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Abstract

Mobile devices including smartphones and tablets together with other connected
terminals have rapidly grown in popularity which drives the need for fast mobile data
services. The solution for this challenge requires 5G networks to implement advanced
architectural strategies. A layered cell-based design study for 5G cellular networks uses
theoretical analysis along with computer-based simulations to evaluate its results. The
network performance evaluation examines the effects of cell layering by transforming
traditional single-layer cells into two-layer and three-layer configurations. Within the
coverage area user devices connect randomly to a central 5G base station. Layered cell
architectures deliver better data capacity results than single-layer designs according to
theoretical modeling and simulation outcomes. The three-layer structure achieves the best
performance among tested scenarios by reaching speeds up to 39,78 Mbps. The research
findings deliver essential information about creating optimal layered architectures for
future 5G cellular networks.

Keywords: 5G, layered cell structure, network design, multi-tier architecture, capacity
analysis, mobile networks

1. Introduction

Ultra-high-definition video streaming, real-time gaming, driverless cars, and the Internet
of Things (IoT) are just a few of the mobile applications that have put tremendous strain
on the capacity, scalability, and latency performance of contemporary cellular networks.
Improved data throughput, higher connection densities, improved energy efficiency, and
lower latency performance are the goals of fifth-generation (5G) cellular networks
[11,[2],[3]- The attainment of these goals necessitates the deployment of intelligent and
flexible network architectures in addition to physical layer innovations in massive MIMO,
beamforming, and millimeter-wave (mm Wave) communication [4],[5],[6].

Among the promising architectural evolutions, layered cell structures (also referred to as
multi-layer or hierarchical cell structures) have emerged as a practical and effective
solution for increasing spectral efficiency and improving user experience in
heterogeneous environments. Instead of relying solely on conventional single-layer
deployments, a layered approach divides the macro cell into multiple coverage zones or
"layers" each served with different transmission power levels and frequency resources
allowing tailored service delivery based on user location or mobility patterns.[7],[8].

A basic 2-layer structure typically consists of an inner layer serving users close to the base
station (BS) using low power and narrower bandwidth, and an outer layer covering
distant users with higher power and broader coverage. This configuration helps reduce
intra-cell interference, enhance signal-to-noise ratio (SNR), and improve spectrum reuse.
Furthermore, the concept can be extended to 3-layer architectures, either through
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additional concentric zones or sectorization, to allow more granular control over
frequency allocation and directional coverage. Recent studies have reinforced the viability
of layered structures in modern network design. For instance, [9] explores simulation
models to quantify the capacity benefits of mixed cell structures using distinct frequency
layers (e.g., 3.5 GHz and 28 GHz). Likewise, [7] highlights how multitier network models
can be optimized using hardware-aware resource allocation, achieving up to 40%
computational gain in ultra-dense 5G deployments. Other works [2] investigate fractional
frequency reuse (FFR) and adaptive bandwidth management across cell layers to further
boost spectral efficiency and user fairness. In terms of practical simulation techniques,
works like [10], have demonstrated the applicability of tools such as ns-3 and machine
learning-enhanced modeling to replicate and test 5G system behavior under layered
configurations. In addition, advanced topics such as non-terrestrial and integrated
satellite-terrestrial multi-layer networks are being studied for future 6G systems [11].

A complete evaluation of single-layer versus multi-layer cell setups through actual
network conditions including SNR measurements and user capacity distribution along
with user equity remains an unresolved research problem. Various past research
investigations study network systems at a high level while they do not verify their results
through validated standard performance metrics [12],[13]. The research paper delivers a
simulation-based assessment of cellular networks which includes single-layer and 2-layer
and 3-layer structures for 5G systems [14]. The system model integrates four key
components: user association along distance and layer selection process, layer-specific
power distribution and bandwidth distribution, inter-layer interference reduction through
frequency separation, and capacity evaluation based on Shannon's theorem with thermal
noise conditions [15], [16]. We analyze the simulation data through three performance
evaluation methods that combine user capacity CDF curves with capacity histograms and
log (SNR)-versus-capacity plots. Our analysis shows that multi-layer network designs
deliver better maximum user capacity along with better scalability when spatial
limitations exist, despite the single-layer system maintaining a steady average capacity.

The rest of this paper is organized as follows. Section II outlines the system model. Section
[II discusses the simulation results and comparative analysis. Section IV concludes the

paper.
2. System Model

This simulation evaluates two types of cellular network architectures to analyze
performance in terms of capacity: single-layer networks and layered cell networks as
shown in figure 1. In the single-layer network scenario, a conventional macro cell
configuration is applied where the entire coverage area is served by a single base station
(BS) using an omnidirectional antenna. In this model, all users share the same set of
resources specifically, the full transmission power and bandwidth—without
differentiation.
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Figure 1. Cellular network architecture modeling

Location dependent. While simple in design, this scheme tends to be afflicted with spectral
efficiency and interference cancellation constraints, particularly in dense heavy-loaded
urban environments. Layered cell layouts divide the cell into multiple coverage zones
based on user proximity to the BS and various capacity requirements. The 2-layer network
divides the cell into two zones that are an outer and inner region. The users closer to the
BS are provided with the inner layer using lower transmission power while distant users
use higher transmission power of the outer layer. The system employs different frequency
bands between layers to avoid interference among signals [17], [18]. A third level of
coverage extends the 3-layer network on top of the 2-layer network by placing it in
between inner and outer layers or by specifying more precise user distribution regions.
The model provides better spectral efficiency as well as higher spatial reuse which
maximizes network capacity [8]. Network efficiency as well as per-user capacity become
much enhanced when layered architecture is applied, especially under heavily loaded
deployment scenarios. These architectures are consistent with the requirements of future
networks like 5G and 6G that stress flexible topologies of networks and dynamic
adaptation of the resources [16]. With proper power and frequency control schemes,
hierarchical networks provide better interference management among cell sectors and
provide uniform quality of service inside their area of coverage.

3. Results and discussion

To evaluate and compare the capacity performance of 5G cellular networks employing
single-layer and multi-layer cell architectures, extensive simulations were conducted. The
analysis focuses on two configurations: a two-layer and a three-layer cellular structure.
Both scenarios were evaluated using a carrier frequency of 3.5 GHz and a cluster size of
N=3. A total of 10,000 Monte Carlo iterations were performed, with user terminals
randomly distributed throughout the coverage area to ensure statistical robustness. The
key simulation parameters utilized in this study are summarized in Table 1[19], [20], [21].
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Table 1. Simulation Parameters
Parameter Value Unit

Distance 5000 meter
Base station height 25 meter
Frequency 3.5 GHz
Bandwidth 100e6 Hz
Transmit Power inner 15 Watt
Transmit Power outer 20 Watt
Radius threshold 2500 meter
Temperature / Boltzmann 300 / 1.38¢-23 K /]/K
const.

Number of iterations 10000 -
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In this simulation, the impact of cell layering is evaluated using several performance
metrics that provide a comprehensive view of network behavior under different
configurations. First, the Cumulative Distribution Function (CDF) of user capacity is
analyzed to assess the fairness and variability in capacity allocation across all users within
the network. This metric illustrates the proportion of users achieving a given capacity
threshold and highlights performance disparities between different cell structures.
Second, a histogram of capacity distribution is presented to provide a visual
representation of how capacity values are spread across the user population, emphasizing
dominant capacity ranges and potential congestion areas. Finally, the SNR vs. capacity
trend is examined to explore how signal quality translates into achievable data rates under
varying network conditions. These metrics collectively enable a detailed comparison of
single-layer, two-layer, and three-layer architectures in terms of their effectiveness in
delivering high and consistent user capacity.
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Figure 2. Comparison capacity 2-layer vs Single layer Network

Figure 2 illustrates the Cumulative Distribution Function (CDF) of the capacity for the 2-
layer and single-layer cellular network models. The CDF curve of the single-layer increases
more quickly than the 2-layer case, which means most of the users in the single-layer
system have lower or moderate capacities with fewer fluctuations. In comparison, the 2-
layer system spreads wider, with more customers hitting higher capacities, particularly
toward the higher end of the range. This means that, while the single-layer network
provides a more stable and flat performance for the majority of users, the 2-layer system
accommodates some users particularly those positioned best in relation to the base station
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and resource allocation to achieve much higher throughput. In brief, the 2-layer system
potentially allows for higher peak capacities at the cost of higher variability between
users..

Tren Iogm(SNR) vs Capacity (Moving Average)
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Figure 3. Tren log;,(SNR) vs Capacity: 2-Layer vs Single-Layer Network
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7‘: Figure 3 shows the capacity-log;o(SNR) relationship that is plotted through a moving

~ average for the single-layer and the 2-layer configurations. Both systems, according to the

gj Shannon capacity equation, show an increase in capacity as SNR values become larger. The
2-layer plot (solid blue) shows increased capacity at some intervals of SNR compared to
the single-layer (dashed orange) especially in the mid-to-high SNR range. The 2-layer
system represents better use of the channel condition thereby enabling users with better
SNR to attain high throughput levels. The two systems represent same capacity at low SNR
levels but the 2-layer system represents more advantages when SNR rises. The above
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figure shows that multi-layer systems offer real capacity gains for users with maximum
channel conditions.

Histogram: 2-Layer and Single-Layer
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Figure 4. Capacity histogram: 2-Layer vs Single-Layer network

Figure 4's histogram gives the distribution of capacity across 2-layer systems and single-
layer systems. Most users in single-layer systems have lower capacities as the distribution
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has high peaks at the lower side. In the 2-layer system, there is a larger spread of capacity
values so more users are able to get higher levels of capacity. Both of the network designs
have a large number of users with low capacity which is most probably because of bad
channel conditions or being far away from the base station. The 2-layer network design
provides higher capacity potential to more users than the single-layer design..
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Figure 5. Comparison capacity 3-layer vs Single layer Network

Figure 5 shows how the cumulative distribution function (CDF) of network capacity works
in three-layer networks compared to one-layer networks. The CDF of the single-layer
network has a sharp rise indicating that the majority of the users are given low uniform
capacity values. The 3-layer curve goes to the right showing that certain users obtain
significantly higher capacities in the multi-layer configuration. The 3-layer network
structure achieves high peak capacities at the expense of non-uniform performance to
various users. The single-layer network achieves equal capacity distribution to medium
and low-capacity users. The multi-layer network achieves higher capacity potential for
users with good channel states but the single-layer system achieves uniform network
performance to all users.

197

Iogm(SN R) vs Kapasitas: 3-Layer vs Single-Layer
1200 T T T T T

—3-Layer
= = Single-Layer

1000 |

800

600

Kapasitas (Mbps})

200 F

0 2 4 6 8 10
log, ,(SNR)

12

Figure 6. Tren log,,(SNR) vs Capacity: 3-Layer vs Single-Layer Network

JTEIN: Jurnal Teknik Elektro Indonesia, Vol. 6, No. 2, pp. 192-200, 2025 |@
e-ISSN 2723-0589


http://u.lipi.go.id/1593679052
https://unp.ac.id/
https://creativecommons.org/licenses/by/4.0/

© The Author(s)

Published by Universitas Ne
This is an open-access article under the: https:/ /creativecommons.org/licenses/by/4.0/

&

geri Padang

(=

Jurnal Teknik Elektro Indonesia

Figure 6 plots log (SNR) against network capacity for single-layer and 3-layer systems. The
single-layer system follows a linear capacity slope in accordance with Shannon's theory.
The 3-layer system follows a steeper increasing capacity, especially for medium to high
ranges of SNR, indicating better utilization of good channel conditions. Though both
systems behave in the same way at low SNR, the multi-layer configuration has much higher
capacity at high SNR. This indicates the better capability of the multi-layer network to take
advantage of SNR fluctuation to achieve capacity.

Histogram Kapasitas: 3-Layer dan Single-Layer
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Figure 7. Capacity histogram: 2-Layer vs Single-Layer network

Figure 7 shows a histogram of user capacity distributions for the two configurations. The
orange histogram for the single-layer network is dominated by low-to-mid-capacities, with
the peak frequency observed at relatively modest values of capacity. The 3-layer histogram
(blue) shows a broad, relatively flat spread, with many users achieving capacities above
800 Mbps and even reaching to 1,500 Mbps. Yet, both histograms exhibit a spike at low
capacities, showing that some users are still faced with low capacity because they are
distant from the base station or have unsatisfactory channel conditions. This observation
supports that a 3-layer structure raises the possibility of some users to achieve
significantly higher capacities, while the single-layer solution provides more moderate and
uniform capacity to most users.
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Figure 8. Comparison 2-layer vs 3-layer Network
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Figure 8 shows a graph comparing total network capacity for 2-layer and 3-layer cellular
systems. From the bar graph, the overall capacity for the 2-layer system is 35.75 Mbps,
while the 3-layer system achieves a greater value of 39.78 Mbps. This result indicates that
the addition of an additional cell layer brings about an appreciable capacity increase of
approximately 11.3% over the 2-layer system. The increased capacity is due to better
spectrum utilization and better traffic distribution within the 3-layer structure. With
higher cell layers, users can be assigned more appropriately based on their channel
conditions and locations, which results in alleviation of interference and bandwidth usage
enhancement. These findings reflect that more complex multi-layer network structures,
such as the 3-layer model, are more likely to have greater prospects for holding greater
data needs in 5G or cellular networks in the future.

4. Conclusion

In this study, a simulation-based performance evaluation of single-layer, two-layer, and
three-layer cellular network architectures in 5G systems has been given. It has been
demonstrated that layered cell architectures achieve considerable network capacity gains,
particularly for users having good channel conditions. The two-layer architecture can offer
larger peak capacities than the single-layer system but with larger variance among users.
Three-layer architecture also improves the performance up to overall network capacity of
39.78 Mbps an improvement of around 11.3% over the two-layer architecture. All
performance metrics such as cumulative distribution function (CDF), capacity histograms,
and SNR-to-capacity slopes confirm that multi-layer networks have the potential to utilize
available spectrum and channel diversity more effectively. Single-layer systems provide
more uniform capacity distribution but with overall lower capacity. These findings
confirm that the layered cell structures are efficient in addressing the growing demand for
high-throughput services in 5G networks and show promise for the future architecture of
wireless networks.
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