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Abstract - Background. For further development of communication networks, it is planned to use hybrid satellite networks

for traffic transmission. However, satellite communication channels have features such as distortion caused by the Doppler effect

and increased energy efficiency requirements. Aim of this study is to analyze variants of orthogonal frequency multiplexing

methods and modulation methods in order to choose the most stable technology, taking into account destabilizing factors.

Method. Comparing different signal processing technologies and studying their resistance to bit errors is the imitation modeling

of the communication channel in the Matlab environment. This approach allows creating a model of the communication

network, taking into account the main parameters of communication channels, such as the Doppler effect, energy deficiency and

destabilizing factors. Results. The distribution of the bit error coefficient for various signal processing technologies, depending

on the signal-to-noise ratio, is compared. The method of frequency multiplexing is defined, providing the minimum peak factor

and the most resistant to bit error. It is also noted that the effectiveness of all the studied technologies depends on the spacing

and modulation constellations, and that it is necessary to adjust the characteristics of the system for each case. Conclusion.

The results of this study can be used to improve the quality of communication in difficult interference conditions of hybrid

mobile networks of 5 and 6 generations using the satellite segment.
Keywords - OFDM; DFT-s-OFDM; Zero-tail; Unique Word; LEO satellites; convergent telecommunication systems; 5G NR; 6G.

Introduction

The emergence of standardized Narrow Band In-
ternet of Things (NB-IoT), Industrial Internet of
Things and fully connected vehicles (Vehicle-to-Eve-
rything, V2X) has led to a shift in the focus of mobile
networks from connecting people to connecting de-
vices. However, terrestrial networks have territorial
limitations related to base station coverage, so it is
proposed to use non-terrestrial communication net-
works to provide total coverage [1]. Currently, several
solutions based on Orthogonal Frequency-Division
Multiplexing (OFDM) technology are known for sig-
nal transmission in terrestrial and satellite networks.
However, transmissions with high Peak-to-Average-
Power-Ratio (PAPR) can quickly deplete the battery
power of devices and lead to internal interference
[1]. Therefore, a variation of OFDM, named DFT-s-
OFDM, is proposed as an alternative solution that re-
duces the peak factor and provides low computational
complexity of signal processing algorithms by intro-

ducing direct and inverse discrete Fourier transform

kosshak17 @yandex.ru (Roman O. Salnikov)

(DFT, IDFT, Discrete Fourier Transform, Inverse
Discrete Fourier Transform) into standard OFDM
algorithms. The use of the zero-tail method [2] for
controlling the out-of-band radiation and PAPR pa-
rameters is also discussed. Hybrid signal processing
techniques using zero-tails or unique words [3] can
be applied in hybrid communication networks where
satellites extend the coverage area and provide con-
tinuity of service to subscribers. Modern low-orbit
satellites travel in circular orbits at altitudes between
300 and 1500 km [4-6].

1. Analysis of peculiarities of data
retransmission from low-orbit satellites

When retransmitting data over satellite commu-
nication networks, latency and Doppler shift are the
main problems that need to be addressed in hybrid
networks. Doppler shift causes changes in carrier
frequency, phase, and subcarrier frequency diver-
sity, which can lead to interference between signals.

In the worst case, the Doppler shift can reach val-

© Salnikov R.O. et al., 2024
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ues up to several hundred kHz and its rate of change
can be several kHz/s [7-8]. The Doppler shift can be
compensated using satellite motion information and
subscriber terminal location. The Doppler shift also
depends on the relative velocities of the terminal and
satellite, and increases with increasing frequency.
A low-orbit satellite can be connected to the sub-
scriber’s terminal within 14 min. To reduce the Dop-
pler effect during data transmission in the satellite
channel, orthogonal frequency-division multiplexing
with DFT distribution of subcarrier frequencies and
block tails zero padding is used. This is accomplished
by nulling the data symbols affecting the tail of the
DFT-s-OFDM symbol. The so-called zero-tail is anal-
ogous to the cyclic prefix in CP-OFDM, which allows
frequency channel equalization to be maintained.
ZT-DFT-s-OFDM signal processing technology is
a modernization of DFT-s-OFDM technology, but
their structures are almost identical. Zero-padding
both ends of the DFT distribution block provides
a significant reduction of the out-of-band emissions.
Flexibility in setting the length of guard intervals is
provided by defining the number of zeros at the input
of the DFT-distribution block. The papers [3; 9] de-
scribe the UW-DFT-s-OFDM technique, which uti-
lizes unique pattern-words to create non-zero fixed
samples in ZT DFT-s-OFDM, DFT-s-OFDM, OFDM
symbols. The UW pattern can be added either before
or after the Fourier transform, and orthogonality be-
tween the useful data and the UW pattern is main-
tained. When demodulating data symbols, there is no
need to know the unique word at the receiving end.
UW signals retain their contiguity due to circular

convolution using the sinc function.

2. PAPR estimation and compensation
under the influence of the Doppler
effect in the satellite channel

Consider the process of transmitting signals be-
tween a low-orbit satellite and ground equipment, or
a mobile subscriber who is located in a moving high-
speed ground or air vehicle. Data on Doppler shift
calculations and channel model for such cases are
presented in 3GPP studies [7; 10].

DFT precoding [11; 12] transforms the input sig-
nals into the frequency domain to create single-carri-
er block signals with different bandwidths by varying
the DFT block size with respect to the guard inter-

val duration. DFT-s-OFDM reduces Out Of Band
Emissions (OOBE), and has simpler and more flex-
ible implementation mechanisms to control param-
eters such as PAPR and OOBE compared to OFDM
and analogs. It also reduces the PAPR and increases
the sampling rate of data symbols. This results in the
generation of a signal at a single carrier frequency.
Suppose that the total number of subcarriers that
will carry useful information is M, in which case the
input data is as follows: {d;, 0<i<2M -1}, and they
are displayed as: {x = d2(i—1) +jdy; 4, 0<I<SM-1}
The display will then be provided using DFT, as
shown in (1).
M-1
S, = FFT(q)= Y xe”™ M. (1)
1=0
DFT-distributed St
0<k<M-1} are arranged in M subcarriers, which

symbols related to
are a smaller part of the N =QM number of subcar-
riers, due to the zero padding operation, as shown
in (2).
The zero padding operation can be described as:
{Sk, 0<k<M-1,
L =

2
0, M<k<N-1, @

where k is the symbol of the k-th subcarrier [13].

There are two variants of subcarrier frequency allo-
cation for subscribers in FDMA technology: distrib-
uted (DFDMA) and localized (LFDMA) [14]. DFDMA
uses M subcarriers in the DFT transform over the
entire frequency band, zero padding the remaining
(N-M) carriers. LFDMA uses M consecutive subcarri-
ers in a frequency band of N subcarriers, zero padding
the remaining (N-M). There is also an IFDMA access
method, which is a variation of distributed FDMA,
where the output of the DFT transform is distributed
with equal spacing N/ M =S.

In general, the value of PAPR is determined by for-

mula (3)
P
Pmax \J’ (3)
avg

In order to evaluate noise-like signals transmitted

PAPR =10log,, [

in wireless networks, it is necessary to know the sta-
tistical description of their power levels. To do this,
the Complementary Cumulative Distribution Func-
tion (CCDF) is used to indicate how long the sig-
nal is at or above a certain power level. The CCDF

curve is a graph of the dependence of power levels
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on probability. This function is also used to estimate
nonlinearities in power amplifiers and transmitters.
The probability that PAPR does not exceed a given
threshold power level, denoted as Fp, pg(2), and that
PAPR not exceeding z, where z is the threshold signal
level, will be equal to:

N
2

T2
FPAPR(Z>:P(PAPR<Z): 1-—e 20 , (4)

for N low-speed data streams, with CCDF as

N
2

CCDF =1—|1-¢ 20" | | (5)

Traditionally, synchronization errors due to mul-
tipath can be corrected due to pilot estimation be-
cause synchronization errors are converted into
phase errors using Cyclic Prefix (CP). This also makes
the subcarriers immune to the temporal circular shift
that causes phase errors.

The relationship between BER (Bit Error Rate)
and Doppler shift in wireless communication is an
important area of research in telecommunications.
BER, or Bit Error Rate, is a key quality indicator in
digital communication systems [15]. It is calculated
by determining the ratio of the number of incorrectly
received bits to the total number of bits transmitted.
A high BER indicates poor communication quality,
which can lead to data loss and inefficiencies in the
communication system. Doppler shift, on the other
hand, is a physical effect caused by motion between
the transmitter and receiver. This movement can
change the frequency of the received signal relative
to its original frequency. Changing the frequency can
distort the signal and increase the BER. The distor-
tion is particularly noticeable when the transmitter
or receiver moves quickly, which is common in mo-
bile wireless systems. In mobile communications,
where devices often move at high speeds, such as cell
phones in moving cars or trains, the effect of Dop-
pler shift can be particularly noticeable. This leads
to a significant increase in BER and degradation of
communication quality.

The Doppler effect is very important for bit error
rate estimation, especially for low-orbit satellite sys-
tems. The transit time of such satellites is limited to

14 min. The relative velocity of the satellite is max-

imum at a position angle of 30° and below. At this
point, the Doppler shift reaches maximum. Thus,
the signal spectrum is shifted from the nominal value
that is generated by the local heterodyne, resulting in
demodulation errors [16-17].

In addition, an OFDM system requires tight fre-
quency synchronization compared to single-carrier
systems because the subcarriers are narrowband and
each subcarrier experiences different Doppler shifts.
Doppler diversity properties can be used in multi-car-
rier systems to combat channel fading, for example
by artificially adding shifts using digital processing
at the transmitter. However, this anti-fading solu-
tion leads to a significant deterioration of the PAPR
parameter values. Obviously, after Doppler shift of
a multi-carrier signal, the amplitude of the superim-
posed signal changes more dramatically in the time
domain, which leads to an increase in PAPR [18-19].

We use a linear filter model with a dedicated de-
lay with time-varying coefficients to model the chan-
nel. Each delayed signal is modulated in amplitude
and phase by independent random functions of the
main frequency band time, resulting in Rayleigh fad-
ing. TDL (TappedDelayLine) channel models [10; 20]
are defined for the full frequency range from 0,5 to
100 GHz with a maximum bandwidth of 2 GHz. This
paper considers a TDL-C channel model that de-
scribes the behavior of a wireless channel consider-
ing the effects of multipath propagation, fading and
noise. This model can be used to simulate various
wireless communication scenarios and evaluate the
performance of communication systems. Some ap-
plications of the model include evaluating the per-
formance of 5G mobile networks in urban and rural
areas, and designing communication systems for
high interference environments. The paper also ana-
lyzes the effect of signal processing technologies and
channel types on PAPR and bit error rate in satellite

channel.

3. Modeling results

Simulation modeling was carried out in Matlab en-
vironment, the code used is based on the simulation
program presented in [21-22].

The main data used in the modeling are: signal pro-
cessing techniques and data access methods, such as
OFDM, with and without cyclic prefix (OFDM and
OFDMnoCP); DFT-s-OFDM, with and without cy-
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clic prefix (DFT-OFDM and DFT-OFDMnoCP); its
hybrid variations, ZT-DFT-s-OFDM and UW-DFT-s-
OFDM (ZTLFT-OFDM and UWFT-OFDM), as well
as the frequency-division multiplexing method with
multiple carriers using a frequency filter comb (Fil-
terBankMulticarrier, FBMC). OFDM and FBMC
techniques have already been validated for use in
[23-24]. Other

data used in the modeling include the radiated sig-

satellite communication channels

nal waveform, number of subcarriers, modulation or-
der, carrier frequency (4,8 GHz, [25]), channel model
(AWGN, TDL [10; 26]), and so on. Since the channel
is modeled for communication with a satellite in low-
Earth orbit, the velocity values are taken as 7556,2 m/s
or 27202,32 km/h (orbit altitude of 600 km).

The simulation compares the distribution of the
bit error rate as a function of the change in signal-to-
noise ratio for different signal processing techniques.
The obtained bit error rate graphs for AWGN and
TDL-C channels are presented (Fig. 1). Fig.1, a shows
the result of bit error rate estimation under white
Gaussian noise, which does not take into account
the satellite speed, with subcarrier spacing of 30 kHz
and modulation constellation of 16-QAM. The effect
of Doppler shift under high speed movement condi-
tions introduced significant distortion in the estima-
tion of the bit error rate. For this reason, Figs. 1, b—c
are enlarged for better clarity. The minimum value of
BER for DFT-s-OFDM-based processing technolo-
gies under satellite-Earth channel conditions was
achieved in the case of 480 kHz spacing and QAM-16
modulation (Fig.1, b), the variations of the obtained
BER values for different technologies lie in the range
from 0,15 to 0,2. Considering the results in general,
the FBMC method showed the lowest BER value dur-
ing the study. After the conducted experiments, it is
worth noting that the efficiency of all presented tech-
nologies changes with the change of separation in-
tervals and modulation constellations, which allows
us to conclude that it is necessary to adjust the char-
acteristics of the system for each specific case. All the
above experimental results show a rather high com-
plexity in channel error correction for satellites mov-
ing at high velocities. Nevertheless, proper selection
of the modulation constellation and development of
frequency plans, including for networks of 5G and 6G

technologies, can yield positive results.
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Fig. 1. Graphs of the bit error coefficient for all the presented
processing technologies: a - AWGN channel; b - channel TDL_C,
QAM-16, subcarrier spacing - 480 kHz; ¢ - TDL_C channel, QAM-
64, subcarrier spacing - 480 kHz

Puc. 1. Tpaduku koadpuiieHTa 6UTOBON OIIHOKHU /ISl BCEX IPen-
CTaBJIEHHBIX TEXHOJIOIHH 06paboTku: a — kanan AWGN; 6 - kaHan
TDL_C, QAM-16, pasHecenue nogHecymux - 480 kI'y; 6 — KaHan
TDL_C, QAM-64, pasHeceHue nogHecymux — 480 kI'ny
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Fig. 2. PAPR graphs for all presented processing technologies:
a - AWGN channel; b - channel TDL_CQAM-16, subcarrier spac-
ing - 480 kHz; ¢ - TDL_CQAM-64 channel, subcarrier spacing -
480 kHz

Puc. 2. Ipa¢uku 3aBucumoctu PAPR x CCDF s Bcex mpen-
CTaBJIEHHBIX TEXHOJIOIHH 06paboTku: a - kanan AWGN; 6 - kaHan
TDL_CQAM-16, pasHeceHue nopHecymux - 480 xI'u; 6 - KaHan
TDL_CQAM-64, pazHeceHue nogHecymux — 480 xI'n

Fig. 2 shows the graphs of the dependence of CCDF
on PAPR for all studied signal processing technolo-
gies. Fig. 2, a shows the PAPR estimation result for
a channel with white Gaussian noise, ignoring the
satellite velocity, with a subcarrier spacing of 30 kHz
and a modulation constellation of 16-QAM. DFT-s-
OFDM-based signal processing techniques signifi-
cantly reduce PAPR values (3-4 dB difference) rela-
tive to OFDM, OFDMnoCP, and FBMC processing
techniques under conditions of significant Doppler
shift exposure (Fig. 2, b—c). With the change of modu-
lation format and increase of subcarrier diversity, the
energy efficiency of UW-DFT-s-OFDM and ZT-DFT-
s-OFDM technologies in modeling data transmission
in satellite channel increases.

Nevertheless, as can be seen from the figures in
Fig. 2, b-c, the size of the QAM modulation constella-
tion affects the PAPR level in the context of complex
channels. The larger the constellation size, the great-
er the potential signal power levels, and hence the
higher the PAPR. For example, 64-QAM has a larger
PAPR compared to 16-QAM.

The above results allow us to consider the hybrid
UW-DFT-s-OFDM and ZT-DFT-s-
OFDM as effective methods to improve the quality

technologies

of services in complex interference conditions and as
candidates for use in mobile networks of 5 and 6 gen-
erations with space segment from the point of view of

PAPR reduction in the transceiver equipment.

Conclusion

The study shows that for data transmission be-
tween mobile subscriber and satellite segments in
new converged fifth and sixth generation networks,
it is feasible to use DFT-s-OFDM technologies and
their hybrid variations to reduce the PAPR level and
preserve the channel energy performance. However,
the results for the bit error rate parameter are not as
good, which may be corrected by proper selection of
modulation constellation and frequency plans. In or-
der to reduce the bit error rate values in complex
channels, it is further proposed to investigate the use
of deep learning techniques and determine the neces-
sary characteristics to reduce the BER.
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AHaIU3 METOOB CHHIKEHUSI MUK-PaKTOpa CUTHAIA
B ycioBusx BausiHus 3¢ Pexra [Jomnepa
B THOPUIHBIX CETSAX CBA3HU

P.O. Canvrukos ©, U.K. Mewkos ©, A.P. 'usamynun ©,
AJI Tumogees ®, A.X. Cynmanos ®, A.A. Xapenko ®, A.I. Mewkosa

Y$UMCKUM YHUBEPCUTET HAYKU M TEXHOTOTHH
450076, Poccus, r. Yoa,
yn. 3aku Banupgu, 32

Annomayus - O6ocHoBaHue. [1151 [abHENIIIEr0 Pa3BUTHUS CETEH CBSI3H INIAHUPYETCs UCII0Ib30BaHIEe THOPUAHBIX CIIyTHUKOBBIX
cerell must nepepadn tpaduka. OGHAKO CIYTHUKOBBbIE KaHA/Ibl CBSI3W UMEIOT OCOOEHHOCTH, TaKHe KaK MCKa’KeHHs, BHI3BAHHBIE
a¢dextom [lomnepa, U MOBBIIEHHbIe TPeGOBaHUS K dHeproadpdexTuBHOCTH. LleNb JaHHOTO HCCIENOBAHUS - AHAIU3HPOBATH
BApHAHTBl METONOB OPTOrOHAIBHOIO YACTOTHOTO MY/IBTUIUIEKCHPOBAHHS M METOLBI MOMYNSLMH, YTOGBI BEIOpaTh Haubosee
YCTOMYMBYIO TEXHOJIOTHIO, YIUTBIBAs AecTabunuaupymoine ¢pakTopbl. MeTOZOM CpaBHEHHUSI PA3IMYHBIX TEXHOJIOTHH 06paGoTKU
CHUTHAJIOB U UCC/IeJOBAHUS UX YCTOMUMBOCTH K OUTOBBIM OLIMOKAM SIBJISIETCSI UMUTALIMOHHOE MOJeIMPOBaHNe KaHala CBSA3H B Cpefie
Matlab. DToT momxo[ MO3BOJSAET CO3[ATH MOMEIb CETH CBSI3H, YUUTBIBAIOLIYI0 OCHOBHBIE apaMeTPbl KAHAIOB CBS3U, TAKHe KaK
addekt [Jomnepa, sHeprofneUUUTHOCT U fecTabunusupyolye ¢pakTopsl. Pesynprarsl. [I[poBefeHO CpaBHEHHE pacIpefeseHus]
Koo¢uIeHTa GUTOBON OMMOKY AJIsI Pas3TUYHBIX TEXHOIOIHH 06pabOTKY CHIHAIA B 3aBUCHMOCTH OT OTHOIIEHHS CUTHAJI/LIYM.
OrmpefiesieH METOJ, YaCTOTHOT'O MyJ/IBTUIIIEKCHPOBAHMUSI, 06€CIIeYHBAOIIMH MUHUMAIBHBIN [THK-PaKTOp U HanGojee yCTONYUBBIN K
6uToBOH omubKe. Takke oTMedaeTCsl, 4TO 9 PEeKTHBHOCTD BCEX UCCIIEJOBAHHBIX TEXHOTIOTHH 3aBUCHUT OT MHTEPBAJIOB Pa3HeCEeHHUsI
U MOJY/SLMOHHBIX CO3Be3IUH M 4TO HEOOXOAMMO HACTPAaHUBATH XapaKTEPUCTHKHM CHCTEMBI AJIsl KaKAOTO Ciydas. 3aKIlo4YeHHe.
Pe3ynbTaTel 9TOTO UCCIIENOBAHMS MOTYT GBITH HCIIONB30BAHBI IS YAy4IIEHHs KA4eCTBA CBSI3U B CIIOKHBIX [TOMEXOBBIX YCIOBUSIX
rMOPUAHBIX MOGHIIBHBIX CETeH 5-I'0 U 6-T'0 MOKOJIEHHUH C UCIO0Ib30BAHUEM CIyTHUKOBOI'O CEIMEHTA.

Kniouesvie cnosa - OFDM; DFT-s-OFDM; Zero-tail; Unique Word; Hu3KoOp6HTanbHBIE CIYTHUKH; KOHBEPrEHTHBIE
TeJleKOMMYHHMKallMOHHbIe cucTeMbl; 5G NR; 6G.
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