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Abstract—An industrial case study of Unmanned Aerial Sys-
tem (UAS) operation and communications for integrated satellite-
terrestrial networks in remote regions is considered. The objective
is to evaluate and optimize the Quality of Service (QoS) of
communication networks that combine satellite backhaul and
ground-based transmission infrastructure for UAS operations.
To address this challenge, this paper proposes a new algorithm
for antenna tilt optimization procedure aiming to enhance terres-
trial coverage, and maximise average Received Signal Strength
Indicator (RSSI) along predefined UAS paths using terrain-
aware ray-tracing models. A preliminary analysis of the satellite
link is performed using simulation-based model of phased array
terminal, assessing its suitability for Beyond Visual Line of Sight
(BVLOS) operations through latency and RSSI profiling under
variable link conditions. In addition, the study quantifies the
QoS of the terrestrial network by analyzing RSSI, Signal-to-
Interference-plus-Noise Ratio (SINR), latency, and throughput
across UAS routes between key islands. The findings highlight
the effectiveness of hybrid satellite-terrestrial architectures in
extending coverage and reliability for critical UAS operations
in geographically challenging environments. This work informs
future network planning strategies for remote UAS deployments.

Index Terms—UAV Communications, Satellite-Terrestrial In-
tegration, Quality of Service (QoS), Ray-Tracing Propagation
Modelling, Antenna Optimisation

I. INTRODUCTION

Unmanned Aerial Systems (UAS) are becoming increas-
ingly vital in addressing challenges related to logistics, surveil-
lance, emergency response, and infrastructure inspection in
remote and sparsely connected regions. Ensuring continuous
and reliable communication links for UAS operations in these
environments is critical for enabling Beyond Visual Line
of Sight (BVLOS) missions [1] and maintaining Command
and Control (C2), telemetry, and high-throughput data flows
[2], [3]. The fifth generation (5G) cellular technology is a
key enabler of these use cases [4]–[7]. The proposed hybrid
architecture is shown in Figure 1, in which a 5G terrestrial
access link is backhauled via a Low Earth Orbit (LEO) satellite
constellation. While terrestrial 5G coverage can be sparse
or absent on remote islands, space-based connectivity offers
scalable, low-latency backhaul for UAS operations [8]. Recent
advances in phased-array antennas for LEO and high-altitude
platforms (HAPs) further enable dynamic links that support
UAS mobility [9]. Moreover, integration of satellite commu-
nications (SATCOM) with 5G enhances reliability, ensuring

uninterrupted service where ground networks alone would
fail [10], [11]. Although this work employs a 5G network
architecture and LEO satellites, lessons may be drawn from
6G and other heterogeneous frameworks [12]–[18].

Fig. 1. Network Architecture for UAS BVLOS operations

This paper focuses on hybrid communication architecture
that leverages both terrestrial networks and satellite links
to support UAS operations across key routes in the remote
region. The Orkney Islands, taken as a use case for this study
is a remote archipelago off the northern coast of Scotland,
present a compelling testbed for such operations due to their
rugged topography, variable weather, and limited terrestrial
infrastructure. It investigates three interrelated objectives: (i) a
preliminary QoS analysis of the satellite backhaul link, (ii) to
develop an algorithm for antenna angle optimisation to max-
imise Received Signal Strength Indicator (RSSI) along UAS
trajectories, and (iii) detailed modelling of terrestrial network
performance, including RSSI, SINR, throughput, latency and
spatial coverage.

The remainder of this paper is structured as follows. Section
II presented the System design and hybrid satellite–terrestrial
architecture. Section III provides analysis of the Satellite Back-
haul, Terrestrial Network Analysis with antenna operatisation
is presented in Section IV. Finally, Section V summarising key
findings.
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II. SYSTEM DESIGN

This section outlines the methodology used to model and
optimise a hybrid satellite-terrestrial communication system
for UAS operations in remote rural regions. It covers (i) the
test-site and data preparation, (ii) the system architecture, and
(iii) QoS metrics and modelling techniques forming the basis
for subsequent analysis.

A. Test Site Definition

The Orkney Islands comprise over 70 islands off Scotland’s
northern coast, characterised by rugged terrain and sparse
infrastructure. Three representative islands: Stromness, Hoy,
and Graemsay were selected owing to their varied topography
and existing Royal Mail UAS routes. Digital Elevation Models
(DEM) and OpenStreetMap (OSM) building data were inte-
grated within a geographic information system (GIS) to gener-
ate accurate terrain profiles along predefined UAS trajectories
at 85 m altitude. These data enabled ray-tracing simulations
to capture line-of-sight (LOS) conditions, diffraction, and
multipath effects over both land and sea. The test site and
antenna locations are shown in Fig. 2.

Fig. 2. Remote Test Site Definition (Orkney)

B. Communication System Architecture

The hybrid architecture (Fig. 1) comprises two segments:
(i) a satellite backhaul using a Ku-band LEO constellation
with a phased-array ground terminal, modelled using publicly
available Starlink parameters, and (ii) a terrestrial 5G network
with two fixed base stations at Stromness and Hoy operating at
3.5 GHz and 40 dBm transmit power. The Stromness antenna,
mounted 15 m above ground, employs a 65◦ beamwidth
MIMO panel antenna. Both stations connect via the satellite
backhaul to a central core in Westcott.

C. QoS Metrics and Modelling Techniques

Four primary QoS metrics are used as the key performance
indicators (KPIs) in this study: RSSI, SINR, latency, and
throughput.

1) RSSI: Computed from the link budget [26]:

RSSI = PTx +GTx +GRx − Lpath − Lmisc (1)

where PTx, GTx, and GRx denote transmit power and
antenna gains; Lpath is path loss from ray-tracing; and
Lmisc includes system and atmospheric losses. RSSI
was sampled along each UAS path for both satellite and
terrestrial links.

2) SINR: For the terrestrial network, co-channel interfer-
ence between transmitters is modelled as:

SINR =
Psignal

Pinterference + Pnoise
(2)

with noise power N = kTB, where k is Boltzmann’s
constant, T is noise temperature, and B = 100 MHz is
the noise bandwidth.

3) Latency: Propagation delay for satellite links includes
uplink and downlink paths plus a 6 ms processing delay,
while the terrestrial round-trip latency accounts for ray-
traced path length and a 2 ms processing delay at each
5G node.

4) Throughput: Derived from local SINR via spectral-
efficiency mapping:

T (xm, ym) = η(SINR(xm, ym))×Beff (3)

where η(SINR) is obtained from SINR-MCS lookup
tables (e.g., 5G NR) and Beff denotes usable bandwidth.
The same approach applies for Ku-band NTN links.

III. PRELIMINARY ANALYSIS OF SATELLITE BACKHAUL

The satellite backhaul employs the Starlink LEO constella-
tion operating in the Ku-band. Orbital elements were obtained
from publicly available Two-Line Element (TLE) sets [23]
and propagated to determine satellite elevation and azimuth
as viewed from the ground terminals at Stromness and Hoy.

A. LEO Satellite and Ground-Terminal Modelling

Satellite and ground-terminal characteristics were modelled
using FCC filings and open-source specifications. Although
hardware details may vary slightly, parameters such as transmit
power, gain, and losses were selected from reliable literature
to maintain realistic link budgets [19]. The main parameters
used for system simulation are summarised in Tables I and II.

TABLE I
SATELLITE ANTENNA CHARACTERISTICS

Parameter Satellite Tx Satellite Rx

Downlink frequency (GHz) 10.7-12.7 -
Uplink frequency (GHz) - 14-14.5
Max. EIRP (dBW) 66.9 -
Gain (min-max, dBi) 34.5-44.5 34.5-44.5
Losses (dB) 0.5 0.5



TABLE II
STARLINK GROUND TERMINAL CHARACTERISTICS

Parameter Value

Rx gain (downlink) 35.8 dBi
Tx gain (uplink) 37.2 dBi
Gain at max. slant (Tx/Rx) 32.2 / 31.5 dBi
Peak Tx power (per beam) 4.06 W
Max. EIRP (uplink) 38.2 dBW
Uplink / Downlink bands (GHz) 14-14.5 / 10.7-12.7
Modulation Up to 64-QAM
Implementation loss 0.5 dB

B. Link Budget Computation

A simulation was performed over a one-hour window using
the parameters in Tables I-II. Coaxial cable losses (15 m) be-
tween the ground terminal and tower were included. Figure 3
shows the simulated RSSI for both the gateway-to-satellite and
satellite-to-tower links.

Fig. 3. RSSI at the Stromness tower (blue) and satellite terminal (red)

The uplink (Gateway −→ Satellite) RSSI remains between -
69 dB and -75 dB (mean ≈ -72 dB), while the downlink (Satel-
lite −→ Tower) averages -82 dB with brief fades below -100
dB at low elevation angles, still above the receiver sensitivity
of -119 dB. A 5 dB rain-fade margin ensures link reliability
even during adverse weather. The results confirm that the high-
gain terminals sustain near-continuous connectivity despite
horizon loss and terrain diffraction effects. Figure 4 presents
the corresponding one-way link latencies. The Gateway −→
Satellite delay ranges between 10.4-11.2 ms (mean 10.6 ms),
and Satellite −→ Tower latency varies from 12.0-13.4 ms (mean
12.5 ms), reflecting slant-range variation during orbital passes.

Overall, the combined round-trip latency of the Ku-band
backhaul remains below 25 ms, comfortably within the 50 ms
threshold for real-time BVLOS command-and-control opera-
tions.

Fig. 4. Latency in the satellite backhaul links

IV. TERRESTRIAL NETWORK ANALYSIS

Ensuring robust terrestrial connectivity for UAS operations
in the Orkney Islands requires careful design of ground-station
transmissions over highly irregular terrain. In our scenario,
a single directional transmitter (Tx1) must simultaneously
serve two fixed UAS trajectories, one over Graemsay and
one over Hoy, without relocating the antenna or altering its
power. The only controllable parameter is the azimuth angle
of Tx1. If this angle is chosen poorly, portions of one or
both paths may fall below the receiver sensitivity threshold (-
100 dBm), jeopardising command-and-control, telemetry and
video links. The use of terrain-aware ray-tracing models and
digital elevation maps enables a realistic representation of
signal propagation over a rural landscape [20], [21]. Moreover,
the inclusion of OpenStreetMap (OSM) building data and local
topographic relief enhances the fidelity of site-specific per-
formance predictions. Since simple free-space model cannot
capture the effect of terrain, 3D ray-tracing was employed.
This allows to account for LOS blockages, diffraction over
hills and reflections from water and stone structures. The
difference between the RSSI calculated by the raytracing
model and the freespace model can be seen in Figure 5.

Without these terrain-induced variations, free-space models
would underestimate worst-case losses by up to 20 dB, risking
coverage gaps if antenna angles were not optimised. The
parameters used for the raytracing are tabulated in Table III.

The antenna characteristics for the base stations are listed in
Table IV. A panel antenna is used at Graemsay for providing
connectivity to both the UAS paths. An isotropic antenna is
installed at Hoy to provide connectivity close to the Hoy
island. The UAS paths are defined with waypoints. The
Graemsay UAS path has 76 waypoints, whereas the Hoy UAS
path has 58 waypoints.

A. Transmitter Angle Optimisation

In the scenario shown in Figure 2, UAS trajectories and
transmitter locations are fixed, leaving only the azimuth angle



Fig. 5. Received Signal Strength Raytracing model vs Freespace model

TABLE III
RAY-TRACING SIMULATION PARAMETERS

Parameter Value

Building conductivity, σbuild 0.02 S/m
Building relative permittivity, ϵr,build 5
Ground conductivity, σground 0.01 S/m
Ground relative permittivity, ϵr,ground 15
Seawater conductivity, σsea 4.64 S/m
Seawater relative permittivity, ϵr,sea 81
Diffractions considered Yes
Reflections considered Yes
Maximum number of reflections 5

of Tx1 adjustable. The received power must stay above
the receiver sensitivity of −100 dBm at all waypoints to
maintain reliable command, telemetry, and video links. Manual
inspection alone cannot determine the optimal balance, hence
an optimisation process is required.

Optimising the antenna angle ensures all waypoints exceed
−100 dBm while maximising average RSSI. The analysis iter-
ates over candidate angles Θ = {−90◦,−100◦, . . . ,−160◦},
invoking ray-tracing at each Θ and selecting the angle giving
the highest mean RSS across both trajectories:

J(Θ) =
1

N1 +N2

( ∑
w∈P1

RSSI(w,Θ) +
∑
v∈P2

RSSI(v,Θ)
)

Here N1 and N2 are waypoint counts on Graemsay and Hoy
paths, respectively. RSSI(x, ϕ) is the received signal (dBm)
at waypoint x for azimuth ϕ, and J(Θ) is the mean RSSI
for both paths. Algorithm 1 outlines the optimisation logic.
In this study, RSSI is prioritised, though other metrics (e.g.,
SNR, throughput) can be incorporated via weighting.

Table V lists mean RSSI for each angle. The optimal
Θ = −110◦ achieves the highest overall mean (−53.75 dBm)
with all waypoints above −100 dBm. This angle is used for
subsequent terrestrial QoS analysis.

TABLE IV
GROUND ANTENNA PARAMETERS FOR TERRESTRIAL TRANSMITTERS

Parameter Tx1/Rx1 AW3923 Tx2/Rx2 Isotropic

Antenna type 4×4 MIMO Ideal isotropic
Frequency of operation 3.5 GHz 3.5 GHz
Transmit power 40 dBm 40 dBm
Antenna gain (boresight) 18 dBi 3 dBi

Algorithm 1 Tx1 Antenna Angle Optimisation
Require: P1 = {w1, . . . , wN1

} (Graemsay), P2 =
{v1, . . . , vN2

} (Hoy)
Require: E (3D environment), Tx2 (fixed site), f (3.5 GHz),

PATTERN (Tx1 pattern)
Require: Θ = {−90◦,−100◦, . . . ,−160◦}, S (sensitivity,
−100 dBm)

Ensure: θ∗ (optimal Tx1 azimuth)
1: Initialise ray-tracing model M ← (E, f,PATTERN, . . . )
2: R← ∅ ▷ feasible angles with scores
3: for θ ∈ Θ do
4: Configure Tx1 at azimuth θ
5: r1 ← [RayTraceRSS(Tx1, Tx2, w,M) : w ∈ P1 ]
6: r2 ← [RayTraceRSS(Tx1, Tx2, v,M) : v ∈ P2 ]
7: if min(r1) ≥ S and min(r2) ≥ S then
8: µavg ← (mean(r1) + mean(r2))/2
9: R← R ∪ {(θ, µavg)}

10: end if
11: end for
12: if R ̸= ∅ then
13: θ∗ ← argmax(θ,µ)∈R µ
14: return θ∗

15: else
16: report ”No feasible angle”
17: return θ∗ = NaN
18: end if

TABLE V
MEAN RSS ALONG UAS PATHS AT DIFFERENT Tx1 ANGLES.

Antenna Angle Graemsay (dBm) Hoy (dBm) Overall Mean (dBm)
-90 -53.065 -57.220 -55.143
-100 -52.525 -55.902 -54.214
-110 -52.500 -54.991 -53.745
-120 -53.036 -54.516 -53.776
-130 -54.094 -54.418 -54.256
-140 -55.726 -54.719 -55.222
-150 -57.901 -55.320 -56.611
-160 -60.545 -56.179 -58.362

B. Terrestrial Network Simulation and Analysis

With Tx1 fixed at the optimised azimuth Θ = −110◦,
ray-tracing was executed using the settings in Table III. The
model coherently sums all ray components to compute QoS
at the receiver. The same process was applied to both UAS
trajectories, and the resulting metrics are summarised below.

1) RSSI: All waypoints exceed −100 dBm, with an overall
mean of −53.75 dBm. The combined RSS for both
routes, accounting for best-server handovers, is shown



in Figure 6, indicating consistent link quality along both
flight paths.

Fig. 6. RSSI comparison between Graemsay and Hoy UAS paths.

2) SINR: Treating TX1 and TX2 as co-channel interferers,
SINR was computed at each waypoint using the ray-
tracing model. Results are shown in Figure 7.

Fig. 7. SINR variation along Graemsay and Hoy UAS paths.

On the Graemsay route, SINR stays mostly above 10
dB, peaking near 40 dB (waypoint 22) with a brief
dip to 0.1 dB (waypoint 40); mean SINR = 17.33 dB.
On the Hoy route, SINR averages 12.12 dB, typically
above 10 dB with occasional 0-2 dB dips due to terrain-
induced diffraction. Overall, the optimised azimuth pro-
vides stable SINR coverage above 0 dB along both
routes, confirming robust connectivity.

3) Throughput: Algorithm 2 shows the calculation of
throughput using SINR–CQI mapping. SINR samples
were mapped via standard SINR→CQI→MCS conver-
sion using predefined 5G NR parameters specified in
[27]. Throughput assumptions are in Table VI.
Figure 8 shows per-waypoint throughput: Graemsay
reaches up to 35 Mbps at high CQIs before dropping

Algorithm 2 Per-Waypoint Throughput Calculation
(CQI−→MCS Mapping)
Require: sinr1[1..N1][1..2] ▷ Graemsay waypoints (Tx1,

Tx2)
Require: sinr2[1..N2][1..2] ▷ Hoy waypoints (Tx1, Tx2)
Require: mcsTable[1..15, 4] ▷ [SINRthres, CQI,

modOrder, codeRate×1024]
Require: maxPRBs, SCS kHz
Ensure: T1[1..N1], T2[1..N2] ▷ Throughput per waypoint

(bps)
1: codeRate[i]← mcsTable[i, 4]/1024
2: symbolsPerPRB← 12× (SCS kHz/15)
3: function COMPUTETHROUGHPUT(sinr[], N )
4: for t = 1 to N do
5: s← max(sinr[t, 1], sinr[t, 2]) ▷ Best server SINR
6: idx← max{i : mcsTable[i, 1] ≤ s}
7: if idx empty then
8: T [t]← 0
9: else

10: (m, cr)← (mcsTable[idx, 3], codeRate[idx])
11: bitsPRB ← symbolsPerPRB× log2(m)× cr
12: T [t]← bitsPRB ×maxPRBs
13: end if
14: end for
15: return T
16: end function
17: T1← COMPUTETHROUGHPUT(sinr1, N1) ▷ Graemsay
18: T2← COMPUTETHROUGHPUT(sinr2, N2) ▷ Hoy

TABLE VI
KEY ASSUMPTIONS FOR THROUGHPUT CALCULATION

Parameter Value / Assumption

Subcarrier spacing (SCS) 30 kHz
PRB bandwidth 12× SCS = 360 kHz
Usable system bandwidth 100 MHz × 0.9864 = 98.64 MHz
Maximum PRBs

⌊
98 640 kHz
360 kHz

⌋
= 274

Symbols per PRB SPRB =12× SCS
15 kHz = 12

Bits per PRB calculation SPRB × log2(modOrder)× codeRate
Throughput per waypoint (bps) T (bps) = bitsPerPRB × maxPRBs
Conversion to Mbps Mbps = T (bps)

106

below 6 Mbps beyond waypoint 40. Hoy maintains high
throughput up to waypoint 25, dips near waypoint 30,
and declines after waypoint 50. Both routes sustain at
least 6 Mbps-adequate for real-time C2, telemetry, and
video transmission in Orkney’s terrain.

V. CONCLUSION

This study demonstrated the feasibility of a hybrid satellite-
terrestrial communication network for BVLOS UAS opera-
tions in the Orkney Islands. QoS analysis of the Ku-band Star-
link backhaul showed stable gateway-to-satellite performance
(RSSI ≈ -72 dB, latency ≈ 10.6 ms) and a mean satellite-
to-tower RSSI of -82 dB with brief fades at low elevation
angles (latency ≈ 12.5 ms). On the terrestrial side, raytracing



Fig. 8. Throughput (Mbps) along Graemsay (red) and Hoy (blue) paths

over terrain and building data revealed up to 20 dB variation
in path loss compared to free-space estimates. Optimising the
Stromness transmitter azimuth (−110◦) ensured full waypoint
coverage above the sensitivity limit, while 5G NR SINR-CQI-
MCS throughput mapping confirmed sustained rates above
6 Mbps, sufficient for command, telemetry, and video on
both Graemsay and Hoy routes. Overall, the combination
of a high-gain LEO backhaul and optimised ground-station
alignment achieves low-latency, high-throughput links suitable
for BVLOS operations in challenging island terrain. Though
the simulation model is validated at Westcott test data, future
work will focus on field validation, adaptive beam-steering, in-
tegration of HAP relays for multi-link diversity, and machine-
learning-based optimisation of antenna orientation and flight
paths to enhance reliability in rural UAS deployments.
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