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Abstract: An important element of modern telecommunications is wireless radio networks, which en-
able mobile subscribers to access wireless networks. The cell area is divided into independent sectors
served by directional antennas. As the number of mobile network subscribers served by a single base
station increases, the problem of interference related to the operation of the radio link increases. To
minimize the disadvantages of omnidirectional antennas, base stations use antennas with directional
radiation characteristics. This solution allows you to optimize the operating conditions of the mobile
network in terms of reducing the impact of interference, better managing the frequency spectrum
and improving the energy efficiency of the system. The work presents an adaptive antenna algorithm
used in mobile telephony. The principle of operation of adaptive systems, the properties of their
elements and the configurations in which they are used in practice are described. On this basis, an
algorithm for controlling the radiation characteristics of adaptive antennas is presented. The control
is carried out using a microprocessor system. The simulation model is described. An algorithm was
developed based on the Mathcad mathematical program, and the simulation results of this algorithm,
i.e., changes in radiation characteristics as a result of changing the mobile position of subscribers,
were presented in the form of selected radiation characteristics charts.

Keywords: algorithm widrow; algorithm mean square; adaptive antennas

1. Introduction

An important element of modern telecommunications are wireless radio networks,
which enable mobile subscribers to access the fixed telecommunications network and other
wireless networks.

As the number of mobile subscribers served by a single base station increases, the
problem of interference related to the operation of the radio link increases. The use of
base station antennas with an omnidirectional radiation pattern is not advisable, both from
compatibility and energy points of view. When transmitting an antenna with this shape
of radiation pattern, an omnidirectional electromagnetic field is generated, which—with
the exception of the direction to selected mobile subscribers—is a disturbing field for
other stations. At the same time, increasing the number of subscribers does not allow for
increasing the frequency spacing of neighboring base stations due to the limited range of
the frequency band allocated to a given operator.

In order to minimize the above disadvantages of omnidirectional antennas, anten-
nas with variable directional radiation patterns, adaptive antennas, were used in base
stations [1]. These antennas allow their radiation characteristics to be controlled in such a
way as to provide mobile subscribers in a given sector with a connection with specified
quality parameters, while limiting interference with other base stations.

This solution allows you to optimize the operating conditions of the mobile network
in terms of reducing the impact of interference, the better management of the frequency
spectrum and improving the energy efficiency of the system.

An adaptive antenna is an antenna that controls its characteristics by controlling
the power supply while the antenna is operating [2]. Adaptive antennas are typically
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constructed from arrays of antennas, with continuous aperture antennas being less common
because the characteristics of the antenna array are easily controlled by adjusting the
amplitude and phase of the signal from each element before the signals are summed.

Adaptive antennas are useful in radar technology and communication systems where
the fight against jamming and interference is an important issue [3]. These antennas change
their characteristics automatically in response to the signal environment. This process
occurs in such a way as to optimize the signal-to-noise and interference ratio at the output
of the array. This makes them particularly useful in protecting radar and communication
systems from interference when the direction of the interference is not known in advance.
In communication systems, they are also useful in situations where the angle of arrival
of the useful signal is not known. Adaptive antennas can work with any shapes of array
elements, polarizations, and arrangement of elements. This property is a great advantage
when the antenna system must be designed to operate on irregularly shaped surfaces, such
as aircraft.

The first news about adaptive antennas appeared around 1950. In 1956, Altman and
Sichak proposed the use of a phase-coupled loop to combine signals from different receiving
antennas in a collecting system. These arrays were extensively and intensively researched
and developed in the 1960s. As a result of research into the problem of eliminating
interference, steering antenna beams and tracking moving radio stations, the first solution
for adaptive interference elimination began to be developed, dating back to the late 1950s.
This concept consisted of zeroing the antenna’s radiation pattern for the directions of space
where interference was detected (null steering). The first published results of this research
appeared in Applebaum’s work in 1976.

2. Adaptive Antennas in Radio Communications

Mobile radiocommunication is a dynamically developing field of radio communica-
tions. Its main task is to ensure communication between mobile subscribers and enable
access to the fixed telecommunications network. The area covered by the wireless network
is divided into appropriately small sub-areas called cells, within which mobile subscribers
move. Each cell is equipped with a base station responsible for collecting and updating
user data and intermediating the user’s connection with a selected subscriber of the same
network, another network, or a fixed-line network [4]. Dividing the area into cells allows
you to reduce the power of transmitters and allows for multiple use of the same frequency
range.

The following assumptions apply to the radiocommunication system-mobile tele-
phony, in which the analyzed adaptive antenna control algorithm can be implemented:

e  The system works on two frequency ranges [5,6];
e  Upstream channels (from mobile station to base station);
e  Down channels (from base station to mobile station).

This is a two-way transmission carried out in the frequency domain; depending on
the operating frequency, a different bandwidth is used. With the development of mobile
radio communication systems and the increasing density of users of these systems, the
issue of radio interference generated by base stations and mobile stations becomes more
important [7,8]. In the antenna aspect, this refers to the shape of the radiation pattern
of the base station antenna. When considering base stations with classic antennas with
omnidirectional radiation characteristics or sector characteristics, the harmful impact of
co-channel and adjacent-channel interference generated by the assumed evenly distributed
electromagnetic field from the base station antennas and the fields generated by mobile
stations should be taken into account (Figure 1).
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Figure 1. Communication diagram between the base station and the mobile station.

One of the effective ways to reduce the level of the interference field is to use antennas
with directional radiation characteristics in base stations, in particular adaptive antennas
with a moving main beam that follows the mobile station in real time. In a similar period,
work was carried out independently by Widrow, which was based on the use of the Least
Mean Square Algorithm (LMS) to eliminate strong radio interference generated by sources
located in close proximity to the received useful stations [9]. The original concept of
controlling the zeroing band of the receiving antenna was replaced by a solution of forming
a multi-beam radiation pattern of the base station antenna, in which each of the created
characteristic lobes is responsible for maintaining communication and tracking a selected
mobile station or group of mobile stations (Figure 2) (beam forming) [10,11].

A single mobile stations
= = = group of mobile stations
# % radio interference

Figure 2. Land mobile radiocommunication network using base stations with adaptive antennas.

Currently, and in the future, a more effective solution is to combine the method of
zeroing the antenna pattern, which eliminates interference, with the simultaneous use of
the same antenna as a system with multi-beam radiation characteristics.

Mobile stations located in the area served by a given sector antenna are assigned to a
given antenna. This takes place when the area covered by one sector antenna is transferred
to another sector. In the new sector, the mobile station receives an identifier that determines
its location in the mobile network [12]. When a mobile station requests service, it sends a
service request signal on a specific, fixed frequency. The base station checks whether it has
free resources to service this mobile station. If so, it allocates a time slot called a physical
channel on the appropriate frequency.

A similar situation occurs when the base station receives a request from the exchange
to establish a connection to the mobile station. From now on, the mobile station will
be operated by an algorithm controlling the radiation pattern of the sector antenna. If
there are no resources to service a connection, the connection is lost or there is a wait
for the connection to become available, depending on the method used to handle such
connection requests.
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When the mobile station ends the connection, the physical channel (time slot) it
occupies is released and the slot is excluded from the adaptation process [13]. The algorithm
for handling calls and ending calls is shown in Figure 3.
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Figure 3. Algorithm for handling calls and disconnections.

v

The adaptive algorithm presented [14] in this work is based on the assumption that
in subsequent time slots, the adaptive processor determines the parameters of the signal
received by the antenna in a given time slot from a given mobile station and modifies the
shape of the radiation characteristics of the adaptive array in such a way to adapt this
characteristic to the new situation [15]. This is because while the base station serves other
subscribers, the mobile station in question may change its position or the power radiated
from the transmitter, or an additional signal may occur that will disturb the emission of the
mobile station in question or the sector antenna. The power radiated towards the mobile
station is also adjusted so that it ensures correct transmission in the radio link, but at the
same time introduces the least possible interference to other base stations.

We see that the radiation pattern of the sector antenna changes dynamically in relation
to the observed changes in the surroundings of a given base station.

The radiation characteristics of the adaptive antenna are the result of determining
optimal characteristics for each mobile station separately. Its form is the sum of the
component characteristics for mobile stations. In this way, a radiation pattern is formed
that takes into account the location of all currently supported mobile stations as well as
the directions of interference that affect the adaptive antenna. Minimizing the radiation
characteristics in the direction of the interference source allows the use of lower radiation
powers to and from the mobile station while maintaining the assumed connection quality
(the ratio of the power of the useful signal to the power of the interfering signals). This
introduces less interference to other base and mobile stations and reduces the power of
interfering signals and noise occurring in the direction of the operated mobile station.
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Data transmission between the mobile station and the base station in a given i-th slot
and simultaneously from the base station to the mobile station in the slot (i + 3) is carried
out in parallel with the process of the adaptation of the radiation pattern by separate sets of
the radio receiver and signal processor.

Although adaptive antenna systems use antennas of various types and configurations,
they can be classified into three basic classes:

e  Phase patterns;
e  Multibeam antennas;
e And their combination.

Each configuration has several ports in which x, signals appear in response to signals
from sources located in the antenna illumination field [16]. Therefore, the main problem
in implementing the adaptation process is in determining the directions of arrival of
signals [17].

A universal way to estimate the signal arrival angle is to use the covariance matrix.
The problem comes down to estimating the angle of incidence of signals coming from the
directions @1, ©,. . .0y based on the received signals x1, x x,,;, (Figure 4).

dw

da

ds ®
d2

Y Xm VY Xa Y X3 X2 Y X1

Figure 4. The m-element antenna array.

The directivity characteristic of a given system can be written as [18]:

E(0) = Ee(e)Zle wmAxej[(M71)dein(9)iﬁn] 1)
where:

E.(0)—radiation characteristics of a single element of the antenna array (we assume
that these elements have the same characteristics);

wy—complex weight of the adaptive system;

Ay—signal amplitude;

k—propagation vector;

d—distance between array elements;

Brn—phase shift between array elements.

Several useful signals d,,; = Agie™J (=) may fall on the antenna system from different
directions 61, ..., 0k and interfering signals from the directions ¢, ..., ¢;. The signal
received by each element will be the sum of all signals, both desired and interfering,
reaching the antenna array and thermal noise.

Sy = Zszl ssyge]'[(mfl)kdsm(ei)] + ZiL:1 Zl-g]‘[(mfl)kdsm(?i)] + 1y,
(received signal) = (useful signals) + (interfering signals) + (noise)

()

Using the calculated covariance matrix s, weights are determined for each port of the
antenna array. These weights represent a vector of the form [19]:

W= [wll (% PR WM, ]T (3)
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In general, these are complex quantities, and they affect both the change in the ampli-
tude and phase of each element of the antenna array.

3. Adaptive Algorithm

The adaptive antenna system is based on controlling the radiation characteristics of
individual active elements so that the value of the characteristic of the entire antenna is at
maximum in the direction of arrival of the useful signal, while in the directions of arrival
of interfering signals, the value of the radiation pattern is minimal (theoretically it should
be zero, but this is unattainable in practice); however, the nomenclature uses the term
zero characteristic in the direction of interference. To achieve this, there are the so-called
algorithms for controlling the characteristics of the adaptive array. Most control algorithm
solutions can be grouped into four categories (Figure 5).

System initialization

Is the
connection implemented
in the i-th slot?

Initiation of data packet transmission
from the mobile station in the
ith slot and to the mobile station in the (i+3)th slot

¥

Signal analysis, determining the amplitude
and instantaneous phase of the signal

¥

Calculation of the signal covariance matrix
and the reference correlation vector

Determination of a set of optimal
weighting factors for the i-th
component characteristic

1

Determination of the antenna radiation pattern
and determination of weighting factors based
on knowledge of all component characteristics

!

End of data transmission

¥

Changing the values of words controlling
phase shifters and dampers based on the
values of weight

|
Transition to the
next slot
i=i+l

Figure 5. Adaptive algorithm for the radiation pattern of a sector antenna.

The first one requires a receiver on each of the active elements of the array. In this
approach, a correlation matrix of signals received on individual active elements is formed
to obtain optimal weights that ensure the maximum useful signal to interference and
noise ratio (SINR). There are many solutions of this type, but they all rely on knowing the
signals received on individual elements. Using such a number of receivers is expensive
and requires constant calibration [20,21].

The second category is a system that relies on knowing the source of the disturbance
and on the characteristics of the attenuators and phase shifters being precisely predictable.
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Having this information, the system mathematically calculates the weights to create a zero
characteristic in the direction of the disturbance. However, this method is impractical
because the source of the interference is usually unknown.

The third category involves randomly determining possible settings for the weights
of array elements. This approach is very time-consuming and therefore impractical in
real-time systems.

Finally, the fourth approach is based on the principle of implementing a mathematical
weight optimization algorithm in order to obtain the minimum total power at the output of
the adaptive antenna. In this method, a gradient vector is most often formed by selecting
the weight values to obtain the minimum total power at the output [22].

4. Model and Experimental Tests of an Adaptive Microstrip Antenna Array

The adaptive algorithm is implemented in the adaptive antenna. The designed antenna
is an adaptive antenna. Its task is to radiate such characteristics as to provide all serviced
subscribers from a given sector with appropriate connection quality. The antenna sector
is 120°, so the characteristics should be deflected by almost 60° to the right and left from
the direction marking the center of the sector to ensure coverage of the entire sector. The
antenna’s radiation pattern will have to be variable so as to cover all subscribers served at
a given time. The adaptive antenna must have the following features:

Small changes in antenna parameters across the entire frequency band;

Wide (sufficient to cover the sector) beam scanning range;

Ability to change the shape and direction of the main beam;

Asymmetrical characteristics in the fagade, tilted towards the ground by 6-10°

Low level of side lobes;

Good ratio of forward radiation to backward radiation of a single radiating element;

WES level < 2;

Directional gain of 10-15 dB;

Antenna consisting of eight identical elements;

The statistical parameters of the useful signal are known;

The direction of arrival of the useful signal changes over time;

This direction is determined based on the phase difference of signals received in
neighboring component antennas (in the model, the phase difference is determined
based on the assumed signal arrival angle);

e Interfering signals occur in the given directions, and their location does not change
in time;

The powers of useful and disturbing signals are constant and unchanging in time;

It is possible to carry out simulation tests for various values of the assumed param-
eters (number of useful and interfering signals, their powers and locations, and the
movement they perform, number of antenna components, etc.)

The algorithm of the adaptation process is usually based on one of three classic meth-
ods. Two of them use the concepts of controlling weighing systems with feedback [23]. The
first one requires information about the actual and potential location of the sources of the
desired signals. It is often called the power-inversion algorithm or Applebaum-Howell’s
algorithm. The second method of determining weights, using feedback control, is called
Widrow’s algorithm. In order to maximize the signal-to-noise ratio for signals received
from a single desired signal source, the characteristics of the desired signal are required
here. The third method, which does not use feedback, SMI sample-matrix-inversion, is
based on an algorithm that is a completely computational process, using signals received
from N ports of the adaptive antenna and the angular position of the desired signal source.
Thanks to this information, interfering signals are suppressed at the output. The SMI
algorithm does not use feedback to correct implementation inaccuracies (Figure 6).
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Figure 6. Adaptive antenna system.

The system is composed of several components, the most important of which are:

Antenna array;

Microwave coupler systems;

Frequency conversion block (there are solutions without frequency conversion);

IQ metabolism systems;

A/D converters;

A signal processor based on an implemented algorithm for determining complex weights;
Weighing systems.

The digital signal processing path consists of:

A/D converters;

One or two signal processors;

Digital weighing systems.

The selection of parameters of each component affects the accuracy and speed of the
adaptation process, which results in obtaining the desired directivity characteristics or
determining the directions of incoming signals.

The adaptive algorithm uses information developed solely on the basis of:

Output signal s, (weigh-dither algorithm);

sy input signals. (inversion-matrix algorithm);

Signals s, and s, algorithm (Applebaum-Howell’s and Widrow).

The key problem of ensuring the proper operation of the adaptive antenna is the

algorithm for generating wy,, weights. This algorithm can be implemented in software or
hardware. The algorithms used can be divided into two groups:

o  With feedback;
e No coupling.

The basic feature of systems using uncoupled algorithms is the generation of wj, scales
only on the basis of input data and control of weighing systems with a small but finite error.
The operation of such a system is not corrected by output signals, as is the case in systems
with feedback.

All algorithms are based on two basic elements:

e Inverted covariance matrix of received signals s;;
e  On the control vector.

The signal at the input of each element of the antenna array is a composite of thermal
noise, signals of interfering sources and the desired signal in the antenna illumination zone
FOV (field of view).
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In a simplified form, we can write it as the following equation:

Sn = Snoise t Sdisruption t Ssignal

The goal of each algorithm is to generate weights that will result in the maximum
reduction in the influence of interfering signals and the domination of the output signal
by the desired signal. The basic operations of the algorithm are presented in Figure 7. The
designed algorithm model is a mathematical model that graphically reflects the operation
of the adaptive antenna array process in the base station of the mobile telephony system. It
ensures the adaptation of the radiation characteristics of the antenna array to the changing
situation in the sector covered by the antenna. The model was created based on formulas
and expressions describing the LMS adaptive algorithm [24].

Sampling signals from individual
elements of the antenna array

!

Determining the covariance matrix @
Based on samples

|

Covariance matrix analysis
- calculating eigenvalues

Division of eigenvalues into valyes
Related to useful signalsA_{i ) >

Determining the number of signals
usable per based on eigenvalue analysis!

Determination of related eigenvectors
with eigenvaluesA_(i ) >

Calculating the direction of signals
useful

Figure 7. Basic operations of the adaptive algorithm.

The useful signal used in the model is described by the following relationship:
dyi = Agie” /o) )

where:

di i-th useful signal received in the n-th array element;

Ay amplitude of the i-th useful signal;

@g4; difference between the phases of the i-th signal received in two consecutive antenna
components.

The phase shift ¢;; is determined based on the given angle of arrival of the signal
using the following relationship:

@ai = 1sin(0g;) 5)

where:
0, is the angle of incidence of the i-th useful signal.
Interfering signals are described similarly.

2y = Aye 1(-19z) (6)
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The useful signal vector can be represented as:

and the interference signal vector as:

X

X;

Zni

)

(8)

For the case of many useful and interfering signals, the signal vectors are as follows:

Xy =

X, =

X00

X10

L Xn0

200
Z10

LZn0

X01
X01

X01

201
201

201

X0i
X0i

Xni

20i
20i

Zni

©)

(10)

The covariance matrix of the useful and interfering signals is obtained from the

following relationship:

T
Qsz'gnal = XxXx

T
d)disrupi?ion = XX,

Total covariance matrix:

@ = ‘Dsignul + ¢disruption + Dyoise

where:

D,,yisc is the 11 by n noise covariance matrix.

o

d)noise =

where:
o is the noise power.

The reference signal is described by the following relationship:

where:

o .

0

o2

r= AV

Ay is the amplitude of the reference signal;

Y, is the amplitude of the reference signal with a random value.

Reference correlation vector:

S =

X, r

Vo oo

(11)
(12)

(13)

(14)

(15)

(16)
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P/Pmax [dB]

Direction of arrival of the desired signal 10°

The vector of weight coefficients is determined from the following relationship:
W=ao!s (17)

In order to obtain a graph of the antenna’s radiation power characteristics as a function
of the scanning angle, we use the following relationship:

P(x) = )WTX(x)’ (18)
where:
x is the scanning angle —7r < x < +7;
P(x) power radiated in the x direction;
X(x) an auxiliary vector specifying the signal parameters in the x direction.
1
e—lo(x)
X(x) = esz(p(x) (19)
e—ing(x)
where
@(x) = msin(x) (20)

is the phase shift between subsequent elements due to the value of angle x.

Using the Mathcad mathematical program, the possibility of directing the main an-
tenna beam in the direction of the desired signal was examined [25]. Selected radiation
characteristics of the eight-element antenna array, Figure 8, for signals coming from differ-
ent directions are presented below (Figures 9-13).

EEEEMWEAET

Figure 8. Eight-element antenna array on a dielectric substrate: physical implementation.

<

P/Pmax [dB]

70

Deviation in degrees
Direction of arrival of the desired signal 30°
Black line —characteristics before adaptation, blue line —characteristics after adaptation.

Figure 9. Radiation characteristics of an 8-element array.
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Figure 10. Normalized directivity characteristics of an 8-element array before and after adaptation in
polar coordinates. (a) The signal falls at an angle of 10. (b) The signal falls at an angle of 30°.

/1
N [
_ ERNR
m W\/¥ N
|/

P/ Pm ax[dB]
D

==

|

|
_ | A
ol ] l |
il V \
ol ! \

UUseful signal at 25°, jamming signal at 5°
. [

. an

_ AL
AN
i
AR

[dB]
=
-
B

PiPm
| |
ot

\

L

. | |
RERE |
L \

) |
| | \

—-50 t
-e0 -F5 -é0 -45 -3 -15 0 15 30 45 a0 7500

Useful signal at 20°, disturbing signal at 0°
Blue line —characteristics after adaptation
Black line —characteristics before adaptation

Figure 11. Radiation characteristics of an 8-element array.
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5. Conclusions

The use of adaptive antennas in mobile telephony systems allows the avoidance
of the imperfections of using antennas with omnidirectional radiation characteristics in
base stations. In modern mobile telephony systems in areas with high traffic density,
base stations are used, consisting of a large number of adaptive sector antennas with a
small sector angle (e.g., 12 antennas, each with a radiation sector of 30°). This results
in more effective management of the allocated frequency range, which allows for the
servicing a larger number of mobile subscribers at the same time. Moreover, the radiation
characteristics of such sector antennas are more accurate and are characterized by low
power emission values in undesirable directions.

The algorithm used is only a proposal that can be implemented in mobile telephony
systems. It allows the problem of adapting the radiation pattern of an adaptive array to be
solved based on the knowledge of the signals reaching the antenna. It is not required to
know the angle of arrival of the useful signal, only its statistical parameters. For this reason,
it is suitable for use in mobile telephony systems. In these systems, the exact location of the
mobile station is not known, but it is known what the signal parameters are and in which
time slot the signal will be transmitted.

This algorithm is also useful because it minimizes the radiation characteristics of the
array in the direction of the disturbance. This phenomenon is particularly useful in very
densely populated areas, where the distances between individual base stations are very
small, which increases mutual interference between them. Moreover, in such areas there
are usually several different networks operating, which may interfere with each other.

The proposed simulation model allows for a graphical illustration of the adaptation
process of the adaptive antenna’s radiation pattern. It includes the presentation of changes
in radiation characteristics as a result of changes in the location of mobile subscribers for a
given number of subscribers served, as well as the directions and amounts of interference
occurring. This model can be very easily configured for various assumptions, such as the
number of active elements in the array, the number and locations of mobile stations and
interference signals, the movement of mobile stations and interference signals, and their
powers. Therefore, it can be considered universal for the issues of adaptive algorithms.
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