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Abstract
Objectives. Radio-technical information transmission systems are widely used in various sectors of our life, not 
only for telecommunications and associated domestic needs, but also for the functioning of various special services, 
such as emergency response units, which increasingly use robotic complexes in the course of their work. In the event 
of an emergency, robot devices can be used to get in under rubble, in concrete pipes or other municipal facilities, 
which typically result in a sharp deterioration of the necessary conditions for the propagation of radio waves. In this 
regard, the problem of ensuring reliable communication with the robotic complex becomes rather acute. The aim of 
the present work is to reduce the effect of multipath propagation of radio waves in the communication channel under 
complex interference conditions.
Methods. The methods of statistical radio engineering and mathematical modeling are used according to optimal 
signal reception theory.
Results. The presented model for a multi-element, spatially-distributed, in-phase receiving antenna of various 
configurations, featuring an electronically adjustable radiation pattern, is designed to ameliorate the multipath nature 
of signal propagation. A simulation of a multipath communication channel was carried out in the presence of one 
main and three reflected beams of radio wave propagation, as well as with harmonic interference at two angles of its 
arrival and different frequency detuning relative to the frequency of the useful signal. The probability of a bit error when 
receiving discrete information using the proposed antenna is estimated.
Conclusions. The proposed signal processing algorithm on the receiving side can be used to partially compensate 
for the influence of the multipath effect. As a result, the noise immunity of information reception in comparison with 
reception on an omnidirectional antenna with one antenna element increases: for a bit error probability of 10−3, the 
energy gain ranges from 2 dB for two beams to 7–10 dB for three or four beams. In the presence of concentrated 
harmonic interference in the radio channel, its simultaneous spatial (by the antenna) and spectral (by the demodulator) 
filtering is also observed, the effectiveness of which depends on the direction of arrival and the frequency detuning of 
the interference, which also leads to a significant decrease in the error probability.

Keywords: spatially distributed in-phase antenna, electronic beam control, multipath propagation of radio waves, 
harmonic interference, noise immunity, bit error rate
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синфазной антенны для повышения 

помехоустойчивости приема сигналов
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Резюме 
Цели. Радиотехнические системы передачи информации находят широкое применение в различных отрас-
лях нашей жизни не только для обеспечения телекоммуникаций и бытовых потребностей человека, но и для 
функционирования различных спецслужб, например, служб МЧС, которые в своей работе применяют робо-
тизированные комплексы. В случае чрезвычайного происшествия возможно попадание такого робота под за-
вал, в железобетонные трубы или другие коммунальные объекты, в результате чего условия распространения 
радиоволн резко ухудшаются. В этой связи остро стоит вопрос обеспечения надежной связи с роботизиро-
ванным комплексом. Цель работы – снижение влияния эффекта многолучевого распространения радиоволн 
в канале связи в сложных помеховых условиях. 
Методы. Использованы методы статистической радиотехники, теории оптимального приема сигналов и ма-
тематического моделирования. 
Результаты. Приведена модель приемной многоэлементной пространственно-распределенной синфазной 
антенны разных конфигураций с электронно-регулируемой диаграммой направленности, предназначенной 
для борьбы с многолучевым характером распространения сигнала. Проведено моделирование многолу-
чевого канала связи при наличии одного основного и трех отраженных лучей распространения радиоволн, 
а также с гармонической помехой при двух углах ее прихода и разной частотной расстройкой относитель-
но частоты полезного сигнала. Оценена вероятность битовой ошибки при приеме дискретной информации 
с применением предложенной антенны.
Выводы. Применение предложенного алгоритма обработки сигналов на приемной стороне позволяет частич-
но скомпенсировать влияние эффекта многолучевости. В результате помехоустойчивость приема информа-
ции по сравнению с приемом на всенаправленную антенну с одним антенным элементом повышается: для 
вероятности битовой ошибки 10−3 энергетический выигрыш составляет от 2 дБ при 2 лучах до 7–10 дБ при 
3–4 лучах. При наличии в радиоканале сосредоточенной гармонической помехи также наблюдается ее одно-
временная пространственная (с использованием антенны) и спектральная (с использованием демодулятора) 
фильтрация, эффективность которой зависит от направления прихода и частотной расстройки помехи, что 
также приводит к существенному снижению вероятности ошибки.

Ключевые слова: пространственно-распределенная синфазная антенна, электронное регулирование диа-
граммы направленности, многолучевое распространение радиоволн, гармоническая помеха, помехоустойчи-
вость, вероятность битовой ошибки
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INTRODUCTION

Radio-technical information transmission systems 
are widely used in various sectors of our life, not only 
for telecommunications and associated domestic needs, 
but also for the functioning of various special services, 
such as emergency response units, which increasingly 
use robotic complexes in the course of their work. In 
the event of an emergency, robot devices can be used to 
get in under rubble, in concrete pipes or other municipal 
facilities, which typically result in a sharp deterioration 
of the necessary conditions for the propagation of radio 
waves. In this regard, the problem of ensuring reliable 
communication with the robotic complex becomes 
rather acute.

Radio signals are significantly affected by the radio 
propagation environment though which they pass. In 
addition to additive noise interference, concentrated 
interference from other radio facilities and retranslated 
interference caused by multipath propagation of radio 
waves in their reflection from obstacles and refraction 
are observed in the communication channel [1–3]. The 
formation of such a multipath communication channel 
causes distortion of the useful radio signal parameters; 
such changes to its amplitude, phase, and angle of 
arrival (AoA) result in the essential decrease of noise 
immunity of receiving information [4–10].

There are various methods for counteracting 
multipath propagation in the communication channel. 
These include the use of channel equalizers, radiation 
pattern (RP) control, increasing the intervals in the 
transmitted pulse sequence, and using the dispersed 
reception systems. One such approach is the 
Multiple-Input Multiple-Output (MIMO) [11] system 
widely used in wireless local area networks of different 
standards, as well as in wireless mobile communication 
systems.

Another effective way to counteract multipath in 
communication channels involves the use of beam 
antennas and antenna systems to spatially filter received 
signals. When using such antennas, RPs are formed 
either by design methods or by special methods of the 
received signals processing [12].

One complex beam antenna system is represented 
by an in-phase antenna array, comprising separate 

near-omnidirectional antennas, which are arranged in 
such a way that the phases of the signals induced in them 
are the same, allowing the signals from each antenna to 
be added up in phase.

This eventually results in the increasing signal level 
at the output of the antenna system, a narrowing of the 
RP, and, finally, increasing the gain factor as compared 
to that of a single antenna included in the array.

MODEL OF THE IN-PHASE ANTENNA  
WITH ELECTRONICALLY ADJUSTABLE RP

A spatially distributed antenna system containing 
N = 2 up to 8 antenna elements may be used under 
complex interference conditions for reducing the effect of 
multipath radio wave propagation in the communication 
channel with a robotic system [13].

Such an in-phase antenna system (Fig. 1) consists 
of resonator antenna elements 1–8, electronically 
adjustable delay elements 9–16, and am in-phase 
adder 17. The resonator antenna elements are arranged 
uniformly with an angular step of 2π/N in a circle of 
diameter equal to half the wavelength of the received 
signal λ/2. The signals from antenna elements come 
through adjustable delay elements to the in-phase adder 
to form the resulting signal Sout. The purpose of the 
adjustable delay elements consists in ensuring the in-
phase condition of the received oscillations and forming 
the summarized antenna pattern.

Time delays of the received oscillations from antenna 
elements to the in-phase adder with allowance for the 
required angle φ of the RP rotation are determined as 
follows:

 1 sin ,
4 2 4i
T i  π π  τ = + − + ϕ      

  (1)

where 1,8i =  is the antenna element number of the 
system while T is the wave period of the received signal.

In [14, 15], RPs of the in-phase antenna under 
consideration are calculated for three cases: nominal 
frequency of the received signal, reduced frequency, or 
increased frequency. It is shown how the RP width and 
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sidelobe level change with frequency. The plots show 
that structurally simple two-element antennas have 
quite wide RP and very high sidelobe levels. Four- and 
eight-element antennas, which have good, very close 
indices, can be used for spatial filtering in channels with 
multipath wave propagation. Here, it may be noted that 
the selective properties of these antennas remain normal 
when the signal frequency deviates from the nominal 
frequency even by as much as 10%.

The possibility of adjusting the antenna RP 
electronically is illustrated in Fig. 2 showing the 
directional characteristics at various angles φ set in 

delay elements (1). It is worth noting that at different 
angles of rotation, the pattern shape itself, and hence the 
selective properties, remain unchanged. 

MODELING RESULTS

In order to assess immunity to interference of the 
communication system with the proposed in-phase 
antenna on the receiving side under difficult interference 
conditions, mathematical modeling was carried out.

А. Signal and disturbance models. A signal with 
binary phase-shift keying s(t) = A0cos(ω0 + Ckπ) is used 

Fig. 1. Schematic diagram of the in-phase antenna array with electronically adjustable RP control
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as a test signal. Here, 0 s2 /=A E T is its amplitude, 
ω0 is carrier frequency, t is time, Сk = ±1 is information 
symbol, E is signal energy, and Ts is signal duration. 
A coherent demodulator is used. Gaussian noise with 
uniform spectral density N0 is used as fluctuation noise. 
The communication channel has been assumed to be 
multipath with one main beam and several (M = 1, 2, 3) 
retransmitted beams 

sr(t) = μrs(t – τr)

with different relative intensity μr, time delay τr, and 
AoA θr.

In addition, harmonic oscillation sh(t) = μhA0cos(ωht + φh) 
with random phase φh, relative intensity μh, frequency ωh 
close to the useful signal frequency, and different AoAs θh 
have been used as a concentrated disturbance.

B. Multipath communication channel. For 
modeling the multipath communication channel, one 
main beam (AoA θr = 0) and three reflected beams 
are used: θr = π/4, μr = 0.5, and τr = 0.5Тs for the first 
reflected beam; θr = π/3, μr = 0.3, and τr = 0.1Тs for the 
second reflected beam; and θr = π/5, μr = 0.4, τr = 0.7Тs 
for the third reflected beam. The signal-to-noise ratio 
E/N0 varies within the range from 1 to 13 dB.

Figure 3 shows the obtained dependencies of the bit 
error probability Pe on the signal-to-noise ratio (SNR) 
for different numbers of received beams including the 
main one. Curves 1 corresponds to the in-phase antenna 
with four antenna elements, curves 2 correspond to the 
one with eight antenna elements, curves 3 corresponds 
to the simple omnidirectional antenna with one antenna 
element, while curves 4 correspond to the simple 
omnidirectional antenna with one antenna element and 
one main received beam (the classical case is given for 
comparison). Although the presence of reflected beams 
during reception can be seen to significantly increase 
the bit error probability compared to the classical case, 
the proposed in-phase antenna can be used to partially 
compensate their influence. As a result, the noise 
immunity of receiving information is improved as 
compared to the omnidirectional antenna reception with 
a single antenna element. For error probability Pe = 10−3, 
the energy gain ranges from 1.5–2 dB for 2 beams to 
7–10 dB for 3–4 beams; it is noticeable that the difference 
for the 4-element and 8-element antennas is small, which 
indicates the possibility of simplifying its design.

C. Communication channel with harmonic 
interference. The following harmonic interference 
parameters are used in the communication channel 
modeling: relative intensity μh = 0.5; random initial 
phase φh is uniformly distributed on the interval (−π, π]; 
reduced frequency deviation ΔωTs = (ωh – ω0)Ts is in 
the interval (−12, +12). The in-phase antenna contains 
8 antenna elements.
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Fig. 3. Dependencies of bit error probability on 
SNR for: (a) two-beam communication channel, (b) 
three-beam communication channel, (c) four-beam 
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Figure 4 shows the dependencies of the bit error 
probability Pe on the interference detuning ΔωTs at  
E/N0 = 7 dB and at two AoAs: θh = 0 (direction of the 
RP maximum) and π/3. A simultaneous spatial (using 
antenna) and spectral (using demodulator) filtering 
of interference is observed, resulting in a significant 
decrease in error probability, i.e., to be more ordered 
at θh = 0. It may be assumed that the impact of such 
harmonic interference may be neglected at ΔωTs ≥ 5.
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Fig. 4. Dependencies of bit error probability on harmonic 
interference detuning

CONCLUSIONS

In the present work, a mathematical model for 
a multi-element, spatially-distributed, in-phase antenna, 
whose design is aimed at counteracting the multipath 
nature of signal propagation, is constructed. The 
principal possibility of electronically adjusting the RP 
is demonstrated.

By applying the proposed signal processing 
algorithm on the receiving side, the impact of the 
multipath effect can be partially compensated. As 
a result, the noise immunity of receiving information 
is increased compared to the omnidirectional antenna 
reception with one antenna element; for error probability 
Pe = 10−3, the energy gain ranges from 2 dB for 2 beams 
up to 7–10 dB for 3–4 beams.

When concentrated harmonic interference is 
present in the radio channel, there is also simultaneous 
spatial (using antenna) and spectral (using demodulator) 
filtering whose efficiency depends on the arrival direction 
and frequency detuning of the interference, which also 
results in a significant reduction in error probability.
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