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Abstract

The closed-form formula derivation of the power domain cooperative non-orthogonal multiple ac-
cess (NOMA) system is of great significance for further improving the performance of the system.
However, the system performance formulas of the channel capacity and the paired bit error rate pair-
wise error probability (PEP) are too complicated, which have increased the difficulty in system per-
formance optimization. Therefore, based on the amplify forward ( AF) relay cooperative NOMA
model, the signal interference noise ratio (SINR) formulas of the two user nodes are constructed.
Through the assumption of that, the symbol error rate (SER) of each user is fair, the simplification
condition of moment generating function (MGF) with the harmonic mean form is satisfied. Com-
bined with the SER calculation formula of MGF, the system SER asymptotically tight approximation
formula with simple structure is derived at high signal-to-noise ratio (SNR). The Monte Carlo simu-
lation results show that, the formula can accurately describe the SER performance of the power do-
main cooperative NOMA system with the non-ideal successive interference cancellation (SIC) system
when SNR is high. Under the condition of certain total power, the optimal power allocation factor is
solved in order to minimize the total system SER.

Key words: non-orthogonal multiple access (NOMA ), amplify forward ( AF), symbol error
rate (SER), moment generating function ( MGF')

0 Introduction

With the rapid increase in demand for high-speed
data services, further improvement of spectrum effi-
ciency has become a research hotspot in the field of
communications. As a new type of multiple access
technology, non-orthogonal multiple access ( NOMA )
can greatly improve the spectrum efficiency of the sys-
tem. To this end, NOMA has become one of the key
technologies in 5G'". In the Internet of Things ( IoT)
scenario, the limitation of low power consumption re-
quires large-scale user nodes to adopt uplink access,
and has higher requirements on the reliability and rate
of data transmission, so it is practical to study the up-
link communication of NOMA to guarantee the quality
of service for user nodes'*. Symbol error rate ( SER)
fairness is an important requirement to ensure the com-
munication reliability of communication nodes in the
IoT scenario, and the goal of improving the system per-
formance under the premise of ensuring SER fairness of
each communication nodes should be realized. User

nodes are on the edge of the cell. Cooperative diversity
technology is one of the effective means to significantly
improve the quality of service of user nodes'*’. In NO-
MA system, continuous self-interference cancellation
technology makes strong users have prior information of
other user data, so basically strong users can be used
as relay nodes. Therefore, the performance of the sys-
tem can be improved by cooperative NOMA system.

In order to compare the influence of power alloca-
tion on NOMA system and orthogonal multiple access
(OMA) system, the relationship between the power al-
location coefficients of two user nodes when the two-us-
er nodes NOMA system is superior to the OMA system
is studied from the perspective of system ergodic sum
Ref. [5]

studied the problem of minimizing the total power of us-

rate and outage probability in Ref. [4].

er quality of service limitation in the multi-cell NOMA
systems. A distributed power control algorithm was
proposed by using the characteristics of Perron-Frobe-
nius eigenvalues and standard interference functions in
Ref. [6].
NOMA in the uplink IoT, the influence of circuit ener-

In addition, considering the application of
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gy consumption limitation on the frequency efficiency
and energy efficiency of NOMA system was studied in
Ref. [7]. In order to make further use of the potential
gain of NOMA in power domain, the fair rate of system
user nodes with total throughput limit and total trans-
mission power limit were studied in Refs[8,9]. In
Ref. [10], the bit error rate (BER) formula using or-
thogonal phase shift keying in uplink NOMA system
was derived, and the accuracy of the expression is ver-
ified by simulation. Different from the previous re-
search, the pairwise error probability (PEP) perform-
ance of traditional NOMA systems was studied in
Ref. [11]. The closed-form of PEP for different users
is derived, and the expressions are simplified in the
case of high signal-to-noise ratio (SNR). On this ba-
sis, the overall BER performance of the system is im-
proved by power optimization. At present, the research
on cooperative NOMA system is mainly in channel ca-
pacity analysis. The research on BER performance
analysis is insufficient, the analysis and optimization
process of existing user quality of service is more com-
plex, which makes it difficult to apply in practice.
However, in the actual IoT scenario, BER fairness in-
dex is more important. Therefore, the SER formula
with simple structure is convenient to improve the qual-
ity of service of user nodes through low complexity pow-
er optimization. The research in this paper provides
theoretical support and implementation means for the
practical application of user nodes quality of service
improvement scheme in uplink NOMA system.

In summary, for the problem of system perform-
ance analysis and optimization of the uplink coordina-
ted NOMA system, under the condition of high SNR
and user node fairness, the simplified idea of the har-
monic mean form is used to derive the moment genera-
ting function (MGF). The SINR formulas of two user
nodes, which satisfy the harmonic mean form, are con-
structed. Then the asymptotically tight approximation
SER formula with simple structure is obtained. In order
to minimize the tight approximation formula of the
SER, the optimal power allocation relationship between
the total power of two user nodes and the amplify for-
ward (AF) power of the relay node is determined un-
der the condition of a certain total power.

1 System model

In this paper, the uplink NOMA communication
system is composed of two user nodes, one relay node
and the base station (BS) at the center of the cell. In
the system model, the two user nodes are weak user
nodes at the edge of the cell, and the relay nodes are

strong user nodes close to the central BS of the cell,
and both of them are single antenna nodes. The two us-
er nodes share the same time domain and frequency do-
main resources at the transmitter. The single antenna
relay node acts as the half duplex relay node (R, re-
lay) to AF the linear superposition signal sent by the
two user nodes.

B h
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Fig.1 The AF uplink cooperative NOMA communication model

In the first time slot, the relay node R receives the
signal sent by the user group as

y, =% +n,, (1)
where n, , denotes the Gaussian white noise whose mean
is zero and variance is V;. The linear superposition sig-
nals x, are sent by the two user nodes.

m, = Pyl /ZhSl,,xl + «/oTthZ,,%) (2)

In this formula, the power normalized signal x, de-
notes sent by the i-th user node, E[ | », 1] = 1. h,
and h,, ~denote the channel coefficients between the
two user node s; and s, to relay node R respectively.

and 5522

power of two user nodes is P,. «, and a, denote the

The variance is 5521 respectively. The total

s 4T

power allocation coefficients of two user nodes respec-
tively, which are subject to oy + a, = 1.

Before the signal at the relay node is forwarded, a
linear noise reduction process is performed on the sig-
nal. The noise reduction factor is

1
VPl L h, 17+l by 17) + N,
The signal amplified by the relay node is
/P
—— - v, (4)
VPl by 12 40| by 17) + N,

where P, is the transmission power of the relay node R.

(3)

$9,T

In the second time slot, the destination node D re-
ceives the superimposed signal from the relay node R as

VP
VPl by 1P 4oyl 17) + N,
/PP
= Lo hsl,rhr,dsl
VP T h 17 + eyl by 17) +N,
/PP
" 11750,
VP T h 17 +ay L by 17) + N,
+7, (5)

yd hr,dyr * nr,d

h’r,dSZ

59,1
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where h, , is the channel coefficient from relay node R
to destination node D, and the variance is 83’,1. The

mean value of the Gaussian white noise n, , is zero and

VPZ
= hr,dn
JPile Lk 12 4oy by 17) + N,
+nr,d (6>

Assuming that the n_, and n, , are independent

the variance is N,.

l

T,d

(o

noise variables, the mean value of the noise 7, , is zero
and the variance is
2
Pyl h I

+1)N (7)
(Pl(al | b, 1% +a,l b, 17) +N, ’

The decoding process at the destination node D is
performed as follows: the destination node D uses the
non-ideal successive interference cancellation ( SIC)
method to decode the received signal of two user
nodes. For the sake of generality, suppose that| A,

12 > h, | ’. Since the decoding order in the uplink

NOMA system is sequentially performed in descending
order of channel quality, the first signal is detected as
s, and the signal s, is treated as noise. The SINR of the
signal s, is Eq. (8).

2 2
PPy, | b 1*1 kI

2 2
P(ayl h, 1" +ay,l h,17) +N,

SINR, 7 3
' PPy, | by, 121 h I

2 2 +
P(oyl b, 1" +ayl h,,17) +N,
P,P,a; | h

Pyl h,1°

(Pl(al | b, 17

S1,7

2 +1)N0
vyl b, 17) + N,

2 2
121k, |

PPyl hy 121 h y1* + Pyl h g1 + [P | b 1> +a,l b, 17) + Ny IN,

Assuming that the signal s, is completely decoded
and can be completely removed in it, the SINR of the
signal s, is

P\Pya, | b, %1 h, 17
P(ay | by, 1 +a, | h,,, %) + N,

SINR,, = AENE
; r.d 2 +1 N()
Pyl by 1" +o, 1 by 17) + 1N,
I PPy | b, 121 b1
TNy P, Lk 1P 4P (o L b 1P 40yl b, 17) + N,

(9)
2 Theoretical analysis of SER performance

2.1 MGF simplification theorem for harmonic
mean form

Theorem The hypothesis of X, and X, is two in-

dependent exponential random variables with the pa-

XX
[12] _ A4y
rameters B, and 8, ~. Then, the MGF of Z = X+ X,
is
2
MZ(S) _ (Bl ,32) A+2(Bl +,32)3
2B.Bys, (B +B, +5 + A)?
+ In (10
A 46,6, )
where s > 0, and A =

VB =) +2(B, +By)s + 5

Based on the further simplification of the closed

(8)

boundary formula of SER, when B, and 3, tends to ze-
ro, A = 5. The Eq. (10) can be simplified as
M.(s) zBl +Bz+2312ﬁ21n s’ (11)

§ s BB,
Note that in Eq. (11), the second term on the
right side of the equation tends to zero faster than the
first term. Therefore, the MGF in Eq. (11) can be

simplified as follows.

Bi + B,
s

M.(s) = (12)

According to Ref. [ 13 ], assuming that the user
node signal adopts M-PSK modulation mode, in this
formula, s = b,,/sin’@, b,, = sin’(7/M).

2.2 SINR harmonic form construction

According to the above-mentioned theorem, the
SINR of the two user nodes is constructed in the form
of the harmonic mean value of two independent random
variables, and the formula of the closed boundary of
the SER is derived through the calculation formula of
the SER of the MGF.

Under the condition of high SNR, Eq. (8) can be

approximated as follows.

PPy | by 121 by y1?
NO
PPy | by 171 by 1® pyL k12
N, + No, +P (g L by 12 4oyl by, 17)

(13)
Under the condition of high SNR, Eq. (9) can be
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approximated as

i PPy, | b 121 kI
Ny Pyl byl +P(a | hy 1* +ayl by, 1?)
(14)

To guarantee the SER fairness between the two us-

er nodes and to facilitate the derivation of the formula,
the following is supposed.

a1|h81,,|2~a2|h52r| (15)
The upper boundary of Eq. (13) is
PPy, | h 1?1 h ,I°
Pyl h ,1% +2Pa, | h, .| :
1 2P a, | hsz’, % x P, | h,,d |2 1 XX,
T 22Pa, | by, 1P+ P, 1 h 17 2 X, +X,
(16)
where Ny =1, X; =2P,(a; | b, .1?) obeys the expo-
nential allocation of parameter B, = 1/2P1a15§] . Xy
=P, 1 h 4| ?/N, obeys the exponential allocation of
parameter B, = 1/ P253, 4~ The upper boundary of
Eq. (14) is
P,Pya, | b, 1?1 b, ,1*
Pyl h 41?+2Pa,| b, 1*
1 2P o, | hsz’, 2 x Pyl h,, 2 1 XX,
T 22Pa, | by, 1P+ P, I h 17 2 X, +X,
(17)
where Ny =1, X; =2P, e, | h,, | * obeys the exponen-

tial allocation of parameter B, = 1/2P1a28 X, =

Pyl h,, | * obeys the exponential allocation of parameter

B: = 1/P,82,. 1t’ s easy to see that Eqs (16) and

(17) conform to the mean of the harmonic mean of two

$9,r 2

independent random variables,

MGF of Eq. (16) is as follows.

so the corresponding

1 1
4+ 2P, ;8 , P &
MSINRS = bt By = e o (18)
! 2s 2s
The corresponding MGF of Eq. (17) is
1 1
2
B +8 2P1a263 r P26r,d
MSINRSZ == P * = 225 (19)

2.3 SER calculation of MGF

Assuming that the user node signal s, adopts the
M-PSK modulation method, the average SER is calcu-
lated by the MGF method, and the asymptotically tight

approximation formula is
M-1)w

i 7 b

SER,, = —| * Mum,

psk; T Jo

(20)

It is assumed that QPSK modulatlon is used,

where M =4, b, = sin’(w/M), Mg (b /sin’@) is

s Dps
the MGF corresponding to SINR, .

According to Eq. (12),
form MGF is obtained , and then from the closed
boundary Eq. (20) of SER, the closed solution of SER

of two user nodes is obtained as follows, respectively.
M-D)w 1 M-D)w

psk

the corresponding simple

By
SERpskxl = _f SINRS ( .pzk )dé
~ M-x nBI +Bz
T oml 2s
1 M- 1 ™
=B+ T e @D
M-Dm 1 M-Dm
sk
SERpsksz = _f SINRSZ ( siII;20> de
_ b BS + By
- qTL 2s Y
1 S5 1
(B +B)[ Ao (22)
1 1
where 7[ " —d@is a constant and expressed by N,
s
then .
SER, = Ly(—1 ) (23)
o 2 2P1a1631 i P 87 d
1 1
SER , = -—N 24
2 (2P1a2552 W 534) 24
so the total SER of the system is
SER,,, = SERPSI%_1 + SER,,
1 1 1 1
= = DY (o —
- (2P1 1552] Pz 2 ) * - (2P1a25fz,r
P 63 y
= (= LV (25)
4P, a,8; 4P1a26 P,5; ,

i 59,7

3 The power allocation optimization

Set to the total power of the system is P, based on
the power constraint condition P, + P, = P, the power
allocation coefficients of two user nodes o and a, can
be obtained by calculating the partial derivation of P, or
P, in the total SER Eq. (25) of the system. The rela-
tionship among the power allocation factors of two user
nodes and their total power and the AF power of the re-
lay node are as follows, respectively.

5
P, = s P (26)

87 d + 263 r6 h%
' ' + 0,6

89,7 (X 52

s1,r sp.r
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a0
28s1, rasz, T 2 2
a16sl, r + a28x2, T
P, = P (27)
a;Qy
6r,d + zasl, r632, r 2 2
a0, , + a,0

S1, T $94T

Based on the condition of o, | A, | P=aq,l Bl 2,
Eqs(26) and (27) can be simplified as follows.

8
P, = +P (28)
8,4+ A20,8
2a16§1 i
p,=—Y 2" p (29)

57,d * A/ 2a15321, r

In order to solve the optimal power allocation fac-
tors of the two user nodes when the total SER perform-

1

ance is optimal, it can be assumed that Z = —————
4P1a1551,,
1 n
+ — + >—, so the minimal value of the
4Pla2552,r P25r,d

SERtotal

der to solve the minimal value of Z easily, the interme-

is equal to solve the minimal value of Z. In or-

diate variables are assumed as x = P,a;, v = P,a,.
Then, Z can be further expressed as

g1 1 1
4x8, , 4y, , [P - (x+y)]18,
(30)

By calculating the partial derivation of x and the

minimal value in Eq. (29), the optimal power alloca-
tion factor of the user node s, is obtained as

_ 5r,dP2
Y T2 P

Sy I

(31)

By calculating the partial derivation of y and the
minimal value in Eq. (30), the optimal power alloca-
tion factor of the user node s, is obtained as

_ ar,dPZ
% T2 P,

sy, T

(32)

According to the variance of the actual channel
coefficients of the cooperative NOMA system, the opti-
mal power allocation factors of the two user nodes a;
and @, when the SER performance of the system is opti-
mal can be solved by the joint vertical Eq. (31) and
Eq. (32).

4 Simulation results and analysis

In order to verify the accuracy of the total SER as-
ymptotically tight approximation formula and the opti-
mal power allocation scheme derived in this paper, the
Monte Carlo simulation method is adopted. The BS re-
ceives the signal and decodes it using a SIC technique
based on maximum likelihood ( ML) detection. The

decoding order of SIC decoding is determined by the
channel gain in descending order. Therefore, the sig-
nal s, is firstly detected, and the signal s, is treated as
noise. Because the signal s; cannot be completely deco-
ded, there is an error residual for decoding the signal
s,. The system simulation parameters are set as fol-
lows: PSK modulation mode is used to analyze the SER
performance of the single-relay AF cooperative uplink
NOMA system. According to the two user nodes chan-
nel gain assumption | A, 1> >1 h

- 555 | ?, the channel
coefficient variance of the user node 1 to the relay node

R in the simulation 5;7‘],, = 2, the channel coefficient

2
Sy, T

variance of the user node 2 to the relay node R is §
= 1, and the channel coefficient variance of the relay
node R to the destination node D is 63,(1 = 1.

The comparison of system SER performance be-
tween the asymptotically tight approximation SER for-
mula and the simulation is shown in Fig. 2. The SNR is
represented by P/N, in the figure. According to the ac-
tual channel gains and user nodes fairness conditions,
the power allocation coefficient of the two user nodes
are ¢, = 1/3, a, = 2/3 respectively. By Eq. (28)
and Eq. (29), the power allocation coefficients P, =
0.464P, P, = 0.536P are calculated. It can be seen
from Fig.2 that when the SNR is larger than 15 dB
(that is, under the condition of high SNR) the fitting
effect between the actual simulation value of the system
and the theoretical value of the deduced SER formula is
good, which verifies the accuracy of the system asymp-

totically tight approximation SER formula derived by
MGF.

100 F—
e Theoretical data
& ~ © = Simulation data
2
107k SR
L
A
b
1072k ‘3\
& N
7] By
N
10§ .
\\
~ .
S
~.
107F b
1073

0 5 10 15 20 25 30 35 40
P/N,/dB

Fig.2 The comparison of system SER performance between the
asymptotically tight approximation SER formula and the

simulation

Fig. 3 shows the comparison of system SER per-
formance among three power allocation cases. Power
allocation factor a; and a, for two user nodes are select-
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ed from the following three cases; (1) o, = 0.1, a,
=0.9;(2)o; =173, @, =273; 3) a; =0.3, o,
= 0.7. It can be seen from Fig. 3 that the system SER
performance of the case (1) is the worst, the case (2)
is the best, and the case (3) is between case (1) and
case (2). So the case (2) is the optimal power alloca-
tion among three power allocation cases of two user
nodes under the constraint of SER performance fair-
ness. System SER performance is obviously improved
compared with other power allocation cases, which
proves that fairness constraint Eq. (15) is reasonable.

10° g 3
[ —o—a,=1/3,0,=2/3
N a,=03,0=0.7
—#—0,=0.1,0,=0.9
1071 F
o
54) 1072 f
1073 F
-4
10 0 5 10 15 20 25 30
P/No/dB

Fig.3 The comparison of system SER performance among

three power allocation cases

Fig. 4 shows a comparative analysis of SER per-
formance fairness between two user nodes under the
condition of SER fairness. Since SER is affected by the
decoding order and power allocation, the constraint
condition of Eq. (15) are used to control power alloca-
tion so that the user’ s SER is similar to guarantee SER

10°
— <+ — Simulation-Userl
Eﬁa\ — © = Simulation-User2
~ Theoretical-Userl
Q\ * Theoretical-User2
1071F ~ X
™o >
SR
~ ) N\a
™ O
o, \\33\\
21072 RN
\\Q“
SN
R
N
\Q\
10—3 I \\\
S
~ ‘e
Sy
N
g
10 . . . A g
0 ] 10 15 20 25 30 35
P/N,/dB

Fig.4 The analysis of performance fairness of two
user nodes SER

fairness. It can be seen from Fig. 4, with the increase
of SNR, the theoretical curve and the simulation curve
are gradually close to each other, and the approach
effect becomes better. In the case of high SNR, al-
though the SER performance of the two user nodes is
not completely consistent, the difference between them
is kept in a very small range, which indicates that the
fairness of the SER performance of the two user nodes
is achieved in the process of power allocation optimiza-
tion in this paper.

5 Conclusion

The performance of the power domain NOMA sys-
tem SER is studied in the cooperative uplink NOMA
communication system. In order to solve the problem
that the SER performance analysis in the cooperative
NOMA system is complex, under the condition of high
SNR and user fairness, the SINR formula of user node
is proposed. The harmonic mean form is derived to ob-
tain a simple MGF, and then the system asymptotically
tight approximation to the SER formula is obtained,
and the system is optimized for power allocation to
achieve optimal system performance. The simulation
results show that when the SNR is high, the theoretical
value of the asymptotically tight approximation SER for-
mula is fitted well with the simulation value of the actu-
al system, which verifies the accuracy of the formula
and the constraint conditions of the performance fair-
ness under the optimal power allocation scheme. By
minimizing the asymptotically tight approximation SER
formula, the optimal power allocation relationship be-
tween the total power of two user nodes and the AF
power of the relay node is determined.
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