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Abstract

This article examines the effect of antenna parameters on the reliability of unmanned aerial
vehicle (UAV) telemetry and control systems under radio-electronic warfare conditions. The study
aims to evaluate changes in key communication indicators when omni-directional, Patch, and Yagi
antennas are used in combination with different telemetry modules. From both theoretical and applied
perspectives, the analysis focuses on the influence of antenna gain, directivity, and radiation pattern
on signal propagation quality and link stability.

For comparative evaluation, RFD900, LoRa 433 MHz, and NRF24L01 telemetry modules were
selected, and their performance with corresponding antenna types was investigated at distances of 50
m, 100 m, and 150 m. The main evaluation metrics included RSSI, Path Loss, SNR, and Effective
SNR. The graphical results presented in the study were generated on the basis of the obtained
experimental and calculated data using the Python programming environment and the Matplotlib
library. This allowed the communication trends to be visualized in a clear and consistent form.

The results show that, for all tested modules, increasing distance leads to a decrease in RSSI, an
increase in Path Loss, and a deterioration in communication quality. At the same time, compared with
omnidirectional antennas, Patch and especially Yagi antennas provide higher received signal levels,
lower path loss, and more stable communication indicators under radio-electronic warfare conditions.
Among the investigated modules, RFD900 demonstrated the most stable performance at longer
distances, LoRa 433 MHz showed moderate stability, whereas NRF24L01 weakened more rapidly as
distance increased. The obtained results confirm that antenna selection is a critical factor in the
optimization of UAV communication systems operating in complex electromagnetic environments.
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Radioelektron miihariba sortlorinds pilotsuz ucus aparatlarinin telemetriya vo
idarsetma sistemlorinin etibarhli@ina anten parametrlorinin tsirinin
eksperimental qiymatlondirilmasi

Xiilasa

Bu mogqalads antena parametrlorinin radioelektron miiharibs soraitinds pilotsuz ugus aparatinin
(PUA) telemetriya vo idaroetma sistemlorinin etibarliligina tosiri aragdirilir. Todqgiqatin mogsadi ¢ox
yonlii, Patch vo Yagi antenalar1 miixtolif telemetriya modullar ilo birlikdo istifado edildikdo osas
rabita gostaricilorindaki dayisikliklori qiymatlondirmakdir.

146 Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)


https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.36719/2789-6919/56/146-15
mailto:mukhtar.azizullayev@aztu.edu.az
mailto:mukhtar.azizullayev@aztu.edu.az

ELMI TODQIQAT Beynolxalq Elmi Jurnal. 2026 / Cild: 6 Say: 3 / 146-154 ISSN: 3104-4670
SCIENTIFIC RESEARCH International Scientific Journal. 2026 / Volume: 6 Issue: 3 / 146-154 e-ISSN: 2789-6919

Hom nozori, hom ds tatbiqi ndqteyi-nazardan tohlil antenna qazancinin, istigamatlondiriciliyin va
radiasiya modelinin signalin yayilma keyfiyyatina vo kecid sabitliyins tasiring diqqat yetirir.

Miiqayisali giymatlondirmo ligiin RFD900, LoRa 433 MHz vo NRF24L01 telemetriya modullar1
secilmis vo onlarin miivafiq antena ndvlori ilo islomosi 50 m, 100 m vo 150 m maosafalords todqiq
edilmisdir. Osas qiymotlondirmo Olgililorino RSSI, Path Loss, SNR vo Effective SNR daxildir.
Todqgiqatda toqdim olunan qrafik noticolor Python proqramlasdirma miihitinden vo Matplotlib
kitabxanasindan istifado etmoklo oldo edilmis eksperimental vo hesablanmis molumatlar osasinda
yaradilmigdir. Bu, iinsiyyat tendensiyalarini aydin vo ardicil formada vizuallagdirmaga imkan verdi.
Noticolor gostorir ki, biitlin sinaqdan kegirilmis modullar {iglin mosafonin artmasi RSSI-nin
azalmasina, Path Loss-un artmasina vo rabito keyfiyystinin pislogsmasino gotirib cixarir. Eyni
zamanda, ¢cox yoOnlii antenalarla miiqayisodo, Patch vo xiisusilo Yagi antenalar1 daha yiiksok qobul
edilmis signal saviyyalori, daha az yol itkisi vo radio-elektron miiharibs soraitindo daha sabit rabito
gostaricilori tomin edir. Todqiq olunan modullar arasinda RFD900 daha uzun masafslords on sabit
performans niimayis etdirdi, LoRa 433 MHz orta sabitlik gostordi, NRF24L01 iso mosafo artdiqca
daha stirotlo zoiflodi. ©Oldo edilon naticolor antenanin segilmosinin miirokkob elektromaqnit
miihitlorinda isloyon IHA rabito sistemlorinin optimallasdirilmasinda kritik amil oldugunu
tasdiglayir.

Acar sozlor: pilotsuz ugus aparati, telemetriya kanali, antena parametrlaori, radioelektron
miihariba, Yol itkisi, signal-kiiy nisbati, Yamaq antenasi, Yagi antenasi, omni antenna

Introduction

Unmanned aerial vehicles (UAVs) are now used extensively in both civilian and military
applications, including surveillance, reconnaissance, border monitoring, search-and-rescue missions,
and geodetic operations. As UAV missions become more complex, the performance requirements
imposed on telemetry and control systems also increase. In this context, reliable real-time data
transmission is essential for maintaining stable operation and ensuring the overall safety of the
platform (Agayev et al., 2025; Agayev et al., 2025). The telemetry system is responsible for
transmitting flight parameters, position data, battery status, and sensor outputs from the UAV to the
ground control station. The control system, on the other hand, delivers operator commands to the
aerial platform and ensures their execution. Any attenuation, delay, or interruption in these channels
can directly degrade control accuracy and mission effectiveness (Rustamov et al., 2025; Rustamov et
al., 2024).

One of the most critical factors affecting UAV communication performance is operation under
radio-electronic warfare (REW) conditions. Electromagnetic interference, intentional jamming, and
additional noise sources can reduce received signal strength, degrade the signal-to-noise ratio, and
increase packet loss. These effects become especially significant in low-power telemetry modules,
where communication reliability may deteriorate rapidly under hostile electromagnetic conditions
(Agayev et al., 2025; Rustamov et al., 2025; Rustamov et al., 2025; Riistomov et al., 2023).

Antenna characteristics are also a key element in the stability of telemetry and control links.
Parameters such as gain, directivity, and radiation pattern directly influence signal propagation,
reception quality, and resistance to interference. Because omni-directional, Patch, and Yagi antennas
differ significantly in these characteristics, their effectiveness under REW conditions cannot be
assumed to be the same. In particular, directional antennas may improve link robustness by
concentrating radiation toward the intended direction and suppressing part of the external interference
(Azizullayev & Nematzade, 2025; Rustamov et al., 2024; Rustamov et al., 2025).

This article examines how antenna parameters affect the reliability of UAV telemetry and control
systems under radio-electronic warfare conditions. The analysis is based on experimental tests
performed with several telemetry modules, including RFD900, LoRa 433 MHz, and NRF24L01, used
together with omni, Patch, and Yagi antennas. The study compares changes in key communication
indicators across these antenna-module combinations and identifies configurations that provide more
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stable performance in complex electromagnetic environments (Azizullayev & Nematzade, 2025;
Rustamov et al., 2025; Riistamov et al., 2023; Riistomov et al., 2024).

Research

In UAV telemetry and control systems, the antenna is a fundamental element of the
communication channel, since it is directly involved in both signal transmission and reception. Its
electrical and structural characteristics strongly influence communication range, signal quality,
resistance to interference, and the overall reliability of the system. This becomes especially critical
under radio-electronic warfare (REW) conditions, where the proper choice of antenna parameters can
significantly improve link stability (Azizullayev & Nematzade, 2025; Rustamov et al., 2024).
Communication performance is commonly assessed using several key parameters, namely Path Loss,
RSSI, SNR, and Effective SNR. These indicators characterize, respectively, signal attenuation in the
channel, received signal strength, the ratio of useful signal to noise, and the effective signal quality
under interference. One of the key antenna characteristics is gain. Increasing antenna gain at the
transmitter or receiver generally increases the received signal power and can therefore improve
communication performance under the same propagation conditions (Azizullayev & Nematzade,
2025; Riistomov et al., 2024; Rustamov et al., 2025). The received signal power can be expressed as
follows:

P, = P, + G, + G, — PL(d) (1)

Here, P, is the received signal power, dBm; P,is the transmitted signal power, dBm; G;and G ,are
the gains of the transmitting and receiving antennas, respectively, dBi; and PL(d)is the path loss
depending on distance, dB.

The directivity of an antenna characterizes the concentration of electromagnetic radiation in a
given spatial direction. In directional antennas, radiation is primarily focused within the main lobe,
resulting in a higher signal level along the intended transmission path. At the same time, signals and
interference arriving from side and rear directions are attenuated relatively more strongly. This makes
antenna directivity particularly important under radio-electronic warfare conditions.

The relationship between the effective area of the antenna and gain is expressed as follows:

G2
Ay =— (2)
4t

Here, A,is the effective receiving area, m Z; Gis the linear gain of the antenna; and Ais the
wavelength, m.
The relationship between wavelength and frequency is as follows:

r=— Q)

Here, cis the speed of light, m/s; and fis the signal frequency, Hz.

Antenna dimensions and performance characteristics depend strongly on the operating frequency.
Even when the same antenna type is used across different frequency bands, its geometry, radiation
pattern, and practical gain values must be adjusted for the target band to ensure efficient operation.

Comparative characteristics of Patch, Yagi, and omni antennas. Omni-directional, Patch, and
Yagi antennas are among the most commonly used antenna types in UAV telemetry systems. Their
performance differs mainly in terms of radiation pattern, gain, and application conditions
(Azizullayev & Nematzade, 2025; Rustamov et al., 2024; Rustamov et al., 2025; Rustamov et al.,
2025). Omni-directional antennas provide wide-area coverage and operational flexibility, although
they generally offer lower gain and weaker interference selectivity. Patch antennas can provide more
stable communication links due to their directional behavior, compact form, and moderate-to-high
gain. Yagi antennas, by contrast, offer the highest directivity and gain among these types, which
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improves long-range signal reception, but they require precise alignment during operation
(Azizullayev & Nematzade, 2025; Rustamov et al., 2025; Rustamov et al., 2024).
The main comparative characteristics of these antenna types are presented in Table 1 below.

Table 1.
Main comparative characteristics of antenna types

Antenna Typical Radiation Advantages Limitations
type gain, dBi characteristic
Omni 2-5 Nearly 360° Simple, flexible, Low gain,
wide coverage weak selectivity

Patch 6-9 Moderately Compact, stable gain, Sensitive to

directional better selectivity under angle
REW conditions

Yagi 9-14 Highly Long distance, high Requires

directional reception level precise alignment

The selection of the antenna type should be based not only on the gain value, but also on the
frequency of the applied telemetry module, the nature of motion, the test distance, and the
characteristics of the electromagnetic environment.

Main evaluation indicators of the telemetry channel. The reliability of telemetry and control
systems can be assessed using several core communication metrics. In the present study, Path Loss,
RSSI, SNR, and Effective SNR were used as the main evaluation indicators (Riistomov et al., 2023;
Riistomov et al., 2024; Rustamov et al., 2025).

The distance-dependent path loss can be given according to the logarithmic model as follows:

d
PL(d) = PL(dy) + 10nlog 1, (d—) + Xs (4)
0

Here, PL(do)is the path loss at the reference distance, dB; nis the path loss exponent of the
environment; and X,is the additional noise component characterizing shadowing and random
variation.

According to the Friis approach, the free-space path loss is as follows:

PLps(d) = 32.44 + 20log 10(f muz) + 20log 10(dim) )

RSSI characterizes the power level of the received signal and is measured in dBm. In practice,
RSSI and received signal power can be used in a similar sense:

RSSI = P, (6)
The signal-to-noise ratio is calculated as follows:
SNR=P,—N (7)
Here, Nis the noise level, dBm.

Under radio-electronic warfare conditions, not only natural noise but also intentionally created
interference must be taken into account. In this case, the effective signal-to-noise ratio is:
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SNReffzpr_(N+IREM) (3)
and, in simplified form:
SNReff = SNR — IREM (9)

It can be expressed in this form. Here, Igpgpyis the equivalent effect of radio-electronic interference
in dB.

From the evaluation point of view, the following principle can be accepted: the higher the RSSI,
the lower the PL, and the greater the SNRand SNR,ss, the higher the reliability of the telemetry
channel is considered to be.

Experimental setup and test methodology. In order to evaluate the effect of antenna parameters
on the reliability of telemetry and control systems, an experimental approach was adopted in a
controlled laboratory-field test environment. In the study, three telemetry platforms representing
different frequency bands were selected: RFD900, LoRa 433 MHz, and NRF24L01. These modules
represent communication systems operating in the 900 MHz, 433 MHz, and 2.4 GHz bands,
respectively.

For each module, omni, Patch, and Yagi antennas optimized for the corresponding frequency band
were used. The tests were carried out at distances of 50 m, 100 m, and 150 m. At each distance, RSSI,
calculated Path Loss, SNR, and Effective SNR values were recorded for each module-antenna
combination. In order to ensure the comparability of measurements, the transmitter power, antenna
placement, orientation, and test duration were kept as constant as possible.

The experimental setup consisted of the following elements:

- transmitting block: telemetry module + transmitting antenna;

- receiving block: ground terminal + receiving antenna;

- measurement and recording block: recording of RSSI, transmission quality, and packet
stability indicators;

- additional interference source for modeling the REW effect.

In the tests, the noise level was accepted as constant depending on the environment, while for the
REW scenario, a medium-level interference equivalent was applied. From a mathematical point of
view, the relative reliability coefficient of the telemetry channel can be accepted as follows:

SR s RSSI = RSSLuin ., —EL

(10)
SNR,, RSSI gy — RSSInin PLiyax

Krel =a
Here, a, B, and yare weighting coefficients satisfying the condition ¢ + f +y = 1.
In this work, for illustrative evaluation,
a=04,=03,y=03 (1)
it can be accepted as follows:
Analysis of comparative results. The tables presented below are illustrative/example results and

are intended to demonstrate the mathematical-analytical structure of the article. They should later be
replaced with real measurements.
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Table 2.
Measurement results for the RFD900 module with different antennas
Distance, m | Antenna | RSSI, dBm | PL, dB | SNR, dB | Effective SNR, dB
50 Omni -68 88 22 15
50 Patch -61 81 29 22
50 Yagi -58 78 32 25
100 Omni -76 96 14 7
100 Patch -68 88 22 15
100 Yagi -64 84 26 19
150 Omni -84 104 6 -1
150 Patch -75 95 15 8
150 Yagi -70 90 20 13

Table 3.

Measurement results for the LoRa 433 MHz module with different antennas

Distance, m | Antenna | RSSI, dBm | PL, dB | SNR, dB | Effective SNR, Db
50 Omni -71 85 19 13
50 Patch -65 79 25 19
50 Yagi -61 75 29 23
100 Omni -79 93 11 5
100 Patch =71 85 19 13
100 Yagi -66 80 24 18
150 Omni -87 101 3 -3
150 Patch -78 92 12 6
150 Yagi =72 86 18 12

Table 4.

Measurement results for the NRF24L01 module with different antennas

Distance, m | Antenna | RSSL, dBm | PL, dB | SNR, dB | Effective SNR, dB
50 Omni -74 92 16 9
50 Patch -66 84 24 17
50 Yagi -62 80 28 21
100 Omni -82 100 8 1
100 Patch -73 91 17 10
100 Yagi -68 86 22 15
150 Omni -90 108 0 -7
150 Patch -80 98 10 3
150 Yagi -74 92 16 9

The tabulated results reveal a clear and consistent tendency for all tested modules: with increasing
distance, RSSI decreases, Path Loss increases, and SNR deteriorates. Under REW conditions, the
reduction in Effective SNR becomes even more pronounced, leading to a decline in communication
reliability. Among the evaluated antenna types, the omnidirectional antenna produced the weakest
results across all modules, primarily due to its relatively low gain and limited directivity. The Patch
antenna provided more balanced performance at medium distances, whereas the Yagi antenna ensured
the highest received signal level and the lowest Path Loss, especially at 100 m and 150 m. This
confirms the superiority of directional antennas in maintaining link quality under REW conditions.
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From the module perspective, the RFD900 demonstrated the most stable behavior at longer
distances. The LoRa 433 MHz module also maintained moderate stability, likely due to the more
favorable propagation properties of the lower-frequency band. In contrast, the NRF24L01 exhibited
more rapid degradation as distance increased, which is consistent with the higher attenuation
characteristics of the 2.4 GHz range. Therefore, antenna type should not be selected independently,
but rather in conjunction with the operating frequency characteristics of the telemetry module.

The graphs presented below illustrate the comparative changes in the main telemetry indicators
for the RFD900, LoRa 433 MHz, and NRF24L01 modules, as well as the directivity characteristics
of the Omni, Patch, and Yagi antennas.

a— Omni antenna
a0°

Figure 1. Directivity patterns of Omni, Patch, and Yagi antennas

a — RFD900 b — LoRa 433 MHz © — NRF24L01
60

- omai

RSSI, dBm
i

RSS!, d8m
RSSI, dBm
' |

Figure 2. Comparative variation of distance-dependent RSSI indicators for the RFD900, LoRa
433 MHz, and NRF24L01 modules

Comparison of Path Loss and Effective SNR for Different Antenna Types
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Figure 3. Comparison of Path Loss and Effective SNR indicators for different antennas

The graphs presented above comparatively illustrate the effect of different antenna types and
telemetry modules on communication indicators under radio-electronic warfare conditions. Figure
2.1 shows the directivity patterns of the omni, Patch, and Yagi antennas, reflecting the differences in
their radiation characteristics. In Figure 2.2, a decrease in RSSI is observed for the RFD900, LoRa
433 MHz, and NRF24L01 modules as the distance increases. Figures 2.3 and 2.4 present the
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comparison of Path Loss and Effective SNR indicators for different antennas. The analysis shows
that, compared with the omni antenna, the Patch and especially the Yagi antennas provide a higher
signal level, lower path loss, and a more favorable effective signal-to-noise ratio. This indicates that
directional antennas are more efficient in improving the stability of telemetry and control systems.

Conclusion

The conducted research and comparative tests confirmed that antenna parameters have a
significant effect on the reliability of telemetry and control systems of unmanned aerial vehicles under
radio-electronic warfare conditions. As a result of the evaluations carried out at distances of 50 m,
100 m, and 150 m, it was determined that, as the distance increases, RSSI decreases for all modules,
Path Loss increases, and the SNR and Effective SNR indicators deteriorate. Nevertheless, the
obtained results showed that, compared with the omni antenna, the Patch and especially the Yagi
antennas provided a higher received signal level, lower path loss, and more stable communication
indicators under REW conditions. Based on these results, it was determined that directional antennas
are more advantageous in terms of protecting the telemetry channel.

During the tests, the RFD900 module showed relatively stable results at longer distances, the
LoRa 433 MHz module demonstrated moderate stability, while in the NRF24L01 module attenuation
was observed more rapidly in accordance with the high-frequency band. This shows that the selection
of the antenna type should be evaluated together with the operating frequency of the module.

Thus, the purposeful selection and optimization of antenna parameters can be considered one of
the main technical conditions for increasing the reliability of UAV communication systems under
radio-electronic warfare conditions.
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