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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.

Keywords: limitation method with additional signal, peak power to average power ratio, bit error rate, orthogonal 
frequency division multiplexing, white Gaussian noise
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Резюме 
Цели. Мультиплексирование с ортогональным частотным разделением каналов (orthogonal frequency division 
multiplexing, OFDM) стало стандартом для различных систем беспроводной связи с высокой скоростью пере-
дачи данных благодаря нескольким преимуществам, одним из которых является эффективное использова-
ние полосы частот. Главным недостатком OFDM является высокое значение отношения пиковой мощности 
к средней мощности – пик-фактору, на что указывает повышение частоты битовых ошибок из-за нелиней-
ности усилителя мощности. Цель статьи – оценка возможности снижения значения пик-фактора с помощью 
разработанного авторами метода ограничения с дополнительным сигналом компенсации в канале с белым 
гауссовским шумом и анализ его основных параметров.
Методы. Использованы методы статистической радиотехники, теории оптимального приема сигналов 
и компьютерного моделирования. 
Результаты. Проведен анализ влияния уровня ограничения сигнала OFDM и числа дополнительных сигналов 
при использовании метода ограничения с дополнительным сигналом компенсации на качество (уменьшение 
потерь при передаче) сигнала OFDM. Получены результаты, показывающие снижение величины пик-фактора 
OFDM-сигнала, и зависимости вероятности битовой ошибки от отношения сигнал/шум при фиксированных 
значениях ограничения и числа дополнительных сигналов в канале с белым гауссовским шумом.
Выводы. Предложен метод ограничения с дополнительным сигналом при передаче OFDM-сигнала в канале 
с белым гауссовским шумом, обеспечивающий компенсацию потерь информации, обусловленных ограни-
чениями уровня сигнала в канале передачи. Установлено, что увеличение уровня ограничения увеличивает 
величину пик-фактора, а при изменении числа дополнительных сигналов пик-фактор изменяется незначи-
тельно. Для эффективной реализации метода ограничения с дополнительным сигналом компенсации не-
обходимо выбирать параметры уровня ограничения порогового значения и число дополнительных сигналов 
в зависимости от прогнозируемого отношения сигнал/шум в системе.

Ключевые слова: метод ограничения с дополнительным сигналом, пик-фактор, вероятность битовой ошиб-
ки, ортогональное частотное разделение каналов, белый гауссовский шум
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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:

 
21
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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 j is an imaginary unit.

For a discrete-time OFDM signal SOFDM(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:
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2
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where 2
OFDMmax ( )n S n  is the OFDM signal maximum 

power, { }2
avg OFDM ( )P S n  is the OFDM signal average 

power, and OFDM ( )S 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:
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where Slim is the signal following OFDM signal 
limitation, C is the threshold value or signal limitation 
level, init ( )S n  is the amplitude of the initial nth signal 
sample, and φn  is the phase angle of the nth signal 
sample.

According to the limitation method with an 
additional signal for signal SOFDM(n), 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 Slim is augmented with 
samples containing information about position numbers 
p and additional data Sadd(p) as the difference between 
the initial and limited samples, which can be described 
by the following expression:

 add init lim( ) ( ) ( ).= −S p S p S p  (4)

Thus, the transmitted signal Slim 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 Sadd(p). The number of 
additional samples reserved for transmitting position 
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numbers p and values of Sadd(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 m. 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 Sinit 
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 MATLAB1 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.

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 C is 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.

Start

End

Entering C and m values

Generating OFDM signal using the limitation
method with additional signal

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

Start

End

Entering initial OFDM data

At m = 16 At C = 0.18

Entering C value Entering m value

OFDM signal using limitation method  
with additional signal

OFDM signal using limitation method  
with additional signal

PAPR calculation

CCDF for plotting

PAPR calculation

CCDF for plotting

Fig. 2. Block diagram of the algorithm for calculating PAPR

https://www.mathworks.com/products/matlab.html
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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 PAPR0.

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

10–1

10–2

10–3

10–4

10–5

B
ER

 –20 –15 –10 –5 0 5 10 15
SNR, dB

m = 4
m = 8
m = 16
m = 32
Simple limitation

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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Fig. 3. Results of the OFDM signal PAPR reduction using the limitation method with an additional signal:  
(a) at m = 16, (b) at C = 0.18. CCDF is the complementary cumulative distribution function
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Fig. 5. Dependence of BER on SNR  
at fixed value of m = 16

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 
shown in Fig. 6.

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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