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Modern communication systems are based on orthogonal
Jfrequency division multiplexing (OFDM) technology, which
allows reliable transmission of information under multipath
conditions. The need to preserve the orthogonal properties of
subcarriers leads to high sensitivity of these systems to fre-
quency shifts of the signal. The method of signal formation
Jfor the OFDM system has been improved in this work. The
use of spectrum-selective shaping pulses after the inverse
fast Fourier transform (IFFT) stage at the transmitter side
to reduce the level of inter-channel interference during car-
rier frequency shift was investigated. New pulse shapes were
synthesized, obtained by using optimized multiparameter
JSunctions with a selective spectrum. The effectiveness of the
application of synthesized pulses with a selective spectrum
in reducing the influence of the frequency shift of the sig-
nal on the interference immunity of the OFDM system was
analyzed. A comparison of the probability of a bit error with
already existing forms of Nyquist pulses was carried out. In
the MATLAB environment, a model of the transmitter and
receiver of the OFDM system was developed for the exper-
imental assessment of the influence of the proposed forming
pulses on the immunity of the system under the conditions of
inter-channel interference with different types of modulation.
It was established that the lowest level of bit error probabil-
ity under the conditions of inter-channel interference was
observed for a two-parameter pulse with a selective spec-
trum and a piecewise linear approximation of the transition
region. So, for a signal-to-noise ratio of 15 dB, BPSK modu-
lation and a normalized frequency shift of 0.2, the probability
of a bit error for a given pulse is 3-10°*; for QPSK modulation
and a normalized frequency shift of 0.1-10°%; for QAM-16
modulation and a normalized frequency shift of 0.03-2-10"*
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the effect of the frequency shift on the level of inter-channel

interference (ICI) is relevant.

OFDM technology is the basis of modern communica-

tion systems. The peculiarity of this technology is the trans-

mission of information in parallel streams with a low data
transfer rate, which reduces the effect of delay in a multi-
beam communication channel. For additional interference
resistance, a cyclic prefix can be added to the signal, which
is a copy of the last part of the OFDM signal, or a protective
interval between symbols can be used.

The transmitted OFDM signal consists of many mod-
ulated subcarriers. Due to the orthogonality of the subcar-
riers, the components of the signal spectrum overlap each
other and do not create inter-channel interference, which
increases the efficiency of using the frequency resource.

The latter circumstance leads to the high sensitivity
of OFDM-based systems to frequency shifts, which are
caused, for example, by the Doppler effect or the frequency
difference between the transmitter and the receiver. As a
result, inter-channel interference occurs, which worsens the
immunity of the system. The search for methods to reduce

2. Literature review and problem statement

To reduce the level of inter-channel interference, there
are various techniques. Thus, works [1, 2] propose a method
of self-cancellation of subcarriers when forming an OFDM
signal. The advantage of the method is the simplicity of im-
plementation, but its disadvantage is the reduction of spectral
efficiency due to the redundancy of subcarrier frequencies.

In [3], the use of Nyquist shaping pulses on the transmit-
ter side is proposed. Expressions are also established that de-
termine the probability of a bit error under the conditions of
frequency shift and additive white Gaussian noise (AWGN)
when applying Nyquist shaping pulses in an OFDM trans-
mitter. The advantages of this method include, in addition
to reducing the ICI level, reducing the level of out-of-band
radiation of the OFDM signal, which improves compatibili-
ty with other radio services. This method is suitable for use




in OFDM, where a guard interval between symbols is used
instead of a cyclic prefix.

A method similar to [3] is considered in [4], where signal
processing with Nyquist pulses is performed in the receiver of
the OFDM system. This method is compatible with OFDM
signals having a cyclic prefix [5]. Also, in [4], the implemen-
tation of the double fast Fourier transform (2-N FFT) in
OFDM receivers, which is used in this work, is considered.
However, in [4], only the pulse of the “Raised cosine” form is
considered and no attention is paid to other forms of pulses.

In [6], processing of the OFDM signal by window func-
tions on the receiver side is considered in the same way.
In [6], a rectangular, trapezoidal pulse and a “Raised cosine”
pulse are considered.

In [7], a pulse approximated by a second-order poly-
nomial is synthesized. The peculiarity of this pulse is its
transformation into other types of pulses when the second
parameter changes.

In [8], a dual sinc-pulse with a selective spectrum is con-
sidered, but attention is paid to the bit error probability only
under the BPSK modulation mode.

In [9], an exponential sinc-pulse is considered, but atten-
tion to the probability of bit error is paid only to the BPSK
modulation mode.

A piecewise linear and polynomial approximation of the
transition region of the Nyquist pulse is proposed in [10]. A
piecewise linear approximation of the transition region of the
Nyquist pulse is proposed in [11]. However, both studies do
not focus on the application of Nyquist pulse data for OFDM
technology.

In [12], the piecewise polynomial approximation of the
transition region of the Nyquist pulse is considered. Howev-
er, the study of the probability of a bit error in the OFDM
system is performed only for BPSK modulation.

In [13], a linear combination of pulses with a polynomial
approximation of the transition region is considered. Bit er-
ror probability expressions for BPSK, QPSK, and QAM-16
modulation modes are also given.

In [14], the exponential approximation of the transition
region of the Nyquist pulse is considered. However, the study
of the probability of a bit error in the OFDM system is per-
formed only for QPSK modulation.

In [15, 16], the application of the IOTA pulse for
OFDM/Offset QAM modulation is considered. The ad-
vantage of this method is increased localization of the IOTA
pulse on each subcarrier in the time and frequency domain
since this pulse is obtained from a Gaussian pulse. But its
drawback is the complexity of the Gaussian function orthog-
onalization algorithm.

Thus, the analysis of known methods for reducing the ICI
level in OFDM technology revealed insufficient research into
the method of increasing the interference resistance of the
OFDM system under the conditions of inter-channel interfer-
ence using multi-parameter signals with a selective spectrum.

3. The aim and objectives of the study

The purpose of this study is to devise a method for
increasing the immunity of the system with orthogonal fre-
quency division of channels based on multi-parameter pulses
with a selective spectrum. This will make it possible to
increase the immunity of the digital communication system
under conditions of inter-channel interference.

To achieve the goal, the following tasks were set:

— to approximate the transition region of pulses with a
selective spectrum using multiparameter functions;

— to evaluate the dependence of the ICI and SIR levels
on the parameters of the synthesized pulses and determine
the optimal values of the parameters;

— to evaluate the theoretical immunity of the OFDM
system when using multi-parameter pulses with a selective
spectrum;

— to build a software model of the OFDM system with a
frequency shift and additive white Gaussian noise (AWGN)
in the channel using the MATLAB environment to confirm
the theoretical results of the current work.

4. The study materials and methods

The object of this research is the processes of OFDM
signal transmission and processing under the conditions
of a frequency-shifted channel and AWGN. The subject of
the study is the use of pulses with a selective spectrum as
forming pulses in the transmitter of the OFDM system to in-
crease the immunity of the OFDM system under conditions
of inter-channel interference.

The main hypothesis of the study assumed that the use
of multi-parameter pulses with a selective spectrum after the
unit of inverse fast Fourier transform in the OFDM system
will make it possible to increase its immunity under the con-
ditions of inter-channel interference.

The following limitations and assumptions were adopted
during the research:

— the number of subcarriers N=64;

— modulation modes: BPSK, QPSK, and QAM-16;

— channel model: frequency shift and additive white
Gaussian noise;

— only one of the techniques of piecewise linear approx-
imation of the transition region of the pulse with a selective
spectrum is considered,;

—the effect of frequency-selective fading is not taken
into account.

The method of multi-parameter piecewise linear and
trigonometric approximation of the transition region was
used for pulse synthesis. Determination of optimal parame-
ters was carried out according to the criterion of the maxi-
mum value of the signal/interference ratio.

To determine the processes taking place in the transmit-
ter and receiver of the OFDM system, the Fourier transform
mathematical apparatus was used.

Comparison of theoretical results with experimental
data was performed by computer simulation in the MAT-
LAB environment. The model includes an OFDM trans-
mitter, a receiver, and a frequency-shifted additive white
Gaussian noise (AWGN) communication channel.

5. The results of investigating the construction of a
method for increasing the immunity of the system with
orthogonal frequency division of channels

5. 1. Application of pulses with a selective spectrum in
a system with orthogonal frequency division of channels

Fig. 1 shows the scheme of application of forming pulses
with a selective spectrum in the transmitter of the OFDM
system.
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Fig. 1. Principal diagram of the system with orthogonal frequency division of channels using shaping pulses

Signals that can be used for OFDM technology as a
forming pulse must satisfy the condition of the absence of
inter-channel interference, which can be represented in the
following form:
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where S(f) is the spectral density of the signal; 1/T is the
frequency interval between two subcarriers.

Signals with a selective spectrum have a central
symmetry of the transition region of the time function.
The basic signal satisfying condition (1) is a rectangular
pulse:
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In [6], a trapezoidal pulse is considered (Fig. 2), which
can be written as:
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Pulse (4) has only one parameter «, which determines

the width of the transition region. Its spectral density can
be written as:
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where sinc(x)= sm(x).
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Fig. 2. Nyquist trapezoidal pulse

In literature, the impulse of the “Raised cosine” form
(Fig. 3) is widely applied:
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Fig. 3. “Raised cosine” impulse form
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The above pulses (4) and (6) have only one parameter,
the change of which does not make it possible to effectively
synthesize new signals with the necessary properties. In [17],
using multiparameter piecewise linear approximation, new
classes of signals satisfying the condition of absence of in-
ter-symbol interference were synthesized. These classes of
signals after simple dual Fourier transformations [18] can be
used in the OFDM system. Therefore, the method of two-pa-
rameter piecewise linear approximation of the transition
region was applied, as a result of which a new type of pulse
was synthesized (Fig. 4):
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Fig. 4. Two-parameter pulse with piecewise linear
approximation

Approximation of the transition region of the pulse by
the sum of trigonometric functions made it possible to syn-
thesize another type of two-parameter signal with a selective
spectrum (Fig. 5):
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Fig. 5. Two-parameter Nyquist pulse with trigonometric
approximation at $=0,5

At B=1, the pulse in Fig. 5 is converted into a pulse of the
form “Raised cosine”.

5. 2. ICI and SIR indicators

When the frequency is shifted in the OFDM system,
inter-channel interference occurs, the average level of which
can be estimated using the following expression:
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where G(f) is the normalized relative to UT spectral density
of the forming pulse; % is the index of the adjacent subcarrier;
Nis the total number of subcarriers; 1/T — frequency interval
between subcarriers; Af is the frequency shift.

In addition to the occurrence of inter-channel interfer-
ence, the level of the useful signal also changes. Therefore,
the signal-to-interference ratio (SIR) is also used to estimate
inter-channel interference:

SIR:M.
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(13)

The best spectrum-selective pulse should have the high-
est signal-to-noise ratio regardless of frequency shift. There-
fore, the function optimization criterion according to the
parameter B can be represented in the following form:

SIme,(oc,[i)szIR(AfT|oc,[3)d(AfT), (14)

B, (o) =arg max{SIRmml (oc,B)}.
B

Expressions (12) to (14) were used to plot the depen-
dence of the total SIR on the B parameter at a=0.25 for im-
pulses (8) and (10) (Fig. 6). Thus, for pulse (8), the optimal
value Bop=0.362 (Fig. 6, a); for pulse (10), the optimal value
Bopt—0.702 (Fig. 6, b). Fig. 7 shows pulses with a selective
spectrum (2) to (11) in the time (Fig.7, a) and frequen-
cy (Fig. 7, b) domains investigated in this work.

As can be seen from Fig. 7, b, the pulse with piecewise
linear approximation is characterized by the lowest level of
the main petal of the spectral density and the lowest level of
the first two side petals.
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5. 3. Theoretical bit error probability

Expressions of bit error probability for BPSK, QPSK,
and QAM-16 modulations are given in [3]. So, for BPSK
modulation, the BER can be written as:
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where N is the number of subcarriers; Py(m) is the probability
of a bit error of the m-th subcarrier; Ej is the energy of the
bit; ¢, is the real part of the coefficient of the usable signal at
the output of the decision device; ¢, is the real part of the
inter-channel interference coefficient of the k-th subcarrier
at the output of the decision device; 6 is the noise variance.

For the case when pulses with a selective spectrum are
used as forming pulses in the transmitter of the OFDM sys-
tem, the coefficient ¢;_,, is defined as [3]:
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where N is the number of subcarriers; Py(m) is the probability
of a bit error of the m-th subcarrier; Py(m) is the energy of the
bit; ¢, is the real part of the coefficient of the usable signal
at the output of the decision device; ¢ is the imaginary
part of the coefficient of the usable signal at the output of
the decision device; ¢, is the real part of the inter-channel
interference coefficient of the k-th subcarrier at the output
of the decision device; ¢Z, is the imaginary part of the
inter-channel interference coefficient of the &-th subcarrier
at the output of the decision device; 62 is the noise variance.
For QAM-16, the bit error probability is defined as:
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where 1/T is the frequency interval between adjacent sub- B(w)=
carriers; Af — frequency shift; a is a parameter that deter- o ifﬂmxcos(dec,gm)cos(wdcﬁm),
mines the width of the transition region of the forming pulse. -
For QPSK, the bit error probability is defined as:
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In the MATLAB environment, a model was built, the
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The parameters of the OFDM system
model are summarized in Table 1. Using
the above model, the dependence of the
OFDM system’s interference immunity
on the frequency shift and the signal /noise
ratio (Ep/Ny) for the investigated pulses
was evaluated. Theoretical and simulation
results are shown in Fig. 9—11.

As can be seen from Fig.9-11, the
pulse with piecewise linear approximation
is characterized by the lowest level of bit
error probability of the OFDM system.

Table 1
Parameters of software model of the OFDM system
Number of subcarriers, N 64
Amount of data, bits 1048576

Modulation mode

BPSK, QPSK, QAM-16

Channel model AWGN-+frequency shift
for BPSK: 0,2
Normalized frequency shift, AfT for QPSK: 0,1
for QAM-16: 0.03
Relative width of the transition region of the generating pulse, o 0.25
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6. Discussion of results of research into the construction
of a method for increasing the immunity of the system
with orthogonal frequency division of channels

In contrast to known methods, the one for increasing
the interference resistance of the OFDM system based on
forming pulses with a selective spectrum involves the use of
pulses with a selective spectrum after the inverse fast Fouri-
er transform unit in the transmitter.

In the work, theoretical and experimental studies on
the interference resistance of the OFDM system using five
pulses with a selective spectrum were carried out. It was
established (Fig. 9—11) that the application of a pulse with
piecewise linear approximation provides the lowest level of
bit error probability for three types of digital modulation
BPSK, QPSK, and QAM-16.

The results on improving the interference resistance of
the OFDM system using forming pulses with a selective
spectrum indicate that the pulse with piecewise linear ap-
proximation, proposed in [11, 17], has the lowest probability
of a bit error in comparison with such pulses as a trapezoidal
pulse [6] and the “Raised cosine” impulse [3]. So, with a sig-
nal-to-noise ratio of 15 dB, BPSK modulation and a normal-
ized frequency shift of 0.2, the probability of a bit error for a
given pulse is 3-10°%; for QPSK modulation and a normalized
frequency shift of 0.1, 106; for QAM-16 modulation and a
normalized frequency shift of 0.03, 2-104.

For the practical use of the results, the following limita-
tions and assumptions are adopted:

— the relative width of the transition region of the form-
ing pulse with a selective spectrum should be a=0.25;

— the value of the second pulse parameter with piecewise
linear approximation should be Byp=0.362;

— the communication channel must be without frequen-
cy-selective fading.

The improved method for increasing the immunity of the
system with orthogonal frequency division of channels on
the basis of forming pulses with a selective spectrum can be

7. Conclusions

1. Two new types of puls-

es with a selective spectrum

have been synthesized based on the piecewise linear and
trigonometric approximation of the transition region.

2. The optimal parameters of two-parameter pulses with
piecewise linear and trigonometric approximation were de-
termined. So, at «=0.25, the optimal parameter for the first
pulse is Bope=0.362, and for the second — Bop=0.702.

3. A theoretical study of the bit error probability of the
OFDM system under the conditions of frequency shift and
additive white Gaussian noise for five types of pulses with a
selective spectrum and three types of BPSK, QPSK, QAM-
16 modulation was carried out. It was established that the
lowest BER level characterizes a two-parameter pulse with
a piecewise linear approximation, regardless of the chosen
modulation mode.

4. A software model of the OFDM system with a fre-
quency shift and AWGN was built in the MATLAB envi-
ronment to confirm the theoretical results of the current
study. Analysis of simulation data also revealed that the
two-parameter pulse with piecewise linear approximation
is characterized by the lowest level of bit error probability.
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