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Abstract—This paper presents the average bit-error rate (BER)
analysis of downlink non-orthogonal multiple access (NOMA)
systems for binary phase-shift keying (BPSK) modulated data.
The fading environment is considered to follow the two-wavewith
diffuse power (TWDP) distribution. The average BER expressions
are analyzed for two-user and three-user NOMA systems using
the moment generating function (MGF)-based method. Data
detection at the users is done using the successive interference
cancellation (SIC) method. The deduced analytical expressions
are used to show the effects of variation in fading parameter
values on the systems’ performance. The simulation resultsare
shown that validate the analytical outcome.
Keywords –Average bit-error rate (BER), NOMA, TWDP
fading, 5G and Beyond.

I. I NTRODUCTION

From the first generation (1G) through the fourth generation
(4G) mobile networks, users get services with the adoption
of orthogonal multiple access (MA) techniques, namely, fre-
quency division MA (FDMA), time division MA (TDMA),
code division MA (CDMA), orthogonal frequency division
MA (OFDMA), or space division MA (SDMA). The fifth
generation (5G) and beyond 5G networks target to achieve im-
mense connectivity (millions of devices per kilometer square
area), data rates well above one gigabits per second (Gbps),
latency less than one millisecond [1], [2]. People from both
academia and industry are considering non-orthogonal MA
(NOMA) technique as a strong candidate that can assist in
meeting these requirements of the next-generation networks. In
NOMA, multiple users can realize the transmission in power-
domain, sparse-coding, and other domains [1].

Most of the works existing in the literature on the perfor-
mance of NOMA systems have considered an information-
theoretic approach. The outage probability, throughput, and
ergodic capacity are analyzed in [3], [4]. Communication-
theoretic analysis in terms of error-rates has recently found
the interest of various group of researchers [5]- [9]. This paper
aims to investigate error-rate performance of NOMA systems
operating in power-domain, which is an usual considerationin
the literature.

A. Literature Review

The authors in [5] investigated the average bit-error rate
(BER) of uplink NOMA system forM -ary quadrature am-

plitude modulation (M -QAM) data. The analysis is provided
for an arbitrary number of users under the Rayleigh fading
environment. Subsequently, the authors in [6] considered an
uplink two-user NOMA system and obtained the expressions
for BER of quadrature phase-shift keying (QPSK) modulated
data under additive white Gaussian noise (AWGN). In [7],
the authors provided average BER analysis for a two-user
uplink and downlink NOMA system under Rayleigh fading.
It is considered that data of one user is QPSK modulated
and that of the other user is binary PSK (BPSK) modulated.
The performance of a two-user downlink NOMA system with
M -QAM modulation under Rayleigh fading is examined in
[8]. In [9] and [10], the average BER is analyzed under
Nakagami-m fading channels. The authors in [9] provided
analysis for a downlink two-user NOMA system assuming data
are modulated using the BPSK scheme. Whereas, the authors
in [10] considered the QPSK modulation scheme for two-user
and three-user downlink NOMA systems. The average BER
analysis under generalizedκ−µ fading is presented in [11] for
a cluster-based two-user downlink NOMA system.
κ-µ fading is a generalized scenario which includes classical

fading models, namely, Rayleigh, Rician, Nakagami-m, etc.
as special cases. Moreover, it emulates practical channel
conditions in satellite communications, body-area networks,
etc. [11]. However, this generalized fading model, including
the classical fading models, is a cluster-based model which
considers rich-scattering environment where multipaths of the
transmitted signal arrive at the receiving end in cluster form.
Such models fail to capture the channel’s conditions at high
frequency transmissions, particularly, in mmWave, terahertz,
and visible light spectra [12]. The mmWave spectrum allows
to achieve high data rate in 5G networks, while terahertz and
visible light spectra are key elements for beyond 5G networks.

B. Motivation and Contribution

The fading models, namely, two-wave with diffuse power
(TWDP), α-µ, and fluctuating two-ray (FTR) fading are con-
sidered to be a good approximation of mmWave and terahertz
links [13] - [15]. In [16], sum-rate, outage probability, and
ergodic capacity of a two-user downlink NOMA system is
examined under FTR fading. The authors in [17] analyzed
the average symbol-error rate for two-user cooperative NOMA



under TWDP considering QPSK and BPSK modulations.
The error-rate analysis in [5] - [11] is limited to two-user or

three-user NOMA systems under the classical fading channels.
The work in [17] considers two-user NOMA under TWDP
fading. Recently, the authors in [18] and [19] investigated
the BER of downlink NOMA system for arbitrary number of
users. The Rayliegh fading environment andM -QAM scheme
are considered for the analysis.

This paper aims to analyze the average BERs of downlink
NOMA systems for two and three users under TWDP fading
channel. The analytical results obtained are validated by
simulations.

II. SYSTEM MODEL

We consider a downlink NOMA communication where a
base station (BS) provides services toN number of users. Each
communicating node is equipped with a single antenna. The
BS superimposes data of all the users in power-domain and
then broadcasts the superimposed signal. The superimposed
signal can be represented as

x =

N
∑

n=1

√

PnTsn, (1)

wheresn ∈ {−1,+1} is BPSK modulated data of userUn,
n ∈ {1, 2} for N = 2, n ∈ {1, 2, 3} for N = 3, Pn is
power assigned to userUn, andT is transmission time. The
energy consumed per transmission isEn = PnT , which for
normalized timeT = 1 can be given asEn = Pn.

Fixed power allocation scheme is usually considered in
NOMA systems. In this scheme, the power allocated to user
Un is calculated using the relationPn = αPn−1 for n > 2,
whereP1 = P is power associated with the userU1 which
has the worst channel quality and the fractionα ∈ (0, 1) is
used to assign power to other users. The power allocation
to all the users is done at BS based on their link qualities.
The channel state information (CSI) of all the links can be
received at BS from the users in feedback path. Highest power
is assigned to the user with worst link quality and lowest power
to the user having the best channel condition. Letgn represents
the channel gain of BS-to-userUn link which includes the
effects of small scale fading and large scale fading. Let the
BS decides the power variate of the channel gain in ascending
order |g1|2 < |g2|2 < · · · < |gN |2. Then the respective power
allocated to all the users in descending order is given by
P1 > P2 > · · · > PN . A larger fraction of power is assigned
to the user having a smaller channel gain. The total transmit
power can be obtained asPT =

∑N
n=1 Pn.

The baseband equivalent of the received signal at userUm,
1 ≤ m ≤ N is given by

rm = gmx+ ηm

=
hm√
dm

αm

(

m−1
∑

n=1

√

Ensn+
√

Emsm +

N
∑

n=m+1

√

Ensn

)

+ηm, (2)

whereηm ∼ CN (0, N0) is zero-mean additive white Gaussian
noise (AWGN) having power spectral densityN0, hn is
complex channel gain capturing the effects of small-scale

fading, anddn
αn represent large-scale fading wheredn andαn

are distance between BS to userUn and corresponding path
loss exponent, respectively. We consider the communication
happens in mmWave range and the small-scale fading of each
link is modeled using TWDP fading.

Successive interference cancellation (SIC) is employed at
the users for data detection. UserUm, for 1 ≤ m ≤ N first
detects the data of usersU1, U2, . . . , Um−1 successively and
then use the detected data for cancellation. The received signal
at userUm can be expressed as

ym=
hm√
dm

αm

(

m−1
∑

n=1

√

En
ˆ̂sn+

√

Emsm+

N
∑

l=m+1

√

Elsn

)

+ηm, (3)

whereˆ̂sn ∈ {−1, 1} is a function ofsn and detected value of
ŝn for 1 ≤ n ≤ (m− 1). Thus the decided bits can be correct
or not is dependent on the correctness of SIC. Note that on SIC
cancellation,̂̂sn corresponds to constellation points−√

En or√
En for the decided bits0 or 1, respectively. Data detection

for userUm is done based on the decision variableℜ{h∗
mym},

thus the received instantaneous signal-to-noise (SNR) canbe
given as

γm = |hm|2EN 2/(dm
αmN0), (4)

where EN =
(

∑m−1
n=1

√
En

ˆ̂sn+
√
Emsm+

∑N
l=m+1

√
Elsl

)

.
The probability density function (PDF) of the power variate
|hm|2 for TWDP fading is given as [21]

f|hm|2(x) =

∞
∑

p=0

Km
ptm,px

p exp(−Km−x/(2σm
2))

p!Γ(p+1)(2σm2)p+1
, (5)

where

tm,p =

p
∑

q=0

(

p

q

)(

∆m

2

)q q
∑

r=0

(

q

r

)

I2r−q(−Km∆m)

andKm > 0, ∆m ∈ [0, 1], andσ2
m > 0 are fading parameters

of the link connecting userUm [21]. Using (4) and (5), the
PDF of instantaneous SNRγm can be derived. This PDF is
used in the next section for the average BER analysis.

III. AVERAGE BER ANALYSIS

In this section, the average BER expressions are derived for
2-user NOMA and 3-user NOMA systems.

A. Average BER analysis for two-user NOMA

Fig. 1 depicts the constellation space and decision bound-
aries for usersU1 andU2 in case of a two-user NOMA system.
Using BPSK modulation for both the users, there are four
constellation points after superimposition, Fig. 1(a). Let b1
and b2 correspond to information bits of usersU1 and U2,
respectively. The superimposed symbol isb1b2. Here, bit b1
is communicated with energyE1 and bit b2 with energyE2.
Thus on constellation diagram the constellation points forbit
b2 are located at distances−√

E2 and+
√
E2 around the points

for bit b1. Without superimpositionb1 is placed at distances
−√

E1 and+
√
E1 around origin.



Fig. 1. Two-user NOMA. (a) Constellation space, (b) Decision boundaries
for userU1, (c) Decision boundaries for userU2.

Using (3), the signal received at userU1 can be written as

y1 =
(
√

E1s1 +
√

E2s2
)

h1/
√

d1
α1 + η1 . (6)

UserU1 detects its data considering the contribution from user
U2 as interference. SIC is performed at userU2, where the data
of userU1 is detected first and then the detected data is scaled
and subtracted from the received signal. The resultant signal
for U2’s data detection can be written as (3)

y2 =
(
√

E1
ˆ̂s1 +

√

E2s2
)

h2/
√

d2
α2 + η2 . (7)

Let Pe0,Un
andPe1,Un

represent error probability at user
Un for bits bn = 0 andbn = 1, respectively. Considering bits
0’s and 1’s are transmitted with equal a priori probabilities,
we havePe0,Un

= Pe1,Un
. Hence the BER for userUn can

be given by

PeUn
=

1

2
(Pe0,Un

+ Pe1,Un
) = Pe0,Un

. (8)

The error region for bitb1 = 0 lies right to the origin as seen
in Fig. 1(b). We haveb1 = 0 in two superimposed symbols,
b1b2 = 00 and b1b2 = 01. The distance to decision boundary
from these symbols are(

√
E1 +

√
E2) and (

√
E1 − √

E2),
respectively. Hence, the BER of bitb1 = 0 can be given as

PeU1
=Pr[ℜ{h∗

1y1} > 0]

=
1

2

(

Pr

[

ℜ
{

−|h1|2(
√
E1 +

√
E2)

√

dα1

1

+ h∗1η1

}

>0|b2 = 0

]

+Pr

[

ℜ
{

−|h1|2(
√
E1 −

√
E2)

√

dα1

1

+ h∗
1η1

}

>0|b2 = 1

])

=
1

2

∫ ∞

0

1
√

π|h1|2N0

exp











−

(

t+ |h1|2(
√
E1+

√
E2)√

d
α1

1

)2

|h1|2N0











+
1

2

∫ ∞

0

1
√

π|h1|2N0

exp











−

(

t+ |h1|2(
√
E1−

√
E2)√

d
α1

1

)2

|h1|2N0











, (9)

where the integral representation follows from the
fact that the decision variableℜ{h∗

1y1} has mean
−|h1|2(

√
E1±

√
E2)/

√

dα1

1 and variance |h1|2N0/2. The
integrals in (9) can be expressed in the terms of Q-function
as

PeU1
=

1

2

(

Q
(√

2γ1,1,00
)

+Q
(√

2γ1,2,01
))

, (10)

whereγ1,ℓ,0b2 = |h1|2c2ℓ/(dα1

1 N0), ℓ = {1, 2}, b2 = {0, 1},
c1,00 = (

√
E1+

√
E2), andc2,01 = (

√
E1−

√
E2).

The error regions forb2 = 0 are depicted in Fig. 1(c). It is
worth to note here that due to symmetry of the constellation
space, the error probability forb2 = 0 in the entire plane is
same as that ofb2 = 0 andb2 = 1 in the left half of the plane.
Hence, the BER of userU2 can be given as

PeU2
=

1

2
(Pe2,00 + Pe2,01) , (11)

wherePe2,00 andPe2,01 represent error probability forb1b2 =
00 and b1b2 = 01, respectively atU2. Using Fig. 1(c) and
following the steps adopted in (9) and (10), we have

Pe2,00 =
3
∑

ℓ=1

(−1)ℓ−1Q
(√

2γ2,ℓ,00
)

(12)

and

Pe2,01 =
3
∑

ℓ=1

(−1)ℓ−1Q
(√

2γ2,ℓ,01
)

, (13)

where γ2,ℓ,00 = |h2|2a2ℓ,00/(dα2

2 N0) for ℓ = {1, 2, 3},
γ2,ℓ,01 = |h2|2 a2ℓ,01/(d

α2

2 N0) for ℓ = {1, 2}, γ2,3,01 =

|h2|2b21,01′/(dα2

2 N0). Here a1,00 =
√
E2, a2,00 =

(
√
E1+

√
E2), a3,00 = (2

√
E1+

√
E2), a1,01 = (

√
E1−

√
E2),

a2,01 = (2
√
E1 −

√
E2), andb1,01′ =

√
E2. For b1b2 = 00,

the distance of decision boundaries from the symbol are
a1,00, a2,00, anda3,00 in the rightward direction. The region
corresponding tob1b2 = 10 provides correct detection, hence
the term corresponding toa2,00 is subtracted in (12). For
b1b2 = 01, the decision boundaries are at distancesa1,01 and
a2,01 in rightward direction from the symbol and at distance
b1,01′ in the leftward direction (the notation (′) indicates the
leftward direction). In this case, the region corresponding
to b1b2 = 11 provides correct detection, hence the term
corresponding toa22,01 is subtracted in (13).

Substituting (12) and (13) in (11), we can obtain the BER
for userU2. The BER for userU1 is given in (10). The BERs
in (10) and (11) are conditioned on the varying channel gains
|h1|2 and |h2|2. The corresponding average BER expressions



can be obtained by averaging (10) and (11) using the PDF in
(5). Using Craig’s result, the resulting BERs in the terms of
integrals having integrands as products ofQ(·) function and
PDF of the instantaneous SNRs can be expressed in the terms
of moment generating functions (MGFs) as

P̄eU1
=

1

π

2
∑

ℓ=1

∫ π/2

0

Mγ1,ℓ,0b2

(

1

sin2(θ)

)

dθ (14)

and

P̄eU2
=

1

π

3
∑

ℓ=1

(−1)ℓ−1

∫ π/2

0

Mγ2,ℓ,00

(

1

sin2(θ)

)

dθ

+
1

π

3
∑

ℓ=1

(−1)ℓ−1

∫ π/2

0

Mγ2,ℓ,01

(

1

sin2(θ)

)

dθ , (15)

respectively. The MGF of the instantaneous SNRsγm,ℓ,0b2

for m = {1, 2}, ℓ = {1, 2, 3}, and b2 = {0, 1} can be
obtained using the relationsMγm

(s) =
∫∞
0

exp(−sγ)fγ(γ)dγ
and equations (4) and (5) as

Mγm,ℓ,0b2
(s)=

∞
∑

p=0

Km
ptm,p

p! exp(Km)

(

1

1+2sdℓ,0b2,rσm
2

)p+1

, (16)

wheredℓ,0b2,r is related to the constantscℓ,00, aℓ,0b2 , b1,01′ .
r = 0 and r = 1 indicate rightward and leftward directions,
respectively.

The integrals in (14) and (15) can be expressed using (16)
as

Iγm,ℓ,0b2
=

∫ π/2

0

Mγm,ℓ,0b2

(

1

sin2(θ)

)

dθ

=

∞
∑

p=0

Km
ptm,p

p! exp(Km)

∫ π/2

0

(

sin2(θ)

sin2(θ)+2dℓ,0b2,rσm
2

)p+1

dθ. (17)

Substitutingcos2(θ) = t, (17) can be rewritten as

Iγm,ℓ,0b2
=

∞
∑

p=0

Km
ptm,p(1 + 2dℓ,0b2,rσm

2)−p−1

2p! exp(Km)

×
∫ 1

0

t−1/2(1− t)p+1/2

(1− t/(1 + 2dℓ,0b2,rσm
2))p+1

dt. (18)

Using [22, eq. (3)], (18) can be simplified as

Iγm,ℓ,0b2
=

∞
∑

p=0

Km
ptm,p(1 + 2dℓ,0b2,rσm

2)−p−1

2p! exp(Km)

×B

(

1

2
, p+

3

2

)

2F1

(

p+ 1,
1

2
; p+ 2,

1

1+2dℓ,0b2,rσm
2

)

, (19)

whereB(x, y) is beta function and2F1(a, b; c, z) is Gauss’s
hypergeometric function [22, eq. (3)].

The average BER expressions for usersU1 andU2 can be
deduced using (14), (15), and (19).

Fig. 2. Three-user NOMA. (a) Constellation space, (b) Decision boundaries
for userU1, (c) Decision boundaries for userU2, (d) Decision boundaries for
userU3.

B. Average BER analysis for three-user NOMA

The constellation diagram for a three-user NOMA and the
corresponding decision boundaries for usersU1, U2, andU3

are shown in Fig. 2. Using (3), the signals received at users
U1, U2, andU3 can be expressed as

y1 =
h1√
d1

α1

(

√

E1s1+
√

E2s2+
√

E3s3

)

+η1, (20)

y2 =
h2√
d2

α2

(

√

E1
ˆ̂s1+

√

E2s2+
√

E3s3

)

+η2, and (21)

y3 =
h3√
d3

α3

(

√

E1
ˆ̂s1+

√

E2
ˆ̂s2+

√

E3s3

)

+η3, (22)

respectively.
Following the procedure used for two-user NOMA in Sec-

tion III-A, the BER for userU1 can be obtained using Fig. 2(b)
as

PeU1
=

1

4

4
∑

ℓ=1

Q
(√

2γ1,ℓ,0b2b3
)

, (23)

whereb2, b3 ∈ {0, 1}, γ1,ℓ,0b2b3 = |h1|2 c2ℓ,0b2b3/(d
α1

1 N0) for
ℓ = {1, 2, 3}. Here c1,000 =

√
E1 +

√
E2 +

√
E3, c1,001 =√

E1+
√
E2−

√
E3, c1,010 =

√
E1−

√
E2+

√
E3, andc1,011 =√

E1 −
√
E2 −

√
E3. Similarly, with the help of Fig. 2(c), the

error probability for userU2 data can be given by

PeU2
=

1

4
(Pe2,000 + Pe2,001 + Pe2,010 + Pe2,011), (24)



wherePe2,000, Pe2,001, Pe2,010, andPe2,011 represent prob-
ability of bit b2 in error forb1b2b3 = 000, 001, 010, and011,
respectively. Due to symmetry, we havePe2,010 = Pe2,101
andPe2,011 = Pe2,100. The terms in (24) can be expressed
with the help of Fig. 2(c) as

Pe2,00b3 =

3
∑

ℓ=1

(−1)ℓ−1Q
(√

2γ2,ℓ,00b3
)

and (25)

Pe2,01b3 =

3
∑

ℓ=1

(−1)ℓ−1Q
(√

2γ2,ℓ,01b3
)

, (26)

where b3 = {0, 1}, γ2,ℓ,0b2b3 = |h2|2a2ℓ,0b2b3
/(dα2

2 N0), γ2,3,01b3 = |h2|2b2ℓ,01b′
3

/(dα2

2 N0),
a1,000 =

√
E2 +

√
E3, a2,000 =

√
E1 +

√
E2 +

√
E3,

a3,000 = 2
√
E1 +

√
E2 +

√
E3, a1,001 = (

√
E2 − √

E3),
a2,001 = (

√
E1 +

√
E2 − √

E3), a3,001 =
(2
√
E1 +

√
E2 − √

E3), a1,010 = (
√
E1 − √

E2 +
√
E3),

a2,010 = (2
√
E1 − √

E2 +
√
E3), b1,010′ =

(
√
E2 − √

E3), a1,011 = (
√
E1 − √

E2 − √
E3),

a2,011 = (2
√
E1−

√
E2−

√
E3), andb1,011′ = (

√
E2+

√
E3).

Similarly, using Fig. 2(d), the BER of userU3 can be
expressed as

PeU3
=

1

4
(Pe3,000 + Pe3,001 + Pe3,010 + Pe3,011), (27)

where Pe3,000, Pe3,001, Pe3,010, and Pe3,011 repre-
sent the probability of bit b3 in error for b1b2b3 =
000, 001, 010, and011, respectively. Due to symmetry, we
havePe3,001 = Pe3,110 and Pe3,011 = Pe3,100. The term
Pe3,000 can be given as

Pe3,000 =

7
∑

ℓ=1

(−1)ℓ−1Q
(√

2γ3,ℓ,000
)

, (28)

whereγ3,ℓ,000 = |h3|2a2ℓ,000 /(dα3

3 N0). Herea1,000 =
√
E3,

a2,000 = a1,000 +
√
E2, a3,000 = a2,000 +

√
E2, a4,000 =

a3,000+
√
E1−

√
E2, a5,000 = a4,000+

√
E1−

√
E2, a6,000 =

a5,000+
√
E2, anda7,000 = a6,000+

√
E2. Similarly, the factor

Pe3,001 can be expressed as

Pe3,001 =
7
∑

ℓ=1

(−1)ℓ−1Q
(√

2γ3,ℓ,001
)

, (29)

where γ3,ℓ,001 = |h3|2a2ℓ,001/(dα3

3 N0) for ℓ = 1 to 6,
γ3,7,001 = |h3|2b21,001′/(dα3

3 N0), a1,001 =
√
E2 − √

E3,
a2,001 = a1,001 +

√
E2, a3,001 = a2,001 +

√
E1 − √

E2,
a4,001 = a3,001 +

√
E1 − √

E2, a5,001 = a4,001 +
√
E2,

a6,001 = a5,001 +
√
E2, andb1,001′ =

√
E3. Next, the factor

Pe0,010 is obtained as

Pe3,010 =

5
∑

ℓ=1

(−1)ℓ−1Q
(√

2γ3,ℓ,010
)

+

7
∑

ℓ=6

(−1)ℓQ
(√

2γ3,ℓ,010′
)

, (30)
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Fig. 3. Average BER versus average SNR plots for two-user andthree-user
NOMA systems. (Abbreviations: Sim. – Simulation, Ana. – Analytical)

where γ3,ℓ,010 = |h3|2a2ℓ,010/(dα3

3 N0) for ℓ = 1 to 5,
γ3,ℓ,010′ = |h3|2b2ℓ,010′/(dα3

3 N0) for ℓ = {6, 7}, a1,010 =√
E3, a2,010 = a1,010 +

√
E1 − √

E2, a3,010 = a2,010 +√
E1 −

√
E2, a4,010 = a3,010 +

√
E2, a5,010 = a4,010 +

√
E2,

b1,010 =
√
E2−

√
E3, andb2,010′ = b1,010+

√
E2. Lastly, the

factorPe3,011 is given by

Pe3,011 =
7
∑

ℓ=1

(−1)ℓ−1Q
(√

2γ3,ℓ,011
)

, (31)

where γ3,ℓ,011 = |h3|2a2ℓ,011/(dα3

3 N0) for ℓ = {1, 2, 3, 4},
γ3,ℓ,011 = |h3|2(bℓ,011′)2/(dα3

3 N0) for ℓ = {5, 6, 7}, a1,011 =√
E1−

√
E1−

√
E2, a2,011 = a1,011+

√
E1−

√
E2, a3,011 =

a2,011+
√
E2, a4,011 = a3,011+

√
E2, b1,011′ =

√
E3, b2,011′ =

b1,011 +
√
E2 and b3,011′ = b2,011 +

√
E2. Substituting (28)-

(31) in (27) produces the BER of userU3.
The conditional BER expressions for the three users in (23),

(24), and (27) can be used to derive the corresponding average
BER expressions using the MGF-based approach as used in
(14)-(19).

IV. N UMERICAL RESULTS

In this section, we present the average BER plots for a two-
user and a three-user NOMA systems. The fixed power alloca-
tion fraction is taken asPm−1/Pm = 0.2 for m = 2, 3, 4. The
term ‘average SNR’ implies for the ratioPT /N0. The first21
terms of the series in (16) are considered for calculating the
analytical results.

In Fig. 3, plots are shown for the average BER of all users
in a two-user NOMA and a three-user NOMA systems. Fading
parametersKm = 1 dB, ∆m = 0.75, andσ2

m = 1 are chosen.
The effect of large-scale fading is normalized to unity, that is,
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Fig. 4. Average BER versus average SNR plots for three-user NOMA
system for fading parametersσm = 1, Km = {0, 5, 10} dB, and
∆m = {0.5, 0.75, 1.0}.

(dm)αm = 1. It is evident from the figure that the analytical
results closely match with the simulated results for all the
cases. This validates our analysis.

Fig. 4 shows the effects of variation in the average BER
with fading parameters for a three-user NOMA system. For
σ2
m = 1, two cases are considered: (i)K = Km = {0, 5, 10}

dB when∆ = ∆m = 1 and (ii) ∆ = {0.5, 0.75, 1.0} when
K = 10 dB. The results are shown for distancesd1 = 1 unit,
d2 = 1.1× d1, andd3 = 1.2× d1. The path loss exponent is
chosen asα = 3. The figure suggests that the average BER
decreases when there is an increment inK or decrement in
∆.

V. CONCLUSION

In this paper, the average BERs expressions of two-user and
three-user NOMA systems are analyzed for BPSK modulated
data under TWDP fading. The obtained analytical results are
verified with the simulated results. The effect of the parameters
of the TWDP faded channel are also observed. The system
BER performance improves with increase inK or decrease in
∆. The possible future research direction from this work are
a) extension to arbitrary number of users and b) extension to
modulation ordersM .
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