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Abstract

Objectives. Orthogonal frequency division multiplexing (OFDM) has become the standard for various high-speed
wireless communication systems due to its several advantages, one of which is the efficient use of bandwidth. The main
disadvantage of OFDM is the high peak-power-to-average-power ratio (PAPR), which is indicated by an increase in the
bit error rate due to the nonlinearity of the power amplifier. The paper sets out to evaluate the possibility of reducing
the PAPR value using a limitation method developed by the authors involving an additional compensation signal
in a channel with white Gaussian noise, as well as to analyze its main parameters.

Methods. Statistical radio engineering and computer modeling methods are used according to optimal signal reception
theory.

Results. The effect of the OFDM signal limitation level and the number of additional signals when using the limitation
method with an additional compensation signal on the quality (reduction of transmission losses) of the OFDM signal
is analyzed. The results show a decrease in the OFDM signal PAPR value, along with the dependencies of the bit error
rate on the signal-to-noise ratio at fixed limitation values and a determined number of additional signals in the channel
with white Gaussian noise.

Conclusions. The proposed limitation method with an additional signal when transmitting an OFDM signal
in a channel with white Gaussian noise provides compensation for information losses due to signal level limitations
in the transmission channel. Increasing the limitation level is shown to increase the PAPR value, while varying the
number of additional signals changes PAPR insignificantly. In order to ensure the effective implementation of the
limitation method with an additional compensation signal, the parameters of the threshold limitation level and number
of additional signals should be selected depending on the predicted signal-to-noise ratio in the system.
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Pe3iome

Uenun. MynsTunnekcrupoBaHue C OPTOrOHasIbHbIM YHaCTOTHLIM padaeneHnemM kaHanos (orthogonal frequency division
multiplexing, OFDM) cTano ctaHaapToM AJ1s1 pasfnyHbIX CUCTEM BECNPOBOAHOM CBA3M C BbICOKOW CKOPOCTbLIO Nepe-
[a4n AaHHbIX 6naroaaps HECKOMbKUM MPENMYLLLECTBAM, OOHUM N3 KOTOPbIX ABNASeTCs 3PPEKTUBHOE UCMOb30Ba-
HVe Mosnockl YacToT. MaBHbIM HegocTatkoM OFDM aBNSeTCs BbICOKOE 3HAYEeHWEe OTHOLLEHWS MUKOBOM MOLLHOCTU
K CpedHen MOLHOCTN — NUK-DaKTOPy, Ha HYTO yKa3bIBAET MOBbLILLUEHME YAaCTOTbl OUTOBbIX OLUMOOK N3-3a HENMHEN-
HOCTU YCUNUTENS MOLLHOCTW. Llenb ctatbm — oueHKa BO3MOXHOCTUN CHUXEHNS 3HAYEHUS NUK-(dakTopa ¢ NOMOLLbIO
pa3paboTaHHOro aBTopamMm MeToAa OrpaHNYeHns C AOMNOJHUTENIbHbIM CUTHANOM KOMMEHCALMK B KaHase ¢ 6enbim
rayCCOBCKUM LLYMOM 1 aHaNM3 ero OCHOBHbIX NapamMeTpoB.

MeToabl. VIcnonb3oBaHbl METOAbl CTATUCTUYECKOM PagUOTEXHUKW, TEOPUM ONTUMASIBHONO MNpuUemMa CUrHanoB
1 KOMMbIOTEPHOI0 MOAENTMPOBAHUS.

Pe3ynbTaTthl. [IpOBeeH aHaNM3 BIUSHUS YPOBHS orpaHunyeHns curdana OFDM mn yncna gononHUTeNbHbIX CUTHAIOB
Mpwv NCNONb30BaHUM METOAA OrPaHMNYEHUS C LOMNONIHUTENbHBIM CUTHAIOM KOMIMEHCaLMM Ha Ka4eCTBO (YMEHbLLEHNE
notepb Npu nepepaye) curHana OFDM. MNMony4yeHbl pe3ynbTaThl, MOKa3biBAOLLNE CHUXEHME BENNYMHBI NMUK-(akTopa
OFDM-curnana, n 3aBUCMMOCTV BEPOSTHOCTM BUTOBOM OLLIMOKM OT OTHOLLEHWUS CUrHA/LWYM NPy GUKCUPOBAHHbIX
3HAYEHUSIX OrPaHNYEHNST N YNCNa OOMONHUTENbHBIX CUTHANOB B KaHase ¢ 6ebiM rayCCOBCKMM LLYMOM.

BbiBOAbI. [peanoxeH MeTon, OrpaHMyeHns ¢ 4ONOHUTENbHBIM CUrHanom npu nepegade OFDM-curHana B kaHane
¢ 6enbiM rayCCoBCKMM LLYMOM, 06eCrneymnBatoLLmMii KOMNEHcaLUMIo NoTepb MHGOpMaLmMK, 06YCNOBEHHbLIX OrpaHn-
YEeHVSIMU YPOBHS CUrHana B KaHasie nepenayn. YCTaHOBMIEHO, HYTO YBEIMYEHUE YPOBHS OrpaHUyeHust yBenn4imBaeTt
BENVYNHY NUK-dakTopa, a Npu USMEHEHUN Ynucna AONOJHUTENbHbLIX CUrHANOB MUK-(aKkToOp N3MEHAETCS HE3Ha4Yn-
TenoHO. nga adpdekTnBHON peannsaumm MeToaa OrpaHNYeHns ¢ OMNOSIHUTENIbHLIM CUTHAIOM KOMMNEHcaUmMn He-
06x041MO BbIOMPATb NapaMeTpbl YPOBHS OrpaHUYeHNs MOPOrOBOro 3HAYEHUS U YACIO AOMOJIHUTENbHbLIX CUTHAIOB
B 3aBUCUMOCTM OT NPOrHO3MPYEMOIrO OTHOLLEHUS CUTHAS/LIYM B CUCTEME.

KnioueBble cnoBa: MeTof, OrpaHMyeHs C AOMNOSTHUTENbHBIM CUTHAIOM, NUK-(GakTop, BEPOSTHOCTb OUTOBOW OLLNO-
K1, OPTOroHaJIbHOE YaCTOTHOE PasfesieHne KaHanos, 6enblii rayCCOBCKUMA LLIYM
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Mpo3payHocTb hUHAHCOBOM AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOI 3aMHTEPECOBAHHOCTN B MPEACTaBEH-

HbIX MaTepuanax nin Metoaax.

ABTOpPbI 3aBASAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.

INTRODUCTION

Orthogonal frequency division multiplexing (OFDM)
is currently applied to various high-speed digital
information transmission systems [1-4], including
high-speed mobile communications, wireless local
networks, video broadcasting, and high-speed cellular
data transmission. For the wider application of OFDM
systems, one of the problems requiring a solution is how
to reduce high peak-to-average power ratios (PAPR) that
increase the bit error rate (BER) of the system.

In the present work, the possibility of reducing the
PAPR value using a limitation method with an additional
signal for an OFDM system in a channel with white
Gaussian noise is evaluated along with the main method
parameters.

OFDM SIGNAL

A discrete-time OFDM signal can be mathematically
represented as a set of time samples of a signal following
the inverse discrete Fourier transform:

1 N-1 Jj2mkn
Sorpm(M ==Y X(k)e N , n=0,N-1, (1)
N

where N is the number of subcarriers, X(k) is the
transmitted information on the kth subcarrier, n is the
OFDM signal sample number, and ; is an imaginary unit.

For a discrete-time OFDM signal Sgpp\(n), the
value of the peak-to-average power ratio (PAPR) is
defined as the ratio of the signal maximum power to its
average power [5, 6], which can be represented in the
following form:

max n

Pre !

Srpm (”)‘

S3rpm (")‘} ’

PAPR(Sqppy (1)) = 2

where max, [S3rpm (n)‘ is the OFDM signal maximum
power, £, S3rpy (M|} is the OFDM signal average

power, and |SOFDM (n)| is the nth sample amplitude of
the OFDM signal.

The PAPR parameter represents the value of the
peak-to-average power ratio, i.e., its higher value; thus,
a high PAPR means higher maximum power.

LIMITATION METHOD WITH ADDITIONAL SIGNAL

One of the methods for reducing PAPR is the
limitation method with additional signal for OFDM
signal [7, 8]. According to this method, the amplitudes
of OFDM signal samples are limited when a certain
threshold value is exceeded while preserving the original
phase of the nth sample. This can be represented in the
following form:

S.. (n) at |Sinit (n)| <C,

S.. -
lim (l’l) t(n)| e

. (3)
Celtn at |S-

ini
where S~ is the signal following OFDM signal
limitation, C is the threshold value or signal limitation
level, |Sinit (n)| is the amplitude of the initial nth signal
sample, and ¢, is the phase angle of the nth signal
sample.

According to the limitation method with an
additional signal for signal Sypp\(7), a search is carried
out for the positions (position numbers are denoted
by p) where the signal amplitude is greater than the
threshold value C. In this case, the positions are limited
in accordance with expression (3). When transmitting
a signal limited in this way, a loss of information may
occur in some positions. In order to compensate for these
losses, the transmitted signal S, ~is augmented with
samples containing information about position numbers
p and additional data S, ,,(p) as the difference between
the initial and limited samples, which can be described
by the following expression:

Sadd (P) = Sipit (P) = Sy (P)- 4)

Thus, the transmitted signal S); ~does not contain
samples whose amplitude exceeds the threshold value C;
however, no loss of information occurs since it is
possible to restore the original samples using their
numbers p and additional data S,,(p). The number of
additional samples reserved for transmitting position
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numbers p and values of S, ; (p) is denoted as the number
of additional signals m.

In order to achieve the optimal system performance, it is
necessary to select the level of limitation C and the number
of additional signals 7. When the level of signal limitation C
is significant (a large number of signals are subjected to
transformation (3)) while keeping the possible number
of additional signals m low, full compensation cannot be
achieved resulting in a high number of bit errors occurring
in the system. A high value of m results in an increased
length of the transmitted information and consequent loss of
energy and power. At an insignificant level of limitation C
and high value of m, many additional signals do not carry
any information since the number of signal samples S, .,
exceeding the limitation is insignificant.

The impact of limiting the level of C parameters
and number of additional signals m on the OFDM signal
compensation efficiency was studied using mathematical
modeling based on the above formulas. The block
diagram of the algorithm using MATLAB' mathematical
package is shown in Fig. 1. Following modification
using the limitation method with an additional signal at
given values of C and m, OFDM signals are transmitted
through a channel with white Gaussian noise. On the
receiving side, the received data array is compared with
the original array following the OFDM signal recovery
process (demodulation with allowance for additional
compensating information) to obtain the BER value.

1 https://www.mathworks.com/products/matlab.html. Accessed
March 29, 2024.

v

Generating OFDM signal using the limitation
method with additional signal

| Entering C and m values |

Communication channel
with white Gaussian noise

| OFDM signal recovery |

*

| BER calculation |

Fig. 1. Block diagram of the algorithm for modeling
the impact of parameters C and m on the quality of
OFDM signal compensation

The block diagram of the algorithm for calculating
PAPR is presented in Fig. 2. The results are obtained for
two cases. In the first case, when m = 16 for each value
of Cis fixed, OFDM signals are limited according to (3);
here, the PAPR value after limiting the OFDM signal is
calculated using formula (2). In the second case, similar
calculations are performed at the fixed value C=0.18 for
each value of m. The resulting PAPR dependencies are
shown in Figs. 3a and 3b.

Entering initial OFDM data

Atm=16

v

Entering C value

v

OFDM signal using limitation method
with additional signal

v

PAPR calculation

v

CCDF for plotting
[

v

AtC=0.18

v

Entering m value

v

OFDM signal using limitation method
with additional signal

v

PAPR calculation

v

CCDF for plotting
I

Fig. 2. Block diagram of the algorithm for calculating PAPR
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Fig. 3. Results of the OFDM signal PAPR reduction using the limitation method with an additional signal:
(a)atm =16, (b) at C=0.18. CCDF is the complementary cumulative distribution function

As a result of modeling, the change in the BER value
when changing the limitation level C and fixed m is
estimated. BER dependencies are similarly obtained when
changing the value of m at a fixed level of C. Since the
maximum amplitude of OFDM signal amounts to 0.4229
(dimensionless value normalized to 1 V) in the model with
N = 64 subcarriers, values of C are chosen less than this
value.

The reduction of the OFDM signal peak power
when limited with an additional signal at different
values of parameters C and m is estimated using the
PAPR parameter from relation (2). In order to estimate
the PAPR reduction efficiency, the complementary
cumulative distribution function (CCDF) is used to
indicate the probability of the OFDM signal PAPR
exceeding the specified threshold level PAPRO.

The results of reducing PAPR with the number of
additional signals m = 16 at different values of C are shown
in Fig. 3a; the results of PAPR reduction at threshold value
C =0.18 when varying m are shown in Fig. 3b.

It is evident from Fig.3 that the stronger the
limitation (low value of C), the smaller the PAPR value
when preserving the number of additional signals m. When
maintaining the threshold value and changing the number of
additional signals, the PAPR value changes insignificantly.

The main parameter determining the quality of
a digital communication system is BER during signal
recovery. For evaluating the OFDM system performance,
the BER value should be estimated depending on three
main parameters: the limitation value C, the number of
additional signals m, and the signal-to-noise ratio (SNR)
representing the ratio of signal power to noise power in
the bandwidth in the presence of white Gaussian noise
in the channel [9-11].

The BER calculation results determined when
modulating 16-QAM OFDM signal in a Gaussian
channel when fixing threshold value C = 0.18 with
different values of m depending on the noise level are
shown in Fig. 4. For comparison, BER for the standard
OFDM limitation method is evaluated [12—18].

100 . . :
W
107" ¢ .
b
2 Ny
107< ¢ b
e
o LR
L -3 L \
om 10 \‘\\\\
LR
Vel
1074 ¢ \\ NN
——==m=4 i\ %
5]—%—-m=8 \
10 m=16 \
—+-m=32
Simple limitation

20 -15 -10 -5 0 5 10 15
SNR, dB

Fig. 4. BER dependence on SNR at fixed value of
C=0.18

The advantage of the limitation method with additional
signal (at limitation level C = 0.18 when the maximum
amplitude of the unlimited signal amounts to 0.4229)
over the conventional PAPR limitation method is evident
from Fig. 4. When the value of m increases, BER decreases.

The BER calculation results at a fixed number
of additional signals m = 16 with different values of
limitation threshold C depending on the noise level is
shown in Fig. 5.
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It can be seen from Fig. 5 that BER decreases with
the increased limitation level of C. For comparison, the
results for the OFDM signal without limitations (original
OFDM) are given. Although these are obviously better,
their hardware implementation is physically impossible.
The BER dependencies on the threshold value in the
Gaussian channel at SNR = 10 dB and SNR = 15 dB are
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Fig. 5. Dependence of BER on SNR

at fixed value of m =16

shown in Fig. 6.
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According to the analysis of the results, BER
decreases with increased limitation level C and number
of additional signals m.

CONCLUSIONS

From the study of the limitation method with
additional compensation signal for an OFDM signal in
the channel with white Gaussian noise and analysis of
its main parameters, the following conclusions can be
drawn:

1. At a higher limitation level C, the signal PAPR
decreases, whereas it changes insignificantly when
the number of additional signals m is changed.

2. In the channel with white Gaussian noise, the
effective implementation of the limitation method
with an additional compensation signal requires
selection of the limitation level C and the number
of additional signals m depending on the predicted
SNR in the system.
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Fig. 6. BER dependence on the limitation level C:
(a) SNR=10dB, (b) SNR=15dB
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