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ABSTRACT The increasing demand for high-capacity wireless communications has always been a challenge
for researchers. Non-Orthogonal Multiple Access (NOMA) is one of the emerging schemes that can improve
the capacity of wireless networks. In the power-domain NOMA, users share the same frequency and time but
with different power levels. In this paper, we propose a novel adaptive modulation scheme for a NOMA-based
wireless network to achieve better throughput efficiency and improve the system spectral efficiency by
considering imperfect Successive Interference Cancellation (SIC). This scheme allocates the appropriate
modulation orders by solving an optimization problem constrained by a maximum Bit Error Rate (BER).
We investigate the BER and throughput calculations to assess the efficacy of the proposed scheme. The
results show that our adaptive scheme greatly improves the spectral efficiency compared to the traditional
fixed modulation NOMA systems, indicating its potential to satisfy the demanding performance standards

of future wireless networks.

INDEX TERMS Adaptive modulation, Nakagami fading, NOMA.

I. INTRODUCTION

In the fifth generation (5G) of wireless networks, in order to
improve the capacity and quality of service, multiple access
techniques are being used, and these techniques can be very
good candidates for implementation in the sixth generation
(6G) of wireless networks as well. One of the most promising
techniques which is investigated vastly by researchers these
days is non-orthogonal multiple access (NOMA). In this
scheme, two or more nodes in the network use the same
frequency at the same time but the users are differentiable
by their signal power level or their code.

In the power-domain NOMA, the transmitter combines the
signals of different users by assigning them specific power
allocation coefficients. The resulting signal is a weighted sum
of the users’ signals, and this process is called Superposition
Coding (SC). Let us consider a NOMA network with one base
station (BS) and two users, the Far User (FU) and the Near
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User (NU). Based on the principles of NOMA, the power of
the FU signal is greater than that of the NU signal. Accord-
ingly, the FU decodes its signal by considering the NU signal
as noise. On the other hand, the NU first performs Successive
Interference Cancellation (SIC) to remove the effects of the
FU signal and then decodes its own signal. For simplicity
of the analysis, the SIC can be considered perfect [1], [2].
However, in practice, the SIC detectors are not ideal and result
in imperfect SIC. Moreover, the SIC detectors have some
delay because the n-th user should decode n — 1 other user
signals in order to obtain its own message [3]. Recent studies
examine imperfect SIC in RIS-partition NOMA [4], reliable
QAM-based power allocation [5], hybrid SIC success under
Rayleigh fading [6], multi-group MIMO-NOMA precoding
with residual SIC analysis [7], and hardware-impaired MISO-
NOMA signaling [8].

A. RELATED WORKS
Channel fading increases the Bit Error Rate (BER), and sev-
eral methods can be employed to mitigate its effects, such
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as increasing transmission power or applying channel coding
and diversity techniques [9]. However, these methods are
designed for the worst-case scenario and do not utilize the
maximum capacity of the channel in all states. In addition,
the interference caused by the nature of the NOMA system
downgrades the condition of the receivers as they need to
tackle this interference before detecting their signals. More-
over, NOMA-based systems typically use a fixed modulation
scheme, which can lead to inefficiencies as network condi-
tions improve for users or even when their channel conditions
degrade. This reduces the maximum achievable rate when the
status of the channel is better than the system design and
increases the BER as it gets worse. Therefore, a method is
needed to address these challenges and enhance the system
efficiency under varying network conditions. In this paper,
we address these issues by considering the dynamicity of the
channel states in order to have the optimum throughput and
maintain the desirable BER.

The BER analysis for the NOMA-based networks has
recently attracted considerable attention in the literature. For
instance, in [10], the performance of a NOMA wireless sys-
tem is evaluated from a BER perspective. The system consists
of two or three users who utilize Quadrature Phase Shift
Keying (QPSK) modulations. However, the derived equations
are not useful for higher-order modulations. In addition, the
authors did not provide the closed-form equations for each
combination of the system Modes and the final BER equa-
tions are expressed as a function of the complementary error
function (Q function). In [11], the BER performance of a
NOMA network consisting of three users is investigated. The
results are only valid for QPSK modulation. In [12], the BER
analysis for the downlink and uplink of a NOMA system
is presented for the Binary Phase-Shift Keying (BPSK) and
QPSK modulations. In [13], the BER for the downlink of a
NOMA-based network with N users is calculated for BPSK
modulation. In [14], the exact BER for NOMA-based Visible
Light Communication (VLC) systems is provided.

There are options other than NOMA that can also be con-
sidered. If the channel fading is known for the transmitter, the
Shannon capacity of the channel is achievable using adapt-
ing transmitter power, rate, coding, and modulation [15].
Using this concept, an approach was presented using adap-
tive rate and power for a network utilizing M-Quadrature
Amplitude Modulation (MQAM) [16]. Due to increasing
demand for data traffic, 6G telecommunication systems are
not just a developed version of 5G [17], [18]. It consists
of services and applications like IoT, automatic anomaly
detection using machine learning approaches, and agricul-
tural uses by means of cloud services. In 5G, multiple access
schemes such as Orthogonal Frequency-Division Multiple
Access (OFDMA), which consists of orthogonal frequency
division, are utilized [19], [20]. Orthogonal Multiple Access
(OMA) schemes are working well; however, they are inca-
pable of supporting huge networks with various service
requests [21]. This is because of limitations in Degrees
of Freedom (DoF) which make the service unavailable for
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users with poor channel status until they have a proper
state.

B. MOTIVATION AND CONTRIBUTION

In this paper, we propose a new adaptive modulation system
for a NOMA-based network that includes one BS that serves
two paired users, NU and FU, in each frequency beam. In this
method, the modulation order of the signals for each user
is first determined based on the Channel State Information
(CSI) and then it is transmitted to both users. As a result, with
improvements in the channel conditions of a user, the higher
modulation order can be utilized to have the maximum avail-
able throughput. Moreover, under poor channel condition, the
adaptive system reduces the modulation orders to maintain
the maximum acceptable BER which is the constraint of
the problem. In order to have realistic results close to the
practical systems, we consider the SIC process to be non-
ideal. Moreover, the exact BER for each user is derived which
is crucial for the proposed system.

The main idea of adaptive transmission is to adjust the
modulation order continuously to match the current situa-
tion of the channel with the transmission constraints. These
parameters can be power, rate, modulation order, coding,
or any combination of them [22], [23], [24], [25], [26], [27],
[28], [29]. Therefore, without power loss or violating the
BER constraint, using the variable nature of the wireless
telecommunication networks, adaptive methods can adjust
the parameters based on the instantaneous CSI. In other
words, in a desirable channel state, the system operates with
higher rates, and lower rates are used when the channel state
becomes worse. For instance, if a NOMA system sets 4-QAM
modulation for two users, as the channel state becomes better,
it is possible to use higher-order QAM modulations for users
and vice versa. Therefore, the proposed adaptive modulation
scheme significantly enhances spectral efficiency in wireless
telecommunication networks, particularly under dynamically
changing user positions. According to the knowledge of the
authors, the concept of adaptive modulation in NOMA net-
works was not used so far. In the following, for the sake of
simplicity, different combinations of QAM modulation for
NU and FU are defined as system Modes (also referred to
as operational modes).

The main contributions of this paper are summarized as
follows:

« Exact BER derivations for different system Modes with
different channel statuses for each user.

o Considering the imperfect SIC in the system model and
comparing it with the perfect SIC.

« Introducing an adaptive modulation system in a NOMA
network where the modulation order for nodes can be
changed dynamically.

« Employing the Nakagami distribution assumption along
with Gamma function calculations to accurately model
channel fading and derive closed-form performance
metrics.
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« Conducting an extensive throughput analysis to quantify
the spectral efficiency improvements achieved by the
adaptive modulation scheme under dynamic user scenar-
ios.

The rest of the paper is organized as follows. In Section II,
we discuss the system model used for this work. Error Proba-
bility Analysis is presented in Section III. Then the proposed
adaptive modulation system for throughput maximization is
investigated in Section IV. Section V analyzes the system
performance in terms of the throughput, the average BER,
and the average transmission rate. In Section VI, we provide
the numerical results, and finally, the paper is concluded in
Section VII.

Il. SYSTEM MODEL

In this paper, we consider the downlink of a NOMA system
where a BS employs adaptive modulation and superposition
coding to serve two users over a Nakagami fading channel,
while accounting for the effects of imperfect SIC. The BS is
assumed to serve users in pairs, enabling efficient resource
allocation and interference management. To increase the net-
work capacity, the BS implements a NOMA scheme which
implies that users must be sorted based on their distance to
BS.

The system employs a single antenna for all transmitters
and receivers. By leveraging channel estimation, users can
be dynamically sorted based on their channel conditions,
enabling more efficient allocation of resources. This can be
achieved by solving an optimization problem under BER
constraint which is presented in Section IV. Each frequency
beam is allocated to two users who have good and bad channel
states, named NU and FU, respectively. It is important to note
that multiple node pairs exist in the network, each assigned
as NU and FU. However, our analysis focuses on a single
selected pair for the system model. Figure 1 depicts the
structure of the proposed model.

)
A

FIGURE 1. System model for the proposed wireless network.

.

In the FU receiver, the NU symbol is treated as noise,
allowing FU to detect its own symbol using Maximum Like-
lihood (ML) detection. This assumption is valid since higher
power is assigned to the FU’s symbol compared to the NU’s
symbol. The user with a better channel state (NU) performs
SIC by first decoding and subtracting the FU symbol from the
received signal to obtain its own signal for decoding.
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At the BS, the weighted signals related to both users are
being added to form the superimposed symbol. If we consider
the NU signal as x; and the FU signal as x,, therefore the
resulting transmitted signal can be expressed as

Xsc = \/8_1)61 + \/52x2- (D

where x; shows the superimposed symbol, &1 and & are
the assigned power to each user’s signal. These powers are
allocated as a percentage of the BS power. The division factor
for this allocation is called & which is controlled by the
NOMA system. For instance, « = 0.2 means 20% of the BS
power is allocated to NU and the rest 80% is assigned to
FU. Therefore, considering P as the BS power, the assigned
powers can be expressed as

g1 =aPs, e = (1 — Oé)PS. 2)

Therefore, we can rewrite (1) as

Xse = v/ aPgxy +

The superimposed signal x;. is broadcasted to both NU and
FU. The detection for each user is different since they need
to extract their messages from the same signal using dif-
ferent methods. The FU extracts its own signal using ML
and considers the NU signal as noise. At the NU receiver,
the FU signal must be detected and then deducted from the
received signal. After these steps, the NU reaches its own
signal which can be detected. As it was mentioned before,
this is the SIC process. Considering this, the received signal
in the NU receiver can be expressed as

(1- a)Pm. 3)

y1= hlxsc + n (4)

where y; shows the received signal at the receiver, A is the
fading channel coefficient between BS and NU, and n; stands
for Additive White Gaussian Noise (AWGN) with zero mean
and variance Ny at the NU receiver. It is supposed that the NU
has a better channel state than FU. The user that has the better
channel condition must do the SIC process. In this system,
it is supposed that the SIC process is not ideal and it may have
errors. Considering the practical environments and the fact
that error in the SIC process will result in error propagation
to the detection of the NU signal, considering non-ideal SIC
becomes important. For the FU we have

y2 = hoXse + 12 5)

where y> shows the received signal at the receiver, h; is the
channel coefficient between BS and FU, and n; stands for
AWGN with zero mean and N, variance.

The BS uses QAM modulation for users with M and M,
modulation orders. It is supposed that the modulation for the
user that has the better channel state must have greater or
equal modulation order than the other user. For instance, if the
modulation order for the FU is M, = 2, the modulation order
for the NU can be M| = 2, M| = 4, or higher based on its
channel state. Moreover, it is supposed that if the FU moves
in a way that reaches a better channel state than the other user,
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its label will be switched, and it will be considered as NU and
it needs to do the SIC process as well. Therefore, in all cases,
the NU must do the SIC process, and it is assumed that the
symbol probabilities are equal.

As noted in [9] and [30], overlapping superimposed con-
stellations in NOMA systems can degrade the performance
of the SIC or ML detection. Our error analysis takes this into
account by modeling the interference caused by overlapping
symbols and its effect on the decoding process.

Ill. ERROR PROBABILITY ANALYSIS
In this section, we present the error probability analysis
for the users’ received signals. Different signal detection
scenarios can result from allocating NU and FU different
modulation orders because of the adaptive modulation tech-
nique. We describe these scenarios as ‘“‘system Modes” to
evaluate them methodically. Three system Modes are con-
sidered, and the error probabilities are shown as P;; where
i=1,...,31is the system Mode and j = 1, 2 expresses the
NU and FU respectively.

We describe each system Mode in depth in the next sub-
sections, with the formulations of the corresponding error
probabilities.

A. FIRST SYSTEM MODE (M, = 2, M, = 2)

In the first system Mode, we investigate the BER for the
users where BPSK modulation (referred to here as 2QAM for
consistency in describing QAM schemes) is being used for
both NU and FU. For this case, there are two available forms
for the system. First, two constellations can be combined with
each other on the same axis with different gains. In this case,
the signaling will be as like (1). Since the signals are separated
in their domain, therefore it can be depicted as in Figure 2.

Q

{0,03 {0,1} T {1,0} {11}
e o i e o—» '
—(J& + o) - ez = &) e —e) (Ve + )

FIGURE 2. Inline combination of two 2QAM constellations.

In this case, FU detects its own message using the Q axis
as a threshold to determine whether the bits are located at
the left or right of the axis. If the bit is located on the right
side, it will be considered as 1 and otherwise 0. On the other
hand, NU must first determine the sign of +./e, based on
FU’s symbol. Once identified, either +./¢, or —/¢, is sub-
tracted from the received symbol, allowing NU to accurately
detect its own message. As can be seen, the NU’s signal is
considered as noise for the detection process. Considering
the complexity of this signaling and the additional noise,
we propose another signaling for this Mode where two set
of symbols are superimposed orthogonally.

In the other case, as it can be seen in Figure 3, we consider
the NU and FU signals to be orthogonal. Therefore, the
transmitted bits in the superposition constellation will be like

VOLUME 13, 2025
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FIGURE 3. Orthogonal combination of two 2 QAMs.

{i1, i}. In addition, the thresholds for NU and FU detection
are I and Q axis respectively. Therefore, x;. can be expressed
as

Xse = \/52x2 +j\/glxl (6)

where j denotes the in-phase part.

As observed from the constellation, the noise effect men-
tioned in the first case does not impact the detection of the
other user’s signal, as the signals remain orthogonal. In the
following, we provide the exact BER derivation for both NU
and FU.

1) FU BIT ERROR RATE

In order to calculate the FU BER, first, we should consider
the condition where the errors might happen. Considering the
second orthogonal case, the detection at FU is incorrect if

np > ey |ha| (7

where n; denotes the real part of the noise. Having this
inequality, the error probability for FU can be calculated as

P12 = Pr(n = V&3 |l2) ®)

where Pr(.) stands for probability and the in-phase part of the
noise (ng) does not impact this error probability. Considering
the AWGN, this probability can be obtained as

2
2e5|h
Pia(e) =Q %0” ©)
For this case, we can define the SNR variables as
_all ZE{n’} o)
Y1,A = No Y1,A = No 2

where E{.} is the expectation operator. Therefore, the BER
expression can be rewritten as

Pia(e) = Q(yia)- (11)

To calculate the average BER for FU we can write

Pi2(e) =/0 Q(VYr.A)fa(1,4)d V1.4 (12)
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For this system model, a frequency-nonselective fading
model with the Nakagami distribution is considered. The
Probability Density Function (PDF) of the Signal-to-Noise
Ratio (SNR) for the Nakagami-m fading is given by

fi ( ) = (&)Qnﬂ =uYn/Vn >0 (13)
Ya\Vn) = 7,1 F(Qn)e sy Yn Z

where ¥, denotes the average of the SNR (y,) and €, is
the fading parameter. As a prerequisite for our derivation,
we consider the following integrals from [31]:

7 f n xtlfl
Fi(u, 2, 5, t4 :/ (—) ——e /"y,
( ) 13 5] F(tl)

1 1
ft/t 4 _nx
fz(tl,tz,t3,t4,t5)=(l/2) /X”_lé’ . O(ts+/x)dx,
4 (11 /)" _nx
~7:3(t1,t2,t3,t4,t5,t6)=/ (0/12) Xl
13 F(tl)
X Q153/x)Q(t6+/x)dx (14)

where t1, to, t3, t4, 15, ¢ are the input parameters, I" () stands
for the Gamma function and I'(., .) is the Upper Incomplete
Gamma function which is defined as [15]

oo
I(t,t) =/ x"lemdx. (15)
5]

Using the results in [31], the closed-form expressions for F7,
JF> and F3 can be written as

Fi(ty, t, t3, t4)

1 [t [t
I'(ty) ) t2

Fo(ty, to, t3, ta, t5)

B 1( 21 )’lf (t 211ty : t)
T 12 t2t52~|—2t1 "\ t2t52~|—2t1’ 3

1 31 i 3tn
4\ 26215 + 31 2trt5 + 31

Fs(ty, to, t3, ta, 15, 16)

1 2t n 21t
2_(2—1) fz(tl,z—”»t3,t4,t5)
12\ n1¢ 4 211 nts + 20

1 3t1 i ( 3t1t2 )
+-\—) Flty, ———,t3,t4,15 ).
4(21‘22‘62 +3t1) 2\ 2t2t52+3t1 b

(16)
Based on F; and F3, let us define | and H> as

Hl ((0) = fZ(Qn’ 7n’ —0Q, +Ooa‘/’),
Ha(p, ) £ F3(Qn, ¥, —00, +00,0,@). (17

Using H1, we can write the average BER for the FU as

Pia(e) = Hi(v1.4). (18)

Hence, the average BER is calculated as a function of 1 4.
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2) NU BIT ERROR RATE

For NU to successfully detect its own signal, it must first per-

form the SIC process, which requires error-free interference

cancellation. In other words, if the SIC process has errors,

this may cause error propagation to NU detection. The BER

for the NU can be computed by considering the two cases of

correct SIC and incorrect SIC in the following form:

Py i(e) = Pr(correct SIC)P1 1(e|correct SIC)
+ Pr(incorrect SIC)Pl 1 (e|incorrect SIC)

(19)

where the first term on the right-hand side of (19) indicates

ideal SIC and the second term is related to the non-ideal case.

The required condition for having correct SIC can be stated
as

nr < Nea|hul. (20)
Therefore, we can write the first term as
Pr(correct SIC)P1 1 (e|correct SIC)

=Pr(n; < Vey|h1]) x Pr(ng = Ve || In; < Ve )
= Pr(n; < /&3|h1]) x Pr(ng > Ve |h). (21)

For this case, we can define the following SNR variables:

_ 282|h1|2 — 28 2
Y1.B = Ny BT N—OE{Vll‘ },
. 281’h1’2 _ 2e1 2
vi,c = No VI,C = N—OE{|h1| 1 (22)

Considering these definitions, the first term on the right-hand
side of (19) can be expressed as

Pr(correct SIC )Pl, | (e|correct SIC )
=[t-o(s)] x o(V7ie)- 23
For the case that error occurs, the required condition is
n > e h. (24)
Therefore, the related term can be written as
Pr(incorrect SIC)P, | (elincorrect SIC)
= Pr(n; > ey|hi]) x Pr(ng > Ve|hi| In = Ve | )
= Pr(n; > ey |h|) x Pr(ng > e |m). (25)
Using y; g and y1,c, we can rewrite (25) as
Pr(incorrect SIC)PLl (elincorrect SIC)
=Q(7s)Qvric)  (26)

Substituting (23) and (26) into (19), the BER for the NU can
be expressed as

Pri(e) = [1 = Q(vr5)] x Qri.c) +Q(V71.5)
x Q(y71.c) = Q(V71.0)- (27)
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The average BER can be calculated by considering the fol-
lowing integration:

Pii(e) =/0 Q(VY1.0)fn c(r1,0)dy1 ¢ (28)

Following similar steps to those used for deriving (18), we can
express the closed-form average BER for NU as

Pl,l(e) = H; (J/I_C) (29)

B. SECOND SYSTEM MODE (M; = 4, M, = 2)

As the second case, we investigate another modulation com-
bination for users. Here, the modulation index for NU is
M; = 4 and for FU is M, = 2. In this case, the transmitted
bits are in the form {iy 1i1 2, {2}, as shown in Figure 4. The
detection threshold for FU is the axis I and for NU is both I
and Q. The constellation for this case is shown in Figure 4.

{01,0} {00,0} ﬂ(‘) {01,1} {00,1}
0 0 0
&/2
—J& =& /2 —J& +&/2 Ve —Variz Je+a/2
0 0 sl 0 0
{11,03 {10,0} (11,1} {10,1}

FIGURE 4. Second system mode constellation.

n [12], the BER analysis for this Mode is presented.
However, the system is not adaptive, and other modulation
combinations for NU and FU were not investigated. The
presented derivations in [12] are for a QAM system and the
constellation sizes are M; = 2 and M, = 4 respectively.
For completeness and readability, we also provide the calcu-
lations for this scenario.

1) FU BIT ERROR RATE
Error occurs at FU if the following conditions for the symbols
are met,

n; = (Vea +/e1/2)

g > (Vey — Ve /2)|hal.
(30)

Like in [12] and by assuming equal priori probability for the
symbols, P> > (e) can be expressed as

Paa(e) = 3[Prn = (Ve +Ver/2) o))
+Pr(n = (Ve —ver/2)[])] 3D

which simplifies to

Paa(e) = %[Q((«/Ez + M)Uiz\)

No/2
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() e

For this case, we define the following SNR variables:

(V2 + E) |
2.A = No s
or = V) gy
_ (ﬁ—ﬁl) ||
V2.B = No s
V2B = (m ) " FE{|n | }. (33)

Using these variables, the BER can be expressed as

Pale) = 5[0(v7ER) QAR G4

By averaging (34) over y2 4 and y» p, the average BER for
FU can be calculated as

1 o0
Parafe) = > [ /0 Q(V72.4)fra(r2,0)dy2,4

+/0 Q(«/VZ,B)sz,B(VZ,B)dVZ,Bi| (35)

which can be expressed in closed-form as

—_— 1
Pyo(e) = Z[Hl (v2a) + Hi(728)]- (36)

As it can be seen, the closed-form average BER is formulated
as a function of 2 4 and 2 .

2) NU BIT ERROR RATE

The NU must first perform the SIC process which includes
detecting and regenerating the FU’s signal with 2-QAM mod-
ulation. For the NU, the BER is greatly influenced by the
SIC process. Based on whether the SIC is ideal or non-ideal,
we can compute the BER and combine the results using the
following relation:

P> 1(e) = Pr(correct SIC)P2,1 (elcorrect SIC)

+ Pr(incorrect SIC)P2,1 (e|incorrect SIC) 37
where the first term stands for the SIC without errors and the

second term is for the unsuccessful SIC. To have a correct
SIC, it is required that for the symbols we have

n; < (Vey +ver/2)|hi|, m < (Ve — Ve /2) ||
(38)

Therefore, the first term of the right-hand side of (37) can be
written as

Pr (correct SIC )

= 3 Prl = (VB2 — VEr/D) ]
{Pr(n; < —\/mvlﬂ Inr < (Ver — Ve /2)|h))

144349

P2,1 (e|correct SIC)



IEEE Access

M. Heshmati et al.: Adaptive Modulation for Non-Orthogonal Multiple Access (NOMA) With Imperfect SIC

+ Pr(ng = ver/2|m|In < (Vea = ver/2)|m])}
1
+ EPr(m < (Ver +Ver/2)| )
{Pr(nr = Ver/2|m|In < (Ver +Ver/2) )
+Pr(ng = Ver /2| In = (Ve + Ver/2) [ )}
39)
Noting the fact that
P(ANB)
P(B)
the right-hand side of (39) can be rewritten as

P(A|B) =

(40)

Pr(correct SIC)Pz) ! (elcorrect SIC)

= %[Pr(l’l[ < —\/81/2|h1|) +Pr(‘/81/2|h1| < ny
< (V2 = e D)) + Pr(ng = Ve 2 )
X [Pr(m < (ﬁz — \/81/2)|h1|) —i—Pr(m
< (Ve + Ve D)) @

Let us define

L P
Y2,c = NO , V2, = NO 1 s
(V282+x/51)2|h1|2

Y2,E = s
No
J2e) +
V2E = ( ‘/_‘) AR AL !
_ (st _\/_l) |h1|
Y2,.D = 5
No
2
g = Y222 vE)* W VR pln P 42)

According to these def1n1t10ns, (41) can be presented as

Pr(correct SIC)P (elcorrect SIC)

= 1[0V e) * (4-Q(v7n) Qv E)} Q)]

(43)
For the second term in the right-hand side of (37), we should
first determine the event of incorrect SIC. The incorrect SIC

occurs when the NU detects the FU signal erroneously. This
situation occurs in the following cases:

n > (Ves + e /2) ||, i = (Ves — Ve /2) ||, (44)

Therefore, the second term in the right-hand side of (37) can
be computed as

Pr(incorrect SIC )P (e|inc0rrect SIC )

2,1
= %Pr (HIZ(«/Ez - M)VZID

x [Pr(n; < (zﬁz—M)!hll Ing > (V&2 — M)Vll )
+Pr(ng > Ve /2|hi| 1nr > (Ves — \/M)V” )]
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+% Pr(n; > (ﬁz*‘mwﬂ)

x [Pr(n; < (2vea++e1/2) || 1nr = (Vea++/e1/2)| )
+Pr(ng = ve1 /2| ||1n = (Ve +ver1/2)|m])].  45)
After simplification, we have

Pr (incorrect SIC )

= S [Pr{(VEr —VEr72) o= s = (28 — VEr/D) ]

+Pr(n; > (2ve2 + Ve1/2)|hi]) + Pr(ng > Ve1/2|hi)
x [Pr(n; = (Ver — vVer/2)|m|) + Pr(ns = (Ve

P2’1 (e|incorrect SIC)

+e1/2)[m)]]- (46)
Similarly, we define the following SNR variables:
(Ve + )
= No ,
(V2 + \/—1) 2
V2.F TE{VIH b
(2v2e2 — «/51)2|h1|2
Y2,G = >
No
2
2282 — /e
R I )

Having these definitions, (46) can be rewritten as

Pr(incorrect SIC )stl (e|incorrect SIC )

= %[Q(\/Vz,c) x [0(v/72p) + O(V72E)] + O(V72E)
+ 0(V72.F) — O(V72.0)]- (48)
Substituting (43) and (48) into (37), we obtain P3| (¢) as
Pi(e) = 0(v72c) + j[0(7aE) + (77
- 0(v72.6) — 0(V72p) |- (49)

Averaging (49) over y2.c, ¥2,E, Y2.F, ¥2,6 and y»p, the
average BER for the NU can be calculated as

Pa@ = [ QWA
+ %[/OOO Q(VY2.E) o (V2.£)dya.E
+/0wQ(W)fyz,p(V2,F)dV2,F
- /OOOQ(«/Vz_,G)fyz,G(Vz,G)dJ/z,G
- [T amBms e G0

Following similar steps to those used for deriving the average
BER for FU, (54) can be expressed in closed-form as

1
=Hi(vac) + 3 [Hi(7E) + Hi(72F)
—Hi(v26) —Hi(p)].  (51)

Pri(e)
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FIGURE 5. Third system mode constellation.

C. THIRD SYSTEM MODE (M, = 4, M, = 4)

The last case stands for the combination of two 4-QAM
modulations, i.e., M| = 4 and M, = 4. Therefore, the format
of the transmitted symbols is {i1 1i1,2, i2,1i2,2}. In this case,
the detection thresholds for both cases are /-axis and Q-axis.
Figure 5 illustrates the superimposed signals of both users.

1) FU BIT ERROR RATE

For the FU, the receiver considers the received signal as a
4-QAM constellation and performs detection. In this case,
an error occurs if the following event takes place:

np = Ve /2| +e1/2|ha|, np=\/e2/2|ha| —/e1/2|ha],
nQZ\/82/2|h2|+\/81/2|h2|, nQZ\/82/2|h2|—\/81/2|h2|.

(52)

Therefore, the related BER for this user can be calculated as

1
P3,2(e) = Z[Pr(nl > \/Sz/z‘hz‘ + \/81/2|h2|)

+Pr(n; > Ve2/2|h2| — Ver/2|ha)

+Pr(ng > Ve2/2|ha| + Ve1/2|h2])

+Pr(ng = Ve2/2|ha| — Ver1/2|m2|)].  (53)

We know that the in-phase part of the noise affects this
probability, hence, according to the noise distribution, we get

Pg,z(e)

1 Vea|ha|+ /& || x/gz‘h2|—x/51|h2|)}
o et
(54)
By defining the following SNR variables:
21, 12 2
+ h -
_ (\/EZ }{El) | 2| VA= (\/EZNO«/EI) E{|h2|2},
_ (\/52— '91)2’}’2‘2 — (x/gz—\/gl)z 2
V3,B = No ) V3,B—N—0E{|h2| }
(55)
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the BER can be expressed as

Prale) = s[Q(v7n) + QAR (56

By averaging (56) over y3 4 and y3 g, the average BER can
be calculated as

N T e
P32(e) = §|:/0 Q(WY3.4)fy3.4(v3.)d V2.4

+/0 Q(«/V3,B)fy3,B(V3,B)dV3,B} (57)

which can be expressed in closed-form as

1
P3a(e) = S [H1(v5) +Hi(7.8)]: (58)

2) NU BIT ERROR RATE
In order to calculate the BER for the NU, we should consider

two possibilities for the SIC, namely, correct SIC and incor-
rect SIC:

Ps3 (e) = Pr(correct SIC)Pg)] (elcorrect SIC)
+ Pr(incorrect SIC)P3,1 (e|inc0rrect SIC) 59)
where the first term on the right-hand side states the case
when the SIC process is correct and the second one stands for

incorrect SIC. In order to guarantee correct SIC, there must
be

np <\e2/2|hi|++/e1/2|h], np <ea /2 |—/e1/2|h
no <ve2/2|hi|+ve1 /2|, no <ea/2|hi|—+/e1/2|h

(60)

s

According to these inequalities we can calculate the first
term in the right-hand side of (59) as

Pr(correct SIC)P; | (e|correct SIC)

= P < Ve 2|~ Ver/2m))
x {Pr(ny < —/e1/2|h|1ns < &2 /2|l | — Ver/2|m))
+Pr(ng = V12| I = Vea /2|l | = VVer/2|m )}
+ %Pr(nz < Ver/2|m| + Ver/2|m))

x {Pr(n; = Ver/2h1 |np < Ve /2| + Ve /2| ])
+Pr(ng = Ve1/2h1 |np < Vea /2| | + Ver/2|m)}
+%Pr(nQ < Ver/2|h| — Ve1/2|hi])

x {Pr(n; = e1/2|hi|I1ng < Ver /2| | — Ver1/2|hi])
+Pr(ng < —ve1/2|h|Ing </e2/2|h1| — VVe1/2|h1|)}
+ %Pr(nQ < \/82/2|h1| + \/81/2|h1|)

x {Pr(ny = v/e1/2|h1| 1ng < Ve2/2|ha| + Ver /2| )
+ Pr(ng > Ve1/2|hi| |ng < Ve2/2|ha| + Ver/2|hi|)}.

(61)
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According to the conditional probability relation, after some
manipulations, we have

Pr(correct SIC)

= %[Pr(m <—e1/2|h1|)+Pr(ng=+/e1/2|h1))
P <5272l — 2 )+ 2 |
SHISM|h1|+M|h1|)+Pr(nQ > M|h1|)
P = /5272 2 )+ P = o2 2|
—Ve1/2|h1]) Pr(n; = \/e1/2|h1|)+Pr(ng <—/e1/2|h1))
+Pr(ng <V/e2/2|h|++/e1 /2|1 |) Pr(ns = Ve1/2|m))
+Pr(Ve1/2|m | <ng <Ve2 /2| | +/e1/2|m )]

P3)1 (elcorrect SIC)

(62)

The right-hand side of (62) can be expressed as

JLPrl = Vel ) {1 + Prlng < Ver 2l
—Ve1/2|h1|) + Pr(ng < Vea /2| | + VVer /2] ])}
+Pr(ng = V/e1 /2| |) {1 + Pr(ns < \/e2/2|h1]

— Ve /2|]) + Pr(ns < Ve2/2|| + Ver /2] ])}
+Pr(Ver/2|| < ng < ez /2|l | + Ver1/2]h1))
+Pr(Ver/2h| < np < e 2|l| +er/2|m])]-

(63)

For this case, we can define the corresponding SNR as

:(\/524‘\/51)2‘}11‘2 _ (\/_2+\/—1)

No Ta.C= E{m )
g W2 il) ml? V—Z%E{wz}
m=M AE=LE{ ||} (64)
’ Ny 77 No ’

Using these SNRs, we can write

[ (v73E) x {8 =2Q(V73.0)
- 2Q(v73p)} - 2Q(W)]‘(65)

P3 (e|COrrect SIC)

After calculating the correct SIC, the next step is to calculate
the incorrect SIC. For this case, the condition to have erro-
neous SIC is to have the following conditions

np > ea/2|hi|+e1/2|hi|, np=/e2/2|hi|—/e1/2|hi],
no>+/e2/2|hi|++/e1/2|hi], &2/2|hi|—+/e1/2|hi].

(66)

This can be expressed in terms of conditional probability,
which is provided in Appendix A, for simplicity, we express
it as

Pr(incorrect SIC )P3 1 (elinCOrrect SIC )
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= 3[Prl = Vea || — Vi 2l W s = Vea 2|
— V12| ) + Pr(n=v/e2/2| 1| + Ve /2| ]) ¥ (ms
> Ve2/2|m | +V/e1/2|m ) + Pr(ng = Ve2/2| ]
- M|h1|)‘1’(ng > M|h1| - M|h1|)
+Pr(ng = Ver/2|m| + Ver/2|m|)¥(ng = Vea /2|
+Ver/2m])]- (67)

where we have

W(X) = Pr(ny = —2y/e2/2|li | + V/e1/2|m] 1X)
+Pr(ng = —2/e2/2|m| + Ver/2|m|1X)
+Pr(ny = —2/e2/2|| = Ver /2|l | 1X)
+Pr(ng = —2y/e2/2|h1| — V/e1/2|1| 1X). (68)
According to the conditional probability, we can write

P31 (elincorrect SIC) as in Appendix B. For this case, we can
define the SNR variables as

e+ VE) [
V3, F = No s
T = ME{M ).
o= (2\/_2—«/—1) |h1|
: No ,
VG = ME{V’Z | } (69)

Therefore, the BER for FU can be obtained as
Pr (inCOrrect SIC )P

= [e(vmn+a(vial4-2Qvra) +Ql7n))-
(70)

31 (e|incorrect SIC)

Substituting (65) and (70) into (59), we get
1
P3i(e) = Z[Q( V73.E) x {8—-2Q(/1.0) —2Q(73.0)}

- 2Q(v7.0)] + Z[Q(m) +Q(Vr3.6) {4
—2(Q(v73.c) +Q(Vr30))}- (71)

By averaging (71) over the instantaneous SNRs and using H>
defined in (17), the average BER can be obtained as

%[47%1 (73E) + %Hz (3£ 75.0)

~ M2 (72 750) = M1 (¥3.0) +2H1(%5F)
+2M1(73.6) — Ha(75F. ¥3.C) — Ha(V5F. ¥3D)
— M2 (756, 75.0) — Ma (7.6, 730) | (72)
We therefore completed the derivation of closed-form expres-

sions for the average BER forall P; j(e),i = 1,.3,j = 1 (i.e.
NU), 2 (i.e. FU).

P31 (e) =
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IV. ADAPTIVE MODULATION FOR THROUGHPUT
MAXIMIZATION

In this section, we introduce an adaptive modulation scheme
where the BS dynamically selects the appropriate modulation
orders for NU and FU based on their channel conditions.
The main objective of this scheme is to enhance system
throughput while maintaining reliable communication. This
is accomplished by selecting the modulation orders that max-
imize the transmission rate while meeting a predetermined
limit on the highest permissible BER. This constraint guaran-
tees that the system maintains a balance between throughput
performance and error resilience, adapting to varying channel
conditions effectively. This can be done by solving an opti-
mization problem which can be formulated as

max nlogoMi + nlogoM»
My, M>

s.t. max(BER| (M}, M), BERy(M|, M3)) < BER, (73)

where BER; and BER; represent the closed-form BER
expressions derived in the previous section for NU and FU,
respectively, and BER;,, is the maximum acceptable BER
for the system. It is worth noting that the objective function
of (73) increases when the system Mode changes from 1 to
2 and from 2 to 3. In other words, the objective function
is an increasing function of the system Mode. Under these
circumstances, the solution of (73) is Mode 3 if this state
satisfies the BER constraint. Otherwise, the solution of the
problem is Mode 2 provided that this Mode satisfies the
BER constraint. If neither Mode 3 nor Mode 2 satisfies the
BER constraint, the solution of the problem is Mode 1 given
that this Mode meets the BER constraint. Otherwise, (73)
is not feasible and the system is in outage state. Let y; =

et|h |2A\70 and y» = 82|h2|2/NO denote the SNR values for
NU and FU, respectively. Figure 6 shows the system Mode
as a function of y; and y, for BERy,, = 1072, In this figure,
Mode O corresponds to the outage state. As we observe,
with increasing SNR, the system Mode increases gradually
from O to 3.

FIGURE 6. 3D mapping for y; and y,.

Considering a top view of Figure 6, we obtain Figure 7
as a 2D illustration composed of 4 regions corresponding to
4 system Modes. The colors dark blue, light blue, green and
yellow show Modes 0 to 3, respectively. This figure can be
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re-plotted as Figure 8 by approximating the boundaries with
straight lines.

FIGURE 7. 2D display of the mapping.

™ ®®

-

i
0 5 1% & g 20 25

FIGURE 8. Regions for (M;, M,) pairs.

The thresholds the three active regions, which are repre-
sented as «; and B; for i = 1,2, 3, should be calculated
next. To this end, we need to consider the BER expres-
sions derived in the previous section and solve the equation
max (BERl, BERQ) = BER;,, to obtain the thresholds for y;
and y». To simplify the equation, we can set y» = 0o to obtain
«; and set y; = oo to obtain S;.

After investigating the BER equations, the result for the
threshold values can be expressed as in Table 1.

TABLE 1. Threshold values.

Mode a B
(2QAM, 2QAM) 7.8dB 4.9dB
(4QAM, 2QAM) 11.2dB 8.1dB
(4QAM, 4QAM)  13.4dB 9dB

As the next step, using the results in section III, we define
Vi,j as
2 2
yii 2 (x1v/Es + x2v/E1) " |y |
L] NO
where i = {1,2,3},j={A,B,C,D,E,F,G}.

(74)
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TABLE 2. y; ; parameters.

variable y; ; X1 X, X3
V1.4 0 V2 2
Y1i.c V2 0 1
V2,4 1 V2 2
Y2, 1 V2 2
Ya2.c 1 0 1
Y2,E 1 V2 1
Y20 1 V2 1
Y2, 1 2V2 1
Y26 1 2‘/5 1
V3.4 1 1 2
Y3.B 1 1 2
V3. 1 1 1
¥3,p -1 1 1
V3E 1 0 1
Y3, 1 2 1
Y36 1 2 1

Using x1, X2, and x3 from Table 2, all y;; values can be
determined. For example, based on this table, y» p is given
by

(«/?— \/51)2|h1|2
No ’

Y20 = (75)

Having these values, now we are able to write the BER
expressions for different operational Modes. Therefore

BER|(2,2) = Q(V/¥1.0). (76)
BER (4,2) = 0(y75.0) + ;[0(v72E) + 0(v77)

- 0(v72.6) — 2(V72p) ], (77
BER| (4.4)=-[Q(v73.£) x {8—2Q(v75.0c) —2Q(V73.0) }

~20(v7a)] + 5[V + (V7))

x {4-2(Q(vr3.c) +Q(W7p))}. (78
BER;(2,2) = Q(m), (79)
BER; (4,2) = [ (V724) + Q(vr28)], (80)
BER (4, 4) = [Q(MHQ(WTB)I (81)

Having these instantaneous BER expressions, (73) can be
solved to find the optimum M; and M, values i.e. system
Mode.

V. PERFORMANCE ANALYSIS

After formulating the problem, in this section, we aim to
make a comprehensive analysis of the system in different
aspects.

144354

A. THROUGHPUT

As it was discussed for problem formulation, the throughput
of the system can be expressed as a closed-form function.
Therefore, having the modulation dimension, i.e., (M 1 Mz),
and counting the number of bits in error we can calculate
the instantaneous throughput of the system. It is worth men-
tioning that we can also define T (M 1, Mz) as the throughput,
which can be expressed as

22: nlogoM; — EB;

T (M1, M) = nlog,M;

(82)

i=1
In Equation (82), n stands for the number of all transmitted
symbols and EB represents the number of erroneous bits

which refers to the bits that are received with error.

B. AVERAGE BER

By averaging the error rate over all system Modes, we obtain
the average BER of the system. Let N*/* and N¢""°" denote
the number of all bits and the number of bits in error, respec-
tively. Hence, we can write

error

BER,,; = (83)

Nlotal

N can be calculated as

3
Nerr =" h oo(M logaM1, BER (M, , M>,)
= A A 1 -togaMy, . 1 s V12

k=1

+ My, logoM>, .BER(M]k , Mzk))@(yl » Y2, k)
x p(yi)p(v2)dyidy (84)

where k = 1, ..., 3 represents the operational Modes of the
system presented in Section I1I, p(y1 ) and p(y,) are the PDFs
of y1 and y» and the function @() is defined as

0 v,y ¢ Ri.

The above equation means that if y; and y» are in the opera-
tional region Ry (that corresponds to Mode k), then it is equal
to 1 and otherwise 0.

We can separate the number of erroneous bits for NU and
FU as

1 Y ER
@(m,yz,k)zi VIny2 S (85)

Nerror

— Nlerror _i_Nfrror‘ (86)

Therefore, we can write

3 o0 o0
Ny =3 /0 /0 M, .logxM,, BER(M,, M,)
k=1

O(y1. v2. k)p(v)p(r2)dridys, &7
3 o0 o0
Ny = Z/o /o Mo, logoMy, BER (M), My, )
k=1
O(y1. v2. k)p(»1)p(v2)dyidy. (88)

To compute N{"°", We can divide the integration domain into
two rectangular regions: one oriented vertically and the other
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horizontally. In other words, the integral regions R can be
expressed as

Ry = R{URZ,
Ry = {ax < y1 < g1, P < y2< o0},
Ri ={ar1 <n<oof <va<Bin}) (89

Based on these definitions, N{""*" can be calculated as the
sum of the integrals over the vertical and horizontal rectan-
gular regions, i.e.

ot
Nerror Z/ / Mlk loglek BER; (Mlk,MZk)
k

O (1. v2. k)p(n)p(v2)dyidy:
3

Br+1 oo
+ Z/ M, logoM1, BER{ (M1, M, )
k=1 B Ok+1
O(y1. v2. k)p(n)p(v2)dyidya. (90)
Similarly, for N3""" we have

O+
Nerror _ Z/ / My, .logoM>, .BER, (Mlk’ M2k)
Br

O(y1, 2. k)p()p(v2)dyidy>
3

Br+1
+ Z/ My, .logaM>, BERy (M, , M)
Bk k41

O(y1. v2. k)p(n)p(v2)dyidya. oD

To obtain closed-form expressions for N 1‘” "or and Nf’ ror
we need to use the functions F defined in (16). Let us define
G110 Gy as

G1(p) = F2(Q, Vo ks k11, 9),
gZ( L @) 2 F3(Qus Vs s th1, 9, 0),
G3(9) 2 Fo (R, Vs 41, 00,90),
Ga(9, ) 2 F3(Qu, Vo @hs1, 00,0, @), (92)

Therefore, N{"™" and N5"°" can be obtained as
= F1(R1. 71, B, 00)[M1, .logaM1, (Gi (V71.€))
1
+ My, .logoMy, (g1 (Jn_c) + Zgl (\/J/Z_E)

+ 391 (VA7) - 101(733) - ;6 (V72D)
+01(V720) + 301 (V7EE) + ;1 (V7a7)

- 391(V728) - ;91 (V7D)) + s

logaMs, (261 (V72E) - 5Ga(V7iE: V7Ac)

- 36:(VRE. V7EB) - 561 (V)
+Gi(V7AT) + 61 (V725) ~ 502V )
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error
Nl

- 30 (VTAT. V7D - 592V T T)
- 302 (V7G. VTED))] + F (.71 B i)
x (M1 dogats, (63(V710)) + s,
logaMsy(G3(/720) + 393 (V72)
+30:(V7ET) - 393 (V7E) - 10:(v7aD)
+0:(y70) + 3G (V7EE) + 30:(VET)
— 10 (V750) - 30s(7D) + M,
logaMy, (262 (V7E) - 5Ga(VFAE. V7A)
- 36i(VTE. 7Ap) — 5Ga(V)
+Ga{TT) +Ga(V7Ae)

— 30 (VTAFTE) — 304 (V7T 7i)

- %%(x/%_ﬁ, J73.c) — %94(\/)/3, . N730))]-
(93)

error
N 2

= Fi1(Q2. 72, Br, 00)[M2, .logaMa, G (/¥1.4)
1
+ EMZI dogaMy, (Gi(V/72.4) + G1(V/72.8))

1
+ §M31 dogaMs, (G1(v3.4) + G1(V73.8))]
+ F1(Q02, V2. Bis Bes1)[ M2, logaMa, G3(/v1.4)

1
+ EMZI dogoM», (93 («/Vz,A) + G3 («/ V2,B))

1
+ §M31 dogaM3, (G3(/v3.4) + G3(y/73.8)) |-
%94

Substituting (93) and (94) into (86), we get N¢"°". As the
next step, we should calculate N This quantity can be
calculated as

3

= Z (logaMy, + logaMy, ) Pr(y1, y2, k) (95)
k=1

Ntotal

where Pr(yl, 2, k) denotes the probability that (y1, y2)
belongs to the k-th region. This probability can be calculated

= [

As explained in (89), given regions Ry, N can be
divided into two parts for NU and FU as

p()p(v2)dyidys.
(96)

Vl V2, k Vl v2, k

Ntotal — N{otal +N2total, (97)

3
Njotal — Z// (logaMi, + logaMa, )p(v1)p(v2)dyidys,
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Y.y eRL (98)

3
Nieral — Z// (logoM1, + logoMy, )p(v1)p(v2)dyidys.
k=1

.y € R} (99)
By limiting the Pr (1, y2. k) integral boundaries for R} and

R2 we have
k41
/ / p(v)p(r2)dyidy:

Br+1
/ / p(r1)p(y2)dyidyez. (100)
Br 41

Therefore N can be written as
3

Z(loglek + logaMy,)

- 00 O+1
X [/ / p(ri)p(v2)dyidy:
B Jox

Br+1 oo
/ / P(VI)P(VZ)dV]d)/z]. (101)
Br et 1

Given the Nakagami channel fading model, we can write this
equation as

Pr(yi. y2. k

Nmtal —

3

= Z(loglek + logaM>,)
k=1

o Pk
e —Viy2 e "

Ntotal

-1k %41k Y+1Pk+1

—e " + e 7 —e V2 ].

(102)

Therefore, the closed-form of N based on the thresholds
was calculated.

C. AVERAGE TRANSMISSION RATE
In the systems with adaptive modulation, because of changes
in the modulation order according to SNR values, it is of high
importance to calculate the average transmission rate.

By averaging the transmission rate over the system Modes,
the average transmission rate can be calculated as

TRy

= i//T(Mlk’Mzk)p(yl)p()/?)dyld)Q
—Z / / akH {(logyMy, + logyMa, )p(v1)p(v2)dyidy»}
+Z/

Br+1

{ logyMy, +log, Mo, )p(v1)p(v2)dyidys ).

Ok+1

(103)

This can be expressed as a function of 7 as
3 —
TRayg= Zkzl{lagz(Mlk +Mo) F1(R21, 71, ok, a4 1) F1(22,
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Vo b0+ > |

ag, 00)F1(22, V2. Bies Brt1) }-

logy(Mix+My)F1(21, 71,
(104)

which is the in closed-form for the average throughput.

VI. NUMERICAL RESULTS

In this section, the simulations for the adaptive modula-
tion system are presented. First, we evaluate the results of
the derivations of closed-form BER for different system
operational Modes. Then, the evaluations of the average
transmission rate and average BER are presented.

In our simulations, the variance of the fading coefficient
(02 =E{ |h|2}) is assumed to be d~, where d is the distance
of the nodes from BS and / = 5 is the path loss exponent.
Moreover, 2, = 1, BERyrger = 1072 and it is assumed that
¢SNR = Pg/Ny is the reference signal-to-noise ratio where
c is a constant and Ps is the total transmit power which we
assume it to be equal to 1.

In addition, the comparison of the performance of the
NOMA system over the OMA system is being extensively
investigated such as [21], therefore, our aim is to focus on
the comparison of the designed adaptive NOMA system over
regular NOMA.

According to the simulations, the adaptive system has a
better performance compared to the non-adaptive system.
Also, the closed-form equations are following the simulation
values with a high degree of accuracy.

A. SYSTEM OPERATIONAL MODES EVALUATION

In this subsection, we simulate different system operational
Modes.

FIGURE 9. Constellation of the received symbols for Mode 1.

In Figure 9 a, one of the possible ways to have the con-
stellation for Mode 1 is depicted. This includes the symbols
for the NU and FU. As can be seen from the figure, the noise
is only in the in-phase axis direction and there is no noise
component in the quadrature axis. It is worth mentioning
that these constellations refer to the symbols observed under
real-world conditions, where the presence of noise and other
impairments causes deviations from the ideal constellation
points.

Figure 9 b shows another possible constellation for the
first Mode of the system (M = 2 and M, = 2) where
the symbols of NU and FU are orthogonal. As can be seen
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from the figure, since the symbols are orthogonal, the NU
and FU users can utilize the I and the Q axis as their detection
threshold respectively. It is worth mentioning that because of
orthogonality, the in-phase noise component is not affecting
SIC for NU.

o
w 104
@ 10

—— Sim. User 2/Far user
Sim. User 1/Near user
# Theo. User 2/Far user
# Theo. User 1/Near user
Sim. User 1/Near User (Ideal SIC)

106 L L 1 L 1
0 5 10 15 20 25 30 35 40

SNR

FIGURE 10. BER for NU and FU in Mode 1 for both analytical and
theoretical cases.

In Figure 10, the BERs for NU and FU for both simula-
tion and theoretical cases are plotted. In addition, the Ideal
SIC process is also shown for the system which shows the
difference between the ideal and non-ideal cases. The SNR
on the horizontal axis represents the transmit SNR at the
BS. Therefore, y; and y, can be determined based on the
corresponding channel gain and power allocation factor.

FIGURE 11. Constellation of the received symbols for Mode 2.

Figure 11 displays the constellation for Mode 2 where
M| = 4 and M, = 2, therefore, the symbols have components
in both axis. In this figure, the I = O line is the threshold
for FU and NU will have to use two thresholds after the SIC
process to decode the 4-QAM symbols. In addition, we set
the power level values for near and far users as ¢ = 0.25 and
& = 0.75.

In Figure 12, analytical and theoretical analysis for Mode
2 is shown. As the figure shows, the simulation results match
the theoretical ones. Clearly it can be seen that the simulation
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FIGURE 12. BER for NU and FU in Mode 2 comparing analytical and
theoretical results.

values are close to the theoretical values which come from the
closed-form functions.

FIGURE 13. Constellation of the received symbols for Mode 3.

As we can see from Figure 13, the practical constellation
of Mode 3 is shown for NU and FU where M| = 4 and M, =
4. It can be said that for FU, if the symbol is in one of the
quarters of / — Q axis, it represents a symbol for its 4-QAM
constellation. In addition, NU should use two thresholds after
SIC for its own 4-QAM demodulation. In addition, we set the
power level values for near and far users as ¢; = 0.4 and
&) = 0.6.

Figure 14 shows the investigation for BER which was
made for state 3 of the system for all users. Also, for this
system Mode, the values from the simulation and theory are
in agreement.

B. ADAPTIVE SYSTEM EVALUATION
In this subsection, we investigate the proposed adaptive sys-
tem using different criteria.

In Figure 15, the throughput of the system is depicted
for different operational Modes versus different SNRs. As it
can be understood from the figure, the throughput for the
third system operational state is higher than the others since
it uses higher-order modulations. One can say this Mode
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FIGURE 14. BER for NU and FU in Mode 3 for both simulation and
theoretical cases.
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FIGURE 15. The throughput of the system for different operational
Modes.

can be always utilized for transmission and there is no need
for an adaptive modulation system. However, it should be
noted that there are different BERs for each Mode. Therefore,
considering the acceptable BER threshold, each Mode can
operate in a specific SNR range. The acceptable levels for
BER which were presented in the previous section, can be
transformed into transmit power levels. The active regions are
shown in Figure 16.

It can be seen from Figure 16 that the active region for all
operational Modes is depicted as a blue zone. In other words,
the white zone states that for those SNR values in the related
state, the BER constraint is not satisfied.

Figure 17 shows the throughput comparison between
NOMA with adaptive modulation and fixed modulation for
BER,,, = 1072, As the figure shows, the efficiency of the
adaptive modulation system increases in comparison with the
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FIGURE 16. Active and deactivate regions considering the maximum
acceptable BERy,, = 1072.
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FIGURE 17. Throughput comparison between NOMA adaptive modulation
and fix modulation NOMA for BER;,, = 10~2.

fixed modulation. The comparison of fixed modulation with
the adaptive modulation system can be expressed as follows:

o Case 1: Adaptive modulation system comparison with
fixed modulation (M7 = 2,M, = 2): Both systems
are activated together and by increasing the SNR, the
fixed modulation system has less throughput as does
not use the higher order modulations where the channel
condition provides a suitable situation.

o Case 2: Adaptive modulation system comparison with
fixed modulation (M; = 4,M> = 4): the fixed modu-
lation system stays inactive until the BER constraint is
met, therefore this system is unable to connect in lower
SNR values. However, the adaptive system will start the
communication with lower-order modulations. Hence,
the adaptive system has better performance in terms of
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transmission delay and bandwidth utilization. In higher
SNRs, both systems operate equally.

e Case 3: Adaptive modulation system comparison with
fixed modulation (M; = 4, M, = 2): In this case
which is somehow the combination of cases 1 and 2,
the adaptive system outperforms the fixed modulation
in lower SNRs since it has the possibility to maintain
the transmission as opposed to the fixed modulation
case. Moreover, for higher SNRs, even though adaptive
modulation uses a higher order modulation and therefore
better throughput, the fixed modulation system still uses
the same modulation order.

Considering all the cases above, one can be sure that the
adaptive system performs better for different channel states
which confirms the efficiency of the proposed scheme.

NN
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FIGURE 18. Average transmission rate for different SNRs calculated for
theoretical and practical for « = 0.25.

Figure 18 shows the average transmission rate for different
SNRs calculated for theoretical and practical simulations.
This figure verifies the increase in spectral efficiency by using
the adaptive modulation system. In addition, the figure shows
that the practical values match with the theoretical values.

Figure 19 displays the average BER for the adaptive mod-
ulation system. According to this figure, the simulations
perfectly match the theoretical curves which verifies the
validity of the derivations. It is worth mentioning that the
system is considered to be delay-tolerant. The important thing
which is shown in this figure is the fact that by spending the
cost of increasing the BER (by using higher order modula-
tions) while satisfying the BER constraint, the throughput of
the system increased significantly.

In Figure 20, the average BER of the system is plotted
versus different values of o for three SNRs. In this figure,
« is in the range [0, 0.5]. The reason for this range is the fact
that having o > 0.5 means we assign more power to the NU
which is contradictory with the NOMA principles and will
result in invalid outputs. Moreover, as it was discussed before,
if the channel state of the users changes in a way that the FU
has a better channel state, the SIC process will be done in the
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FIGURE 20. Average BER versus different o values.

FU receiver and NU will not be doing SIC anymore. In other
words, the role of users will change. The other important thing
about this figure is that we are able to detect and calculate the
optimum value for « in order to have the minimum average
BER.

In this section, we analyzed the proposed model by differ-
ent simulations, it is clear that the exact BER models follow
the theoretical ones and the adaptive modulation system pro-
vides better spectral efficiency and higher throughput.

VIi. CONCLUSION

In this paper, a novel model for NOMA system with adaptive
modulation was proposed to improve the system through-
put. The BER derivations were provided for each user.
We assumed the SIC process to be non-ideal and the results
were compared with the ideal SIC. Then an optimization
problem was formulated for the throughput with BER and
power constraints. The solution was derived by determining
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the thresholds for different system operational Modes and
then the adaptation and alignment for the modulation in the
downlink direction were done. Then the model was analyzed
through different criteria such as average BER, throughput
and average transmission rate using simulations. It was shown
by the simulations that the adaptive NOMA system outper-
forms the NOMA system with fixed modulation. In other
words, by introducing the cost of increasing the BER while
maintaining the BER constraint for the maximum acceptable
BER, the throughput of the system increases significantly.
This greatly improves the spectral efficiency of NOMA sys-
tems and can be implemented in the networks serving a huge
number of users to increase the Quality of Service (QoS).

APPENDIX A

P31 (e|incorrect SIC)
1
= JPr(u = Vea/2|hi|—e1/2|m)
x {Pr(ny>—2/e2/2|l | ++/e1/2|h1|Inr = /e2/2|h1|—/e1/2|h1)
+Pr(ng>—2ve2/2|hi|+/e1 /2| |Ing = Ve2/2|hi|—/e1/2|h1])
+Pr(n;>—2e2/2|hi|—/e1 /2|1 |l = V&2 /2| |—/e1/2|h1])
+Pr(ng>—2+/e2/2|hi|—e1/2|hi|Ing = Ve2/2|hi|—/e1/2|h1 )}
+ %Pr(nl > \/82/2|h1 |+\/81/2|h1 |)
x (Pr(ny==2y/e2/2|h1|+/e1/2|m|Ins = Ve2/2|hi|+/e1/2| 1)
+Pr(nQZ—2v82/2}h| |+\/81/2}h| |\n1 >/ 82/2}h| |+\/81/2}h| |)
+Pr(ny>—2y/e2/2| | —/e1 /2|1 |Ing = VVe2/2|hi|++/e1/2| 1)
+Pr(ng>—2/e2/2|h1|— &1 /2|1 |l = Ve2/2| | ++/e1/2|1 ) }
+ %Pr(nQ > V&2 /2|hi|—/e1/2|h1])
x {Pr(n;>—2/e2/2|h1|++/e1/2|h1|Ing = V/e2/2|h1|—/e1/2|h1])
+ Pr(ng>—2ye2/2|l1|++/e1/2|h1|Ing > V/e2/2|h1|—+/e1/2|h1|)
+ Pr(n;>—2/e2/2|h1|—+/e1/2|h1 |Ing > V/e2/2|h1|—/e1/2|h1|)
+ Pr(ng>—2ye2/2|1|—/e1/2|h1|Ing > e2/2|h1 | —+/e1/2|h1|) }
1
+ 4 Pr(ng > Ve /2| |+Ve1 /2|h))
x {Pr(ny>—2/e2/2|l | ++/e1/2|h1|Ing = V&2 /2|l |+/e1/2|h1])
+ Pr(ng>—2y/e2/2|hi|++/e1/2|h1 |Ing = Ve2/2|h1|++/e1/2|h1])
+ Pr(n; > —2/e2/2| 1| =1 /2|1 |Ing = vVe2 /2| |+/e1/2|m1])
+ Pr(ng>—2e2/2|h1 | —/e1 /2|1 |Ing = V/e2/2|h1|+/e1/2|h1])}

APPENDIX B

1
Pz (elincorrect SIC) =17

Pr(v/e2/2|m |~ /e1/2|hi| < n, < 2/e2/2|h|—/e1/2|h |)

Pr(n; > MVM—MVHD Pr(np> —ZM|h1| + m‘hﬂ)
Pr(y/e2/2|m|—/e1/2|m| < n; < 2J/e2/2| | + VVer/2|hi])

+Pr(ny > Ve2/2|h1|—/e1/2|h1|) Pr(ng> —2/e2/2|h | —/e1/2| 1 )
+Pr(Vea /2| + Ver/2|m| < np < 2/e2/2|h1|—/e1/2|h1 )
+Pr(ny > Vea/2|h1| + Ver /2| ) Pr(ng> —2v/e2/2| i | + Vo1 /2|1 )
+Pr(vVea/2lm |+ Ver/2h| < ny < 2/e2/2|hi| + Ver/2|hi )

+Pr (n = Vea /2| + Ver /2| |) Pr(ng= —2/e2 /2| |[—Ve1/2|m])
+Pr(ng = Ve /2|m| + vVer /2| |) Pr(nr= —2/62/2|hi | + Ve1/2|m])
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+Pr(\/e2 /2|1 | —/e1 /2|1 | < ny < 2Je2/2|h| = /e1/2|m)
+Prlng = yea 2|~ /2 ) Pr(r= 22/ 2l |~ Ver 2]
+Pr(Vea/2|l|—Ver /2| < ny < 2/e2/2|m | + Ver /2]m))

+ Pr(ng > m‘hﬂ + M|h1|) Pr(nIZ—szll |+ \/ﬂlhl )
+Pr(v/e2 /2|l |+ Ver1/2|m] < ny < 2/62/2|hi|=/e1 /2] )

+ Pr(ng = m‘hﬂ + MVHD Pr(nIZ*Z\/EVH |*\/M|h1 )}
+Pr(Ve2/2|m | + Ver1/2|m| < ny < 2(/e2/2|m| + Ver/2|m])}
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