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Enhancing Smart City [oT Communication: A Two-Layer
NOMA-Based Network with Caching Mechanisms and
Optimized Resource Allocation
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Abstract—With advancements in next-generation communi-
cation systems, large-scale Internet of Things device (IoTDs)
deployments in smart cities face challenges like limited band-
width, high latency, and network congestion. To address this,
we propose a two-layer network architecture utilizing non-
orthogonal multiple access (NOMA) and caching to enhance
IoT communications’ performance, efficiency, and reliability. Our
primary objective is to optimize resource allocation and solve
the association problem in a two-layer network. We formulated
a joint optimization problem to maximize system utility through
device association, power, and bandwidth allocation, considering
constraints like channel quality and interference. We decoupled
the non-linear, non-convex problem using block coordinate de-
scent (BCD) and inner approximation techniques to maximize
the aggregated data rate in high-density IoT scenarios. This
approach reduced computational complexity while proving the
scheme’s theoretical and numerical convergence. To evaluate the
proposed scheme, we compared its performance with an ideal
backhauling approach, an exhaustive search (upper bound), and
a Genetic algorithm-based heuristic. Our scheme outperformed
the others, achieving 98.04 % of the ideal backhauling and 99.60 %
of the upper bound. Statistical analysis confirmed its robustness
and consistent performance across various conditions. The two-
layer NOMA -based network with caching and optimized resource
allocation significantly enhances IoT communication efficiency
and resilience, offering a solid framework for future smart city
deployments.

Index Terms—Non-Orthogonal Multiple Access (NOMA) Het-
erogeneous networks (HetNets) Resource allocation Spectral
efficiency Network latency

I. INTRODUCTION

Recent advancements in next-generation 5G and beyond 5G
wireless communication systems provide benefits such as ex-
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tensive connectivity, ultra-reliable low-latency communication,
and high data rates [}, [2]. However, the extensive deployment
of IoT devices in smart cities poses significant challenges for
traditional networks due to limited power resources and finite
bandwidth, leading to high latency and network congestion,
which hinder the efficient deployment of IoT applications
[3]. An essential component of modern IoT applications, like
smart traffic management, is reliable backhaul communication,
ensuring efficient real-time data transmission from numerous
sensors to the central controller (CC) [4]]. Traditional backhaul
networks, constrained by limited computational and communi-
cation resources, result in high latency and increased suscepti-
bility to interference, obstructing efficient communication [5]].
To address the limitations of traditional networks, an effective
multilayer communication network is needed, where the first
layer connects the IoT devices to the base stations (BS), and
the second layer links the BS and IoT to a CC [6]]. Through the
use of this multilayer architecture, the traditional network can
offer the low latency and high capacity of terrestrial networks,
coupled with caching at base stations (BSs) to store frequently
accessed data closer to users [7]]. Consequently, a multilayer
network, combined with an integrated caching approach at
the BSs, enhances overall network performance, providing a
more efficient, reliable, and scalable solution critical for the
successful implementation of smart cities [§]. Additionally,
this network requires significant interference management
strategies between devices and between different layers of the
communication network [9], [10].

In addition to the multilayer architecture, the choice of mul-
tiple access techniques is crucial. Traditional approaches, such
as orthogonal multiple access (OMA), have been prominent
for many years [11]]. However, OMA is not well-suited for
applications constrained by limited spectrum [12], leading to
under-utilized spectrum and reduced network capacity, partic-
ularly problematic in densely populated IoT environments [8]].
Nonorthogonal multiple access (NOMA) offers a promising
alternative [[13]], allowing multiple users to share the same fre-
quency resources simultaneously by using different power lev-
els, thereby enhancing spectral efficiency [[14]. Furthermore,
NOMA improves fairness among [oT devices by dynamically
adjusting power based on channel conditions, making it highly
suitable for real-time IoT applications [I5]. By integrating
NOMA into a multilayer network, the overall performance
of smart cities is significantly improved in terms of reliability,
efficiency, and the effectiveness of IoT devices [16]. Addition-
ally, incorporating a caching system at BSs in combination
with NOMA enhances data transmission by storing frequently
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requested information [7]], [17]]. In the following section, we
will explore recent advancements in these technologies both
individually and in an integrated manner.

II. RECENT ADVANCEMENTS

To overcome the challenges mentioned above, several works
related to smart city applications have been published in
the literature and address the significant challenges raised
due to the dense deployment of IoT devices, as well as
the limited power and bandwidth that result in high latency
and network congestion. Consequently, the work done by Al-
Abbasi et al. 18], Zhang et al. [[19], and Vaezi et al. [1]], [20],
mention the shortcomings related to finite computational and
communication resources of dense network deployed in the
smart cities. Following that, the work done by Lee et al. [[13]
and Lim et al. [21] emphasizes the need for new and promising
solutions for IoT data management that require reliable back-
haul networks. These networks facilitate data transmission and
reception between BSs and the core network. In addition to
these benefits, the traditional network encounters issues, for
example, limited capacity, high latency, and vulnerability to
cyberattacks, as demonstrated by the work of Kwon et al. [22],
Alameer Ahmad et al. [23]] and Kaneko et al. [14]. Therefore,
to overcome these challenges, a considerable amount of effort
is required to pave the way toward a multilayer communication
network. This network links IoT devices with BS in the first
layer and BSs with CC in the second layer, resulting in
operational efficiency. Studies by Gevez et al. [12f, Wu et
al. [24]], and Chrysologou et al. [25] have demonstrated the
success of these architectures. Furthermore, Yang et al. [17]
and Hao et al. [26] have explored the integration of fog and
cloud computing within hybrid architectures, which improves
the network’s ability to handle extensive IoT projects.

The literature has extensively studied traditional multiple
access methods such as OMA for the IoT network, in addition
to multilayer architecture. However, they show inherent inef-
ficiencies in resource utilization, leading to an underutilized
spectrum and reduced network capacity, especially in densely
populated IoT environments. In contrast to the advantages of
OMA, it also faces some limitations in handling large data
traffic in dense urban environments such as smart cities, as dis-
cussed by Al-Abbasi et al. [[18]], Zhang et al. [19] and Lee et al.
[9]. To overcome the limitation, NOMA technology presents
a promising alternative that allows multiple users to share
the same frequency resources simultaneously using different
power levels, enhancing spectral efficiency. Therefore, with
efficient utilization of NOMA, network performance improves
significantly, resulting in reduced latency and improved user
fairness, making it a good candidate for real-time IoT applica-
tions, as explained in research by Won et al. [22], Lee et al. [9],
and Moltafet et al. [27]. Moreover, to meet the requirements of
massive connectivity and high spectral efficiency for real-time
applications, NOMA became the best candidate, according
to Zhang et al. [28|] and Bohli et al. [29]. Moreover, recent
advances in NOMA, as highlighted by Gevez et al. [[12] and
Lim et al. [30], pave the way for its integration with machine
learning techniques for adaptive resource management.

Given NOMA's benefits, integrating it into a multi-layer net-
work can improve [oT device performance, including spectral
efficiency and reliability, in urban smart environments [31]].
Besides, BS caching strategies also enhance data transmis-
sion by storing frequently accessed data, reducing redundant
transmissions and network congestion [30]-[32]. Therefore,
traditional communication problems, as discussed earlier, like
the need for effective bandwidth and power limitations, can
be overcome by integrating the NOMA with caching in the
future communication network, as confirmed by the studies
done by Yang et al. [[17], Hao et al. [26], and Guo et al. [7].
Moreover, the studies done by the authors of [22] and [29]]
further enhance the effectiveness of NOMA-enabled caching
in multilayer networks and address the requirements of future
communication systems. Besides these advances, most of them
work mainly on either the fronthaul or the backhaul, leaving
the combined effect unexplored. To fill this gap, our work
investigates NOMA-enabled caching under quality of service
constraints and dynamic resource allocation in dual-layer net-
works. Besides this, most of the work overlooks the potential
benefits of integrating these technologies for more resilient
and scalable networks, particularly in smart cities. Dynamic
resource allocation, considering real-time data demands and
fluctuating network conditions, remains a challenge. To tackle
IoT challenges in smart cities, a comprehensive strategy must
include NOMA and caching, optimized within a dual-layer
network framework, which is the main novelty of this work.
As per my best knowledge, this is the first work done and lays
the groundwork for future communication networks.

A. Motivation and Contributions

Building on the previous discussion, this work considers
NOMA along with caching at the BSs by introducing an
innovative multilayer network architecture. The first layer
links IoT devices to multiple BSs, while the second layer
connects BSs/IoTs to a central controller. The proposed ar-
chitecture overcomes single-layer architecture limitations by
integrating the NOMA in the network to improve spectral
efficiency and reduce cross-tier interference induced by the
multilayer network. Following that, caching at the BSs further
reduces redundant data transmissions and network congestion,
improving the system. This integrated approach meets the
growing bandwidth and data rate needs of IoT applications,
ensuring seamless and efficient communication in smart cities.
Moreover, efficient and dynamic allocation of communication
resources will further minimize interference and increase data
rate as one of the main contributions of this work for mul-
tilayer networks. Thus, the proposed framework results in a
scalable and efficient network architecture that can meet smart
city data demands, improve existing solutions, and fill critical
gaps as discussed above. In addition, the proposed model
aims to pave the way for more resilient and efficient IoT
networks, ultimately improving the quality of service and user
experience in smart cities. The main contributions of this work
are summarized as follows:

1) This work formulates the joint optimization problem
for resource allocation in a multi-layer network that
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integrates NOMA and caching mechanisms, addressing
the unique challenges of smart city IoT environments
while taking into account the cross-tire interference. The
optimization problem is designed to maximize the ag-
gregated data rate, ensuring efficient resource utilization
in high-density IoT scenarios by jointly optimizing the
user associations and communication resources.

2) To address the complexity of the joint optimization
problem, we decoupled the joint optimization problem
into subproblems using the block coordinate (BCD)
methods and transformed it into a more manageable
form using the inner approximation methods, resulting
in a reduction in overall computational complexity.
Furthermore, to demonstrate the effectiveness of the
proposed scheme, simulations were conducted using an
exhaustive search which poses the upper bound for our
solution and also with a heuristic approach based on the
genetic algorithm.

3) The incorporation of caching at base stations in the
proposed architecture effectively reduces redundant data
transmissions and alleviates network congestion, en-
hancing overall network efficiency. The results demon-
strate that the proposed scheme outperforms the others,
while performing 98.04% equal to the ideal backhauling
and approximately 99.60% equal to the upper bound
solution.

4) Following that to further reveal the effectiveness of
the proposed scheme and further support the numerical
findings, the Statistical analysis was also conducted
along with the simulations to, highlighting the consistent
performance of the proposed scheme under varying
network conditions and its robustness compared to other
methods. This analysis shows that the proposed scheme
maintains superior performance across different scenar-
ios, reinforcing its suitability for practical applications.

To improve clarity and ease of reference, Table [I] lists the key
notations used throughout the paper.

III. SYSTEM MODEL AND MATHEMATICAL MODEL

This section introduces a two-layer caching-based system
that leverages NOMA technology to enhance IoT communica-
tion within a smart city. Our focus lies primarily on the uplink
communication scenario within this framework, characterized
by a network comprising M base stations (BS) and a central
controller (CC) denoted as k, which serves () IoT devices
(IoTD) as shown in Fig. El BSs are crucial for seamless
communication between IoT devices and the CC in the smart
city. Without them, IoT devices would rely solely on their
own communication, risking breakdowns and compromising
network efficiency. For effective communication, the system
bandwidth, represented as (3, is divided into two segments:
front-haul and backhaul links. Here, (1 — A\)B is allocated
to front-haul communication between the IoTDs and the BSs,
while A B is dedicated to backhaul communication between the

IWhile our focus is on optimizing communication, we assume the network
is fully secured [33]. Future work will consider integrating security mecha-
nisms such as encryption and secure authentication protocols.

TABLE I: List of Notations

Symbol Description
Number of base stations (BSs)
Central controller (CC)

M
k
Q Number of IoT devices (IoTDs)
B
A

Total system bandwidth

Bandwidth allocation coefficient

Pym Transmission power of IoTD g to BS m
Py Transmission power of IoTD ¢ to CC

Hgm Channel gain between IoTD ¢ and BS m
Hy i Channel gain between IoTD ¢ and CC
Cq Additive white Gaussian noise (AWGN)
o? Noise variance
Ry m Data rate from IoTD g to BS m
Ry k Data rate from [0TD ¢ to CC
Lgm Large-scale path loss between IoTD ¢ and BS m
Ly k Large-scale path loss between IoTD ¢ and CC

« Path loss exponent

Distance between 10TD g and BS m

Distance between IoTD g and CC
do Reference distance

Yg,m SINR for IoTD ¢ and BS m

Yq.,k SINR for IoTD ¢ and CC

Pinter Intercell interference at BS m

Pintra Intracell interference at BS m

Im Total interference at BS m

Vg,m Logarithmic term for SINR of IoTD g and BS m
n Cache hit ratio
A Device association matrix
P Power allocation matrix
B Total bandwidth

Rm Overall achievable rate at BS m

REcheSIC | Achievable rate at BS m with caching and SIC

« — Intercell Interference
k — Cross-tier Interference
Central - - =) Intracell Interference
[+
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Fig. 1: The proposed two-layer caching-based network model for
IoT communication in smart cities using NOMA technology. 1oTDs
connect to BSs, which link to a CC. The model optimizes uplink
communication through bandwidth allocation, caching, and interfer-
ence management.

BSs and the CC. To effectively address network requirements,
the system incorporates wireless caching technology within
BSs, enabling data offloading. Furthermore, NOMA technol-
ogy facilitates multi-device transmission, enhancing system
efficiency. Communication between BSs and the CC primarily
occurs over the C-band. Moreover, the system model includes
different types of cochannel interference, such as cross-tier CC
interference, intercell interference, and intracell interference
from NOMA. Subsequent sections provide a detailed analysis
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of the system’s performance and design, highlighting the
importance of our approach in optimizing network resources
and improving overall performance.

A. Communication Model

Furthermore, the communication model plays a crucial role
in demonstrating the effectiveness of the proposed scheme.
Therefore, it needs to be addressed efficiently, as explained
in the subsequent section involving terrestrial communication
systems, which include the front haul from IoTs to BS and
the backhaul from IoTs/BS to the CC.

1) Terrestrial Communication Model: In the context of
HetNets enabled by Smart City IoT, NOMA technology allows
a BS to serve multiple IoTDs concurrently. Consider a set
of IoTDs, indexed by ¢, served by a particular BS m. The
received signal at BS m from IoTD ¢ can be modeled as:

Ygm =1/ Pq,qu,qu,m+Z V Pq’,qu’,qu’,m+Im+<qv (L
q'#q

In eqn. (1), P,,, denotes the transmission power of IoTD
g to BS m, H,,, represents the channel gain between
IoTD ¢ and BS m, and S;,, is the transmitted sig-
nal. The interference term I,, encompasses both inter-cell
and intra-cell interference components: [,, = ®ner 4
ointra - with @inter  — Z#m >iN/PijHimSij, @

>gtq N Par.mHg ;mSqm. Here, (; denotes the additive
white Gaussian noise (AWGN) with ¢, ~ CN(0,0?), where
o? is the noise variance. The communication channel between
IoTD ¢ and BS m is modeled as a Rayleigh fading channel:
Hym = \/Lgmhgm, where L, ., represents the large-scale
path loss and hg,,, ~ CN(0,1) represents the small-scale
fading coefficient. The large-scale path loss L, ,, is typically
modeled as a function of the distance d,,, between IoTD

(o7
do , where dj is the reference

q and BS m: Ly, = (dq.m
distance, dg,,, is the actual distance between [0TD q and BS
m, and « is the path loss exponent, which typically ranges
between 2 (free space) and 4 (urban environments). The signal-
to-interference-plus-noise ratio (SINR) for the communication

link between IoTD ¢ and BS m is defined as:

Pq7m|H(17m‘2

Ty = :
" >grq Poroml Hy [ + Iy + 02

2

where P, ,, is the transmission power, |H, ,|* is the chan-
nel gain, and I,, represents the interference. The bandwidth
allocation coefficient A determines the division of the total
bandwidth 3 between front-haul and backhaul links. Specif-
ically, (1 — A\)g is designated for front-haul communication,
while \j is allocated for backhaul communication. The device
association matrix A = [aq,m]Qx (ar+1) defines the association
of IoTDs with BS/CC. If 1oTD q is associated with BS/CC
m, then a4, = 1; otherwise, ag,,m = 0. Following that, the
transmission rate from IoTD ¢ to BS m is given by:

Rym = (1 =X)Blogy (1 +74,m) - A3)

The overall achievable rate at BS m is the summation of the
rates of all associated IoTDs: R,,, = anq,mR%m.

2) Caching and SIC Decoding Mechanism: To further
improve the efficiency of our system, we integrate caching and
SIC decoding mechanisms at the BS. The caching mechanism
stores popular content at the BS, reducing redundant data
transmissions and alleviating network congestion. The cache
hit ratio determines the effectiveness of caching, indicated as 7.
The cache hit ratio represents the probability that a requested
content is available in the cache.

The received signal at the BS m after SIC decoding is given
by:

Yo =\ PomHymSqm+ D

q'elU,

Pq/,qu’ ,m Sq’ ,m + I'm + qu

“4)
where U, represents the set of users whose signals are decoded
before user ¢’s signal. Users’ interference in U, is successively
canceled, improving the SINR for the user gq.

The SINR after SIC for user g at BS m is given by:

Pq,mlH 77n|2
Zq’%uq Py n|Hg | + I + 0%
The achievable rate after SIC for user ¢ at BS m is:
R = (1—X)Blogy (1+T5%.). (6)

The overall achievable rate at BS m with caching and SIC
is then given by:

Reichesic _ Z agmBRyS, + (1 —1) Z agmBRgm-  (7)
qeQ q€Q
This model integrates the benefits of caching and SIC to
enhance the overall system performance, reduce latency, and
improve data rates for [oT devices in the smart city HetNet.
3) IoTD-CC Communication: The received signal at the
CC from the qth IoTD, denoted as g %, is modeled as:

PoHqkSqk + gk + Crs (8)

where P, represents the transmission power of IoTD ¢ to the
CC, H, . is the channel gain between IoTD ¢ and the CC, S 1
is the transmitted signal, I, ; denotes the total interference,
and ¢ ~ CN(0,0?) is the additive white Gaussian noise
with variance 2. The total interference I, 5, consists of intra-
cell and inter-cell components, defined as: I, = @i;t,ga +
@;‘t‘,‘;’r, where: @g‘"{f = D u2q V' Py kHe 5S¢ koo <I>iq“f,§r =
Zm# > i/ PimH; 1 Sim. The channel gain H,j encom-
passes both large-scale path loss and small-scale Rayleigh
fading: Hy p = +/Lgrhqx, Where L, represents the large-
scale path loss and hg ~ CN(0,1) denotes the small-scale
fading coefficient. The large-scale path loss L, j as a function
of the distance (flq’k between IoTD ¢ and the CC is given by:
Lq,k: = diok
the actual distance, and « is the path loss exponent. The SINR
I’y i for the link between IoTD ¢ and the CC is defined as:
__ PyrlHgwl
q:k (I)gl,tlrca + (I)i;,tlgr + o2’
Finally, the achievable data rate R, at the CC from IoTD
q is determined by:

Ry = ABlogy (1 + F%k)a

SIC __
Fqﬁn -

(&)

Yq,k =

, where dy is the reference distance, dg 1 is

r €))

(10)
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where ) is the bandwidth allocation coefficient and 3 is the
total bandwidth.

B. Problem Formulation

Building on the previous discussion, this section aims to
formulate the joint optimization problem to maximize the
system’s utility by optimizing device association A, power
allocation P, and bandwidth allocation A, while adhering
to the constraints of the system and communication. These
constraints are influenced by channel quality, interference,
and available bandwidth. The joint optimization problem is
formulated as follows:

fi cache,SIC
mexlrr’rf;\ze E (E aqm By +aq’qu’k>, (11a)

qeQ \meM
subject to: Zaqﬂnpw < P ¥m e M, (11b)
q€Q
> agpPyr < P, (11c)
q€Q
agm €{0,1},Vg € Q,Vm e MU {k}, (11d)
> agm=1, YgeQ, (11e)
meMU{k}
0<A<1, (116
VoIS > e Vg € Q,VYm € M, (11g)
RYC > RM . VgeQ,VmeM, (11h)

The device association matrix A, power allocation matrix
P, and bandwidth allocation coefficient \ are defined. The
objective function in eqn. (ITa) maximizes the aggregate data
rate by summing the rates of all IoTDs to their respective
BS or CC. The constraint in eqn. (IIb) ensures that the
total power allocated to each BS does not exceed P,?*, and
constraint in eqn. imposes a similar limit for the CC.
The binary constraint in eqn. guarantees that each 1oTD
is associated with exactly one BS or CC and constraint in
eqn. (TTe) ensures that each ToTD connects to only one BS
or the CC. The bandwidth allocation constraint in eqn. (I1f)
restricts A to [0, 1], ensuring a valid distribution. To improve
performance, constraints in eqn. ensures SINR 75C for

q,m

each IoTD ¢ associated with BS m meets the minimum ’yg“;;,

and constraint eqn. (TTh) guarantees that the data rate Rgf%
for each I0TD ¢ associated with BS m exceeds R'7,. These
constraints ensure optimal resource allocation while meeting
system requirements and performance thresholds.

1) Remark on the Nature of the Optimization Problem:
The optimization problem formulated is inherently complex
due to its mixed-integer nonlinear programming (MINLP)
nature, involving both continuous variables (power and band-
width allocation) and binary variables (device association).
The nonlinearity stems from the SINR expressions, ratios
of quadratic terms that complicate the solution process. The
mixed integer aspect of the problem arises from the binary de-
vice association matrix A and the continuous variables in the
power allocation matrix P and bandwidth allocation A. This
combination significantly increases complexity. Additionally,
SINR and rate constraints are nonconvex due to interference

terms and logarithmic functions, making it difficult to find a
global optimum. The problem is NP-hard, indicating that no
known polynomial-time algorithm exists for an exact solution,
mainly due to the combinatorial nature of device association
and the non-convexity of the mathematical functions.

The SINR for the link between IoTD ¢ and BS m is 4 m =

Pym|Hg m|? . . . :
: confirming the nonlinearity with
S isa Pt Hyr P4 T 702 g y

its ratio of quadratic terms. The rate R, ,,, = (1—\)Blog,(1+
~q,m) involves a logarithmic function of SINR, contributing to
nonlinearity. The binary variables a4 ,, € {0,1} and contin-
uous variables P, ,, and A classify the problem as mixed-
integer, increasing its complexity. The nonconvex objective
function Y- o (32, cp Gg.mRgm + aqk R i) involves max-
imizing the sum of logarithmic functions of SINRs, further
complicating the problem. The NP-hard nature is due to
the combinatorial complexity of device association and the
nonconvex SINR and rate constraints. Therefore, to address
this, in the following section, we decouple the original op-
timization problem in eqn into a series of subproblems
and solve them iteratively to find near-optimal solutions within
reasonable computational times.

Start

Decompose Problem using BCD

Solve Subproblem 1: User Association

Solve Subproblem 2: Bandwidth and Power Allocation

Check Convergence

ﬂ» Update Variables

End

Fig. 2: Flowchart of the Decoupled Problem Solving Process
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IV. PROPOSED FRAMEWORK

This section introduces the proposed framework for solving
eqn. (TI)), considering the characteristics of the optimization
problem as discussed in Section [[II-BT} To tackle this, we
decompose the original optimization problem using the block
coordinate descent (BCD) method into two subproblems: user
association Section and bandwidth and power alloca-
tion Section [[V-B] This decomposition not only simplifies
the problem but also allows for more efficient and tractable
solutions with low complexity, thereby enhancing the system’s
efficiency. Additionally, Fig[2 illustrates the flowchart that
details the entire operational process.

A. Subproblem 1: User Association

Under the fixed bandwidth and power allocation values, the
first subproblem focuses on determining the optimal associa-
tion of IoTDs with BSs/CC. This can be expressed as follows:

makaize E ( E aq’mR;"’l:Ze,SIC +aq,qu,k>, (12a)

qeQ \meM
subject to:  ag., € {0,1}, Vg€ Q,Ym e MU {k},
(12b)
> agm=1, YgeQ. (12¢)

meMU{k}

This subproblem aims to maximize the aggregate data rate by
optimizing the device association matrix A. Constraints in eqn.
(12b) and in eqn. ensure that each 1oTD is associated
with exactly one BS or the CC.

Note: The optimization problem in eqn. (T2) is still non-
convex and nonlinear. Thus, finding the optimal solution
remains computationally challenging. Therefore, to address
this, we transform it into a more tractable form by relaxing
the binary variable to be continuous between 0 and 1.

By relaxing the binary variable a,,, to be continuous
between 0 and 1, we obtain the following relaxed optimization
problem:

maxjignize E ( E aqvafIa}i};e’SIC—kaq,qu,k), (13a)

qeQ \meM
0< agm<1,Y€Q,VmeMU{k}, (13b)

> agm=1, VYgeQ. (13¢c)

meMU{k}

subject to:

This relaxation transforms the problem into a more tractable
linear programming (LP) problem that can be efficiently solved
using standard optimization techniques. After solving the
relaxed problem, we can apply a rounding technique to convert
the continuous variables to binary form, ensuring a feasible
solution to the original problem. A detailed explanation and
the working principle are also demonstrated in Algorithm [T}

B. Subproblem 2: Bandwidth and Power Allocation

Given the user association values, the next subproblem
focuses on optimizing the bandwidth and power allocation for

Algorithm 1: User Association Algorithm

Input: Bandwidth allocation A, power allocation P,
channel gains H, ,, and H, j
Output: Optimal device association matrix A

1 Initialize: Relax binary variable a, ,, to be continuous
between 0 and 1;

2 Solve the Relaxed Problem:;

3 Solve the linear programming problem defined in

eqn. (T3) to obtain A*;

4 Rounding:;

5 foreach ¢ € Q do

6 L Identify m™ = arg max,,emu{r} Gg,ms

7 Set agm+ =1 and aq,ym = 0 for all m # m*;

8 Return: Optimal device association matrix A;

the associated IoTDs to enhance the system’s utilityﬂ This
subproblem can be expressed as follows:

maximize ( E aq,mR;i‘fEe’SIC +aq7qu7k) ,  (14a)
q€Q

P
meM

subject to: Z QgmPym < PRY, VYm e M, (14b)
q€Q
> agkPer < PP, (14c)
q€Q
0<A<1, (14d)
Vo = Vo, Vg € Q,¥m € M, (14e)
RIS > RMn g € Q,¥m € M. (14f)

In this subproblem, the objective is to maximize the aggregate
data rate by optimizing the power allocation matrix P and
the bandwidth allocation coefficient \. While the focus is on
system utility, energy-efficient techniques can be considered
to enhance power allocation further, potentially reducing the
overall energy consumption in the network [34]]. Constraints in
eqn. (T4b) and eqn. ensure that the total power allocated
to each BS and the CC does not exceed their respective limits.
Constraints in eqn. and in eqn. (I4f) ensure that the
SINR and data rate for each IoTD meets the minimum required
thresholds.

Proof of Non-Convexity: The optimization problem in eqn.
(T4) is non-convex due to the following reasons. The objective
function contains logarithmic terms, which are concave func-
tions, making the overall objective non-convex. Specifically,
the achievable rate RS'C, is given by:

R, = (1= A)Blog, (1+51,)
where 75IC represents the SINR for the link between IoTD ¢

q,m

15)

and BS m. The SINR is defined as:
P, Hyl?
72},% _ aom | Hgm| (16)

Z‘1’;ﬁq Py m|Hgr m|* + I + 02

2While the current algorithm focuses on maximizing system utility through
power and bandwidth allocation, future extensions of this work will explore
energy-efficient methods to optimize power allocation further, potentially
reducing the overall energy consumption in IoT networks.
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The SINR expressions involve ratios of power and interference
terms, and the rate expressions depend on both bandwidth and
SINR, introducing nonlinear coupling between variables. The
product terms in the SINR expression and the log function
applied to these terms make the problem nonlinear and non-
convex.

1) Addressing the Fractional Nature of SINR: The SINR
75, is inherently a fractional expression due to the ratio of
the signal power to the sum of interference and noise. To
handle this, we introduce a new variable v, ,, to represent
the logarithmic term in the rate expression:

am) (17)

= log(1 +74,m

Using vy, the rate expression in eqn. (I3)) can be linearized
as:

R = (1= X)Brgm

2) Addressing the Coupling Between Bandwidth and
Power: The coupling between bandwidth and power in the
SINR expression is handled by treating 'ySlC/ as a function
of power allocation P and bandwidth allocation A\. We ap-
proximate the nonlinear SINR constraints using a first-order
Taylor expansion around a feasible point (P°, \°). The SINR
constraint 7;'c, > 4" can be approximated as:

(18)

7211?7, ~ ’7217(3;0 4 V’YSIC O(P PO) (19)

Here, V350 represents the gradient of the SINR at the point
(PY,\?). The gradient V~3'5,% can be computed as:

SIC
SIC,0 _ a’y‘l m (20)
0P po)

3) Handling the Nonlinear Nature of the Log Function :
The logarithmic nature of the rate function log(1 + ~5'G,) is
nonlinear and concave, making it difficult to handle directly
in a convex optimization framework. By introducing the new
variable v4 ., as shown in eqn. (I7), we linearize the log
function, allowing us to rewrite the rate constraint in a linear
form:

Vo + Vg (P —P?) > 4

21

This transformation linearizes the constraint, making it convex.
Combining these steps, we obtain the transformed convex
optimization problem:

max1mlzeE (E Qq,m

q€Q \meM
(22a)
Z agmPym < P™ . ¥m e M, (22b)
q€Q
> agrPyr < PP, (22¢)
qeQ
0<A<I1, (22d)

PO+ Vsl (P = PO) > 4 Vg € Q,¥m € M, (22e)
(1= N)Brgm > R™n Vg e Q,Vm € M. (221)

= *hq,m>
The optimization problem in eqn. (22) is now convex. The
objective function is a linear combination of the variables v ,,

M) BVg,m + agr(1 — A)ﬁ”q,’C) )

making it linear and hence convex. The constraints are linear
or convex functions. The power and bandwidth constraints
are linear, while the SINR and rate constraints have been
transformed into linear constraints using the new variables
Vgq,m- Consequently, the optimization problem is inherently
convex and can be solved efficiently using techniques such
as CVX. A detailed explanation is also provided in Algorithm

2

Algorithm 2: Bandwidth and Power Allocation Algo-
rithm
Input: User association matrix A, channel gains H p,
and Hg
Output: Optimal power allocation matrix P and
bandwidth allocation \

1 Initialize: Set initial values for P and \;
2 Transform Variables: Introduce new variables

Vgm = log(1+ 751C );
3 Iterate: Repeat untll convergence;
4 Approximate SINR constraints using first-order
Taylor expansion around current values of P and
A;
5 Solve the convex optimization problem in eqn. (22)

using a suitable convex optimization solver;
6 Update the values of P and A based on the
solution;
7 Output: Return the optimized power allocation matrix
P and bandwidth allocation \;

C. Complexity and Convergence Analysis

The proposed scheme iteratively solves convex optimiza-
tion problems, beginning with the linearization of the SINR
constraints. Calculating the gradient of the SINR concerning
the power allocation variables has a computational complexity
of O(QM), where () is the number of IoTDs and M is
the number of BSs. Solving the convex optimization problem
per iteration using interior-point methods has a worst-case
complexity of O((QM)31og(1/e)), where € is the desired
solution accuracy. Hence, the overall computational complex-
ity is O(K(QM)3log(1/e€)), with K being the number of
iterations.

The scheme ensures convergence by leveraging convex
optimization and successive convex approximation properties.
Each subproblem yields a globally optimal solution for lin-
earized constraints, resulting in a monotonic improvement of
the objective function. The iterative process converges to a
stationary point of the original non-convex problem, guaran-
teed by the properties of successive convex approximation.
Termination occurs when the change in the objective function
value is below a threshold ¢, ensuring convergence to a stable
value. Thus, the scheme is efficient and scalable for large-scale
networks with complexity per iteration O((QM )3log(1/e)).

V. DISCUSSION AND NUMERICAL FINDINGS
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TABLE 1I: Simulation Parameters

Value
{30, 40, 50, 60, 70, 80}
5

Parameter
Number of 10TDs (Q)
Number of BSs (M)

Total Power 100 W
Noise Power (o2) 1x 1079 W
Path Loss Exponent («) 3.5
Total Bandwidth () 20 MHz
Bandwidth Allocation Coefficient (\) 0.5

Channel Gain Model Rayleigh fading

Distance Between 10TD and BS (dg,m) 100 m
Reference Distance (dg) 1 m
Noise Figure 10 dB
Carrier Frequency 2.5 GHz
Transmit Antenna Gain 5 dBi
Receive Antenna Gain 5 dBi

Path Loss Model Free space path loss
Iterations for Convergence 20
Accuracy Threshold (¢€) 1x 103
Simulation Area 1 km?

This section presents numerical results to demonstrate the
efficiency of the proposed scheme, which optimizes communi-
cation resource allocation and IoTD association. Simulations
were conducted using MATLAB, based on the parameters
listed in Table[ll] Although simulation-based, these parameters
closely replicate real-world smart city conditions, such as
path loss exponent, channel models, and bandwidth values
typical of urban IoT networks, ensuring the results reflect
practical performance scenarios. To further demonstrate the
scheme’s effectiveness, results were compared with various
algorithms, including an exhaustive search which is the upper-
bound solution of the proposed framework along with the
heuristic approach based on genetic algorithms. Furthermore,
the simulation outcomes were compared with random and
equal power allocation schemes as well as ideal backhaul-
ing. Furthermore, simulations were conducted using the sum
rate as a performance metric over the independent channel
realization, and average results were produced. The study also
demonstrates the impact of interference management. Addi-
tionally, the results were compared across various simulation
parameters to verify their effectiveness. To further clarify the
scheme’s efficiency, statistical analyses were performed during
the simulations.

A. Findings and Analysis

To reveal the effectiveness of the proposed scheme, the
convergence of the algorithm is an important parameter that
needs to be addressed before delving into details. Simulations
were carried out by considering the sum rate as a performance
metric. The results, as shown in Fig. |§| demonstrate the
convergence of the solution toward a stable point over the
increase in the number of iterations. This is because the
algorithm iteratively solves the user association and resource
allocation subproblems using algorithms 1 and 2, which leads
to its convergence. In addition, results also reveal that the
convergence times to achieve the stable time of different
algorithms vary, with the proposed scheme showing faster
convergence compared to others, resulting in outperforming
the others. These findings demonstrate that the proposed

75
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Fig. 3: Convergence of Proposed Scheme

scheme not only achieves higher sum rates but also represents
its potential advantages over traditional methods.
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Fig. 4: Impact fo IoT devices on system performance

To reveal the proposed scheme’s effectiveness, extensive
simulations were carried out by varying the number of IoTD
devices and considering sum rate as a performance metric, as
shown in Figure 4] Additionally, the results of the proposed
scheme were compared with relevant benchmark schemes,
including the exhaustive search, which acts as the upper bound
for our relaxed problem. Moreover, to further demonstrate the
effectiveness, the results were also compared against relevant
benchmark schemes, including ideal backhauling, equal and
random power allocation, along with the heuristic approach.
Results demonstrate that the proposed scheme outperforms the
others while performing 98.04% equal to the ideal backhauling
and approximately 99.60% equal to the upper bound solution.
This trend is due to the fact that in our proposed framework,
optimal allocation of communication resources along with
efficient user association was carried out. These enhancements
demonstrate the superior performance of the proposed scheme,
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underscoring its potential for optimizing sum rates in IoT

networks.
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To support the effectiveness of the numerical results of
the proposed scheme, a statistical analysis using Probability
Density Functions (PDFs) and Cumulative Distribution Func-
tions (CDFs) was carried out. The three schemes, labeled
as Proposed Scheme, including exhaustive search, and a
heuristic approach based on genetic algorithms, were evaluated
to understand their performance distribution and cumulative
behavior over varying numbers of IoTD. The PDFs analysis
in Fig. 5] demonstrate that all of the three schemes have
identical performance distributions, with similar peaks at
around the same levels demonstrating their equal effectiveness
as compared to others. Following that the CDFs in Fig. [f]
further support this finding, with closely overlapping plots that
show nearly identical cumulative probabilities for all schemes.
The detailed views in Figures [5] and [f] confirm that even in
finer details, the cumulative performance of the schemes is
nearly indistinguishable. This statistical analysis demonstrates
that the proposed schemes perform approximately equally.
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Fig. 7: Normalized Interference

Practical applications can adopt any of the proposed schemes
without compromising performance, thanks to the consistent
probability densities and cumulative probabilities across them.

Following that, to further reveal the effectiveness of the
proposed scheme normalize interference was plotted as shown
in Fig. [/} The data shows the proposed scheme keeps in-
terference below 0.4, even as IoTDs increase from 30 to
80, with levels between 0.15 and 0.35. Moreover, the Ideal
Backhauling along with the Exhaustive Search methods also
keeps interference low, below the threshold. The Heuristic
Approach has slightly higher but still acceptable levels. In
contrast, Random and Equal Power Allocation schemes have
higher interference, often exceeding 0.4, especially with more
devices. The proposed scheme outperforms these methods,
comparable to ideal and exhaustive approaches. This demon-
strates its superior interference control.
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Fig. 8: Impact of BS on system performance

We performed a performance assessment of the proposed
schemes using simulations with different numbers of BS and
IoTDs. The sum rate, measured in Mbits/s, was evaluated
for the Proposed Scheme, Exhaustive Search, and Heuristic
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Approach with IoTDs = 40, 50, and 60. Moreover the finding
in as shows in Figure [8] indicates that the Proposed Scheme
consistently enhances the sum rate, peaking at 12 BS. The
Exhaustive Search consistently surpasses the Proposed Scheme
by about 0.1%, whereas the Heuristic Approach lags by
approximately 0.5%. As the number of IoTDs grows, this
performance trend remains stable, suggesting that while the
Proposed Scheme is efficient, it is closely rivaled by the
Exhaustive Search and Heuristic Approach, with only slight
differences in performance.
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Fig. 9: Statistical Analysis

Similarly, to support the numerical results and further
demonstrate the effectiveness of the proposed methods, we
performed a statistical analysis using box plots. The data sets
for the Proposed Scheme, Exhaustive Search, and Heuristic
Approach were examined for IoTDs of 40, 50, and 60 at
different BS levels. The box plot as shown in Fig. [9] displays
the sum rates for each method. For IoTDs = 40, the median
sum rates are 79.02 Mbits/s for the Proposed Scheme, 79.10
Mbits/s for Exhaustive Search, and 78.62 Mbits/s for the
Heuristic Approach. For the IoTDs = 50, the medians are
81.93,82.01, and 81.52 Mbits/s, respectively. For IoTDs = 60,
the medians are 84.84, 84.93, and 84.42 Mbits/s, respectively.
The box plot indicates that the performance of all three
methods improves with the number of IoTDs. The proposed
Scheme median sum rate is always higher. A similar sum rate
distribution suggests method variability. Performance is similar
due to overlapping interquartile ranges. Although the Proposed
Scheme slightly outperforms the others, the differences are not
statistically significant, making all three methods viable.

We carried out a statistical analysis using Probability Den-
sity Functions (PDFs) to assess the performance distribution
of the Proposed Scheme, Exhaustive Search, and Heuristic
Approach for various IoTDs (40, 50, and 60) at different
BS levels. The PDFs in Fig. [I0] illustrate the probability
of varying sum rates. For IoTDs = 40, the PDFs for all
schemes peak around 79 — 80 Mbits/s. As IoTDs increase
to 50 and 60, the peaks shift right, indicating higher sum
rates. The Proposed Scheme exhibits a slightly higher peak,
suggesting a greater likelihood of superior performance. Nev-
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Fig. 10: Statistical Analysis

ertheless, all schemes’ overall distribution is similar, indicating
comparable performance. This analysis shows that while the
Proposed Scheme is marginally better, the Exhaustive Search
and Heuristic Approach are also strong alternatives.

VI. CONCLUSION

This study introduces a novel two-layer network architec-
ture: IoTDs to BS and BSs/IoTDs to the CC, incorporating
NOMA technologies and caching mechanisms at the BSs.
The proposed architecture aims to enhance the performance,
efficiency, and reliability of IoT communications in smart
cities, while addressing cross-tier interference from the other
layer. To achieve this, our primary objective is to optimize
resource allocation and solve the association problem within a
two-layer network model. We formulated a joint optimization
problem to maximize system utility by optimizing device
association, power allocation, and bandwidth allocation, con-
sidering constraints such as channel quality, interference, and
available bandwidth. This problem seeks to maximize the
aggregated data rate, ensuring efficient resource utilization in
high-density IoT scenarios. Additionally, to tackle the non-
linear and non-convex nature of the problem, we decou-
pled the joint optimization problem using block coordinate
descent methods, followed by applying inner approximation
techniques and solving them iteratively. The theoretical and
numerical convergence of the proposed scheme was then estab-
lished. By decoupling and transforming the joint optimization
problem, we reduced its overall complexity. Subsequently,
to demonstrate the effectiveness of the proposed scheme,
results were compared with the ideal backhauling approach,
the exhaustive search approach (serving as the upper bound for
our problem), and the heuristic approach. The results indicate
that the proposed scheme outperforms the others, achieving
98.04% of the performance of the ideal backhauling and
approximately 99.60% of the upper bound solution. Further-
more, the statistical analysis supports the numerical results,
confirming consistent performance across various conditions
and greater robustness compared to other methods, leading to
more resilient and efficient IoT networks.
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