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OF RADIO SOURCES FOR AUTONOMOUS GUIDANCE OF WINGED UAVS 
 

The subject of this article is the design of a cheap, simple, and highly accurate on-board radar system for deter-

mining the angular position of radio-signal emission stations, which can be used to guide UAVs to a specified ar-
ea of space. The aim of this study is to develop high-precision functioning algorithms, practical recommendations 

for implementation, and experimental measurements of the main parameters of the onboard radio direction find-
ers of radio radiation sources placed on winged UAVs. Objectives of the research: 1) analysis of the sta t i st ica l 

theory of optimization of signal processing algorithms in radar systems; 2) synthesis of direct ion -finding  a lgo-

rithms for radio measurement sources capable of performing measurements with high accuracy and in a wide 

range of unambiguous measurement angles; 3) synthesis of the radio direction finder structural scheme and  i t s 

simulation modelling; 4) design of radio direction finder receiving antennas capable of operating separately and  

in a complex; 5) justification of the choice of components for the input paths of receivers, parameters of ADC and  

microcomputers that make up the main components of the radar complex; 6) manufacturing of a working  model  
of the radar complex; 7) experimental measurements in the laboratory. The methods for solving the tasks are 

based on the statistical theory of optimization of radio engineering systems for remote sensing and radar, existing 

software tools for simulation modelling, and the theory of radio measurements. The main idea behind crea t ing  a  

cheap, simple, and highly accurate on-board radar system for radio emitter direction finding is to  combine the 

results of angular position measurements from several amplitude and phase meters. This approach al lows us to  

create an easy-to-implement radio system with the advantages of different measuring instruments . The following  

results were obtained: 1) theoretical studies and simulation modelling confirmed that by combining measure-

ments from a two-antenna amplitude direction finder with narrow diagrams, a two-antenna direction finder wi th  

wide diagrams, and a two-antenna phase finder, it is possible to achieve both high accuracy and a wide range o f 

unambiguous measurements; 2) a radar system based on a cheap and commonly available element base was de-

veloped; 3) antennas were developed that can be easily installed under the wings of UAVs; 4) experimental stud-

ies confirmed the performance of complex signal processing in an on-board six-antenna radio direct ion finder. 

The material of this work forms the basis for further experimental development of radio -direction finders for var-

ious purposes, opens up opportunities for overcoming the contradiction between accuracy and range o f unam-

biguous measurements, and highlights an additional direction for increasing the autonomy of winged UAVs . 

 

Keywords: multi-antenna radio direction finders, statistical optimisation of algorithms, experimental develop-

ment of radiometers, installation of antennas on UAVs. 
 

1. Introduction 
 

Motivation. One of the essential parts of radio 

equipment that every modern aerodrome should be 

equipped with is an aerodrome non-directional radio 

beacon [1]. The task of the beacon is to guide aircraft 

and helicopters to the aerodrome area, perform pre-

landing manoeuvres, and maintain direction along the 

runway axis. Today, aviation uses non-directional radio 

beacons of various modifications and companies, and 

the problem of guiding an aircraft to a given point has 

been studied for many years  [2, 3]. With the develop-

ment of unmanned aerial vehicles, their introduction 

into cargo delivery systems, long-distance data trans-

mission, and surveillance of large areas of space, the 

issue of guiding UAVs to their area of operation or their 

autonomous return to the launch site has also become 

relevant [4, 5]. At the same time, the creation of a bea-

con direction-finding system from UAV and UAV flight 

control systems has its own peculiarities.  

Compared to aircraft or helicopters, UAVs have 

limited overall dimensions for equipment placement and 

complex structural design features . The frequencies for 

control and data exchange with unmanned aerial vehi-

cles are highly variable and are not coordinated with 

airfields [6, 7]. The UAV take-off and landing point is 
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not equipped with special facilities or technical equip-

ment. The price of on-board electronic equipment is 

rapidly increasing and often exceeds the price of the 

carrier.  

Given these features, the task of creating an on-

board radio direction finder that ergonomically fits into 

the UAV design, has high accuracy and a wide range of 

angles for unambiguous measurement of directions to 

beacons, and is characterized by small weight, dimen-

sions, and ease of implementation becomes relevant.  

State of the Art. To bring the aircraft to the point 

of beacon emission, the angular position of the radio 

source is first measured. To estimate the direction, radio 

direction finders are usually used based on the ampli-

tude comparison, delay time measurement, propagation 

spectrum estimation, interferometric signal processing, 

and Doppler frequency shift. Let us consider them in 

more detail.  

The principle of operation of amplitude radio di-

rection finders is to compare the amplitudes of the re-

ceived signals, which are proportional to the spatial 

characteristics of the receiving antennas in the direction 

in which the radio source is located [8, 9]. The main 

stages of signal processing for direction finding are 

clear, and radio direction finders are relatively easy to 

implement, small, light in weight, and inexpensive. The 

disadvantages include the low accuracy of the angular 

position measurement, dependence of measurements on 

polarization, and distortion of the radio wave front. 

Interferometric direction finders are based on 

measurements of the phase difference between two spa-

tially separated antennas that receive signals from a 

point source of radio radiation [10, 11]. Such direction 

finders are widely used in practice and are manufactured 

by foreign companies. The advantages of phase direc-

tion finders are the simplicity of implementing the an-

tenna system and the bearing reference algorithm, and 

the resistance to parasitic amplitude modulation. The 

disadvantages include the complexity of implementing a 

receiver with completely identical phase characteristics 

and a narrow range of unambiguous measurement an-

gles. 

A type of interferometric direction finder is a cor-

relation-interferometric direction finder that uses an 

annular antenna array with sequential switching of an-

tenna elements and algorithms for correlation pro-

cessing of measured complex amplitudes on antenna 

pairs to measure the angle [12, 13]. The advantages of 

this method include high sensitivity and accuracy of 

direction finding; however, the cost of implementing 

multi-channel receivers and the complexity of signal 

processing in digital processors make it impractical to 

widely use correlation-interferometric direction find-

ers [14].  

Doppler direction finders measure the shift in the 

Doppler frequency caused by the movement or rotation 

of the receiving antenna [15]. The greatest effect of this 

method is achieved when the antenna is fully moved 

toward the incoming wave. Doppler direction finding 

usually does not involve direct rotation of the direction-

finding antenna, which is technically difficult to achieve 

[16]. The method consists of installing several antennas 

in a series of concentric circles, and an electronic switch 

quickly connects each antenna in a sequence that is 

equivalent to rotating the direction finder to the antenna 

[17]. Doppler direction finders have high sensitivity, 

high accuracy, weak dependence on wave polarisation, 

and are not sensitive to wave front distortion [18, 19]. 

The disadvantage of the Doppler direction finding sys-

tem is its low efficiency in dealing with interference. 

The system is still under development, and its im-

provement will lead to a more complex system, and the 

cost will increase accordingly. 

The accuracy of phase direction finding is inverse-

ly proportional to the distance between the direction 

finder antennas, but the maximum antenna size is lim-

ited by the wavelength of the measured electromagnetic 

waves. To overcome this contradiction, long-base direc-

tion finders are used, but the measurement parameter is 

the delay time rather than the phase shift [20, 21]. The 

advantages of such systems include high accuracy, in-

sensitivity to polarization, and no measurement ambigu-

ity. The disadvantages include large separation dis tanc-

es of the meters and the need to use signals with a cer-

tain type of modulation [22]. 

Radio direction finders, which estimate the spatial 

position based on the measurement results of the spatial 

spectrum of the received signals, consist of a set of an-

tennas and multi-channel coherent receivers that record 

the amplitudes and phases of the received signals [23]. 

Further processing of the measurement vector was per-

formed in a digital processor using correlation analysis . 

The technology of spatial spectrum estimation and di-

rection finding can implement the simultaneous direc-

tion finding of several radiation sources whose signals 

exist in the same channel at the same time, and it is also 

possible to implement direction finding with super-

resolution [24]. Only some signal samples are required 

to accurately determine the direction; thus, this method 

is suitable for finding direction signals with frequency 

jumps. In general, it can be stated that there is high sen-

sitivity and high accuracy; the antenna array can be im-

plemented using elements of any orientation, and the 

requirements for the accuracy of the position of these 

elements are not high [25]. The above advantages of 

direction finders with spatial spectrum estimation solve 

problems that have long existed in previously discussed 

methods. This direction finder requires broadband input 

paths, and consistent electrical characteristics for each 
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antenna array element and multichannel receiver. In 

addition, high-performance computing processors are 

required to solve practical problems. 

Problem statement. Based on the analysis of cur-

rent scientific research and the above contradictions, the 

actual scientific problem is designing a radio direction 

finder that has small weight and size characteristics, is 

ergonomically placed on a UAV, measures the angular 

positions of a radio source with high accuracy and in a 

wide range of angles, and is simple and cheap to im-

plement. 

To achieve the stated goals of the work, it was 

necessary to solve and complete the following tasks: 

1) to analyse theoretical approaches to the statisti-

cal synthesis of optimal direction finding algorithms 

(Section 2); 

2) to develop an easy-to-implement and accurate 

method for the direction finding of radio sources at var-

ious unambiguous measurement angles (Section 3);  

3) to develop of a structural diagram of an optimal 

on-board directional beacon meter and its simulation 

modelling in DataFlow mode (Section 4); 

4) to design of radio direction finder antennas 

(Section 5); and 

5) to justify the selection of components for the in-

put paths of the receivers (Section 6); and 

6) to implement the experimental model of the di-

rection finding complex and confirming the main results 

obtained from experimental measurements  (Section 7). 

 

2. Theoretical basis of structural  

synthesis of radio-measuring systems 
 

To solve the optimisation problems of synthesising 

signal processing algorithms in multichannel radio-

direction finders, we use the statistical theory of optimi-

sation for radio-engineering systems for remote sensing 

and radar. According to this theory, it is advisable to use 

the maximum-likelihood function method to solve this 

problem. The essence of this method is to find the pa-

rameter   that maximises the likelihood function 

P[u(t) | ]  [26], which is the conditional probability 

density function of a random process u(t)  at a fixed 

value of parameter  . Instead of function P[u(t) | ] , its 

logarithm is often maximised, since the logarithm func-

tion is monotonic and does not change the maximum 

point P[u(t) | ]  [27, 28]. To determine the optimal es-

timates of parameter  , it is necessary to solve the fol-

lowing system of equations 

 

 

true

d ln P[u(t) | ]
0

d






, (1) 

where 
d

d
 is the operator of the derivative, which is 

taken at the point of the true value true  of parameter 

 ; u(t)  is the observation equation, including the re-

ceived useful signals distorted by the receiver noise.  

The general form of the observation equations in 

multi-antenna radio direction finders when estimating 

the direction to the radio source s  is as follows 

 

 su(t) Re{s(t, )} n (t),    (2) 

 

where  

 

   1 2 Nu t u (t), u (t), ..., u (t) , (3) 

 

Re{}  is the operator of the real part of the vector of the 

received useful complex signals  ss(t, ) , 

 

 s 1 s 2 s N ss(t, ) s (t, ), s (t, ), ..., s (t, )     , (4) 

 

0 i s

i s

j2 f t j ( )
0i i 0i s

s (t, )

K G ( ) ( )A(t)e e d ,
   



 

    
 (5) 

 

1
i s 0 i s( ) 2 f r ( )с       is the phase shift of the signal 

in each receiving channel relative to the phase centre of 

the antenna field; i sr ( )   is the difference in distances 

passed by electromagnetic waves from the source to 

each antenna; s( )   is the delta function that deter-

mines the spatial position of the point source of radio 

emission in the direction s ; 0iK  is the gain of the i -th 

receiving channel; i 0iG ( )  is the radiation pattern 

of the i -th antenna, which is oriented with its maximum 

in the direction of 0i ;  A t  is the complex envelope 

of the signal emitted by the source; 0j2 f t
e
 

 is a har-

monic oscillation in complex form with a carrier fre-

quency 0f ; t  is time;   is the angular coordinates; с  is 

the propagation speed of electromagnetic waves;  

i 1, N ; 

 

   1 2 Nn t n (t), n (t), ..., n (t)  (6) 

 

is internal noise. 

The geometrical underlying model (5) is shown in 

Fig. 1. From this model, it follows that the input paths 

differ only in the gains 0iK . 
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Fig. 1. General geometry of measurements in radio direction finders  

 

The internal noises in the receiving paths in (t)  are as-

sumed to be white Gaussian noise, which are uncorre-

lated but have the same spectral power density 00.5N . 

The correlation function of the internal noise has the 

following form 
 

 
in 1 2 0 1 2R (t t ) 0.5N (t t ),     (7) 

 

where 1 2(t t )   is the delta function.  

One of the most important steps in solving an op-

timization problem is to determine P[u(t) | ] . A previ-

ous study [26] presented a methodology for constructing 

likelihood functions for a wide range of radio location 

and remote sensing problems. In this study, we use the 

following likelihood function: 

 

sP[u(t) | ]     

  
N

2
i i s

0 i 1 T

1
exp u (t) Re s (t, ) dt ,

N


  
       

  
   (8) 

 

where   is a coefficient that does not depend on the 

parameters to be estimated; T  is the observation time. 

Parameter s    is a constant value. 

By substituting (8) into (7), we obtain a system of 

likelihood equations 

 
N

i s
i i s

0 si 1 T

ds (t, )2
u (t) Re s (t, ) Re dt 0

N d


 
       

  , 

 

or 

 

N
i s

i
si 1 T

ds (t, )
u (t)Re dt

d


 
 

 
   

  
N

i s
i s

si 1 T

ds (t, )
Re s (t, ) Re dt.

d


 
   

 
   (9) 

 

The left part of (9) defines the basic optimal opera-

tions to be performed on the received oscillations iu (t)  

in each channel. The left part must be compared with 

the right part. The right panel shows the observational 

characteristics of the multichannel radio direction find-

er, which shows the response of the meter to changes in 

the angular position s  of the radiation source.  

After determining the measurement conditions and 

type of radio direction finder, or a combination of sev-

eral, it is possible to synthesize an optimal algorithm for 

the direction finding of radio sources. We will perform 

such an optimization of the radio-direction finder struc-

ture by considering the defined scientific problem.  
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3. Optimal Method for High-Precision  

Direction Finding of Radio Sources  

in a Wide Range of Unambiguous  

Measurement Angles 
 

We perform statistical synthesis of the signal pro-

cessing method in a radio-direction finder that meets 

contradictory requirements . It should have a small 

weight and dimensions, ergonomic placement on board, 

high accuracy, a wide range of unambiguous measure-

ment angles, simple implementation, and low cost. To 

meet these requirements, we used a combination of the 

following three radio direction finders: an amplitude 

radio direction finder with wide-directional antennas, an 

amplitude radio direction finder with narrow-directional 

antennas, and a phase radio direction finder with omni-

directional antennas. The measurement geometry is 

shown in Fig. 2. 

Useful signals have the following models: 

 

 1 s 01s t, K    

     0j2 f t
1 b 1 sG 0.5 ( )A t e d ,

 




        (10) 

 2 s 02s t, K    

     0j2 f t
1 b 1 sG 0.5 ( )A t e d

 




       , (11) 

 3 s 03s t, K    

     0j2 f t
2 b 2 sG 0.5 ( )A t e d ,

 




       (12) 

 4 s 04s t, K    

     0j2 f t
2 b 2 sG 0.5 ( )A t e d ,

 




       (13) 

 5 ss t,   

    
s b

0
dcos( )1

j2 f t
2 с

05 3 bK G A t e ,

  
   

    (14) 

 6 ss t,   

    
s b

0
dcos( )1

j2 f t
2 с

06 3 bK G A t e

  
   

   , (15) 

 

where  1 b 1G 0.5     and  1 b 1G 0.5     are 

identical in shape to the radiation patterns of wide-

directional antennas that are spaced apart in space by an  

angle 1  from the equal-signal direction b ; 

 2 b 2G 0.5     and  2 b 2G 0.5     are 

identical in shape, but spaced apart in space by an angle 

2  from the equal-signal direction b  of the narrowly 

focused antenna pattern;  3 bG   is the gain of the 

phase-direction finder antenna in the direction b , d  is 

the distance between the phase-direction finder antennas 

placed in the same line along the axis x . 

 
Fig. 2. Measurement geometry in a six-antenna direction finder 



Radioelectronic systems 
 

113 

In the signal models (10-15) observed in amplitude 

direction finders, there is no information about the 

phase shift between antennas, whereas in phase direc-

tion finders, all information about the angular posit ion 

of the source is contained in the phase and cannot be 

observed in amplitude multipliers . 

Substituting the observation equations, consisting 

of an additive mixture of useful signals (10) and delta-

correlated noises (6), into inequality (9), we obtain 
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 
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    2
06 05 3 b s b 0 s

d 1
K K G sin( ) f E

с 2

 
      

 
, (16) 

 

where     0j2 f t
h t A t e

 
  is a transmission coefficient 

of the optimal filter;  
2

s

T

E A t dt   is the energy of 

the signal emitted by the source. 

The left-hand side of (16) shows the optimal op-

erations to be performed on the received signals  u t  in 

each receiving channel of the direction finder. The first 

four equations describe the processing in the amplitude 

direction finders. In each channel, it is necessary to per-

form matched filtering of the received observations us-

ing a filter with a pulse response  h t . The filtering 

results are then multiplied by the weighting coefficients 

0iK  and the slope of the radiation patterns, which are 

determined by the following equation 

 

 
 

s
s

i b i
i b i

dG 0.5
G 0.5

d


 



  
   


. 

 

Since the curves of identical diagrams within a lin-

ear area around the equal-signal direction are symmetri-

cally placed, the slopes have different signs, and the 

processing results are the subtraction of the measured 

signal powers in different channels of the amplitude 

direction finders. The fifth and sixth terms are used to 

estimate the angular position of the radio source with 

the accuracy of the phase measurements. The basic op-

erations are as follows: 1) the observations 5u (t)  and 

6u (t)  must be passed through a filter whose parameters 

are matched to the complex envelope and frequency of 

the emitter signal; 2) the detection result at low frequen-

cy is multiplied by normalising factors  

  1
3 b 0 06G j f dс K  ; 3) the normalised amplitudes 

must be processed in a quadrature detector configured to 

measure the phase shift arising from the deviation of the 

radiation source from the equidistant zone. The pro-

cessing results were converted to angles using the direc-

tional curve calculated on the right-hand side of (16). 

With the given parameters of antenna placement and 

orientation in the direction finder, the right-hand side of 

(16) is a function of angle s  and can be called the ob-

servation characteristic s( )   by its physical nature. 

On the basis of the obtained optimal operations, it 

is advisable to develop a structural diagram of the radio 

direction finder and study its operation by simulation. 

 

4. Development of the Block Diagram  

of the Optimal On-Board Radio Direction 

Finder and its Simulation Modelling 

 

After analysing the algorithm (16), we developed a 

structural diagram of the radio direction finder, as shown 

in Fig. 3. The system consists of six antennas that receive 

electromagnetic waves and convert them into high-

frequency signals. The signals from each antenna are 

transferred to an intermediate frequency and are coherent-

ly detected in filter  h t , which is tuned to the resonant 

frequency 0f  and complex amplitude  A t  of the radio 

source signal. After detection, the signals in the first, sec-
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ond, third, and fourth channels are multiplied by the slope 

of the radiation patterns. If the measurements are made 

within the linear section of the patterns, the slope is a 

constant value. However, in general, the value 

  
s

i b i 0idG 0.5 d K 
     formation unit is a 

function of the angle s , which must be estimated and 

constantly updated in the meter. 

In the fifth and sixth channels, processing is more 

complicated because determining the phase shift in the 

received signals, which is caused by the deviation of the 

radiation source from the equal-signal direction. After 

coherent detection, the measurement results are multi-

plied by the coefficients 0iK , where i  is the number of 

the corresponding channel, and the pre-calculated values  
 

1
0 s bcos( f dcos( )с )    

and 

1
0 s bsin( f dcos( )с )   . 

 

In the channels of multiplication by function cos( ) , the 

obtained values must  be  additionally  multiplied  by  the 

imaginary unit j . In the fifth channel, the quadrature 

components are subtracted, and in the sixth channel, they  

are added. The processing results  in the sixth channel 

were subtracted from those in the fifth channel. The next 

operation in the developed structural diagram is multipli-

cation by s bsin( )   to extract the voltage correspond-

ing to the value of angle s b  . The estimation results 

in the fifth and sixth channels were multiplied by a nor-

malising factor of 1
3 b 0G ( )( f dс )   and added to the 

measurements results  in the first four channels. The re-

sulting estimates were compared with the calculated val-

ues of the observational curve s( )   (right-hand side o f 

equation (16)). After obtaining a non-zero value, the 

measured voltages are transmitted to the UAV control 

rudders to bring them into the radiation zone of the radio 

signal source. After correcting the direction, the process 

of measuring the angular position was repeated. 

The structural scheme developed for the radio di-

rection finder was simulated using the Simulink soft-

ware by MathWorks in the DataFlow mode. The simu-

lation model is shown in Fig. 4. 

 

 
 

Fig. 3. Block diagram of the optimal six-antenna on-board radio direction finder 
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Fig. 4. Simulation model of high-precision on-board radar system 

direction of radio sources 
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Conventionally, a simulation model comprises six 

signal-processing channels. The input to each channel 

was a linearly time-varying angle from 0° to 180° or a 

fixed test value of s 97  . A linearly time-varying 

angle value is required to evaluate the observation char-

acteristic s( )  . Such measurements were performed 

under ideal conditions in the absence of internal noise. 

Each channel was provided with Gaussian noise 

with the same statistical characteristics and limited spec-

trum. Such noises are generated by the “Band-Limited 

White Noise” block, which generates Gaussian noise with 

a unit variance, and the “Clock” and “Gain” blocks. The 

latter are used to generate a time-varying noise variance, 

which is used to estimate the direction-finding error. The 

time-varying variance of the internal noise was multiplied  

by the noise in units. All parameters of the blocks in each  

channel were configured in the same way, but the "Seed"  

parameter in “Band-Limited White Noise” has different 

values to generate uncorrelated sequences between chan-

nels. 

Let us consider in more detail the channels of sig-

nal formation and processing. Each channel has a set of 

blocks for generating a carrier oscillation in the form of 

a function 0cos(2 f t) , including a constant block 2 , a 

1 kHz constant value generator, a time generator t , a 

phase shift generator / 2 , and a trigonometric function 

block 0sin(2 f t) . The fifth and sixth channels (counting 

from top to bottom) do not have a fixed shift / 2 , but 

add a phase shift caused by the deviation of the radio 

signal radiation source from the equal-signal direction 

to the trigonometric function. The first two channels 

describe the signals in the amplitude direction finder 

with wide-directional antennas, the third and fourth 

channels describe the signals in the amplitude direction 

finder with narrow-directional antennas, and the fifth 

and sixth channels describe the phase direction finder.  

The radiation pattern of the first four antennas is 

implemented in blocks A1, A2, A3, A4 in the form of a 

function 

 

 

2
i

b

2
i

2

2i
i b iG a e

2

 
  
 

 
   
 

 

  

where i 1,2 ; b 90   is equal-signal direction, 

where in the first two antennas 1 40  , 10.5 40  , 

1a 20 . The next two narrowly directed antennas have 

parameters 2 5  , 20.5 5  , 2a 4 . 

The values of the selected test angle or linearly vari-

able angle values are passed through blocks A1, A2, A3, 

and A4, and are then multiplied by the high-frequency 

received signal. In this simulation model, the centre fre-

quency is set to 1 kHz for simplicity, while the real values 

are in the units and tens of GHz.  

The useful signals generated by the amplitude and 

phase direction finders with the angular position infor-

mation are added to the internal noise of the receivers. 

The following blocks are dedicated to signal processing 

and estimating the bearing to the radio source. The first 

processing block is an analogue filter tuned to the reso-

nant frequency of the signal. This filter acts as a matched  

filter with an impulse response of  h t . The next opera-

tion in the first four channels is the quadratic detection o f 

the signal amplitude and the averaging of the received 

oscillations in the low-pass filter, which implements the 

integration operation in (16). To extract useful infor-

mation from the obtained amplitudes in the first four 

channels, the oscillations after the low-pass filter were 

multiplied by the derivatives of the radiation patterns of 

each channel. Such amplitudes are implemented as deriv -

atives of the radiation patterns in the blocks diff G1+ 

(first channel), diff G1- (second channel), diff G2+ (third 

channel) and diff G2- (fourth channel). The results of the 

multiplication are added to the adder of all channels.  

The common adder also receives the voltage from 

the phase finder implemented in the fifth and sixth chan-

nels. Useful signals mixed with noise are multiplied and 

filtered using a low-pass filter. Because of these opera-

tions, the uncorrelated internal noise is suppressed, and  a 

voltage proportional to the phase difference between 

channels is estimated. The voltage varies according to the 

sine law depending on the deviation of the signal from 

the equal-signal zone. The Gain4 amplifier corrected the 

effect on the overall measurement of the phase finder.  

The results of the summation of all the amplitudes at 

the first stage of the model were written to the Fi.mat file 

with zero values of the internal noise variance (Gain5, 

Gain6, Gain7, Gain8, Gain9, Gain10). The resulting file 

entries represent estimates of the observation characteris-

tic s( )  . Fig. 5 shows s( )   for four types of direc-

tion finders. Fig. 5(a) shows the observation characteris-

tics of an amplitude direction finder with wide-directional 

antennas, Fig. 5(b) shows the observation characteris t ics 

of an amplitude direction finder with narrow-directional 

antennas, Fig. 5(c) shows the observation characteris t ics 

of a combination of the first two direction finders . The 

curve on Fig. 5(d) shows the observation characteristics 

of the amplitude direction finders and the phase direction  

finder when they work in combination. 
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a 

 
b 

 
c 

 
d 

Fig. 5. Observation characteristics of different types of direction finders: a) is for an amplitude direction finder  

with narrowly directed antennas ; b) is for an amplitude direction finder with wide directional antennas ;  

c) is for the combination of two amplitude direction finders; d) is for a combination  

of two amplitude and phase direction finders  
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From the obtained observation characteristics, it 

follows that the combined direction finder of two ampli-

tudes and one phase direction finder has the widest 

range of unambiguous measurements because it has the 

widest range around the equidistant direction, where the 

curve increases monotonically. The disadvantages in-

clude different values of the steepness of the discrimina-

tion curve in unambiguous measurements, which have 

different accuracy values for different angles. At the 

same time, it can be seen that accuracy increases with 

approximation to the equal-signal direction. 

To evaluate the accuracy, we measured the angle 

of 97° at different dispersions of the internal noise of the 

receivers. The results of the simulated measurements are 

shown in Fig. 6. 

The ordinate axis shows the measured angle, and 

the abscissa axis shows the change in the signal-to-noise 

ratio in dB. At the beginning of the first graph, there are 

measurement pulsations, which is a transient process in 

the analog filters used in the simulation model. At the 

end of the first curve, significant measurement distor-

tions can be observed due to the high dispersion of in-

ternal noise. The second graph shows the most typical 

range of the signal-to-noise ratios in the radar. At a val-

ue greater than 13 dB, only a shift of 0.5812° from the 

specified value is observed, and the variance of the 

spread is several orders of magnitude less than this val-

ue. As the signal-to-noise ratio decreases, the estimated 

shift and variance of the values increase. 

By analysing the results of the simulation model-

ling, we can conclude that the proposed method is effi-

cient and that the estimated angular positions  are gener-

ally consistent with known measurements in the pres-

ence of interference.  

Next, the theoretical methods and DataFlow simu-

lations need to be confirmed experimentally. To achieve 

this, it is necessary to design and manufacture a set of 

receiving antennas and implement a receiving radio path 

for both amplitude and phase direction finders. To sim-

plify the development, the layout of the direction-

finding system was developed for the 2.4-2.5 GHz fre-

quency band. According to Ukrainian regulations, this 

band can be used by industrial, scientific, medical, and 

household radio-emitting devices if there is no interfer-

ence from radio services operating in these frequency 

bands. Also, the radio element base was extremely de-

veloped for this frequency band, which greatly simpli-

fied the final system development. 

 

 
a 

 
b 

Fig. 6. Measurement of the fixed value of angle s 97   depending on the signal-to-noise ratio:  

a) has the range of values from 28 to 0.5 dB in power; b is an enlarged section of the most typical case  

of signal-to-noise ratio in radar 
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5. Antenna System of the Radio  

Direction Finder 
 

When choosing a specific type of antenna in sys-

tem implementation, it is necessary to ensure that their 

impact on the aerodynamic characteristics of the carrier 

is minimized. For an on-board system, antennas can be 

implemented in two main ways: planarly on printed 

circuit boards or using wires [29, 30]. 

The main advantages of planar design are the high 

repeatability of the product and the ability to quickly 

manufacture a large series. However, planar antennas 

with narrow radiation patterns usually take up a signifi-

cant area on printed circuit boards, which can negatively 

affect the aerodynamics of the carrier, making them 

much more difficult to manufacture on their own. At the 

same time, wire antennas have a smaller impact on the 

aerodynamics of aircraft because they have a smaller 

area. Also, their manufacture does not require special-

ised equipment. Therefore, a wire implementation was 

selected for the development of direction-finder model 

antennas. 

According to the geometry shown in Fig. 2, the an-

tenna system of the direction-finding complex includes 

two omnidirectional antennas for phase measurements, 

as well as two wide- and two narrow-directional anten-

nas for amplitude measurements. 

The simplest to implement are the omnidirectional 

antennas of the phase-direction finding method. Taking 

into account the requirement to receive signals over a 

wide range of angles and to simplify the direction-

finding system as a whole, it is advisable to choose di-

pole or monopole antennas [31]. Their general schemes 

are illustrated in Figure 6. Thus, in general, a dipole 

antenna consists of two symmetrical quarter-wave con-

ductor segments. The output signal from the two poles 

is fed to the receiver. A monopole antenna usually con-

sists of a single quarter-wave conductor and a ground 

plane to which the receiver is connected. The geometry 

of the ground plane is usually chosen to match the an-

tenna and receiver in terms of wave impedance [32]. 

It should be noted that in Fig. 6, ant  is the wave-

length with the velocity factor that occurs when a radio 

wave propagates in a nonvacuum and not in an ideal 

conductor. 

To accelerate the development of the phase-

direction finder, factory-made monopole antennas with 

SMA connectors were used as the antennas, as shown in  

Fig. 7(a). Fig. 7(b) also shows the standing wave ratio 

(SWR) of the available antennas, as measured by a cali-

brated R&S ZNL20 vector network analyser. 

As shown in Fig. 7(b), in the 2.4-2.5 GHz frequen-

cy band, the VSWR of the existing antenna is in the 

range of 1.974-1.722. This value is sufficient for the 

receiving antenna and confirms the feasibility of its use 

for phase-direction finding at selected frequencies. 

 

 
a 

 
b 

Fig. 6. General geometries of dipole (a)  

and monopole (b) antennas 

 

 

 
a 

 
b 

Fig. 7. The used monopole antenna (a)  

and its measured SWR (b) 

 

To implement the amplitude direction finding 

method, it is necessary to use more complex antennas 

than in the phase method. This is because the measure-

ment results for such direction finders directly depend 

on the shapes of the radiation patterns of the antennas 

used. In this case, it is advisable to choose antennas 
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whose beamwidths can be changed, for example, during 

the manufacturing stage. At the same time, it is advisa-

ble to choose an antenna with a simple geometry, which 

is easy to calculate and manufacture, and which in the 

future will not significantly affect the aerodynamic 

characteristics of the direction-finder carrier. A collinear 

antenna array is a possible variant of such an array [33]. 

Such arrays usually consist of a set of dipole elements 

mounted along a common axis that are connected in 

series by phase-shifting lines. In general, these lines 

should result in a 180  phase shift of the radio wave 

between adjacent antenna elements. The total width of 

the radiation pattern of a collinear antenna array is de-

termined by the number of elementary dipoles in the 

array. Increasing the number of elements in the antenna 

narrows its radiation pattern. 

One of the most common collinear antenna arrays 

is the Franklin and Super J-pole antenna [34, 35]. The 

general principles of the antenna construction are simi-

lar, and the main difference lies in the feeding points. 

Fig. 8 shows the general geometry of the Franklin an-

tenna, and Fig. 9 shows the Super J-Pole antenna. 

 

 
 

Fig. 8. General geometry  

of the Franklin antenna 

 

 

 
 

Fig. 9. General geometry  

of the Super J-Pole antenna 

 

According to the geometries of the diagrams, the 

Franklin antenna is connected to the central phase-

shifting element. The antenna is symmetrical with re-

spect to this element, and the feed points are usually 

selected experimentally under the condition of the best 

matching, i.e., the minimum standing-wave coefficient 

at the operating frequency. The Super J-Pole antenna is 

connected to one of its ends. To match the antenna, a 

matching element is added on which the feed points are 

selected. As in the case of the Franklin antenna, the feed 

points were searched with a minimum standing wave 

ratio. These types of antennas also differ in terms of the 

shape of the phase-shifting elements. In Franklin anten-

nas, they remain in a  -shape, while in Super J-Pole 

antennas, they are bent into a ring. 

The reviewed antennas have similar characteris-

tics, and it is advisable to choose a particular one based 

on the convenience of connection. In our case, it is more 

convenient to connect the antenna from the edge, which 

in the future will reduce the required cable length be-

tween the antenna and the radio elements, which should 

be placed in the fuselage of the carrier. Therefore, Super 

J-Pole antennas were selected for the implementation of 

amplitude direction finders. 

To implement antennas with a wide radiation pat-

tern, we decided to use a Super J-Pole with three ele-

ments. To determine the geometric dimensions of the 

antenna, it is necessary to calculate ant , which can be 

represented by the following formula: 

 

 ant p
c

c
k

f
  , (12) 

 

where cf  is the central operating frequency of the anten-

na; pk  is the velocity factor. 

Because the antenna will be made of copper wire 

with a diameter of 1.8 mm, the coefficient pk  is quite 

difficult to determine. However, radio amateurs usually 

choose it at the range of 0.9-0.97 when making such 

antennas. For calculations, we assume that pk 0.95 . 

Then, at a central frequency of 2.45 GHz, ant  is ap-

proximately equal to 11.6 mm. Considering the obtained 

value and the ratio shown in Fig. 9, a 3-element antenna 

was manufactured, and a general view of the antenna is 

shown in Fig. 10(a). The feed point of the antenna was 

determined using an R&S ZNL20 vector network ana-

lyzer. The vector network analyzer also measured the 

frequency dependence of the standing-wave coefficient. 

The results are shown in Fig. 10(b). 

As can be seen in Figure 10(a), the SWR of the 

developed antenna in the operating frequency range is 

2.239 or less. This value is acceptable for a receiving 

antenna. 

Next, a pair of 9-element Super J-Pole antennas 

with a narrow radiation pattern was manufactured. A 

photo of an antenna and its measured standing wave 

ratio are shown in Fig. 11. 

According to the graph in Figure 11(b), the stand-

ing wave ratio of the 9-element antenna in the operating 

frequency range did not exceed 1.4, which is a good 

result. 
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a 

 
b 

Fig. 10. The constructed 3-element Super J-Pole anten-

na (a) and its measured standing wave ratio (b) 

 

 
a 

 
b 

Fig. 11. The constructed 9-element Super J-Pole  

antenna (a) and its measured standing wave ratio (b) 

Thus, a set of antennas necessary for the creation 

of the proposed experimental direction-finding complex 

was selected and constructed. Next, it is necessary to 

create measurement radio paths to which the antennas 

will be connected. 

 

6. Selection of Radio Path Components  

of the Direction Finding System 
 

To implement the phase-direction finding algo-

rithm, it is necessary to calculate the phase difference of 

the signals received by the spaced omnidirectional an-

tennas. In practice, phase detectors are used for this 

purpose, and the general structure of the phase-direction  

finder radio path is illustrated in Fig. 12. 

 

 
 

Fig. 12. General structural diagram of the radio path  

of the phase direction finder 

 

According to the diagram in Figure 12, the signals 

from the outputs of the omnidirectional antennas are fed 

to the inputs of the bandpass filters (BPF). The filtered 

oscillations are amplified in variable gain amplifiers 

(VGA) and passed to a phase detector. The phase detec-

tor generates a voltage proportional to the phase differ-

ence of the input signals. The voltage is digitised by an 

analogue-to-digital converter (ADC) and further pro-

cessed by a computing unit. A band-pass filter at the 

input must isolate the working-frequency band and re-

duce the influence of out-of-band noise on the meas-

urement. VGA must adjust the signal power at the input 

of the phase detector, which extends the operating range 

of direction detection. When the direction finding sys-

tem is far from the transmitter, the gain is high. When 

getting closer to the transmitter, the gain gradually de-

creases, and the signal strength at the detector input is 

maintained within its operating range. 

In our case, during the experiment, the direction 

finder receives a signal from a transmitter at a distance 

of several tens of metres. This is due to the current im-

possibility of conducting measurements over long dis-

tances. In addition, measurements will occur in a place 

with a small amount of noise in the working band of the 
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direction finder. In this case, the bandpass filters and 

VGA in Fig. 12 can be ignored. The antennas can be 

connected directly to the phase detector, whose tech-

nical implementation must be chosen. 

In our case, during the experiment, the direction 

finder receives a signal from a transmitter at a distance 

of several tens of metres. This is due to the current im-

possibility of conducting measurements over long dis-

tances. In addition, the measurements take will be 

placed in a location with low noise in the operating fre-

quency band of the direction finder. In this case, the 

bandpass filters and VGA in Fig. 12 can be ignored. The 

antennas can be connected directly to the phase detec-

tor, whose technical implementation must be chosen. 

In general, there are two main ways to implement 

a phase detector: using specialized phase detector chips 

or using high-frequency signal multipliers with subse-

quent low-pass filtering. An example of a phase detector 

chip is the AD8302 from Analog Devices, which has an 

operating frequency band of up to 2.7 GHz [36]. A de-

tection variant with multiplication of high-frequency 

signals can be implemented on an ADL5391 chip of the 

same company [37]. However, the operating frequency 

range of this chip is limited to 2 GHz, which makes it 

impossible to use it in selected frequency bands. A pos-

sible solution to this problem is to shift the high-

frequency signal to an intermediate frequency before 

detection, but this will complicate the system. There-

fore, to implement the phase-direction finding method 

in the proposed system, the AD8302 phase detector was 

chosen, and the module based on which is shown in Fig. 

13. 

When implementing a phase detector on an 

ADL5391 chip, it is necessary to consider the depend-

ence of its output voltage on the phase difference of the 

signals at the inputs. This dependence is illustrated in 

Fig. 14. 

As can be seen, at a phase difference of 0  at the 

detector inputs, the output voltage has a maximum value 

and decreases regardless of whether the phase differ-

ence decreases or increases. This leads to measuring 

ambiguity and does not allow us to determine the direc-

tion to the radio source. To eliminate this problem, it is 

advisable to shift the operating point of the detector to 

the centre of one of the linear sections, i.e., to the point 

of phase difference 90  or -90  marked on the graph. In 

our case, this is achieved by increasing the length of the 

cable between the antenna and detector channel A by a 

length equal to one-fourth of the wavelength at the cen-

tral operating frequency, taking into account the short-

ening factor. 

It is also necessary to implement radio paths for 

each amplitude direction finding channel. In general, the 

structural diagram of such paths can be represented as 

shown in Fig. 15. 

 
 

Fig. 13. Used module based on ADL5391 

 

 
 

Fig. 14. Dependence of the AD8302 output voltage  

on the phase difference of the input signals [36] 

 

 

 
 

Fig. 15. General structural diagram of the radio 

path of the amplitude direction finder channel 

 

As shown in Fig. 15, the signal from the antenna 

output is fed to a bandpass filter tuned to the operating-

frequency band of the system. The received signal is 

amplified in the VGA and detected by the power detec-

tor. The output of the detector generates a voltage pro-

portional to the received signal power, which is then 

digitised and processed in a computing device. As ob-

served for phase direction, BPF reduces the impact of 

out-of-band interference on the measurement results. 

Using VGA, the signal power at the detector input is 

maintained within the dynamic range, which significant-

ly increases the operating range of the radio source di-

rection detection. 
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As noted earlier, the experimental study will be 

conducted at a short distance with low interference. 

Therefore, the BPF and VGA in the experimental layout 

can be excluded and limited to directly connecting the 

antenna to the detector input. The existing quadratic 

detector AD8361 [38] was used as the detector. The 

board made for the experiment is shown in Fig. 16. 

Such boards were made for each amplitude direction 

finding channel. 
 

 
 

Fig. 16. Designed board based on AD8361 

 

7. Experimental Studies of the Direction 

Finding System and Results Discussion  
 

Based on the developed components and antennas, 

an experimental sample of the proposed direction-

finding complex was assembled, and a general view of 

the result is shown in Fig. 17. 

All antennas were interconnected with the corre-

sponding detectors. The antenna holders and cases were  

printed on a 3D printer with PETG plastic, which mini-

mises changes in the parameters of the antenna system. 

The phase direction finder antennas were installed at a 

distance of 12 cm. The outputs of the detectors were 

connected to an AD7608 ADC as part of the signal con-

trol and digitisation system [39]. The basis of the signal 

control and digitisation system was the ARTY S7-50 

development board based on the AMD Spartan-7 

FPGA. The control board processes signal from the 

ADC module, transmits them to a personal computer, 

and controls the automatic rotary platform. 

Next, we conducted an experimental study of the direc-

tion finder. For this purpose, a direction finder was in-

stalled in an open space, and a transmitter tuned to a 

frequency of 2.45 GHz was placed at a distance of 25 m 

from the transmitter. A 1W video transmitter module 

was used as the radio signal source. The experiment's 

direction finder and transmitter positions are shown in 

Fig. 18. 

During the experiment, the direction finding sys-

tem was rotated in the range of angles from -90  to 90  

relative to the direction to the transmitter. In parallel, 

every 0.25  the voltage values from the outputs of the 

system's detectors were digitised and stored. Previously , 

the angular positions of the antennas were adjusted so 

that their radiation patterns at 0.5 of the maximum pow-

er level intersected with the direction of the transmitter 

0 . 

 

 
 

Fig. 17. An experimental model of the direction finding complex has been developed: a) are antennas  

with a wide radiation pattern; b) are antennas with narrow radiation patterns; c) are AD8361 power detectors; 

 d) are omnidirectional antennas; e) is phase detector based on ADL5391;  

f) is control and signal digitisation system; g) is automatic rotary platform 
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Fig. 18. Position of the transmitter and direction  

finder during measurements  

 

As a result, the voltage-angle dependences were 

obtained, where for the amplitude channels correspond 

to the parameters of the antenna radiation patterns, and 

for the phase detector, the direction finding characteris-

tic shifted to the positive voltage range. The measure-

ment results from the outputs of the power detectors are 

shown in Fig. 19, and those from the output of the phase 

detector are shown in Fig. 20. To simplify the analysis 

of the results, the graphs were normalised. 
 

 
 

Fig. 19. Directional patterns of antennas  

with 3 (a) and 9 (b) elements  

 

In accordance with Fig. 19, 3-element antennas at 

level 0.5 have radiation patterns widths of 60  and 50 . 

The radiation patterns of 9-element antennas are 17  

and 22 . Differences in the radiation patterns of similar 

antennas may be due to their manual manufacturing 

process and the possible inaccuracies that may arise in 

this case. 
 

 
Fig. 20. Normalised voltage at the output  

of the phase detector 

 

From the obtained characteristics of the phase-

direction finder in Fig. 20, it is possible to determine its 

range of unambiguous measurements, which is defined 

by the angular positions of the first extremes relative to 

the centre of the curve. As a result, the range of unam-

biguous measurements is 10.2 . It should also be noted 

that the data presented in Fig. 20 are usually prelimi-

nary. Their use for determining the angular direction to 

the radio source requires additional processing, namely, 

shifting the normalised curve by 0.5 units to the nega-

tive region and scaling it by a factor of 2. Typically, 

equivalent operations are performed at the direction 

finder calibration stage. 

Next, we obtain separate observation characteris-

tics for amplitude direction finders with narrow-

directional antennas and antennas with a wide radiation 

pattern. According to equation (11) and the diagram in 

Fig. 3, the value at the detector output must be multi-

plied by the derivative of the radiation pattern. In prac-

tice, it is extremely difficult to consider the type of an-

tenna pattern at each measurement moment because the 

antenna pattern can change under the influence of sur-

rounding objects. In this case, it is advisable to consider 

not the full value of the derivative but its sign within the 

operating range of angles, i.e., between the point of 

maximum RP and the point of intersection of the radia-

tion patterns of two antennas of the same type. In this 

case, one derivative has a positive value, and the other 

has a negative value. Then, processing in the amplitude 

direction finder with the same type of antenna can be 

reduced to the following form: 
 

  out s 01,03 1,3

T

u (t, ) K u (t)h t dt    

  02,04 2,4

T

K u (t)h t dt  . (13) 
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According to equation (13), in simplified pro-

cessing, it is sufficient to determine the power of the 

radio signals received by a pair of antennas, multiply the 

obtained values by the gain coefficients of the corre-

sponding channels, and subtract the result. This, except 

for the multiplication by coefficients, corresponds to 

classical signal processing in two-antenna amplitude 

direction finders. Considering expression (13) and the 

need for additional processing in the phase direction 

finder, a graph with the individual discriminative char-

acteristics of each direction finder available in the com-

plex was obtained. The results are shown in Fig. 21. 

 

 
 

Fig. 21. Obtained observation characteristics:  

a) is for the phase direction finder;  

b) is for the amplitude direction finder  

with 9-element antennas; c) is for the amplitude  

direction finder with 3-element antennas 

 

According to the obtained observation characteris-

tics, the range of unambiguous measurements obtained 

by the developed dual-antenna direction finder with 

antennas having a wide radiation pattern is 46.5 . For 

narrowly directed antennas, the range of unambiguous 

measurements is 23 . Another important parameter of 

the obtained discrimination characteristics is the slope 

of the discrimination characteristics, which determines 

the accuracy of the direction finder. We define this 

characteristic as the ratio of the increment of the dis-

crimination characteristic normalised value E to the 

increment of the observation angle  . Let us determine 

the steepness in the area of angles from  

-2  to 2 , which is close to the desired angular direction 

to the radio source 0 . 

The steepness of the observation characteristic of 

the direction finder with 3-element antennas is 

0.045 units/deg, while for the case of a 9-element an-

tenna it is 0.093 units/deg. The value of 0.28 units/deg. 

was obtained for the phase direction finder. 

Next, we processed the measurements in accord-

ance with the mathematical model (11) proposed in this 

paper, which involves summing the measurement re-

sults by the factors 0iK . These factors are generally 

selected separately for each of the measurement chan-

nels, as shown in the block diagram in Fig. 3. However, 

to simplify the calculations and the system as a whole, it 

is advisable to choose the same factors in each system, 

i.e. 01 02K K , 03 04K K , 05 06K K . Currently, 

there are no optimal methods for selecting these factors; 

thus, they are chosen heuristically for the following rea-

sons. The amplitude direction finder with 3-element 

antennas provides unambiguous measurements over a 

wide range of angles, so the factors  01 02K ,K  will have 

the highest value as the measurement with the highest 

confidence level. The factors of 03 04K ,K  will have 

smaller values because the amplitude direction finder 

with a 9-element antenna provides a smaller range of 

unambiguous measurements and the factors  05 06K ,K  

of phase direction finder will be the smallest. 

For convenience, we fix the coefficients of the 

phase direction finder 05 06K K 1  , and change only 

the coefficients of the amplitude-direction finders. To 

verify the feasibility of using the phase-direction finder, 

we constructed the observation characteristics for cases 

in which phase measurements were excluded from the 

calculations ( 05, 06K K 0 ). Some obtained graphs of 

the normalized observation characteristics of the direc-

tion-finding complex are shown in Fig. 22.  

Table 1 lists the parameters of the direction-finding 

complex (range of unambiguous measurement (RUM) 

and observation characteristic steepness (OCS)) for a 

larger number of factor 0iK  possible values. 

Analysing the results shown in Figure 22 and Ta-

ble 1, we confirmed the overall performance of the ex-

perimental model for the direction finding complex and 

the synthesized signal processing algorithm. For exam-

ple, at 1,2K 10 , 3,4K 5  and 5,6K 5 , the range of 

angles in which the unambiguous determination of the 

direction to the radio source is ensured is 29.4 . This 

value is higher than the individual capabilities of a 

phase-direction and amplitude-direction finders with a 

9-element antenna. This was achieved using an ampli-

tude direction finder with 3-element antennas with wide 

radiation patterns. At the same time, the steepness of the 

observation characteristic in the range of angles from -

2  to 2  was 0.1 unit/deg. Amplitude direction finders 

without a phase system are not capable of providing 

such direction-finding accuracy. 

As shown in Table 1, if the measurements of the 

amplitude direction finder with 9-element antennas 

( 3,4K 0 ) or the phase direction finder  ( 5,6K 0 )  are 
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a 

 
b 

Fig. 22. Graphs of the observation characteristics  

of the direction finding complex: a) at different gain  

in an amplitude direction finder with a 3-element  

antenna; b) with and without a phase direction finder 
 

Table 1 

Parameters of the observation characteristic of the direc-

tion finding complex at different values of the factors   

Factor values RUM, 

deg. 

OCS, 

units/deg. 
1,2K  3,4K  5,6K  

5 1 1 29.5  0.12 

10 1 1 36  0.09 

10 5 1 29.4  0.1 

10 5 0 29.5  0.08 

10 0 1 31.2  0.08 

20 1 1 43.3  0.06 

20 5 1 32.8  0.08 

20 10 1 28.3  0.09 

20 15 1 24.2  0.1 

 

excluded from the processing, the measurement accura-

cy decreases by 20% to 0.08 units/deg. At the same 

time, the operating range of the angles was not signifi-

cantly changed. This indicates the expediency of using 

three systems at once, which complement each other 

and form a complex. 

At the same time, the proposed direction finding 

complex and mathematical model of the signal-

processing algorithm (11) at this stage of work have 

drawbacks. For example, it is impossible to specify the 

most effective approach for determining the factors of 

amplification 0iK , which are introduced into each of 

the amplitude and phase direction finders channels. At 

present, this problem is most expediently solved heuris-

tically, i.e., by selecting such values 0iK  that will pro-

vide the best characteristics of a particular system for 

solving the current problem. In addition, according to 

the obtained results , although the proposed direction 

finding complex provides better parameters than indi-

vidual direction finders, it still requires a compromise 

between the direction finding accuracy and the range of 

angles in which unambiguous measurements are provid-

ed. An interesting way to address these shortcomings is 

to implement an adaptive direction finding system in 

which the coefficients 0iK  will be determined auto-

matically in real time. This will make it possible to ad-

just the system to the widest range of unambiguous 

measurement angles or to increase the direction-finding 

accuracy, depending on the direction-finding results of 

the radio source. However, this approach requires addi-

tional research to be conducted in the future. In addi-

tion, the on-board implementation of the direction-

finding system requires a study of the influence of ex-

ternal radiation on the measurement results and automa-

tion of wire antenna manufacturing [40, 41]. 

 

7. Conclusions 

 

When designing simple direction-finding systems, 

engineers usually need to find a compromise between 

the accuracy of determining the angle to the radio 

source and the range of angles in which measurements 

can be performed unambiguously. This paper proposes a 

possible solution to this problem. This involves the 

creation of a complex that includes two amplitude direc-

tion finders and one phase direction finder. The ampli-

tude direction finder consists of antennas with wide ra-

diation patterns, which provides several unambiguous 

measurement angles at low accuracy. The second ampli-

tude direction finder contains narrowly directed anten-

nas, which reduces the range of unambiguous measure-

ment angles but increases accuracy. The phase-direction  

finder exhibits the best accuracy, but it is provided only 

over a narrow range of angles. The implementation of 

such a direction-finding complex provides high meas-

urement accuracy over various angles. 
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To combine the measurement results of the three 

systems, a mathematical model (11) of the optimal sig-

nal-processing algorithm was synthesised using the 

maximum-likelihood method. According to the mathe-

matical model, optimal signal processing involves 

summarising the measurement results of each individual 

direction finder, considering factors 1, which are gener-

ally determined separately for each channel. The result-

ing processing algorithm also considers the shapes of 

the radiation patterns of each antenna and the quadrature 

demodulation of the signals received by the phase-

direction finder. 

On the basis of the synthesised mathematical mod-

el, a structural diagram of the proposed direction-

finding complex and its simulation model were devel-

oped. As a result of simulation modelling, the efficiency 

of the proposed method, the possibility of achieving 

new quality criteria in the proposed complex, and the 

general conformity of the obtained angular position es-

timates to known cases of measurements in the presence 

of interference were confirmed. 

The efficiency of the proposed approach was ex-

perimentally confirmed. For this purpose, antennas of 

individual direction finders, measuring radio compo-

nents, and a control and signal processing system were 

developed, which were assembled into a direction-

finding complex. Because of experimental studies on 

the direction-finding system, its overall performance 

and efficiency in terms of the proposed approach to sys-

tem implementation were confirmed. The proposed sig-

nal processing allows us to achieve an extended range 

of unambiguous measurement angles with increased 

direction finding accuracy compared to individual sys-

tems. 

Future research directions . The main limitation 

of the proposed algorithms is that the model of the sig-

nal emitted by the source is fully known. In this case, all 

the methods obtained algorithmic signal processing op-

erations considering changes in their complex ampli-

tudes, i.e., not only the amplitude but also the phase is 

processed. At the same time, it is relevant to study di-

rection-finding methods for stochastic signals described 

only by correlation characteristics. This case is interest-

ing when the task of radio detection of unknown signals 

is performed. Further research will determine the meth-

ods of optimising the processing of such signals and 

obtain practical algorithms for the direction finding of 

stochastic signal sources . 
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urement systems and the methods of combining meas-

urements from different sensors. Thus, the optimal 

methods determine the radio system structure, and the 

combination methods determine the logic of the on-

board microcomputer. 
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sizing signal processing algorithms for amplitude and 

phase direction finders, as well as possible combinations 

of them; developing on-board antenna systems for di-

rection finders; developing high-frequency paths for 

selected types of direction finders that allow directions 

to be determined from radio sources over a wide range 

of distances; and developing systems for digitizing ana-

log signals and their subsequent digital processing. Th is  

paper is devoted to solving some of these problems. In 

future work, we will consider the issue of automatic 

control of covered UAVs by considering the direction-

finding results of radio sources. 
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synthesis of radio engineering systems, detection and 

measurement of the coordinates of weak signal sources 

against the background of noise and interference in a 

wide range of radio frequencies, identification of in-

formative attributes of optically contrasting markers 

against the background of the terrain, application of the 

achievements of artificial intelligence theory, in particu-

lar the method of probabilistic filtering of signals and 

images in combination with various types of artificial 

neural networks. The project’s peculiarity is its practical 

focus on synthesizing the optimal structure of an on-

board system for automatic inspection of critical infra-

structure facilities, taking into account the possibility of 

manufacturing the system based on a modern element 

base available for purchase 
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БОРТОВИЙ РАДІОЛОКАЦІЙНИЙ КОМПЛЕКС ВИСОКОТОЧНОГО ПЕЛЕНГУВАННЯ  

ДЖЕРЕЛ РАДІОВИПРОМІНЮВАННЯ ДЛЯ АВТОНОМНОГО ПРИВЕДЕННЯ  

ДО НИХ КРИЛАТИХ БПЛА 

Е. О. Церне, С. С. Жила, А. В. Попов, Д. С. Власенко, Д. В. Колесніков,  

О. С. Інкарбаєва, В. В. Кошарський, Г. С. Черепнін  

Предметом статті є проєктування дешевого, простого і водночас високоточного бортового радіолокацій-

ного комплексу визначення кутового  положення станцій випромінювання радіосигналів для подальшого фор-

мування команд приведення БПЛА в задану ділянку простору. Мета дослідження полягає в розроблені висо-

коточних алгоритмів функціонування, практичних рекомендацій з реалізації та проведення екс периментальних 

вимірювань основних параметрів бортового радіопеленгатору джерел радіовипромінювання, що розміщений 

на крилатих БПЛА. Завдання, на вирішення яких спрямовано дослідження: 1) аналіз статистичної теорії оп-

тимізації алгоритмів оброблення сигналів в радіолокаційних системах, 2) синтез алгоритмів пеленгації джерел 

радіовимірювань, що здатні одночасно виконувати вимірювання з високою точністю і в широкому діапазоні 

кутів однозначних вимірювань, 3) синтез структурної схеми радіопеленгатору і її імітаційне моделювання, 4) 

проєктування серії приймальних антен радіопеленгаторів, що здатні працювати відокремлено і в комплексі, 5) 

обґрунтування вибору комплектуючих для вхідних трактів приймачів, параметрів АЦП та мікрокомп’ютерів, 

що складають основні вузли радіолокаційного комплексу, 6) виготовлення робочого макету радіолокаційного 

комплексу, 7) проведення експериментальних вимірювань в лабораторних умовах. Методи вирішення постав-

лених завдань ґрунтуються на статистичній теорії оптимізації радіотехнічних систем дистанційного зондуван-

ня та радіолокації, існуючих програмних засобах імітаційного моделювання та теорії радіовимірювань. Осно-

вна ідея створення дешевого, простого і водночас високоточного бортового радіолокаційного комплексу пе-

ленгації радіовипромінювача полягає в комплексуванні результатів вимірювань кутових положень з декількох 

амплітудних і фазового вимірювачів. Такий підхід дозволить створити просту у використані та реалізації ра-

діосистему з перевагами, що об’єднуються від різних вимірювачів. Отримані наступні результати: 1) теоре-

тичними дослідженнями та імітаційним моделюванням підтверджено, що комплексуючи вимірювання з двоа-

нтенного амплітудного пеленгатору з вузькими діаграмами, двоантенного пеленгатору з широкими діаграмами 

і двоантенного фазового пеленгатору вдається досягнути одночасно високої точності й широкого діапазону 

однозначних вимірювань, 2) розроблено радіолокаційний комплекс на дешевій та загальнодоступній елемент-

ній базі, 3) розроблено серію антен, що можуть встановлюватися під крила БПЛА, 4) експериментальними до-

слідженнями підтверджено працездатність комплексної обробки сигналів в бортовому шести антенному радіо-

пеленгаторі. Матеріал даної роботи є основою для подальших експериментальних розробок радіопеленгаторів 

різного призначення, відкриває можливості для подолання протиріччя між точністю та діапазоном однознач-

них вимірювань, висвітлює додатковий напрямок підвищення автономності руху крилатих БПЛА.  
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Ключові слова: багатоантенні пеленгатори, статистична оптимізація, оптимальне обр облення сигна-

лів, експериментальні вимірювання. 
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