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The object of this study is a strato-
spheric airship-based telecommunica-
tion platform, employed as a high-altitude 
platform station (HAPS), designed to oper-
ate at altitudes of 20–30 km and provide 
broadband connectivity in regions with 
limited terrestrial infrastructure such as 
rural and remote areas of the Republic of 
Kazakhstan. The key research problem is to 
ensure stable connectivity of HAPS-based 
telecommunication platforms under strong 
stratospheric winds, with limited payload 
capacity and energy resources, while devel-
oping a scalable network architecture for 
multi-airship coordination.

This paper proposes a network con-
cept based on modular nano-airships, 
which reduces drag, enhances maintain-
ability, and ensures continuous service. 
Calculations of lifting capacity, aerody-
namic drag of different envelope shapes, 
energy balance, and the coverage radi-
us of a single station were performed. 
Experimental tests of a prototype con-
firmed the feasibility of using the sub-GHz 
band (433 MHz) to provide long-range com-
munication under ground test conditions, 
where signal attenuation was found to be 
minimal compared to higher frequencies.

Due to the obtained characteristics, the 
hypothesis of employing a group of small-
er airships instead of a single large carrier 
was confirmed. This is explained by their 
reduced sensitivity to wind loads, flexibility 
in network configuration, and lower oper-
ational risks. Unlike traditional satellite 
systems, which are expensive to launch 
and maintain, stratospheric airships can 
be recovered, repaired, and redeployed at 
relatively low cost, offering an economical-
ly viable solution for developing regions.

The results can be applied in the cre-
ation of national communication networks 
for remote and sparsely populated areas of 
the Republic of Kazakhstan, in emergency 
response operations, and as a complemen-
tary layer to satellite constellations. The 
proposed concept demonstrates that mod-
ular HAPS networks are a realistic and 
scalable alternative, capable of providing 
broadband access under real-world atmo-
spheric and geographic constraints
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1. Introduction

The growing demand for high-speed and reliable tele-
communication systems has become a critical factor for both 
national development and global digital inclusion. Access 

to broadband connectivity is increasingly recognized as an 
essential element of social and economic stability, compa-
rable to the role of energy and food security. However, the 
production and provision of telecommunication services 
through terrestrial infrastructure is a complex, multi-phase 
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The paper [15] introduces a solar array power model val-
idated by experiments. Despite its accuracy, it omits integra-
tion with actual onboard power systems.

The experimental work [16] evaluates mechanical proper-
ties of stratospheric airships. Structural data are provided, but 
aerodynamic stability in gusty winds remains unassessed.

The review [17] compares HAPS to space systems, outlin-
ing general advantages. Nevertheless, quantitative telecom 
metrics are lacking.

The work [18] describes the development of stratospheric 
platform systems. It emphasizes conceptual design but does not 
include recent advances in lightweight materials or avionics.

The study [19] evaluates pseudo-satellite platforms for air 
traffic support. Although relevant for navigation, it overlooks 
broadband payload requirements.

The paper [20] tests HAPS in defense applications. While 
versatile, its military focus restricts civil telecommunications 
applicability.

The research [21] investigates quantum key distribution 
from HAPS, proving feasibility of secure links. Yet, integra-
tion into broadband architecture is still theoretical.

The study [22] discusses practical application of HAPS in 
space RAN, addressing regulation and technical issues, but 
neglecting rural broadband.

The review [23] highlights regulatory aspects of HAPS. 
It is comprehensive in policy analysis but lacks engineer-
ing-level case studies.

The work [24] develops energy system concepts for HAPS. 
Practical guidance is given, but redundancy planning during 
prolonged cloudiness is absent.

The model [25] proposes elevation-dependent shadowing 
for urban HAPS. It improves accuracy of link budgets, but 
applicability is limited to dense cities.

The study [26] reviews HAPS infrastructures support-
ing GNSS. It addresses interoperability but not dual-use 
payloads.

Finally, the research [27] analyzes power electronic 
methods for multi-level inverters. While focused on energy 
systems, its relevance to renewable airborne platforms re-
mains unexplored.

The literature analysis shows clear potential of HAPS to 
enhance broadband connectivity. However, significant prob-
lems remain unresolved, including:

1) maintaining station-keeping under stratospheric winds 
of 20–50 m/s;

2) overcoming payload weight limitations and achieving 
energy autonomy;

3) optimizing aerodynamic envelope design for both lift 
and stability;

4) developing algorithms for coordinated operation of 
multiple platforms;

5) designing maintenance strategies that allow replace-
ment without disrupting service.

Thus, despite extensive research, the key research problem 
is to ensure stable connectivity of HAPS-based telecommuni-
cation platforms under strong stratospheric winds, with limit-
ed payload capacity and energy resources, while developing a 
scalable network architecture for multi-airship coordination.

3. The aim and objectives of the study

The aim of the study is to develop and justify a conceptu-
al model of a stratospheric airship-based telecommunication 

technological and logistical system that requires significant 
investments in base stations, fiber-optic networks, and satel-
lite constellations [1, 2].

Each of these solutions has inherent limitations. Terres-
trial networks are economically inefficient in remote regions 
due to high installation and maintenance costs. Satellite 
systems, while capable of providing wide coverage, suffer 
from high latency and expensive deployment. This imbalance 
between the growing demand for connectivity and the lim-
itations of existing infrastructures leads to digital exclusion, 
particularly in rural and sparsely populated areas [3].

High-altitude platform stations (HAPS), operating at strato-
spheric altitudes of 20–30 km, have emerged as a promising 
alternative. They combine low latency, flexible deployment, and 
cost efficiency. Global initiatives such as Google Loon, Strato-
bus, and Altaeros BAT have demonstrated the feasibility of such 
platforms, yet they revealed persistent challenges, including 
station-keeping in strong stratospheric winds, long-term energy 
autonomy, and scalable network architectures [4, 5].

Recent studies highlight the importance of integrating 
HAPS into modern telecommunication systems, ensuring that 
they function not only as isolated platforms but as part of larger 
communication infrastructures. In particular, research has em-
phasized their potential role as IMT base stations to expand 5G 
coverage [6], their use cases in future 6G networks, including 
inter-platform coordination and energy management [7], and 
their integration into non-terrestrial network (NTN) archi-
tectures alongside satellites and terrestrial systems [8]. At the 
same time, HAPS remain highly relevant for countries with 
vast territories and low population density, such as Repub-
lic of Kazakhstan, Mongolia, Canada, and Australia, where 
rural internet penetration is still limited due to geographic 
isolation and insufficient terrestrial infrastructure [9]. For 
Republic of Kazakhstan and Mongolia, with densities of only  
2–7 people/km2, the deployment of conventional terrestrial in-
frastructure is economically impractical, making stratospheric 
platforms an attractive solution to bridge the digital divide.

In parallel, the integration of HAPS aligns with emerging 
technological trends, including the deployment of 5G/6G net-
works, non-terrestrial network (NTN) architectures, and the 
use of lightweight materials and renewable energy systems [10]. 
These developments confirm the growing role of stratospheric 
airships in the global telecommunication ecosystem.

Therefore, studies devoted to the development, opti-
mization, and integration of scalable, resilient, and ener-
gy-efficient stratospheric telecommunication platforms are 
scientific relevance.

2. Literature review and problem statement

The methodology [11] proposes a systematic design ap-
proach for high-altitude telecommunication platforms. How-
ever, the adaptation of these design principles to strong 
stratospheric winds has not been sufficiently addressed.

The paper [12] develops an airship for telecom and border 
monitoring with dual-use potential. However, it lacks consid-
eration of multi-airship networking scenarios.

The research [13] presents dynamic control algorithms 
for multiple HAPS in time-varying wind fields. While prom-
ising in simulation, validation at full scale is absent.

The study [14] addresses trajectory planning with an 
improved RRT algorithm. Although effective in modeling, 
its computational demand may hinder real-time application.
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network adapted to the geographical and climatic conditions of 
Republic of Kazakhstan. The practical outcome of the study is 
a set of engineering calculations and an experimental prototype 
that demonstrate the feasibility of using modular nano-airships 
to provide stable broadband connectivity in rural and remote 
areas.

To achieve this aim, the following objectives were set:
– to determine the optimal envelope shape and lifting gas 

by calculating lifting capacity and aerodynamic drag under 
stratospheric conditions;

– to define the composition of onboard equipment, in-
cluding solar panels, batteries, propulsion systems, valves, 
and telecommunication payloads;

– to design a communication architecture for coordinated 
operation of multiple airships, including the choice of fre-
quency bands (LoRa, LTE/5G) and inter-platform links;

– to estimate the coverage area, inter-airship spacing, and 
handover procedures required to ensure continuous service 
across Republic of Kazakhstan;

– to propose a deployment and maintenance strategy that 
allows for replacement of individual airships without disrup-
tion of network operation.

4. Materials and methods of the study

The object of this study is a stratospheric airship-based 
telecommunication platform, employed as a high-altitude 
platform station (HAPS), designed to operate at altitudes 
of 20–30 km and provide broadband connectivity in regions 
with limited terrestrial infrastructure such as rural and re-
mote areas of the Republic of Kazakhstan.

The study hypothesizes that a combination of optimized 
aerodynamic design, energy-autonomous subsystems (solar 
energy harvesting and storage), and a modular telecom-
munication architecture can ensure reliable, scalable, and 
cost-effective broadband connectivity under stratospheric 
conditions, addressing challenges such as strong winds, lim-
ited payload capacity, and multi-airship coordination.

The research assumes that simplified aerodynamic and ener-
gy balance models can accurately approximate key parameters, 
including lifting capacity, drag forces, solar energy potential, 
and communication link performance at stratospheric altitudes. 
It is further assumed that sub-GHz frequency bands, particu-
larly 433 MHz, are suitable for long-range, low-power commu-
nication in rural settings due to their low free-space path loss.

For initial prototyping, heavy payloads such as solar panels, 
batteries, and full-scale telecommunication repeaters were ex-
cluded to focus on envelope mechanics, lifting gas performance, 
and aerodynamic stability. This simplification isolates funda-
mental structural parameters before scaling to fully equipped 
airships, reducing complexity in early experimental stages.

The study integrates theoretical calculations, simulation 
modeling, and experimental validation, grounded in a compre-
hensive literature review of stratospheric platform design, en-
ergy systems, and wireless network architectures [5–8, 10–13]. 
The methodology aligns with international standards to 
ensure global comparability, including ITU-R P.525 for free-
space path loss calculations and NASA and SAE standards 
for aerodynamic coefficients. These standards were chosen 
for their widespread adoption in aerospace and telecommu-
nication research, ensuring robust and reproducible results.

The object of the present research is the design and vali-
dation of a stratospheric airship-based communication plat-

form capable of stable operation at altitudes of 20–30 km. The 
main hypothesis assumes that a combination of aerodynamic 
optimization, energy-autonomous subsystems, and modular 
communication architecture can ensure reliable broadband 
connectivity under stratospheric conditions.

To achieve this, several assumptions were made. First, 
simplified aerodynamic and energy balance models were 
applied to enable analytical calculations of lifting capacity, 
drag, solar energy harvesting, and communication perfor-
mance. Second, at the initial stage, experimental prototypes 
excluded heavy payloads (solar panels, batteries, telecommu-
nication equipment), focusing solely on envelope mechanics. 
These simplifications allow isolating fundamental structural 
parameters before scaling the system.

International standards and methodologies were consid-
ered. For example, the free space loss formula was adopted 
from ITU-R P.525 recommendations, while aerodynamic 
coefficients were aligned with aerospace engineering practic-
es (NASA, SAE standards). Such references ensure compara-
bility of results with global research.

Being the methodological basis of the present research, 
the complete survey of all available scientific literature was 
implemented with regards to the design of stratospheric 
platforms, energy supply systems, and wireless network 
architectures [5–8]. The revised strategies were formally 
integrated, and a side-by-side assessment was conducted on 
major parameters of uniqueness and shrinkage, as minimal 
carrying capacity, aerodynamic drag, solar panel energy con-
tracts, and battery storage inventory [10–13]:

1. Airship lifting power

( ) ,lift air gasF V gρ ρ= − ⋅ ⋅ 				    (1)

where ρair – air density at 20 km altitude, ρgas – gas densi-
ty (helium or hydrogen), V – envelope volume of the air-
ship (m3), and g – gravitational acceleration.

This formula determines the maximum payload mass, al-
lowing comparison of gases and envelope volumes. As shown 
later in Table 1, helium provides ≈ 200 kg lift for 3000 m3, 
while hydrogen provides ≈ 215 kg.

The first part of the testing should evaluate the lifting 
power and optimize the structural and the aerodynamic 
properties of the airship envelope. A simplified prototype 
will be implemented in order to eliminate the complexity of 
the system and isolate the key performance variables-at this 
point, solar energy systems and telecommunication modules 
will be omitted. Such an arrangement allows concentrated 
testing of flight mechanics which is not gendered by the more 
massive subsystems.

The step is just a precursor to the gradual approach to 
a fully functional stratospheric communication platform. 
The knowledge obtained by the test flights will have a direct 
influence upon the design of the more complex systems that 
would include the power system, propulsion components, 
and the communication hardware.

2. Aerodynamic drag (windage)

2

2
.1 d d airF C Aρ ϑ= ⋅ ⋅ ⋅ 		  		   (2)

where Cd – drag coefficient (≈0.04 for teardrop, 0.06–0.08 
for cigar), ρair – the air density at stratospheric altitude 
(≈0.0889 kg/m3 at 20 km), A – cross-sectional area, and  
V is wind speed.
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This equation determines whether the airship can with-
stand stratospheric winds (20–50 m/s). A teardrop form 
provides almost twice less drag, directly reducing energy 
consumption for stabilization. This aspect was not addressed 
in early HAPS projects such as Google Loon [4].

The formula indicates the amount of aerodynamic drag 
the airship experiences due to wind flow. It depends on the 
drag coefficient Cd, they include the area of the cross section, 
the area of the wind, and the speed.

It is essential to know whether the airship will have the 
ability to stay at a particular point because Google Loon was 
not able to succeed due to wind conditions. There is a need to 
think of what type of motors or any other form of stabiliza-
tion needed to resist wind flows.

3. Solar panel power

    ,solar panelP A Gη= ⋅ ⋅ 				    (3)

here 0.18,η ≈  1100G ≈  W/m2 (in the stratosphere), where 
η – the efficiency of the solar panel, Apanel – the effective sur-
face area of the solar panels (m2), and G – the average solar 
irradiance in the stratosphere.

4. The free space loss model

( ) 10 1020 log 20log 92.45.PL dB f d= + + 		  (4)

In the given equation, it should be remembered that 
f would be the frequency expressed in megahertz (MHz), 
whereas PL (dB) stands for path loss expressed in deci-
bels (dB), d is the distance between the transmitter and the 
receiver in kilometers (km). The fixed number 92.45 is of 
special interest, because it also incorporates a number of 
examples of conversion factors such as frequency translation 
between megahertz and hertz, distance conversion between 
kilometers and meters, physical constants necessary to con-
vert the result into decibels. This constant is so ingrained in 
the process of radio propagation that a full article may be 
written on its dependence and use.

The free space loss formula (FSPL)

( ) 10
4dB 20log ,fPL

c
π =  

 
			   (5)

where PL (dB) – the free space path loss in decibels (dB), 
f – the frequency in hertz (Hz), d – the distance between the 
transmitter and receiver in meters (m), c – the speed of light 
in vacuum (≈3 × 108 m/s), and the factor 4π appears due to 
the spherical nature of electromagnetic wave propagation. 
When the result is expressed in decibels, the constant 92.45 is 
introduced as a standardized factor that accounts for the nec-
essary unit conversions, allowing frequency to be expressed in 
megahertz (MHz) and distance in kilometers (km) directly in 
the formula.

5. Data packet loss

( )
1

1   1 .
n

loss i
i

P p
=

= − −∏ 			   	  (6)

This formula represents the cumulative probability of 
packet loss when passing through multiple network nodes 
such as relays, airships, and antennas.

A packet has to pass through n nodes where each one has 
a packet loss probability that is individual to them pi when this 
is the case, the general delivery success probability is as follows

( )
1

1 .
n

success i
i

P p
=

= −∏ 				    (7)

The complement of the probability of success is the prob-
ability that a data packet will fail to arrive at the receiver (i.e., 
that it is lost at least one flow state along the path)

.1loss successP P= − 				     (8)

Let the packet loss probabilities at each node be:
Node 1: p1 = 0.01 (1%) ;
Node 2: p2 = 0.02 (2%) ;
Node 3: p3 = 0.015 (1.5%).
Here pi represents the probability of packet loss at the i-th 

node of the communication chain.
Then the probability of successful delivery is

Psuccess ≈ 0.955 (95.5%).

So, the probability that the packet will not reach the des-
tination is

Ploss ≈ 0.045 (4.5%).

For three consecutive network nodes with packet loss 
probabilities of 1%, 2%, and 1.5%, the overall probability 
of successful packet delivery is approximately 95.5%. Ac-
cordingly, the cumulative packet loss probability equals 
about 4.5%.

In the design of the airship-based communication net-
works, structure design is imperative. It shows how big packets 
losses may easily accumulate even when nodes are designed to 
make minimal errors. The network optimization with these 
calculations, it is finally possible to reduce the number of in-
termediate relay nodes in the network. This solution enhances 
the reliability of communication between the smaller and the 
chief airships at every node. There can also be added redun-
dancy mechanisms or error correction protocols. 

A simplified prototype was developed using a double-sid-
ed construction film envelope to test lifting gas performance 
(helium vs. hydrogen) and aerodynamic stability under 
low-altitude conditions. The payload included an ESP32 
microcontroller, GPS module, and LoRa radio operating 
at 433 MHz, selected for their balance of functionality and 
minimal mass. Controlled ascents at varying altitudes as-
sessed buoyancy, drag, and stability under wind speeds up 
to 10 m/s, providing data to refine simulation models. These 
tests excluded heavy subsystems (e.g., solar panels, batteries) 
to isolate structural parameters, a standard approach in ear-
ly-stage aerospace prototyping [11].

The chosen methods combine analytical rigor with practical 
validation, addressing the complexity of stratospheric airship 
design. Theoretical models (e.g., buoyancy, drag, FSPL) were 
selected for their established accuracy in aerospace and tele-
communication applications, as evidenced by [10, 15]. LoRa 
was preferred over LTE/5G for its low-power, long-range 
performance, critical for rural Republic of Kazakhstan’s 
sparse infrastructure [9]. Experimental methods prioritized 
cost-effective, scalable prototyping to validate theoretical 
assumptions before full-scale stratospheric testing, aligning 
with iterative design principles in [11, 12]. International stan-
dards (ITU-R, NASA, SAE) ensure global relevance, while 
the focus on sub-GHz bands addresses regional regulatory 
constraints.
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This methodological framework supports the develop-
ment of a scalable, energy-efficient, and stable telecommuni-
cation platform, with initial results informing the design of 
full-scale prototypes for future stratospheric testing.

5. Research results on the design and implementation 
of a stratospheric airship network

5. 1. Optimal airship size determination
It was determined the optimal envelope shape and lifting 

gas for a stratospheric airship by calculating lifting capacity 
and aerodynamic drag under stratospheric conditions (20–
30 km altitude, wind speeds of 20–50 m/s), ensuring suf-
ficient payload capacity for telecommunication equipment 
while minimizing drag to maintain station-keeping.

The determination of the airship’s size and envelope 
shape was approached through a combination of analytical 
calculations and experimental validation, focusing on opti-
mizing the trade-off between lifting capacity, aerodynamic 
drag, and structural stability. The lifting capacity was calcu-
lated using the buoyancy equation

( ) * ,air gasL V gρ ρ= −   		  	 (9)

where ρair = 0.0889 kg/m3 (air density at 20 km), ρgas – the 
density of helium (0.018 kg/m3) or hydrogen (0.009 kg/m3), 
V – the envelope volume (m3), and g = 9.81 m/s2. This equa-
tion, validated by [10, 11], was chosen for its accuracy in 
quantifying the lift generated by different gases and envelope 
volumes.

As shown in Table 1, the lifting force of the airship 
depends on both the shape of the envelope and the type of 
lifting gas used. Calculations demonstrate that hydrogen 
provides approximately 7–8% greater lift than helium for the 
same volume. However, safety considerations make helium 
preferable for many applications.

Table 1

Calculation of the lifting force of the airship

Shape Gas Volume, m3 Lifting force, kg Remarks
Teardrop Helium 2000 ≈ 125 Safe, but limited
Teardrop Helium 3000 ≈ 190 Optimal balance

Teardrop Hydrogen 3000 ≈ 205 +7–8% lift, safety 
risk

Cigar Helium 3000 ≈ 180 Higher drag

Cigar Hydrogen 5000 ≈ 350 Large payload, 
 but less stable

 
As shown, a teardrop envelope of 3000 m3 with helium 

ensures a payload of ~190 kg, sufficient for telecommunica-
tion payloads. Hydrogen provides higher lift (+7–8%), but 
with safety concerns.

As illustrated in Table 1, hydrogen demonstrates superior 
lifting efficiency compared to helium, offering an approxi-
mate 7–8% increase in buoyant force due to its lower molecu-
lar weight and gas density. Despite this advantage, the use of 
hydrogen introduces significant safety concerns related to its 
high flammability, necessitating rigorous containment and 
operational protocols.

From an aerodynamic standpoint, the teardrop-shaped 
envelope outperforms the cigar-shaped alternative by re-
ducing drag forces, thereby decreasing energy consumption 

required to maintain the airship’s positional stability within 
the stratosphere. From an aerodynamic standpoint, the tear-
drop-shaped envelope outperforms the cigar-shaped alter-
native by reducing drag forces, thereby decreasing energy 
consumption required to maintain the airship’s positional 
stability within the stratosphere. As shown in Fig. 1, the use 
of hydrogen as a lifting gas provides approximately 7–8% 
greater lift compared to helium for the same volume. 

Fig. 1. Lifting force vs gas volume

Thus, for payloads up to 200–215 kg, a 3000 m3 envelope 
is sufficient. The teardrop-shaped design provides better 
aerodynamics and was selected for further modeling.

Subsequently, the aerodynamic drag values were calcu-
lated for various airship envelope shapes under conditions 
at altitudes of 20–30 km. Specifically, the drag coefficient 
Cd was considered to be approximately ≈ 0.04 for tear-
drop-shaped envelopes and between ≈ 0.06–0.08 for ci-
gar-shaped envelopes.

The air density at 20 km altitude was assumed to be 
pair ≈ 0.0889 kg/m3. For an envelope with a diameter of 5 me-
ters, the cross-sectional area is approximately A ≈ 19.6 m2. 
Drag force calculations were based on a typical wind speed 
at stratospheric altitudes, assumed to be in the range of 
20–30 m/s.

Additionally, an analysis of the solar panel energy balance 
was performed, accounting for varying illumination conditions. 
The coverage radius of a single platform at 20 km altitude was 
also evaluated. The summarized results of aerodynamic drag 
and solar power generation are presented in Table 2.

Table 2

Calculated aerodynamic drag and solar power generation 
under stratospheric conditions

Parameter Conditions Teardrop 
envelope

Cigar-shaped 
envelope

Air density 0.0889 kg/m3  
(20 km altitude) Same Same

Cross-sectional 
area 19.6 m2 Same Same

Wind speed 50 m/s Same Same
Drag coefficient – 0.04 0.08

Aerodynamic drag At 20 km altitude ≈ 8.7 H ≈ 17.4 H

Solar power  
generation

Panel 10 m2,  
efficiency 20%,  

irradiance 1100 W/m2
≈ 2.2 kW –
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This means that the installed solar panel system, with 
a total area of 10 m2 and an average efficiency of 20%, can 
generate approximately 2.2 kW of electrical power under 
standard illumination conditions. Such output is sufficient 
to supply the onboard communication modules, control sys-
tems, and auxiliary equipment of the stratospheric airship 
during daylight operation.

A scaled prototype (10 m3 envelope, double-sided con-
struction film) was tested at low altitudes (up to 100 m) to 
validate aerodynamic stability and lifting gas performance. 
Tests were conducted in wind speeds up to 10 m/s, using 
helium to minimize safety risks. The prototype maintained 
stability with a drag force consistent with calculations (scaled 
to ~0.04 kN), confirming the teardrop shape’s reduced sensi-
tivity to wind loads. Hydrogen was not tested experimentally 
due to regulatory restrictions but was included in theoretical 
calculations for completeness.

The analysis determined that a 3000 m3 teardrop-shaped 
envelope with helium as the lifting gas is optimal for the 
stratospheric airship. This configuration provides:

– a lifting capacity of ~190 kg, sufficient for the 65 kg 
payload with a significant reserve for additional equipment 
or redundancy;

– a drag force of ~1.2 kN at 50 m/s, enabling stable sta-
tion-keeping under stratospheric wind conditions;

– a cross-sectional area of ~50 m2, minimizing wind ex-
posure while maintaining structural integrity.

Table 1 summarizes the lifting capacity for different 
volumes and gases. The teardrop shape was selected as the 
optimal configuration due to its lower drag coefficient, which 
enhances stability and reduces propulsion energy require-
ments, aligning with the energy autonomy goals.

The calculations and tests were conducted using simpli-
fied models and low-altitude conditions, as full-scale strato-
spheric testing (20–30 km) was not feasible within the scope 
of this study due to resource and regulatory constraints. 
Stratospheric tests are planned for future phases to validate 
the performance of the 3000 m3 teardrop envelope under 
real stratospheric conditions, including temperature varia-
tions (–50°C to –70°C) and wind gusts. Future work will also 
include computational fluid dynamics (CFD) simulations to 
refine drag estimates and explore additional envelope shapes 
(e.g., spherical or hybrid designs) for further optimization.

The 3000 m3 teardrop-shaped envelope with helium pro-
vides an optimal balance of lifting capacity and aerodynamic 
stability, solving problems associated with limited payload 
and wind loads of 20–50 m/s. 

The optimization process, supported by analytical calcu-
lations, numerical modeling, and prototype testing, confirms 
the feasibility of this design for a stratospheric telecommuni-
cation platform.

5. 2. Payload equipment composition
The onboard payload was structured to balance mass, 

energy demand, and mission autonomy. Table 3 presents the 
selected components.

The payload composition was determined based on en-
ergy balance requirements (eq. (3)). A 10 m2 solar array at 
stratospheric irradiance of ≈1100 W/m2 and 18% efficiency 
generates ≈2200 W, which is sufficient to power the telecom-
munication modules and stabilization motors.

Energy storage was also estimated. To ensure 12 hours of 
autonomous night-time operation, the battery capacity must 
exceed 25 kWh.

Table 3

Estimated payload composition for one airship

Component Weight 
(kg)

Power 
 requirement Notes

Solar panels (10 m2) 20 200 Monocrystalline
Li-ion battery pack 

(25 kWh) 30 – Night autonomy

Propulsion & stabilization 
motors 15 150 4 propellers

Control unit (STM32) + 
sensors 2 5 Temp., pressure, 

GPS
Communication module 

(LoRa + LTE/5G) 5 25 Dual mode

Structural frame & valves 25 – Lightweight 
composite

Total ≈ 65 ≈ 280 Leaves ~90 kg 
reserve

The analysis confirms that even with full payload inte-
gration, the mass remains below the lift limit of 190–200 kg. 
The configuration provides up to 25 hours of autonomy with 
solar recharge. 

5. 3. Communication system for multiple airships
The free space path loss (FSPL) model (eq. (4)) was used 

to estimate attenuation at different frequencies. Results show 
that the 433 MHz band provides the lowest losses, while 
868 MHz and 915 MHz, though less efficient, are better suit-
ed for higher throughput.

In later experiments, let’s try different LoRa modules 
so as to establish an appropriate one to be used in our 
project. The modules were capable of working on different 
frequency bands and they included 433 MHz, 868 MHz, 
915 MHz. In further experiments, let’s try various LoRa 
modules to find out, which one may best fit our project. 
The modules worked on various frequency bands such 
as 433 MHz, 868 MHz and 915 MHz. The free space path 
loss (Fig.2) indicates that 433 3Hz will serve to provide 
the least signal degradation over very long distances, 
and therefore will be more suitable to long range com- 
munication.

According to the signal loss analysis (Fig. 2), the 
433 MHz frequency band demonstrated the lowest signal 
attenuation, making it the most suitable for long-range 
communication applications. Ground-level prototype test-
ing confirmed the viability of this frequency, with re-
sults aligning closely with theoretical predictions derived 
from free space path loss (FSPL) calculations. In con-
trast, 868 MHz and 915 MHz modules, while exhibiting 
higher attenuation, may be preferable in scenarios requir-
ing higher data transmission rates.

Packet loss probability was also modeled, eq. (6)–(8). For 
a three-node network (e.g., two relays + ground station), 
the probability of successful transmission was ≈95.5%, 
with cumulative losses ≈4.5%. To evaluate the feasibility 
of long-range communication under stratospheric condi-
tions, the free-space path loss (FSPL) was calculated for 
typical LoRa frequency bands of 433, 868, and 915 MHz 
at operational distances of 20 km, 30 km, and 50 km. 
These calculations provide a quantitative estimation of 
expected attenuation, which is critical for selecting the 
optimal frequency band. The results are summarized  
in Table 4.



Eastern-European Journal of Enterprise Technologies ISSN-L 1729-3774; E-ISSN 1729-4061	 5/9 ( 137 ) 2025

88

Table 4

Corrected values (above ground, without antenna gains)

Distance, d 433 MHz 868 MHz 915 MHz
20 km 171.19 dB 177.23 dB 177.68 dB
30 km 175.72 dB 181.76 dB 182.22 dB
50 km 179.20 dB 185.24 dB 185.69 dB
1 km 145.18 dB 151.22 dB 151.68 dB

100 km 185.18 dB 191.22 dB 191.68 dB

These values match the shape of graph: around 145 dB at 
433 MHz for 1 km and +40 dB when increasing to 100 km. As 
can be seen from Table 4, the lowest path loss is consistently 
observed at 433 MHz, making it the most suitable band for 
long-distance communication. At 30 km, the FSPL at 433 MHz 
is approximately 6 dB lower than at 868 MHz and 915 MHz, 
which translates into nearly doubling the received signal pow-
er for the same transmission conditions. For distances above 
50 km, this advantage becomes even more pronounced.

5. 4. Network geometry, inter-airship spacing and 
handover

Coverage modeling showed 
that a single airship at 20 km 
altitude provides ≈50 km radius 
coverage. Full coverage of the 
Republic of Kazakhstan (2.7 mil-
lion km2) would therefore re-
quire about 350 airships.

However, inter-airship laser 
communication extends the cover-
age radius up to 300 km, reducing 
the required number of stations 
to ≈10. This is confirmed by the 
results of packet loss calculations 
(p1 = 0.01, p2 = 0.02, p3 =  0.015) 
and aligns with [19, 21, 27].

As shown in Fig. 3, the pos-
sibility of using stratospheric 
communication network on the 
territory of the Republic of Ka-
zakhstan [1] has been assessed. 
As long as the tests are positive 

during the first phase, the project will flow to develop and 
test bigger aerostats and airships. When only one base station 
of 20 km height is provided its area of 600 km can be shared 
and thus, it is most crucial that the number of nodes needed 
can be reduced exponentially. There is also an indication that 
stratospheric airships communication is to be achieved with 
laser links to the clear stratosphere and the transmission of 
data would be achieved at faster rate.

Fig. 3 presents a conceptual deployment strategy involving 
approximately 20 stratospheric airships distributed across the 
territory of the Republic of Kazakhstan. A significant opera-
tional challenge lies in counteracting the dominant eastward 
stratospheric winds, which impede the maintenance of fixed 
airship positions. To mitigate this issue, the strategy proposes a 
controlled descent of airships as they near the national border, 
followed by the coordinated launch of replacement units from 
the western perimeter. This cyclical deployment approach en-
sures continuous coverage while accounting for the natural drift 
patterns at high altitudes [1]. There is a representative drawing 
of the vertical architecture of communication systems provided 
in Fig. 4, as well as including terrestrial infrastructure as well as 
space-based facilities. 

 

 
  Fig. 2. Free space path loss for frequencies of 433, 868 and 915 MHz

Fig. 3. The scheme of the calculated placement of a network of stratospheric airships on 
the territory of the Republic of Kazakhstan to ensure wireless communication
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In contrast to terrestrial base stations, a stratospheric airship 
network provides high mobility, enabling seamless and continu-
ous coverage with minimal latency comparable to satellite-based 
communication systems [1]. Fig. 4 presents the territorial dis-
tribution of HAPS (High Altitude Platform Stations) across 
Republic of Kazakhstan. This configuration ensures that from 
any given point within the country, simultaneous line-of-sight 
communication with at least three HAPS units can be main-
tained. Such a network geometry enhances redundancy and 
increases the overall reliability of the communication system. 

Coverage modeling demonstrates two scenarios:
1. LoRa-based network (50 km radius): ~350 airships re-

quired to cover Kazakhstan’s 2.7 million km2.
2. Laser inter-airship links (300 km radius): only 10–12 air-

ships needed for backbone coverage.

Each ground terminal is covered by at least three 
platforms simultaneously, ensuring continuous service 
through handover, analogous to terrestrial mobile net-
works.

5. 5. Operation and replacement strategy
Experimental prototype flights with Arduino Nano, 

ESP32, GPS, and LoRa modules confirmed feasibility of 
stable communication. Tests demonstrated that 433 MHz 
provides the most reliable long-range link, while 868 MHz 
and 915 MHz are more efficient for short-range high-speed 
data exchange.

However, oscillations of the envelope under wind gusts 
were observed, highlighting the need for active stabiliza-
tion.

 

 
  Fig. 4. Communication architecture across altitude layers using stratospheric airships as relay platforms

 

 
  

Fig. 5. High-altitude platform station (HAPS) on the territory of the Republic of Kazakhstan. This location allows from any 
point on the terrain to provide radio visibility simultaneously at least 3 High-altitude platform station (HAPS)
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The proposed operational strategy includes:
1) planned descent of drifting airships when reaching the 

national border;
2) simultaneous launch of replacements from the op-

posite side;
3) redundancy at the network layer to ensure uninter-

rupted service.
In terms of hardware, multiple configurations were eval-

uated. Initial testing employed the Arduino Nano microcon-
troller, whereas the second testing phase utilized the more 
advanced ESP32 module, offering greater processing power 
and integrated wireless capabilities. Let’s also utilize the more 
advanced ESP32 module, offering greater processing power 
and integrated wireless capabilities. As shown in Fig. 6, the 
ESP32 was connected to GPS tracker modules for real-time 
positioning and data transmission during testing. 

a                                                  b 

Fig. 6. Connection of the ESP32 microcontroller and Global 
Positioning System (GPS) tracker modules: a – ESP32 

microcontroller connected to GPS module; b – assembled 
breadboard circuit with GPS tracker and power supply

The subsequent phase of the project will focus on the 
expansion of the onboard sensor suite, the integration of pho-
tovoltaic energy systems, and the execution of high-altitude 
flight trials under realistic meteorological conditions. Partic-
ular emphasis will be placed on the development and imple-
mentation of an active stabilization system, as well as on the 
formulation of coordinated operational strategies within a 
distributed network of stratospheric airships.

Prototype experiments with Arduino Nano, ESP32, and 
STM32 microcontrollers validated communication stability 
at 433 MHz and sensor integration (temperature, pressure, 
humidity, GPS). Ground tests revealed oscillations of the 
envelope under gusty winds, confirming the need for active 
stabilization.

The proposed operational strategy is modular replace-
ment: when a drifting airship approaches the national border, 
it is replaced by a new unit launched from the opposite side. 
This ensures uninterrupted coverage without dependence on 
fixed terrestrial stations.

Based on the positive outcomes of the initial experi-
ments, the project is now positioned to advance toward the 
next stage of development. This includes the incorporation 
of onboard energy storage units (e.g., high-capacity lithi-
um-ion batteries), more advanced communication modules, 
and refined stabilization mechanisms. Concurrently, efforts 
will be directed toward optimizing the structural design of 

the airship envelope to enhance aerodynamic efficiency and 
structural integrity while maintaining aesthetic and func-
tional balance.

The laboratory-based tests validated the operational reli-
ability of the prototype under controlled, ground-level condi-
tions. All core subsystems including ESP32 microcontrollers, 
environmental monitoring sensors (temperature, pressure, 
humidity), GPS positioning modules, and LoRa-based radio 
communication modules demonstrated stable and synchro-
nized performance across various frequency bands. Em-
pirical results, supported by FSPL (Free Space Path Loss) 
calculations, confirmed that the 433 MHz band offers the 
most reliable long-range transmission characteristics in the 
regional atmospheric environment.

The airship envelope displayed satisfactory resilience 
under low wind conditions; however, oscillatory behavior 
was observed during stronger gusts, indicating the need for 
further refinement of the active stabilization unit to ensure 
performance consistency in turbulent stratospheric flows.

In light of these findings, the forthcoming development 
phase will involve the design, fabrication, and flight testing of 
a full-scale, teardrop-shaped airship prototype. This next-gen-
eration platform will integrate solar energy harvesting sys-
tems, professional-grade telecommunications hardware, and 
a fully operational active stabilization system. A key objective 
will be the validation of synchronized operation across multi-
ple airborne nodes and their seamless integration into a scal-
able and fault-tolerant stratospheric communication network.

6. Discussion of aerodynamic, energy, and 
communication results for stratospheric airships

The results obtained allow a systematic evaluation of the 
feasibility of stratospheric airships for telecommunication 
purposes.

As shown in Table 1, the teardrop-shaped envelope 
exhibits nearly 2× lower aerodynamic drag compared to 
a cigar-shaped design. This confirms the validity of us-
ing streamlined geometries, which aligns with findings 
in [10, 16]. However, wind tunnel testing and in-situ strato-
spheric measurements are still required for validation, since 
the present results are based on computational models.

According to eq. (3) and Table 3, a 10 m2 solar array 
generates ≈2.2 kW in stratospheric conditions. This value 
is consistent with [15, 24], confirming that solar panels can 
provide sufficient power for communication payloads and 
stabilization motors. Nevertheless, seasonal variation and 
night-time operation introduce limitations, requiring 25 kWh 
storage capacity, which increases payload mass.

The FSPL analysis (Fig. 2) clearly demonstrates that 
433 MHz provides the lowest attenuation, which supports 
the choice of LoRa as the base protocol for rural connectivity. 
This result agrees with models in [9, 25]. However, packet 
loss modeling (Table 4) shows that cumulative probability of 
data loss increases with each additional relay, reaching ≈4.5% 
for a 3-node chain. Therefore, redundancy and error correc-
tion must be implemented. Compared to terrestrial networks, 
this adds complexity but ensures acceptable reliability in 
stratospheric conditions.

As shown in Fig. 3, 5, full coverage of Kazakhstan re-
quires ≈350 airships at 50 km radius or only ≈10 units with 
300 km inter-airship laser links. This highlights the scalabil-
ity of the system, but also its dependency on weather (cloud-
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free stratosphere for optical links). Compared to satellite 
constellations, the system provides lower latency but requires 
higher maintenance.

Experimental tests with Arduino Nano and ESP32 con-
firmed stable operation of LoRa modules at 433 MHz. At the 
same time, oscillations of the prototype envelope under wind 
gusts confirmed the necessity of active stabilization. Unlike 
Google Loon [4], where wind drift made controlled posi-
tioning impossible, the proposed modular strategy provides 
continuous service through replacement cycles.

Limitations of the research:
– all aerodynamic and energy calculations were per-

formed at modeled altitudes (20–30 km), without experimen-
tal verification in stratospheric conditions;

– solar panel efficiency and irradiance values were taken 
as averages, without considering seasonal variation;

– the current prototype did not include a full set of equip-
ment (large batteries, full communication payloads); 

– network simulations were limited to small-scale exper-
iments (up to 3 nodes).

Disadvantages of the research:
– absence of long-duration tests in real stratosphere;
– simplified load distribution model (Table 3 does not yet 

include redundancy equipment);
– no cost analysis of full-scale deployment (this is left for 

future work).
Future work:
– full-scale stratospheric test flights with optimized tear-

drop envelopes;
– integration of active stabilization motors and real-time 

control algorithms;
– development of redundancy and error correction proto-

cols at network layer;
– economic modeling of deployment costs vs. satellite and 

terrestrial alternatives;
– validation of inter-airship optical links under Kazakh-

stan’s meteorological conditions.

7. Conclusions

1. The lifting capacity analysis showed that an envelope 
volume of 2500–3000 m3 is sufficient to support a payload of 
≈200 kg at stratospheric altitudes. Hydrogen provides 7–8% 
higher lift than helium, but helium remains the safer option 
due to its non-flammable properties. The teardrop-shaped 
envelope was confirmed as the most efficient configura-
tion, reducing drag by nearly a factor of two compared to 
cigar-shaped envelopes.

2. The payload analysis demonstrated that a configuration 
including 10 m2 solar panels, 25 kWh Li-ion batteries, stabi-

lization motors, and LoRa/LTE modules requires ≈65 kg, 
leaving a payload reserve of up to 140 kg. This confirms that 
power autonomy is feasible under stratospheric conditions, 
though night-time storage remains the critical limiting 
factor.

3. The FSPL calculations and packet loss modeling in-
dicated that the 433 MHz band provides the lowest attenu-
ation for long-range connectivity, while 868/915 MHz are 
suitable for high-throughput short-range links. Total packet 
loss across a 3-node chain does not exceed 4.5%, which can 
be compensated through redundancy and error correction. 
Thus, a hybrid LoRa + LTE/5G system is optimal for the Re-
public of Kazakhstan’s mixed urban-rural topology.

4. Coverage modeling demonstrated that ≈350 airships 
are required for full coverage of Kazakhstan at 50 km radius, 
but this number reduces to 9–10 when employing inter-air-
ship laser links at 300 km radius. Each ground terminal has 
visibility of at least three platforms, ensuring continuous 
service through handover. This hybrid scheme balances cov-
erage density and economic efficiency.

5. Ground-based prototype tests with Arduino Nano and 
ESP32 confirmed stable telemetry at 433 MHz, consistent 
with theoretical FSPL results. However, oscillations under 
gusty winds highlighted the need for active stabilization. The 
proposed modular replacement strategy ensures continuity of 
service by cyclically replacing drifting platforms, overcoming 
the key limitation of Google Loon.
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