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Abstract—In keeping with the rapid development of communi-
cation technology, a new communication structure is required in
a next-generation communication system. In particular, research
using High Altitude Platform (HAP) or Unmanned Aerial Vehicle
(UAV) in existing terrestrial networks is active. In this paper,
we propose matching HAP and UAV using the Gale-Shapley
algorithm in a relay communication situation. The numerical
simulation results demonstrate that applying the Gale-Shapley
algorithm shows superior performance compared to random
matching.

Index Terms—SAGIN, High Altitude Platform, UAV, Gale-
Shapley Algorithm

I. INTRODUCTION

With the rapid development of 5G and Beyond 5G commu-
nication technology, sophisticated communication frameworks
such as satellite-air-ground integrated network (SAGIN) have
emerged as well as radio propagation methods. In [1], it
analyzed the broadband high altitude platform (HAP) specific
applications capacity demand and spectrum needs operating in
the fixed services. In addition, the 3rd Generation Partnership
Project (3GPP) published a technical report about New Radio
(NR) to support Non-Terrestrial Networks (NTN) in [2f]. Next-
generation networks including HAP or unmanned aerial vehi-
cles (UAVs) not only spend much less cost than building new
terrestrial infrastructure but also have the potential to support
higher data rates by using millimeter-wave wireless communi-
cations [3]], [4]]. For instance, [5] proved that millimeter-wave
technology could provide high rates for visual data delivery
and high directionality for spatial reuse in edge computing
networks. Meanwhile, relay communication in SAGIN can
have trouble on account of the fast mobility of UAVs and the
long distance between UAVs and HAPs [6]—[9]. Therefore, it
becomes an essential issue for HAP to match which UAV to
select. In addition to considering the distance, HAP needs to
provide services to as many users as possible on the ground
to satisfy ground users, so a method for finding an optimal
matching in a given environment is needed.

Motivated by the above considerations, in this paper we
conduct the simulation to evaluate the feasibility of using
the Gale-Shapley algorithm to match HAPs and UAVs to
support services for on-the-ground user equipment (UE). In

order to find the optimal matching, Gale-Shapley’s algorithm
is applied, which can always guarantee stable matching. As
far as we know, there have been no studies that apply the
Gale-Shapley algorithm between HAPs and UAVs. To put it
briefly, the main contributions of the paper can be summarized
as follows.

o This paper applied Gale-Shapley’s stable marriage match-
ing algorithm pairing between HAPs and UAVs.

+ We consider both the path loss calculated from distance
and the number of ground users served by UAVs.

o The performance of the proposed scheme is evaluated
through simulations. We prove that our proposed algo-
rithm outperforms that without matching.

The rest of this paper is organized as follows. Sec. [l introduces
the backgrounds of our proposed algorithm. Sec. presents
the details of the proposed matching algorithm for HAPs and
UAVs networks. Sec. evaluates the performance, and then,
Sec. [V| concludes this paper.

II. PRELIMINARIES
A. Related Work

Satellite network has been actively studied in recent years,
due to the advent of next generation communication system. In
[10], it conducted a study to optimize the service of each beam,
using a multi-objective reinforcement learning method to solve
the beam hopping problem in a multi-beam satellite system.
In [11], it carried out a study of secure communication in the
situation where the satellite-terrestrial network was combined
with the existing legacy network by mounting antennas in the
satellite and terrestrial base stations in the mmWave frequency
band. HAPs are also often integrated with other networks. In
[12], a study was conducted to extend the joint transmission
coordinated Multipoint (JT-CoMP) method not only in the
terrestrial cellular system but also to the HAP system using
a phased array antenna. In [[13]], it dealt with the network in
which HAP supports dual-band connectivity in the Satellite-
HAP-Terrestrial Network. In this scenario, HAP not only
communicates directly with terrestrial users in C-band but also
provides backhaul service through Ka-band.

Gale-Shapely Algorithm is the method that always guar-
antees stable matching. This Nobel Prize-winning method is
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Fig. 1: HAPs-UAVs network scenario

a way to find a solution for the stable matching problem
in economics and mathematics. However, it is also widely
used in computer science and the matching of communication
problems. In [14], it applied the Gale-Shapley algorithm to
connect the device-to-device (D2D) pairs and cellular users
to deal with the stringent interference [15]-[17]. In [18], it
investigated a belief-based stable marriage game to analyze
social-aware D2D communication. In this method, each user
equipment can establish a function about belief to build a
reliable social relationship in D2D communication in the
social network. The Gale-Shapley algorithm is also applied in
[19] to solve channel assignment problems in cognitive radio
networks.

B. Network Model — Satellite-HAPs-UAV Integrated Network

We consider space-air integrated network consists of low
earth orbit (LEO) satellite, HAPs, and UAVs described in
Fig. E} Each UAV is connected to HAP, and HAP also con-
nects with the LEO satellite. Denote U = {uy,ug2, -+ ,Um}
the set of UAVs. The set of the HAPs are given by

{h1,hg,-++ ,h,}. Since HAP’s antenna and UAV
need to be matched, HAP’s antenna is denoted by H L
{hi,h%,-- hi} Matching M (R}, u,,) indicates the match
between the antenna of HAP h! and the UAV wu,y,.

C. Communication Model

The key notations used in this paper are listed in Table L.
Basically, the path-loss between UAV and HAP is measured
and formulated in [2]], as follows.

PL = PL, + PL, + PL, (1)

Description

UH M The set of UAVs, HAPs and matchings
ht, The antenna of each HAP h,,

U, Py The specific UAV u,, € U, HAP h,, € H
M (h%, u,) | The match between h, and u,,

fe Radio frequency between HAP and UAV
d Distance between each HAP and UAV

TABLE I: Key notations

where PL is the total path loss in dB, PL; is the basic
path loss in dB, PL, is the attenuation due to atmospheric
gasses in dB. According to [20], we set PL, as 23 dB. PL,
is the attenuation due to either ionospheric or tropospheric
scintillation in dB. For latitudes between +20° and £60° of
latitude, PL, = 0.

The free space path loss (FSPL) over a distance d in km
and frequency f. in GHz is given by

FSPL(d, f.) = 92.45 4+ 201ogo(f.) + 201og;o(d). (2)
The basic path loss in dB unit is modeled as
PL,=FSPL(d, f.)+ SF + CL(«, f.). 3)

As stated in [2], for the urban scenario, non-line-of-sight
(NLOS) shadow fading follows a Gaussian distribution with
zero mean and variance 6, and clutter loss is about 25.5 dB,
respectively. We assume that the channel between HAPs and
satellites is quasi-vacuum, and it is almost an ideal channel
with additive white Gaussian Noise (AWGN).

III. STABLE MATCHING FOR HAPS AND UAVSs

HAPs and UAVs should maintain stable matching in order to
ensure smooth communication status. The matching between
a HAP and a UAV follows the preference list based on two
criteria. First, HAP prefers the UAV with relatively low path
loss. Since a UAV far away from the HAP consumes much
power when matched, the HAP wants to select a UAV close to
it. HAP also prefers to match with a UAV which can provide
services to more users. In other words, it is more advantageous
for HAP to connect with a UAV that can service ten devices
than a UAV that can provide a service to one device.

HAP h,, with free antenna h!, offers the matching to the
UAV u,,. If the UAV u,,, is not matched with another HAP, a
matching (hfl, u,y,) Will be created between the HAP and the
UAV. On the other hand, if the UAV is matched with other
HAP, then UAV w,,, compares the priority of the HAP h,, and
currently connected HAP h/,. If the priority of k!, is higher
than that of h,, then UAV rejects the offer of new HAP h,,.

In contrast, if the priority of newly offered HAP h,, is
higher, UAV u,, disconnects a current matching ('’ ty, ),
and matches with newly offered HAP h,, building new
match (h¢, u,,). This process is repeated as long as there are
unmatched UAVs. When all UAVs are matched, the process
ends. The matching algorithm is described in Fig.
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Fig. 2: Gale-Shapley algorithm
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Fig. 3: Average score of random-based matching and Gale-
Shapley algorithm-based matching

IV. PERFORMANCE EVALUATION
A. Evaluation Setup

The experiment assumes 100 to 500 HAPs operating at an
altitude of 18 to 22 km in an urban area and 500 to 2500
UAVs operating at the height of 50 to 350 m above the ground.
Each HAP has five antennas to connect with UAVs; therefore,
maximum of 2500 matching is created when matching is over.
UAVs prefer HAPs that can connect to themselves at lower
path losses, and HAPs prefer UAVs that have lower path losses
to themselves, as well as select UAVs that cover more users.
Those preferences are reflected in the preference list of the
Gale-Shapley algorithm.

B. Evaluation Results

In this simulation, we devise a new score indicator to
evaluate the algorithm, taking into account the path loss
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Fig. 4: Score gap between random-based matching and Gale-
Shapley algorithm-based matching

between UAV and HAP and the number of users served by the
UAV. A lower score means that it is matched with a UAV with
a low path loss while serving more users. Fig. [3] indicates the
average score of random-based matching and the Gale-Shapley
algorithm-based matching. It is proved that the algorithm we
applied shows better performance in all cases where matching
is performed.

Fig. @] shows the difference in scores between the two
algorithms. As matching progresses, the algorithm we applied
gradually shows stable and high performance compared to
random matching.

V. CONCLUDING REMARKS

In this paper, we conducted a study using the Gale-Shapley
matching algorithm when connecting HAPs and UAVs. As
mentioned above, there is a novelty in the idea of linking HAP



and UAV with the Gale-Shapley algorithm, and the experi-
mental results have proven that it performs better than random
matching and an algorithm that only considers distance. We are
going to consider various communication situations, such as
interference between antennas in HAP or bandwidth allocation
when connecting wireless communication networks between
ground users and UAV in future work.
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