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Abstract—This paper presents a detailed comparison of
bit error rate (BER) performance for three modulation
schemes—Pulse Amplitude Modulation (PAM), Quadrature Am-
plitude Modulation (QAM), and Chirp Spread Spectrum Mod-
ulation (CSSM)—in the context of UAV-assisted terahertz (THz)
communication systems. As THz communication gains traction
for its potential to support ultra-high data rates, understanding
the error performance of various modulation techniques is
essential for optimizing system design. This study simulates and
analyzes the BER performance of PAM, QAM, and CSSM under
various signal-to-noise ratio (SNR) conditions, aiming to identify
the trade-offs in reliability and efficiency for each scheme. The
results indicate that CSSM exhibits superior resilience under
noisy and fluctuating conditions, making it the most robust
choice for UAV-assisted THz communication. In contrast, QAM
performs moderately well at high SNR levels but is less effective
in low-SNR environments, while PAM requires high SNR for
reliable performance. These findings offer valuable guidance for
selecting suitable modulation schemes in THz communication
systems, especially for UAV applications.

Index Terms—THz communication, BER, PAM, QAM, Chirp
Spread Spectrum Modulation (CSSM)

I. INTRODUCTION

The growing demand for ultra-high data rates and bandwidth
efficiency has positioned terahertz (THz) communication as a
promising solution for future wireless technologies, including
6G and the Internet of Things (IoT) [1], [2]. The integration of
Unmanned Aerial Vehicles (UAVs) in communication systems
enhances network flexibility and coverage, particularly when
combined with THz communication, enabling UAVs to serve
as mobile base stations and relay nodes [3], [4].

While several studies have explored UAV-assisted communi-
cations using a variety of technologies [5]-[17], fewer have fo-
cused on the comparative performance of modulation schemes
in UAV-assisted THz systems. For instance, [6] demonstrated
that THz and visible light communication (VLC) systems
outperform Free-Space Optics (FSO) and Radio-Frequency
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(RF) communication under certain conditions, highlighting the
potential of hybrid systems in UAV-assisted networks.

In addition, research has shown that UAV networks can
be optimized using advanced technologies, such as machine
learning and innovative network architectures [8]. These ad-
vancements are crucial for enhancing data throughput and
reducing bit error rate (BER), particularly in dynamic THz
communication environments.

This paper compares the BER performance of three modula-
tion schemes—Pulse Amplitude Modulation (PAM), Quadra-
ture Amplitude Modulation (QAM), and Chirp Spread Spec-
trum Modulation (CSSM)—in UAV-assisted THz systems.
Unlike prior studies on UAV-assisted THz-VLC systems, this
work addresses the gap in literature regarding a comprehensive
analysis of modulation schemes. By evaluating BER under
varying SNR conditions, we aim to offer valuable insights
into the trade-offs between reliability and efficiency in THz
communication, following a similar approach to [18].

II. SYSTEM MODEL

The proposed system model as illustrated by Fig. 1, consists
of a UAV equipped with a camera for surveillance, hovering
stationary above a house to transmit high-resolution video
footage using THz communication. This configuration facil-
itates a consistent line-of-sight (LOS) communication link
between the UAV and the receiving unit in the house, allowing
for real-time video streaming with minimal latency. Although
the UAV remains stationary, potential misalignment effects due
to environmental factors may still impact the communication
quality.

A. Channel Model
The gain of the THz channel is modeled as:
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where g,, gq, and g,, represent the free-space path loss,
molecular absorption loss, and misalignment loss, respectively.
The free-space path loss g, is based on the Friis equation,
while molecular absorption loss g, is modeled using an



absorption coefficient ,(f). Misalignment loss g, is derived
from beam misalignment and approximated using ¢, (s) with
its PDF expressed as:

2
n? e
y"

fom(y) = B 0 <y < By, 2

where 7 relates the beam width to the pointing error.

III. SIMULATION RESULTS

The simulation is conducted across a range of signal-to-
noise ratio (SNR) values, specifically from 0 dB to 50 dB in
increments of 5 dB, to observe the BER performance across
low to high SNR conditions. The primary noise considered
is thermal noise, which is prevalent in THz communica-
tion systems due to the high-frequency band utilized. Addi-
tional environmental factors affecting the THz channel include
molecular absorption and potential misalignment loss caused
by UAV movement and atmospheric disturbances. The UAYV,
equipped with THz communication modules, is simulated to
hover at a fixed altitude, ensuring a consistent line-of-sight
(LOS) link with the ground receiver. This setup aims to
replicate a realistic scenario where the UAV provides stable
THz communication under varying SNR conditions, taking
into account the environmental challenges intrinsic to THz
frequencies.

Fig. 2 illustrates the BER performance as a function of SNR
for three modulation schemes: QAM, CSSM, and PAM.

QAM, represented by the red curve, shows moderate per-
formance with the BER decreasing as the SNR increases,
achieving a BER below 10~° at around 40 dB. While it offers
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Fig. 2. Comparison of BER performance for QAM, CSSM and PAM

modulation schemes

a balance between spectral efficiency and BER, it struggles
under low SNR conditions, making it more suitable for short-
distance or stable line-of-sight communication in UAV-assisted
THz systems.

CSSM, shown by the green curve, delivers the best overall
performance, achieving a BER below 1075 at 37 dB. Its
resilience to noise and adaptability in dynamic environments
make it ideal for UAV-assisted THz communication, especially
in varying SNR conditions and mobile scenarios.
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Fig. 3. Comparison of BER performance for QAM under varying frequencies

T T
==@=PAM at 0.30 THz
PAM at 0.47 THz
=—6— PAM at 0.65 THz [,
& | === PAM at 0.82 THz
g |—¢— PAMat1.00 THz

Bit Error Rate

=
o
[

10

10® o &
0 5 10 15 20 25 30 35 40 45 50

SNR, dB

Fig. 4. Comparison of BER performance for PAM under varying frequencies

PAM, represented by the blue curve, provides the poorest
performance, requiring an SNR of 45 dB to reach a BER below
10~5. Due to its high susceptibility to noise, PAM is less viable
for THz communication unless restricted by system constraints
such as short-range, high-SNR applications.

The performance differences among these schemes stem
from the THz band’s susceptibility to free-space path loss and
atmospheric absorption. CSSM’s spread-spectrum technique
mitigates these issues, excelling in fluctuating UAV channels,
while QAM offers high spectral efficiency but is more prone
to noise, and PAM lacks error-correction capabilities.

The BER performance comparison for QAM, CSSM, and
PAM modulation schemes across different THz frequencies
are illustrated in Fig. 3, Fig. 5, and Fig. 4. QAM, as ob-
served, performs well at lower frequencies (0.30 THz to 0.65

Fig. 5. Comparison of BER performance for CSSM under varying frequencies

THz), achieving a BER below 10~° at moderate SNR levels.
However, as the frequency increases (above 0.82 THz), its
performance degrades, requiring significantly higher SNR val-
ues to maintain acceptable BER levels. This indicates QAM’s
sensitivity to high-frequency THz channels, making it suitable
mainly for short-range or stable link conditions.

CSSM, on the other hand, demonstrates superior perfor-
mance across the entire frequency range, with notably low
BER values even at higher frequencies (up to 1.00 THz) and
lower SNR. This highlights CSSM’s robustness in challenging
environments, such as UAV-assisted communication systems,
where the channel conditions may fluctuate due to mobility
and environmental factors.

PAM consistently shows the poorest performance across
all frequencies, requiring significantly higher SNR values to
achieve acceptable BER levels. Its vulnerability to amplitude-
related noise and distortions makes it unsuitable for THz
communication, particularly in dynamic environments.

While QAM balances spectral efficiency and performance,
it demonstrates higher susceptibility to noise, especially in
low-SNR scenarios. This susceptibility arises from the mod-
ulation’s sensitivity to amplitude and phase errors, which
are magnified in the THz band where free-space path loss
and atmospheric attenuation are significant. Consequently,
QAM is most suitable for stable, high-SNR conditions and
shorter-range applications in UAV-assisted systems. CSSM
outperforms the other schemes in robustness, achieving the
lowest BER across varying SNR conditions. This resilience
is attributed to its spread-spectrum approach, which enhances
noise immunity and adaptability in dynamic environments.
The THz band’s vulnerability to absorption and misalignment
loss is mitigated by CSSM’s wide bandwidth usage, making it
ideal for UAV applications in mobile or noisy environments.
PAM’s performance is the lowest among the schemes, as
it requires a significantly higher SNR to achieve acceptable



BER levels. Its high susceptibility to amplitude noise makes
PAM less viable in THz communication, especially where the
environment is prone to rapid changes in signal conditions.
Although simpler in design, PAM’s lack of spread-spectrum
benefits limits its application to short-range or high-SNR
scenarios within UAV-assisted systems.

CSSM emerges as the most resilient and efficient modula-
tion scheme for UAV-assisted THz communication, especially
in dynamic and noise-prone conditions. QAM can be con-
sidered under favorable, stable conditions, while PAM is not
recommended unless in short-range, high-SNR scenarios.

IV. CONCLUSION

This study provides an in-depth analysis of the BER per-
formance of modulation schemes, including PAM, QAM, and
CSSM, in UAV-assisted THz communication systems. The
results indicate that while QAM strikes a balance between
spectral efficiency and performance, it falters at low SNR.
CSSM proves to be the most robust, showing strong resistance
to noise and misalignment, making it ideal for dynamic UAV
environments. PAM, though simpler, underperforms in noisy
conditions, limiting its broader applicability. The findings
highlight the critical role of choosing modulation schemes
based on specific environmental conditions, offering valuable
insights for improving UAV-assisted THz communication sys-
tems in various applications.
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