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ABSTRACT

The combination of airspace and non-terres-
trial networks (combined ASN), leveraging low
Earth orbit (LEO) satellites, high-altitude platform
stations (HAPSs), and unmanned aerial vehicles
(UAVs), creates a transformative 6G connectivity
infrastructure. The envisioned architecture com-
bines the strengths of these technologies in a hier-
archical network, addressing coverage, especially
in remote areas not served today. In this article,
we conduct a techno-economic analysis of the
non-terrestrial enabling technologies of combined
ASN. First, we identify and categorize a set of
use cases ranging from rural connectivity through
maritime scenarios to augmenting terrestrial net-
works, which could be implemented with different
combinations of LEO satellites, HAPSs, and UAVs.
Second, we provide a detailed total cost of own-
ership (TCO) analysis for these technologies, and
find that a LEO constellation plus well-controlled
UAVs are fit to provide global connectivity (TCO
of a LEO satellite is 1.5 million USD) and on-de-
mand network augmentation (10 million USD of
TCO to serve a densely populated city), while a
HAPS is best suited for regionally focused services
with a TCO figure of 4.4 million USD. Finally, we
provide an overview of the technological, regu-
latory, and economic challenges of HAPS, and
outline specialized use cases where HAPS might
be a good alternative.

INTRODUCTION

The concept of Space-Air-Ground Integrated Net-
work (SAGIN) [1] has emerged as a comprehen-
sive solution to address the increasing demand for
ubiquitous and resilient communication networks.
Encompassing the integration of space, air, and
terrestrial networks, SAGIN addresses the emer-
gent need for a resilient network infrastructure
that can ensure uninterrupted communication
services. This architecture is particularly relevant
for extending coverage in remote and traditionally
underserved areas, which are beyond the scope
of conventional ground-based networks.

At the forefront of this integrated approach is
the combined Airspace and NTN (non-terrestri-
al network), abbreviated as combined ASN [2],
which leverages the synergistic capabilities of
unmanned aerial vehicles (UAVs), high-altitude

platform stations (HAPSs), and low Earth orbit
(LEO) satellite networks, as illustrated in Fig. 1. At
the apex of this architecture, LEO satellites offer
expansive coverage through a space-based mesh
network designed for global communication.
These satellites also establish connections with ter-
restrial networks through satellite backhaul, merg-
ing space-based and earthbound operations. The
intermediate layer, populated by HAPSs stationed
in the stratosphere, delivers localized coverage
with lower latency, higher data rates, and targeted
service delivery [3]. Moreover, HAPSs facilitate a
high-capacity bridge between LEO satellites and
UAVs, ensuring a smooth transfer of information
between various strata. The most accessible layer,
comprised of versatile UAVs, facilitates immedi-
ate deployment for emergencies and on-demand
coverage, reconnaissance, and sensor-based data
acquisition [4].

This integrated system delivers superior through-
put, resilience, and extended coverage, serving
rural and remote areas, augmenting ground sta-
tions, and enabling smart urban infrastructure. The
system’s scalable design adapts to evolving com-
munication demands, positioning the combined
ASN as a cornerstone for future global connectivity
enhancements. Nevertheless, a techno-economic
assessment of the proposed architecture focusing
on its enabling aerial technologies is essential to
assess its real-world feasibility.

Our study aims to enhance the techno-eco-
nomic understanding of SAGIN by building on
existing methodologies in the field. Previous works
by Osoro et al. [5] presented an open-source
model for assessing the engineering-economics of
satellite broadband, evaluating coverage, capaci-
ty, and cost for major LEO constellations such as
Starlink, OneWeb, and Kuiper. Lin et al. [3] intro-
duced a techno-economic assessment framework
for LEO satellite constellations, focusing on the
cost-per-capacity performance of low-complexity
satellites. Li et al. [6] further complemented these
studies by exploring the integration of LEO satel-
lites with terrestrial networks for 6G. Additional-
ly, the analyses in [7, 8] highlight critical aspects
of integrating engineering and corporate finance
techniques within a techno-economic framework
for 5G networks, the methodologies developed
therein are pertinent to our work.
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FIGURE 1. The combined ASN architecture proposed in [2] for 6G.

In this article, we contribute to this body of
work by conducting a total cost of ownership
(TCO) analysis for LEO, HAPS, and UAV technol-
ogies within the combined ASN. Our contribution
encompasses three main aspects:

+ We define a range of use cases, spanning from
rural connectivity to network augmentation
that can be realized through various combina-
tions of LEO satellites, HAPSs, and UAVs.

* We conduct TCO analysis, concluding that
a LEO constellation coupled with UAVs can
deliver global connectivity and on-demand
network augmentation.

+ We outline challenges associated with HAPS
and discuss HAPS-specific use cases.

The remainder of this article is structured as
follows: We first explore the capabilities of LEO,
HAPS, and UAV technologies, detailing key use
cases and techno-economic factors of the ASN
architecture. Then we analyze the costs associ-
ated with these technologies. Following that, we
present a quantitative analysis assessing the viabil-
ity of integrating LEO satellites, HAPS units, and
UAVs for network augmentation. We then exam-
ine HAPS-specific challenges and use cases. The
final section concludes the article.

BACKGROUND

TECHNOLOGY CHARACTERISTICS

Each component of the combined ASN has
unique strengths and limitations. LEO satellite
constellations offer continuous global coverage,
adequate latency for real-time applications owing
to their proximity to Earth, and resilience against
service interruptions. Satellites have a long lifes-
pan and tolerate weather effects well but have
fixed orbits and substantial setup times due to
launches. HAPS excels in providing spatiotempo-
rally focused, semi-permanent communications
services catering for large regional events and
sustained emergency response situations; howev-
er, both their coverage, mobility, and longevity

are moderate. UAVs add responsiveness, facilitat-
ing rapid deployment for temporary service gaps
and disaster recovery. Flying at low altitudes and
equipped with sensors, they are able to provide
real-time data for environmental monitoring and
infrastructure inspection, thereby instantiating the
joint communication and sensing vision of 6G
networks. On the other hand, large-scale UAV
deployments pose complex fleet and air traffic
management challenges.

A comparison of these technologies, highlight-
ing their coverage, longevity, and technical capa-
bilities, is given in Table 1. Although limited on
their own, integrating LEO satellites, HAPSs, and
UAVs into the combined ASN architecture cre-
ates a dynamic network capable of adjusting to a
wide range of spatial and temporal demands [2].
LEO satellites form the backbone for widespread
coverage, HAPSs enhance localized connectivity,
and UAVs offer precise, on-demand support. This
layered approach maximizes network coverage,
bandwidth, and resilience, ensuring reliable com-
munications even under challenging conditions.

USE CASES

6G connectivity services provided by non-terrestri-
al components in the combined ASN are catego-
rized based on their spatial characteristics into two
main types. The first focuses on airspace commu-
nication as part of initiatives like the digital Single
European Sky (SES) [2], linking flying endpoints to
the 6G infrastructure through air-to-ground and
air-to-air links [2]. Applications include connectivi-
ty for airline passengers, urban air mobility, safety
services in smart cities, and integrating digital air-
space with terrestrial networks for air traffic and
national security management. The second cate-
gory aims to connect terrestrial users, enhancing
either capacity or coverage. This includes extend-
ing mobile connectivity to remote areas, boost-
ing ground communication capacity as needed,
supporting non-3GPP traffic like Earth observa-
tion and disaster management, and enhancing loT
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Capability

LEO

HAPS

UAV

Coverage area

Operational longevity

Data throughput
Communication latency

Orbital/operational altitude
Deployment time
Mission flexibility

Resilience to adverse
weather

Platform stability

Scalability

Hundreds of thousands of
km? per satellite

5-8 years
Up to Gb/s

10-50 ms

350-2000 km
Months to years

Low (fixed orbits)
High

Fixed (orbital path)

Moderate (requires satellite

Hundreds of km?

Several months to years
Tens to hundreds of Mb/s

<1 ms locally, up to tens of
ms globally

17-22 km
Weeks to months

Moderate (geo-stationary)
Moderate

Quasi-stationary

Tens of km?

Hours to days

Mb/s to Gb/s
<1ms

< 0.5 km
Minutes to hours

High (fully maneuverable)
Low

Variable

Moderate (high flexibility

TABLE 1. Comparison of key ASN components: LEO satellites, HAPSs, and UAVs.

Use Case

launches, stable once Moderate but needs fleet/air traffic
established) management capability)
Technology
LEO HAPS UAV

Low-medium data rates,

Global Coverage medium latency

Feasible with strategic

Rural/Remote Coverage ground stations

Medium data rates, medium

Aeronautical Connectivity latency globally

Maritime Connectivit sy 3 s,
Y medium latency globally

Network Augmentation Variable rates/latency

TABLE 2. Use cases vs. non-terrestrial access technologies: LEQ, HAPS, and UAV.

connectivity through extended coverage.

The different scenarios are grouped into use
cases with varying requirements, see Table 2.

Coverage Extension on Land: LEO satellite
constellations, supported by GEO satellites [9],
offer extended coverage for loT devices without
the need for high data rates or real-time opera-
tions. They provide medium latency connections
anywhere, aided by space-to-ground and space-
to-space links and ground stations in remote loca-
tions. HAPS also supports connectivity in remote
areas, though their deployment requires careful
planning due to their limitations.

Improved Connectivity for Aerial and Mar-
itime Use: LEO satellites can connect vehicles
anywhere on Earth, including planes and ships.
Alternatively, HAPS units positioned over busy
air corridors and shipping lanes could facilitate
low-latency maritime communications. In both
cases, UAVs can serve as relays for simpler devic-
es without antennas that are capable of connect-
ing to satellites or HAPSs directly [10]. Note that
strict regulatory measures in aviation pose an
additional challenge as they are being expanded
to unmanned aircraft, here serving as part of the
network infrastructure. Additionally, UAV fleets
will likely be under an integrated air traffic man-
agement system [2], creating strict requirements
for their control functionality.

Location-specific

High data rates, low latency

in dense areas Relay capability

High data rates, low latency

in dense areas Relay capability

Minimal changes with Effective with coordinated
dynamic deployment deployments

Network aUgmentation — Capacity Extension
in Terrestrial Edge Networks: LEO satellites can
alleviate temporary congestion in edge networks
by rerouting traffic, while HAPS can provide addi-
tional regional capacity, offering temporary relief
without permanently expanding the terrestrial
infrastructure and ensuring low-delay, high-speed
connectivity.

TCO OF LEQ SaTeLLITE, HAPS, AND UAV TECHNOLOGIES

Examining the techno-economic aspects of LEO
constellations, HAPS units, and UAV-based solu-
tions in the combined ASN ecosystem is crucial,
given the delicate balance between their tech-
nological capabilities and financial viability. In a
context where judicious management of capital
expenditure (CAPEX) and operational expenditure
(OPEX) is paramount, ensuring both technical per-
formance and economic sustainability becomes
pivotal. To assess differences between these tech-
nologies, highlighting potential use cases and gen-
eral usability, a service provider’s perspective on
deployment and maintenance costs is needed.
Table 3 contains the details of the deployment and
operational costs of the respective technologies.
LEO satellite data is based on [6], HAPS data is
sourced from [11] and [12], while UAV parameters
are based on a heavy-duty drone capable of lifting
230 kg, such as the Draganfly Heavy Lift Drone
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LEO Satellite HAPS UAV
Examples
Starlink, OneWeb, Kuiper Zephyr, Sunglider, Blimp Draganfly, JOUAV CW-80E
CAPEX 0.7M
Manufacturing [USD] 0.5M (60 satellites per 4M 0.05M
Launch [USD] - — —
Lifetime 5 years 20 years 1000 hours
Total [annual in USD] 0.24M 0.2M 0.006M
OPEX 10 %
Maintenance 10 % 15% 0 260 e (0 e
Charging [USD] Solar Solar kWh)p oP
Total [annual in USD] 0.02M 0.03M 0.003M
Total [annual in USD] 0.26M 0.23M 0.009M
4 Y
PV of OPEX with 5% 0.086M 0.371M 0.0029M
discount rate
TCO (CAPEX + PV of
OPEX) 1.46M 4.371M 0.0089M
Coverage Diameter 500 km 100 km 10 km
Ground Station 0.5M Existing base stations Existing base stations

TABLE 3. LEO, HAPS, UAV. TCC.

[13]. As a brief market overview, we list a few avail-
able products for cost baseline in Table 3.

MANUFACTURING CosTs

The manufacturing of satellites, HAPSs, and UAVs
is influenced by several cost factors, including
design complexity, materials used, electronics,
and communications equipment required for 6G
compatibility. As of early 2024, the cost of man-
ufacturing a standard commercial UAV ranges
from 10,000 to 100,000 USD, depending on
its capabilities and the technology involved. For
a complex HAPS unit, remaining airborne for
extended periods of time, the costs are signifi-
cantly higher, starting at approximately 1 million
and potentially reaching tens of millions of USD
for advanced models with extensive payloads.
LEO satellites fall in between the two ranges: the
cost of a single satellite is in the order of hundreds
of thousands of USD. Economies of scale play a
significant role in driving down costs: if a com-
pany were to order a fleet of 100 UAVs, the per-
unit cost would decrease due to bulk ordering of
materials and streamlined production.

We refer the reader to [6] for a detailed cost
estimation on LEO satellite constellations. In the
realm of HAPS, the market growth is attributed
to several factors, including the advancements
in photovoltaic technology, which is essential
for powering these platforms, and the develop-
ment of new generation engines, which will likely
enhance HAPS capabilities and operational effi-
ciency. HAPS aircraft, like Airbus’ Zephyr, utilize
solar panels for daytime flight at high altitudes and
battery power for nighttime operations. Besides
the world-record-breaking Zephyr, capable of fly-
ing continuously for months, BAE Systems also
completed a successful test flight of its solar-pow-
ered PHASA-35 in 2023, reaching altitudes over
20,100 meters. Moreover, Softbank Corp. pre-
sented its HAPS solution Sunglider in 2020, then
acquired 200 HAPS-related patents from Google
Loon in 2021, indicating a strategic move into

the telecommunications platform space from the
stratosphere [11]. Despite these positive devel-
opments, one of the significant challenges the
HAPS market faces is the high cost associated
with developing these systems, particularly for
communications purposes. Additionally, maintain-
ing such networks can drive operational expenses
higher. We assume 4M USD for the manufactur-
ing cost of a HAPS aircraft based on [11] (page
27), instead of the outdated estimation of 40M
USD in [12]; the decreasing manufacturing cost
points to a maturing technology.

In the current market of large drones, the
Bayraktar (5M USD), MQ-9 Reaper (30M USD),
and Global Hawk (100M USD) are prominent
UAV models used for various application domains.
As their prices are comparable to HAPS aircraft,
we argue that such drones are not competitive
for telecommunications purposes. However, the
market segment of small UAVs (including mini-
, micro-, and nano-) is rapidly growing, offering
economical solutions for a wide range of appli-
cations, from search and rescue to agricultural
monitoring. We estimate the manufacturing cost
at 50k USD for a heavy lift (but small) UAV for
telecommunications purposes.

DEPLOYMENT CoSTS

An important aspect of CAPEX is the lifetime of
the devices; for example, LEO satellites are rated
for 5 years of service, so all devices must be
replaced periodically to keep the constellation
healthy. A 5-year expenditure for a 5400-satel-
lite LEO constellation is therefore calculated as
(5400-0.7M USD + 5400-0.5M USD)-1.5 = 9.7B
USD. Note that we assume disposable launch
vehicles (no recovery cost). Furthermore, an
assumed collection of 150 ground stations at
0.5M each USD, as in the Starlink network, would
cost an extra 75M USD. The lifetime of UAVs is
estimated as the industry average of 1,000 flight
hours, while a HAPS’s lifetime is based on the
standard lifetime of an airliner. For these two
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FIGURE 2. Network augmentation costs in small scale scenarios.

latter technologies, their integration with exist-
ing terrestrial network equipment is assumed (as
opposed to the procurement of new ground sta-
tions/gateways).

MAINTENANCE COSTS

These include repairs, part replacements, soft-
ware updates, and battery or fuel cell replace-
ments. HAPS and UAV units can be effectively
maintained in specialized ground-based facilities
if needed. Nevertheless, with the implied logistical
costs this can reach up to 15 percent of the man-
ufacturing costs annually in case of HAPS [11].

OPERATING COSTS

Operating costs for UAVs and HAPSs are multifac-
eted and include energy consumption, personnel,
airspace usage fees, insurance, and regulatory com-
pliance. UAVs typically operate on battery power;
assuming an average cost of electricity at 0.13 USD
per kWh and a UAV requiring 2 kWh for a one-hour
flight, the cost of energy per flight hour is approxi-
mately 0.26 USD. Note that such costs can increase
steeply for larger UAVs or those with greater power
demands. HAPS, on the other hand, uses solar
power, which has minimal direct operating costs but
requires a large upfront investment for high-efficien-
cy solar cells and energy storage systems.

1C0

This is calculated by summing the CAPEX and the
present value (PV) of OPEX over the asset’s life-
time [5]. To calculate the PV of OPEX, a 5 percent
discount rate is applied, reflecting industry stan-
dards for telecommunications projects [5]. Based
on this model, we estimate the TCO for LEO satel-
lites to be 1.46M USD with a PV of 0.086M USD
over 5 years, for HAPS to be 4.371M USD with a
PV of 0.371M USD over 20 years, and for UAVs
to be 0.0089M USD with a PV of 0.0029M USD
over approximately 0.34 years (calculated based
on the assumption of 8 operational hours per day,
translating 1000 hours into about 0.34 years).
Opting for HAPS within cities or smaller coun-
tries can be cost-effective for service providers;

even a few HAPS units can provide coverage
for a large area. However, if a provider aims
to expand its services to a continent or a glob-
al scale, the significant investment cost of a LEO
constellation (i.e., thousands of satellites) may be
justifiable due to their extensive coverage capa-
bilities. In network augmentation scenarios, HAPS
excel over LEO satellites in applications requir-
ing near-real-time latency and high data rates due
to their proximity to the ground and user equip-
ment. However, for smaller, localized coverage
areas, UAV-based solutions offer a more econom-
ical alternative, provided they effectively cover
the designated area. The comparison in Table 3
reveals that while the TCO for HAPS is signifi-
cantly higher than for LEO satellites, considering
HAPS’s 20-year lifespan compared to the 5-year
lifespan of LEO satellites, the difference becomes
less pronounced on an annualized basis, that is,
when CAPEX is evenly distributed over the lifes-
pan. In contrast, the UAV-based solution is two
orders of magnitude cheaper than LEO satellites
and HAPS; however, a UAV covers a two orders
of magnitude smaller area.

NETWORK AUGMENTATION: QUANTITATIVE ANALYSIS

This section presents a quantitative analysis assess-
ing the viability of integrating LEO satellites, HAPS,
and UAVs for network augmentation, weighing in
technical factors like throughput alongside TCO.

The analysis considers various area sizes rang-
ing from 1 x 1 km to 300 x 300 km (small-scale
scenarios represent events in stadiums, festivals,
and cities, and large-scale scenarios stand for cit-
ies, metropolises, and regions), with a single user
demand throughput of T Mb/s and client den-
sity of 10,000 users per square kilometer. As a
reference, the population density in New York
City is 11,300 people per square kilometer. In
each scenario, LEO satellites, HAPS, and UAVs
are deployed to fulfill the outstanding through-
put demand, either alone (e.g., only UAVs), or
combined. Figures 2 and 3 illustrate the numeri-
cal results of the analysis for small and large-scale
scenarios, respectively. The x-axis of the grouped
bar charts represents the serving area; the y-ax-
is represents TCO in US dollars. Each bar group
comprises three monolith bars, representing LEO,
HAPS, and UAV deployments separately, and
the rightmost stacked bar (emphasized with thick
edge) that stands for the combined ASN solu-
tion. In the combined scenario, the throughput
demand is assumed to be fulfilled by deploying
technologies in this order: leveraging LEO sat-
ellites, followed by on-demand deployment of
HAPSs, and finally by a swarm of UAVs.

In contrast to the homogeneous cases where
we ignore radio beam size and interference,
essentially allowing any number of LEO satellites
and HAPS to serve an area of arbitrary size, in the
combined ASN case we assume a LEO satellite
constellation similar to Starlink, comprising 5400
satellites orbiting at an altitude of 550 km. The
satellites operate in the Ku-band with a bandwidth
of 2 x 500 MHz. Additionally, HAPSs are consid-
ered as large macrocells in terrestrial networks,
operating in the 3GPP-designated FR1 band with
a bandwidth allocation of 2 x 40 MHz. We also
assume that HAPSs can be placed geographically
to the cross points of a rectangular grid if needed.
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Similarly, UAVs are assumed to operate in the L
or S band with a bandwidth of 40 MHz. One LEO
satellite serves the designated area with as many
beams as the size of the area allows. The diam-
eter of a typical LEO satellite cell on the Earth’s
surface covered by a beam is 25 km; the through-
put capacity of each beam is assumed to be 1/8
of the total LEO capacity. For small-scale scenar-
ios, one HAPS is assumed, while for large-scale
scenarios, a grid of HAPSs (e.g., 2 x 2, 6 x 6)
is deployed, focusing the coverage area diame-
ter of each HAPS down to 50 km, or even more.
The remaining throughput demand is covered
by UAVs, leveraging efficient spectrum re-usage
due to their limited radio transmission power and
low altitude position. For interference and spec-
tral efficiency, we make simplifying assumptions
regarding line of sight propagation, MIMO con-
figurations, and beamforming antenna technolo-
gies. Spectral efficiency varies based on off-nadir
angles and beam directions, but in our scenar-
ios, we focus on high-demand areas served by
many flying units (particularly UAVs). Therefore,
close-to-vertical directions are assumed. Further-
more, MU-MIMO and beamhopping techniques
can be employed to enhance system-level spectral
efficiency and mitigate interference. With peak
spectral efficiency at 8 bps/Hz and 10 bps/Hz for
LEO and HAPS/UAV, we assume a cell capacity
of 10 Gb/s and 1 Gb/s for LEO and HAPS/UAYV,
respectively (with MU-MIMO).

The results shown in Figs. 2 and 3 offer valuable
perspectives on integrating LEO satellites, HAPS,
and UAVs for enhancing network capacity in var-
ious deployment contexts. In regions with intense
demand for high throughput, UAVs emerge as
the economically preferred option. Expanding
a LEO constellation permanently to meet such
demand would be astronomically expensive, even
more so in case of HAPS, although the latter can
be relocated and reused easily. Additionally, aug-
menting terrestrial networks with aerial devices in
large areas, that is, larger than a city, is prohibi-
tively expensive. The TCO of the combined ASN
in scenarios of 1 x 1 km and 3 x 3 km is signifi-
cantly higher than a purely UAV-based network
augmentation solution, which means that in those
cases leveraging LEO and HAPS capacities costs
more than substituting them with UAVs.

HAPS: CHALLENGES AND CONSIDERATIONS

The analysis above has revealed that a combina-
tion of a LEO constellation and well-controlled
UAVs is suitable for enabling most mentioned use
cases in a cost-efficient manner. HAPS, albeit a
unique novel technology in telecommunications
infrastructure, suffers from many technological,
regulatory, and economic issues.

TECHNOLOGICAL CHALLENGES

There are multiple engineering challenges con-

cerning the efficient operations of HAPS. These

include:

+ The need for lightweight but high-perfor-
mance solar panels

+ Adapting to dynamic weather conditions

with limited human intervention

Physical design constraints regarding payload

weight and environmental robustness, and,

last but foremost
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FIGURE 3. Network augmentation costs in large scale scenarios.

The establishment of high-capacity feeder
links to ground gateways, other HAPS, and
satellites. There is reason for optimism that
the first three challenges are going to be
overcome in the next few years; however,
spectrum issues may be tougher to manage
(see below).

REGULATORY CHALLENGES

The unique characteristics of the combined ASN
and HAPS specifically invoke stubborn regulatory
obstacles. These include:

+ The inherently complex combined ASN archi-
tecture potentially spurring lengthy debates
within and across standardization bodies

+ The airspace utilization of HAPS requiring
joint regulatory practices across the telecom-
munications, aviation, and space sectors

+ The envisioned combined ASN (being both
critical infrastructure and a cyber-physical
system of systems) having to satisfy stringent
cybersecurity and safety requirements [2]
regarding users, flying user equipment (UE) ,
and aerial platforms

+ The need for novel dynamic spectrum man-
agement with respect to the now three-di-
mensional networks.

Although the first three obstacles can slow down

the adoption of HAPS and combined ASN tech-

nology, spectrum management might be the most
challenging to tackle.

SPECTRUM CHALLENGES

Two types of communication links are required for
HAPS: service link and feeder link. The service link
is a one-to-multiple communication between HAPS
and the UEs, while the feeder link is a one-to-one
communication between HAPS and the ground
station (connecting to the 5G/6G core system). The
feeder link “binds” the HAPS to a ground station,
limiting its mobility; therefore, an inter-HAPS mesh
and satellite feeder links might be applied to main-
tain flexibility (and potentially save on ground sta-
tion CapEx). During the last two ITU World Radio
Conferences, the 700-900 MHz, 1.7 GHz, 2GHz,
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Military/national security
operations constitute anoth-
er type of specialized use
case. In such a scenario, the
capabilities of HAPS (better
image resolution than LEO
satellites, longer endurance
than UAVs) are in the sweet

spot for remote surveillance
of larger regions.

and 2.6 GHz mobile spectrum bands were desig-
nated to (directional) HAPS service links, and the
6.5 GHz, 27/31 GHz, 38 GHZ, and 47/48 GHz
regions were allocated to HAPS feeder links [14].
While the frequency band above these (E-band) is
assigned to satellite usage, studies show that the
achievable throughput is much higher here also for
HAPS; it is expected that some sub-bands will also
be reserved for HAPS feeder links. In fact, in order
to achieve higher data rates, be less dependent on
weather effects, and deal with the scarcity of milli-
meter wave spectrum, researchers have already pro-
posed THz and optical wireless solutions for HAPS/
satellite feeder and inter-HAPS/inter-satellite links.
These, however, are in their infancy, facing their
own techno-economical challenges before reaching
an adequate maturity level. Furthermore, to utilize
the spectrum efficiently, dynamic spectrum-sharing
mechanisms are also potentially required (both in
the above licensed and unlicensed bands), adding
an extra layer of complexity.

ECONOMIC CHALLENGES

As shown in previous sections, HAPS currently
has high initial and operational costs and com-
petes against established technologies such as
satellites and UAVs. Adding to the usual strug-
gles around technology adoption, HAPS is facing
potentially steep compliance expenses owing to
strict equipment certification in the aviation and
space sectors. Nevertheless, the defining econom-
ic difficulty lies within the uncertainty of the return
on investment (ROI), as evidenced by the recent
financial failure of Project Loon. Our scenario
analyses reinforced the reality that (under the cur-
rent cost regime) there is no profitable general
and/or global use case for HAPS. While tech-
nology maturation and shifting economic priori-
ties may offset this situation in the long run [12],
presently, we see only two specialized scenarios
where the use of HAPS is advantageous.

SPECIALIZED USE CASES

We argue that only in very specific scenarios, can
HAPS be the preferred technology. There is a
strong willingness and an already launched proj-
ect in Japan (launched by NICT and spearhead-
ed by NTT, DoCoMo, and JSAT) [11], where a
whole HAPS-based communications architecture
is developed and deployed, including ground sta-
tions, advanced feeder links, and a satellite back-
haul. Here, the enabling factors are threefold.
First, Japan is in a tectonic hot spot, which calls
for permanent emergency preparedness. Second,
this invites an loT network deployment focusing
on seismic activities dispersed geographically to
hundreds of islands, where HAPS is a natural fit.
Third, Japan’s geolocation eases the burden of
advanced spectrum management. Although it is
built primarily for natural disaster recovery, this
future infrastructure might also dedicate some
capacity to general public use (such as rural
coverage or network augmentation), recovering
some of its costs in the long run.

Military/national security operations constitute
another type of specialized use case. In such a
scenario, the capabilities of HAPS (better image
resolution than LEO satellites, longer endurance
than UAVs) are in the sweet spot for remote sur-
veillance of larger regions. In addition to functional

advantages, military operations are generally less
cost-sensitive. Specifically, the US Navy proposed
the use of Airbus Zephyr-like HAPS for the per-
sistent coverage of the South China Sea, citing the
mobility, endurance, and lower price compared
to the Navy-developed alternative [15]. As for the
vulnerability of HAPS to enemy attacks, the con-
sensus is that it is both out of range for mobile
shoulder-launched surface-to-ground missiles
and interceptor fighter jets, making it suitable for
deployment over areas without advanced air-de-
fense systems. Alas, HAPS might also be utilized
in case of civil unrest as a quickly deployable tem-
porary coverage solution in the event of success-
ful anti-satellite attacks and other “deep sensing”
scenarios; this is likely to happen in the near future.

CONCLUSION

In conclusion, this research explores the complex
field of non-terrestrial technologies — specifical-
ly LEO satellites, HAPS, and UAVs — within the
combined ASN architecture, demonstrating their
potential to revolutionize ubiquitous connectiv-
ity. The integration of these technologies meets
diverse geographical and operational needs. Our
techno-economic analysis identified the combi-
nation of LEO satellites and UAVs as optimal for
global coverage and on-demand terrestrial net-
work augmentation services: the TCO of a LEO
satellite is 1.5 million USD and covers 500 km in
diameter, while UAVs worth 10 million USD in
TCO can serve a densely populated city. HAPS
faces significant technological, regulatory, and
economic challenges (TCO of a HAPS is 4.4 mil-
lion USD) and is currently only favorable in select-
ed specialized use cases.
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