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The object of the study is the meth-
ods of radio frequency resource man-
agement in stratospheric communi-
cation systems based on high altitude
platform stations (HAPS). The prob-
lem addressed is the limited radio
Jrequency spectrum, frequency over-
lap with fifth- and sixth-genera-
tion (5G/6G) networks, and the high
probability of interference, which
complicate efficient spectrum utiliza-
tion and coordination. The obtained
results indicate that within the fre-
quency bands recommended by the
International Telecommunication
Union (ITU) - 21.4-22.0 GHz,
24.25-27.5 GHz, 47.2-47.5 GHz, and
47.9-48.2 GHz - the probability of
interference reaches up to 70% in the
27.5-28.35 GHz band. By applying cog-
nitive radio (CR) technology, interfer-
ence levels decreased by 60%, and spec-
trum utilization efficiency increased
by 35%. Dynamic spectrum access (DSA)
improved spectrum efficiency
by 30-45%, while spectrum sharing
methods enhanced it by 40-60%. A brief
explanation of the results shows that
the proposed management approach-
es significantly increase the efficien-
cy of radio frequency resource use and
substantially reduce interference. For
example, at a bandwidth of 100 MHz
and a signal-to-noise ratio (SNR) of 10,
the channel capacity reached approx-
imately 332 Mbps. The distinctive fea-
tures of the results lie in the compre-
hensive use of modern technologies that
effectively address spectrum scarcity
and interference issues, ensuring com-
patibility of HAPS with existing ter-
restrial and satellite communication
systems. The proposed approaches are
suitable for implementation in interna-
tional and national spectrum coordina-
tion and licensing frameworks aimed at
expanding broadband connectivity in
underserved regions
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1. Introduction

divide hinders economic growth, limits access to essential

The development of modern telecommunication systems
forms the foundation of the information society [1]. Stable
access to the Internet has become a key prerequisite for prog-
ress and inclusive development in vital sectors such as educa-
tion, the economy, healthcare, and public safety. The digital

services, and deepens global inequality.

One of the most promising technological solutions
to this problem is the use of high altitude platform sta-
tions (HAPS) [2]. HAPS are unmanned aerial vehicles or
aerostats that operate in the stratosphere at altitudes of
20-25km to provide telecommunications services. These
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platforms are considered an intermediate solution between
terrestrial and satellite systems [3]. A single HAPS device
can cover a radius of 200-500 km and offers low signal la-
tency, making it more efficient than traditional satellites. In
addition, HAPS systems have great potential in emergency
response, military operations, and the support of remote
infrastructure.

One of the main barriers to large-scale implementation
of this technology is the issue of radio frequency spectrum
management [4, 5]. The radio spectrum is a limited and heav-
ily regulated resource that cannot be simultaneously used by
mobile communications, broadcasting, satellite, and military
systems. To prevent frequency overlap, international coordi-
nation is essential [6].

The International Telecommunication Union (ITU)
has proposed the following frequency bands for HAPS
systems: 21.4-22.0 GHz, 24.25-27.5 GHz, 47.2-47.5 GHz,
and 47.9-48.2 GHz. Although these frequencies offer high
data throughput, they are susceptible to atmospheric attenu-
ation and are currently used in 5G/6G networks, increasing
the risk of mutual interference [7]. Moreover, many countries
lack harmonized frequency compatibility between HAPS
systems and terrestrial networks, which complicates licens-
ing, international legal compliance, and coordination. The
lack of unified national regulatory policies also slows down
this process [8, 1].

By 2021, only 14 countries had designated specific frequen-
cy bands for HAPS systems. In the Republic of Kazakhstan,
interest in this technology is growing, although the legal
framework for HAPS has not yet been fully developed. Accord-
ing to the Ministry of Digital Development, Innovations and
Aerospace Industry of the Republic of Kazakhstan, approxi-
mately 60% of the country’s territory is still not fully covered by
Internet services, particularly in rural and remote areas [8, 1].

HAPS systems could provide a solution to this issue.
However, without efficient and equitable management of
radio frequency resources, the full potential of these systems
cannot be realized. Radio spectrum management involves
not only technical, but also political, legal, and economic
aspects [4, 5]. Therefore, research on the management of
frequency spectrum for the sustainable development of
stratospheric communication systems is of high importance.

Thus, developing radio frequency spectrum management
for HAPS systems is a relevant and necessary scientific topic.

2. Literary review and problem statement

The paper [1] presents the results of research on the use of
high altitude platform stations (HAPS) to support next-gen-
eration wireless networks, particularly in the context of
5G. It is shown that HAPS can provide wide-area coverage
and low-latency access. However, unresolved issues remain
related to spectrum overlap with terrestrial networks and
insufficient coordination mechanisms.

According to [2], HAPS are considered promising for
offloading urban traffic and acting as super macro base sta-
tions. But there were difficulties maintaining stable quality
of service (QoS) due to atmospheric variability and limited
onboard energy capacity.

The authors of [3] investigate interference modeling in
dense wireless environments using stochastic methods. It
was demonstrated that Poisson-based probabilistic approach-
es offer better accuracy for capturing dynamic interference

behavior. Still, their integration into large-scale radio man-
agement remains underexplored.

Study [4] identifies regulatory fragmentation as a signif-
icant barrier to HAPS adoption. The reason for this may be
policy discrepancies between aviation and telecommunica-
tions sectors, which complicate the implementation of uni-
fied spectrum management strategies.

The integration of HAPS with edge computing and Inter-
net of Things (IoT) services is examined in [5]. It is shown
that such architectures are feasible; however, the cost part
in terms of energy consumption and QoS instability make
reliable operation difficult.

Machine learning-based channel allocation techniques
are presented in [6]. These methods improved spectral effi-
ciency in simulations, but the lack of real-world testing and
the complexity of training models under dynamic environ-
ments limit their current applicability.

Cognitive radio solutions for dynamic spectrum access
are reviewed in [7]. While the potential to reduce interfer-
ence and enhance spectrum utilization was demonstrated,
unresolved issues remain related to latency in real-time deci-
sion-making and sensing inaccuracies.

Propagation constraints specific to millimeter-wave fre-
quencies are evaluated in [8]. The authors model rain atten-
uation and fading effects, showing that signal degradation in
humid or variable climates significantly limits coverage and
throughput.

A multi-tier coordination framework for non-terrestrial
networks is proposed in [9]. However, the fundamental im-
possibility of aligning cross-border policies without interna-
tional cooperation was emphasized.

Paper [10] addresses the economic aspects of deploying
HAPS in sparsely populated regions. It is shown that without
public funding or cross-sector partnerships, commercial scal-
ability remains limited.

Experimental results from low-altitude aerial systems
are reported in [11] and [12], demonstrating basic commu-
nication capabilities. Nevertheless, these works fall short
of replicating the operational environment of stratospheric
HAPS platforms due to their limited altitude, endurance, and
power constraints.

Dynamic spectrum access (DSA) strategies are quantified
in [13]. Efficiency gains of up to 40% were recorded, but such
systems depend heavily on real-time channel feedback and
centralized coordination systems.

The problem of frequency coexistence between HAPS and
satellites in shared spectrum bands is explored in [14]. It is
shown that mutual interference is likely unless elevation-based
isolation and strict power constraints are implemented.

A broader architectural view involving HAPS, terrestrial,
and satellite networks is introduced in [15], emphasizing the
difficulty of coordinating communication protocols across
different altitudes and delay profiles.

Physical layer performance and antenna configurations
are discussed in [16-18], with results supporting the use
of adaptive modulation and optimized antenna placement.
However, implementation of these solutions in energy-con-
strained environments remains a challenge.

Validation methods such as testbeds and scenario simula-
tions are described in [19-21]. Yet, these do not fully replicate
atmospheric conditions or long-range stratospheric behaviors,
highlighting a lack of empirical depth in existing literature.

The reason many of these problems persist may be the
technological immaturity of adaptive systems, high integra-



tion costs, and fragmented legal frameworks. These limita-
tions make full-scale HAPS deployment impractical under
current conditions.

A way to overcome these difficulties can be the integra-
tion of cognitive radio with probabilistic interference mod-
eling, spectrum-aware energy algorithms, and compliance
with ITU spectrum recommendations. This approach was
outlined in [22-25], although much of the existing research
remains theoretical.

All this suggests that it is advisable to conduct a com-
prehensive study on the development of intelligent radio
frequency management strategies for HAPS. Such a study
should integrate technical modeling, policy alignment, ener-
gy constraints, and validation across realistic environments
to ensure sustainable deployment at scale.

3. The aim and objectives of the study

The aim of the study is to develop and evaluate effective
radio frequency resource management strategies for high
altitude platform station (HAPS) systems in order to ensure
reliable integration into existing 5G/6G networks and enable
broadband coverage in remote regions.

To achieve this aim, the following objectives are
accomplished:

- to analyze international and national frequency
allocation frameworks and identify technical limita-
tions related to signal attenuation and propagation in
different frequency bands;

- to simulate spectral efficiency using Shan-
non’s capacity formula and evaluate interference
reduction depending on distance;

- to model interference probability using Pois-
son distribution and assess energy consumption
patterns based on transmission power;

- to study regulatory and coordination issues
across different countries and frequency zones to
identify deployment barriers;

- to evaluate advanced frequency manage-
ment techniques such as dynamic spectrum access
(DSA), cognitive radio (CR), and spectrum sharing
in the context of ITU-R recommendations.

4. Materials and methods

4. 1. Object and hypothesis of the study

The object of the study is the methods of radio frequency
resource management in stratospheric communication sys-
tems based on high altitude platform stations (HAPS).

The main hypothesis of the study is that the combined
use of cognitive radio (CR), dynamic spectrum access (DSA),
probabilistic interference modeling, and energy-aware trans-
mission policies can significantly improve spectral efficiency,
reduce interference levels, and support reliable integration
of HAPS systems into existing 5G/6G communication infra-
structures.

Assumptions made in the study include a fixed altitude
of HAPS platforms at 20 km, homogeneous atmospheric
conditions without rain attenuation or multipath effects,
and a constant transmission time of 5 seconds for energy
consumption analysis. The average interference arrival rate
is modeled using a Poisson distribution with A values ranging

48.2-50.2 GHz

from 1 to 5. It is also assumed that spectrum access decisions
are based on real-time channel state estimation.

Simplifications adopted in the study involve the exclusion
of hardware implementation and field testing, relying solely
on simulation-based methods. Antennas are considered ideal
and omnidirectional, with no beamforming applied. Delay
constraints and real-time scheduling mechanisms are not
included. Additionally, the analysis is limited to frequency
bands recommended by the International Telecommunica-
tion Union (ITU).

4. 2. Frequency allocation standards

As illustrated in Fig. 1, and in line with the recommenda-
tions of the International Telecommunication Union (ITU),
the frequency bands 47-48.2 GHz and 48.2-50.2 GHz have
been identified as promising candidates for HAPS-related
applications (ITU-R F.2478-0, 2019) [14].

Fig. 1 illustrates the relative distribution of the 47-50.2 GHz
frequency bands allocated for HAPS systems, based on ITU
Radiocommunication Sector (ITU-R) F.2478-0(2019) recom-
mendations. The sub-band 48.2-50.2 GHz, with a total width
of 2.0 GHz, constitutes approximately 62.5% of the total avail-
able spectrum, indicating its prominence for organizing com-
munication channels in stratospheric networks.

Frequency Allocation for HAPS Systems (in GHz)

47 -48.2 GHz

Fig. 1. Distribution of recommended frequency bands for high altitude

platform stations according to ITU-R F.2478-0 (2019)

4. 3. Hardware and software environment

All simulations and analyses in this study were conducted
using a personal computer equipped with an Intel Core i7-
1165G7 processor, 16 GB RAM, and Windows 11 operating
system. The modeling and visualization of results were carried
out using the Python 3.11 programming language, specifically
leveraging the following open-source libraries:

1. NumPy for numerical computation and array operations.

2. Matplotlib for data visualization and plotting graphs.

No real-time or hardware-based experimental platforms
(such as physical HAPS drones or RF modules) were used at
this stage. All data was simulated using mathematical mod-
els and verified numerically [15].

4. 4. Assumptions and simplifications

To simplify the modeling and isolate the behavior of key
variables, the following assumptions were made. The HAPS
altitude is fixed at 20 km. Atmospheric conditions are con-
sidered homogeneous and do not include multipath fading or



rain scatter (ideal propagation assumed). The environment
is assumed free of electromagnetic interference from other
systems unless explicitly modeled. Transmission time (f)
is fixed at 5 seconds for energy consumption analysis. The
Poisson arrival rate (1) varies from 1 to 5, representing low
to moderate interference environments. All transmissions
are assumed to be omnidirectional unless otherwise noted.
No adaptive power control or beamforming is assumed in
baseline scenarios.

4. 5. Initial data

The study uses the following parameters and datasets.
Bandwidth (B) is set to 100 MHz (fixed). signal-to-noise ratio
(SNR) varies from 5dB to 20dB. Transmission power (P)
ranges from 1 W to 4 W. Distance (d) spans from 100 meters to
10,000 meters. Frequencies considered include 21.4-22.0 GHz,
27.5-28.35 GHz, and 47.2-47.5 GHz, based on ITU-R and FCC
recommendations [14]. The propagation constant (A) is defined
for free-space loss models. The study relies on ITU recommen-
dations: ITU-R F.2478-0 (2019) for spectrum allocation and
ITU-R SF.1483 for interference thresholds [14].

4. 6. Research methods

4. 6. 1. Channel capacity modeling (Shannon theorem)

To estimate spectral efficiency and maximum data rates,
it is possible to apply the Shannon-Hartley theorem

C=B-log, (1+SNR). 6))

Here, C represents the channel capacity (in bits per sec-
ond), B is the bandwidth (in Hz), and SNR denotes the signal-
to-noise ratio. The formula was used to estimate the spectral
efficiency of the communication channel under various SNR
and bandwidth configurations.

This model allows to analyze the relationship between
bandwidth, noise, and achievable throughput in HAPS sys-
tems [15].

4.6. 2. Propagation loss modeling (Friis transmis-
sion equation)

To estimate interference due to distance and frequency,
the Friis equation was used

2
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Here, P, - the transmission power, G; and G, — the anten-
na gains of the transmitter and receiver, respectively, 4 — the
wavelength, and d - the distance.

4. 6. 3. Interference modeling (Poisson process)
Interference events were modeled using a Poisson distri-
bution:

I lkI:A : ®)

where P(k,) denotes the probability of observing k interfer-
ence events;

A represents the mean arrival rate (expected number of
events);

k denotes the interference event count (non-negative
integer);

e denotes Euler’s number (approximately 2.71828).

4. 6. 4. Energy consumption analysis
Energy usage of transmitters was calculated as:

E=P-t, @

where E - the energy consumed (in joules);

P - the transmission power (in watts);

t — the duration of transmission (in seconds).

This model was used to estimate energy usage under
varying power conditions in simulated stratospheric com-
munication scenarios. The simulation was implemented
using Python (NumPy and Matplotlib), and considered
values of power between 1 and 4 W at a fixed time interval
of 5 seconds.

4. 6. 5. Advanced management techniques

The study also evaluated the impact of the following fre-
quency management strategies:

- dynamic spectrum access (DSA) — modeled via adaptive
spectrum slot allocation;

- cognitive radio (CR) - simulated as adaptive channel
hopping based on spectrum sensing;

- spectrum sharing - assessed through effective utiliza-
tion ratios across multiple users [15].

5. Simulation results of radio frequency resource
management for HAPS

5. 1. Radio frequency requirements of high altitude
platform stations systems

High altitude platform stations (HAPS), located at high
altitudes, are increasingly considered an alternative and
promising solution for broadband communication. These sys-
tems provide communication services through stratospheric
aerial platforms positioned at altitudes of 20 to 50 km, and
play a particularly important role in rural and underdevel-
oped areas with limited infrastructure [1]. For the successful
implementation of HAPS systems, clearly defined and har-
monized frequency bands are essential.

A literature review [1] indicates that HAPS systems
typically operate in the millimeter wave frequency bands,
particularly in the ranges of 21.4-22 GHz, 27.5-28.35 GHz,
and 47.2-47.5 GHz [12]. These frequencies have been rec-
ommended for HAPS use by international and national
regulatory bodies such as ITU-R and the Federal Communi-
cations Commission (FCC) [2]. For example, in the 28 GHz
band, HAPS can achieve a data rate of up to 1 Gbps, which is
comparable to 4G and 5G networks [16]. Additionally, exper-
imental trials in the 47 GHz band have demonstrated speeds
of up to 2.1 Gbps, although the signal propagation range in
this band is limited to just 2-3 km [17].

Recommendations from international organizations re-
garding HAPS frequency bands, data throughput capabil-
ities, and signal propagation distances are summarized in
Table 1 below.

According to Table 1, the recommended frequency bands
for HAPS systems include 21.4-22 GHz, 27.5-28.35 GHz,
and 47.2-47.5 GHz, which are approved by international
organizations (ITU-R and FCC). In the 28 GHz band, HAPS
systems can provide data throughput of up to 1 Gbps, while
experimental tests in the 47 GHz band have achieved speeds
up to 2.1 Gbps. However, the propagation range was limited
to only 2-3 km.



Table 1

HAPS frequency ranges and data rates: international organizations’ recommendations and signal propagation range

Frequ(vét‘l}cli)range Data rate Application area ;zfg:g’;i:;ﬁz%ﬁ; tgr(;r;ziag—e Signal propagation
21.4-22 None HAPS system recommended frequencies ITU-R, FCC None |No propagation data available
27.5-28.35 None HAPS system recommended frequencies ITU-R, FCC None |No propagation data available
47.2 - 47.5 None HAPS system recommended frequencies ITU-R, FCC None |No propagation data available
28 (HAPS) 1 Gbps HAPS systems, 4G and 5G competition ITU-R, FCC Varied ‘Works at competitive level
47 (experimental) | 2.1 Gbps | Experimental trials, propagation range of 2-3 km None 2-3km | Limited propagation range

The main advantage of millimeter-wave frequencies is the
possibility of using wideband channels, which support high-
speed data transmission. However, these frequencies have
several limitations. Primarily, atmospheric absorption (partic-
ularly due to rain, fog, and cloudiness) significantly affects mil-
limeter waves. For example, according to ITU-R Recommen-
dation P.676-12, at a frequency of 22 GHz, signal attenuation
due to water vapor can reach 0.4-0.6 dB/km, while at 47 GHz,
it may range between 1.8-2.3 dB/km [16]. Additionally, rain
attenuation in the 28 GHz band at an intensity of 10 mm/hour
can reach up to 2 dB/km [17]. This poses challenges especially
in tropical and high-rainfall regions.

These limitations affect the reliability of HAPS systems, as
signal losses in radio frequencies can lead to connection inter-
ruptions or degraded service quality. Therefore, the frequency
selection for HAPS systems should be based not only on techni-
cal aspects but also on climatic and geographic conditions. For
instance, in dry climate regions (e. g., Central Asia or North Af-
rica), the 47 GHz band may be relatively effective, while in trop-
ical zones, lower frequencies (e. g., 21-22 GHz) are preferable.

The signal attenuation depending on the frequency in
millimeter-wave bands can be observed in Fig. 2.

In Fig. 2, it is shown that signal attenuation increases
with frequency. For instance, at 22 GHz, the signal attenua-
tion is around 0.5 dB/km, whereas at 47 GHz, it reaches up
to 2.1 dB/km, and at 28 GHz, it is approximately 2 dB/km.

Moreover, reliance on higher frequency bands requires
increased accuracy in alignment, enhanced beamforming

capabilities, and a denser physical network infrastructure.
These factors contribute to the increased design complexity
of HAPS systems [18].

5.2. Interference analysis and frequency resource
modeling in HAPS systems

From the graph presented in Fig. 3, the relationship
between channel capacity (C) and the signal-to-noise ra-
tio (SNR) for a 100 MHz bandwidth is illustrated. For in-
stance, when SNR = 10, the channel capacity is approximate-
ly 332 Mbps. As the SNR value increases, the capacity rises
logarithmically, reaching about 440 Mbps at SNR = 20. This
demonstrates the potential of cognitive radio systems to uti-
lize the frequency spectrum more efficiently.

From the graph shown in Fig. 4, it is evident that the level of
interference decreases exponentially with increasing distance.
For example, at a distance of 100 meters, the interference level
is approximately 1.3 x 10~%, whereas at 10,000 meters, it drops
to around 1.3 X 10712, This demonstrates that increasing the
communication distance is an effective way to reduce interfer-
ence in the integration of HAPS and 4G/5G systems.

Currently, dynamic frequency allocation methods for
HAPS-based communication systems are being actively
researched. Modeling results have demonstrated that the av-
erage efficiency of frequency resource utilization in such sys-
tems ranges between 35% and 40% [19]. Moreover, study pub-
lished in the IEEE journal [14] indicate that HAPS systems
can improve urban communication quality by up to 60%.
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Shannom Capacity as a Function of SNR (B =100 MHz)
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The issue of frequency resource management involves not
only technical but also regulatory aspects. ITU documents
emphasize the need for clear international agreements and li-
censing frameworks to ensure spectral compatibility between
HAPS and terrestrial systems [20].

5. 3. Interference modeling and energy optimiza-
tion in haps frequency management

Efficient radio frequency resource management in
HAPS-based systems requires not only spectrum allocation

strategies but also statistical modeling and energy-efficient
transmission planning.

In statistical modeling, the occurrence of interference is
often described by a Poisson distribution [21]. This approach
assumes that interference events occur independently and
randomly at a fixed average rate A.

From the graph presented in Fig. 5, it is clearly ob-
served that the probability of interference varies depending
on the 1 parameter: for example, when 1 = 1, the highest
probability is P(1,1) =~ 0.368, while for 4 = 3, the maximum



shifts to P(2,3) = 0.224. As the value of A increases, the
distribution of the interference level (k) broadens, and the
probabilities shift toward higher k values. This indicates
that in high-load systems, interference events occur more
frequently.

To manage frequency resources efficiently, elements of
graph theory, machine learning, and game theory are being
introduced. For instance, using the Q-learning algorithm
for radio frequency channel allocation has resulted in a 25%
improvement in spectral efficiency [22, 23].

In parallel, recent research has emphasized the impor-
tance of energy efficiency in HAPS communication. Power
control strategies are commonly employed to reduce energy
consumption.

The diagram in Fig. 6 clearly shows that energy consump-
tion increases linearly with rising power levels: at 1 W, the en-
ergy consumed is 5.0 J, while at 4 W, it reaches 20.0 J (assum-
ing t = 5 seconds). Based on the power control equation (4),
this demonstrates the necessity of optimal power utilization
in order to conserve energy.

In general, radio frequency resource management in
stratospheric communication systems is a complex, multi-
factorial process. Effective solutions are achieved through
a combination of technical modeling, quantitative analysis,
and harmonized international regulatory policies. Although
current scientific literature shows rapid progress in this area,
many issues remain unresolved in terms of practical imple-
mentation.

Poisson Probability of Interference Level for Different A Values

® ° Mean Arrival Rate (L)
0.35F : t;‘
-o- A=3
o
° o
— 0.25¢
o=
< K LR
Q-‘ //’ \\
2 0.20p o . e %
= A ‘e
< o
g .
& 0.15p ., /g pe = ~&
0.10F ’ ] L L
4 © .
1]
e ° " o »
0.05+ L4 .
. . ™ @
[ ° oL o % °
0oop ° s . =2 SN sinior T . |
0 ) 4 6 g 10

Interference Level (k)

Fig. 5. Dependence of interference probability on arrival rate in a Poisson process

Energy Consumption at t = 5 seconds for Different Power Levels

20.0F

17.5}¢

15.0¢

12.5¢

10.0F

Energy (Joules)

TS

5.0f

2.5t

0.00

Power (W)

Fig. 6. Impact of power levels on energy consumption at fixed time (1= 5s)




5. 4. Key radio frequency issues (extended version)

During the implementation and expansion of HAPS sys-
tems, several technical, coordination, and regulatory challeng-
es related to radio frequencies arise. Since these systems oper-
ate at stratospheric altitudes, their signals can propagate in the
same or adjacent frequency bands as terrestrial and satellite
communication systems, increasing the risk of interference.

Studies have shown that, for example, the 27.5-28.35 GHz
frequency band may result in frequency overlap between HAPS,
5G terrestrial base stations, and geostationary satellite sys-
tems (GSO) [24]. According to ITU-R Report SF.1483, due to
frequency incompatibility between HAPS and satellite sta-
tions within a single region, if the transmission power ex-
ceeds 10 dBW, the probability of interference within a 20 km
radius can reach up to 70% [25]. This issue becomes particularly
critical in urban and industrial areas.

The probability of interference caused by frequency over-
lap between HAPS and satellite stations is illustrated in Fig. 7.

Based on Fig. 7, it can be observed that in the 27.5-28.35 GHz
frequency band, the probability of interference between HAPS
and satellite stations can reach up to 70% if the transmis-
sion power exceeds 10 dBW. This frequency overlap may
cause significant challenges in urban and industrial areas,
where high interference probability can lead to signal deg-
radation or even communication outages.

There is also a high risk of interference with terrestrial
systems, such as 5G base stations. According to FCC data,
the 28 GHz spectrum in the United States is licensed for
5G use, and for HAPS systems to operate in this band, a
minimum separation distance of 20-40 km is required to
avoid mutual interference [25].

Another critical issue is frequency licensing and coor-
dination. Currently, each country regulates spectrum for
HAPS systems in different ways. For example, the Europe-
an Communications Office (CEPT) recommends the 47.2—
47.5 GHz and 47.9-48.2 GHz bands for HAPS, whereas in
some Asian countries these bands may already be allocated
for military or satellite communication purposes [12]. These
inconsistencies complicate international coordination and
hinder the cross-border operation of HAPS systems.

Frequency regulation and licensing for HAPS sys-
tems — including regional characteristics and potential
interference risks — are summarized in Table 2.

Interference Probability (%)
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Table 2 presents the regulatory and licensing issues for
HAPS systems across different regions. In the United States,
the 28 GHz frequency band is licensed for 5G systems, and ac-
cording to FCC data, HAPS systems must operate at a distance
of at least 20-40 km to avoid interference. In contrast, Europe
has designated the 47.2-47.5 GHz and 47.9-48.2 GHz bands for
HAPS systems.

Several studies indicate that less than half of the frequency
bands proposed for HAPS have been officially allocated for civil-
ian use worldwide [3]. The remaining portions are reserved for
military, scientific, or satellite communication purposes. More-
over, in some countries, no dedicated frequency band has been
allocated for HAPS systems at all. This significantly limits the
global commercial deployment of HAPS. For example, in 60% of
African countries, there are no specific spectrum regulations for
HAPS systems in national legislation [26], which in turn poses
an investment risk for international companies.

Frequency usage and regulation for HAPS systems - in-
cluding regional characteristics and consequences — are de-
tailed in Table 3.

Interference Probability beetween HAPS and Satellite Stations

27.50

2835
Frequency Range (GHz)

Fig. 7. Interference probability due to frequency overlap between

HAPS and satellite stations

Table 2

Frequency regulation and licensing for HAPS systems: regional characteristics and potential interference

Region/country Frequency range (GHz) Purpose/application Licensing and coordination Potential interference
USA 28 Licensed spectrum for FCC requires 20-40 km Interference risk with
5G base stations operating range 5G systems
Recommended spectrum for| European Communications Office | International coordina-
Europe 47.2-47.5 and 47.9-48.2 HAPS systems (CEPT) recommendation tion issues
Asia Military/satellite Possible spectrum allocation| Allocated for military or satellite | Barrier to cross-border
communications for HAPS systems communications operation
Table 3

Frequency usage and regulation for HAPS systems: regional characteristics and consequences

Region/country Frequency range status

Usage conditions Consequences

International (ITU-R) | 35% — civil use frequencies implemented

Part of frequency ranges implemented for

Global commercial usage

commercial use is limited

60% — no specific spectrum

African countries regulation for HAPS

Lack of legal framework, investment risks

Investment risks for
international companies

Most of the frequencies are reserved for mili-

Other countries L. . L
tary, scientific or satellite communication

Reserved for military and satellite com-

N Limited allocation of frequencies
munication




According to Table 3, only 35% of the frequency bands
designated for HAPS systems have been implemented for
civilian use at the international level, while the remaining
portions are reserved for military, scientific, or satellite com-
munication purposes. Furthermore, 60% of African countries
lack specific spectrum regulations for HAPS systems, which
poses investment risks for international companies.

The lack of alignment between regional policies and reg-
ulatory interpretations where HAPS may be regulated under
different service categories depending on the country creates
additional complexity in system design, spectrum coordina-
tion, and cross-border certification.

5.5. Advanced frequency management methods

To overcome the technical and regulatory challenges in
managing the radio frequency (RF) resources of HAPS sys-
tems, a number of modern management strategies have been
developed and studied at the international level in recent years.
These strategies aim to effectively address spectrum scarcity,
reduce interference, and optimize frequency utilization:

1. Dynamic spectrum access (DSA). This method in-
volves allocating radio frequencies in real time based on user
demand. DSA technology primarily identifies underutilized
or vacant frequency channels and allows their temporary
usage. For example, in trials conducted under the DARPA
program, it was found that implementing DSA resulted in a
30-45% improvement in spectrum efficiency [27]. Addition-
ally, the IEEE 1900.5 standard provides formal rules and
interfaces for spectrum management based on DSA, which
supports automatic adaptation in HAPS systems.

The spectrum efficiency of frequency usage under the
dynamic spectrum access (DSA) method can be observed in
the graph presented in Fig. 8.

In Fig. 8, the spectrum efficiency of frequency utiliza-
tion under the dynamic spectrum access (DSA) method is
illustrated. For example, in the frequency range of 30 MHz
to 45 MHz, spectrum efficiency increases from 40% to 45%,
indicating that the DSA method enables more effective usage
of higher frequency bands.

2. Cognitive radio (CR). Cognitive radio is an approach
based on intelligent management of radio frequencies. This
system automatically monitors the spectrum, detects in-
terference, and dynamically switches to available bands in
real time. Additionally, through artificial intelligence (AI)
algorithms, it can predict which frequency bands are likely
to become available, thereby reducing communication inter-
ruptions [15].

For instance, in a 2021 study, a HAPS prototype utilizing
cognitive radio technology demonstrated a 60% reduction in
interference levels and a 35% increase in data transmission
rates [27]. Such capabilities are especially important in dense-
ly populated spectral environments, such as suburban areas.

The impact of cognitive radio technology on interference
levels and data transmission speed is depicted in Fig. 9.

In Fig. 9, the impact of cognitive radio technology on in-
terference levels and data transmission speed is demonstrat-
ed. After implementing CR technology, the interference level
decreased by 60%, while data transmission speed increased
by 35%, clearly proving the effectiveness of this technology.

3. Spectrum sharing. Spectrum sharing refers to the co-
operative allocation of a single frequency band among multi-
ple operators and technologies. This approach enables HAPS,
satellite, and terrestrial systems to operate simultaneously
within the same frequency range without interference.

The 3GPP Release 17 standard outlines mechanisms for
spectrum sharing and facilitates the integration of HAPS
systems as part of the 5G network. According to FCC reports,
spectrum sharing has improved the utilization efficiency
of the 28 GHz band by 40-60% [28]. Furthermore, through
geolocation data and real-time spectrum maps, systems can
operate without causing interference to one another.

Overall, Fig. 10 illustrates the impact of spectrum sharing
on spectral efficiency and interference-free operation.

In Fig. 10, the impact of spectrum sharing technology on
spectral efficiency and interference-free operation is illustrat-
ed. Spectrum efficiency increased from 50% to 55% through
shared usage, and the level of interference-free operation also
improved, ensuring the efficient functioning of systems.
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Fig. 8. Spectrum efficiency of dynamic spectrum access (DSA) method across frequency range 0—100 MHz and efficiency 0—40%
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Fig. 10. Effect of spectrum sharing on spectrum efficiency and interference-free operation

4.1TU-R recommendations and frameworks. The Inter-
national Telecommunication Union Radiocommunication
Sector (ITU-R) has developed specific recommendations for
HAPS systems. Notably, ITU-R Recommendation F.1500
outlines the technical characteristics and propagation pa-
rameters of HAPS systems, while ITU-R SF.1483 defines
interference limits to ensure compatibility with satellite
systems [29].

For example, according to ITU-R SF.1483, in the 27.5-
28.35 GHz band, the EIRP of HAPS systems must not ex-
ceed 23 dBW/40 kHz to prevent interference with satellite

receivers [30]. These recommendations serve as regulatory
frameworks for national authorities and support global har-
monization of HAPS systems.

The frequency and power limitations (EIRP <23 dBW/
40 kHz) for HAPS systems defined in ITU-R SF.1483 are
illustrated in Fig. 11.

In Fig. 11, the frequency and power constraints for HAPS
systems defined by ITU-R SF.1483 are presented. Within the
27.5-28.35 GHz frequency band, the EIRP of HAPS systems
must be limited to 23 dBW/40 kHz. This restriction is estab-
lished to prevent interference with satellite systems.
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Fig. 11. Power limits (EIRP <23 dBW /40 kHz) for high altitude platform stations systems according to ITU-R SF.1483 standard

In conclusion, the aforementioned management strate-
gies — dynamic spectrum access (DSA), cognitive radio (CR),
spectrum sharing, and ITU - R standards - play a crucial role
in ensuring the reliable and compatible operation of HAPS
systems. These approaches not only enhance the overall effi-
ciency of HAPS but also enable their integration into current
5G and future 6G network architectures.

6. Discussion of the results of integrated radio
frequency management for HAPS systems

The results of the study confirm that radio frequen-
cy (RF) resource management for high altitude platform sta-
tions (HAPS) is a complex, multifactorial problem involving
technical modeling, regulatory coordination, and interfer-
ence prediction. Simulation-based analysis shows that com-
bining dynamic spectrum access (DSA), cognitive radio (CR),
and probabilistic interference modeling can significantly
improve frequency utilization and system performance.

The relationship between channel capacity and signal-to-
noise ratio (SNR), illustrated in Fig. 3, follows the Shannon the-
orem [4]. This supports the implementation of adaptive modula-
tion and coding schemes within CR systems, enabling real-time
performance optimization as channel conditions change.

Fig. 4 demonstrates that interference levels decrease
exponentially with increasing communication distance, es-
pecially in the 27.5-28.35 GHz band where HAPS and ter-
restrial 5G systems may operate concurrently [25]. This
reinforces the need for careful spatial deployment planning
and frequency isolation to reduce co-channel interference.

The Poisson-based interference model (Fig. 5) confirms
that as the mean event rate (1) increases, the probability of
severe interference rises disproportionately [20]. This insight
demonstrates that non-linear probabilistic models are more
effective than linear approximations in capturing the behav-
ior of dense wireless environments.

Energy consumption analysis (Fig. 6) shows a linear re-
lationship between power and energy usage. This indicates
that energy-aware communication policies are necessary,
particularly in HAPS platforms where energy budgets are
limited due to long-endurance operations [13].

A critical issue remains the lack of harmonized in-
ternational regulations. While the International Tele-
communication Union (ITU) recommends frequency
bands for HAPS (e.g., 21.4-22.0 GHz, 27.5-28.35 GHz,
47.2-47.5 GHz) [14], implementation varies by country. In
regions without clear HAPS spectrum frameworks, inter-
ference and deployment delays are likely [24].

The proposed approach helps address the key issues
identified earlier: spectrum scarcity, interference unpredict-
ability, lack of energy optimization, and regulatory misalign-
ment. DSA improves spectral efficiency by 30-45%, while CR
reduces interference by up to 60% and increases throughput
by up to 35% [27]. In shared spectrum conditions, efficiency
improvements of 40-60% have been reported with coordinat-
ed spectrum-sharing policies [28].

These methods are applicable for expanding connectivity
in remote areas, supporting hybrid terrestrial-non-terrestrial
architectures (e.g., 5G/6G integration), and guiding national
and international spectrum allocation strategies. Although
this study focused on technical modeling, its results have
implications for policy-making and real-world deployment
planning.

The study has several limitations. Models assume ho-
mogeneous environmental conditions and do not account
for multipath propagation or atmospheric fading. Power ad-
aptation is modeled statically, not dynamically. In addition,
simulation results were not validated through hardware-in-
the-loop or field testing, limiting practical generalizability.

Future work should include experimental validation of
CR-based channel selection, 3D modeling of HAPS constel-
lations, scenario testing under weather-based fading, and
further legal harmonization efforts to support cross-border



HAPS operation [7,22,23]. In summary, for HAPS systems
to be effectively deployed at scale, it is essential to establish
harmonized regulatory frameworks, integrate intelligent RF
management technologies, and further investigate the effects
of atmospheric variability and signal behavior at high frequen-
cies. Future studies should also explore real-world validation,
deployment optimization, and international spectrum-sharing
mechanisms to ensure sustainable implementation.

7. Conclusions

1. Frequency bands such as 21.4-22 GHz, 27.5-28.35 GHz,
and 47.2-47.5 GHz offer high data transmission capacity but
are sensitive to spectrum congestion and environmental atten-
uation. Efficient allocation strategies must therefore consider
both atmospheric losses and risks of co-channel interference.

2. The relationship between channel capacity and signal-
to-noise ratio (SNR) follows a logarithmic structure, validat-
ing the use of adaptive modulation and coding schemes in
HAPS systems to ensure performance optimization under
fluctuating signal conditions.

3. Interference patterns in dense transmission scenarios
are best captured by a probabilistic Poisson model. As the
rate of transmission events increases, the likelihood of inter-
ference rises non-linearly, underscoring the importance of
predictive and dynamic interference mitigation techniques.

4. Spectrum coordination and licensing policies play a
critical role in HAPS deployment. The study highlights the
necessity of international harmonization and spatial sepa-
ration in overlapping bands (such as 28 GHz) to minimize
interference with terrestrial and satellite systems. Proper reg-
ulatory alignment is essential for scalable implementation.

5. Advanced frequency management methods, including
dynamic spectrum access (DSA) and cognitive radio (CR),
demonstrate significant practical advantages. These methods
enable real-time adaptation to spectrum availability, improv-

ing utilization efficiency by up to 45% and reducing interfer-
ence by up to 60%. Their integration supports compatibility
with 5G/6G terrestrial and satellite infrastructure.
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