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ABSTRACT Non-orthogonal multiple access (NOMA) is a technique which allows multiple users to share
the same radio access resources. However, there exist interferences among these users in the NOMA system.
These interferences need to be taken into account in the signal detection and error performance analysis.
In the downlink NOMA system, the far user detects its signal by treating the near user’s signal as interference,
while the near user employs successive interference cancellation (SIC) to detect its signal. Based on the
conventional signal detection, it is not straightforward to derive the error performance for both the far user
and near user. By analyzing the constellation relationships between the far user’s signal and superposition
coded (SC) signal, and the near user’s signal and SC signal, in this article, a simple threshold based detection
algorithm is proposed to detect both the far user’s signal and near user’s signal. Furthermore, by aid of the
constellation relationships, in this article, simple expressions of the average symbol error probability (ASEP)
with squared M -ary quadrature amplitude modulation for both the far user and near user are easily derived
in Rayleigh fading channels. Simulation results validate the derived theoretical ASEP results.

INDEX TERMS Downlink non-orthogonal multiple access, maximum likelihood detection, threshold based
detection, signal constellation, successive interference cancellation, superposition coded signals, symbol

error probability.

I. INTRODUCTION
Nowadays there is an ever-growing demand for high data
transmission rates and reliability in wireless communication
systems. Traditionally, multiplexing is a technique to improve
data transmission rate. Multiple-input multiple-output
(MIMO) is a technique to provide multiplexing gain in
wireless communications. Recently non-orthogonal multiple
access (NOMA) has been considered as a promising tech-
nique to improve data transmission rate in 5G wireless
communication system [1], [2]. In the NOMA system, all
users share the same radio access resources, thus allowing
a further improvement in spectral efficiency. In the conven-
tional NOMA system, superposition coding is employed at
the transmitter in order to enable sharing of the common
resources for different users, and successive interference can-
cellation (SIC) is used to detect the superposition coded (SC)
signals at the receiver [2], [3].

There are two kinds of NOMA systems, uplink NOMA
(UL-NOMA) and downlink NOMA (DL-NOMA) systems.
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The research problems in NOMA systems can be mainly
categorized into error performance analysis [4]-[8], outage
probability analysis [9], [10], power allocation [11] and sys-
tem capacity or ergodic sum-rate [12], [13]. In this arti-
cle, we mainly focus on error performance analysis of the
DL-NOMA systems. In general, the DL-NOMA system con-
tains one base station (BS) and two users, a far user and a near
user. Due to the non-orthogonal multiple user access there is
an interference at the receiver for either the far user or the near
user. Most of the work in the literature has taken into account
the interference to detect the users’ signal and to analyze the
error performance. In the literature, the conventional signal
detection is that the far user detects its signal by regarding the
near user’s signal as interference, and the near user uses SIC
to detect its signal. In [4] and [7], the error performance of
the DL-NOMA system is analyzed based on the conventional
signal detection. The derivation of the error performance is
also based on two dimensional signal constellations and the
procedure to derive the error performance is not concise.
Since an M-ary quadrature amplitude modulation (M QAM)
symbol is composed of independent in-phase and quadrature
components, [5] firstly analyzed error performance based
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on only the one dimensional in-phase or pulse amplitude
modulation (PAM) signal. The derivation of error probability
for the far user is based on the relationship between the SC
signal and the far user’s signal and is not straightforward.
However, the derivation of error performance for the near user
is too long because by examining and comparing the decision
regions and distant parameters, [5] classifies all signals into
three types. Then, by considering the relationship between
PAM and QAM, [5] derived error performance expressions
for MQAM. However, these expressions are only derived
for additive white Gaussian noise (AWGN) channels and not
fading channels. Meanwhile, the work of [6] also analyzed the
error performance based on interference cancellation. Since
the probability density function (PDF) of the summation of
interference and noise is not Gaussian distributed, the error
performance expression is not simple. Finally, taking into
account interference, [8] derived the error performance based
on one dimensional signals. The average symbol error prob-
abilities (ASEPs) for both the far user and near user are
derived in Rayleigh fading channels considering imperfect
SIC. However, the derived error performance expressions are
too complicated.

In summary, most of the above work considered
interferences to derive error performance but the derivations
are not concise. In this article, we will not take into account
the interference to derive the error performance. Instead,
by analyzing the constellations of the individual user’s signal
and the SC signal, we firstly propose a threshold based simple
signal detection algorithm for both the far user and near user.
Then aided by the proposed detection algorithm, we easily
derive the ASEPs for both the far user and near user.

Hence, the main contributions of this article are
summarized as:

1) A threshold based simple signal detection for both
the far user and near user is proposed. The proposed
threshold based detection has low detection complexity
compared to the conventional detection.

2) An approach to derive error performance for the
individual user is proposed. The approach is to convert
the derivation of error performance for the individual
user’s symbols into the error performance of the SC
symbols.

The remainder of the paper is organized as follows:
In Section II, the system model is presented. The constellation
analysis of the individual users’ symbol and the SC symbols
is presented in Section III. The conventional detection scheme
and the proposed threshold based detection algorithm are
presented in Section IV. The ASEPs for both far user and near
user are derived in Section V. In Section VI, the numerical
results are demonstrated. Finally, the paper is concluded in
Section VII.

Notation: Bold lowercase and uppercase letters are used for
vectors and matrices, respectively. [-]17, ()%, |- | and | - ||F
represent the transpose, Hermitian, Euclidean and Frobenius
norm operations, respectively. E{-} is the expectation opera-
tion. j = +/—1 is a complex number. A complex symbol x
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has the real or in-phase part x/ and imaginary or quadrature
part x2, such that x = x! + jx©.

Il. SYSTEM MODEL

The conventional DL-NOMA system has been documented
in the literature [4]. The conventional DL-NOMA system
consists of one BS and two users which are denoted as User
n and User f. User n is an intra-cell user or near user, while
User f is a cell-edge user or far user. Relatively, User n expe-
riences good channel conditions, while User f experiences
severe channel conditions. In the DL-NOMA system, the BS
communicates with User n and User f on the same radio
access resources, frequency and time through superposition
coding. Let €2, be the signal set of the squared QAM with
modulation order My, u € [n, f], x,, and x; be the modulated
symbols to be transmitted to Users n and f, x, € 2, and
xr € . Similar to the discussion in [4], in this article,
we will consider My < M,, because User f experiences severe
channel conditions. In the system model, it is also assumed
that E{|x,|?} = E{|x¢|*} = . By multiplying x, and x; with
different power coefficients and summing them, the SC signal
Xgc 18 given by:

Xse = /0nXn + JOrxf, (D

where oy = 1 —a,. Since E{|x,|*} = E{|x7|*} = &, it follows
that E{|xs|?} = ¢.

In the conventional DL-NOMA system, it is also assumed
that both User n and User f have a single receive antenna [4].
However, in this article, we extend the single receive antenna
into N, receive antennas at the receivers of User n and User f'.
The received signal at User u is given by:

Yu = hyxse +wy, 2)

where y, € CVr*1 is the signal vector received at the receiver
of User u. h, € CN->! is the channel coefficient vector
between the BS and User u. w,, € CVr*1 is the AWGN vector.
The entries of both h, and w, are mutually independent
and identically distributed (i.i.d.) complex Gaussian random
variables (RVs) distributed as CN(0, ouz) and CN(O, %), where
p is the signal-to-noise ratio (SNR) at each receive antenna.
Itis also assumed that o> > O'f2 because User n experiences
good channel conditions, while User f experiences severe
channel conditions. It is further emphasized that the key idea
in the DL-NOMA system is to allocate more power to the user
with severe channel conditions [5]. Thus oy > aj, is held in

(D).

IIl. CONSTELLATION ANALYSIS OF THE SC SYMBOLS

The constellation of the SC symbols is essentially important
to signal detection and error performance analysis. In the
DL-NOMA system, the individual User u only receives
hyxg +w,, not their own signal h,x, +w,,. The User u needs
to detect or extract x,, from h,x;. + w,. That motivates us
to analyze the signal relationship between x;. and x;,. In this
section, we focus on constellation analysis of the SC sym-
bols. Since QAM is composed of independent in-phase and
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FIGURE 1. The constellations of xf, xP and xE_ with of = 0.75 and
op = 0.25.

quadrature components, the constellation of the SC symbols
is also composed of independent in-phase and quadrature
component constellations. In this section, we only analyze
a one dimensional constellation of the SC symbol, either
in-phase or quadrature component.

Let x;. = xic + jstC, Xy, = x,ﬁ + jan and xy = x; + jfo
in (1), where x, € @b, p € [I, Q] and €}, is the signal set of
PAM with modulation order K, = /M. xb. € Qb., Q. is
the signal set of xb. with modulation order Ky x K. (1) can
be rewritten as:

Ko 68 = Vs, + VAR + i/ + a). @)

From (3) we have:
xP = o xt + ,/afx}]. 4

A. THE RELATIONSHIP BETWEEN CONSTELLATION
PATTERN OF THE SC SIGNAL xspc AND POWER
ALLOCATION

There are Ky x K, signal constellation points (SCP) in the
signal set Qb.. Let Z!", Z{ and Z*° be the signal values of
X, xf and xL., where k € [l : K,],1 € [1 : K] and
i € [1: Ky x K;]. For convenience in discussion, we also
let Z,fl < Z,?z for ki < ky and Z{l < Z{; forl; < Ip.

As an example, in this article we set Ky = 2, K, = 4,
af = 0.75, ay = 0.25 and E{(x})*} = E{(xJ’Z)Z} =5 We
also set Z{ = —./5, Zf = +4/5, Z! = -3,Z] = —1,
Zy = +1 and Z; = +3. Based on superposition coding of
(4), the constellations of xf ,x2 and x£. are shown in Figure 1.

The constellation pattern of the SC symbol depends on
power allocation in the DL-NOMA system. This article will
not discuss the power allocation in superposition coding.
However, in order to make the DL-NOMA system work well,
the power allocation in superposition coding of (4) must
guarantee ZfilK,, > Zj . This is very important to signal
detection.

As discussed in Section II, the guideline of the power
allocation is oy > oy, and af + a, = 1. Figure 1 shows
the constellation of x5 with af = 0.75 and o, = 0.25,
while Figure 2 shows the constellation of xb. with ar = 0.6
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Constellation of x:C with 0, =0.6 and o =0.4
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FIGURE 2. The constellation of x£, with «; = 0.6 and ap = 0.4.

and a,, = 0.4. Both power allocation schemes meet oy > oy
and oy + o, = 1. In this example, from Figure 1 it is seen
that Z5° > Z)°. Figure 1 also shows that Z;* < Z'® for
i1 < ip. However, the constellation pattern in Figure 2 shows
that Z5¢ < Z;, not Z{ > Z;° which will not make the
DL-NOMA system work well.

B. THE CONSTELLATION RELATIONSHIP BETWEEN

SC SIGNAL x£. AND FAR USER'’s SIGNAL x

Based on superposition coding of (4), we can regard xk. as
a function of x{ and x;, which is equivalent to Z being a

function of Z{ and Zl”. Let f(-, -) be the function. Then we
have:
7 = f(z].zZ]). ©)

Now we discuss the constellation relationship between x%.

and xf

Given x)f = Zlf , it is observed from Figure 1 that Z{° =
fZ.zn, 756 = f(Z],27), 75 = £z}, 22 and Z° =
f(Z{, Z,').In general, we haveZ(Skc_l)KnH :f(Z‘,f, Z"), where
[ € [1: K,] for the given kh symbol of xJ’Z s Z{ . The indexes
of these K, symbols Z(Skcfl),(n 4 are consecutive, which is
very important to the far user’s signal detection and error
performance analysis.

At the receiver, as long as User f detects that the
transmitted x}. is Z?>¢, then based on the relationship i =
(k — 1)K, + I, User f knows that the estimation of the
transmitted xj’f is Z{ . Again, as the example used in this article,
if User f estimated that the transmitted x%. is Z°¢, k € [1 : 4],
then User f knows that the estimation of the transmitted
x;’ is Zlf .

C. THE CONSTELLATION RELATIONSHIP BETWEEN SC
SIGNAL x£. AND NEAR USER’s SIGNAL x5

Given x! = Zp, it is observed from Figure 1 that Zj° =
f(Zf,Zl") and Z¥ = f(Zf,Zl”). In general, we have

Z(Slf—l)K,,+l =f(Z,,Z]"),wherek € [1 : K] for the 1t symbol
of x%, Z;'. The indexes of these Ky symbols Z(Skc—l)K,, 4 are
arithmetic numbers, which is also important to the near user’s
signal detection and error performance analysis.

At the receiver, as long as User n detects the transmitted
xb. is Z>¢, then based on the relationship i = (k — 1K, + [,
the User n knows the estimation of the transmitted x” is Z{ .
Again, as the example used in this article, if User n estimated
that the transmitted x%. is Z 1€ or Z:¢, then User n knows that
the estimation of the transmitted x% is Zl”.
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In this article, the above constellation relationships actually
represent the equivalent models for the error performance
analysis of the DL-NOMA system.

IV. SIGNAL DETECTIONS

In the DL-NOMA system, it is assumed that the channel state
information (CSI) h, is known at the receiver of User u.
Based on the CSI, User n and User f detect their own symbol
in different ways. In the following subsections, we discuss
the signal detections for User n and User f, respectively.
We firstly discuss the conventional detection for the far and
near users, and then discuss the proposed threshold based
detection for the far and near users.

A. CONVENTIONAL FAR USER SIGNAL DETECTION

The conventional far user signal detection has been described
in [4] and [5]. The far user, User f, directly detects
x¢ by regarding the near user signal, x;, as interference.
By regarding x, as interference, (2) may be rewritten as:

Yr = hy Jorxp +wy, ©)

where wy = hy /o, x, + wy.
Since hy is known at the receiver of User f, we further have:

th )
= —f2 A xXr 4 vy, @)
1 /25
hiw
_
where vy = DN

According to the maximum likelihood (ML) detection
rule, the estimation of x; at the receiver of User f is given
by [5]:

A . 2
= min - . 8
xf W@w x| ®)

B. SIC BASED NEAR USER SIGNAL DETECTION
At the receiver of User n, User n also needs to estimate the
transmitted xy. Similar to the above discussion in the previous
subsection, the estimation of xy at the receiver of User n can
be obtained. Let the estimation of x; at the receiver of User
n be Xr. Then User n uses SIC to subtract Xy from y,,. Let
Yn =Yy — hn JArXs. §, can be written as:

j’n zhn«/a_nxn + W, 9

where w,, = h,, /oy (xr — Xr) + wp.
Again, since h, is known at the receiver of User n, we
further have:

hty
in = +n = Xp + Vn, (10)
”hn”F Qn
H
where v, = ”hh”—“:"ﬁ
n

Based on the ML detection, the estimation of x;, is finally
given by:
%, = min |z, — x,|%. (11)
xXn€Q
From the above signal detection for both the far user and near
user, the following is evident:

1) Equs. (8) and (11) represent the ML detection. The
detection complexity of (8) and (11) can be reduced by

156680

0.5
SC SC SC SC SC SC SC
Z Z Z 24 tf Zg Zg %4 Zg

n
o5k 1 2 3 4 5 6 7

1 I I I I I I I |
-4 -3 -2 -1 0 1 2 3 4

FIGURE 3. The constellations of x£, and thresholds tlc and ¢

detecting the in-phase and quadrature components of
xy and x,, respectively.

2) In (6), wr = hy/aux, + wy. The distribution of x;, is
uniform, while the distribution of each entry in wy is
Gaussian distributed. It is not easy to derive the PDF
for the entry of wy, and to further analyze the error

performance of xy.
Motivated by the above observation and the constellation

relationship between x%. and x],: , in the following subsections,
we present a simple and low complexity detection algorithm,
threshold based signal detection, to detect the in-phase and
quadrature components of x; and x;,.

C. THRESHOLD BASED FAR USER’s SIGNAL DETECTION
Since both the received signal y; and hy in (2), are known at
the receiver of User f, we have:

hily
frf
7 = — X + vy (12)
sl
h!
where vy = T ‘Hé
Following (4) we rewrite (12) as:
g =xb + V). (13)

As discussed in Section III, there are K,, possible symbols of
xb, Z(ch DK+ for a given k' symbol of x;»’ s Z{. When one
of x{ = Z* is transmitted, 1 € [1 + (k — DK, : kK,] the
estimation of xf should be Zk for tk 1 < zp tf s where both
t,’; | and tf are thresholds which are used to detect Zf Since
there are Kf symbols of xp we need to find Ky — 1 thresholds

for detectmgx These Kf — 1 thresholds tf kell:Kr—1]
are easily derlved as:

Sc Sc
Ziek,+1 — Zik,,
—

For convenience in discussion in the next subsection, we set
—oo and tf = 00 in (14). For the above example, only

f=27Z% + (14)

one threshold, /jlj is also shown in Figure 3.
Generally, based on z}’ in (13), and the threshold tf: in (14),

the estimation of x}' can be easily implemented based on
Algorithm 1:

D. THRESHOLD BASED NEAR USER's SIGNAL DETECTION
Similar to the discussion in the previous subsection,
the received signal at the receiver of User n is given by:

4 =X + vy 15)

VOLUME 8, 2020



H. Xu, N. Pillay: Threshold Based Signal Detection and the Average Symbol Error Probability

IEEE Access

Algorithm 1 Threshold Based Signal Detection for Far
User
Input: A list of thresholds [tf] i=[1:Ky—1],alist of
standard outputs Zf .k =1[1:Kr]and zp
Output: if
¥ <
fori <~ 1toKy —1do
tf then

xp<—Zf

i+1 >
end 1f
end for

Algorithm 2 Threshold Based Signal Detection for Near
User: Step 1
Input: A hst of thresholds [tf J,1=1[0: Kf] and 2.
Output: tl << tlJrl
<<
for/ <~ 1to Ky — 1do
if 7, > tf then

fd<d

I+1°
end 1f
end for

Based on Algorithm 1, it is easy to find that 2}, > t,):. From
the constellation relationship between xP and x}f discussed in
Section III it is known that the estimation of the transmitted
symbol x} is in the range between lf and t,f 41~ There are

K, symbols of x%. between tf and t,{ Iy Now we apply
Algorithm 1 again to estimate the transmitted x}, in the range

between tf and t£ 1 We need K, — 1 thresholds to detect x2 in

each range between tf and t,’: 41 in Algorithm 1. These K, — 1

thresholds between t,{ and t{ 41 can also be easily calculated
as:

7s¢ _zs¢
kK41~ LR,
Zi, 11+ > : (16)

n
lkk+1 =

These thresholds #/,k € [1 : Kf x K, — 1] are shown
in Figure 3. Based on the proposed threshold based detection
algorithm, the estimation of x, takes two steps.

Step 1:Apply the proposed threshold based detection
algorithm in the previous subsection to find tf & < t{ e
[ € [0: Ky — 1], which is shown in Algorlthm 2.

Step 2: Between t{ and t{ +1- apply the proposed
threshold based detection algorithm to find the estimation of
Xps X

From Figure 3, it is found that the thresholds for detectmg
Xl are t',ie[lK,+1:(+ 1K, — 1] between tl and t1+1
Applymg the proposed threshold detection algorithm to find
the estimation of x/; is shown in Algorithm 3.
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Algorithm 3 Threshold Based Signal Detection for Near
User: Step 2
Input: A list of thresholds [tl’}(nJrk], k=[1:K,—1],
a list of standard outputs Z', k = [1 : K,] and Z,.
Output v
i« Z”
fork < 1toK, — 1do
if 7, > ik 1+ then

AP
X < Zk 113
end if
end for

E. COMPLEXITY ANALYSIS OF THE THRESHOLD BASED
SIGNAL DETECTION

Compared to the detection in (8), the proposed Algorithm 1
will not treat x, as an interference to detect the far user’s
signal. The proposed Algorithm 1 only requires comparison,
and not the norm operation. Hence, the detection complexity
of Algorithm 1 is less than (8).

Compared to the SIC based detection of x, in (11),
the proposed Algorithm 2 and 3 do not use SIC and/or norm
operations to detect the near user’s signal. The proposed
Algorithm 2 and 3 also only need comparisons. Hence, once
again the detection complexity of Algorithms 2 and 3 is much
lower than (11).

In the following discussion, we regard that the complexity
of the conventional detection and the proposed threshold
based detection is in terms of real operations. It is also
assumed that one complex operation is equal to four real
operations averagely [14].

In (7), h}? Yy takes N, complex multiplications and N, — 1
complex additions, which is equal to 4(2N — 1) real
operations. It is easy to calculate that ||k 1% 7 ﬁ in (7) takes

hf .
it ™ O

needs two real operations. Totally from y, to (7) it takes
12N, — 2 real operations.

For the far user’s signal detection, (7) also can be rewritten
as:

4N, real operations. Finally, the division

G =]+ a

where p € [I, Q]. Based on the ML detection, the estimation
of x}{’ is given by:
fcjf :xgmn |zp—xf (18)
i
In (18), given axf € Qp Izp — xp |2 costs two real operations.
If we use the sort(-) functlon to implement the function
min(-) in (18), the complexity is Krlog, Ky real operations
[15]. (18) needs 2Ky + Kyrlog, Ky real operations for in-
phase or quadrature signal detection. For the conventional
detector to detect one complex far user signal, the overall
number of real operations is given by:
8/ = 12N, + 4K; + 2Kslog, Ky — 2 (19)
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However, for the proposed threshold based detector to detect
one complex far user signal, the overall number of real
operations is given by:

5; = 12N, + 2Ky — 4 (20)

In the conventional detection, User n detects the far user’s
signal first, and then detects its signal based on SIC. From
the above discussion, the near user needs 8{ real operations
to detect the far user’s signal. In (9), y,, — hy/a7 Xy costs N,
complex multiplications and N, subtractions, which is equal
to 8N, real operations. Similar to the above discussion, from
¥, to (10), it takes 12N, —2 real operations. For the near user’s
signal detection, (11) also can be rewritten as:

2 =xb 40, 21
Based on the ML detection, the estimation of x/, is given by:

A . 2

= I)Iéln |z — xP|%. (22)
(22) needs 2K, + K,log, K;, real operations for in-phase or
quadrature signal detection. For SIC based detector to detect
one complex near user signal, the overall number of real
operations is given by:

8" = 8/ 4+ 20N, + 4K, + 2K, logy K, —2.  (23)

For the proposed threshold based detection, Algorithm 2 needs
Ky — 1 real operations, and Algorithm 3 needs K, — 1 real
operations. For the proposed threshold based detector to
detect one complex near user signal, the overall number of
real operations is given by:

81’7’ = 12N, + 2Ky + 2K, — 6. (24)

Define the percentage of complexity reduction for the
proposed threshold based detection compared to the
conventional detection as:

u u

Bl = 5_ 2 % 100, (25)
c

where u € [f, n]. p/ and B" are the percentage of complexity
reduction for the far user and near user, respectively.

Again, as an example, we set Ky = 2 and K, = 4. The
proposed threshold based detection results B/ = 45.45%
and " = 75% complexity reduction for N, = 1, and
B/ = 29.41% and B" = 71.15% complexity reduction for
N, = 2, respectively.

From the above complexity analysis and discussion, it is
easy to find that the proposed threshold based detection has
low detection complexity compared to the SIC based conven-
tional detection.

V. ASEP ANALYSIS OF THE DL-NOMA SYSTEM

Based on the literature survey for the error performance
analysis in Section I, most of the work derived error per-
formance based on SIC. Only [5] derived error performance
in Gaussian channel by considering the relationship between
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PAM and QAM. In this article, we did not derive error perfor-
mance for the individual user directly. We convert the deriva-
tion of error performance for the individual user’s symbol
into the error performance of the SC symbols based on the
constellation relationship between x4. and xJ. This approach
is straightforward and easy to understand.

In this article, the error performance analysis for the
DL-NOMA system is directly based on the transmission
of x5 over the AWGN channel. The received signal is
given by:

T'se = Xsc + Ngc, (26)

where ng. is a complex Gaussian RV distributed as CN(O, %).
Following (4), (26) is further written as:
rfc = xfc + ngc’ 27
where . is a Gaussian RV distributed as N(0, -2).

Let p,(e) be the average error probability of either the
in-phase or quadrature component of x,, and p;(e) be the
symbol error probability (SEP) of x,, u € [f,n]. Since
QAM is composed of independent and identical in-phase and
quadrature components, the SEP p?(e) may be expressed as:

pi(e) = 2pu(e) — (pule))?. (28)

Since there are K, signal values of xb, pu(e) may be expressed
as:

K,
pule) =) plelxd) = Zp(l, = 7}, (29)
k=1
where p(e|x!, = Z}!) is the error probability when X = Z}! is
transmitted.

If xij = Z}' were directly transmitted, p(elx;, = Z})
would be easily derived. However the DL-NOMA system
transmits x2., not x2. At the receiver of User u only xb 404,
is known, and x2 + %, is not known. Thus, we need to derive
the error performance of the DL-NOMA system based on the
received xb. +1%.. As discussed in Section III, there exist two
constellation relationships between xb. and x;) , and between
xb. and x2. Now we derive the ASEP for the far user and near
user, respectively.

A. ASEP OF FAR USER OVER AWGN

Based on superposition coding, transmitting x]f = Z{ is
equivalent to transmitting one of K, SC symbols xf. =
Z*,i e [1 4+ (k — DK, : kK;], where k € [1 : K¢]. As an
example, in this article, we set Ky = 2 and K,, = 4. Suppose
Z{ is transmitted. Then transmitting Z{ is equivalent to the
transmission of one of four symbols: Z¢, ch, ch or Zj”. This
is shown in Figure 3. From Figure 3 it is observed that if any
one of the above four symbols Z7, i € [1 : 4] is transmitted,

an unsuccessful detection of x;’c’ = Z{ occurs when the

received signal of (27) satisfies the condition rh. > t’I .

In general, there are K, x Ky SC symbols xh. = Z*,i e
[1: K, x Kr]. There are Ky — 1 thresholds t,’:, kell:Kr—1]
to detect xff . As discussed before we also have tg = —oo and

A
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Define p(e|x]‘§7 = Z£ ) as the error probability when xf = Z{
is transmitted. Similar to the above discussion and analysis,

the derivation of p(e|xf = Z}f‘) is equivalent to finding
p(ef|x§’C = Z;°), which is defined as the error probability of

detecting xff when x5, = Z;¢ is transmitted. Thus, in terms

of transmission of x%., the ASEP for the far user pre) is
alternatively given by:

KnxKy

Y pleleh = Zp(sh, = Z),  (30)
k=1

where p(s}. = Z{) = Tk fo

From Figure 3, it is seen that p(ef|xfc = Z;) in (30),
is given by:

prle) =

plerlg. = Z)
= pZE + b, <) p@E +nt. > ). G

where a = Lﬁj, |x] is the floor function and § is a very
small positive rational number.
Slncetg = —ooand tf = +o00. Thenp(Z“‘c—i—n‘?C < tf)
0 and p(Z}° + b > zf ) = 0in (31).
According to tf+1 > ZS]‘C and ZS]‘C
written as:

té , (31) can be further

plelxf. =Z)=p(nf, ‘=) Upl, > tar1 — Z0).

(32)

We further have that:
plelxt. = Z¢) = Q ( df;k_lp) +0 (\/dékp) . (33)

2UZE —1)?

where Q(-) is the Gaussian Q-function, dgkfl = -

2t ch
and d_ék (zl+1 Z)

Finally, the error probablllty pr(e) over the AWGN channel

is given by:
2K
pre)=AY 0 (\/ df p>, (34)
=1

where K = K, x Ky and A = %

B. ASEP OF NEAR USER OVER AWGN

Based on superposition coding, transmitting x;, = Z} is

equivalent to transmitting one of Ky SC symbols xh. = z>*,
€ [ —1) x K, + k], where I € [1 : Kr]. Again, we set

Ky = 2 and K, = 4 as an example in Figure 3. Suppose Z{' is

transmitted. Transmitting Z{" is equivalent to the transmission

of one of two symbols: Z“ and Z5°.

From Figure 3, it is seen that if Z{ is transmitted, a suc-
cessful detection of x}; = Z | occurs when the received signal
of (27) satisfies the condition —oco < k. < tforty <
rh < t5. Similarly, from Figure 3 it is also seen that if Z5°
is transmitted, a successful detection of x, = Zl" occurs
when the received signal of (27) also satisfies the condition
—00 < rh < tfort) < rh. < 1. Actually if Z is
transmitted, the probability of —oo < ré <t} is much larger
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than the one of 7} < rf, < t2. Similarly, if Z is transmitted,
the probability of 7} < rh < ts is much larger than one of
—o00 < rh. < t]. Thus, in the following discussion, we only
take into account t/ | < b < 1} when Z¢ is transmitted.
For convenience, we also let t(')’ = —o0 and t,”(fX k, = 10oo.

Similar to the above discussion in the previous subsection,
pn(e) is alternatively given by:

Knx Ky
pa@)=1= 3" plealal = WGt = 25),  (35)
k=1

where p(xf. = Z) is given in (30) and p(cylxk = Z5)
is defined as the correct probability of detecting x%
when x5, = Z;¢ is transmitted.

From Figure 3, it is seen that p(c,|xh. = Z;°) in (35) is

given by:

plenlxt, = Z) = p(ty_, < Z +nf. < ). (36)

(0(Vesirr) + 0 hir)).

(37

We further have that:

plenld, =23 =1 -

_ Az D’ 2t Zlgc)z

where dy, | = and dy, =
Finally, the error probablhty pn(e) over the AWGN channel

is given by:
2K
pale) =AY 0(\/drn). (38)
=1

C. ASEPs OF FAR AND NEAR USERS IN RAYLEIGH
FADING CHANNELS
The SEP of both User f and User n over AWGN has been
shown in (28). In this subsection, we will derive the symbol
error probability of both User f and User n in Rayleigh fading
channels based on the received signal in (2).

Given hy, p;(e) in (28) becomes p; (e|h,). p in (34) and
(38) becomes ||y ||%-,0 and ||h,,||12,,p, respectively. Define the

instantaneous SNR at the receiver of User u as y, = 1% =
n

||hu||12p p, where P; is the instantaneous signal power and P,
is the instantaneous noise power. The PDF of y, is given
by [16]:

1 Yu

1 )
i) = ——— v, (39)
N, — DI
where y, = %2 p.
Finally, the ASEP of User u in the Rayleigh fading channel
is given by:

+00
pule) = /0 Pulelh)fy,(v)dyu, (40)

where pj(elh,) = 2pu(elhy) — p(elhy).

In order to derive closed-form ASEP expressions, we need
to approximate the Gaussian Q-function in (40) for integra-
tion. Taking into account conciseness of ASEP expressions
and approximation accuracy we approximate the Q-function
in 2p,(e|h,,) using the trapezoidal rule, while we approximate
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TABLE 1. Parameters setting for simulation.

My | M, oy ay, 0? o2
4 16 | 0.7619 | 0.2381 | 0.5 | 1
16 16 0.95 0.05 0.5 1

the Q-function in pi(e|hu) using the exponential bound in
[17]. The Gaussian Q-function based on the trapezoidal rule

may be approximated as:
c—1

—+§:e2%] (41)

where s; = sin®(k7x /(2¢)) and c is the number of partitions
for the integration in the Q-function.

The Gaussian Q-function using the exponential bound may
be approximated as:

S

-

0w~ =e T 2o “2)
X 12@ 4@ S,

Substituting (39), (41) and (42) into (40), the ASEP p}(e) for
User u in the Rayleigh fading channel may be derived as:
2K 2K

m@—%[ﬁm&%ﬁZEym%4)mm

k=1 I=1

where mg(x) is defined as:

“+o0
mG(x) = fo O (VXY Vi) d Vs

c—1

1
::Z;«1+05xny*”+z§:(1+05xﬁﬁ;U—M),
k=1
44)
and mp(x1, xp) is defined as:
+o00
mp(x1, x2) = /0 0 (VT72)Q (VETa)fyu () Vi
4
=Y d+an)™, (45)
k=1
with a1 = ’%,az = %,613 = %andw =

2x142x2
==

VIi. NUMERICAL RESULTS

In this section, we present the simulated symbol error
rate (SER) versus SNR results for the DL-NOMA system.
In the simulation, it is assumed that the channel fading coef-
ficients hy and h,, with AWGN are the same as discussed in
Section II. Both N, = 1 and N, = 2 are considered in this
article. The remaining simulation parameters are tabulated
in Table 1.

It is further assumed that the CSI is fully known at the
receiver of User f and User n. We also calculate the theo-
retical results of (43) and validate these theoretical results by
simulations.

Figures 4 and 5 demonstrate the SER versus SNR results
of the DL-NOMA system with My = 4,M, = 16 and
My = 16,M, = 16, respectively. The theoretical ASEPs
of (43) are also plotted in Figures 4 and 5. In the legend,
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—0— 1x2 4-16QAM user f simula
—6— 1x2 4-16QAM user f theory
—8—1x1 4-16QAM user f simula
=B~ 1x1 4-16QAM user f theory
—€—1x1 4-16QAM user n simula
=6~ 1x1 4-16QAM user n theory
—#— 1x2 4-16QAM user n simula
=& 1x2 4-16QAM user n theory
- 1x2 4-16QAM user f Csimula
=B 1x1 4-16QAM user f Csimula
=& 1x1 4-16QAM user n Csimula
¥+ 1x2 4-16QAM user n Csimula

0 10 20 30
SNR (dB)

FIGURE 4. SER versus SNR performance of the far user and near user in
the DL-NOMA system with 4-16QAM.

|—e—1x2 16-16QAM user f simula
=6~ 1x2 16-16QAM user f theory
—0— 1x1 16-16QAM user f simula
=&~ 1x1 16-16QAM user f theory
—8— 1x2 16-16QAM user n simula
=B— 1x2 16-16QAM user n theory
—+—1x1 16-16QAM user n simula
—e= 1x1 16-16QAM user n theory
- 1x1 16-16QAM user f Csimula
- 1x2 16-16QAM user f Csimula
-1x1 16-16QAM user n Csimula
-1x2 16-16QAM user n Csimula

146é

0 10 20 30 40 50 60 70
SNR (dB)

FIGURE 5. SER versus SNR performance of the far user and near user in
the DL-NOMA system with 16-16QAM.

“1 x Ny My-M,QAM User u Csimula, simula or theory”,
1 x N, denotes that the BS is equipped with one transmit
antenna, and User u is equipped with N, receiver antennas;
M;-M, QAM denotes that the symbols to be transmitted to
User f and User n are MfQAM and M,QAM, respectively;
“Csimula, simula or theory” denote simulation based on
conventional detection, simulation based on proposed thresh-
old based detection and theoretical results based on (43),
respectively.

From Figures 4 and 5, it is observed that the symbol error
performance of the proposed threshold based detection is
identical to the one of the conventional detection. It is also
observed that the theoretical results are worse than simulation
results at very low SNR. This is caused by the low accuracy
of the approximated Q-function using the exponential bound.
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However, it is also observed that the theoretical results match
very well with the simulation results for other SNR ranges for
two DL-NOMA systems with N, = 1 and N, = 2.

VIl. CONCLUSION

In this article, we investigated the signal constellation
relationship between the individual user’s signal and the SC
signal. Based on the constellation relationships, we proposed
a simple signal detection scheme, threshold based detection
for both far and near users. Compared to the conventional
detection, the proposed threshold detection does not treat the
near user’s signal as interference at the receiver of the far user,
and also does not use SIC to detect its signal at the receiver of
the near user. The detection complexity for both the conven-
tional detection and the proposed threshold based detection
was analyzed. We further derived closed-form ASEP expres-
sions for both the far user and near user based on the constella-
tion relationships. Finally, we presented the simulation results
which served to validate the theoretical frameworks. In future,
we will directly extend the proposed threshold based detec-
tion algorithm and the derivation of the ASEP into multi-user
DL-NOMA system with multiple receive antennas. We may
also extend the work of this article into other channel fading
models.

REFERENCES

[1] V. W. S. Wong, R. Schober, D. W. K. Ng, and L. Wang, Key Tech-
nologies for 5G Wireless Systems. Cambridge, U.K.: Cambridge Univ.
Press, 2017.

[2] L. Dai, B. Wang, Y. Yuan, S. Han, C.-L. I, and Z. Wang,
“Non-orthogonal multiple access for 5G: Solutions, challenges, opportu-
nities, and future research trends,” IEEE Commun. Mag., vol. 53, no. 9,
pp. 74-81, Sep. 2015.

[3] W. Shin, M. Vaezi, B. Lee, D. J. Love, J. Lee, and H. V. Poor,
“Non-orthogonal multiple access in multi-cell networks: Theory, perfor-
mance, and practical challenges,” IEEE Commun. Mag., vol. 55, no. 10,
pp. 176-183, Oct. 2017.

[4] F. Karaand H. Kaya, “BER performances of downlink and uplink NOMA
in the presence of SIC errors over fading channels,” IET Commun., vol. 12,
no. 15, pp. 1834-1844, Sep. 2018.

[5] Q. He, Y. Hu, and A. Schmeink, “Closed-form symbol error rate expres-
sions for non-orthogonal multiple access systems,” IEEE Trans. Veh.
Technol., vol. 68, no. 7, pp. 6775-6789, Jul. 2019.

[6] L. Bariah, S. Muhaidat, and A. Al-Dweik, “Error probability analysis of
non-orthogonal multiple access over Nakagami-m fading channels,” IEEE
Trans. Commun., vol. 67, no. 2, pp. 1586-1599, Feb. 2019.

[7]1 T. Assaf, A. Al-Dweik, M. E. Moursi, and H. Zeineldin, “Exact BER
performance analysis for downlink NOMA systems over Nakagami-m
fading channels,” IEEE Access, vol. 7, pp. 134539-134555, 2019.

[8] L.-H. Lee and J.-B. Kim, “Average symbol error rate analysis for non-
orthogonal multiple access with M -Ary QAM signals in Rayleigh fad-
ing channels,” IEEE Commun. Lett., vol. 23, no. 8, pp. 1328-1331,
Aug. 2019.

VOLUME 8, 2020

[9] Y. Zhang, J. Ge, and E. Serpedin, “‘Performance analysis of nonorthog-
onal multiple access for downlink networks with antenna selection over
Nakagami-m fading channels,” IEEE Trans. Veh. Technol., vol. 66, no. 11,
pp. 10590-10594, Nov. 2017.

[10] J. Men,J. Ge, and C. Zhang, “‘Performance analysis for downlink relaying
aided non-orthogonal multiple access networks with imperfect CSI over
Nakagami-m fading,” IEEE Access, vol. 5, pp. 998-1004, 2017.

[11] Z. Ding, R. Schober, and H. V. Poor, “A general MIMO framework for
NOMA downlink and uplink transmission based on signal alignment,”
IEEE Trans. Wireless Commun., vol. 15, no. 6, pp. 4438-4454, Jun. 2016.

[12] J.-B. Kim and L.-H. Lee, “Capacity analysis of cooperative relaying sys-
tems using non-orthogonal multiple access,” IEEE Commun. Lett., vol. 19,
no. 11, pp. 1949-1952, Nov. 2015.

[13] Z.Wei, L. Yang, D. W. K. Ng, J. Yuan, and L. Hanzo, “‘On the performance
gain of NOMA over OMA in uplink communication systems,” IEEE
Trans. Commun., vol. 68, no. 1, pp. 536-568, Jan. 2020.

[14] H.Xu and N. Pillay, ““The component-interleaved golden code and its low-
complexity detection,” IEEE Access, vol. 8, pp. 65649-65657, 2020.

[15] T. H. Cormen, C. E. Leiserson, R. L. Rivest, and C. Stein, Introduction to
Algorithms, 3rd ed. Cambridge, MA, USA: MIT Press, 2009.

[16] M. K. Simon and M.-S. Alouini, Digital Communication Over Fading
Channels: A Unified Approach to Performance Analysis. Hoboken, NJ,
USA: Wiley-Interscience Publication, 2000.

[17] M. Chiani, D. Dardari, and M. K. Simon, “New exponential bounds
and approximations for the computation of error probability in fading
channels,” IEEE Trans. Wireless Commun., vol. 24, no. 5, pp. 840-845,
May 2003.

HONGJUN XU (Member, IEEE) received the
B.Sc. degree from the Guilin University of Elec-
tronic Technology, China, in 1984, the M.Sc.
degree from the Institute of Telecontrol and Tele-
measure, Shijianzhuang, China, in 1989, and the
Ph.D. degree from the Beijing University of Aero-
nautics and Astronautics, Beijing, China, in 1995.
He also did postdoctoral research at the University
of Natal and Inha University, from 1997 to 2000.
He is currently a Full Professor with the School
of Engineering, University of KwaZulu-Natal, Howard College Campus.
He is also a National Research Foundation (NRF) Rated Researcher in South
Africa. He has published more than 50 journal articles. His research interests
include digital and wireless communications and digital systems.

NARUSHAN PILLAY received the M.Sc.Eng.
(cum laude) and Ph.D. degrees in wireless com-
munications from the University of KwaZulu-
Natal, Durban, South Africa, in 2008 and 2012,
respectively. He has been with the University
of KwaZulu-Natal, since 2009. Previously, he
was with the Council of Scientific and Indus-
trial Research (CSIR), South Africa. He currently
supervises several Ph.D. and M.Sc.Eng. students.
His research interest includes physical wireless
communications, including spectrum sensing for cognitive radio and MIMO
systems. He has published several articles in well-known journals in his area
of research.

156685



