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FOUR-ANTENNA AMPLITUDE DIRECTION FINDER:
STATISTICAL SYNTHESIS AND EXPERIMENTAL RESEARCH
OF SIGNAL PROCESSING ALGORITHM

The subject of this study is the algorithms for measuring the angular positions of radio emission sources. The
goal of this study is to develop an improved algorithm for signal processing in amplitude direction finders that
will provide several unambiguous measurement angles at high steepness of the discrimination characteristic by
combining measurements of systems with different widths of antenna patterns. The task: to develop an optimal
signal processing algorithm for a four-antenna amplitude direction finding system, two antennas of which have a
wide radiation pattern and the other two have a narrow one; to test the overall performance of the resulting algo-
rithm by simulating the direction finder; to develop and conduct a study of an experimental model of a four-
antenna direction finder, which includes two antennas with wide radiation patterns, two antennas with narrow
radiation patterns, radio frequency paths, and a signal processing unit that implements the developed algorithm;
to analyze the effectiveness and features of the application of the developed algorithm, and to compare the results
of simulation modeling and experimental research. The methods used are statistical methods and optimal solu-
tions for solving problems of statistical synthesis of signal processing algorithms in passive radio systems, com-
puter simulation modeling methods, and experimental research methods. The following results were obtained.
The algorithm for signal processing in a four-antenna direction finding system was synthesized using the maxi-
mum likelihood method. By simulation modeling, the overall effectiveness of measurement integration in multi-
antenna amplitude direction finders was confirmed, and the peculiarities of the synthesized algorithm application
were revealed, namely, the need to introduce additional proportionality coefficients into the measurement chan-
nels. During the experimental studies of the developed model of the direction finder, the results of the simulation
modeling were confirmed. Conclusions. To determine the direction of radiation sources by amplitude direction
finders, it is advisable to simultaneously use systems with wide and narrow antenna patterns, the measurements of
which are combined by the proposed algorithm. This makes it possible to simultaneously expand the range of un-
ambiguous measurement angles and increase the accuracy of measurements within the equal-signal zone. The
disadvantage of using the algorithm is the nonlinear form of the obtained discrimination characteristics and the
need to determine additional proportionality coefficients heuristically.

Keywords: radio direction finder; observation characteristic; power measurement; optimal signal processing;
experimental research.

problems. For example, an extraneous radio signal can
disable equipment sensitive to radio radiation, distort

Introduction

Motivation. Modern advances in radio element
base, devices, and algorithms for analog and digital in-
formation processing make it possible to create highly
efficient and affordable miniaturized radio data channels
in the frequency range from tens of MHz to a few
GHz [1, 2]. Such channels are now widely used in per-
sonal communication devices for organizing local and
global data transmission lines, remote control of devices
for various purposes, information collection, and navi-
gation [3, 4].

Despite the general convenience of using radio
communications, there are situations in which the exist-
ence of an unknown signal source in the air can cause

the results of experiments, suppress a critical data
transmission channel, or indicate a possible danger to
others [5, 6]. This is especially relevant to open and
unlicensed frequency bands, among which the most
common are 433/868 MHz and 2.4 GHz, and important
radio channels, such as the bands in which global satel-
lite navigation systems transmit radio signals [7, 8].

Therefore, tools capable of both detecting the pres-
ence of radio sources and determining their direction
have become particularly relevant today. These systems
include Direction Finders [9].

State of the Art. Currently, there are many differ-
ent algorithms used in direction finders. The most mod-
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ern and advanced systems are those based on correlation
signal processing or correlation-interferometric direc-
tion-finding methods [10, 11]. Correlation systems use
several antennas spaced over considerable distances
(from several meters to kilometers). In this case, the
direction of signal arrival is determined by calculating
the delay time of the same signal to different elements
of the antenna system [12]. Correlation-interferometric
systems are based on measuring the phase difference of
signals received by different elements of the antenna
system and performing additional sequential correlation
analysis of the measurement results [13, 14]. The ad-
vantage of a correlation-interferometric system over a
correlation system is high direction-finding accuracy
without the need to use an antenna system with a large
base between individual elements. At the same time,
both correlation and correlation-interferometric systems
require high-speed analog-to-digital converters and digi-
tal information processing devices to achieve high di-
rection-finding accuracy [15]. This significantly in-
creases the cost of direction-finding devices and makes
them affordable for a limited number of consumers.
Therefore, the classic two-antenna amplitude and phase
direction finding radars remain relevant.

In an amplitude direction finder, the direction to
the signal source is determined by comparing the pow-
ers of the signals received by the two directional anten-
nas [16, 17]. In the case of phase direction finding, the
direction is determined by comparing the phases of the
signals received by the two omnidirectional
antennas [18]. The main advantage of amplitude and
phase direction finding methods is their simplicity and
low cost of implementation, which makes such systems
relevant today. Thus, considering the achievements of
the modern element base, the radio frequency paths of
such systems can consist of a minimum number of
components. Further processing of information, even in
digital form, does not require significant power and can
be implemented on a single microcontroller. The disad-
vantage of these systems is the provision of high accu-
racy and unambiguity of direction finding only in a lim-
ited range of angles, which depends on the parameters
of the antenna system [19]. At the same time, an in-
crease in the viewing area leads to a decrease in the ac-
curacy of direction finding due to a decrease in the
steepness of the observational characteristic, which is
especially inherent in amplitude direction finders. This
requires a constant search for a compromise between the
viewing area and direction-finding accuracy.

A possible solution to this problem is to combine
the two direction finders into one complex. One direc-
tion finder will have a wide field of view and low accu-
racy, and the other will have a narrow field of view with
high accuracy. By combining the measurements of the

two systems, we will be able to obtain an increased field
of view and increased accuracy in determining the angu-
lar position of the radio source. However, such a com-
bination is not an easy task and requires a special pro-
cessing algorithm. The development of such an algo-
rithm can be performed heuristically by studying the
features of individual systems and finding possible ways
to combine measurements. However, this option does
not always provide the best or most accurate solutions
to the problem. A more expedient and effective ap-
proach is to synthesize a measurement combination al-
gorithm based on the statistical theory of signal pro-
cessing optimization in radio remote sensing systems
[19, 20]. This will allow both to obtain the optimal pro-
cessing algorithm for the task at hand and to preliminar-
ily estimate the limits of measurement error.

Objectives. This paper proposes an optimal algo-
rithm for signal processing in a direction-finding com-
plex consisting of two amplitude dual-antenna direction
finders. One of the direction finders has a wide viewing
area and low accuracy, whereas the other has high direc-
tion-finding accuracy in a limited sector. The effective-
ness of the proposed algorithm is investigated both by
simulation modeling and during an experiment involv-
ing a model of a direction-finding system.

Initial data. Description
of the problem geometry
and the main parameters

Fig. 1 shows the general structure of the direction-
finding system and the main geometric relationships
required to synthesize the optimal signal processing
algorithm. The complex consists of two pairs of anten-
nas. AntennasA; i A, have wide radiation patterns
rotated at angles +0.565, relative to the equivalent di-
rection They belong to a direction-finding system with a
wide viewing angle and low discrimination slope. The
antennas Az i A, have narrow radiation patterns and
are deviated by an angle £0.505, relative to the equi-
signal direction 6. The direction finder with these an-
tennas provides high direction-finding accuracy with a
narrow area of unambiguous measurements. All anten-
nas are located on the axis x and the equal-signal direc-
tion is on the linear section of the radiation patterns. The
radio source is located toward 0

Signal u; (t) from the output of the antenna on the

radio frequency front-end, in which it is pre-processed
(amplification, filtering, detection, etc.) and then sent to
the processor unit, which calculates the estimate of the
direct radiation source 6.
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Fig. 1. General structure of direction finding
complex and basic geometric relations
of the direction-finding problem

4

To synthesize the optimal signal processing algo-
rithm for the direction finding complex, it is necessary
to determine the observation equation. In radio systems,
useful signals are always received against a background
of external and internal noise. Therefore, it is advisable
to represent the observation at the antenna output as an
additive mixture of useful signals and noise for each
receiving channels:

Uj (t) = Re{Sresi (t’}‘)}+ n; (1), 1)

were S, IS an useful signal received by the i-th an-

tenna; n; (t) is a noise in the i-th receiving channel,

recalculated to the antenna output.
Consider the useful signals at the output of the an-
tennas as follows:

Sresl(tv7‘=es)=

=[G, (e— 6o +9—§1]5(e —05)A(t)e 12motdp, (2)
(0]

Sre.'az(tv)‘:es)=

= [ (e— 0o —%}5(6— 0)A(t)e 12 olg, (3)
[©)

Sres3(t,k:95):

=[G, (e—eo +9ﬁj5(e—es)A(t)e12“fotde, (4)
2 2
S"’reszl(t'k:es):

= [, (e—eo —O%JS(G—GS)A(t)e_jZ“fotde, )
[©]

. 0
were A is evaluated parameter; 61[6—60 i%j are

radiation patterns of antennas A; and A,;

0 .
GZ(G—OO J_r%j are radiation patterns of antennas

Az and A,; A(t) is complex envelop of the received

signal.

In the following calculations, we assume that the
receiving paths have identical characteristics and that
the noise n; (t) are white delta-correlated Gaussian pro-
cesses with power density 0.5N, and the following

correlation functions:
No
Rni(tl_tZ):_z 5(ty —tp). (6)

In accordance with this task, it is necessary to syn-
thesize the optimal algorithm for processing the obser-
vations received by the four-antenna direction finder (1)
to estimate the angular position 65 radio signal sources.

Algorithm for received signals processing

To solve the problem of optimizing signal pro-
cessing, we use the criterion of the maximum likelihood
function, which for the case of joint optimization of four
processes will be as follows [21]:

PL(t) |2] =
= Pluy(t) | 1] Pluz (1) | ATP[uz(t) | 2] Plug(t) | 2] =

:Kexp{_Nii [ [ui) - Re$resi (1.2} ]2 dt},(?)

0ij=1

where 1« is a coefficient that depends on the energy
parameters of the signal; T is the time at which the
signal was observed.
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Let’s define the maximum of function (7). To
achieve this, it is necessary to differentiate it and set the
result to zero. However, to simplify the calculations, it
is advisable to differentiate not the likelihood function
(7) itself, but its logarithm:

dInP[u(t) [A]

20, =0. ®)

05=0g opt

Because of differentiation, we obtain the following
likelihood equation:

2 T mlten] ]

Oi=1 T

( {d Sresi (t’k)}J
x| —Re] —L 1V U g — 0, 9)
d6,

We obtain the following equation by expanding
the derivatives of the useful signal:

dGl(e - 90 + 0,5651)|

uy () RefA(t)x
do 0=0 JI'
ce 2oty g dG1(6-60 —0,505)|
do lo<o,
x[up(t)Re {A(t)e P 0"yt +
T
4 462(0-00+0,5057)) jug(t) RefA(t)x
do |6:95 T
ei2rfoty g | dG, (069 —0,505,)|
do lo-o,

x[ug()Re {A(t)e 20" qt =
T

_ dGl(G - 60 + 0’5661)|
do lo<o,

x| RefSrest (.1 )}Re{A (t)e 120" gt +

,0G1(8-09—0,505)|
do lo=o,

x| RefSresz (1.1 )}RefA (t)e 120"t +
T

+ dGZ(G—OO +0’5962)|
do loo,

x| RefSress (1,2 )FRe{A(t)e 20" dt +

L 4G, (6-6q —0,505,)|
do loo,

x| RefSresa (1.1 )RefA(t)e 20 }t,
T

(10)

To simplify equation (10), let’s consider the fol-
lowing equation [21]:

ReAReB Z%REAB-F%RGAB* z%ReAB*. (11)

In this case, the left-hand side of (10) will be equal
to the right-hand side under the following condition:

dGy(60—69 +0, 5951)|

[ur®A(t)e 2ot gt +

do 0=65 T
+dGl(e—eO _0,5681) qu(t)A(t)e—jznfotdt+
do 6=6; T
+dG2(9—90 +0,5962) J'us(t)A(t)e—jZTEfot dt+
do 0=0; T
do 6=65 T
1
= 5B Gx(05.00.051,052) , (12)
(13)

E, = [|A(t)dt,

Gy (65,60,051,052) =
_ dGl(G—GO +0’5961)

Gl(es - 90 + 0, 5951) +

do 0=05
L UG1(6-060-0,505) G1(65 —60 —0,505) +
do 0=0
, 4G2(0- 65 +0,505,) G, (05 —0g +0,505,) +
do 0=6
. dG,(6-6y —0,505,)| G, (0 —0g —0,505,) ,(14)

do lo<o,

where E; is an energy of received signals;

Gs(65.6q,651,05,) is weighting factor, which makes
sense for weight averaging of measurements of each
channel.

The left side of the likelihood equation (12) corre-
sponds to the signal processing algorithm in a four-
antenna direction finder, and the right side corresponds
to its discrimination characteristic without the influence
of noise. According to the obtained mathematical model
(12), the signal processing diagram for i-th receiving
channel is shown in Fig.. 2. According to the diagram,
the optimal detection of the signal u;(t) received by

the i-th antenna is performed first. This is performed by
multiplying the received signal by a complex envelope
and then averaging it in a low-pass filter. To consider
the influence of the radiation pattern, the signal from the
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filter output is multiplied by a coefficient proportional
to the derivative of the radiation pattern of the corre-
sponding antenna. The signals obtained from the output
of each such channel are further summed in the adder.
The decision on the presence of a radio signal source in
angle 65 is made when the signal from the adder output

reaches or exceeds the threshold Ej .

_ dG; (00, +0,505)
i _ 2 t t 1 1
A(t)e™ ™0 a0

i y v

I}%x > LPF > X

Fig. 2. The signal processing diagram
for i-th receiving channel, where LPF is low pass filter

. To
~ adder

Simulation modeling
of the direction finder
observation characteristics

Let’s consider the overall performance of the ob-
tained mathematical model (12) of the signal processing
algorithm with simulation modeling. To do this, we ob-
tain discrimination characteristics for several cases: sep-
arately for direction finders with antennas that have
wide or narrow radiation patterns and for the case of
combining two systems into one complex using the
mathematical model (12).

The main lobes of the radiation patterns of most
real antennas have a shape close to the Gaussian. There-
fore, for simulation modeling of the radiation patterns,
we use the following records of the shape of the radia-
tion pattern and its derivative:

2
-0, +0.50;
Gi (660 +0.505 ) =exp —M (15)
20i
dG;(6—0p £0,505) (65 —6g +0.505 ) 5
do N o?

XGi (95 —90 i0.596i ) y

(16)

were Og; is a shift of the radiation pattern relative to the
equal-signal angle 6.

For the first example, we assume that the width of
the normalized radiation patterns at the 0.5 power level
is 75 degrees, and the shift relative to the central direc-
tion is 32.5 degrees. In the Fig. 3 the relative positions
of the radiation patterns for this case are shown, and the
normalized discrimination characteristic of the direction
finder for this antenna configuration is constructed.

0.4/

-0.8]

80 40 0 40 0, deg
Fig. 3. Directional patterns (a) and observation
characteristic (b) of amplitude direction finder

with wide beamwidth antennas

To compare the quality of direction finding of dif-
ferent systems, we use two indicators: the width of the
area of unambiguous measurements and the steepness of
the discrimination characteristic. The area of definite
measurements is determined by the angular width of the
discriminating characteristic to its first extrema relative
to the equal-signal zone (in the graphs, the equal-signal
zone corresponds to the angle 0 degrees). The steepness
is calculated as the modulus of the ratio of the increase
in the amplitude of the discriminative characteristic to
the increase in the angle in the region of the equal-signal
zone. Analyzing the discrimination characteristic of the
Fig. 3 it was determined that the range of unambiguous
measurements is 33 degrees, and the steepness of the
discriminative characteristic — 0.046 unit/degree.

Consider a similar graph for the case of narrowly
directed antennas with a radiation pattern width of 15
degrees and a shift of 7.5 degrees. The resulting graphs
are shown in Fig. 4.

0.8
0.4 B
-0.4

-0.8
-30

00 10

-20 20 6, deg

Fig. 4. Directional patterns (a) and observation
characteristic (b) of amplitude direction finder
with narrow beamwidth antennas
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The range of unambiguous measurements of the
discrimination characteristics shown in Fig. 4 is 7 de-
grees, and the steepness is 0.24 degrees per unit.

It is expected that the use of a direction finder
whose antennas have a wide radiation pattern will pro-
vide a wider area for unambiguous measurements. At
the same time, antennas with a narrow radiation pattern
have a higher direction finding accuracy (in the case
under consideration, the steepness of the discriminative
characteristic is more than 5 times higher), but in a nar-
row range of unambiguous measurement angles.

Next, we obtain the discrimination characteristic
for the case of combining two direction finding systems
using the mathematical model (12), as shown in Fig. 5.
Because there are additional weighting factors in the
equation, for comparison, the amplitude of measure-
ments by antennas with wide radiation patterns was
multiplied by additional proportionality coefficients
A =1, 3, 6, obtained heuristically.

-40 =20 0 30 0, deg

Fig. 5. Observation characteristics of four antenna
direction finders: a) A=1;b) A=3;c) A=6

In Fig. 5, the range of unambiguous measurements
is 7, 8.6 and 37 degrees at A=1, 3 and 6, respectively.
At the same time, the steepness of the discrimination
characteristic on linear sections is 0.24, 0.22, and
0.09 units/degree at A=1, 3 and 6.

Experimental research
of the direction finding complex

Simulation modeling was performed under the
conditions of an idealized radiation pattern without side
lobes and a receiving path without internal noise. There-
fore, before analyzing the results, it is advisable to per-
form additional experimental research on the proposed
signal processing algorithm in the direction finding
complex. For this purpose, based on the structure of
Fig. 1, the system shown in Fig. 6 was created.

Fig. 6. Experimental layout of a four-antenna beacon
system, where a) is antenna with wide beam, b) is an-
tenna with narrow beam, c) is processor with ADC,
d) is antenna rotation system.

It consists of four receiving antennas with radio
frequency paths tuned to the frequency range of 2.4-
2.48 GHz, a microprocessor-based information acquisi-
tion unit, and an automatic rotary device.

A collinear antenna array was selected for antenna
system implementation. Such an array is easy to imple-
ment and tune, does not require complex calculations,
and the width of its radiation pattern can be easily con-
trolled by the number of dipole elements. Geometric
ratios of antenna elements to wavelengths A,,; without

considering the wavelength-shortening effect are shown
in Fig. 7 [22]. However, when the antenna is imple-
mented in conductors, the effect of wavelength-
shortening appears, and the actual dimensions of the
antenna become smaller. In the case of specialized ma-
terials, the wave shortening level can be calculated in
advance. However, we used a copper cable, the parame-
ters of which are not known at 2.4 GHz. Therefore, the
antenna dimensions were experimentally adjusted ac-
cording to the minimum standing wave ratio criterion.
The best standing wave ratio (about 1.3) was obtained
for the geometrical dimensions L=54 mm, d=22 mm,
which were further used as references. The connection
point of the cable with an impedance of 50 ohms on the
central loop was experimentally determined. The anten-
na with a wide radiation pattern consists of four receiv-
ing elements, whereas the narrow one consists of eight.
A

L= ant

A

Cable connection points

Fig. 7. Geometric ratios of antennas elements
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The antenna outputs are connected to radio paths,
one of which is shown in Fig. 8. It consists of a low-
noise amplifier based on a chip MGA-86563 and a
power detector AD8361. The measured path gain is
19.5 dB, and the difference between the parameters of
different implementations does not exceed 0.3 dB.

Fig. 8. RF front end, where a) is low noise amplifier
MGA-86563, b) is power detector AD8361

A 1-watt video transmitter with a 2.4 GHz patch
antenna was used as a test radio signal source, as shown
in Fig. 9.

Fig. 9. Test radio signal source

During the experiment, the transmitter and the di-
rection finder were placed 20 m apart, as shown in Fig.
10.

Initially, the radiation patterns of the receiving an-
tennas were measured, and their relative positions were
adjusted. The shape and angular relationship of the di-
rectional patterns of the direction finder antennas after
adjustment are shown in Fig. 11. For convenience of
comparison, the amplitudes were prorated.

Fig. 10. Experimental radio beacon setup
with the following components: a) is transmitter,
b) is direction finder

Based on Fig. 11, it was determined that the width
of the radiation pattern of the eight-element antennas is
17 degrees, and that of the four-element antennas is 37
degrees. The diagrams of all the antennas intersect at the
level of 0.5 at an angle of -3 degrees. Shifting the inter-
section point from zero is not fundamental and will only
result in a shift of the direction-finding characteristics to
zero. In addition, in Fig. 11, we can see that the radia-
tion patterns of different antennas are not symmetrical
and have side lobes at the 0.5 level. This is due to inac-
curacies in the manufacture and alignment of individual
antenna elements; however, for the first tests, such devi-
ations are acceptable.

Fig. 11. Directional patterns of antennas
with 4 (a) and 8 (b) elements

Next, the normalized discrimination characteristics
were plotted separately for pairs of antennas with wide
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and narrow lobes. The resulting graphs are shown in
Fig. 12.

The unambiguous measurement area for wide-
beam antennas is 36 degrees, and for narrow-beam an-
tennas it is 8 degrees. Antennas with four elements pro-
vide a steepness observational  characteristic
0.05 units/degree, and antennas with eight elements
provide 0.25 units/degree.

a b

Es\;‘

80 40 0 40 0. deg

Fig. 12. Observational characteristics
for antennas with 4 (a) and 8 (b) elements

Next, the developed mathematical model (12) of
the signal processing algorithm was implemented into
the system, and by analogy with the simulation model-
ing, the observational characteristics of the four-antenna
direction finder were constructed under the conditions
of additional amplification of measurements in channels
with wide beamforming diagrams in A =1, 2, 4 times.

Gain factors were chosen experimentally. The resulting
graphs are shown in Fig. 13.

~40

0, deg

Fig. 13. Observational characteristics
for 4-antennas direction finder

Angle range with unambiguous measurements at
A=1,2,4 amounts to 9, 18 and 33 degrees respective-

ly. Within the equal-signal zone at A =1 steepness of
direction-finding characteristics is achieved
0.17 units/degree, with A =2 — 0.14 units/degree, and
when A =4 —0.1 units/degree.

Discussion

The results of the simulation modeling of the
mathematical model (12) confirmed its general perfor-
mance and highlighted some features of its application.
Thus, when measurements by two pairs of antennas are
made with the same proportionality coefficients, the
four-antenna system has no advantages over a two-
antenna direction finder with a narrow radiation pattern.
The steepness of the discrimination characteristic and
the range of unambiguous measurements remained un-
changed (0.24 units/degree with 7 degrees, respective-
ly).

Expanding the range of angles with unambiguous
measurements is achieved if the proportionality factor
for measurements with wide-beam antennas is greater
than that for narrowly directed antennas. The discrimi-
nation characteristics in Fig. 5 at provide unambiguous
measurements in the range of angles of 37 degrees,
which corresponds to the case of using wide-directional
antennas. At the same time, in the region of the equal-
signal zone, the steepness of the discrimination charac-
teristic is 0.09 units/degree, which is almost twice as
much as in the case of using only wide-directional an-
tennas. That is, the four-antenna system can provide
greater accuracy in determining the angular direction to
the radio source with the same angular range of unam-
biguous measurements. The disadvantage of applying
the developed algorithm based on the modeling results
is the nonlinearity of the obtained discrimination char-
acteristic and the need to find the proportionality coeffi-
cients by experimental means. However, these short-
comings can be considered in practice at the stage of
direction finder calibration.

During the experimental studies, it was possible to
develop antennas with radiation patterns close to those
used in the simulation modeling. The experiment further
confirmed the modeling results. The use of mathemati-
cal model (12) in a four-antenna direction finder allows
obtaining a wide sector of unambiguous angle meas-
urements and increasing the steepness of the discrimina-
tive characteristic, if measurements by wide-directional
antennas are accounted for with an additional propor-
tionality coefficient greater than one. Simultaneously,
the integration of measurements of many antennas in
practice is complicated by the possible asymmetry and
high levels of the side lobes of the antenna patterns. For
example, in Fig. 13(A=2), at an angle of 7 degrees, an
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additional extreme appears in the discrimination charac-
teristic, which is absent in a symmetrical angle relative
to the equal-signal zone (-13 degrees). In practice level-
ling of such effects requires careful calibration of the
direction-finding system, the use of highly stable plat-
forms [24], and accurate positioning of the device [25],
etc. In addition, special algorithms for determining the
detection threshold and digital filters can be used in
secondary signal processing to reduce the impact of
noise on measurements [26, 27]

Conclusions

When implementing amplitude direction finding
systems, engineers always need to find a compromise
between the range of angles at which a single-valued
measurement of the direction to the radio source will be
provided and the angular accuracy of determining this
direction. This paper considers a possible solution to
this problem, which consists of the complex measure-
ment of two systems simultaneously. One of them has
two antennas with wide radiation patterns, which pro-
vides unambiguous measurements over various angles.
The other system uses two narrowly focused antennas.
This ensures high direction-finding accuracy over a
small range of angles.

To combine the measurements of the two systems
using the maximum likelihood method, the mathemati-
cal model (12) of the optimal algorithm was developed.
In accordance with the algorithm, it is necessary to
summarize the measurement results from the output of
each antenna, accounting for additional proportionality
factors. Such processing allows simultaneous provision
of a wide operating range of angles of the complex and
increased accuracy of the location near the equal-signal
zone.

The performance of the obtained algorithm was
verified by simulation modeling and studying an exper-
imental sample of a four-antenna direction finding com-
plex, which showed similar results. Thus, several meas-
urement angles and increased accuracy of measurements
around the equilateral zone are achieved if measure-
ments by antennas with wide radiation patterns are con-
sidered with greater weighting factors than measure-
ments by narrowly directed antennas. In this case, both
in simulation modeling and experimental studies, a
range of unambiguous measurements was achieved that
fully corresponds to the use of wide-directional anten-
nas, and the slope of the direction-finding characteristic
was twice as large as the original value for a wide-
directional system. The disadvantages of using the algo-
rithm include the nonlinearity of the obtained discrimi-
nation characteristic and the need to select proportional-
ity coefficients for individual channels. However, these

shortcomings can be resolved at the calibration stage of
the final system.

Further work on this subject is being conducted
in several directions. First, optimal methods for select-
ing proportionality coefficients for measurements of
different channels are being developed. This will greatly
simplify the system setup. We are also working on op-
timal algorithms for combining measurements made
using amplitude and phase direction finders. Consider-
ing the high accuracy of phase direction finding in a
narrow range of angles and the need to use compact
non-directional antennas, the amplitude-phase direction
finding complex will have reduced dimensions. This is
achieved by rejecting highly directional antennas, which
usually have significant geometric dimensions.

Contribution of authors: conceptualization —
Eduard Tserne, Oleksandr Pidlisnyi; methodology —
Anatoliy Popov, Oleksandr Pidlisnyi; simulation —
Danyil Kovalchuk, Anatoliy Popov; validation — Edu-
ard Tserne,; experimental research — Eduard Tserne,
Danyil Kovalchuk, Anatoliy Popov, Oleksandr
Sereda; formal analysis — Anatoliy Popov; investiga-
tion — Danyil Kovalchuk; resources — Oleksandr
Sereda; data curation — Danyil Kovalchuk; writing
original draft — Eduard Tserne; writing-review and
editing — Oleksandr Pidlisnyi, Danyil Kovalchuk,
Oleksandr Sereda; supervision — Eduard Tserne; pro-
ject administration — Anatoliy Popov; funding acquisi-
tion — Anatoliy Popov.

All authors have read and agreed to the published
version of this manuscript.

Acknowledgement. This work was funded by the
Ministry of Education and Science of Ukraine. The state
registration number of the project «Development of an
on-board radar complex for high-precision direction
finding of enemy EW stations and autonomous guidance
of kamikaze winged UAVs on them» is
No. 0123U101074.

References

1. Kumar, N., Rawat. M., & Rawat, K. Software-
Defined Radio Transceiver Design Using FPGA-Based
System-on-Chip Embedded Platform With Adaptive
Digital Predistortion. IEEE Access, 2020, no. 8,
pp. 214882-214893. DOI: 10.1109/ACCESS.2020.3041
463.

2. Rusu, N. V., Dumitrache, S., & Alexandru, M.
Software Defined Communications Platform. 2022 14th
International Conference on Communications (COMM),
2022, pp. 1-6. DOI: 10.1109/COMM54429.2022.
9817215.


https://www.doi.org/10.1109/ACCESS.2020.3041463
https://www.doi.org/10.1109/ACCESS.2020.3041463
https://www.doi.org/10.1109/COMM54429.2022.9817215
https://www.doi.org/10.1109/COMM54429.2022.9817215

Radioelectronic systems

97

3. Sorecau, E., Sorecau, M., & Bechet, P.
Adaptive HF radio channels based on signal-to-noise
ratio using SDR technology. 2023 10th International
Conference on Modern Power Systems (MPS), 2023,
pp. 1-5. DOI: 10.1109/MPS58874.2023.10187464.

4. Shavanthi, L., Nagamani, K., & Sandya, H. B.
Implementation of DVB Standards using Software-
Defined Radio. 2018 3rd IEEE International
Conference on Recent Trends in Electronics,
Information & Communication Technology (RTEICT),
2018, pp. 860-864. DOI: 10.1109/RTEICT42901.2018.
9012564.

5. Tschimben, S., Aradhya, A., Weihe, G,
Lofquist, M., Pollak, A., Farah, W., DeBoer, D., &
Gifford, K. Testbed for Radio Astronomy Interference
Characterization and Spectrum Sharing Research. 2023
IEEE Aerospace Conference, 2023, pp. 1-16.
DOI: 10.1109/AER0O55745.2023.10115653.

6. Pretl, H., & Sadjina, S. Self-Interference in
LTE-Advanced and 5G NR Transceivers. 2018 IEEE
Radio and Antenna Days of the Indian Ocean (RADIO),
2018, pp. 1-2. DOI: 10.23919/RADI0.2018.8572347.

7. Norhashim, N., Mohd Kamal, N. L,
Sahwee, Z., Shah, S. A., & Sathyamoorth, D. The
Effects of Jamming on Global Positioning System
(GPS) Accuracy for Unmanned Aerial Vehicles
(UAVs). 2022 International Conference on Computer
and Drone Applications (IConDA), 2022, pp. 18-22.
DOI: 10.1109/ICONDA56696.2022.10000335.

8. Uhrich, P., Abgrall, M., Riedel, F., Chupin, B.,
Achkar, J., & Rovera, G. D. An Out-of-Band Signal
Jamming GNSS L1-Band in Observatoire de Paris. 2021
Joint Conference of the European Frequency and Time
Forum and IEEE International Frequency Control
Symposium (EFTF/IFCS), 2021, pp. 1-5. DOI: 10.1109/
EFTF/IFCS52194.2021.9604265.

9. Gething, P.J.D. Radio Direction Finding and
Superresolution  (Electromagnetic Waves). London,
Institution of Engineering and Technology Publ., 1991,
386 p.

10. Polikarovskykh, O., Boiko, J., Tkachuk, V.,
Yehoshyna, H., & Daus, Y. Neural Network Method of
Directing Finder Signals Processing in Perimeter
Protection Systems. 2023 13th International Conference
on Advanced Computer Information Technologies
(ACIT), 2023, pp. 488-491. DOI: 10.1109/ACIT58437.
2023.10275525.

11.Lee, J.-H., Kim, J.-K., Ry, H.-K., &
Park, Y.-J. Multiple Array Spacings for an
Interferometer Direction Finder With High Direction-
Finding Accuracy in a Wide Range of Frequencies.
IEEE Antennas and Wireless Propagation Letters, 2018,
vol. 17, iss. 4, pp. 563-566. DOI: 10.1109/LAWP.2018.
2803107.

12.Fu, Y., Yu, Z., & Guo, S. A Passive Direction
Finding of Virtual Time Reversal Method Based on
Cross Antenna Array. IEEE Access, 2019, vol. 7,

pp. 87059-87068. DOI: 10.1109/ACCESS.2019.
2924315.

13.Sengiill, H., Giirel, A. E., & Orduyilmaz, A.
Passive  Direction  Finding Using  Correlative
Interferometer. 2021 29th Signal Processing and

Communications Applications Conference (SIU), 2021,
pp. 2271-2276. DOIl: 10.1109/1CT1S60134.2023.
10243710.

14. Memarian, Z., & Majidi, M. Multiple Signals
Direction Finding of 10T Devices Through Improved
Correlative Interferometer Using Directional Elements.
2022 Sixth International Conference on Smart Cities,
Internet of Things and Applications (SCloT), 2022,
pp. 1-6. DOI: 10.1109/SCloT56583.2022.9953685.

15. Tomikowski, P., & Mazurek, G. Acceleration
of Radio Direction Finder Algorithm in FPGA
Computing Platform. 2022 23rd International Radar
Symposium  (IRS), 2022, pp. 279-282. DOI:
10.23919/IRS54158.2022.9905066.

16. Purwanto, K. N. J., Yahya, A., Khamis, N. H.,
Nor, N. M., Shaari, M. R., & Sidek, A. R. M.
Development of Radio Direction Finder using 6 Log
Periodic Dipole Array Antennas. 2018 5th International
Conference on Information Technology, Computer, and
Electrical Engineering (ICITACEE), 2018, pp. 157-160.
DOI: 10.1109/ICITACEE.2018.8576965.

17.Purwanto, K. N. J., Yahya, A., Khamis, N. H.,
Nor, N. M., Shaari, M. R., & Sidek, A. R. M. Accuracy
Comparison of Radio Direction Finder with 6 and 4 of
Log Periodic Dipole Array Antennas. 2019 6th
International Conference on Information Technology,
Computer and Electrical Engineering (ICITACEE),
2019, pp. 1-4. DOI: 10.1109/ICITACEE.2019.
8904144.

18. Skinner, S., Patel, K., Pittman, J., Lebiednik,
B., Vassallo, F., & Duncan, K. J. Direction Finding
System using an N-Channel Software Defined Radio
Implemented with a Phase Interferometry Algorithm.
2019 SoutheastCon, 2019, pp. 1-5. DOI: 10.1109/
SoutheastCon42311.2019.9020650.

19.Ruzhentsev, N., Zhyla, S., Pavlikov, V.,
Volosyuk, V., Tserne, E., Popov, A., Shmatko, O.,
Ostroumov, |, Kuzmenko, N., Dergachov, K.,
Sushchenko, O., Averyanova, Y., Zaliskyi, M.,
Solomentsev, O., Havrylenko, O., Kuznetsov, B., &
Nikitina, T. Synthesis of the optimal algorithm and
structure of contactless optical device for estimating the
parameters  of  statistically — uneven  surfaces.
Radioelectronic and computer systems, 2021, vol. 100,
iss. 4, pp. 199-213. DOI: 10.32620/reks.2021.1.16.

20.Ruzhentsev, N., Zhyla, S., Pavlikov, V.,
Volosyuk, V., Tserne, E., Popov, A., Shmatko, O.,


https://www.doi.org/10.1109/MPS58874.2023.10187464
https://www.doi.org/10.1109/RTEICT42901.2018.9012564
https://www.doi.org/10.1109/RTEICT42901.2018.9012564
https://www.doi.org/10.1109/AERO55745.2023.10115653
https://www.doi.org/10.23919/RADIO.2018.8572347
https://www.doi.org/10.1109/ICONDA56696.2022.10000335
https://www.doi.org/10.1109/EFTF/IFCS52194.2021.9604265
https://www.doi.org/10.1109/EFTF/IFCS52194.2021.9604265
https://www.doi.org/10.1109/ACIT58437.2023.10275525
https://www.doi.org/10.1109/ACIT58437.2023.10275525
https://www.doi.org/10.1109/LAWP.2018.2803107
https://www.doi.org/10.1109/LAWP.2018.2803107
https://www.doi.org/10.1109/ACCESS.2019.2924315
https://www.doi.org/10.1109/ACCESS.2019.2924315
https://www.doi.org/10.1109/ICTIS60134.2023.10243710
https://www.doi.org/10.1109/ICTIS60134.2023.10243710
https://www.doi.org/10.1109/SCIoT56583.2022.9953685
https://www.doi.org/10.23919/IRS54158.2022.9905066
https://www.doi.org/10.1109/ICITACEE.2018.8576965
https://www.doi.org/10.1109/ICITACEE.2019.8904144
https://www.doi.org/10.1109/ICITACEE.2019.8904144
https://www.doi.org/10.1109/SoutheastCon42311.2019.9020650
https://www.doi.org/10.1109/SoutheastCon42311.2019.9020650
https://www.doi.org/10.32620/reks.2021.1.16

08 ISSN 1814-4225 (print)

Radioelectronic and Computer Systems, 2023, no. 4(108) ISSN 2663-2012 (online)
Ostroumov, 1., Kuzmenko, N., Dergachov, K.,  Applications. Lecture Notes in Computer Science, 2022,
Sushchenko, O., Averyanova, Y., Zaliskyi, M., vol. 13375, iss 1, pp. 198-213. DOI: 10.1007/978-3-

Solomentsev, O., Havrylenko, O., Kuznetsov, B., &
Nikitina, T. Statistical synthesis of aerospace radars
structure  with  optimal  spatio-temporal  signal
processing, extended observation area and high spatial
resolution. Radioelectronic and computer systems,
2022, vol. 101, iss. 1, pp. 178-194. DOI: 10.32620/
reks.2022.1.14.

21.Volosyuk, V. K., & Kravchenko, V. F.
Statisticheskaya teoriya radiotekhnicheskikh sistem
distantsionnogo  zondirovaniya i  radiolokatsii
[Statistical Theory of Radio-Engineering Systems of
Remote Sensing and Radar]. Moscow, Fizmatlit Publ.,
2008. 704 p. (In Russian )

22.Hamouz, P., Hazdra, P., Polivka, M.,
Capek, M., & Mazanek, M. Radiation efficiency and Q
factor study of franklin antenna using the Theory of
Characteristic Modes. Proceedings of the 5th European
Conference on Antennas and Propagation (EUCAP),
2011, pp. 1974-1977.

23. Analog Devices, “AD8361 Datasheet and
Product Info”. Available at: https://www.analog.com/
en/products/ad8361.html (accessed 30 October 2023)

24.Ruzhentsev, N., Zzhyla, S., Pavlikov, V.
Volosyuk, V., Tserne, E., Popov, A., Shmatko, O.,
Ostroumov, |, Kuzmenko, N., Dergachov, K.,
Sushchenko, O., Averyanova, Y., Zaliskyi, M.,
Solomentsev, O., Havrylenko, O., Kuznetsov, B., &
Nikitina, T. Algorithms for Design of Robust
Stabilization Systems. Computational Science and Its

031-10522-7_15.

25.Ruzhentsev, N., Zzhyla, S., Pavlikov, V.,
Volosyuk, V., Tserne, E., Popov, A., Shmatko, O.,
Ostroumov, 1., Kuzmenko, N., Dergachov, K.,
Sushchenko, O., Averyanova, Y., Zaliskyi, M.,
Solomentsev, O., Havrylenko, O., Kuznetsov, B., &
Nikitina, T. GPS Usage Analysis for Angular
Orientation Practical Tasks Solving. 2022 IEEE 9th
International Conference  on Problems  of
Infocommunications, Science and Technology (PIC
S&T), 2022, pp. 187-192. DOI: 10.1109/PICST57299.
2022.10238629.

26.Ruzhentsev, N., Zzhyla, S., Pavlikov, V.,
Volosyuk, V., Tserne, E., Popov, A., Shmatko, O.,
Ostroumov, I, Kuzmenko, N., Dergachov, K.,
Sushchenko, O., Averyanova, Y., Zaliskyi, M.,
Solomentsev, O., Havrylenko, O., Kuznetsov, B., &
Nikitina, T. Method of Optimal Threshold Calculation
in Case of Radio Equipment Maintenance. Data Science
and Security. Lecture Notes in Networks and Systems,
2022, vol. 462, iss 1, pp. 110-134. DOI: 10.1007/978-
981-19-2211-4 6.

27.Tulyakova, N., & Trofymchuk, O. Adaptyvnyy
miriadnyy fil'tr iz shumo- ta syhnal'no-zalezhnym
zminennyam parametriv u chasi [Adaptive myriad filter
with  time-varying noise- and signal-dependent
parameters]. Radioelectronic and computer systems,
2022, no. 2, pp. 217-238. DOI: 10.32620/reks.2022.
2.17. (In Ukraine).

Received 01.09.2023, Accepted 20.11.2023

I{OTI/IP]>QXAHTEHHI/II‘/'I AMILIITYIHUM NMEJEHTATOP:
CTATUCTUYHHUU CUHTE3 TA EKCIIEPUMEHTAJIBHE JOCJIIKEHHS
AJITOPUTMY OBPOBKH CUT'HAJIIB

Eoyapo Ilepnue, Anamoniii Ilonos, /lanuin Kosanvuyk,
Onexcandp Cepeoda, Onexcandp Ilionicnui

IIpeameToM MOCIHIIKEHHS € aITOPUTMH BUMIPIOBAHHS KYTOBHX IIOJIOXKEHB JDKEPEN pPaiOBHIIPOMiHIOBAHHS.
MerTor pobotu € po3podka yIOCKOHAIEHOTO AITOPUTMY OOpPOOIIEHHS CUTHAJIB Y aMIDTITYIHHUX TENCHraTopax, sIKIi
3a0e3Me4YnTh IMUPOKUH Aiara30H KyTiB OHO3HAYHUX BUMIPIOBaHb IIPH BICOKIA KPYTH3HI AUCKPHUMIHAIIITHOI XapaKTe-
PUCTHUKH NUIIXOM KOMIUIEKCYBAaHHS BHMIPIOBAaHb CHCTEM 3 PI3HUMH IIMPHHAMH JiarpaM CHPSMOBAHOCTI aHTCH.
3aBaaHHsA: PO3POOHUTH ONTHMATIBHHUN alITOPUTM OOpPOOIICHHS CHTHANIB y YOTHPbOXAHTEHHIN aMIUITYIHIN meneHra-
LifHIA cUCTeMi, IBI aHTEHH SKOI MAalOTh MIMPOKY JliarpaMy CIPSIMOBAHOCTI, iHIII JBI — BY3BKY; IIEPEBIPHUTH 3araibHy
MIpane3AaTHICTh OTPUMAHOIO ATOPUTMY IIIIXOM IMITAIIITHOIO MOJIEITIOBAHHS YOTHPHOXaHTEHHOI MEJICHTaliifHOl CH-
CTeMH; PO3POOHTH Ta IIPOBECTH JOCIIHKESHHS eKCIIEPUMEHTAITBHOTO 3pa3ka YOTHPbOXaHTEHHOT'O MIEICHIaTopa, SIKUH Y
CBOEMY CKJIaJi Ma€ JIBi aHTCHH 3 IIUPOKUMHU JiarpaMaMu CIPsIMOBAHOCTI, 1Bl aHTEHHU 3 BY3bKHMHU JiarpaMaMu CHpsi-
MOBAHOCTI, PaJlilO9aCTOTHI TPAKTH Ta OJOK 0OpOOKH CHTHAJIB, IO peanizye po3poOIeHHU adropuT™; poaHaIi3yBaTH
e(pEeKTHBHICTh Ta OCOOJIMBOCTI 3aCTOCYBAaHHS PO3POOICHOTO aIrOPUTMY, TOPIBHATH PE3YNIBTATH IMITAIlifHOTO MOJIe-
JIFOBaHHS Ta €KCIIEPUMEHTAIIBHOTO JOCII JDKEHHS. BUKOpHUCTOBYBaHIMH METOAAMH €: METOIM MAaTEMaTHYHOI CTaTHC-
THUKU Ta ONTHUMAJFHUX PIIIEHBb IPH BHUPIIIEHH] 334 CTATHCTUYHOrO CHHTE3Y alTOPUTMIB 0OpOOKH CHTHAIIB y Ta-
CHBHHX pPaJiOCHCTEMax; METOIHM KOMIT FOTEPHOI'0 iMITAIIIfHOrO MOJCTIOBAHHS, METON TPOBENICHHS eKCIIePIMEHTA-
JMBHUX JNOCHTiDKeHb. OTPUMaHO HACTYIHI pe3yJbTaTH. MeTomoM MaKCHMAaJIbHOI MpaBAONOAiOHOCTI CHHTE30BAHO
TOPUTM OOpPOOKM CHTHAJIB y YOTHPHOXAHTCHHIN MeneHramiiHii cucremi. LInsgxoM iMiTanmifiHOro mMozmemtoBaHHS
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I ATBEPPKEHO 3aralibHy e(peKTHBHICTh KOMIUIEKCYBAaHHS BUMIPIOBaHb Y 0araToaHTEHHUX aMIUTITYIHUX HeleHraTopax
Ta BUSBIEHO OCOOJIMBOCTI 3aCTOCYBAaHHS CHHTE30BAHOIO aJITOPUTMY, @ CaMe — HEOOXiTHICTh BIPOBa/HKEHHS JTOJaTKO-
BHX KOe(ILi€HTIB MTPOMOPUIHOCTI y BUMIpIOBaNIbHI KaHau. [1i/1 yac eKkcriepuMeHTaIbHUX JIOCIKEHb PO3pO0IEHOTO
MaKeTy IeJIeHraTopa JTOAaTKOBO ITATBEPPKEHO pe3yabTaT! iMiTalifHOro MozemoBanHs. BucnoBku. [ BusHaueH-
HS HampsIMKy Ha JpKepesia pajioBUIPOMIHIOBAHHS aMILTITYJHHMHM IEJICHraTopaMH JOIUIBHO OJHOYACHO 3alydaTH
CHCTEMH 3 HIMPOKUMHM Ta BY3bKHUMHU JiarpaMaM# CIpsSIMOBAHOCTI aHTEH, BUMIPIOBaHHS SIKMX KOMIUIEKCYIOTBCS 3aIpo-
TIOHOBaHUM aJroputMoM. Lle 103BosIsie OTHOYACHO 1 PO3IIMPHTH Jliana3oH KYTiB OJIHO3HAYHUX BUMIPIOBaHb, 1 MiIBH-
LIUTH TOYHICTH BUMIPIOBaHb B MEXaX PIBHOCUTHAIBHOI 30HH. HemomikoM 3acToCcyBaHHs allTOPUTMY € HeNiHiiHa (op-
Ma OTPUMAaHHUX TUCKPUMIHANIHHMX XapaKTEpHCTHK Ta HEOOXiJHICTh BU3HAUYEHHS JIOAATKOBHX KOE(DIIEHTIB MPOIOp-
LIHHOCTI eBPUCTHYHUM IIUISIXOM.

Koarouosi ciioBa: pazioneneHrarop; IUCKpUMiHalliiHa XapaKTePUCTHKA, BUMIPIOBaHHS HOTYXKHOCTI; ONTHMA-
JIbHA 00pPOOKa CUTHAIB; CKCIIEPUMEHTATIBHE JOCITiHKSHHS.
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