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Abstract
Objectives. Radio engineering information transmission systems are widely used in robotic systems employed 
in various military and civilian services. If such systems are used in a harsh environment, where a large amount 
of retransmitted interference occurs, for example, if a complex is buried under rubble or is located in reinforced 
concrete pipes or other utility facilities, communication with the command post may be lost. Thus, the task 
of maintaining reliable communications under difficult conditions of radio wave propagation is very urgent. In the 
field of telecommunications, multiposition types of modulation are widely used, which, despite their good spectral 
characteristics, provide low noise immunity under conditions of nonfluctuating interference, especially in cases 
of retransmitted interference. Therefore, it is relevant to explore the possibility of using multiple frequency-shift 
keying (M-FSK) signals in radio systems with complex interference environments. The paper sets out to analyze the 
noise immunity of coherent reception of M-FSK signals against the background of retransmitted interference.
Methods. Statistical radio engineering and mathematical modeling methods are used according to the theory 
of optimal signal reception.
Results. A model of the M-FSK signal and retransmitted interference is provided. The statistical parameters 
of the distributions of random processes occurring in a multichannel coherent receiver of M-FSK signals against 
retransmitted interference are obtained; based on this, the bit error rate is calculated when receiving M-FSK signals 
of different positionality M against retransmitted interference with different intensities.
Conclusions. The impact of retransmitted interference is shown to result in a decrease in the noise immunity 
of M-FSK signal reception, which is greater the higher its intensity. With increasing positionality of M-FSK signals 
at low intensity of retransmitted interference, the noise immunity of reception is significantly improved; however, 
high-intensity interference significantly increases the bit error rate. The presence of interference with a relative 
intensity of 0.5 causes energy losses from 4 to 6 dB depending on the positionality. When M > 4, M-FSK signals 
gain significantly in terms of noise immunity over signals with multiple phase-shift keying, quadrature amplitude 
modulation, and amplitude and phase-shift keying.
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Помехоустойчивость приема сигналов 
с многопозиционной частотной манипуляцией 

на фоне ретранслированной помехи
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Резюме 
Цели. Радиотехнические системы передачи информации широко применяются в роботизированных ком-
плексах для использования военными и гражданскими службами. При попадании такого комплекса в слож-
ную окружающую среду, в которой возникает большое количество ретранслированных помех, например, 
при попадании комплекса под завал, в железобетонные трубы или различные коммунальные объекты, связь 
с командным пунктом может быть потеряна. Задача поддержания надежной связи в сложных условиях рас-
пространения радиоволн является весьма актуальной. В области телекоммуникаций широко используют-
ся многопозиционные виды модуляции, которые, несмотря на их хорошие спектральные характеристики, 
обеспечивают невысокую помехоустойчивость в условиях нефлуктуационных помех, особенно в случае ре-
транслированных помех. Представляется целесообразным исследовать возможность применения сигналов 
с многопозиционной частотной манипуляцией (М-ЧМ) в радиосистемах со сложной помеховой обстановкой. 
Целью работы является анализ помехоустойчивости когерентного приема сигналов М-ЧМ на фоне ретранс-
лированной помехи.
Методы. Использованы методы статистической радиотехники, теории оптимального приема сигналов и ма-
тематического моделирования.
Результаты. Приведена модель сигнала М-ЧМ и ретранслированной помехи. Получены статистические па-
раметры распределений случайных процессов в многоканальном когерентном приемнике сигналов М-ЧМ 
на фоне ретранслированной помехи. На этой основе рассчитана вероятность битовой ошибки при приеме 
сигналов М-ЧМ разной позиционности М на фоне ретранслированной помехи с различной интенсивностью.
Выводы. Показано, что воздействие ретранслированной помехи приводит к снижению помехоустойчивости 
приема сигналов М-ЧМ, которое тем больше, чем выше интенсивность помехи. С возрастанием позицион-
ности сигналов М-ЧМ при небольшой интенсивности ретранслированной помехи помехоустойчивость при-
ема значительно улучшается, но помеха большой интенсивности сильно увеличивает вероятность битовой 
ошибки. Наличие помехи с относительной интенсивностью 0.5 вызывает энергетические потери от 4 до 6 дБ 
в зависимости от позиционности. При М > 4 сигналы М-ЧМ значительно выигрывают в помехоустойчивости 
у сигналов с многопозиционной фазовой, квадратурной амплитудной и амплитудно-фазовой манипуляцией.

Ключевые слова: многопозиционная частотная манипуляция, ретранслированная помеха, помехоустойчи-
вость, вероятность битовой ошибки
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INTRODUCTION

Radio engineering information transmission 
systems are widely used in robotic complexes for 
military and civilian applications such as civil defense, 
emergencies and disaster relief1 [1–4]. In a harsh 
environment involving a large amount of retransmitted 
interference2 [5–7], e.g., when the complex gets under 
rubble, reinforced concrete pipes, or various utilities, 
communication with the command center may be lost. 
Therefore, maintaining reliable communication with 
such robotic complexes under complex conditions of 
radio wave propagation is highly relevant.

Currently, multiposition modulation types are 
widely used in telecommunications. It is known that 
signals with multiple phase-shift keying (M-PSK), 
quadrature amplitude manipulation (QAM), and 
amplitude and phase-shift keying (APSK), despite their 
good spectral characteristics, have low noise immunity 
under conditions of nonfluctuating interference, 
especially in cases of retransmitted interference [8–12]. 
Therefore, it makes sense to investigate the possibility 
of using M-FSK signals [13–15] in radio systems 
operating in a complex interference environment. 
The paper aims to analyze the noise immunity of 
the coherent reception of M-FSK signals against 
retransmitted interference.

MODELING M-FSK SIGNAL 
AND RETRANSMITTED INTERFERENCE

Multiple frequency-shift keying is a method 
for transmitting digital information using multiple 
frequencies. In communication technology, M-FSK 
signals of different M positionality (ranging from 
4 to 64) are used, which have different bandwidths at 
a given rate of information transmission.

1  Order No. 633 dated December 26, 2018. On Approval and Enactment of the Radio Communications Manual of the 
Ministry of the Russian Federation for Civil Defense, Emergencies and Elimination of Consequences of Natural Disasters. https://
base.garant.ru/72152196/ (in Russ.). Accessed November 25, 2023.

2  ITU-R Recommendation P.1238-6 (10/2009). Radio wave propagation data and prediction methods for planning indoor radio 
communication systems and local area radio networks in the frequency range 900 MHz to 100 GHz. Series R. Radio wave propagation 
(in Russ.).

For an M-FSK signal, the ith version of sending a 
channel symbol with duration Ts, carrying information 
about k = log2M information bits, can be written as 
follows:

  

0 0

s

1( ) cos ,
2

1, ,  (0, ],

  +  = w + − Dw   
   

= ∈

i
Ms t A i t

i M t T
 

 (1)

where 0 s s2 /=A E T  is the signal nominal amplitude, 
Es = kEb is channel symbol energy, Eb is the energy per 
one bit of information; ω0 is the center frequency of the 
signal spectrum (carrier frequency); Δω = 2Δωd, Δωd is 
frequency deviation (the minimum deviation that fulfills 
the orthogonality condition is equal to π/2Ts); and t is 
time.

By introducing the notations of shift keying index 
h = ΔωdTs/π and multiposition channel symbol 

1, 3, ..., ( 1),= ± ± ± −iC M  expression (1) can be 
represented in the following form [15]:
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An example of frequency distribution for 8-FSK 
signal is shown in Fig. 1. The signal points and their 
corresponding channel symbols are arranged according 
to the Gray code.
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ω

Fig. 1. Example of frequency arrangement  
for 8-FSK signal
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We use signal (1) with time delay τ ≤ Ts and random 
phase φint as the retransmitted interference arising due to 
M-FSK signal reflecting from some obstacle:
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where μ is the relative intensity of the retransmitted 
interference, i and j are running signal numbers in the 
transmitted sequence.

The temporal relationship between the useful radio 
signal and retransmitted interference is shown in Fig. 2.

M-FSK signal

Retransmitted interference

sj

sj

si

si

Ts 2Ts 3Ts

t

t

τ

sm

sm

Fig. 2. Temporal relations between useful signal and 
retransmitted interference

We consider the presence of white Gaussian 
noise n(t) with single-sided spectral density N0 and 
δ correlation function at the receiver input of the 
information transmission system which are additional to 
the useful signal and retransmitted interference:

0( ) ( ).
2

τ = d τ
N

R

CALCULATING THE BIT ERROR RATE

We consider a multichannel coherent 
demodulator [14, 15] as a receiver of M-FSK signals. In 
the presence of white Gaussian noise, the demodulator 
computes M integrals of convolution Ii of the received 
oscillation and M reference signals, as well as making 
a maximum likelihood decision on the channel symbol.

The bit error rate (BER) is calculated using 
the method described in [10–12]. For this, random 
parameters of retransmitted interference (2), such as 
intensity μ, phase φint, delay τ, and information symbol 

in the delayed copy, are assumed as initially fixed. 
This allows the probability of erroneous reception of a 
channel symbol conditioned on them to be determined:

 *
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Given this condition, and assuming the presence of 
white Gaussian noise at the receiver input, the 
distributions of random processes being convolution 
integrals in the receiver channels and their linear 
combinations “mi” can be considered as normal. To 
obtain probabilities ( )>i m ip I I  included in (3) and 
defined through the standard probability integral (error 
function), it would be sufficient to calculate their 
conditional statistical characteristics:
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random interference parameters, such as the random 
phase φint, is carried out using a numerical method. 
Parameters μ and τ are assumed to be fixed. At the same 
time, the calculations are performed with an 
enumeration of all possible combinations of channel 
symbols. When calculating the BER Peb, 
recommendation [14] describing the relationship 
between its value and the error probability when 
receiving channel symbol Pes for multiposition 
orthogonal signals is taken into account:

Peb = Pes/((M – 1)/(M/2)).

CALCULATION RESULTS

Based on the derived formulas, the noise immunity 
of the M-FSK signal reception with positionalities 
M = 2, 4, 8, 16, 32 is calculated. During the study, 
the following radio channel parameters vary: signal-
to-noise ratio (SNR) Eb/N0 lies within the range from 
1 to 13 dB; the relative intensity of retransmitted 
interference μ lies in the range [0; 1]; the relative 
interference delay τ/Ts = 0.5. The calculation results 
are presented in Figs. 3 and 4.
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Fig. 3. Dependencies of BER Peb on the relative intensity 
of the retransmitted interference µ at Eb/N0 = 13 dB

The exposure to retransmitted interference results 
in reduced noise immunity: the higher the interference 
intensity, the greater the reduction. From this perspective, 
signals with higher positionality (M ≥ 8) are preferable; 
at low relative interference intensity (μ < 0.3), these 
provide a BER several orders of magnitude lower than 
low-position 2-FSK and 4-FSK signals.

Even at high relative intensity of retransmitted 
interference (μ ∊ [0.4; 0.5]), the use of signals with 
multiple frequency-shift keying allows a fairly low 
bit error rate (10−5–10−4) to be maintained, which is 
not available when using other types of QAM [10], 

M-PSK [11], and APSK [12] signals at the same 
positionality.

The energy losses due to the impact of retransmitted 
interference during reception of M-FSK signals can 
be estimated by plotting the dependence of BER Peb  
on SNR Eb/N0 at different relative interference 
intensities μ (Fig. 4).

From the graphs, it can be seen that increasing the 
M-FSK signal positionality from 2 to 32 significantly 
improves the reception noise immunity. For example, 
at a low intensity of retransmitted interference (μ ≤ 0.1) 
and SNR (Eb/N0 = 10 dB), the BER is seven times lower.

The presence of interference with relative intensity 
μ = 0.5 at Peb = 10−4 causes an energy loss of 5 to 6 dB 
depending on positionality. Nevertheless, the reception 
noise immunity of M-FSK signals of high positionality 
remains generally high.

COMPARING RECEPTION NOISE  
IMMUNITY OF M-FSK SIGNALS  

WITH OTHER TYPES OF MULTIPOSITION 
MODULATION

For comparison, the graphs of BER dependence on 
the relative intensity of retransmitted interference while 
receiving M-FSK and QAM signals [10] of the same 
positionality 4, 16, and 32 are shown in Fig. 5.

It can be seen that, at positionality M = 4, the reception 
noise immunity of these signals is approximately the 
same; however, with an increasing value of M, signals 
with M-FSK improve significantly (by several times 
for BER) over QAM signals across a wide range of 
retransmitted interference intensities (μ ∊ [0; 0.6]). A 
similar conclusion can be made with respect to APSK 
signals [12], whose reception immunity approximately 
corresponds to QAM and, even more so, with respect to 
M-PSK signals [11] being lost to QAM. However, when 
mentioning the advantages of M-FSK signals, their 
spectral characteristics, according to which significant 
losses to other signals may occur, should be taken into 
account [13, 15].

CONCLUSIONS

In the present work, the reception noise immunity 
of signals with multiple frequency-shift keying of M 
positionality from 2 to 32 is analyzed in the presence of 
retransmitted interference in the communication channel 
for different SNR and relative interference intensity 
values. The research allows the following conclusions 
to be drawn:

1. Increasing positionality improves noise immunity 
of M-FSK signal reception while decreasing BER 
by several orders of magnitude at a low intensity of 
retransmitted interference.
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2. The impact of retransmitted interference reduces 
M-FSK signal reception noise immunity, which is 
greater the higher its intensity. For example, the 
presence of interference with a relative intensity 
μ = 0.5 at Peb = 10−4 causes energy losses from 
4 to 6 dB depending on the M-FSK signal 
positionality.

3. At M > 4, M-FSK signals significantly gain in noise 
immunity over M-PSK, QAM, and APSK signals 
across a wide range of retransmitted interference 
intensities.

4. The use of M-FSK signals with such high energy 
characteristics is justified in radio channels without 
significant frequency limitations.
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