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Performance Analysis on Non-SIC
ML Receiver for NOMA Strong
Channel User (Part II): 4PAM under
Rayleigh Fading Channel

Kyuhyuk Chung’
ABSTRACT

In  non-orthogonal multiple access (NOMA),
successive interference cancellation (SIC) is the
essential foundation for NOMA techniques. This
paper derives the optimal performance for NOMA
with 4-ary pulse amplitude modulation (4PAM) under
Rayleigh fading channels. Such performances are
calculated by first deriving the maximum-likelihood
(ML) performance, conditioned on the channel gain,
and then averaging the conditioned performance over
the channel gain. As opposed to the standard SIC,
which is by nature the hard-decision based SIC, we
present the optimal ML performance, which can be
viewed as the soft-decision based SIC, namely, the
optimal soft SIC, because it is general that the
soft-decision  performance is better than the
hard-decision performance. It is shown that the
severe performance degradation of the optimal soft
SIC can be mitigated, if we avoid the power
allocation factors about 10%, 20%, 30%, 50%, 70%,
80%, 90%, under Rayleigh fading channel
environments. In future researches, it is meaningful
to achieve the perfect SIC performance for NOMA,
because the NOMA capacity guarantees the perfect
SIC performance for one of two users, regardless of
the power allocation, i.e., for the entire range of the

power allocation factor, from 0% to 100%.

Key Words : NOMA, Rayleigh fading channel,
successive interference cancellation,
4-ary pulse amplitude modulation,
maximum-likelihood, power
allocation

I. Introduction

5G mobile communication services have been
commercialized in Korea, April 3, 2019, for the first
time in the world. However, Samsung plans to
develop its own 5G modem chip, and the
international standardization is still in progress. One
of key technologies in the 5G mobile network is
(NOMA)™L.
Recently, the performance on NOMA with binary
phase shift keying (BPSK) has been analyzed”*. In

addition, in order to increase the system capacity, it

non-orthogonal  multiple  access

is natural to consider the multilevel modulations,
such as the 4-ary pulse amplitude modulation
(4PAM)[9]. However, in [9], the performance of
NOMA with 4PAM is presented for the fixed
channel gain. This paper presents the optimal
maximum-likelihood (ML) performance for the
NOMA strong channel user with 4PAM under
Rayleigh fading channels. Before we finish this
introduction section, we should mention the practical
issues on 4PAM; in practical communication
systems, quadrature phase shift keying (QPSK) is
used frequently. However, in the academic
perspective, if we can calculate the performance of
BPSK, of which the quadrature version is QPSK, we
also obtain that of QPSK, i.e., the performance of
BPSK with the half of power of QPSK (assuming
Gray mapping). In the similar way, we can think
4PAM and 16-ary quadrature amplitude modulation
(QAM). The paper is organized as follows. Section
II defines the system and channel model. In Section
III, the performance of 4PAM NOMA is derived
analytically for the user with the stronger channel
condition. 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 i1 ~ CN(0.%))
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and 2~ CN(0%,)are  Rayleigh faded, with
¥, >%,. The notation CN (1Y) denotes the
complex circularly-symmetric normal distribution
with mean u and variance X. Then «P is allocated
to the user-1 signal s1 and (1 - @)P is allocated to

s f [~ Bllsf| = 1. The

the user-2 signal s2, with E

expectation notation E[u} is defined as

]E[u] = fj;upU(u)du (1)

where Py(u) is the probability density function
(PDF). The superimposed signal is expressed by

x = \/ﬁsl + V(1 —a)Ps,. )

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

2 = hl\/ﬁsl (hl'\/ (1 —a)Ps, —l—wl)

3
Zy = hynJ(1 — @)Ps, + (hQ\/_Sl—&-w?) ©

where w; and w,™~ CN(0,N;) are complex
additive white Gaussian noise (AWGN) and Ny
is one-sided power spectral density. The
coherent receivers of Rayleigh fading channels
construct the following metrics from the

received signals;

h*zl :‘h‘Q\/a_Psle(‘hl‘Q\/1faP52+hl*wl)
4
‘h‘\llf(yPsz (‘h‘\/_91+hwz) @

Furthermore, the receivers process the above

metrics one step more;

2 7‘}11‘\/591

‘h,l‘\[ (1—a)Ps, + ‘} ‘wl}
‘hQ‘ﬂlfa)Ps) {‘hz‘ﬁsl ‘ ‘w)}

\’\

(&)

\h\

*

Note that the noise [n] ' and || > have the

*

hy jo

same statistics as w; and w», because || =% with
6 uniformly distributed. Moreover, if the

1-dimensional modulation constellation is

considered, the following metrics are sufficient

statistics;
=R = P T e |

= |l [VaPs + (|l [NA = )Ps, +m) (6)
i

=|hy|y(

V(A —a)Ps, + (‘h ‘\/7]’914»712)

where n; and m~ N (0,N, /2) are additive
white Gaussian noise (AWGN). The notation
N (#72) denotes the normal 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,

Yy =1 = ‘hl‘\ll—apsz ‘hl‘\/_Psl-i-nl (@)

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

1 1 3

3
5,8, € +TS,+TS,—T5,—T5 . ®)
. 4PAM NOMA Performance Derivation

We first observe that the strong channel user
performance can be obtained from the weak channel
user performance by interchanging « and (1 - @),

with the proper changes of the channel parameters

hy and hy Mo 71 Therefore the ML performance of
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the user-1, conditioned on the channel gain, can be

[91

represented as follows™'; the optimum detection is

made, based on the ML, as

§ = arg max Ppig (] s)
1 e Pris Ui la ©

3
BT

where the likelihoods are expressed by

[T, |1 NPy, |1 mp?fﬁ"’]2
2N, /2 - 10

1
Prs, ’1‘51 i hooN o N, /2

For 0 < a<0.1, the decision region is given by,
with the one exact decision boundary, =0, and the
fourteen approximate decision boundaries. Then for
0<a<0.1,

for51:+5

7

_‘hl‘ /(1—

forsl:Jr1

ﬁ,

+‘hl‘«[17u i ‘}Ll‘@l<71
‘h‘«[l—a - ‘hl‘m
\mf
7‘17.1‘\“17(1) ﬁ+‘hl‘mﬁ<7l 7‘17.1‘ (l*(})P%

<71 <+‘h,‘ a)P%
5

<7‘1<0

+‘h,‘«/(1—0)P% <n< +‘hl‘«/(1—a)P%+‘h,‘«/ﬁ%
+ A= P o= <1 <+ VA —a)P =+
V5 V5

2
‘/zl‘mﬁ

7‘17.1‘\“17(1) %<r1<7‘h1‘d(17(1) %Hmﬁ%
3 3 2
—|h —a)P—= <1 <—|h Z )P + |y |[NaP =
1\ V(@ )P\/g< <V )P\/ng‘ | P\/g an
for s, = G
+‘h1‘«/7(lfa)P%—‘hl‘\/a7P%<r] <+‘h1‘1/7(17a)[’%
+‘hl‘\/(1—n)P%—‘hl‘m%<7i<+‘hl‘,/(1—n) %
*‘}Ll"\,lf(l L7‘h‘\El<rl<7‘hl‘\[(17u) %
—‘hl‘\ll—a —7\@\\/@ <r1 —‘h,‘«[(l—a) %
for s :—i,
s
+‘hHl—n)P—<r1<+‘h,l‘\/1—a \h\x/ﬁ
0<n <+‘}L1lea ﬁf‘hl‘«/jﬁ
—‘hl‘\l(l—a)P%<'rl <—‘hl‘«j(1—a)P%5.—‘hl‘ (IP%
<7\zﬁ\«/7(1fa>p%7\zh\m%
(1; M=4; NOMA; optimal ML) ~ 1 ><1 %9 x
elhy 4
+q(+0;+1) 7q(+1;+3)+q(+2:+1)7q( 3; +q(+1+1)7q+5+’5)+q(+6:+1)
_q(+2;—1)+q(+1;73)+q(+o;+1)_q( ; +q[+2;+1)_q(+3;+3) +{I(+4z+l)
7q(+4;—1)+q(+3;—3)7q(+271)+q( ; +q(+”:'l)7q(+l;ﬂ)+q(+2'“)
C(#6-1) o (#53) (1) (4 o (#2-1) o (+5-3) (4041
q +q q +q q +4q +4q (12)
+q(+l):+l)+q(+0;+l)7q(+2:71)+q(+2;+1)7q(+4,—l)+ (+43+1) (+6—1)+q(+6:+1)
+q(+2z+1)7(1(+2;71)Jrq(+0+1)jL (+0:+1) _ (+2;71)+q(+2;+1) (+4:—1)+ (+4:+1)
7Lq(+4:+1)7q(+471)7L (+2:41) (+271)+q(+u+|)+ (+0:+1) (+z—l)+ (+2:41)
+q(+6:+1) _{I(+6:—1) +q(+4;+1)_q( 4i— +q(+2;+1)_q(+2:71)+q(+0:+1) +q(+0;+1)
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where for the simplification, we define the notation

as

I A
‘hl‘\/?[«/(lfa)ﬁ *ﬁﬁ
VN, /2

@ =0

13)

2

oo ] =
and Q) = L ﬁe ’ dz. Note that at =0.1 and

q:+mwa—®g%,me

dominant term of

¥4 nls =+—.
RL\SL[ il \/g] is equal to that of

3
Prjs, [71 ls; = *ﬁ} ie.

Thus now the decision region changes at « = 0.1.
Similarly, for 0.1 < ¢<0.2,
Again note that at a=0.2 and

ﬁz-l—‘hl‘\/a_P%ﬂhl‘«/i(l—a)P%, e

. P nis=+—1.
dominant term of R“‘Sl[ il JE] is equal to

1
Pris |nls=——F7 .
that of Rl‘sl[ ila JE], ie.,

Thus now the decision region changes at o = 0.2.

3
Prys, [7'1 s = +ﬁ]
2
[71—‘hm‘«/(}P[Jr%]—‘hl‘\/(l—a)P%]

2N,/2

1
———
4\2xN, /2

3
Pris |1 ls = 775]
{H’h\m[*%]*\’ln\~/(‘*“>”%].
~ 1 2N, /2

——€
4\J2xN, /2

92 1.3 9 1) 92 1 (3 R (14)
{w 2 e 2+ S| [\;,1\\/;1?7\;@ r -l T]
= 1 1 2N, /2 P — 2N, /2
427N, /2 427N, /2
11 11
42N, /2 4\Joxn, J2
C(G;M:n NOMA; optimal ML) ~ 1 y 1 9 x
+q(+0;+1) _ q(+1;+2) + q(+1;+3) _ q(+3:+2) + q(+3;+3) _ q(+5;+2) + q(+5z+3)
7q(+2;71) T q(+1;72) T q(71-+3) _ q(+1+2) T q(+|;+3) _ q(+3:+z) n q(+3;+s)
7q(+4;71) + q(+3;72) _ q(+3»73) + q(-l—z) + q(71;+3) o (+142) + q(+1;+3)
7q(+6:—l) T q(+5:72) _ q(+5;73) + q(+$—2) _ q(+3;73) + q(Hﬂ) n q(71:+3)
(15)
+q(+0;+1) + q(+n;+1) _ q(+1+2) + q(+z;-1) _ q(+3;+2) + q(+4;+1) _ q(+5;+2) + q(+6:+l)
+q(+2;+1) _ q(+271) + q(+1;72) + q(+0;+1) _ q(+1;+2) + q(+2;+1) q(+3:+2) n q(+4;+1)
+q(<4;\1) 711(‘4: 1) +q(>:s» 2) 7q( 1) +q(u 2) +q(m;u) 7q(>1,\z) +q(>2'\1)
+q(+6;+1) _ q(+ﬁ;—l) + q(+5;72) _ q(HH) + q(+3;72) _ q(+z;71) + q(+1 2) + q(+0;+1) l

3 1
ra 119+ s 119 =~

[HMW

]

A o gt )

2N, /2 2N,/2

1 1 1 1
Y X
ER 27N, /2 4«/27rN0/2

O e e e ma e

€
4,2 3 4 ¥
e R O A\ e Am
2N, /2
€ 0 >

1 1

4.\[orN, /2 B
1

; -

—e¢
\27N, /2
1

27N, /2
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4
Then, for 02<a< 3 =~ 0.307 ;
Remark that at 13 and

AN

J5, the dominant term of

Prjs, [Tl 5 = +E] is equal to the dominant term

4
Then, for I3 ~ 0.307 < a < 0.5 ;

9
In the followings, the limits® = 0.5, 13’ 0.8,0.9

of intervals are similarly calculated. Then for

05 <a< 9 ~ 0.693
13 >

9 0693 <a <08

5 for 13
of pmsl[ﬁ\%:—ﬁ]’ie’ for 0.8 <a <09,
4
Thus now the decision region changes at® = 13-
IL(G;M 4; NOMA; optimal ML) ~ 1 % 1 %2 %
+q(+0;+1) _ q(+1;+1) + q(+1:+2) _ q(72;+3) + q(+3:+2) _ q(H:H) + q(+5:+2)
7q(+2;71) T q(+1:71) T q(71;+2) - q(+o:+3) n q(+1;+2) _ q(+2:+3) + q(+3;+2)
7q(+4:—1) + q(+’i—1) _ q(+3;72) + q(+2;73) + q(71»+2) _ q(+a;+3) + q(+1;+2)
_(+6-1) (+5-1) _ (+5:-2) (+4-3) _ (+3-2) (+2:-3) (—15+2)
q +4q q +4q q tq +4q (17)
+q(+0;+1) + q(+171) _ q(+1;+1) + q(+1:+z) _ q(+3;+1) + q(+z +2) _ (+5+1) + q(+>:+2)
+q(+2;+1) q(+1;+1) + q(+1;71) + q(71;+2) _(+1+1) (I(+1 +2) _ (43:+1) q(+3+z)
+q(4441) q(<‘3»>1)+q(\‘s 1)7‘1(»5 2)+q(” 1) q( L+2) _ (+141) (+1:4+2)
+q(+o+1) (+5:41) +q(+5;71) 7q(+5n) +q(+3 1) 7q(+' 2) +q(+| 1) +q( 1+2)
Pryjs, [T1|51:+i} Py\s[ﬁ \51:—1]
1= ,\/g ‘ i ,\E ‘
[71"hl‘m[*%]*‘mv(l*“)P%] [7‘1—‘111‘\/5[—%}—‘}11‘\ (l—n)P%]
S S 2, /2 RS /2 '
4./27N; /2 427N, /2 (18)
e e R AT Eee Y R R e R e
-1t - 2N, /2 -1t - 2N, /2
4/2nN, /2 427N, /2
1 1 1 1
42N, /2 42N, /2
(1; M=4; NOMA; optimal ML) _ 1 L 1 2%
el 44
+q(+0:+l) _ q(+1:+1) + q(+1;+2) _ q(+3:+l) + q(+z;+3) _ q(+>;+1) + q(+4:+3)
_q(+2;71) + q(+1;71) + q(71:+2) _ q(71;+1) + q(+0+3) _ (I(+3;+1) + q(+2-+3)
7q(>4; 1) +q(<.s, 1) 74(43; 2) +q(-l; 1) +q( 2+3) 7(](41 +1) Jrq( F0;43)
o (#61) o (#h)  (#52) | (#3-1) _ (+4-3) | (+1-1) | (—243)
q +q q +q q +4q +4q (19)
Jrq(\ozu) +q(41, 1) q(u:u) Jrq( 3i—1) 7(](»‘3,»1) +q(\> 1) 7(]“”1) +q(u,\2)
+q(+2;+1) _ q(+l:+l) + q(HH) + q(—l.—l) _ q(+1;+1) + q(+3;71) _(+31) + q(+3:+2)
7Lq(+4;+1) _ q(+3;+1) + q(HHJ _ q(+1;+1) + q(HH) + q(HH) (#1541 + q(+1 +2)
+q(+s;+1) q(+5;+1) + q(+5; 1) _ q(73;+1) + qHSH) _ q(+1;+1) + q(+1;—1) + (I( 1:+2)
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(1; M=4; NOMA; optimal ML) ~ 1 y 1 ©2% 3%
elhy 4
+q(+2;+1) o q(+3;+1) n q(+1;+1) + q(+(>;+1) _ q(+1;+1) n q(+2;+1)

(=241) _ (-1+1)

+q q + q(+0:+1) _ q(HH) T q(+3;71) i q(72:+1) }

(22)

for 09<a<1l,
Then the fading performance is calculated by

Here, Q<T ) can be represented as
1,2
/2 ————
lf / e 2sin’0dp.

TJ0

Q(z) (25)

Thus we can use the well-known Rayleigh fading
integration formula,

fO” Wﬂ)l{% dy
T
‘hﬂﬁ[«/(lfa)iJr\/Ei B
:IOOQ \6 \6 ie W d’7
0 JN, /2 %
2 1 AV
e || P[«/(lfa)ﬁJr\/Eﬁ e
,f Q2 e " dy
0 N, "
o i 1 N
= i body = =1 —
‘];J Q(\/?'Y)%e ! 2[1 T+,
(26)

where the random variable (RV)7is exponentially

distributed and the mean of 7is defined as

~ 1 X 2%
elhy 172
n q(+l:+l) - q(+2;+l) T q(+3;+1) - q(+3;+2) + q[+5;+1)
+q( L+1) 711(“':”) +q(>1:\1) 711(‘“2) +q(>:s;41)
_ q(+3:71) + q(ﬁﬂ) + q(71;+1) _ q(71;+2) + q(+1;+1)
_(+5-1) (+4-1) _ (+3:-1) (+3:-2) (~1:+3)
q +q q +q +4q 0)
+q(71;+1) + q(+271) _ q(+3;71) + q(+1;+1) _ q(+5;71) + qHSH) _ (I(+3:+2) + q(+5;+1)
+q(\l:4l) 7q( 0;+1) +q( L+1) +q( L+1) 7q(>:s: 1) 7Lq(u:u) 7{1(41;\2) 7Lq(us.u)
Jrq(+3;+1) _ q(+2 +1) + q(+1;+1) (+3-1) + q(—1;+1) q(—1;+1) _ q(71;+2) q(+1:+1)
+q(\5;>1)7q(>4;>1)+q(\3:41) q( 5 1)+q(>1;\1)7q(\:;: 1)+q(43: 2)+q( L+1)
531’:11\1:4; NOMA; optimal ML) ~ i y i 9%
+ q(+|;+1) - q(+2;+1) i q(+3;+1) - q(A4:+l) n q(+3;+2)
+q( L+1) 7(]“01‘1) Jrq(u;u) 7q(\z;41) +q(u;»z)
_ q(+3;71) + q(+2:71) + q(71;+1) _ q(+0:+1) + q(71:+2)
_(+5-1) (+45-1) _ (+3-1) (+2-1) (=3:+2)
q +q q tq +q Q1)
+q( L+1) + q(+2; 1) _ q(+3:71) + q(HH) _ q(+2;+1) + (I(+3;+1) _ q(+1:+1) + q(+3;+2)
7Lq(u.u) 7{1( 0:+1) +q( 141)+q(>2; 1)7{1(»0 \1)+q(41 »1)7{1(\2;\1) + (+1:42)
+q(+3:+1) _ q(+z;+1) + q(+1:+1) _ q(—0:+l) + q(HH) + q(71;+1) q(+n;+1) + q(71;+2)
+q(\5:4l) 7(](44:41) +q(>:s:41) 711(‘2:”) +q(>4; 1) q(»s 1) +q(>z 1) +q( 342) ]
Pﬁ(‘ZM:@ NOMA; optimal ML), ix i %2x3x| + q(+3:+1) + q(+1:+1) i [1(—1:-1) 4 [1(—3:+1) l 23)
P(L M=4; NOMA; optimal ML) _ ]E, P(I;M:"I:NUMA; optimal ML) ) (24)
€ y e\hl
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T ]

N = E[A’/] =E N(]
2N
EIP[J(l - a)% + JE%]
- T ‘

IV. Results and Discussions

2
Assume that ¥, = (2.0)" and the total transmit
signal power to one-sided power spectral density
ratio P / N, = 50dB,30dB. In Fig. 1 and 2, we

(1; M=4; NOMA; optimal ML)
compare P, to
(1; M=4; NOMA; ideal perfect SIC') . . .
P, , which is given by

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

(28)

As shown in Fig. 1 and 2, if the power allocation
factors a ~ 0.1,0.2,0.3,0.5,0.7,0.8,0.9 are avoided,
the severe performance degradation of the optimal
ML receiver can be mitigated. The performance
degradation with respect to the ideal perfect SIC

receiver is due to the fact that in NOMA, two users

I,I M=4; NOMA; optimal M1
_ _ _ p{ti M=t; NOMA; ideal periect SCI

0 01 02 03 04 05 06 07 08 09 1

Fig. 1. Comparison of probabilities of errors for
optimal ML receiver and ideal perfect SIC
receiver, (P / N, =50dB),

32

2
e
@
S
=
=
©
8
a 10*
5 (1; M=4; NOMA: optimal ML)
0% |—PF, !
— P 1; M—=4; NOMA; ideal perfect SCI)
A
]0-6 L L L L
0 0.2 04 06 0.8

o

Fig. 2. Comparison of probabilities of errors for optimal
ML  receiver and ideal perfect SIC  receiver,
(P/N,=30dB),

share the channel resources, so that each user signal
acts as the inter user interference to the other user
signal. And the performance changes of the optimal
ML receiver according to the power allocation & in
Fig. 1 and 2 occur, because the decision boundaries
of the ML detection also change irregularly,

dependent on the power allocation o.

V. Conclusion

First, we derived the average optimal ML
performance of the strong channel user in non-SIC
NOMA, under Rayleigh fading channels. Then the
optimal ML performance was compared to the ideal
perfect SIC performance. In result, some power
allocation factors should be avoided, due to the

severe performance degradation.
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