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ABSTRACT Non-orthogonal multiple access (NOMA) is a multiple access technology that can provide
efficient spectrum utilization and increased channel capacity on Internet of Things (IoT) networks. One factor
affecting NOMA system performance in the IoT network is the allocation of power for each NOMA user.
To improve the channel capacity of the system, this paper presents a method for optimizing power allocation
for NOMA in an IoT network with a Lagrange multiplier using the Karush-Kuhn-Tucker (KKT) condition.
The optimization will result in an optimal power allocation solution to maximize the system channel capacity
with the maximum transmit power constraint function and the minimum data rate for NOMA users. The
channel capacity achieved by the system was observed in the Nakagami-m fading channel with imperfect
successive interference cancellation (imp-SIC). The proposed power allocation method was compared with
orthogonal multiple access (OMA) and the conventional NOMA (C-NOMA) power allocation techniques.
The results show that the proposed power allocation coefficient optimization solution with the Lagrange
multiplier using the KKT conditions significantly increases the channel capacity of the system compared to
the OMA and C-NOMA methods.

INDEX TERMS Non-orthogonal multiple access (NOMA), massive IoT, Nakagami-m fading, capacity,
power allocation, successive interference cancellation (SIC).

I. INTRODUCTION
One of the important goals for the next generation of Internet
of Things (IoT) wireless technology is to provide mas-
sive connectivity massive with high throughput. IoT allows
remote users to access connectedmultimedia devices [1]. Var-
ious studies have been conducted to support the application
of IoT wireless technology; however, meeting the needs of
future IoT applications that can serve hundreds of billions of
connected devices is still a challenge [2]. In general, there are
two types of multiple access techniques, namely, the orthog-
onal multiple access (OMA) and non-orthogonal multiple
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access (NOMA) schemes. The OMA technique, in which
each user is provided with different resources, thus elimi-
nating interference between IoT devices, has been widely
used in the development of large-scale wireless networks [2].
However, the OMA technique has limitations in massive
IoT networks in terms of its ability to support an increasing
number of users due to the exclusive utilization of orthogonal
resources. With an increasing number of users, limited spec-
trum resources and multiple access interference can result
in a failure to increase system capacity [3], also resulting
in a scarcity of wireless resources and an inefficient use of
wireless resources for massive connectivity. Non-orthogonal
multiple access (NOMA) techniques have been widely stud-
ied as a multiple access scheme to increase the use of the

VOLUME 11, 2023
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ 67779

https://orcid.org/0000-0002-5922-8232
https://orcid.org/0000-0001-6775-8682
https://orcid.org/0000-0003-0755-7488
https://orcid.org/0000-0001-5147-2145


R. Sirait et al.: Performance of Downlink NOMA for a Massive IoT Network

same power spectrum for multiple users on an IoT network.
In this regard, NOMA has an important role in increasing
network capacity in the future. The NOMA access scheme
allows one resource block to be used by more than one user
to share the same time and frequency block, with different
transmit power allocations between users [4]. NOMA, as a
multiple access scheme for sharing resources in IoT net-
works utilizes superposition coding (SC) on the transmitter
to support signals from multiple users before transmitting
them. To separate the signal and reduce the interference of
the shared channel, successive interference cancellation (SIC)
is performed at the receiver. SIC is performed by users with
better channel conditions so that the receiver can recover the
desired information from the signal received [5], [6].

The performance of NOMA is affected by the power allo-
cation to each user in the IoT network, and by the sequence
of decoding processes within the user [7]. An improper
power allocation will reduce NOMA’s performance. There-
fore, to ensure the performance and fairness for NOMA
users, the power allocation to each user must be optimized.
In this study, a power allocation optimization technique was
used with a Lagrange multiplier using the KKT conditions
to determine the optimal power allocation subject to the
total transmission power in the NOMA group and the user’s
minimum data rate. We assume that Nakagami-m fading
occurs in the channel. The Nakagami-m fading channel is the
most common channel that can model the fading conditions
of different environments using different parameter values.

A. RELATED WORKS
NOMA technology is one of the technologies that promises to
increase the channel capacity of the IoT network system [8],
[9], [10]. NOMA’s channel capacity will decrease as the
number of NOMA users served increases due to the decrease
in the SINR value at the receiver. Various studies have been
carried out to increase the channel capacity and resource effi-
ciency on an IoT network using power-domain NOMA (PD
NOMA). The power allocation technique has an important
role that has been widely studied to improve the performance
of the interference cancellation process in the NOMA sys-
tem network [11], [12], [13], [14], [15]. Alghasmari and
Nassef [11] proposed a resource allocation algorithm for sev-
eral NOMA downlink users; the performance of three power
allocation schemes, namely, fixed power allocation (FPA),
fractional transmit power allocation (FTPA) and full search
power allocation (FSPA), is compared. The FPA scheme is
considered inefficient because the power level is set with-
out taking into account the channel conditions and target
rate requirements from the users. The results show that the
NOMA capacity increase was higher than that of OMA,
and FSPA showed better performance than the FPA and
FTPA methods. In the FTPA scheme, the transmit power
allocation for Un,k in subchannel k is allocated according
to the channel gain of all the users multiplexed in subchan-
nel [12]. Ahmed et al. [13] observed intracell interference

with joint dynamic user scheduling and the power allocation
techniques. Optimization was performed by minimizing the
total power consumption limit of the entire network with
the dynamic user scheduling and power allocation (DUSPA)
algorithm. The results showed that the DUSPA algorithm
could minimize the energy consumed compared to several
other algorithms. In [14], the author proposed a dynamic
power allocation method by determining the power allocation
based on the channel state information (CSI) on the Rayleigh
fading channel. The results show that the achievable rate
changed dynamically while maintaining the target rate at the
expected value. The proposed method was applied only to
two users and did not take user mobility into account. The
influence of imperfect SIC with fixed power allocation (FPA)
and dynamic power allocation (DPA) on the capacity of the
NOMA channels was observed in [15]. The capacity of the
NOMA channels with DPA is greater than that of the FPA
because the FPA does not consider far users’ target level
requirements.

The optimization problem with the Lagrange multiplier
using the Karush-Kuhn-Tucker (KKT) conditions was stud-
ied in [3], [16], [17], [18], [19], [20], [21], and [22]. The
authors in [3] observed the problem ofmaximizing the energy
efficiency in a two-tier NOMA heterogeneous network on the
Rayleigh fading channel by the optimizing transmit power
and user association. The initial nonconvex problem is con-
verted into a convex problem using the Dinkelbach method
approach. Then, the closed-form solution is obtained with
the dual approach of using the Lagrange and Karush-Kuhn-
Tucker (KKT) conditions. The simulation results showed that
the proposed resource allocation algorithm had good reliabil-
ity. In [16], the authors proposed an optimization problem to
increase the sum capacity with several constraints, namely,
the transmission power for the BS, power allocation for users,
and the user’s minimum data rate. An efficient PA strategy is
proposed in NOMA’s downlink network to obtain an optimal
PA with iterative local optimal solutions that meet KKT
conditions. The simulation results show that the proposed
optimal NOMA scheme with an optimal PA strategy can
significantly increase the sum capacity. In [17], the authors
proposed a power allocation technique with Lagrange mul-
tiplier KKT conditions using the DKL algorithm. The sum
rate maximization problem is first formulized, then the opti-
mal power allocation in a closed-form solution for multiplex
users is derived using KKT conditions. The global optimal
power allocation solution is not guaranteed in the formu-
lation, so the optimal power allocation solution is obtained
using the Dinkelbach (DKL) algorithm. User pairing was
performed with the Hungarian (HNG) algorithm, which pairs
2 users in 1 cluster over the Rayleigh fading channels. In [18],
power allocation optimization for NOMA users is performed
by grouping users into clusters and then optimizing the power
allocation of each in the proposed cluster by exploiting the
difference in channel gain among the users in the NOMA
cluster. A power allocation to maximize throughput per clus-
ter whilemaximizing the overall system throughput is derived
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by using KKT optimization. Reference [19] applied the tech-
nique of determining the optimal power allocation factor with
the Lagrange function and KKT conditions in cooperative
relay networks. To obtain the optimal power allocation factor,
an expression of the Lagrangian function with KKT condi-
tions is used, and through the iterative Lagrangian multiplier,
the capacity of the system is maximized. In [20], the authors
observed the energy efficiency problem by applying effective
user clustering and power allocation methods on the Rayleigh
fading channel. The optimal power allocation for each user in
each cluster was calculated by using the Lagrange multiplier
method with KKT conditions. To obtain maximum energy
efficiency, a dynamic programming algorithm between the
clusters was developed. Spectrum efficiency and optimal
power allocation methods were carried out by taking into
account the quality of service (QoS) requirements and the
successful operation of the SIC.With the proposed algorithm,
the performance of the NOMA system was better than that of
the OMA system. The authors in [21] investigated a resource
management scheme to maximize the total spectral efficiency
of a multioperator IoT network for two PD NOMA users on a
Rayleigh fading channel. This study proposed a new NOMA
technique with a sequential quadratic programming (SQP)
approach to solve the KKT-based power control problem,
which was treated as a benchmark in which the power allo-
cation of the SIC decoding process was completed. In [22],
the authors examine the EE-based power allocation algorithm
for IoT devices on the CR-NOMA network. The power allo-
cation ratio for IoT devices is developed using a Lagrange
multiplier based on the KKT conditions according to the
minimum QoS requirements of each user. The authors in [5]
used resource management to maximize the sum capacity
by considering the minimum capacity requirements of each
user on a Rayleigh channel with only two users. The authors
proposed two algorithms that were designed based on the
user’s channel conditions and the user’s minimum capacity
requirements. By applying duality theory, the optimal power
allocation for each subchannel was calculated. The results
show that the proposed method is more efficient than the
NOMA benchmark scheme.

The performance of IoT networks with NOMA over
Rayleigh fading channels has been investigated in various
studies. The authors in [3] obtained a closed-form solution
of the power allocation technique and user association with
the Lagrange function using the KKT conditions from the
NOMA enabled heterogeneous network on the Rayleigh fad-
ing channel. To simplify the analysis, the NOMA network
was implemented with a perfect interference cancellation
(SIC) process. The impact of an imperfect SIC in NOMA has
been investigated in various studies, in which the SIC pro-
cess to eliminate errors mainly depends on the channel gain
and power allocation factors. The authors in [23] introduced
reversed decode-forwards relaying NOMA (R-DFNOMA)
to improve user fairness by taking into account imperfect
SIC processes. The NOMA downlink cooperative network
with imperfect CSI through the Nakagami-m fading channel

was observed in [24], in which the system performance was
evaluated based on the outage probability value.

Various studies have extensively discussed power alloca-
tion optimization for KKT-based NOMA transmission on
Rayleigh fading channels [3], [17], [20], [21]. However, none
of them discussed the Nakagami-m fading channel by taking
into account imperfect SIC. Therefore, this study observes
the power allocation optimization technique on a massive IoT
network on the Nakagami-m fading channel and imperfect
SIC. This study also examines the problem of maximiz-
ing channel capacity and analysing outage probabilies for
NOMA downlinks with a limit on the total transmission
power in the NOMA group and the minimum data rate
requirements of the user.

Previous studies in simplifying IoT network analyses with
NOMA assumed that the interference cancellation (SIC)
process was perfect, yet an imperfect SIC process could
occur. As a result, the receiver cannot cancel out interference
from other users’ signals, that have poorer channel gain.
An increased number of NOMA users affects the number of
SIC processes, and most of the existing studies use a scenario
with only two NOMA users. Only using two NOMA users
is assumed to be inadequate to connect the large amount of
IoT equipment on the network. Serving a large number of IoT
networks using conventional power allocation methods will
result in decreased system performance. Existing studies have
observed the NOMA function in the Rayleigh fading channel
model with the assumption that interference cancellation was
perfect; however, the effect of NOMA in the Nakagami-m
fading channel model with imperfect interference cancella-
tion has not been studied. Table 1 shows the related survey
article, which also highlights the research gaps in comparison
to the proposed survey.

We have summarized the main contributions of the paper
as follows.

• Wepropose an access scheme design for a NOMA-based
IoT network that aims to increase channel capacity in
downlink over the Nakagami fading channel by opti-
mizing the power allocation. The fading channel model
applied was Nakagami-m, which is the most common
fading distribution [25].

• we determine the optimal power allocation for users
by the optimization method using a Lagrange multi-
plier with KKT conditions subject to the individual QoS
requirements and maximum transmit power allocation
at BS.

• We analyze the channel capacity and outage probability
of the proposed system according to the SINR value
assuming an imperfect SIC.

B. PAPER ORGANIZATION
This paper is structured as follows. Section II introduces the
NOMA downlink system model on a massive IoT network.
Section III shows the formulation of the mathematical model
for the observed channel capacity with the application of
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TABLE 1. Comparison of the proposed NOMA methods in terms of the pros and cons.
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TABLE 1. (Continued.) Comparison of the proposed NOMA methods in terms of the pros and cons.

KKT conditions to obtain the optimal power allocation coef-
ficient. In Section IV, the analysis is presented. The NOMA
access technique has been widely studied as a multiple access
scheme to increase the use of a shared power spectrum for
multiple users on an IoT network. The performance of the
system with the Lagrange multiplier using the KKT condi-
tions is discussed, and characterized by channel capacity and
outage probability. Then, the simulation results are presented
in Section V. Finally, the summary in this paper is provided
in Section VI.
The flowchart of the research is shown in Fig. 1.

II. SYSTEM MODEL
The downlink NOMA access scheme systemmodel proposed
in this study is shown in Fig. 1, consisting of one base
station (BS) transmitting its signals to N users, with the total
bandwidth B divided into M subchannel frequencies and the
bandwidth for each subchannel is bsc. In Fig. 2, U1,k and
UN ,k are the strogest and weakest users, respectively. The
total transmission power of the BS for the downlink NOMA
is evenly divided into subchannels with the power for each
subchannel is Pk = Pt

/
M , where Pt and Pk are, respectively,

the total transmitted power of the BS and the allocated power
on the k-th subchannel.
In the transmission process, the system undergoes fad-

ing, which is modelled as an independent and identically
distributed (iid) Nakagami fading channel. The Nakagami-
m fading channel approach uses the Nakagami distribution.
The estimated channel coefficients hn,k = Z represent the
Nakagami-m distribution, so the estimated channel gain of
Un,k at BS |hn,k |2 = |Z |

2 follows the Gamma distribution
with the fading parameter mz and the estimated link mean
power�z. The form of the probability density function (PDF)
of the channel with power gain z =

∣∣hn,k ∣∣2, n =1, 2, . . . from
Nakagami-m fading with an average channel power of z =

E{|Z |
2
} is obtained from [24] and [26].

f
|Z |

2(x) =
mm

�m0(m)
xm−1exp

(
−m
�

x
)

, ∀x > 0 (1)

FIGURE 1. The flowchart of the research.

The CDF for Nakagami-m fading is expressed as

F
|Z |

2(x) = 1 − exp
(
−
mx
�

)∑m−1

b=0

1
b!

(mx
�

)b
(2)

where 0(.) denotes the gamma function. The Nakagami
distribution is a generalized formula to model the fading
conditions of different environments using different param-
eter values. If m = 1/2, it will model the Gaussian fading
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FIGURE 2. The proposed downlink NOMA system model.

channel. If m= 1, then the channel will have Rayleigh fading
characteristics, while for very large m, then the channel will
be nonfading [28].

Without loss of generality, the channel gains of all the
users in the k-th subchannel are sorted in descending order
by |h1,k |2 > |h2,k |2. . . . > |hN−1,k |

2 > |hN ,k |
2. For users

in the k-th subchannel, the power allocation coefficient is
selected and sorted by user channel gain α1,k < α2,k . . . .
< αN−1,k < αN ,k . Because the BS allocates more power to
transmit the UN ,k signal, the UN ,k user has the largest power
allocation coefficient, so it can directly decode the signal.
The superimposed signal transmitted by the BS on the k-th
subchannel is expressed as

xk =
√

α1,kPks1,k +
√

α2,kPks2,k + . . .

+
√

αN−1,kPksN−1,k +
√

αN ,kPksN ,k (3)

Sn,k and Pk are information signals that are transmitted by the
BS for the n-th user through the k-th subchannel and the total
transmit power of the BS for each subchannel, respectively.
The power allocation coefficient for the n-th user in the
k-th subchannel is denoted by αn,k , with α1,k + α2,k + . . . .
+ αN−1,k,+ αN ,k =1.

The signal that user Un,k receives on the k-th subchannel
after passing through the channel is given as

yn,k = hn,k
∑n−1

i=1

√
αi,kPksi,k + hn,k

√
αn,kPksn,k+nn,k

(4)

in which hn,k is the fading channel coefficient from the BS
to user Un,k on the k-th subchannel, and nn,k is additive
white Gaussian noise (AWGN) at Un,k with zero mean and
noise variance σ 2. Interference cancellation at each receiver
is used to decode weaker users before decoding the sig-
nal itself. User U1,k uses SIC to decode its signal from
y1,k so the signal that user U1,k receives after SIC is given
as

ŷ1,k = h1,k
√

α1,kPks1,k + n1,k (5)

The SIC process at the user utilizes the SINR to detect the
signal of each user. However, in practical systems, decoding
errors may be unavoidable. As a result, interference cannot

be eliminated completely, i.e., the SIC process is imperfect
(impSIC). Decoding errors will cause residual interference,
where the residual interference will reduce the performance
of the system, especially in massive access systems. The
SINR that theUn,k user receives to decode its own signal with
impSIC conditions is given as

γ
impSIC
n,k

=
αn,kPk

∣∣hn,k ∣∣2
ϵ
∑N

j=n+1 αj,kPk
∣∣hn,k ∣∣2 +

∑n−1
i=1 αi,kPk

∣∣hn,k ∣∣2 +σ
2

(6)

where ϵ is the value of the interference residual level with
0≤ ϵ ≤1. The denominator of the first term of Equation (6),
ϵ
∑N

j=n+1 αj,kPk
∣∣hn,k ∣∣2 , is the signal from a user with more

power allocation that after cancellation cannot be cancelled.
Residual interference is mainly caused by amplitude, phase,
and channel estimation errors, thus causing imperfect regen-
eration of the received signal. The second term is the signal
from a user with a lower power allocation, which represents
a signal that is not cancelled.

The SINR of user Un,k after SIC is expressed by the
following formula [28].

γ
pSIC
n,k =

αn,kPk
∣∣hn,k ∣∣2∑n−1

i=1 αi,kPk
∣∣hn,k ∣∣2 +σ

2 (7)

III. PERFORMANCE METRIC
The aim of this study is to maximize the channel capacity
of the NOMA-based massive IoT network by determining
the optimal user power allocation coefficient. The parame-
ters used to measure the communication performance of the
proposed systemmodel are based on the channel capacity and
outage probability parameters.

A. CHANNEL CAPACITY PERFORMANCE EVALUATION
Channel capacity is the effective transmission rate of a signal
in a wireless communication system; it is measured in bits per
second (bps). To ensure fairness among users, the minimum
rate for each user is determined [29]. The channel capac-
ity is evaluated for a number of N NOMA users with one
subcarrier, minimum user constraint rate and Pt limit as the
total transmission power. The channel capacity of IoT users
assuming impSIC is represented mathematically as [23],

C impSIC
n,k = bsc log2

(
1 + γ

impSIC
n,k

)
(8)

Substituting Equation (6) into Equation (8),

C impSIC
n,k

= bsc log21 +
αn,kPk

∣∣hn,k ∣∣2
ϵ
∑N

j=n+1 αj,kPk
∣∣hn,k ∣∣2 +

∑n−1
i=1 αi,kPk

∣∣hn,k ∣∣2 +σ
2


(9)
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where bsc is the bandwidth for the k-th subcarrier. In the first
user pair with the k-th subcarrier, the channel capacity of user
U1,k is expressed as

C impSIC
1,k = bsc log2

(
1 + γ1,k

)
= bsc log2

1 +
α1,kPk

∣∣h1,k ∣∣2
ϵ
∑N

j=2 αj,kPk
∣∣h1,k ∣∣2 +σ

2


(10)∣∣h1,k ∣∣2∑N

j=2 αj,kPk is the interference for user U1,k , so to
obtain the signal itself, SIC is performed. After the SIC, the
rate of U1,k users with perfect SIC (ϵ = 0) is based on the
equation

CpSIC
1,k = bsc log2

(
1 +

α1,kPk
∣∣h1,k ∣∣2

σ 2

)
(11)

The sum capacity of the NOMA user group is obtained by
adding the channel capacity of each user as

C ImpSIC
sum =

∑K

k=1

∑N

n=1
C impSIC
n,k (12)

B. OUTAGE PROBABILITY
One of the parameters used to determine the good or bad
performance of a wireless communication system is the out-
age probability (OP). OP is defined as the probability of an
outage on the system, which states the probability of a failure
of the information sent to the destination. OP occurs when
the transmission rate of the system drops below the minimum
required data rate in bits/sec/Hz [30].

In accordance with NOMA provisions, users can share the
same bandwidth, so the data rate of each user must be within
the channel capacity limit. An outage will occur if the user’s
achievable rate exceeds Shannon’s capacity, which will result
in the user failing to receive data [27]. Suppose the minimum
data rate required by the BS with channel Un,k is Rn,k ; then,
the OP of the system can be mathematically expressed as [31]

(OP)n,k = Pr (Cn,k < Rn,k ) (13)

By substituting Equations (9) to (13), the OP for far user
(Un,k ) occurs on

log21 +
αn,kPk

∣∣hn,k ∣∣2
ϵ
∑N

j=n+1 αj,kPk
∣∣hn,k ∣∣2 +

∑n−1
i=1 αi,kPk

∣∣hn,k ∣∣2 +σ
2


< Rn,k (14)

with
∣∣hn,k ∣∣2 = Zn,k , and ρk =

Pk
σ 2 , then

αn,kρkZn,k
ϵ
∑N

j=n+1 αj,kρkZn,k +
∑n−1

i=1 αi,kρkZn,k + 1

< 2Rn,k − 1 = δn,k ) (15)

where δn,k is the target SINR for the n-th user who has target
rate Rn,k .

Zn,k <
δn,k

ρk

(
αn,k − δn,k

∑n−1
i=1 αi,k

) (16)

By substituting Equation (16) into Equation (13), then

(OP)n,k = Pr

Zn,k <
δn,k

ρk

(
αn,k − δn,k

∑n−1
i=1 αi,k

)
 (17)

Outage on the near user (U1,k ) is affected by SIC, and the
symbol S1,k is decoded in advance at the terminal, where the
outage can occur when the data rate of U2,k , U3,k ,. . . .., Un,k
exceeds Shannon’s capacity.

IV. POWER ALLOCATION COEFFICIENT OPTIMIZATION
To improve NOMA performance, one of the issues widely
researched is the power allocation solution for the NOMA
group. In this paper, the optimal power allocation coefficient
solution for each user was obtained with Lagrange multi-
pliers using the KKT conditions. Mathematically, the power
allocation coefficient optimization problem can be simpli-
fied to (18)–(20), as shown at the bottom of the next page.
where C1 is a function of the maximum transmitting power
constraint according to the NOMA protocol, and C2 is the
minimum data rate constraint of each user. Optimization was
carried out to maximize the sum capacity of the network
in Equation (18) as the objective function. The constraint
functions considered were the total transmission power in
the NOMA group and the user’s minimum data rate func-
tions, which are convex functions [32]. A solution to obtain
the optimal power allocation coefficient for NOMA users
in the subchannel is given using the KKT condition [17].
The suitable Lagrange function of the observed problem can
be represented as (21), shown at the bottom of the next
page. The Lagrange function formed is the objective func-
tion supplemented with the total constraint, with λ and τn
being Lagrange multipliers. By simplifying Equation (21),
we obtain (23), as shown at the bottom of the next page.

The KKT conditions are expressed as

λ ≥ 0 (24)

τn ≥ 0, n = 1, 2, . . . ..,N (25)

By differentiating the objective function in Equation (21)
with respect to αn,k , λ and τn of the KKT conditions can be
achieved.

� Limitation of the maximum transmission power alloca-
tion coefficient of the subchannel,

∂F
(
αn,k , λ, τn

)
∂αn,k

=
bsc (1 + τn) (Pkκn)

ln2
(
1 + αn,k (Pkκn)

) − λPk

= 0, ∀n ∈ N (26)

� Limitation of the maximum transmission power alloca-
tion within the subchannel,
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∂F(αn,k , λ, τn)
∂λ

=

∑N

n=1
αn,kPk − Pt = 0, ∀n ∈ N

(27)

� Minimum data transmission rate for each user,

∂F
(
αn,k , λ, τn

)
∂τn

= bsclog2
(
1 + αn,k (Pkκn)

)
− Rn,k = 0, ∀n ∈ N

(28)

The optimal power allocation coefficient can be derived
according to the problem in Equation (28) by giving
Lemma 1.
Lemma 1: According to the KKT condition, the optimal

solution is obtained if λ and τn are greater than zero. There-
fore, from Equations (27) and (28), we obtain

∑N

n=1
αn,kPk = Pt , ∀n ∈ N (29)

Rn,k = bsclog2
(
1 + αn,kPkκn

)
, ∀n ∈ N (30)

The optimal power allocation for downlink NOMA in
the subchannel is obtained from the objective function

Equation (28) as stated in Equations,

bsclog2
(
1 + αn,kPkκn

)
− Rn,k = 0 (31)

log2
(
1 + αn,kPkκn

)
=
Rn,k
bsc

(32)

αn,kPkκn = 2
Rn,k
bsc − 1 (33)

αn,k =

(
1

Pkκn

)(
2
Rn,k
bsc − 1

)
,

∀n ∈ N (34)

According to Equation (29), the user power allocation coef-
ficient U1,k is obtained by determining n = 1, so that

α1,k =
1
Pk

(
Pt −

∑N

i=2
αi,kPk

)
(35)

The optimal λ value obtained from Equation (26) is expressed
as

∂F(αn,k , λ, τn)
∂αn,k

=
bsc(1 + τn) (Pkκn)

ln2
(
1 + αn,k (Pk n)

) − λ.Pk = 0 (36)

λ =
bsc(1 + τn) (κn)

ln2
(
1 + αn,k (Pkκn)

) (37)

Based on KKT conditions with λ = 0, then ∂F(αn,k ,λ,τn)
∂α1,k

=

∂F(αn,k ,λ,τn)
∂α2,k

. . . . . .= ∂F(αn,k ,λ,τn)
∂αn,k

= 0. By substituting n = 1,

max
αn,k

∑N

n=1
Cn,k = max

αn,k
bsc
∑N

n=1
log2

1 +
αn,kPk

∣∣hn,k ∣∣2
ϵ
∑N

j=n+1 αj,kPk
∣∣hn,k ∣∣2 +

∑n−1
i=1 αi,kPk

∣∣hn,k ∣∣2+σ 2

 (18)

Subject to C1 :

∑N

n=1
αn,kPk ≤ Pt , αn,kPk ≥ 0, ∀n ∈ N (19)

C2 : bsclog2

1 +
αn,kPk

∣∣hn,k ∣∣2
ϵ
∑N

j=n+1 αj,kPk
∣∣hn,k ∣∣2 +

∑n−1
i=1 αi,kPk

∣∣hn,k ∣∣2 +σ
2

 ≥ Rn,k , ∀n ∈ N (20)

F
(
αn,k , λ, τn

)
= bsc

∑N

n=1
log2

1 +
αn,kPk |hn.k |2

ϵ
∑N

j=n+1 αj,kPk
∣∣hn,k ∣∣2 +

∑n−1
i=1 αi,kPk

∣∣hn,k ∣∣2 + σ 2


− λ

(∑N

n=1
αn,kPk − Pt

)

−

∑N

n=1
τn

Rn,k − bsclog2

1 +
αn,kPk

∣∣hn,k ∣∣2
ϵ
∑N

j=n+1 αj,kPk
∣∣hn,k ∣∣2 +

∑n−1
i=1 αi,kPk

∣∣hn,k ∣∣2 + σ 2

 (21)

Suppose

κn =

∣∣hn,k ∣∣2
ϵ
∑N

j=n+1 αj,kPk
⌈
hn,k

⌉2
+
∑n−1

i=1 αi,kPk
∣∣hn,k ∣∣2 +σ 2

(22)

F
(
αn,k , λ, τn

)
= bsc (1 + τn)

∑N

n=1
log2

(
1 +

(
αn,kPkκn

))
− λ

(∑N

n=1
αn,kPk − Pt

)
−

∑N

n=1
τnRn,k (23)
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2, 3, . . . into Equation (27), we obtain

∂F(αn,k , λ, τn)
∂α1,k

=
bsc(1 + τ1) (Pkκ1)

ln2
(
1 + α1,kPkκ1

) − λ.Pk = 0 (38)

∂F(αn,k , λ, τn)
∂α2,k

=
bsc (1 + κ2) (Pkκ2)

ln2
(
1 + α2,k (Pk2)

) − λ.Pk = 0 (39)

∂F(αn,k , λ, τn)
∂α3,k

=
bsc (1 + τ3) (Pkκ3)

ln2
(
1 + α3,k (Pkκ3)

) − λ.Pk = 0 (40)

Then, the relationship between τ2 and τ1 can be expressed as

bsc(1 + τ2) (Pkκ2)

ln2
(
1 + α2,k (Pkκ2)

) =
bsc(1 + τ1) (Pkκ1)

ln2
(
1 + α1,k (Pkκ1)

) (41)

then:

τ2 = 1 −

(
1 + α2,kκ2

)
(1 + τ1) κ1(

1 + α1,kκ1
)
κ2

> 0 (42)

Likewise, since ∂L(αn,k ,λ,τn)
∂α3,k

=
∂L(αn,k ,λ,τn)

∂α1,k
= 0, the relation-

ship between τ3 and τ1 can be expressed as

bsc (1 + τ3) (Pkκ3)

ln2
(
1 + α3,k (Pkκ3)

) =
bsc(1 + τ1) (Pkκ1)

ln2
(
1 + α1,kPkκ1

) (43)

τ3 = 1 −

(
1 + α3,kκ3

)
(1 + τ1) κ1(

1 + α1,kκ1
)
κ3

> 0

(44)

thus:

τn = 1 −

(
1 + αn,kκn

)
(1 + τ1) κ1(

1 + α1,kκ1
)
κn

> 0 (45)

The closed-form solution of the optimal power allocation BS
within the N-user NOMA can be given as [32].

αi,k =
1

Pkκn
2

∑n
j=i+1 Rj,k
bsc

(
2
Ri,k
bsc −1

)
, i = 2, . . . , n, . . .

(46)

Based on Lemma 1, to ensure that the user data rate with the
worst channel gain is the same as theminimum required target
data rate, power is first allocated to all the users with the worst
channel. After that, the difference in the total transmission
power from the BS is allocated to the user who has the highest
channel gain. Thus, the channel capacity of the users can be
maximized in accordance with the total transmission power
constraints and the minimum rate requirements of each user.

V. RESULTS AND PERFORMANCE EVALUATION
In this subsection, the performance of the power allocation
is presented by considering the imperfect SIC through the
Nakagami-m fading channel. The NOMA system bandwidth
was 1 MHz with the IoT devices in the cell randomly and
evenly distributed. The results of testing the performance of
the NOMA system on the proposed massive IoT network
were compared with the conventional NOMA (NOMA with-
out power allocation optimization) and the OMA schemes.
In the simulation, tests were carried out to observe the effect

of the number of users served on the subcarrier, the fading
coefficient, the user target rate and the residual interference
value in determining the amount of channel capacity and
outage probability of the system. The test parameters are
shown in Table 2.

TABLE 2. List of parameter specifications used in the test.

The system performance test was performed by providing
a target rate of 1.5 bps/Hz, and the number of active IoT
devices in the subchannel was 6. The system’s channel capac-
ity was evaluated versus variations in the transmission power,
as shown in Fig. 3.

FIGURE 3. Channel capacity with transmission power at m = 3, Rn,k =

1.5 bps/Hz, N = 6, and ϵ = 0.

The results were compared with the power allocation
schemes for conventional NOMA (C-NOMA) and OMA.
Based on Fig. 3, a higher channel capacity was given by
the NOMA optimization scheme with KKT conditions. This
indicates that NOMA can share a subchannel with more
than one user. OMA limits bandwidth usage to only one
user, thereby reducing the ability to maximize the use of
available bandwidth. The test results show that the optimal
power allocation provided better system capacity. Fig. 3 also
shows that the capacity of both theOMAandNOMAmultiple
access schemes increases as the transmission power of the BS
increases. When the transmit power of BS Pt is greater, more
power will be allocated to the subchannel, SINR reception
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of the users will be increased and the channel capacity will
increase.

Fig. 4 shows the performance of channel capacity on trans-
mission power for different numbers of multiplexed users
(N = 2, 4, and 6) with fading coefficients (m = 0.5, 1,
and 3).

FIGURE 4. Channel capacity with variations of Pt for different number of
users.

The results show that channel capacity increases with
increasing transmission power and that channel capacity
decreases with an increasing number of users of the NOMA
group. The channel capacity for 4 NOMA users in a subchan-
nel was better than that for 6 NOMA users in a subchannel.
This was due to the increasing number of NOMA users; there
was a possibility of error detection and decoding because the
near user has to decode all signals of the far users. This error
detection will reduce the performance of the system. Another
possibility is that increasing users in the subchannel means
less power allocation to the users, whereas reduced power
allocation increases the possibility of interference.

Based on Fig. 4, it can also be seen that for the channel
capacity with different fading parameters, the channel capac-
ity increases with the increase in the value ofm. Higher values
ofm indicate better channel conditions and increased channel
capacity.

SIC errors are caused by the channel experiencing deep
fading or an improper allocation of communication resources
for the NOMA users. The effect of the SIC error on the
NOMA system is simulated with different error values (ϵ =

0, ϵ = 0.5 and ϵ = 1) by determining the target rate of far user
Rn,k = 1.5 bps/Hz. The number of IoT devices observed was
6 users in one NOMA group, and the simulation results under
perfect SIC conditions are shown in Fig. 5. The simulation
results show that in perfect SIC (ϵ = 0), the system perfor-
mance is better than that in impSIC. In the case of impSIC,
an increase in the value of ϵ indicates an increase in residual
interference, so that the system performance decreases. The
presence of residues in the SIC process has an impact on

FIGURE 5. Channel capacity with variations of Pt to different error values.

FIGURE 6. OP with variation of transmission power for NOMA power
allocation optimization and C-NOMA.

decreasing the capacity obtained by the system because these
residues will be considered signal interference, so they affect
the SINR value, which also affects the capacity gain.

The evaluation of the outage probability with variations in
transmission power is shown in Fig. 6. The results show that
the outage probability value for near and far users decreases
with increasing transmit power. The greater the transmit
power used by the BS, the better the quality of the signal
received at the destination. For example, for the NOMA
power allocation optimization scheme, when the transmit
power is 35 dBm, the resulting outage probability is 0.516.
However, when the transmit power is 40 dBm, the resulting
outage probability is 0.205. The smaller the outage prob-
ability value is, the smaller the failure rate of information
transmission from source to destination. The outage proba-
bility performance of the proposed NOMA PA optimization
scheme is evaluated compared to the conventional NOMA
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FIGURE 7. Outage probability with variation of transmission power for
different fading parameter, m = 0.5, 1, 3.

FIGURE 8. Outage probability with variation of transmit power for
different target rates.

(C-NOMA) and the OMA scheme. The proposed NOMA
PA optimization scheme provides better outage probability
performance for near and far users.

Fig. 7 shows that the outage performance is better with
a higher fading parameter value. A higher value of m
indicates a better channel condition that can reduce the
probability of an outage. At m = 1, the channel acts as a
Rayleigh model where the line of sight between the transmit-
ter and receiver is nonexistent. Conversely, when m is larger
(m = 3), the dominant line of sight becomes clearer, and the
outage probability decreases.

The effect of user target rates (Rn,k ) on OP performance is
shown in Fig. 8. By specifying m = 3 and ϵ = 0, different
Rn,k values are assigned. Observations show that the OP
performance of users worsened with increasing target rate
values; this is due to more power being used to support larger
target rates.

VI. CONCLUSION
This paper discusses the performance of downlink NOMA
on a massive IoT network by optimizing the power allo-
cation coefficient in the system. Optimization of the power
allocation coefficient for the NOMA multiuser is conducted
with a Lagrange multiplier for KKT conditions on the Nak-
agami fading channel. Taking into account the impSIC, the
performance of the system for channel capacity and outage
probability are evaluated. The evaluation results show that
the channel capacity and outage probability are affected by
the number of users served on the subcarrier, the fading
coefficient, target rate users and residual interference value.
The performance of the proposed system was evaluated by
comparing it with the conventional NOMA and OMA power
allocation methods.
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