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Abstract

Objectives. A key challenge when transmitting data in modern communication systems is the multipath propagation
of signals caused by reflections from various obstacles. Various methods have been developed to address this
issue including: directional antennas; diversity reception; adaptive filtering; and the choice of effective modulation
methods. One promising approach is the use of filters with impulse response (IR) inverse to IR channel. This allows
for compensating delayed signals. The effectiveness of such filters depends on the accuracy of their parameter
settings. The paper aims to develop guidelines for effectively using filters with inverse IR to compensate for multipath.
Additionally, it aims to evaluate the impact of various channel parameters, such as time delays and reflected signal
intensities, on the bit error rate (BER) and to determine the energy gain.

Methods. The methods of statistical radio engineering, the theory of optimal signal reception and mathematical
modeling were used.

Results. The results of a study on the effectiveness of multipath compensation in communication channels when using
filters with inverse IR to that of the channel at the receiving side are presented. A multipath communication channel
model was developed in the Simulink software environment, consisting of six beams with different time delays and
intensities. Discrete information reception was simulated using different modulation methods: 16-QAM (quadrature
amplitude modulation), 8-PSK (phase-shift keying), and 8-FSK (frequency-shift keying). The BER value was estimated
depending on the signal-to-noise ratio and multipath channel parameters, including time delays and reflected beam
intensities. It was shown that the use of filters with inverse IR can significantly reduce BER and improve communication
quality. The change in the BER value is estimated for deviations of filter parameters from the ideal ones.
Conclusions. The results demonstrate that the use of compensating filters is effective in combating multipath
distortion, especially under strong interference conditions. The data obtained can be used for the design and
optimization of modern communication systems operating in complex signal propagation conditions.

Keywords: multipath communication channel, impulse response, filter with inverse impulse response, multi-position
modulation, bit error probability, signal-to-noise ratio
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Pesiome

Llenu. Mpu nepenaye AaHHbIX B COBPEMEHHbIX CUCTEMAX CBA3U OAHOM U3 KNIOYEBbLIX NPOBGIEM SBIIETCS MHOIOJTy4EBOE
pacnpoCcTpaHeHNEe CUMHAMOB, BbI3BAHHOE OTPaXEHUSAMU OT PasfinyHbIX NPpensaTcTeuii. [ns 60pbbbl C 3TUM 3ahdekTom
MCMNONbL3YIOTCH PasHble MeTOpl, TakMe KaK HanpasfieHHblE aHTEHHbI, Pa3HECEHHbIV NpueM, aganTmeHad GunsTpaums
1 BbI6Op 9 PEKTUBHBLIX METOLOB Moaynaumn. OOHVM 13 NEePCrNeKTUBHbIX MOAXOO0B SABASETCS NPUMEHEHME PUNLTPOB
C MMNynbCHOM xapaktepucTtukon (UX), nieepcHom NX kaHana, KOTopble NO3BOASIOT KOMMEHCUPOBATb 3a4epXaHHble
curHanbl. APPEKTUBHOCTb Taknx GUNLTPOB 3aBUCUT OT TOYHOCTU HACTPOMKN NX NapamMeTpoB. Llenb paboTbl cocTouT
B BbipaboTke pekomeHzaumin anst obecnedveHns adEKTUBHOM KOMMNEHCALMN MHOIO/TyHEBOCTU MPU UCMONIb30BaHUN
bUNbTPOB C MHBEPCHOM VX, oLEeHKe BNSHUS NapaMeTPOB KaHasa (BPEMEHHbIX 3a0ePXeEK M UHTEHCMBHOCTEN OTPaXeH-
HbIX CUrHaNI0B) Ha BEPOSTHOCTb 61TOBOI OLWMOKK (bit error rate, BER) 1 onpeaeneHnmn aHepreTMyeckoro BelurpbiLLla.
MeToabl. Icnosib3oBaHbl METOObI CTATUCTUYECKOM PAANOTEXHNKM, TEOPUM ONTUMAaJIbHOIO NPUemMa CUrHasoB 1 Ma-
TEMaTN4EeCKOro MOAENNPOBAHNS.

PesynbTaTtbl. [lpeacrasneHbl pe3ynbtarbl UccnenoBaHna 3d@eKTUBHOCTM KOMMNEHCALMNM MHOMOly4eBOCTU B Ka-
Hanax CBS3u Mpu UCrosib30BaHUM Ha NPUEMHON CTOPOHe GunbTpoB ¢ X, nieepcHomn VX kaHana. B nporpammHon
cpene Simulink pa3paboTaHa MoAeflb MHOIO/ly4eBOro KkaHana CBA3W, BKIIHOYAOLLLASA LWECTb Jlydeil ¢ pasfinyHbIMU
BPEMEHHbLIMU 3a4ePXKaMn U MHTEHCUBHOCTSAMU. [TpoBeAeHO MoaenvpoBaHne npruema auCcKpeTHom nHoopmaumm
ONst pasHbix MeToaoB Moaynsaumn: 16-KAM (kBagpaTypHoi amnanTygHoi), 8-OM (MHOrono3uumMoHHoM (Ga30Boit)
n 8-4M (MHOrono3nuMoHHON YaCTOTHOI) MOAYNAUMAMU. BbinonHeHa oueHka BEPOSATHOCTN GUTOBOM OLWIMOKK B 3a-
BUCVMOCTM OT OTHOLUEHUS CUrHasl/liymM 1 rnapamMeTpoB MHOMOJIy4eBOro KaHasna (BPEMEHHbIX 3adepXekK, MHTEH-
CMBHOCTEN OTPaXXEHHbIX sy4ein). lNokasaHo, 4To NpMeHeHne GunbLTPOB C MHBEPCHOM X no3BONgEeT 3HA4YUTENIbHO
CHU3UTb BEPOSATHOCTbL OMTOBOW OLUMOKN 1 YNYHLLINTb KAY4eCTBO CBA3U. OLLEHEHO 3MeHeHMEe BeNnYuHbl BER npu oT-
KJIOHEHUAX NapamMeTpoB GunbTpa OT naeanbHbIX.

BbiBOAbl. Pe3ynbTaTbl AEMOHCTPUPYIOT, 4TO UCMOJIb30BaHNE KOMMNEHCALMOHHbLIX GUIbTPOB 3 dEKTUBHO A 60pb-
Obl C MHOIOJTY4E€BbIMU NCKAXEHUSIMU, OCOBEHHO B YCITOBUSIX CUIbHOM MHTepdepeHumnn. MonydeHHbIe AaHHbIE MOTYT
ObITb MCMNOJIL30BaHbI A1 NMPOEKTUPOBAHUSA 1 ONTUMUI3ALLMM COBPEMEHHbIX CUCTEM CBSA3U, PabOoTaIOLLMX B CIOXHbIX
YCINIOBUSAX PACNpPOCTPaHEHNS CUrHaOB.
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MpospayHocTb GMHAHCOBOM AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOI 3aMHTEPECOBAHHOCTM B MPEACTAB/IEH-

HbIX MaTepuanax nin Metoaax.

ABTOpbI 329BNASI0OT 06 OTCYTCTBUN KOHDNNKTA MHTEPECOB.

INTRODUCTION

Modern communication systems face various
challenges, one of which is data transmission in
multipath environments. Multipath propagation, caused
by signal reflection from various obstacles, can result
in interference and degradation of the received signal,
significantly reducing the quality of communication.
In order to overcome this issue, several methods
have been developed, such as: the use of directional
antennas [1, 2], diversity reception [3—6], adaptive
filtering [7, 8], and the selection of appropriate
modulation techniques [9—12]. One key method used to
mitigate the negative effects of multipath is through the
use of impulse response (IR) filters which are inverse
to the channel IR which allows delayed signals to be
compensated [13—17]. This paper presents the results
of modeling and analysis of the efficacy of these filters
in a multipath communication channel when utilizing
signals with various modulation techniques, such as:
quadrature amplitude modulation (16-QAM, coherent
detection); multi-position phase-shift keying (8-PSK,
coherent detection); and multi-position frequency-shift
keying (8-FSK, noncoherent detection).

The paper aims to evaluate the impact of multipath
channel parameters (delay, reflected signal strength)
and the filter on the bit error rate (BER) when
receiving discrete signals, as well as to determine the
energy gain from employing filters with inverse IR.
For analysis, a multipath model was developed in the
Simulink! environment, comprising six beams with
distinct delays and intensities (discrete multipath).

MULTIPATH CHANNEL MODEL

An IR communication channel can be defined and
its parameters estimated by means of a preliminary
probing of the channel with specific form signals such
as short d-pulses, signals with frequency modulation,
or signals encoded with specific pseudo-random
sequences [18-23]. While this aspect is not detailed
in the paper, it is assumed that the parameters of

I https://www.mathworks.com/products/simulink.html.
Accessed February 15, 2025.

the IR channel have been determined accurately or
with some degree of error. Such information in the
model can be obtained by using a short probe pulse,
the duration of which determines the lower limit of
the range of possible beam delays. For instance, the
duration of the probe pulse is chosen to be 1 ns.

A discrete multipath channel model (6 beams,
including the direct path 54 () 1is created
using the MATLAB/Simulink (trial version) and
Scilab Xcos® software environments. The delays T
of the signals are O (for the direct path), 7, 14, 21, 28,
and 33 ns, while the relative (relative to the average
amplitude of the direct path signal) intensities , of
the delayed signals are 0.09, 0.08, 0.07, 0.06, and 0.05,
respectively (Fig. 1, left). The values for delays are
provided for illustrative purposes only and may be
adjusted depending on the specific radio propagation
conditions.

Therefore, the output of the multipath channel can
be described as follows:

5
(1) = Sgret (D + D W Srer ¢ =) + (D),
k=1

wherein n(f) is white Gaussian noise (additive white
Gaussian noise channel), 7 is the time.

The circuit of the filter with inverse IR
consists of 6 branches, each with an amplification
factor corresponding to the intensity and time
delay (Fig. 1, right). In the portion which corresponds to
delayed signals, the circuit acts as a mirror (in terms of
polarity) of the communication channel mode.

BENCHMARKING FILTER WITH INVERSE IR

The benchmarking of a filter with inverse IR can be
clearly seen when passing a single probe pulse through
the channel. Figure 2a shows the oscillogram of the
signal at the communication channel output showing
1 direct signal and 5 reflections, which corresponds to
that of the IR channel.

2 https://www.scilab.org/software/xcos. Accessed April 05,
2025.
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Multipath generation Filter with inverse IR
AWGN - >
™ Channel * *
738 0.05 + 738 0.05 +
7728 0.06 + z 28 0.06 +
LH 1 NG
721 0.07 + z21 0.07 +
z14 0.08 + 14 0.08 +
z7 0.09 + z7 0.09 +

Fig. 1. Multipath signal generation and processing
model.
z 'is delay unit, where “~1” is beam delay time

Figure 2b shows the signal at the output of a filter
with inverse IR. This demonstrates that the filter has
compensated for delayed beam signals. However,
instead of these signals, responses appear at time
positions that are twice the time delay. This is easily
explained by the characteristics of signal passage
through the filter [24].

SIMULATION OF COMMUNICATION CHANNEL
USING MULTIPOSITION SIGNALS

Energy gain analysis

The study analyzes the energy gain (in terms of
signal-to-noise ratio, SNR) in relation to the relative
intensity of a reflected beam for various modulation
techniques: 16-QAM, 8-PSK, and 8-FSK. The modeling
is conducted with one direct and one reflected beam,
with a delay of 7 ns. The intensity of the reflected beam
u varies over a broad range, allowing for an assessment
of the impact of both weak and strong reflections on
bit error rates. For each modulation technique, the
relationships between BER and SNR (E/N,, where
E, is the energy per bit of information and N,, is the noise
power spectral density) are plotted (Fig. 3) both without
the use (dashed lines) and with the use of the inverse
IR filter (solid lines).

Figure 4 shows the results of calculating the energy
gain for BER = 1073,

Figures 3 and 4 show that for a reflected beam
intensity of p = 0.3, the gain in the SNR (E}/N,),
when wusing a filter with inverse IR, varies
between 1 and 10 decibels, depending on the modulation
scheme employed. The gain for the 16-QAM signal is
approximately twice that of the 8-PSK signal, and more
than 10 times that of the 8-FSK signal. This is due to the

Sost
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ok I Il M m M

0 5 10 15 20 25 30 35 40
Time, ns
(a)

T T T T T T

1.4]

1.2}
> 1.0
%;;0.8-

0 5 10 15 20 25 30 35 40
Time, ns
(b)

Fig. 2. Oscillograms: (a) IR; (b) signal at the output
of the filter with inverse IR

fact that the 8-FSK signal has the highest initial immunity
to interference [11]. For example, with the reflected
beam intensity of p = 0.3 and SNR (£,/N,) of 9 dB,
BER without a filter is approximately 1073 for 8-FSK.
It is more than one order of magnitude higher for 8-PSK
and twice as high for 16-QAM.

The relationship between BER and SNR

The next stage of the study involves modeling
a communication channel with 1 direct beam and
5 reflected beams, each with varying delays (7, 14,
21, 28, and 33 ns) and intensities (for 16-QAM
and 8-PSK, u=10.09, 0.08, 0.07, 0.06, and 0.05 relative
to the average amplitude of the direct signal beam,
and for 8-FSK, p = 0.2, 0.3, 0.4, 0.5, and 0.6).
The simulation results are BER as a function of
SNR (£,/N,) for various numbers of beams (Figs. 5-7),
with (solid lines) and without (dashed lines).

Figures 5 and 7 show that for any number of
received signals, the filter with inverse IR compensates
for multipath interference for all signal types, thus
reducing BER. For example, with SNR of 10 dB for
16-QAM and 8-PSK signals with 5 received reflections,
BER is reduced approximately by a factor of 7. For
8-FSK signal which has higher noise immunity. More
intense reflections are used in the simulations, thus the
improvement is less significant than when compared to
16-QAM and 8-PSK signals.

Russian Technological Journal. 2026;14(1):31-42

34



Investigation of multipath compensation efficiency in communication channels

using filters with inverse impulse response

Yuriy A. Polevoda,
Gennady V. Kulikov

BER

BER

BER

10—4 L

10-5

| | = Direct beam
fl® pu=0.1

e u=0.3

L[> pu=0.5

< u=09
< u=0.1
- u=0.3

£ —9—u=0.5

<+ u=09

2 4

6 8
SNRE,/N,, dB

(a)

10

1074

1075+

i Direct beam

-7 u:()‘]

il -e u=03

-b> u=05
- u:()g

(| u=01

106

100

2 4

10

6 8
SNRE,/N,, dB

(b)

10-1%

1072

103

1074

10-5+

106

-e- Direct beam
-+ pu=0.1
- u=0.3
> pu=0.5
< u=09
< pu=0.1
- u=0.3
> u=0.5

2 4

6 8
SNR E/N,, dB

(c)

Fig. 3. BER dependency on SNR when receiving signals

with one direct and one reflected beam:
(a) 16-QAM;
(b) 8-PSK;
and (c) 8-FSK

Gain, dB

Gain, dB

Gain, dB

18

16}

14}

0.05 0.10 0.15 0.20 0.25
Relative intensity of reflected beam

(a)

0.30

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.05 0.10 0.15 0.20 0.25
Relative intensity of reflected beam

(b)

0.30

e

Fig.

0.05 0.10 0.15 0.20 0.25
Relative intensity of reflected beam

(c)

0.30

4. Results of calculating the energy gain for:
(a) 16-QAM;
(b) 8-PSK;
and (¢) 8-FSK

Russian Technological Journal. 2026;14(1):31-42

35



Investigation of multipath compensation efficiency in communication channels

using filters with inverse impulse response

Yuriy A. Polevoda,
Gennady V. Kulikov

BER

BER

1 reflected beam

2 reflected beams

10-Tv T T T T = 10~ T
‘]0—2 - N E 10_2 F % v\
~ % % E ~ T
\\ m
\‘7\ \\
103 ¢ S 1079} ‘
A Y
\
-~ Direct beam N -e- Direct beam
-% Without filtering \ - Without filtering
104 - -=- With filtering ) 104t -=- With filtering
2 4 6 8 10 12 2 4 6 8 10 12
SNR E,/N,, dB SNR E,/N,, dB
(a) (b)
3 reflected beams 4 reflected beams
10_1‘ 10—1 [ ~ T T T
" U~
Tw
1072 1072 F =
. ~
[}
m
10—3 L 10_3 F
-6- Direct beam ' [ Direct beam
-= Without filtering ' | == Without filtering
-=- With filterin -%- With filterin
1074 i L 1 g L 1 1 L 1074 » 1 g L 1
2 4 6 8 10 12 2 4 6 8 10 12
SNR E,/N,, dB SNR E,/N,, dB
(c) (d)
5 reflected beams
10! = T .
== :
~ v §
T
.
102 L ~ e g
o
w
m
103+
-6- Direct beam
- Without filtering
-%- With filterin
10_4 3 L L g L L L 1
2 4 6 8 10 12

SNRE,/N,, dB
(e)

Fig. 5. BER dependence on SNR at different number of beams for 16-QAM

36

Russian Technological Journal. 2026;14(1):31-42




Investigation of multipath compensation efficiency in communication channels

using filters with inverse impulse response

Yuriy A. Polevoda,

Gennady V. Kulikov

BER

BER

1 reflected beam

107§

102

103 1 &
m
104 ]
-~ Direct beam e
-¢ Without filtering
-%- With filtering
1 -5 I L I L I |
0 2 4 6 8 10 12
SNR E,/N,, dB
(a)
3 reflected beams
10—1 T T T T
1072 ¢
1073 - i
[ m
1074+

105

| | == Direct beam
[ | == Without filtering

-=- With filtering

2 4 6 8 10 12
SNRE,/N,, dB

(c)

107

10721

1073 ¢

2 reflected beams

104 -
-6- Direct beam
- Without filtering
-=- With filtering
-5 | | I | I L
10 2 4 6 8 10 12
SNR E,/N,, dB
(b)
4 reflected beams
107 1¢

10-2

10-3

104

10°5

-6~ Direct beam
- Without filtering

-=- With filtering
2 4 6 8 10 12
SNRE,/N,, dB
(d)

5 reflected beams

10-1

102}

1073 ¢

BER

104§

-6- Direct beam

- Without filtering

-=- With filtering

-5 I

6

(e)

8

SNRE,/N,, dB

10 12

Fig. 6. BER dependence on SNR at different number of beams for 8-PSK

Russian Technological Journal. 2026;14(1):31-42

37



Investigation of multipath compensation efficiency in communication channels
using filters with inverse impulse response

Yuriy A. Polevoda,
Gennady V. Kulikov

BER

BER

1072 ¢

108+

1074 ¢

105 ¢

1076}

10-7

100

10-1

1072

103

1074+

105 ¢

1076 4

1077

1 reflected beam

1

[ Direct beam N
[| -# Without filtering hPE
| === With filtering

2 83 4 5 6 7 8 9 10 11 12 13

SNRE,/N,, dB
(a)

3 reflected beams

-o- Direct beam
-+ Without filtering E
-=- With filtering

1

2 3 4 5 6 7 8 9 10 11 12
SNRE,/N,, dB

(c)

13

BER

BER

2

reflected beams

1072

1073

1074 ¢

1075 ¢

1076 §

107

-e- Direct beam
-+ Without filtering
-=- With filtering

2 3 4 5

4

6 7 8 9
SNRE,/N,, dB

(b)

reflected beams

100

1071 F
1072}
1073}
10741

1075 |

106

107

-e- Direct beam

[| -# Without filtering

-=- With filtering

1 L L

2 4

5 reflected beams

100 T
107" ¢
1072 ¢
103 ¢
o
0
1074+
10—5 L
-6- Direct beam
1076 - -+ Without filtering
-%- With filtering
10—7 1 T 1
0 2 4 6

8

SNRE,/N,, dB

(e)

10 12

6 8 10 12
SNR E,/N,, dB

(d)

14

Fig. 7. BER dependence on SNR at different number of beams for 8-FSK

38

Russian Technological Journal. 2026;14(1):31-42



Investigation of multipath compensation efficiency in communication channels

using filters with inverse impulse response

Yuriy A. Polevoda,
Gennady V. Kulikov

The impact of parameter inaccuracy
in the filter with inverse IR

The performance of the filter with inverse IR depends
on the precision of its parameter settings, including gain
coefficients and time delays within the branches. Under
real-world conditions, these parameters can deviate from
their calculated values due to variations in the signal
transmission environment, inaccuracies in channel
estimation, or errors in adaptive algorithms. Therefore,
it is essential to assess how parameter deviations in
the filter with inverse IR affect communication quality
and BER.

In order to evaluate this, a scenario is selected with
a channel comprising a direct and delayed signal, with
a relative power of 0.2 and a time delay of 21 ns at
SNR of 10 dB.

Figure 8 presents graphs of the relationship
between BER and deviation of the gain in the filter
branch, normalized to a nominal value of 0.2, for
16-QAM, 8-PSK, and 8-FSK signals.

From the results obtained, it can be concluded
that the correct operation of the filter is maintained
within a fairly broad range of gain variations in the
filter section. Therefore, even if the gain deviates by
1.5 times the nominal value specified by the reflected
beam level, BER will increase approximately
twofold. If the gain deviates two times, BER will
increase by an order of magnitude for all signals under
consideration.

Figure 9 shows graphs of the relationship
between BER and the deviation of the delay in the
filter branch, normalized to a nominal value of 21 ns,
for 16-QAM, 8-PSK (at the reflected beam intensity
of ©=0.2), and 8-FSK (at the reflected beam intensity
of n=20.5).

The graphs in Figs. 9a and 9b (for 16-QAM
and 8-PSK, respectively) have a characteristic
appearance which can be explained by the use of
a complex envelope in the signal representation
model. This results in a lower “plateau” along
the normalized delay time axis, with a duration
determined by the channel symbol duration, during
which the information component of the signal phase
remains constant. When the delay deviates beyond the
boundaries of this “plateau,” BER sharply increases.
For the 8-FSK model, BER cannot be accurately
estimated when the delay deviates from the nominal
value by less than 5% due to certain software
limitations. Nevertheless, the results indicate that the
filter is operating correctly within a very narrow range
around the nominal delay value. It can be said that an
accuracy of approximately 1% is required for proper
operation.
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Fig. 8. BER dependence on the normalized gain
deviation in the filter branch for signals:
(a) 16-QAM;
(b) 8-PSK;
and (c) 8-FSK
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and (c) 8-FSK
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CONCLUSIONS

The paper presents the results of an investigation
into the efficiency of the filter with inverse IR to that
of the communication channel with a discrete multipath
at the reception of signals with multi-position types of
modulation, such as 16-QAM, 8-PSK, and 8-FSK. Based
on mathematical modeling in the Simulink environment,
the impact of channel parameters and filter parameters
on BER is explored.

The use of such compensation filters offers
a substantial energy advantage in terms of SNR, which
varies depending on the modulation type from units to
tens of decibels, making them particularly promising for
high-speed communication systems. It was ascertained
that the filter continues to function with deviations in the
branch gains up to 1.5 times the nominal value, although
it is highly sensitive to the accuracy of time delays, with
a permissible deviation of 1%.

The efficiency of the filter is also dependent on the
number and intensity of beams. Therefore, the upper
limit of applicability can be considered to be the value
of u, which is slightly greater than 0.5. When p — 0.9,
the filter becomes ineffective due to the high level of
response at time positions that are twice the time
delay (Fig. 2).

Therefore, the use of filters with inverse IR to that
of the communication channel is an effective method for
combating multipath distortion, significantly improving
communication quality and gain. The results obtained
confirm the potential of this approach in increasing the
reliability and capacity of modern telecommunication
systems.

Future research will focus on developing adaptive
algorithms aimed at determining the IR of the
communication channel and automatically determining
parameters for a filter with inverse IR.
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