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Introduction

The need for new communication services is constantly increasing. At the same time the re-
quirements for transmission speeds, noise-receiving of data, secrecy of functioning of the system,
quality of services are provided. This leads to a worsening of the contradiction between the increas-
ing requirements and the limited frequency resources, which in turn sets the task of increasing the
spectral efficiency of the systems. It is known that a significant increase in pro-launch capability
and reliability of communication can be achieved by using systems with multiple inputs and mul-
tiple outputs (MIMO), which uses multiple antennas on the transmitting side and multiple antennas
on reception site. In combination with adaptive modulation and coding schemes, as well as the
adaptive allocation of system resources, these methods can provide significant improvements in da-
ta rates and communication reliability [1]. Studies have shown that both MIMO technologies and
other spectral efficiency enhancement techniques can be used in conjunction with multi-carrier
transmission technologies, in particular, MIMO-OFDM (orthogonal frequency division multiplex-
ing, hereinafter OFDM) and MIMO-OFDMA (orthogonal) technologies frequency division mul-
tiple access). Being able to provide subscribers with a wide range of applications with different ca-
pabilities in terms of tolerable delay, quality of service, bandwidth requires future systems of high
resistance to interference and channel distortion, as well as more flexibility in radio resource man-
agement. Choosing the right radio interface is key to ensuring these properties of the communica-
tion system. Multiple Carrier Technology in orthogonal frequency division multiplexing is widely
recognized as one of the most promising access schemes for use in advanced wireless communica-
tion systems

The main results of the research

The basic idea of OFDM is to split high-speed data flow into a number of sub-streams at lower
speeds [1]. These sub-streams are then transmitted in parallel orthogonal subchannels, resulting in
partial overlap of the spectrum. Compared to single-carrier transmission, this approach provides in-
creased system resilience to narrowband interference and channel distortion. Moreover, this results
in a high level of system flexibility, since modulation parameters such as constellation size, coding
rate, manipulation sequence class, encoding method, character interleaving type, etc. can be inde-
pendently selected for each subchannel. Problematic issues that limit, in some cases, the use of
OFDM, include the significant magnitude of the peak of the emitted OFDM signal. As is known,
the peak factor (PF) is defined as the ratio of the maximum (peak) instantaneous power of a signal
to its average power. Increasing this parameter adversely affects the complexity of the high-
frequency path design from amplifiers to the antenna, leading to a decrease in the efficiency of
high-frequency equipment, to an increase in non-linear distortions. Synchronization, channel esti-
mation, radio resource management are just some of the problems associated with multi-carrier data
technology. In spite of the fact that OFDM provides high efficiency of spectrum utilization due to
orthogonal frequency multiplexing [2], its out-of-band radiation may be unacceptable if the use of
back-band is not foreseen. In particular, in 4G LTE about 10% of the dedicated bandwidth is re-
served as a guard interval (also known as a cyclic prefix). This is quite a significant fee for a factor
such as a spectrum resource. Frequency and time resources in OFDM are evenly divided into a
number of elements of the same size for transmitting information [3]. In order to achieve orthogo-
nality and to avoid inter-character or channel interference, it is necessary to ensure strict coordina-
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tion of the operation (in time and frequency) of the elements of the transmitting and receiving sides
of the system. The synchronization procedure results in intensive signal transmission to achieve per-
fect synchronization, especially in the case of uplink transmission. Improper synchronization can
lead to suboptimal system performance. Fifth-generation (5G) systems offer many advantages over
earlier systems, such as: high data rates, ultra-reliable low latency, high spectral efficiency, high
subscriber connectivity, and enhanced energy efficiency. To take advantage of 5G, experts in the
field and academia have proposed new and effective technologies based on OFDM modulation [4]:
window-OFDM, Multiple Frequency Filter Group (FBMC); orthogonal frequency division encoded
channel (C-OFDM) technology; Universal Filtered Multi-Carrier (UFMC); filtered-OFDM, FC-F-
OFDM rapid-convolution system, etc. The filtration process is a proven and effective way of sup-
pressing side lobes in OFDM. In the UFMC, filtering is applied to a block of sub-sequential subcar-
riers, which provides low out-of-band radiation. In multi-channel channels, UFMC is ineffective
due to significant inter-character interference, which leads to suboptimal characteristics. In OFDM
filtration systems, the available bandwidth is divided into many bands, enabling different sets of
services to be implemented in different bands with signals filtered in the time domain accordingly.
On the other hand, an approach based on filtering in the frequency domain was proposed, which has
less computational complexity and increased flexibility compared to time domain filtering. The fil-
ter design is based on window optimization in the frequency domain, which balances the required
minimum bandwidth attenuation, transition bandwidth, and error vector characteristics (EVM).
OFDM s a type of frequency division multiplexing in which multiple subcarriers at adjacent fre-
quencies are used in a single channel. The presence of multiple subcarriers in a single channel may
create mutual interference, but due to the orthogonality of the subcarriers, this does not occur. For
this reason, OFDM application maximizes the channel's spectral efficiency without interference.
The spectrum of the OFDM system in the frequency domain is presented in Figure 1 [2].
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Fig. 1. OFDM frequency spectrum

Receiver / transmitter architecture in OFDM system

The classic OFDM transmitter and receiver model is shown in Fig. 2, a - OFDM transmitter
model, Fig. 2, b - OFDM receiver. The transmitter converts the digital data that is to be transmitted
to the corresponding amplitude and phase values, and then, using a backward Fourier transform
(FFT), the digital data from the spectral representation is transformed into a time domain signal re-
presentation of the by adding a protective interval (CI). Thus, the received signal data is subjected
to frequency multiplexing. The reverse operation is performed on the receiver side, as shown in
Fig. 2, b. When the modulated OFDM signal arrives at the receiver, the radio frequency signal is
summed up with the main carrier and the CO is deleted. The signal spectrum is then converted to
the frequency domain using a Fourier transform (FFT). Then the subcarrier phase and amplitude are
extracted and demodulated back into the digital data.
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Fig. 2. Traditional OFDM system

In the transmitter, the output sequential stream of information bits is encoded by interference-
tight code (according to LTE 3GPP TS 36.211 recommendation convolutional turbo codes are used
with a base rate of 1/3), interspersed (P) and demultiplexed into N parallel sub-streams. Next, each
of the streams is mapped to the symbol stream by phase pro-procedure (BPSK, QPSK, 8-PSK) or
amplitude-phase quadrature modulation (QAM). When using BPSK modulation, a stream of binary
numbers (1 and -1) is formed, with QPSK, 8-PSK, QAM a stream of complex numbers. In addition
to the subcarriers on which the information is transmitted, service subcarriers are used. These in-
clude security intervals, pilots and additional service information to synchronize the receiver and
transmitter and their operation modes. Pilots may have a fixed position on a subcarrier or a variable,
with changes occurring from symbol to OFDM symbol in frames. Due to the insertion of inter-
interconnections under channels of sufficient length of the protective interval, the possibility of
spectral overlap is eliminated. In this case, the inter-channel interference (between bit interference,
ICI) decreases, the probability of a bit error decreases, and thus the bandwidth of the wireless access
system increases. The multiplication operation on a set exponent with the corresponding subchannel
frequency and then summing all the sub channels to generate an OFDM signal is very similar to the
Fourier Inverse Transform operation. In this regard, to form the required OFDM-symbol is used the
device SHZPF, which greatly simplifies the implementation of modulators. Maintaining orthogo-
nality is necessary in order for the receiver to correctly recognize the information on the subcarriers.
To do this, you must complete the following conditions: the receiver and the transmitter must be
precisely synchronized; the analog components of the transmitter and receiver must be of very high
quality; the channel should not be multipath. In this case, multipath radiation is almost inevitable in
radio communication systems, which leads to distortion of the received signal. To eliminate this
kind of obstruction, you must select a protection interval that should be longer than the maximum
propagation delay in the channel. Thus, it is possible to eliminate more than six types of interfe-
rence between channels (ie interference between subcarriers) and between adjacent transmission
units (ie between symbolic interference). To reduce the out-of-band emission of signals, a window
processing of a temporal signal with the use of a window of the type "raised cosine" is used. Fur-
ther, digital-to-analog converters (DACs) convert into an analog view separately the true and im-
aginary components. After passing through the low pass filter, the signal is fed to a quadrature mix-
er, which transfers the useful spectrum of the OFDM signal to the carrier frequency. These signals
are further summed up, amplified and the OFDM signal is generated.
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The use of a cycle prefix

In a wireless system, the radio signal in the transmission medium is reflected from different ob-
jects, causing multiple signals to be received at the receiver at different times. This phenomenon is
known as multipath transmission. On the OFDM receiver side, the multipath propagation channel is
represented as a distortion of the time at which the duration of each OFDM symbol increases [5].
As a result, the resulting symbols create obstacles to one another and form between symbolic ob-
stacles [6]. Symbol rate for OFDM technology is much lower than for single carrier. For example,
in a single-carrier system with BPSK modulation, the bit rate directly determines the transmission
rate of sim-waves [7]. But in OFDM, the entire bandwidth is subdivided into N subcarriers, which
leads to Nt - times a lower rate of symbol transmission than when transmitted from a single carrier.
Thus, the effect of inter-character interference is reduced by multipath transmission from OFDM,
which makes OFDM systems more resistant to ISI. The data transmission system can be improved
by applying a buffer interval, which is a copy of a part of the transmitted signal of the OFDM sym-
bol and this part is added to the beginning of the OFDM frame (Fig. 3). The use of a guard interval
leads to an increase in the signal wavelength, but it significantly reduces the ISIs caused by multi-
path transmission [8-9].

Gl Symbol

| cp [ symbol
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Fig. 3. Addition of CP to OFDM structure

With OFDM modulation, many subcarriers at adjacent frequencies are used in a single channel.
This, in turn, can lead to mutual interference, but due to the orthogonality of the subcarriers, this
does not happen [10]. Therefore, the application of OFDM to-maximize the spectral efficiency of
the channel without interference. The spectrum of the OFDM system in the frequency domain is
presented in Figure 3 [2].

Channel subcarriers orthogonality

As noted above, the subcarriers in OFDM systems are orthogonal. Thus, the sub-carriers are
positioned as close as possible to one another, thereby increasing spectral efficiency. In other
words, orthogonality provides simultaneous transmission to each subcarrier in the frequency space
without interference [2] (Fig. 4). Thus, it is possible to detect signals on individual subcarriers in the
receiving device. On the other hand, in a frequency-modulated conventional (FDM) system, such
subcarrier overlap is impossible and, to avoid interference with the carriers, a protective band
between the carriers is used. The OFDM multiuser version is OFDMA (Orthogonal Frequency Di-
vision Multiple Access) [5]. In this system, subsets of subcarriers are assigned to the individual user
dynamically, using time or frequency division (Fig. 5), thus supporting simultaneous data transmis-
sion to multiple users. Using OFDMA, each user has his or her own unique set of subchannels
(Fig. 5) and the base station can dynamically distribute subcarriers to users [4], for example, when a
particular user has requested more resources. In essence, this means that this user may need higher
radiation power, a large number of sub-channels, and appropriate modulation types.
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Fig. 5. Multiuser OFDM system

Thus, the main advantages of OFDMA include the following.

Resistance to fading.

Deployment flexibility in different frequency bands with small changes required for the radio
interface.

Allows you to control channel or subchannel power.

By distributing carriers across the spectrum used, frequency diversity can be used.

Provides high signal quality when using a single carrier.

Mathematical models of OFDM and its versions

In the OFDM system in the converter (S/P) (Fig. 2) the serial information flow is transformed
into N¢ parallel flows, where Nt - the number of subcarriers before CP insertion. These parallel
streams are then modulated using BPSK. With, every k symbol OFDM is given as [3]:

Nf—l )
X @) =S ,plt—KT)e> (1)
n=0

where T - duration of OFDM symbol, and

Sy :|:Sk,O1Sk,1""’Sk,NH:|T’ (2)

Nf - parallel streams of data for one OFDM frame before inserting the CP,
T - the transposition operator, and p (t) is the impulse form used to form the symbols.
If we consider a rectangular pulse shape as a model:

(t) = 1 0<t<T 3)
P = 0, otherwise

and provided that each subcarrier and OFDM symbol is selected Nf once per frame interval, the
modulated signal (1) will look like:
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fol .
xk[E—T}:Zsk,ne’z’f”’“’“f,m=o,1,2,...,Nf -1 (4)
f n=0

Further, IFFT is used to obtain the modulated signal:

The thus obtained parallel stream of symbols after OFDM modulation is transformed into a se-
quential stream to which CP is added. The duration of IS to eliminate ISI should be greater than the
channel delay. In the receiving device, the signal is converted from sequential to parallel, and the
CP is removed, then FFT is used to demodulate and make decisions according to the type of mod-
ulation used.

MIMO-OFDM systems

In MIMO-OFDM systems, the wireless link is a transmitter and receiver system equipped with
multiple antennas (Fig. 6). The main reason for the growing popularity of the MIMO-OFDM sys-
tem is the ability to provide high quality signal and a high data rate. This is ensured by combining
the signals on the transmit (Tx) antennas at one end and the receive (Rx) antennas at the other end.
The resulting quality and performance improvements result in the communication lines being able
to be used to significantly improve the quality of wireless network service.
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Fig. 6 A simplified block diagram of the MIMO-OFDM system

The MIMO-OFDM system involves the use of N; transmitting antennas and N, receiving an-
tennas (Fig. 6). Initially, the input bitstream is displayed in several data characters using certain
types of modulation, such as BPSK. Then block of Ns character data [Si,s2..,., Sns] transforms into a
codeword matrix S of size TXN;, which then in T frames after implementation of OFDM modula-
tion using N antennas will be transmitted to the communication channel. In this case, each frame
consists of N subcarriers. Exactly, Sy;,Sy;,...,S1j code words will be transmitted with each jy, trans-
fer antennas in the form of 1,2,... T OFDM frames respectively. Code word S,j means the vector of
length N¢, for all j =1,2,...,Nrand n=1,2,...,T. The codeword matrix S can be expressed as:

S=| : . (6)
S|1\1 SL

After adding a cyclic prefix in all OFDM frames, Sy; will be transmitted from the transmitting
antenna at ng, OFDM frame. We define X as a subset of S, which represents an array of characters
transmitted from all transmit antennas within a single OFDM frame, of dimension N¢ X N
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S S
X=| : " (7)
st Sy

Expression (7) can be written as follows:

Xl(k:fo) 7
th(k:LNf)
Here vector X j(kzl'\'f) represents all characters transmitted from antenna j using N¢ subcarriers.

At the receiving station in the MIMO system, the received signals perform the procedures opposite
to those implemented in the transmitting device. The protective terminal is removed and the FFT is
applied and the data is then fed to the decoder. The resulting vector can be represented as:

Y:L(kerf)
(k=LN;)

-1 Y.
Y(k le): 2 (9)

(K=LN,)

YNr

Consider only the subcarrier (k = 1). Then equation (9) can be represented as:
Y =HX +v, (10)

where: Y - obtained vector, with dimension Nr;

H — Nr x Nt - complex signal propagation matrix, whose value is constant for the length of the
transmitted frame (ie quasi-static channel) and is known in the receiver (for example, by transmit-
ting test sequences). It is assumed that the statistics of the channel transmitter of the matrix H can
be described by the attenuation statistics, namely: Rayleigh attenuation, Rice attenuation or AWGN.
In addition, it is assumed that the elements H have a variance equal to one, or, in other words, the
average gain of the channel P. is normalized to one. Exposure to radio frequencies emitted by a
transmitter by a counter-station may impair the characteristics of the receiving station's (AU) re-
ceiver. The level of interference power at the input of the AU receiver is usually set as [8] - [11]:

| =P —Lg 1 +Gy +Ggr —Lg g —Lpor — Lp — Lepr , (11)

where Py - transmitter output power in dB-W;

Lr 7 - losses in the feeder line between the output of the transmitter and the input of the trans-
mitting antenna;

Gt and Gg - gain of transmitting and receiving antennas;

Lrr - losses in the feeder line between the output of the receiving antenna and the input of the
receiver;

LroL - loss due to mismatch of polarization of the receiving antenna;

L - propagation loss (including interference loss) between the transmitting and receiving an-
tennas;

Lror - frequency-dependent deviation (FDR) losses.

FDR is a measure of the deviation caused by the selectivity curve of the receiver in the spectra
of unwanted transmitter radiation, and can be represented as:
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T @(f)df
Lrpr =10l0g;q| ——= : (12)
[ o(f)®(f—Af)df

where ®(f) - power spectral density (PSD) of a complex equivalent representation of a fundamen-
tal frequency band (or complex envelope) of a true interference signal;
WY(f) - normalized frequency response of the receiver;

Af - frequency shift between the counter station transmitter and the AC receiver [11]. For sig-
nal signature W(f —Af), if Af —\%s f <Af +\%, the expression for FDR is simplified to the

form:

0

j @( f)df
2
[ o(f)df

af -
2

where W, - the bandwidth of the channel of the receiver AC.
The PSD signal area is equal to the signal power, and thus we obtain an expression to calculate

the transmitter output power: Py _jooq {J' @(f)df ]

—00

As shown in [13], FDR mainly depends on the interference power spectral density (PSD).
CP-OFDM systems
The complex envelope signal transmitted in CP-OFDM technology [11] can be expressed as:

© N-1 jork (T 4T
s =3 3 cup-nT+T e - n 7 (14)
n=—0 k=0
where ¢, k- complex data symbol modulated on the k-th subcarrier of the n-th OFDM symbol,
p(t) - window of impulse formation,
Tt = Ts + Ty - total character length,
Ts and Ty - the length of the data symbol and the security interval, respectively.
Assuming that the complex signals on each subcarrier are statistically independent and mutual-
ly orthogonal, the expression for the power spectral density of the OFDM signal with arbitrary pulse
formation is given as [11] - [13]:

2

R k
CDS(f):ﬂkZ_(:, P(f—f) : (15)

where Ps - data symbols dispersion ¢,k , as well as the power of one of the OFDM subcarriers;
1/T distance between subcarriers;
P(f) - Fourier transform impulse forming window.
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Adding the representation of the rectangular momentum form to (14), we obtain:

t_Ttiot
p(t) =11 —2- |,
tot
0,if [t|> “’t
(kHLJ—}: i |t = wt : (16)
tot
Lif |t < Tiot

Using the shift time property of the Fourier transform, [P(f)|® is expressed as

2 2
s{n(i)}e—i”«» _ s{n(L)}
TtOt Ttot

where sin ¢ — a function that is defined as sin ¢ (X)= sin (nx)/nx, if x # 0, otherwise — equals one.
Using (15) and (17), the power spectral density (PSD) of CP-OFDM with a rectangular pulse

shape is defined as:
2
= k
OLCP) () = PTtotZ smch— ]mt} . (18)
k=0 Ts

Let FDR be the measure of the deviation determined by the selectivity curve of the receiver on
the spectrum of unwanted transmitter radiation. Applying (13) and (18), we obtain an expression to
calculate the LFDR of CP-OFDM technology:

‘P(f)‘z Z‘S{p(t)}‘z = =Tt§t SinCZ(Ttotf)

(17)

N-1
L) —p. 10IoglO£P Z{S'” (f ) _sin “(f) Si2f,)+ Si(2f, )} (19)
k=0 fk fk
where
Si(x) = jL”tdt
X W, K
fe :ﬁTtot(Af+7"—i |
. WK
o = T (A _7\/—.'._)

S
Windowed-OFDM systems

For the suppression of out-of-band radiation in the OFDM window system, window-time func-
tions, for example, the function of the increased co-sine, are used to generate momentum. wi(t), du-

ration Ty, = Tiot + Ty Kind:
(1) = Wi, [t —%}
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<lt]

”(M (Tt +Ttr)j

0 (rtot +Ttr)
2

2
Ty

(20)

dew,(t) = % 1+cos ,if|t|=Tt7°t’

Ttot — Ttr

1, 0<|t|<

Ty - signal transmission time.
From (15) and the Fourier transform (20) the expression for the power spectral density of the
OFDM window can be represented as:

2

k
_ COS(;[Ttr [f —D
o) (f) =P Ty Nzl sincH1c XTLJT“"}( T : (21)

2
0 1—4Ttr2(f —k)
TS

It follows from (21) that the expression for the FDR of the OFDM window is defined as:

Af 4 »  cos? [ﬂtr (f —kD
N-1 2 ) k TS
LER =Py —10l0g;g| Ty Y, j smc[(f—_l_—]TtotJ X df [ (22)
k=0

W s 2)?
M7 [1—4Ttr2[f —kj }
TS

S

The latter expression can be implemented using software for settlement calculations. As fol-
lows from expression (22), the FDR of the OFDM window is affected only by the parameters: Ty,
Ts, and Ttot.

Filtered OFDM systems

The filtered x(t) OFDM signal is formed by passing the s(t) signal CP-OFDM (6) through the
spectrum forming filter. Thus, x(t) is given by the convolution s(t) and the impulse response of the
filter h(t) in this way:

x(t) = s(t)-h(t). (23)

We apply a spectrum forming filter [9], which is based on the truncation of the basic filter. The
truncation is performed by applying the window-time function w (t) to the impulse response of the
main filter g (t). The impulse response of a truncated filter is defined as

h(t) =g ()'w (). (24)

Suppose a function sin ¢ for g(t) =W, sin c(Wgt) , has a frequency response W = H(V%J To
g
suppress out-of-band radiation, the base filter truncates by using window-time functions such as the
Henning, Hamming, and Blackman windows [11]. For example, a Henning window of T,, duration
is defined as:
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l+lcos£2L|t|},|t|sT—W
2 2 T 2

w(t) = w (25)
0 [t > -%W
Filtered-OFDM PSD signal is given as
() (f)—PBTtOt[ZSI( f,)-2Si(zf,)+Si(zx—xf,)-Si(xr—=f,)+Si(xr+ 7 f,)— SI(7z+7zf)]
: 29)

e

where f, = Tw(f + Wy/2), and f; = Ty (f - Wy/2).

It should be noted that the PSD of the filtered OFDM signal can be found in quasi-closed form,
since Sj(x) can be estimated as easily as the basic trigonometric function using numerical calcula-
tion software. Using (26), the FDR of filtered-OFDM is defined as:

_1 AF W, 2 . Qi o 2
L(|=FD)R=PT —10|0910[ s Thot Z:l J' smC[( TthtOt] X{ZSI-(ﬂfu) 28|(7-If|)+S|(7r 7ij,) } df]' (27)

k20 af 2w, S =Si(r—nf))+Si(z+xf,)-Si(zr+xf,)

This expression can be implemented programmatically for numerical calculations [11]. Analy-
sis of the latter expression shows that the FDR of the filtered OFDM is affected by the parameters:
Tw, TS, Tior, and Wy. This is important in terms of controlling inter-character and inter-channel inter-
ference in the development of OFDM system architecture.

Conclusions

The use of signals with orthogonal frequency division channels, allows to sub-increase not on-
ly the information capacity of the system in conditions of multipath propagation with a limited
bandwidth, but also the speed of data transmission, bringing it closer to the bandwidth of the chan-
nel, increase the transmission secrecy and noise immunity, the effects of multipath propagation
(provided the appropriate shielding interval is used), increase the spectral efficiency of the system.
The article analyzes the systems of OFDM and a number of systems, which basically contain pro-
cedures of orthogonal time-division of channels and multiplexing. Mathematical models of OFDM
signals are obtained, describing the basic stages of transformations that are performed to obtain
such signals and estimating the properties of the signals. The obtained results can be used in the
construction of secure information and communication systems, for which the primary tasks are to
provide the necessary indicators of noise immunity (noise immunity of receiving signals, system
operation), information security, resistance to interference, spectral and energy efficiency.
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