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Abstract

The growth of wireless networking has contributed to the need for high-speed services and
multimedia applications anywhere and at any time. OFDM WiMAX technology is now considered one of
the most popular technologies capable of delivering faster implementation and lower cost than standard
wired options for Broadband Wireless Connectivity in metropolitan areas. This paper proposes
appropriate adaptive modulation to be used in wireless networks based on SISO and MIMO OFDM
WiIMAX, which allows the performance of the network to be improved in the case of non-line-of-sight
communications that are typical in urban environments. The effects of several paths, signal attenuation,
Doppler shift, and different mobility speeds on the performance of the system were investigated.
Mathematical models analysis of adaptive modulation in SISO and MIMO systems is treated by using
BER, SNR and noise components. Simulation results show that the adaptive algorithm would improve
throughput. It can also be concluded that when processing signals in a receiving system under conditions
of multi-path signal propagation, the use of adaptive algorithms has a positive effect on noise immunity.
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Introduction

Today, high data rate services, multimedia applications, and high-quality streams of information are
in high demand and will continue in the near future. Wireless systems, for mobile users, are considered a
viable and attractive solution for providing high data rates [1].

The Physical and Medium Access Control (MAC) layer specifications for a Broadband Wireless
Access (BWA) communication protocol have recently been provided by the IEEE 802.16 family of
standards [2,3] and sponsored by the WiMAX commercial consortium. The use of Orthogonal Frequency
Division Multiplexing (OFDM) to mitigate the adverse effects of frequency-selective multi-path fading
and efficiently contrast inter-symbol and inter-carrier interferences (ISI and ICI) is among several
alternatives to the IEEE 802.16 standards [4]. In particular, our focus is on the multiple orthogonal
frequency division scheme, which forms the basis of the WiMAX system [1,3].

OFDM is a digital modulation technique in which a signal at different frequencies is split up into
several constricted band channels [5]. The main advantage of OFDM over single-carrier techniques is its
ability to cope without complex equalization filters with harsh channel conditions since OFDM uses
many slowly modulated constricted band signals rather than 1 rapidly modulated broadband signal [6]. To
reduce multipath fading and inter carrier/symbol interference [7], the multi-carrier modulation
characteristic of OFDM is useful in modern wireless technologies.

In wireless communications, adaptive modulation is used to refer to the similarity in modulation,
coding and other signal and protocol parameters to the radio link stipulations [8]. There are different
coding schemes involved in OFDM, such as QPSK, BPSK, 8PSK, and QAM16. Depending on the values
of a certain parameter such as: Bit Error Rate (BER) and Signal to Noise Ratio (SNR), the choice of a
particular scheme is considered [9]. Such parameters affect the channel efficiency. The limits of channel
estimation decide the coding scheme that should be used for this particular signal received [10]. Due to its
advanced 2D pilot-based channel estimation scheme in the time and frequency domain, WiMAX is more
robust for high Doppler fast fading mobile channels [11].
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A 3D channel model that accurately accounts for the elevation angles of the rays is carried out to
accurately determine the efficiency of the Multiple Input Multiple Output (MIMO) and single-input
single-output (SISO) techniques in WiIMAX. The 3D WiMAX channel model implemented has been
verified and a good match with ray tracer statistics is maintained [12,13]. The concept of 2D propagation
breaks down as the distribution of the elevation angle is significant in some environments. In such
situations, channel capacity estimation and system-level performance can lead to imprecise results. When
modeling the communication channel, measured 3D radiation patterns are used for macro-cell Base
Station (BS) and user equipment (UE) antennas [12]. Employing adaptive modulation scheme in wireless
propagation environments over fading networks would result in great performance enhancements.

Adaptive signal processing algorithm

In the general case, the receiving antenna array is separated into different blocks; in the case of the
SISO system, there is a single antenna array (AR); and in the case of the MIMO system, AR is further
divided into blocks forming the receiving antennas [14,15]. The methodology considered is based on the
use of phase AR [16]. This algorithm is based on the calculation of the correlation matrix's eigenvalues
and eigenvectors. The block diagram of the adaptive unit in the receiver for the MIMO system is shown
in Figure 1. The SISO system adaptive block is similar, except that there will be 1 adaptation block and
no space-time decoder is available. The receiving antenna array in an adaptive processing system is an
AR consisting of N elements that form adaptive processing units. The process of forming adaptive
directional characteristic provides not only the formation of a maximum in the direction of the path with
the greatest power, but also the formation of zeros in the direction of the remaining paths. In this regard,
there are restrictions on the choice of the number of AR elements, depending on the number of
independent flows that must be obtained after adaptation, and the number of AR elements in a block
depends on the number of paths. In addition, the width of the resulting directivity characteristics depends
on the number of elements in the block.
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Figure 1 Adaptive processing block diagram.

As shown in Figure 1, the signal at the output of each adaptation block can be expressed as:

Y(t) = XL, wix; (t) = WHX(t) @



Trends Sci. 2022; 19(12): 4605 30f16

where w; are the values of ith weight vector; x; - samples of ith input signal and N is the number of AR
elements in one block.

The received signal X(t) can be written as the sum of the useful signal S(t) and interference component
N(t) [17].

X(@®) =S +N(t) 2

As a result of weight processing, the output of the adaptive block will be an output signal that should
contain a signal from the path with the highest power and a minimum from other directions. Thus, the
task is to determine the optimal weight vector (W, that maximizes the SNR [17].

_ wHpgw
9= WHR, W

©)

where R, is the spatial correlation matrix of the signal; R,,,, is the spatial correlation matrix of noise, W is
the weight vector and () is the complex conjugation transposition operation (or Hermitian
transposition).

The correlation matrix is Hermitian and is defined as follows:

Rs(i, ) = ECX(D)- X (D} = 7 X423 X (D). X () (@)

where X is the input signal vector; L is the number of samples of the input signal.
For any Hermitian matrix, the relation that is known from linear algebra, which is known as spectral
decomposition (a set of eigenvalues), is valid, therefore, formula expression (4) can be written as:

Ryy = VAVH (5)

where V is the unitary matrix of eigenvectors; A is the diagonal matrix of eigenvalues 4,

A 0 0
V=1[V V-V, A=[0 -~ 0] (6)
0 0 2,
Since the columns and rows of the matrix V are mutually orthogonal and normalized, then
VVH =VHY = @)
where [ is the identity matrix. It follows that
V—l — VH (8)

The criterion for minimizing the output power of interference and noise provides an eigenvector of the
matrix R corresponding to its maximum eigenvalue.

After calculating the optimal vector, the input signal is weighted, as a result, the signal from the adaptive
processing unit can be written as:

Yw = YH Wopt 9)

The signal at the output of the adaptation block can be written as
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where Hy, is the modified channel matrix after weight processing

H,, = HW,,, (11)

System model

If a straight line can be established between the network cells without any obstacles, a wireless
communication connection between a transmitter (Tx) and a receiver (Rx) is known as a line of sight
(LOS). Connection condition, i.e. if the path is LOS or non-line-of-sight (NLOS), specifies in channel
models several important parameters, including the path loss (PL), angle distribution, etc. [18]. An
adaptive algorithm 3D channel model based on antenna arrays that accounts for the elevation angles of
the rays is carried out to accurately evaluate the performance of MIMO systems in WiMAX. The
adaptive processing unit will only be in the receiver and non-directional transmission will be performed
by the transmitter. Adaptive signal processing can be extended to both conventional one receiving and
one transmitting antenna communication systems, and spatial signal processing communication systems
using a combination of antenna array transmitting and receiving elements. It was selected the carrier
frequency of 2.5 GHz for each pair of transmitting and receiving antennas, which will have moderate
signal attenuation for the wireless range selected. The distance and height of the base and mobile station
location will be selected from the intended operation of the communication system in the 100 m high and
25 km range zone.

Channel propagation models are shown in Figures 2 and 3 below. Figure 2 shows the propagation
paths in the XZ plane between the mobile and base station, where reflections are shown from the
buildings and objects, where the direct path is also shown. Figure 3 shows a geometric model in the XY
plane, which shows the reflections of signals from the buildings and the objects. The multi-path
propagation of waves from buildings and objects is considered in this paper. A long-range communication
system is considered by the model and is characterized by the presence of a direct LOS path or its absence
of NLOS.
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Figure 2 Propagation model channel in the XZ plane.
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Figure 3 Propagation model channel in the XY plane.

The locations of the BS transmitter and the MS receiver are defined by the high value hgg, hys and
horizontal distance R. The horizontal distance takes into account the position of the base and mobile
stations on the plane. In the figure, the straight path is characterized by the D, s length and angles for the

azimuth plane 67 and 65, and for the elevation plane 655 and 955 that are calculated by known
distance and high. The receiver can move relative to transmitter, and this movement is described by the

velocity vector vy, and the direction of the velocity vector is given by the angles yfs and y,(js . The

signal emission angles of a transmitting antenna 65, 08 e, angles of departure (AoD), and 65,4,

AOD
Hfo 4, 1.6. angles of arrival (AoA) at the reception, are characterized by a random value, which is set as an

offset relative to the main path. The spread of subpaths, relative to the main path, is characterized by the
values a40p and a4 , for simplicity are considered the same in both planes.

As a result, the impulse response of a multi-path channel can be described by the following
expression [19].

h(t,7) = Xhz1 an(0)8 (T — 7,(1) (12)

where a,, (t) is the time-varying amplitude of the nth path, t,,(t) is the time-varying propagation delay of
the signal for the nth path, N is the number of paths.
For the 3D WiMAX channel under consideration, the impulse response will have the form.

h(t,t) = h'OS(t, 1) + hRB(t,T) + hRO (¢, 1) (13)

where h'0S(¢t,t)is the component describing the direct path; hRB(t,r) the component describes
reflection from the building; hR° (¢, T) the component describes the reflection from the Objects.

Eqg. (1) defines all the components of the signals that come from the direct direction and the
directions of the reflections. Each component contains n reflected signals in addition to the direct path.
The number of reflected signals depends on the distance and the number of buildings between the
receiver and the transmitter. The situation becomes more complicated if the mobile station continues
travelling relative to the base station. This leads to the addition of a doppler frequency shift to the
multipath components.
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The mathematical representation of the direct path k%95 (¢, 7) is written as [20,21].

K
EHCDE /K—H Gs(608,08,). JGus (06 085)-Ls Duos). La(Diog).

8(t — T05) exp(jkdps sin(0g)) exp(jkd3s sin(Qgs))
exp(jkdiys sin(05)) exp(jkdis sin(91€5))
exp(iK [vss cos(8fs — vs) cos(65s — vhs) + vus cos(Gfis — vis) cos(Blss — vis)10) (14)

where K is the Rice coefficient; s is the number of antenna elements of the base station; u is the number
of antenna elements of the mobile station; dig — the distance between the elements of the base station
antennas in the horizontal plane; d3¢— the distance between the elements of the base station antennas in
the vertical plane; di,— the distance between the mobile station elements of the mobile station in the
horizontal plane; dZs — the distance between the mobile station elements of the mobile station in the
vertical plane; L,(D) — loss upon propagation of the wave [22]; GBS(Q“, 93)— the gain of the transmitting

antenna in the direction of the reflectors; GMS(H,(';S, 9,5,5)— is the gain of the receiving antenna of the
mobile station.

Components describing reflection from buildings, h55 . (¢, 7), and objects, h&S ,, (¢, 7), can be represented,
respectively, as [23,24].

B
R (60) = | Ls(Dy) — i\/GBS (8fopranm Grongsnm)
s,un 1) = K+1-S n-m- 3

m=1 GMS(GXOA_RB,n,m' eAOA_RB,n,m)
EnmDnm €XP (J'kdés Sin(GXOD_RB,n,m)) exp (jkdés Sin(eABOD_RB,n,m))
exp (j kdjys Sin(HXOA_RB,n.m)) exp (j kdys Sin(e.fOA_RB,n,m))
exp(jK[vgs COS(HXOD_RB,n,m - Vgs) COS(QfOD_RB,n,m - Vlfs) +

Vums COS(HXOA_RB,n,m - VI\O/[IS) COS(QfOA_RB,n_m - ngs)]t) (15)

B
RG 1 1 u \/GBS (HXODRc.n.m' QAODR(;,n,m)
hsin(t, 1) = |=——=.Ls(Dy).— Z
K+1 VM P

m=1 GMS(HXOA_RB,n,m' HAOA_RG,n,m)
$nmDn,m €XP (j kdgs Sin(HXOD_RG,n,m)) exp (f kdgs Sin(ngD_RG,n,m))
eXp(fkdzlws Sin(QXOA_RG,n,m)) exp(jkdf,,s Sin(e.fOA_RG,n,m))
exp(JK [vps COS(HXOD_RG,n,m - Vgs) COS(Q,fOD_RG,n,m - Vgs) +

Vums COS(HXOA_RG,n,m - VI\O/[IS) COS(QfOA_R(;_n,m - yzgs)] t) (16)

where &, ,,is the amplitude of macro reflectors and @, ,, denotes the phase of the macro reflectors.

Since the location of local objects in the model is randomly allocated among the transmitter and the
receiver, the time of signal propagation is calculated based on the location of the base station, the mobile
station, and objects with random coordinates.

Simulation results

For each pair of transmitting and receiving antennas, the frequency of the carrier was chosen of 2.5
GHz and bandwidth of 20 MHz which will provide moderate signal attenuation for the selected wireless
range. It was assumed that the base station is stationary and occupies a fixed position, while the mobile
moves at a certain constant speed. The initial data for modeling are presented in Table 1.
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Tablel Channel simulation parameters.

Parameter Name Value Unit
f Signal bandwidth 2.5 GHz
fn Carrier frequency 20 kHz
hgs Base station height 50 m
s Mobile station height 5 m
R Distance between BS and MS 4.5 Km
M Number of subpaths 20
Nyx Number of antennas at the TX 2
Ngx Number of antennas at the RX 2
t temperature 16 C
N Number of paths 7
Ggs Gain of BS antennas 1
Gus Gain of MS antennas 1
Vgs Velocity of BS 0 km/s
Vs Velocity of MS 30 Km/s
LOS Line of sight yes
c speed of sound 3x 108 m/s
dgs Distance between the elements of the BS antennas 0 m
dus Distance between the elements of the MS antennas 0 m
00D The spread of subpaths in AoD 5° degree
Caoa The spread of subpaths in AoA 35° degree

The main probabilistic feature of the system includes the probability of a bit error, which is the number of
bit errors divided by the total number of bits received in a transmission for a given SNR.

BER = Nerror bits (17)

Ntotal bits

In the simulation, it is assumed that the channel, both pilot and information, is stationary for the
duration of one frame of the OFDM symbol (for the next frame, the calculations are repeated). The
parameters of the channel would be similar to those used in channel modeling (Table 1).

The parameters of the OFDM signal will correspond to the values presented in Table 2, in which
the number of subcarriers equal to 1,024 is selected with a signal bandwidth of 2.5 GHz. The resulting
duration of the entire frame of OFDM symbols will be 0.41 ps, and the cyclic prefix duration will be
chosen equal to 1/4 of the signal duration, which will allow avoiding inter symbol interference, according
to the obtained maximum signal delay in channel modeling.

Table 2 Selected OFDM signal parameters.

Parameter Name Value Unit
N Total number of subcarriers 1,024
tg Guard interval duration Ya V]
fe Carrier frequency 100 kHz
BW Signal bandwidth 2.5 GHz
ts OFDM symbol duration 0.41 ks
n Number of pilot signals 150

The number of elements for the adaptation block is 4, the number of elements of the AR should be
greater than the number of paths. The distance between the elements of the transmitter is 0.54, it is
chosen as small as possible in order to ensure a high spatial correlation of the signals necessary for
adaptation.

At first, we will simulate all nodes of the SISO-OFDM system. In the modeling process, we will
consider how the equivalent directional characteristic changes after weight processing in the adaptation
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block of Figure 4 It should be noted that as a result we get the expected result: The maximum directional
characteristics directed to the path with maximum power, taking into account the selected simulation
parameters, this path is a straight line that has the least attenuation and minimum propagation delay
between the transmitter and receiver. According to the simulation results, the direct path has a true value
of the angle of arrival equal to 26.5° relative to the perpendicular to the opening of the AR. Moreover, in
the direction of arrival of the remaining paths, zeros of the directional characteristic are formed. As a
result, the system chose it as the optimal from the point of view of the criterion of maximum average
signal power. Consider how adaptive processing influenced the demodulation of information subcarriers
of an OFDM signal. To do this, we construct the signal constellation of the demodulated signal in the
receiver with and without an adaptation block as shown in Figure 5.

0 45
120 60

150 30
0.5

180 0

210 330

240 300
270

Figure 4 Adapted MD after weighing at SNR = 10 dB.
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Figure 5 Signals constellation after demodulation at 10 dB SNR for different type of modulations:
(a) BPSK, (b) QPSK, (c) 8-PAM, and (d) 16-QAM.

As shown in this figure, the spread of signal values at the signal constellation is larger in the
receiver without the use of an adaptive algorithm. This leads to an increase in the probability of bit error,
while for a receiver with adaptive processing, the probability of error approaches 0. To estimate how the
bit error probability changes, it is necessary to plot its relationship to the signal-to-noise ratio as shown in
Figures 6 to 9. As shown in these figures, it can be observed that the signal spread changes according to
the changes of the type of modulation, in other words, the signal spread changes according to the changes
of order form of modulation and as a results, the bits of information per symbol are changed also. For
example, in BPSK modulation, the spread of signal was large due to lower order form of modulation and
therefore the error rate becomes very low. For 16-QAM, the error rate will be higher than BER for BPSK
due to the higher form of modulation and as a result of this, the spread of signal was small.
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Figure 6 Bit error probability for adaptive AR algorithm for BPSK modulation.

Bit Error Rate (BER)

—*— With adaptation

—#— Without adaptation| |

4

6
Signal to Noise Ratio (SNR)

8

10

Figure 7 Bit error probability for adaptive AR algorithm for QPSK modulation.
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Figure 8 Bit error probability for adaptive AR algorithm for 8-PSK modulation.
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Figure 9 Bit error probability for adaptive AR algorithm for 16-QAM modulation.

The figures above show that the use of adaptation algorithm reduces the probability of a bit error
in the transmitted message. Moreover, the probability of error already at 0 dB differs by more than 2
orders of magnitude. As a result, we can conclude that the use of adaptive algorithms has a positive effect
on noise immunity when processing signals in a receiving device under conditions of multi-path signal
propagation.

It can be seen also from the figures that the BER changes according to the changes of order form
of modulation.
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At the MIMO-OFDM system, the experimental conditions will be similar to the previous ones:
Channel parameters - Table 1, OFDM signal parameters - Table 2, the parameters of the antenna system.
The parameters are set for MIMO 2x2, the number of elements for each adaptation block is 4, the number
of elements of the AR should be greater than the number of paths. The distance between the elements of
the AR transmitter. The distance between the elements of the transmitter, it is necessary to choose as little
as possible in order to ensure high spatial correlation of the signals necessary for adaptation.

In this experiment, we obtain 2 spatial streams that are recorded by 2 receiving antennas, which are
blocks of AR elements, and, therefore, each such block forms its own independent directional
characteristic. The radiation patterns at a signal-to-noise ratio of 7 dB for 2 receiving units are shown in
Figure 10.

90 15 80 15
120 60 120 60
1 1
150 30 150 30
0.5 0.5
180 \( 0 180 0

210 330 210 330

240 300 240 300

270 270

Figure 10 Adapted radiation pattern for MIMO-OFDM system.

It can be seen from the above figure that, similarly to the SISO system, the adaptive algorithm
generated a directional characteristic for each antenna in the direction of the direct path that has the
highest power. It should be noted that, in the general case, the type of radiation pattern for the 2 antennas
is different, however both have a characteristic maximum in the direction of the direct path. As for the
SISO system, the result of adaptive processing can be seen if we consider the signal constellation in the
receiver after demodulation of the OFDM signal as shown in Figure 11.

Unlike the SISO system in MIMO, each antenna array unit forms a directional characteristic in the
direction of signal arrival along the path with maximum power. Therefore, in the general case, the type of
directional characteristic for the antenna units may differ, as shown in Figure 10. As a result, similarly to
the SISO system in the MIMO receiver with adaptive processing, the probability of bit error decreases
and this can be clearly noted if we consider how this probability depends on the signal-to-noise ratio as
shown in Figures 12 to 15.
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Figure 11 Signals constellation of demodulated signal at MIMO-OFDM receiver for different types of
modulation, (a) BPSK, (b) QPSK, (c) 8-PAM, and (d) 16-QAM.
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Figure 12 Bit error probability for MIMO-OFDM system with and without adaptation for BPSK
modulation.
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Figure 13 Bit error probability for MIMO-OFDM system with and without adaptation for QPSK
modulation.
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Figure 14 Bit error probability for MIMO-OFDM system with and without adaptation for 8-PSK
modulation.

T
—#&— With adaptation
—— Without adaptation | {

-
]
r

Bit Error Rate (BER)

10 I 1 1 L 1
o] 5 10 15 20 25 30
Signal to Noise Ratio (SNR)

Figure 15 Bit error probability for MIMO-OFDM system with and without adaptation for 16-QAM
modulation.
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Figures 12 to 15 above also show that the probability of BER in the transmitted message is reduced
when using adaptation algorithm. As a result, it can be concluded that a positive effect on noise immunity
in processing signal at the receiving device when using adaptive algorithm under conditions of multi-path
signal propagation. It can be seen also that in MIMO technique when the order form of modulation is
changed, the BER changed also.

Figures 6 to 9 for SISO-OFDM results and Figures 12 to 15 for MIMO-OFDM results show that
the adaptive spatial filtering algorithm allows you to effectively deal with multi-path propagation of
signals in a WiMAX channel, both in the presence of a direct path and also in its absence. In addition,
adaptation has a positive effect on channel capacity.

Conclusions

A general algorithm for modeling a 3D WiMAX wireless channel communication system was
developed. An algorithm for the adaptive signal processing unit for the amplitude and phase system has
also been developed. To compare the efficiency of using adaptive algorithms, the bitstream transmission
through all nodes of the 3D WiMAX communication system was simulated taking into account the
influence of channel characteristics with and without an adaptation block. As a result, bit error probability
characteristics were obtained for SISO and MIMO systems with various adaptation block configurations.
For MIMO systems, the dependence of throughput on the number of spatial streams on the signal-to-noise
ratio was also constructed using adaptive algorithms and without. The effectiveness of the adaptation
algorithms was clearly shown on the signal constellations and antenna patterns after the adaptation unit.

From the results it can be concluded that the use of the adaptation algorithm reduces the probability
of error in the transmitted message. Also, it can be concluded that the use of adaptive algorithms has a
positive effect on noise immunity when processing signals in a receiving device under conditions of
multi-path signal propagation.
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