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Abstract—Successive interference cancelation (SIC) has been
considered widely for the detection of downlink nonorthogonal
multiple access (NOMA) signals. However, the sequential detec-
tion inherent to SIC process may introduce additional time delay
for certain users, making the SIC unsuitable for communication
systems with time delay constraints such as wireless networks
that utilize unmanned aerial vehicles or low earth orbit satellites.
Therefore, this article considers the performance of NOMA systems
using a joint multiuser detector (JMuD), which can detect the
signals of all users simultaneously and, hence, reduce the detection
time requirements. The performance of the JMuD is evaluated
in terms of bit error rate (BER), computational complexity, and
processing time and compared to the SIC detector (SICD). The
exact BER of the JMuD is derived analytically using quadrature
phase shift keying modulation where closed-form expressions are
derived for the two- and three-user scenarios for the air-to-ground
channel, which is modeled as a Rician fading channels with order
statistics. The obtained analytical results corroborated by Monte
Carlo simulation confirm that the BERs of the JMuD and SICD are
identical; however, the processing time of the SICD is 51% more
than the JMuD for several cases of interest.

Index Terms—Bit error rate (BER), joint detection, maximum
likelihood detection (MLD), nonorthogonal multiple access
(NOMA), successive interference cancelation (SIC).

I. INTRODUCTION

HE utilization of unmanned aerial vehicles (UAVs)
and small low Earth orbit satellites (LEOSs), such as
CubeSat, for various applications has witnessed a significant
increase in the last few years. Moreover, UAVs and LEOSs are
expected to be part of future wireless networks [1]-[3], which
is part of the emerging concept of flying networks. In flying
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network applications, the communicating devices are expected
to download or relay a massive amount of information in short
time periods that are upper bounded by the flyover time, which
is typically very short. Furthermore, the timing window for data
transfer might be even limited to the channel coherence time,
which is much shorter than the flyover time. This is required
to avoid extensive channel-state-information (CSI) exchange
and, hence, reducing the signaling overhead [4]. Although the
downlink data rate is generally determined by the transmitter,
it is not actually the case when the network protocol supports
handshaking to provide reliable data communications [5]. In
such scenarios, the average data rate is determined by both, the
transmitter and receiver, and if the receiver’s response to the
handshaking request is slow, the average data rate may drop
significantly [6], [7]. Consequently, such systems should be
equipped with highly efficient transmitter and receiver designs
to satisfy such stringent timing constraints.

Nonorthogonal multiple access (NOMA) is an efficient mul-
tiple access technique, which is considered as a promising
candidate for future wireless communication networks [8]-[20].
NOMA can improve the spectral efficiency by allowing multiple
users to share the transmission resources simultaneously at the
expense of some additional receiver complexity and bit error
rate (BER) degradation [21]. Several NOMA schemes have been
proposed in the literature, but the main categories are the code
[14], [22] and power NOMA [23], [24], which is the focus of
this article.

The basic concept of power NOMA is that multiple users
may share transmission resources simultaneously by assigning
each user a particular power [25]. In the literature, successive
interference cancelation (SIC) has been considered widely [9],
[11], [13], [14], [16]-[18], [26]-[28] as the main detection
scheme for NOMA signals. However, SIC detectors (SICDs)
suffer from long processing times because the nth user has to
sequentially detect, modulate, and subtract the signals of users 1,
2,...,n — 1[29]. To reduce the processing time, joint multiuser
detection (JMuD) has been proposed as an alternative for the
SICD [29]-[33].

The BER analysis of NOMA using SICD has received exten-
sive attention in the recent literature [9], [14], [18], [34], [35].
Nevertheless, to the best of the authors’ knowledge, the exact
BER of NOMA using JMuD has never been derived. Moreover,
the computational complexity for the three-user NOMA and the
processing time of the JMuD has never been compared to the
SICD. Therefore, unlike the work of [33] which presents an
upper bound on the BER and compares the complexity of the
SICD and JMuD for the two-user scenario, the aim of this article
is to derive the exact BER of NOMA systems using JMuD,
evaluate its computational time and complexity, and compare
them to the SICD for the two- and three-user scenarios. Such
comparison enables the system designer to optimize the system
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configuration to satisfy time and complexity constraints. The
obtained analytical and simulation results show that the BERs
of the JMuD and SICD are identical, while the processing time
and complexity are drastically different. More specifically, the
processing time of the JMuD is substantially less than the SICD
because it can perform the detection process for any user without
waiting for other users’ signal to be detected, modulated, and
subtracted. On the contrary, the complexity of the JMuD is
generally higher than the SICD because the transmitted signal
constellation size increases exponentially with the number of
users, while it increases linearly in the case of SICD. Moreover,
the SICD structure depends on the relative power of each user;
hence, receiver reconfiguration is required every time the power
coefficients change their order, which may introduce additional
delay and hardware complexity. Such a problem does not exist
in the JMuD; however, all users should use maximum likelihood
detection (MLD) while considering the superimposed constel-
lation.

The rest of the article is organized as follows. In Section II, the
system and channel models are presented. The exact BER anal-
ysis for the two- and three-user NOMA systems are presented
in Sections III and IV, respectively. The complexity comparison
between SICD and JMuD is represented in Section VI, while
numerical and simulation results are shown in Section VII.
Finally, the article is concluded in Section VIII.

II. SYSTEM AND CHANNEL MODELS

This article considers power-domain downlink NOMA sys-
tems with N users, Uy, ..., Uy, where the users’ equipment (UE)
and the base station (BS) are equipped with a single antenna [9].
Consequently, the multiuser signal transmitted from the BS can
be described as

N
xr = Z V /BTLPTSTL (D
n=1

where s,, is the data symbol of the nth user that is selected
uniformly from a Gray coded quadrature-phase shift keying
(QPSK) symbol constellation, Pr is the BS total transmit power,
and (3, is the allocated power coefficient for the nth user. For the
rest of the article, the transmit power Pr is normalized to unity,
and, thus, Zf:’:l Br = 1. For notation simplicity, we define
Sp = a — 9,k €{0,1,2,3}, ag = 00, a; = 01, as = 10,
and ag = 11. For the case of QPSK and for N < 3, the in-phase
r7 £ R(z) and quadrature z¢ = I(x) components for each
constellation point of the superimposed symbol = can be defined
as

3
Au1u2U3 = Zul\/a’ ui e {07 17 172} (2)
i=1

where 12 —1. For example, given that s\ = s{? then

z=1010 and x; = —/B1 — /B2 £ Ajqy, and g = /F1 +
V/Bz £ Aj10. It should be noted that u3 represents the amplitude
of the third user in N = 3 NOMA system.

An example for the case is shown in Fig. 1, where the two
users use QPSK. The most left and right two bits belong to the
first and second users, respectively. As can be noted from the
figure, the constellation of the NOMA symbol = looks like a
16 quadrature amplitude modulation (QAM) constellation. In
flat fading channels, the received signal at the nth UE can be
expressed as

Tn = hnx + Wy, 3)
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Fig. 1. Constellation diagram of the transmitted symbol x for N = 2.
where h,, represents the complex channel frequency response
between the BS and nth user, the channel envelope |h,,| £ ay,,
and w,, is the additive white Gaussian noise (AWGN), w,, ~
CN(0,202). In NOMA systems, it is typically assumed that
the first user has the lowest channel gain, the second user has
the second lowest channel gain, and so forth, i.e., a1 < as <
-+ < ay. Thus, the power coefficients should be allocated in the
opposite order of the channel gains, i.e., 51 > 2 > --- > fn.
The channel coefficients considered in this article follow the air-
to-ground (AG) model presented in [36] and [37]. The extensive
measurements in [36] and [37] show that the AG link can be
modeled as a frequency-selective Rician fading channel with a
K factor that ranges from 2 to 20 dB. The channel ordering is
assumed to remain fixed for the coherence time of the channel,
which can be more than 5 ms [38], which allows a reasonable
CSI exchange frequency.

For coherent detection, the channel phase arg{h,, } £ 4, can
be estimated and compensated separately from «,. Given that
the channel phase 6,, is estimated and compensated perfectly
at the nth UE receiver, then the received signal after phase
compensation can be written as

P = Tne 10 = apx + Wy, 4
where 0,, = w,e /. Assuming that w,, is circularly symmet-
ric, then 1, ~ w,, ~ CN(0,202). To extract the information
symbols s,, Vn, two possible detectors can be utilized, the SICD
and JMuD. The JMuD is similar to the MLD used with QAM

signals, except that the bits in each symbol belong to multiple
users.

A. Detection of NOMA Signals Using JMuD

Based on the constellation diagram of Fig. 1, the JMuD of the

nth user can be written as
2

(&)

N
Tn — hn E ﬁzgz
i=1

where 5; are the trial values of s; and izn is the estimated value
of h,,. By noting that the modulation order of the superimposed
symbol is Mj X Mo x --- x My, the complexity of the
detector increases exponentially as a function of the number
of users. However, it is interesting to note that to detect the
symbols of the nth user, the JMuD can be designed such that

{51,382, ...,8n} = arg gming
1:52 «-»SN



5608

the constellation size is M7 x My x --- x M,,, and, hence, the
detector will be similar to (5) except that N is replaced by n.
Therefore, the signals of users {n +1,n+ 2, ..., M} can be
considered as unknown additive noise. For example, the first
user detector can be written as

5, = arg min ’n — hiv/Bi5 (6)

which is the typical MLD for QPSK signals. It is straightforward
to show that the BERs of the two detectors in (5) and (6) are
identical, and, thus, it is preferable complexity-wise to use the
MLD in (6).

’ 2

B. Detection of NOMA Signals Using SICD

The NOMA signals can also be detected using the SICD
approach, where the signal for the nth user is detected after
detecting and subtracting the signals of the first n — 1 users.
Therefore, MLD is applied n times; however, the constellation
size in each round is equal to the modulation order of the nth
user signal, and, thus

2

n—1
Sp = arg Hs}in Tn — N Z Bidi — hn/ Budnl| - @)
" i=1

For the first user, it is clear that both the MLD (6) and SICD
(7) have the same structure and, hence, the same BER, which is
given in [9]. Moreover, it is worth noting the similarity between
the SICD and JMuD in the sense that the signals of Uy, ..., U1
are involved in the detection of the signal of U,,.

III. JMUuD BER ANALYSIS (Ul ‘N:Q, U2|N:2)

This section considers a two-user NOMA system using QPSK
modulation. The transmitted superimposed symbol z is the
superposition of two QPSK symbols, and, hence, it corresponds
to 1 out of 16 constellation points each of which has 4 b, as shown
in Fig. 1. The bit representation for each point is expressed as
bni, {n,i} € {1, 2}, where n is the user index and i is the bit
index.

For the first user, the detection is performed using (6). Based
on the specific value of s; and the interuser interference (IUT)
caused by Us, symbol 2 may become one of the four constella-
tion points in the neighborhood of s; shown in Fig. 1.

The average BER should consider all possible combinations

of s1 and s9
SED’ s(zk)> P(Sgl), Sék)) . (8)

By, = Z (P b,
I,k

It should be noted that s; and s, are independent, then (8) can

be written as

3

1
Pbu:TG Z (Pbli

{1.k}=0

S0 S(m) - ©))
122

(2)

Case 1: sy, séo): The error probability of b1, Py, |S<2) ROF
1 -2

depends only on the in-phase component of 74, i.e., R(71) £y
and the specific value of z, x = —A,;, + jA110. Thus

an |S§2)’Séo) = P(‘Cl Z 0)
= P(ialAliO +n > O)

= P(ﬂl > alAliO) (10)
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- A
where t; = —a A, i, + ny, R(w1) = ny. Therefore
2
1 o ey
Pl 0=—7— e *7nidny
11
1t V 27T07211 a1Aiqg

=Q (v71) a1
where 11 = yafA?; .y = 7>, and Q(.) denotes the Gaussian
@ function.

Case 2: 552), sgl): By following the same approach of Case 1,

the error probability of this case is given by (11) as well.

Case 3: 352), 552): The error probability can be expressed as

Pyl @ =P(t1 >0)
1 92

=P(n1 > a1 Aq10) - (12)
Following the same approach used to derive (11) gives
Byl j0 = @Q (V12) (13)

where 1 2 = yai A%,
Case 4: 5(12), 553): The probability of error in this case is
similar to the case of sf), 5(22).

Cases 5-16 are evaluated using the same approach, except
that the value of s is replaced by ag, a1, ag, and as. Through
the substitution of the 16 cases results in (9), the conditional

BER for the bit b1; can be expressed as

P=5 Q) He(Ta)]. a9

Clearly, P,,, = P,,, . Therefore, the conditional BER of the first
user is given

1
PU1:§[Pb11 +P512]

1
3 Q (vit1) +Q (v2)] - (15)
As for the second user, the JMuD requires a 16-point MLD
as shown in (5).
The error probability for the second user can be computed by
evaluating the error probability for each individual bit, i.e., bay
and boo. Because the error probability depends on s; and so,

then
szi = Z (Pb%|s(11),sgu)) P(S(ll), Sg))) .

By noting that s; and s» are independent, then (16) for the 16-
point constellation can be written as
138
Po =15 3 (Pl )
{l,v}=0

The following cases cover the error probability of all possible
constellation points of z.

Case 1. s§0), 5&0): For this case, the transmitted signal is =
A110 + jA110 and an error occurs if §; = as (10) or az (11).
Consequently, the error probability of b2; can be expressed as

Poylgo o0 = P(v2 < agAigo,ta 20Uty < azdy)

(16)

A7)

= P(ra < asdipo,t2 > 0) + P(ra < asAiy)
—P (t2 < agAigo, 2 > 0,12 < apAg)
=P(n2 < azdiy) — P(n2 < anAygg)

+ P(ng < 0421421'0) (18)
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where vy £ R(z) = apA110 + ny and R(w2) £ ny. By noting
that
2
P(n2 2 a2AU1u2U3) / ngﬂQ
V 27TJ\%2 'ulur_;u3
=Q (V2e) (19)
where 7. = ya3A} ..., Then

by, |s§°>,s§°> =Q (V1z1) - Q (v122) + Q (y23) (20)

where 72,1 = 703 A0, 72,2 = 703 AT, and 72 5 = Y0343,
Following the same approach for all constellation points
that to the combinations [sgo),sél)], [sgl),
sgo)], and [55”, sgl)] gives the same probability of error

for Pb21|s(u) ROE Therefore, Pb21|s(o) 50
1 0°2 1 S92

correspond

= Pb21 |S(10)’ Sél) =

Poy |0y

=D, |g<1) (1> which is given by (20).
21 92

Case 2. Sgo), 5(22) For this case # = A, + jA110. The error
probability of by can be obtained as

Poy |y o0 = P(v2 = agAigo Uts > azAjgg,t2 < 0)

=P(va > asAigo) + P(t2 > apAjyg,t2 <0)
— P(ra > anAigo, t2 > asAjgg,t2 < 0)

= P(n2 > aaAo10)
+P(ny > asAsgp,m2 < 2 Ajy)

= P(n2 > asAo10)
+ Plagdsy < no < andyyy)

=Q (V1) +Q(V124) —Q (V125) 2D

where 72 4 = ya3A%; and y25 = ya3 A3, . It can be noted
that the constellation points that <:0r1resp0nd2 to the combinations
[s§°>, sg )], [sgl), ; )] and [s] ) (3)] have the same probability,
which is given by (21).

Case 3. sgz)’ ). For this case, v = —A; 1, + jA110, and
then the error probablhty can be expressed as

Py, \S<12>,Sgo> =Pty < asAjyy Ut < agAigo,t2 > 0)
= P(ta < andiyy) + P(r2 < azAigg, t2 > 0)
— Pt < agAjyg,v2 < agAigo, t2 > 0)
= P(ng S OéQAOiO) —+ P(HQ § O‘2A210)
—P(ny < a2A11’0)

= Q(Vi21) +Q (Vr2a) (22)

-Q(V23)-
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The same error probability in (22) is also applicable for the

combinations [8§2), sg )], [Sg ) (0)] and [s (3)7 Sgl)]'

Case 4. 5(12), 3(22). For this case, z = —A119 + jA110, and the
error probability can be expressed as

Py, \nggsgz) =Pty > asAjgg,t2 < 0Uta > apAino)

=Q(v21) = Q (Viz2) + Q@ (V23) - (23)

The result in (23) is also applicable to the combinations
2 3) (2 3) (3

(57, s8], [, s8], and [s(), s ,
Finally, substituting (20)—(23) into (17) gives the uncondi-

tional error probability of be;. Moreover, by following the same

approach for by, it can be shown that Poo = P»1. Consequently,

the error probability for the second user can be expressed as

-33ml

Interestingly, PU1 and Py, are actually equal to [9, Eq. 12 and
36], respectively, which implies that the BERs of the JMuD and
SICD are identical. Nevertheless, the analysis for the JMuD is
much simpler because it does not require considering the impact
of the SICD process on users 1,2, 3,..., n — 1. The average
BERs over ordered Rician flat fading channels, Py, and Py,
are evaluated by averaging over the probability density function
(PDF) of vy, ; as shown in Appendix.

722 ,v=1[2,-1,1,1,-1]. (24)

IV. JMuD BER ANALYSIS (Us|n=3, Us|n=3)

In this section, the BER derivation of N = 3 downlink
NOMA system is illustrated. The transmitted symbol = forms
a 64-point constellation as shown in [9], and the first, sec-
ond, and third users’ signals are given by si, s, and s3, re-
spectively. The binary bit representation for the three users is
given by [bn bia bo1 bao b3y b32], for each bit b,;,
n={1,2,3}, and ¢ = {1,2}. Similar to N = 2 scenario, the
derivation of the first user BER is the same for both JMuD
and SICD [9] because MLD given in (6) is used for QPSK
constellation.

For the second user, the BER is evaluated as follows. The
probability of error for each bit depends on the values of
s1 and so, and, hence, the average BER should consider all
possible combinations. Nevertheless, due to space limitations,

and because the solution procedure is similar for all cases,

we consider only the case of [sg ), s§0>, sé )]

x = Aj111 + jA111 and boy can be expressed as
Pb21|5§0),s(20) =P(r2 < azAio0,t2 > 0U s < andyy)

. For this case,

= P(azAjji<na<asAjiq) +P(n2<azAsq¢)

= Q(V¥5) = Q (Vi34) +Q (Vis0) (29

Py, |830> o) 5@ = P(rs < azAiio,t3 > azAigo Uty < agdiqg,t3 > 00Ut < —asd g, t3 > aglig, Uty < —A1)

=P(nz<azAyyi, n3>a3d,1) +P(asAini+nz<asA iy asAinn+n3>0) +P(azAi1+nz <

—At0)

+P(agAiin +n3 < —agdyqy, asAin +n3 > azAjy,)

=P(n3 < azAgoi)

—Png < azdsii) +Plng < azAssg)

- —Q(va1) - Q (Vi5)

—P(ng < azdyii) + P(nz < azdgsq)

—P(ng < azAjqi) + Png < azAsgg)

-Q (v110) +Q (vsn) +Q (Vis12) + Q (Visa3) + Q (Vsas) (26)
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where v3 4, 73,5, and 3 10 are defined in [9]. By following the
same approach used in Section I1I, the exact BER for both b1 and
bao can be evaluated for all possible combinations of si, so,
which interestingly show that the JMuD and SICD have equal
BERs.

For Us| y =3, the JMuD adopts a 64-point MLD constellation.
Similar to the previous cases, the error probability depends on

s1, S2, and s3. Nevertheless, because the solution procedure is

similar for all cases, we only consider the case of [5(10) , 5&0) , sgo) ]

For this case, Pp,, can be expressed as shown in (26) at the
bottom of the previous page, where the terms 73 4,735, 73,10,
3,11 ¥3,12> 73,13, and 3 15 are defined in [9].

It is worth noting that deriving analytical BER expressions
for NOMA using arbitrary number of users /N and modulation
orders My, M, ..., My is highly desirable. However, such
a task requires an entirely dedicated work as reported in [39],
where the BER is derived for an arbitrary M,,, but the results
are limited for the two-user scenario, i.e., N = 2.

V. POWER ALLOCATION

The power allocation (PA) problem is formulated to minimize
the overall average BER of the NOMA system while ensuring
fairness for all users. Fairness is defined as maintaining a specific
BER thresholds for each user. Therefore, the problem can be
formulated as

1 N
min — Py, (27a)
8, N nz::l
subject to
N
> Ba=1 (27b)
n=1
Py, <Pl vne{l,2,... N} (27¢)
B> B l#k 1<k {lk}e{1,2,...,N} (27d)

where [3,, and P{}ln are the optimal power coefficient and BER
threshold for the nth user, respectively. Constraint (27b) is
used to assure that the total transmit power is limited to unity.
Constraint (27¢) is used to assure that each user’s BER is less
than its desired threshold, and (27d) forces the power allocated
for each user to be inversely proportional to its channel gain,
ie., f1 > P2 > --- > [y are assigned for the users with the
channel gains a; < ap < - -+ < ap, respectively. The problem
in (27a) is a constrained nonlinear optimization problem which
is analytically intractable. Hence, numerical methods such as
brute-force and bisection [7] can be used to search for the
near-optimum power coefficients. It should be noted that the
difference from the optimal solution depends on the search step
size.

VI. JMUD AND SICD COMPLEXITY

Although the JMuD and SICD have the same BER perfor-
mance, their receivers’ structure are fundamentally different,
and, hence, the complexity for each detector should be evaluated
and compared. The complexity comparison in this article will be
conducted by evaluating the computational time and hardware
complexity. The computational complexity is evaluated in terms
of the number of real arithmetic operations required to evaluate
the detectors described in (5) and (7), where N = 2 and 3,

IEEE SYSTEMS JOURNAL, VOL. 15, NO. 4, DECEMBER 2021

TABLE I
COMPUTATIONAL COMPLEXITY OF THE JMUD AND SICD

[ | Operation [ SICD | JMuD [ Ratio % |

Us[n=2 | X 53 176

+ 70 176
Overall Equivalent Complexity | 282 880 32.0
Uz|n=3 | X 53 176

+ 70 176
Overall Equivalent Complexity | 282 880 32.0
Us|lny=3 | X 82 704

+ 108 704
Overall Equivalent Complexity | 436 3520 12.3

and all users adopt QPSK modulation. For more informative
comparison, the overall equivalent complexity is also presented
[40] as depicted in Table I. As can be noted from the table,
the computational complexity of the JMuD is considerably
higher than the SICD due to the large number of multiplications
associated with the MLD. Moreover, the JMuD complexity
increases exponentially by increasing the user index because
the modulation order of the symbol to be detected increases also
exponentially as a function of its index. Thus, the complexity
depends on the user index rather than the total number of users.

The time complexity corresponds to the latency of receiver,
which is defined as the time required to produce the final hard
bits from the received signal. Generally speaking, the MLD
can perform the detection process for all users simultaneously,
and all the Euclidean distance measurements can be performed
in parallel. For the SICD, the detection process per user is
performed sequentially, i.e., first user, then second user, etc.
Moreover, the detected bits of each user has to be re-encoded
and re-modulated to be subtracted from the superimposed signal.
As a result, the time complexity of the SICD is expected to be
more than the JMuD. The results presented in Section VII show
that the simulation time required by the SICD is about 86% as
compared to the JMuD in certain scenarios. Therefore, the IMuD
is more suitable for time sensitive applications.

The hardware complexity of the JMuD is similar to a con-
ventional M -ary QAM MLD. For the SICD, the receiver should
also implement part of the transmitter chain for the SIC process.
Therefore, the SICD should consist of an encoder and modulator,
in addition to the MLD. Although most devices are built as
transceivers, using the transmitter subsystem in the detection
process is mostly infeasible as most systems support full-duplex
operations. Therefore, the detector should have dedicated en-
coders and modulators. It is also worth noting that the SICD has
to be reconfigured when the power order of the users is changed,
which may introduce additional delay and hardware complexity.
Such a problem does not exist in the JMuD.

VII. NUMERICAL RESULTS

This section presents the analytical and Monte Carlo simula-
tion results for the JMuD and SICD over Rician channel. Two-
user and three-user NOMA downlink systems are considered,
N =2and N = 3. All users are assumed to be equipped with a
single antenna, and the channel between the BS and each user is
modeled as an ordered Rician flat fading channel. The randomly
generated channels are ordered based on their strength, where
the weakest channel is assigned to U; and the strongest channel
is assigned to Uy. The transmitted symbols for all users are
selected uniformly from a Gray coded QPSK constellation. The
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Fig. 2. Average BER for the U; and Us, where K = [—o0,2,6,10,

15,20] dB, 81 = 0.7, and B2 = 0.3.

total transmit power from the BS is unified for all cases, Pr = 1.
The simulation results are obtained using a computing machine
that runs Intel Xeon CPU E5-2640 processor, clock frequency
of 2.5 GHz, 16 GB RAM, and 64 b operating system.

Fig. 2 presents the analytical and simulation BER perfor-
mance for power coefficients 51 = 0.7 and 52 = 0.3 and various
values of K over a range of 7, where 7 = g% As can be noted

from the figure, the analytical results obtained using (44) and
(52) perfectly match the simulation results for all the considered
values of K and 7. It is worth noting that the Rayleigh fading
case corresponds to K = —oco dB. As can be seen from the
figure, the performance of the first user is more sensitive to the
variations of K as compared to the second user, which is due
to the fact that the fading effect becomes less significant for the
near users.

Fig. 3 shows the BER for N = 3 using various K values.
As can be noted from the figure, Us has generally the best per-
formance although it is allocated the smallest power coefficient.
Such performance is obtained because Us has the best channel as
compared to U; and Us. Similar to the two-user NOMA system,
the error performance of the first user is more sensitive to the
value of K if compared to the second and third users. This is
due to the fact that the fading effect becomes less significant for
the near users.

Although the BER expressions in (45) are represented in terms
of infinite series, the series can be truncated to have {G, M}
and {G, M, Z} finite terms, for the first and second users,
respectively. In order to ensure numerical accuracy, the values of
G, M, and Z are selected based on the system parameters, such
as the fading parameter K and 7. For simplicity, it is assumed
that G = M and G = M = Z, for the first and second users,
respectively. Tables II and III show the normalized truncation
error for the average BER expressions of U; and Us. The
normalized truncation error is computed as follows:

o ‘BERSim - BERTheo|
B BERgin

where the BERTp, and BERg;,, are the analytical and simu-
lated BERs, respectively. The depicted results show that when

(28)
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TABLE II
NORMALIZED TRUNCATION ERROR FOR 7 = 10 AND 20 dB AND K = 6 dB
FOR THE FIRST USER

[{G,M} [ er,7=10dB | {G,MJ [ e, 5 =20 dB |

5 0.4636 5 0.2470

10 3.76 x 10~2 10 2.7 x 1073

30 6.3955 x 10—% | 30 1.5x 103

50 6.3955 x 10—% | 50 1.5 x 1073
TABLE III

NORMALIZED TRUNCATION ERROR FOR 7y = 10 AND 20 dB AND K = 6 dB
FOR THE SECOND USER

[{GM,Z} [ e, 7y=10dB [ {G,M,Z}, [ es, 7 =20dB |

5 0.4913 5 2.2748
10 5.61 x 10~2 10 411 x 1072
30 1.5777 x 10~% | 30 2.3x 1073
50 1.5777 x 10~% | 50 2.3 x 1073

{G, M} = 30, the truncation error is fairly insignificant for
different 7 values and K = 6 dB.

Fig. 4 shows the effect of K on the BER of each user for
N =2 with” = 16 and 18 dB. The PA coefficients are 5; = 0.7
and 2 = 0.3. As can be noted from the figure, the BER is
highly dependent on K, particularly for U; who experiences
more severe fading conditions. Consequently, its BER is more
sensitive to the values of K. Moreover, the BER for both users
becomes more sensitive to K as 7 increases, which is due to
the fact that the channel fading effect becomes more dominant
at high SNRs. It is also worth noting from the figure that the
BER of Us does not necessarily decrease when K increases.
For example, Fig. 4, where ¥ = 18 dB, shows that the BER
keeps decreasing until K = 15 dB and then increases again
until it saturates when the AWGN and IUI have more impact
on the BER. Such behavior can be justified using the envelop
of the received signal PDFs given in Fig. 5, which represents
the conditional PDF for the received signal of the second user at
4 = 10dB and K = 8 and 10 dB. Clearly, the two PDFs have the
same mean, but the standard deviation for the case of K = 8 dB
is lower. It should be noted that as KX — oo, the BER will be
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Fig. 4. Average BER for the first and second users under Rician channel,

where 4 = 16 and 18 dB.
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Fig. 5. Conditional PDF for the received signal of the second user at ¥ =
10 dB.
TABLE IV
POWER ALLOCATION TO ACHIEVE MINIMUM AVERAGE BER, K = 2,6
AND 15 dB
K =2dB K =6dB K =15 dB
¥ dB || 84 B B1 B B1 B
10 - - - - - -
20 - - 0.86 | 0.14 | 0.83 | 0.17
30 0.95 | 0.05 || 0.94 | 0.06 | 0.92 | 0.08

mostly determined the IUI, the power coefficients, and AWGN.
For the power coefficients considered in Fig. 4, the BER of both
users converge roughly to the same value.

Table IV presents the optimal power coefficients that mini-
mize the BER for different values of 7, for K’ = 2,6 and 15 dB,
and for BER thresholds of P! = 1072 and P! =10"°. The
power coefficients are obtained using brute-force with a step
size of 0.01. As can be noted from the table, the BER constraint
could not be satisfied for 7 = 10 dB regardless of the value of
K, and for K =2 dB when 7 = 20 dB. The results also show

Fig. 6.
allocation coefficients, K = 2 and 15 dB and E}, /Ny = 20 dB.
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Fig. 7. Average BER comparison between JMuD and SICD under Rician
channels for the Uy and Us users, where K = [—c0, 2, 10, 20] dB.

that most of the power is allocated for U, particularly at high
7. The first user is allocated more than 95% of the total power
at ¥ = 30 dB and K = 2 dB. The same trends can be noted for
the K = 6 and 15 dB cases. Nevertheless, the power given to
the U; generally decreases by increasing K.

Fig. 6 shows the average BER for the two users and system
average BER over arange of 31 values aty = 20dB and K = 2,
and 6 dB. At K = 2 dB, minimum average BER cannot be found
for Pth =102 and P‘h = 1073. As for the other scenario
where K=15 dB, the power coefﬁ01ents are 1 = 0.82 and
B1 = 0.18.

Fig. 7 shows the BER performance for the two users in N = 2
downlink NOMA system using JMuD and SICD [9]. As can be
noted, both detectors result in identical BER performance over
the entire 7 range and K values.

To evaluate the impact of the sequential detection on the
delay of the SICD, the simulation time for the SICD 7Tgicp
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TABLE V
COMPUTATIONAL TIME IN MILLISECONDS

l [ Tsico | Toamup | Bz (%) |

Ui|n=2 12 12 0.0
Us|n=2 52 29 79.3
Ui|n=3 20 20 0.0
Us|n=3 41 22 86.3
Us|n=3 68 45 51.1
107!
o~
=)
=)
102
O JMuD
% sIC
- —17% =102
77777 a'i =2x10"*
Perfect
103 ‘ ‘
0 10 20 300 10 20 30
¥ (dB) 7 (dB)

Fig. 8. Average BER for N = 2 downlink NOMA system with JMuD and
SICD with perfect channel estimation, imperfect channel estimation, 5; = 0.7,

and az =10"2and 2 x 1073.

is measured for a total of 10° symbols and compared to the
JMuD simulation time Tyyp. Table V presents Tsicp and Tivup
in milliseconds and also shows the normalized difference A
between the two detectors, A7 = |Tsicp — Tivup|/Timup- As
can be noted from Table V, the SICD requires significant extra
time due to the sequential detection process. It is also worth
noting that the simulation time for the JMuD also increases by
increasing the user order due to the additional computational
complexity caused by the increased constellation order that the
JMuD has to detect. As expected, the simulation time for the
first user is independent of NV and the detector type.

Fig. 8 shows the average BER for N =2 with imperfect
channel estimates. The channel estimation errors are modeled
as CN(O,U}%) [41], [42] , where 0}% =1x10"2and 2 x 1073.
As can be noted, both detectors perform equivalently under
channel estimation errors, and both detectors are highly sensitive
to estimation errors.

Fig. 9 presents the BER for the first and second usersin N = 2
system using JMuD under Rician and Nakagami-m channels.
Every value of K corresponds to an m value, where the relation
is as follows [43]:

K2

Y
where K +12 K. Clearly, as K increases, the BER results
under the two distributions become closer. For the considered
scenario, the BER of the two channels completely matched when
K =17 dB and m = 14.1182 dB. It should be noted that for
large values of K, the Rician distribution can be approximated
by the Nakagami-m distribution.

(29)
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Fig. 9. Average BER for the first and second users under Rician and the
equivalent Nakagami-m fading channels, where K = 2, 10, 14, and 17 dB.

TABLE VI
THEORETICAL AND NUMERICAL DIVERSITY FOR N = 2 NOMA SYSTEM,
K =[-c0,2,6]dB

KdB || Dy 30) | Dy Ay || D2(30) | Dy Ay
—00 1 0.998 0.002 2.0 1.99 0.005
2 1.6024 1.490 0.069 3.204 3.11 0.0274
6 2.7684 2.653 0.041 5.880 5.676 | 0.0244
. . . A 7. log]5 -
The diversity gain can be defined as D,, = lims_, log'[’y] R

which is intractable for the Rician channel due to the hyper-
geometric and Bessel functions. Therefore, an approximated
D,, can be derived by approximating the Rician PDF by the
Nakagami-m distribution. Consequently, using the BER expres-
sion for NOMA in Nakagami-m channels [9, Eq. (101)] and
considering only the dominant components, the diversity gain

can be given as
1 mn
loz ()

log 5

Table VI shows the diversity gain for N =2 and K =
[—00, 2, 6] dB obtained from (30) compared to another approx-
imation obtained from the BER curves denoted as D,,, which is
the BER slope at high  values. As can be noted from the table,
the normalized difference A,, = |D,, — D,,|/D,,. As can be
indicated from (30), the diversity gain of the nth user converges
to mn. Moreover, the normalized difference A,, is fairly small
for all the considered cases.

D, ~ — lim
N—00

~ mn.

(30)

VIII. CONCLUSION AND FUTURE WORK

This article presented the BER analysis of the JMuD for
downlink NOMA systems where a closed-form analytical ex-
pressions are derived for several cases of interest. Moreover,
the work presented a general comparison for the JMuD and
the widely adopted SICD. The comparison is performed in
terms of BER, computational complexity, processing time, and
sensitivity to channel estimation errors. Although the two de-
tectors are fundamentally different, the obtained analytical and
simulation results show that both detectors have identical BERs
in the case of perfect and imperfect channel estimates, yet the
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derivation is significantly different. The BER analysis for the
JMubD requires considering much smaller number of cases and,
hence, can be considered much simpler than the SICD BER
analysis. The BER sensitivity to channel estimation errors was
evaluated using Monte Carlo simulation for both systems, and
the obtained results show that both systems have equivalent
sensitivity. The computational complexity results show that the
SICD has much lower complexity as compared to the JMuD
but at the expense of a longer processing time. Therefore, the
JMuD would be preferable for cases where the processing delay
is paramount while the SICD would be preferable in all other
cases.

As can be noted from this article and the listed references,
the exact BER derivation for an arbitrary number of users and
modulations schemes remains an open problem that will be
considered in our future work. Moreover, the analysis will be
extended to the case where the phase for each user can be
modified to improve the system performance.

APPENDIX
AVERAGE BER OVER RICIAN FADING CHANNEL

As described in Section II, the channel between the UAV and
ground follows the Rician distribution; thus, the envelops of the
channels «,, Vn € N are ordered set of Rician random variables.
Using the theory of order statistics, the PDF for each channel
can be expressed as [44, pp. 225]

fala) =Ko f (@) [F ()" ' 1=F (@™ @D
where K, = W;V—n)‘ « is the channel envelop which
follows Rician distribution, and f («) and F'(«) are the PDF and
cumulative distribution function (CDF) of «, respectively, which

are given by

fla)= MTae_(KTJJrK)IO <\/ 4Kg0‘2> (32)

Fla)=1-0; (F 2Ka2>

where K and (2 are the Rician distribution parameters, K + 1 £
K, Iy(-) is the modified Bessel function of the first kind, and
Q1(-,-) is the Marcum-Q function. The infinite series represen-
tation of ()1 can be represented as [45]

5 () st

m=0

Therefore, the general ordered PDF of the nth channel envelope

over Rician channel is

_ — n—1
2K K, 2K

o= ey oo (v )

Qe( K2+

o9

In order to avoid confusion, let us denote f,, () — frn(cp).
Now, 7 follows the noncentral chi-square x? distribution with
the following PDF and CDF [46]
K e~ (K +K w)

o) =—=5—

and

(33)

22 4y2

Qui(z,y) =e

(34)

I ( 4Kf(w) (35)

- AKKa?
I <\/QO‘ )
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and
F(y)=1-Q (\/2K7 \/21’@) (36)
where w = % By using (31), the general ordered PDF for «y can

be expressed as follows:

KK o —(K+Kw)

fu () =

% [1 o - (K+EKw) i <

2B ( 4KKw)

) )]

< Iﬁ;) Im( 4Kf(w)]Nn.

To avoid confusion, let f,, (y) — fn(% i), where 7 is a parameter

index. For simplicity, let 1, ; = Kve N 4;”?, 0 =2K,
2K -

and p . = ==-.
", Yn,i
Then, for the two-user NOMA system, the ordered PDFs

x le (K+Kw) ZOO:

m=0

for the first and second users 7, ;, n € {1,2}, N = 2 can be,
respectively, represented as
1,4 _ )
fl (717i) — Klnl ieiTIO ( /61 i'yl,i) e Vi,iky
X Z ( > L, (V&) 3D
m=0 Ml i
and
M1, 1’72 i
f2 (72,6) = Kan, e~ Iy (\/&2.72,1)

_ Kgnz_je’?Io (m) e V2ib20

o0

xmzo( ?

) I (V& 72.0) - (38)
,u’2,7172,i

In order to evaluate the average BER of the two users in N = 2
system over Rician channel, (37) and (38) are utilized as follows:

/(; Q (\/’VT,Z) fn (Vn,i) d’Yn,i-

By using (15) and (37), the average BER for n =1 can be
computed as

(39)

7n

s Z (ul Vi ) Iy (Verivia) dm. (40)

m=0

By replacing the Q function by its alternative representation

defined by [47], Q(x) = + fo () d¢, and (40) becomes
as in (41) shown at the top of next page, where &, ;(0) =
2sin?(pn
2gsin2($,£))+1'
Evaluating the inner integral in (41) shown at the top
of next page, gives the single integral expression given
in (42), shown at the top of next page [45], where
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— Keg 2
PUl— 1 Zl/ / 77116
1=

1

1,
2bin2(¢1‘i)

) d¢1,iIO (m) e YLl
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- @
mz::() ( H1,471,i

) I (Vi) d'Yl,i]

Kie 5 & T
=— Z [Z Ulz( ) / / %e 8 Iy (e I (Vi) d%,z‘dqﬁl,i] (41)
m=0
Pe1,i z
_ Ko % 3| & i () (4 ) mom 1
Py, = 1277 Z Z F(m+1)“1 F1<1+2,2+2m+1 m+1; elzflz(u“))d(ﬁu (42)
i=1 | m=0 2
_e 2 [ o T 1 (Lel’i)7 ! m m 1 5
- 7K1ezz 3 mal (m+ D (G5 ) " 90 [0 (142 4g) T (Z4149) o [ s () d
U, 2 2 (lrm r(m 1 1,i 1,5 \(M1,i 1,0
T = | m=0g=0 L(m+1+g) (1+3) (% +3) 0
€1,i %L €1,i m
_xet & [ e (35) " (5 (B ra) T vz
v i=1 | | m=0g=0 (T (g+1)F(m+g+1))
13 3 1 3 4
—22F1([§’§+9}7[§]>—2M,i)r( 9) LV g+ 1)
x , 1 (44)
(2pm1,0)7 2 TR
oF1([t1,ta, ... tp); [A1, Aa, ..., gg; J) is the generalized hyper- By using the integral representation of the @) function
geometric function which can be represented by the following . K277 272 i
infinite series [48] Py, = 2.0 / / ez na
o goTTP . Lltitg) x Iy ( N de ddo 47
=1 "T(&) 0 (VE.72.0) dyz,idda,;. 47
2F1([t17t2,...tp};[Al,AQ,...,Aq];J) :Z . . . . . . .
‘ H (A +9) The evaluation of the inner integral in (47) is given as [45]
9= L=1 ( ) x M2
L K, [F o (%5)
. . . . (43) PUz > / 527i (N2,z‘) € 4 d(b?,i- (48)
Then, by replacing the generalized hypergeometric function by w 0

its series expansion, the average BER for the first user can be
expressed as in (44), shown at the top of this page.

The integral in (48) is analytically intractable; hence, the fol-
lowing series representation for e” is utilized:

In order to evaluate the average BER for the second user, both e R
(24) and (37) are used as given in (45) at the bottom of this page. = Z P =l+z+ ? + 6 + ﬂ (49)
71 =
Now, the term PU2 can be computed as Then
o0 w -1 Kan i G 176\ Mo s
—1 2, 172 i > _ > .
Py, =K2772,i/ Q (Vzi) e I (Vo) drs. T0e = z%z! ( 4 ) /0 (5“( )) A2
0 p
(46) (50)
1 >0
Py, =35 > i {/ Q (vV32i) f (727i)d’Y2,i] v=1[2,-1,1,1,-1]
i=1 0
K 5 0 Ko ivs oo
2 _ ,i 72,4 _e PV .
- 72” Uo Q (Vzi) mpe” = o (/& 72) dye — ¢ 2 /0 Q (V2:) Mo To (V& 2i) € 2o
i=1
00 o 5
X Z ( ) Im (\/ 62,/7271') d’}/?,i
m=0 Mo V2,4
1 > 1 2
= 52U {PUQ PUJ (43)
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(52)

P :K2772,i 1 €4 -
Ur & 2,

~2R (35 +2],[51.5)
3D (24101 (3 + 2)

D

The second term PQUQ in (45) can be computed by following
the approach of Py, . As a result, the total average BER for the
second user can be represented as in (52) given at the top of this
page.
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