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Abstract: High infrastructure costs and rugged terrain prevent rural and remote 5G mobile
network deployment. High-altitude platform stations (HAPS) in the stratosphere offer line-of-
sight connectivity and wide coverage, making them a promising non-terrestrial alternative to
terrestrial base stations. With particular attention to important technical parameters, including
numerology, bandwidth, antenna size, and modulation scheme, this work explores the system-
level performance of HAPS-based 5G networks. A simulation-based approach was employed
by 3GPP 5G new radio (NR) specifications to evaluate their impact on system capacity and the
number of supported user equipment (UE). Results indicate that lower numerology,
specifically 0, improves spectral efficiency and user capacity, while bandwidth expansion (30-
45 MHz) boosts throughput. Due to faster resource saturation, larger antenna arrays improve
data rates but reduce user capacity. In rural areas with poor channel conditions, higher-order
modulation improves data rate but reduces system robustness. The findings suggest that
optimal HAPS deployment in underserved regions should prioritize low numerology,
moderate-to-large antenna configurations, bandwidth flexibility, and adaptive modulation
(QPSK-64-QAM). These configurations enable reliable and scalable 5G services in areas
without terrestrial infrastructure, making HAPS a key enabler for non-terrestrial networks
(NTNG5) integration in the global IMT-2020 framework. This research aids digital inclusion and
5G connectivity.
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1. Introduction

Compared to past generations, the fifth generation (5G) of cellular communication
technology has greatly improved spectral efficiency, network capacity, and data transmission
rates [1]. Mass Internet of Things (IoT) installations, autonomous cars, and ultra-reliable low-
latency communications are only a few of the many uses these developments have made
possible [2]. Nevertheless, the deployment of 5G infrastructure is still uneven, especially in
rural and remote areas, due to the great expenses and technical difficulties of installing
terrestrial base stations in these areas [3]-[6].

High-altitude platform stations (HAPS) have become a promising fix for these constraints.
Defined by the Radio Regulations (RR) No. 1.66A, HAPS are unmanned or manned aerial
platforms flying in the stratosphere, usually at altitudes between 20 and 50 km [7], [8].
Practically, altitudes between 17 and 22 km are usually chosen because of rather stable
atmospheric conditions and little disturbance of the temperature [9]. Current technical
implementations of HAPS are embodied on platforms including Sunglider, Airbus Zephyr,
Startobus, and Project Loon. HAPS have several operational benefits by using a special
position between terrestrial and satellite infrastructure: wide-area coverage, high line-of-sight
(LOS) communication probability, and lower ground infrastructure needs [8]. These features
make HAPS a desirable enabler of 5G services in regions outside conventional networks. As
such, HAPS are progressively seen as a fundamental component of non-terrestrial networks
(NTN5s) that enhance terrestrial 5G deployment strategies [10].

The function of HAPS in both standalone scenarios [11]-[14] and as part of integrated
communication architectures [15]-[18] has lately been investigated. International regulatory
and standardizing organizations have also formally recognized the value of HAPS. Reflecting
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Resolution 221 of ITU-R M.2101, adopted during the 2023 World Radiocommunication
Conference (WRC-23), the International Telecommunication Union (ITU) has included HAPS
in its recommendations for International Mobile Telecommunications (IMT) services [19].
Moreover, the 3rd Generation Partnership Project (3GPP) has included HAPS in its technical
specifications for NTNs, mostly in TR 38.811 [9], [20]-[23], which describes the technical
parameters for 5G New Radio (NR) over HAPS.

Base stations (BS) in terrestrial mobile networks are made to be as many user equipment
(UEs) as feasible while yet preserving the necessary data throughput and quality of service
(QoS). In areas with difficult topography or low population density, however, network
performance suffers greatly and sometimes results in intermittent or complete loss of
connectivity [24]. This underlines the need for alternative infrastructure models and aggravates
the digital divide separating urban and rural communities [10], [25]-[27]. Operating under
IMT-designated frequency ranges, HAPS could be aerial base stations providing broadband
connectivity over large areas. Nevertheless, due to the high-altitude nature of HAPS, detailed
system-level performance analyses are required, particularly regarding system capacity and
support for high data rates as mandated by 5G standards [28].

Several studies have addressed aspects of NTN deployment. For instance, [29] proposes
power and location optimization strategies for UAV-based networks but focuses solely on
single-user scenarios and does not address HAPS-specific configurations. Other works, such as
[30], discuss 5G/6G NTN potential in remote areas but lack in-depth analysis of system
capacity based on 5G-specific parameters like numerology and signaling overhead.
Numerology in 5G plays a critical role in determining system performance, influencing
spectral efficiency, interference sensitivity, and coverage range. Research such as [31] focuses
on flexible HAPS payload architecture for high-speed 5G transmission but does not address
system-level capacity modeling. A discussion on HAPS altitude optimization to enhance
downlink communication performance has been conducted in the study [32]. Optimizing the
altitude between 20 km and 26 km, achieving the maximum ergodic capacity at an altitude of
20 km. However, this study has not examined the influence of 5G numerology and variations
in bandwidth. The authors in [33] proposed an approximation algorithm named Multi-BS,
Multi-layer RB Allocation with Multicast (M>RBAM) to solve the resource allocation problem.
The developed algorithm significantly enhances the weighted sum ratio and user satisfaction
ratio in multicast scenarios. Although it has focused on the Physical Resource Block (PRB)
allocation algorithm, specifically vRB (virtual Resource Block) using mixed numerology, it
has not touched on the numerology-based HAPS 5G performance model in the context of
coverage area.

Meanwhile, studies in [34], [35] investigate capacity metrics for earlier technologies like
3G/CDMA and 4G/LTE, without exploring the implications of the latest 3GPP-compliant 5G
NR specifications [36]. Notably, there remains a lack of comprehensive studies that examine
the relationship between 5G numerology and HAPS system performance in terms of capacity,
especially in rural contexts. Higher numerologies may enhance throughput but tend to be more
susceptible to interference and reduced coverage (key -challenges for HAPS-based
communications). Therefore, this study aims to provide a quantitative analysis of how 5G
numerology and other critical system parameters affect the capacity of HAPS-based
communication systems within the 5G NR framework.

Based on the urgency to provide reliable and wide-reaching communication solutions in
areas underserved by terrestrial networks, this study aims to quantitatively analyze the impact
of key technical parameters, such as numerology, channel bandwidth, antenna size, and
modulation schemes, on the capacity of 5G NR-based HAPS systems. Through a simulation
approach that refers to the 3GPP technical specifications, this study evaluates how these
configurations can be optimized to meet connectivity needs in rural and remote areas. For that
reason, the structure of this study is organized into four main sections: Section I is the
introduction that outlines the background and urgency of the topic; Section II explains in detail
the HAPS system model used as the basis for the simulation; Section III presents the
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simulation results and system performance analysis based on parameter variations; and Section
IV concludes the main findings and provides technical recommendations for the
implementation of HAPS as an IMT base station in geographically challenging environments.

2. System Model

The proposed system architecture is illustrated in Figure 1, where a HAPS operates at an
altitude of approximately 20 km, enabling wide-area coverage beneath its footprint. To
evaluate the system’s theoretical capacity, the analysis begins with the classical Shannon
capacity formula, defined in (1):

C=W-n-log,(1+S/N) (1)
in which C is the channel capacity (bps), W is the channel bandwidth (Hz), n denotes the
number of antenna elements in the array (or sectors), and S/N is the signal-to-noise ratio
(SNR). While this formulation provides a fundamental understanding of capacity under ideal
conditions, it does not account for interference, which becomes critical in practical multi-user,
multi-cell 5G environments.

20 km
Rural

Areas
18

BTS i UE, . '
UE, BTS
UE, UE,

Figure 1. Topology of the system

To address this limitation, the analysis introduces the Signal-to-Interference-plus-Noise Ratio
(SINR), which replaces SNR to accommodate interference effects. The general SINR is
expressed as:

SINR = = )
I+N

In multiuser systems, the SINR experienced by the k-th UE can be more accurately
represented by:
SINR, = — 2Pk 3)
Zizk JiP1+NE
in which p,, is the transmit power of the k-th UE, g, denotes the channel gain between the &-th

UE and the receiver, and n, is the additive white Gaussian noise (AWGN) power. The
denominator represents the sum of interference power from other users and thermal noise,
reflecting a more realistic propagation environment.

Furthermore, a thorough investigation is necessary to determine the system throughput and
the role of 5G numerology. It is essential to emphasize that numerology, represented by the
parameter u, is a term used in wireless communication systems, such as 5G. Generally,
numerology can be expressed as data transmission through the air in the form of carrier
frequencies (carriers) divided into small parts (subcarriers). The subcarrier distance is regulated
to determine the desired level of closeness or separation, which may affect the system's
capacity and performance. Technically, as defined by the 3GPP 5G NR standard, the term
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numerology refers to specific subcarrier spacing (SCS) configurations in the orthogonal
frequency division multiplexing (OFDM) system. Therefore, a more detailed throughput
estimation is conducted based on the 3GPP standard TS 38.306 v18.4.0 (2025-01), given in:

I . ; i .
R=10"5- E , 1(1:%”5- D FDR e Npgs (1= 0H0>)) )
]:

Here, R is the data rate in Mbps, and | is the number of aggregated component carriers (CCs).
The parameters are defined as follows:

e U maximum number of MIMO layers for the j-th CC.
Layers

o Qg ): modulation order for the j-th CC.
o fU): scaling factor (values: 0.4, 0.75, 0.8, or 1).
e R ___:maximum code rate, as specified in 3GPP TS 38.214 v17.13.0 (2025-04).

max’
®  Npgp: Physical resource blocks (PRBs), derived from:

BW()w |
Noo = Npp 12 (5)
PRE = T

s

in which 4 is the numerology index defined in 3GPP TS 38.211 v18.6.0 (2025-04), and B /)
is the maximum bandwidth supported by the UE in the specified band or band combination.
The term N2W U™ is the maximum RB allocation as defined in 3GPP TS38.101-1 v18.8.0
(2025-02), TS38.101-2 v18.9.0 (2025-04), TS38.101-5 v18.9.0 (2025-04), and TS38.104
v18.9.0 (2025-04). The average OFDM symbol duration TS“, assuming a normal cyclic prefix,
is calculated as:
Bo_ 1073 (6)
s 1424
The control overhead term Q) accounts for signaling and varies based on frequency
range and link direction:
e (.14: Downlink (FR1)
e (.18: Downlink (FR2)
e (.08: Uplink (FR1)
e 0.10: Uplink (FR2)
In this study, the focus is placed on evaluating the achievable throughput in the downlink
transmission. Evaluation by applying (4) under various system configurations, including
different numerology values, antenna array sizes, modulation orders, and channel bandwidths.
Analysis of SINR incorporating interference modeling, channel variation, and power allocation
will be addressed in future extensions of this research.

3. Simulation Modeling

In pursuit of enhancing connectivity for rural and remote areas, this research evaluates the
performance of a fifth-generation (5G) communication system facilitated by a HAPS operating
at an altitude of 20 kilometers. The system operates at 2 GHz in downlink transmission, as
defined in Resolution 221 WRC-23. Whereas the UE is presumed to employ a single antenna,
the antenna on the HAPS is modeled as a uniform planar array (UPA). Setting the minimum
elevation angle between HAPS and UE at 10 degrees helps to preserve LOS connectivity.

The influence of various important technical parameters on system capacity, notably
numerology, channel bandwidth, array antenna size, and modulation scheme, was investigated
by means of the simulation. Among the fixed parameter values in the simulation are one
component carrier (j=1), a scaling factor of 1, and a control channel overhead set at 0.14 for
downlink on Frequency Range 1 (FR1). Assume one UE needs a minimum allotment of two
Physical Resource Blocks (PRB), hence the data rate threshold (Ry) is set at 1 Gbps. Digital
modulation such as QPSK, 16-QAM, 64-QAM, and 256-QAM are among the scenario
variants, including UPA antennas with 4x4, 8x8, and 16x16 elements. The channel bandwidth
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is thus changed to the IMT spectrum in FR1, namely 10 MHz, 20 MHz, 30 MHz, and 45 MHz.
Whereas the variation in bandwidth and numerology influences the maximum allocation of RB
(Ngs), the variation in modulation techniques influences the goal code rate (Rmax). According to
the specifications of 3GPP TS 38.211, supported transmission numerologies for 5G systems
can be stated in Table 1.

Table 1. Supported Transmission Numerologies for 5G Systems

Numerology Subcarrier Spacing (SCS) Bandwidth per RB
(1) Af=2u-15 [kHz] [kHZ]
0 15 180
1 30 360
2 60 720
3 120 1440
4 240 2880
5 480 5760
6 960 11520

Simulations will also be conducted to see the system's bit error rate (BER) quality in data
transmission. The planned environment is a rural or remote area with a Rician channel
representing the dominant LOS propagation conditions in the HAPS communication system.
The overall simulation parameters are summarized in Table 2.

Table 2. Simulation Parameters

Notation Definition Value
0 Elevation angle 10°
u Numerology 0,1,2
Ben Bandwidth 10, 20, 30, 45 MHz
f Operating frequency 2 GHz
h Altitude of HAPS 20 km
] The number of aggregated component 1
carriers (CCs)
K K-factor for Rician fading 10 dB
OH Overhead 0.14
Py Transmit power 43 dBm
Qm The modulation orders in digital 2,4,6,8
modulation: QPSK, 16-QAM, 64-QAM,
and 256-QAM
R, Data rate threshold 1 Gbps
Viayers Maximum number of MIMO layers for the | 4, 8,16
j-th CC: 4x4, 8x8, and 16x16 elements

4. Results and Discussion

At the initial step, the simulation concentrated on observing the impact of numerology
modifications on system capacity. In this instance, the HAPS antenna is configured as 4x4,
with QPSK modulation, a bandwidth of 45 MHz, and Rmax of 602 (on a scale of 1024). Based
on the specifications of 3GPP TS 38.104 and the standards in Table 1, the theoretical values of
Ngp for numerologies 4=0 to u=6 are 250, 125, 62, 31, 15, 7, and 3, respectively. However, to
ensure conformity with the 3GPP TS 38.204 technical requirements and considering the
allotment of guard bands and alignment with raster channels, only numerologies =0, =1, and
1=2 are employed in the simulation. Each yields a maximum Nzg value of 242, 119, and 58,
respectively. It is evident that the rise in numerology produces a decrease in the number of RBs
that can be allocated. This immediately affects the number of UEs that may be supplied
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simultaneously, as well as limiting the total system capacity. Therefore, a simulation was
performed for the same RB allocation conditions to see the increase in system capacity with
increasing numerology.

The simulation results in Figure 2 and Table 3 show that with a specific RB allocation,
increasing numerology provides an increase in capacity. This is because of the larger subcarrier
spacing at higher numerology, so the allocation of RB per unit bandwidth (spectrum efficiency)
also increases. However, the duration of the symbol will be shorter, which will reduce the
coverage range and give a significant delay effect. Thus, low numerology is likely suitable for
wide coverage and areas with considerable channel delay. In contrast, high numerology is
suitable for covering small or dense environments, and its delay requirements are also minor.
Taking the ITU-T IMT-2020, the average user data rate for downlink is targeted at 100 Mbps,
and this threshold has been met for the lowest numerology (#=0) in the simulation. The
decrease in data rate due to the change in numerology is moderate, but fairly important when
regarded in the context of spectral efficiency and the achievability of the service threshold. In
the HAPS implementation plan for rural areas, coverage is prioritized over data rate because
the UE density is typically lower. Therefore, the 4=0 numerology was chosen as the optimal
configuration for the following simulation scenario because it provides the best balance
between capacity and service coverage range.

Table 3. System Throughput for Different Numerologies (u)

Numerology (1) Data Rate [Mbps]
0 135.9
1 271.8
2 543.6
700
#=0
=1
600 —u=2
543.6 Mbps
500 - i
Z 400 !
B |
= l
£ 300F 271.8Mbps
= ‘
h |
200 f i
s
100 - —° ° |
o ‘ | . | l
0 20 40 60 80 100

Active Users

Figure 2. System throughput for different numerologies (1)

The second simulation was done to analyze the influence of bandwidth variation on system
capacity and the number of users that can be simultaneously serviced by HAPS. In this
scenario, the parameters utilized as the basis for the simulation are a 4x4 UPA antenna size, a
QPSK modulation scheme with a target coding rate of 602 (on a scale of 1024), and a fixed
numerology at y=0. The channel bandwidth varies four primary values, namely 10 MHz, 20
MHz, 30 MHz, and 45 MHz, which are part of the IMT spectrum for FR1.
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Based on the 3GPP TS 38.104 standards [37], the maximum Ngp value for each bandwidth
is as follows: 52 RB for 10 MHz, 106 RB for 20 MHz, 160 RB for 30 MHz, and 242 RB for 45
MHz. Unlike the influence of numerology, which demonstrates that the maximum resource
block (Ngp) value drops with a rise in g, simulation results (Table 4) reveal that increasing
bandwidth actually raises the maximum Ngp value. With the increasing value of Ngs, the
number of PRB that may be allocated to users also grows, which directly contributes to the
increase in the number of UE that can be served in one transmission cycle. Hence, a wide
bandwidth leads to more subcarriers or RBs being allocated, thereby increasing the system
capacity, both in terms of the number of users (UEs) and the data rate.

Figure 3 depicts the simulation findings, showing a linear growing trend between
bandwidth width and the maximum number of UEs that may be serviced. This linearity is
realized due to the proportionality between the available bandwidth and RB. It demonstrates
that the allocation of channel resources in the form of RB is heavily dependent on the
availability of bandwidth. In addition, the increase in bandwidth also effects the potential data
rate of the system, which is vital to address the high-speed communication needs in remote
areas.

Table 4. System Throughput for Different Bandwidth

Bandwidth [MHz] UEmax Data Rate [Mbps]
10 26 353
20 53 72.0
30 80 108.7
45 121 164.4
® BW=10 MHz
2000 o Bw=20MHz
® BW=230 MHz
180 | ® BW=45MHz

160

140

120
108.7 Mbps

100

80

Throughput (Mbps)

60

40

20

0 20 40 60 80 100 120
Active Users

Figure 3. System throughput for different bandwidth

Drawing on the findings of this examination, a 45 MHz bandwidth was chosen as the ideal
configuration for subsequent simulations. This pick is based on its capacity to supply the
maximum number of RBs (242 RB), hence supporting a wider service coverage and a greater
number of UEs in the HAPS network. Just like in the numerology variation scenario, changes
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in the bandwidth parameter alter the value of Nprz in the capacity equation (Equation (4)),
which is the major indicator of the overall system performance.

The third simulation attempts to analyze the impact of antenna size variation on system
capacity and the number of UE that can be served by HAPS. In this context, the antenna size is
directly linked to the number of spatial layers supported (VLavers), in accordance with the
principles of MIMO (Multiple-Input Multiple-Output) processing. The three antenna designs
employed in this simulation are UPA sized 4x4, 8x8, and 16x16, each assumed to support 4, §,
and 16 layers, respectively.

The simulation findings in Table 5 and Figure 4 demonstrate that increasing the antenna
size leads to a significant improvement in the data rate. It is affected by the increase in antenna
size, which allows for higher spatial multiplexing in order to realize simultaneous transmission
of data streams to different UEs. Effectively, this procedure increases the overall system
throughput. The data rate figures obtained are 164.4 Mbps for the 4x4 antenna, 328.9 Mbps for
the 8x8, and 657.8 Mbps for the 16x16. These three configurations have exceeded the
minimum capacity requirements of the IMT-2020 network as outlined in the ITU-R M.2083-0
document, which states that future communication systems must be able to support a data rate
per user of up to 100 Mbps for enhanced mobile broadband (eMBB) applications.

Table 5. System Throughput for Different Antenna Sizes

Antenna V] ayers Data Rate [Mbps]
4x4 4 164.4
8x8 8 328.9
16x16 16 657.8
700 i
657.8 Mbps|

600 -

Antenna 4x4
Antenna 8x8
= Antenna 16x16

i

=3

=
T

-

=3

=
T

328.9 Mbps |

Throughput (Mbps)
w
=

4

=3

=
T

100

0 20 40 60 80 100 120
Active Users

Figure 4. System throughput for different antenna sizes

Although increasing the antenna size enhances the overall system throughput, an intriguing
phenomenon was identified regarding the number of UEs that may be supplied until attaining
the established data rate threshold (Rs), which is 1 Gbps. Based on Table 6 and Figure 5, the
increase in antenna size actually limits the number of UEs that can be served simultaneously.
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This arises because the data rate per user increases dramatically, hence the resource block (RB)
need for each UE gets larger. In other words, the bigger the individual UE capacity, the sooner
the system resources reach the service threshold (R;), which eventually restricts the total
number of active users that may be handled simultaneously.

These data show a trade-off between greater throughput and multiuser efficiency.
Therefore, establishing the antenna layout in HAPS implementation not only depends on the
effort to optimize system capacity but also needs to consider the efficiency of resource
allocation in user-dense scenarios. This becomes crucial in the context of HAPS networks
meant for rural areas, where optimizing the number of users that may be serviced
simultaneously is one of the key concerns.

Table 6. Active Users at 1 Gbps Throughput for Different Antenna Sizes

Antenna Viayers UEmax
4x4 4 736
8x8 8 368

16x16 16 184

1100
UE =368 UE =736
1000 | : o

900

800 -

700 -

500 -

Throughput (Mbps)

400 [

200 -

= Antenna 4x4
Antenna 8x8
Antenna 16x16

100

0 100 200 300 400 500 600 700 800
Active Users

Figure 5. Active users at 1 Gbps throughput for different antenna sizes

Finally, variations were made to observe the effect of modulation, resulting in differences
in the modulation order ((2,,,), which also caused differences in the target code rate. As with
the variation in antenna size, in different modulations, when (), increases, the data rate also
increases, namely 164.4 Mbps for QPSK modulation, 359.5 Mbps for 16-QAM, 776.9 Mbps
for 64-QAM, and 1035.8 Mbps for 256-QAM. The effect can be seen directly in Table 7 and
Figure 6. This condition occurs because, at higher modulation orders, the number of bits per
encoded symbol increases, resulting in enhanced spectral efficiency and throughput. However,
this modulation scheme will require a higher SNR to maintain an acceptable bit error rate for
communication feasibility. A supplementary simulation will be performed to demonstrate this
requirement. Moreover, when the data rate threshold is reapplied at 1 Gbps when the
modulation order increases, the number of served UEs remains small, but the system threshold
has been reached. It can be seen in Table 8 and Figure 7 that in QPSK modulation, the number
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of UEs that can still be served is 736 UEs, while in 256-QAM, only 117 UEs can be served
because when serving that number of UEs, the system has already reached the threshold. This
trade-off arises when the modulation order increases. Consequently, more RBs per UE are
required to achieve higher data rates. As a result, faster resource consumption causes the
system to reach its total RB capacity with fewer UE devices.

Table 7. System Throughput for Different Modulation Types

Modulation Q,, Data Rate [Mbps]
QPSK 2 164.4
16-QAM 4 359.5
64-QAM 6 776.9
256-QAM 8 1035.8
1100 I
1035.8 Mbps 1

1000
—QPSK
| 16-QAM
900 7 64-QaM
—256-QAM
800 - 776.9 Mbps

700 -

600

500 -

400

Throughput Sistem (Mbps)

300

200 -

0 20 40 60 80 100 120
Active Users

Figure 6. System throughput for different modulation types

From the simulations conducted with four modifications of parameters, it can be said that
the numerology determines the data rate obtained; consequently, the numerology decides the
smaller the UEs that can be provided. Stated simply, a change in numerology directly related to
the data rate but inversely proportional to the number of UEs that might be supplied. Variations
in bandwidth directly affect data rate and the number of UEs; hence, they directly correlate.
Both changes in antenna size and modulation completely match the data rate. Conversely,
when one desires to exceed the data rate threshold, the condition is inversely proportional to
the number of UEs. With the situation of UE positions being far apart in rural or isolated
places, the purpose is for communication to remain covered. The communication system
should be able to cover a vast region, distribute UEs, offer consistent modulation for instances
when the channel occasionally breaks, and give a suitable rate. One can select a low
numerology (1=0) for this circumstance. Then utilize extra antennas, 8x8 or 16x16, which can
deliver better and more constant coverage. This will also enable the UE to precisely receive the
signal, therefore enhancing the ability of the system to operate. Since the antenna size is
already relatively large, QPSK can be selected for modulation with a maximum of 64-QAM to
meet declining channel conditions. With QPSK, even if the data speed would be poor, it may
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overcome bad signal quality in rural or remote places and offer a larger range, so facilitating a
steady connection. One can choose 30 MHz or 45 MHz for bandwidth, which can be modified
depending on local restrictions.

Table 8. Active Users at 1 Gbps Throughput for Different Modulation Types

Modulation Q. Data Rate [Mbps]
QPSK 2 736
16-QAM 4 337
64-QAM 6 156
256-QAM 8 117
1100
UE =117 UE =337 UE . =736
1000 |
900 -
_ 800F
=3
S 700f
=
2 600r
z
E s00f
)
g 400f
=
h
300
200 - p—
—16-QAM
100 64-QAM
—1256-QAM

0
0 100 200 300 400 500 600 700 800
Active Users

Figure 7. Active users at 1 Gbps throughput for different modulation types

Figure 8 describes the system in terms of bit error rate (BER), which incorporates the SNR
discussed previously. The simulation was carried out for a rural environment with a Rician
channel with numerology and modulation variations. The simulation results for numerology
variations ¢ = 0, 1, and 2 are shown in Figure 8a. It can be seen that the higher the numerology,
the BER value also increases in the same SNR range. Increased numerology necessitates
greater subcarrier spacing and reduced symbol duration. This condition renders the system
more vulnerable to inter-symbol interference while diminishing tolerance to delay spread,
particularly in multipath situations. The result indicates that communication has become
increasingly unreliable. Therefore, in the modulation variation (Figure 8b), the selected
numerology is fixed at 4 = 0. Furthermore, it can be seen that increasing the modulation order
can increase the maximum data rate. However, it significantly worsens the BER performance,
especially at low SNR, which indicates greater sensitivity to channel degradation. Higher-order
modulations utilize denser symbol constellations, thereby increasing the possibility of symbol
errors and leading to a higher BER at low SNR levels. Based on this, to maintain
communication stability in rural environments with fluctuating channels, the recommended
numerology is ¢ = 0. Meanwhile, the modulation scheme selection should be adjusted to the
throughput requirements and link conditions or channel quality. QPSK is very suitable for use
in poor channel conditions because it is more noise-resistant. In contrast, 64-QAM modulation

332



Dwi Harinitha, et al.

can be used in better channel conditions with high data rate requirements, but only if the
system supports adaptive modulation. Thus, the system can automatically switch to QPSK
modulation to maintain communication when channel conditions deteriorate.

0

10

Bit Error Rate (BER)
Bit Error Rate (BER)

—o—QPSK

—o—p=0 107 ¢ 16QAM

——p=1 —&—64QAM

p=2 ——256QAM
104 L L L 1 L 10-8 L L 1 L L
0 5 10 15 20 25 30 0 5 10 15 20 25 30

SNR (dB) SNR (dB)
(a) (b)

Figure 8. BER vs SNR expressed with variations: (a) numerology and (b) modulation.

5. Conclusions

This paper shows how feasible High-altitude platform stations (HAPS) are as aerial base
stations for 5G coverage in underdeveloped and rural areas. The study assessed numerology,
bandwidth, antenna array size, modulation impact system capacity, and user support using
system-level simulations matched with 3GPP 5G NR specifications. The results show that for
higher capacity, a bandwidth of 30 MHz or 45 MHz is used. For numerology, the lower one
(u=0) offers better spectral efficiency and a wider user range. While larger antenna arrays (e.g.,
8x8 and 16x16) improve data rates via spatial multiplexing, they also speed resource
consumption, so limiting the number of concurrent users. Higher-order modulations such as
256-QAM similarly increase capacity but are less dependable under the variable channel
conditions common in rural areas. Thus, to guarantee strong and efficient HAPS-based 5G
deployment, a configuration combining low numerology, adaptive modulation (preferably
QPSK to 64-QAM), moderate-to-large antenna arrays, and high bandwidth is advised. These
revelations help to strategically integrate HAPS into non-terrestrial networks (NTNs), in line
with world IMT-2020 targets, and provide a scalable solution to close the digital divide in
geographically demanding areas.
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