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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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Pe3siome

Llenu. PagnoTtexHnyeckne cuctemMbl nepeaadn MHGoOpMaLmMm WMPOKO MPUMEHSIOTCS B POOOTU3NPOBAHHbIX KOM-
niekcax AJis UCrnonb30BaHNst BOEHHBLIMU 1 FpaxkaaHCKMMu cnyx6amu. MNpu nonagaHnum Takoro KOMrekca B C/oxX-
HYIO OKPY>XaloLLyl0 Cpefly, B KOTOPOWM BO3HWKAET BGOMbLIOE KOMYECTBO PETPAHCIMPOBAHHbLIX NMOMEX, HanpuMep,
npwv nonagaHnmy KoMniaekca nopg, 3aearl, B Xene3obeToHHbIE TPYObl UK pasnnyHble KOMMYHasbHble 0ObEKThI, CBSI3b
C KOMaHAHbIM MYHKTOM MOXET ObITb NoTepsiHa. 3a4a4a NnoaaepXKaHns HaJexXHOW CBSI3M B CNOXHbIX YCIOBUSIX pac-
NPOCTPaHeHNst PaaVOoBOJSIH SBMISIETCA BECbMa akTyasbHOW. B o6nactn TenekoMMyHMKaLmi LUIMPOKO UCMONb3YOT-
CSl MHOTOMO3MUUVOHHbIE BBl MOAYALMN, KOTOPbIE, HECMOTPS Ha MX XOPOLUME CNeKTpasbHble XapakTEPUCTUKN,
o6ecneynBaloT HEBLICOKYIO NMOMEXOYCTOMUYMBOCTL B YCII0BUSIX HEDYKTYaLNOHHBLIX MOMEX, 0COOEHHO B Cnyvae pe-
TpaHCMpoBaHHbIX NomMex. MNpeacraBnseTcs LenecoobpasHbiM NCCNeAoBaTb BO3MOXHOCTb MPUMEHEHWSI CUTHAN0B
C MHOrOMO3ULMOHHON YacTOTHON MaHunynsumei (M-4M) B pagnocmctemMax co CoXHOM NOMEXOBOM 0OCTaHOBKON.
Llenbio paboTbl ABASIETCS aHaAIN3 NOMEXOYCTONYMBOCTY KOrepeHTHOro nprema curHanos M-4M Ha ¢poHe peTpaHc-
JIMPOBAHHOM NOMEXMN.

MeToapl. VIcnonb30BaHbl METOABI CTATUCTUHECKON PAANOTEXHUKN, TEOPUN ONTUMANIbHOMO NPYEMa CUrHanoB 1 Ma-
TEMaATMYECKOro MOAENNPOBAHMS.

PesynbTaThl. [pyBeneHa mogens curHana M-4M v peTpaHcaMpoBaHHON nomexu. [onyyeHbl cTaTucTnyeckmne na-
pamMeTpbl pacrnpeneneHunii ciy4darHbliX NPOLECCOB B MHOMOKAHa/IbHOM KOFEPEHTHOM MPUMEMHUKE curHanos M-4M
Ha ¢OoHe peTpaHCAMPOBaHHOW NomMexu. Ha aToi ocHoBe paccuyMTaHa BEPOSTHOCTb OUTOBOIM OLWIMOKM Mpu npueme
curHanos M-4M pasHow no3nunMoHHOCTM M Ha pOHE PETPAHCAMPOBAHHOM MOMEXU C PA3AINYHON MHTEHCUBHOCTLIO.
BbiBogbl. [NokazaHo, 4TO BO3AENCTBME PETPAHCAMPOBAHHOM NOMEXU MPUBOAMUT K CHUXKEHWIO MOMEXOYCTOMYNBOCTH
npuema curHanos M-4M, koTopoe TeM 6osbLUE, YEM BbilLE UHTEHCMBHOCTL NomMexu. C Bo3pacTaHMeM MO3ULMOH-
HocTWu curHanos M-4YM npu HeGONbLLOW MHTEHCUBHOCTU PETPAHCIMPOBAHHOM NMOMEXM NMOMEXOYCTONYMBOCTL MpU-
€emMa 3HauYUTEeSIbHO YNYYLIAeTCs, HO nomexa B60JbLUIO MHTEHCUBHOCTU CUBHO YBENMYMBAET BEPOSTHOCTL OBUTOBOIA
ownbkn. Hannune nomexu ¢ 0THOCUTENIbHON MHTEHCUMBHOCTLIO 0.5 Bbi3biBAET aHepreTudeckne notepu ot 4 oo 6 ob
B 3aBMCMMOCTU OT NO3ULMOHHOCTU. [pn M > 4 curHansl M-4M 3Ha4MTENBHO BbINIPLIBAIOT B MOMEXOYCTOMYNBOCTH
Yy CUFHAI0B C MHOrOMNO3ULIMOHHOM Ha30BO, KBAAPATYPHOW aMMANTYAHON U aMMAnUTyaHO-Ga30BOM MaHUNYNSAUNEN.

KnioueBble cnoBa: MHOrONMO3MLIMOHHAsA YaCTOTHas MaHUNynauna, peTpaHcnmMpoBaHHaaA noMexa, I'IOMeXOYCTOI7I‘-II/I-

BOCTb, BEPOATHOCTb OUTOBOI OLLINGKM
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Mpo3payHocTb GpUHAHCOBOMN AEATENIbHOCTU: ABTOPbLI HE UMEIDT PUHAHCOBOM 3aHTEPECOBAHHOCTW B NPEACTaBNEH-

HbIX MaTepmnanax nin MmetTogax.

ABTOPbI 3a5BASIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

INTRODUCTION

Radio engineering information transmission
systems are widely used in robotic complexes for
military and civilian applications such as civil defense,
emergencies and disaster relief! [1-4]. In a harsh
environment involving a large amount of retransmitted
interference? [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.

For an M-FSK signal, the ith version of sending a
channel symbol with duration 7, carrying information
about k£ = log,M information bits, can be written as

s;(t) = A, cos K

follows:
M+ IDA(M}
(1

LM, t(0,T,],

where 4y =4/2E; /T, is the signal nominal amplitude,
E = kE, is channel symbol energy, E, is the energy per
one bit of information; o, is the center frequency of the
signal spectrum (carrier frequency); Aw = 2Aw,, Ao, is
frequency deviation (the minimum deviation that fulfills
the orthogonality condition is equal to n/27); and ¢ is
time.

By introducing the notations of shift keying index
h=Aw,T/n and multiposition channel symbol
C,=%1,%3,..,£(M 1), expression (1) can be
represented in the following form [15]:

s5;(t) = 4, cos(coot + Cl.hﬂt}.
T
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.

000 001 Aw 011 010 w, 110 100 Aw 101 111
—— o —9o —90 o 9o —eo —0 0>,
W,y Wy W3 W, Wg Wg (A} Wg
Fig. 1. Example of frequency arrangement
for 8-FSK signal

I 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.).
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We use signal (1) with time delay t < 7 and random
phase @, . as the retransmitted interference arising due to
M-FSK signal reflecting from some obstacle:

Sint (t) =

o 25

0<t<t, ©)

e e e

T<t<T,

where p 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.

A M-FSK signal

\

T, 12T, 1 3T,

s ' S ' S

A Retransmitted interferenc

{--- -

' 1
|
s S s
.
> e

T

3
~-

\J

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

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

R(t)= &6(1).
2

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 /; 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 u, phase ¢, ,, delay 1, 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:

M .
Po=1-1]  p,>1)| ,m=i A3)

m

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 p;({,, >I;) included in (3) and
defined through the standard probability integral (error
function), it would be sufficient to calculate their
conditional statistical characteristics:

¢ mathematical expectation

m —2Es 1+ Sinxx
mi NO u X

xlcos (M+1—]+mjAmTSl+n +
2 2 T

S

s y

—pl‘smzcos (M+1_(]+1)JA(DTSL+n ~
2 2 T

i m—1i)AoT.
o usmgcos (m = DAL, _
T g 2

—(m+l+M+1)A(DTSi+n ’
2 2 T

+
=

7\

—_

|

m’\]|¢-\
N

[e)

o

w2
—

I~

M—“—m)Aoo]"sl+n _smy
2 T.

S

e variance

where

AoT T

T]Z(Pint_")oT:XZ(j—m) 25'75

S

( YAGT. G .)A(DTS T
=(m-)AoT,, z=(j—i —,
Y S

S
AOT, (1 —T]
%
.

For obtaining the unconditional error probability

g=(m—1i)

P, the averaging of conditional probability F, for
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random interference parameters, such as the random
phase ¢, ., is carried out using a numerical method.
Parameters p and t 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 P,
recommendation [14] describing the relationship
between its value and the error probability when
receiving channel symbol P, for multiposition
orthogonal signals is taken into account:

P, =P_ /(M 1)(M2)).

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) £ /N, lies within the range from
1 to 13 dB; the relative intensity of retransmitted
interference p lies in the range [0; 1]; the relative
interference delay ©/7; = 0.5. The calculation results
are presented in Figs. 3 and 4.

100
R _ |
106} - |

g 1078} | |
a

o 10710% |
w /

@ qp-12} ) |
10-14¢ 7

10716}
10718}
10—20 1

0 01 02 03 04 05 06 07 08 09 1.0
Retransmitted interference intensity, p

I
e

W=0 AN
NO

Fig. 3. Dependencies of BER P, on the relative intensity
of the retransmitted interference p at £, /N, = 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 (n < 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 (u € [0.4; 0.5]), the use of signals with
multiple frequency-shift keying allows a fairly low
bit error rate (10°-107%) to be maintained, which is
not available when using other types of QAM [10],

M-PSK [11],
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 P,
on SNR E/N, at different relative interference
intensities p (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 (n < 0.1)
and SNR (E}/N, = 10 dB), the BER is seven times lower.

The presence of interference with relative intensity
p=05atP, = 107 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.

and APSK [12] signals at the same

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 (n € [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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Fig. 4. Dependencies of BER P, on SNR E, /N, under the influence of retransmitted interference for signals:
(a) 2-FSK,
(b) 4-FSK,
(c) 8-FSK,
(d) 16-FSK,
(e) 32-FSK
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