 2:41) + q[u 0) _ (+3-0) Jrq[-z; 1) + q(u.-ﬂ) _ q( 0:41) + q(»z:u) _ q[\mz) + q(m:\z]
+q( 2+1) + q( +3i-1) q(m; 0) + q‘ +241) q[ F+1) + q[ +3:42) q[ \3;-3‘) + q(-l +3) (21)
+q(<ﬂ}3} 7(’( 1:43) +q( 1+2) (~0:41) +q( 2:+1) Jrq(»z 1) 7q[\2 1) +q(<zu)
+q( 1:+6) 70( 3:46) +q( 3:45) (—4;+5) +t](~ 241) +q(-s: 1) 7{](»3. 0) +q(m 0)
Jrq(+1—n] + q(+1—n) _ q(+1—1] + q(+2.+1) _ q(+n+5) + q(+1.+5) _ q(+1+ﬁ) + q(+l§.+b]
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Thus we can use the well-known Rayleigh fading

integration formula,

L‘ T Lo gy

T
:fo ‘M«/ﬁ{d(l—a}%Jr\/Z%] ie %‘,,d,\,
0 JN, /2 Y i
; 2 24
e z‘hl‘zP[J(l—a)%Jr\E%] = @
0 Ny Y ’

0 1+ 1 ,
- Jr el e -

where the random variable (RV) y is exponentially

distributed and 7 is defined as

2 1 AV
:\hl\ P J(ka)EJm/EE

Ny

(25)

~
Then the mean of 7is calculated as

. ‘hl‘z[’ \/(lfu)%Jr\/K%] _ ZLP[N (1*&)%‘*’&% ‘.

N, N,

No Ny

M= ]E[W =
(26)

IV. Results and Discussions

2
Assume that ©; = (2.0)" and the total transmit

signal power to one-sided power spectral density

ratio” /Ny =50dB . In Fig. 1, we compare
(1; M=4; SSC; NOMA; optimal ML) (1; M =4; NSC; NOMA; optimal ML)
F to Fe in

d s M=1; NOMA ideal perfect SIC)
A

[9] and , which is given by

T
(1 M=4; NSC; NOMA,
P,

- 1; M=4; SSC; NOMA.
o

Fig. 1. Comparison of probabilities of errors for 4PAM
NOMA with SSC, NSC, and perfect SIC (0 < a < 0.2).

P(l: M=4; NOMA; ideal perfect SIC) 1
2

As shown in Fig. 1, the SSC NOMA improves
the performance of the NSC NOMA. Especially, the
severe performance degradation of the NSC NOMA
at o = 0.1 is effectively fixed. Then, the question
of where the performance improvement comes from
is answered in Fig. 2; the SSC NOMA performance
is worse than the NSC NOMA performance for
o> 0.9. Note that NOMA practically does not
operate for « > (0.9, based on the main NOMA
principle, i.e., the user fairness; the less power
should be allocated to the strong channel user.
Therefore, we could exploit the performance
improvement of the SSC NOMA over the NSC
NOMA fora < 0.2, over which NOMA normally

operates.

(1; M=4; SSC; NOMA; optimal ML) 1 1
~—X—X2X
elhy 11
Jrq[uwu) 7{](\:&-”!] +q{m;m) 7q{<1--(;) +q(}.’l:\hj 70(-',:\(‘} +q[ 1+2) 70( 3:42) +q( 5:42) +q('h 0) 7{]\\:&40\ +q(-s;m}
70(-1:\6] +q( 1:+6) q( 3:46) +q“1’ 0) +q\u: 0) 7q[\:s- 0) Jrq[-l-m) +q(u;m) 7q{-3;m) +l]( 1+2) 71](‘1"2) +q[\,‘l:-2)
+q[ 3i+1) +q(u 0) 7q(u 0) +q“i--n) 71]“1"21 +q(\:x;»2} 7q(m;\2} +q(\x.<3) (22)
Jrq[m;-.’z) 71]( 1.\Ii)+q( 1:+2) q\ n:\1)+q\ 241) +q\-z 1) 7{][»241) +q[\ts--1)
+q[ 146) 7(1[ 3:46) +q‘ 5146 ) q\ 3:45) +q\ 3i+1) +q\'h 0) 7{](»3. 0) +q[m. 0)
+q[+1—u] +{1(+1.—u) 7q(+:s—u) Jrq(—x.—l) 7q\+1.+5\ +q(—1.+b] 7(]‘—1.%) +q(+:s.+f;)
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SRR,

Fig. 2. Comparison of probabilities of errors for 4PAM
NOMA with SSC, NSC, and perfect SIC (0 <a <1).

V. Conclusion

First we derived the optimal ML receiver for the
4PAM SSC NOMA, under
channels. Then we investigated the effect of the

Rayleigh fading

multilevel SSC on NOMA systems. It was shown
the performance of the 4PAM SSC NOMA achieves
the perfect SIC performance for the power allocation
factor range up to about 10 %, while the
performance of the 4PAM NSC NOMA achieves the
perfect SIC performance, only for the power
allocation factor range less than about 5 %. As a
result, the promising feature of the SSC of the
improved performance on the low power allocation
the multilevel

range was still preserved for

modulations.
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