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The object of research is the process of measuring the effective scattering surface of an unmanned aerial vehicle (UAV) in the X-
band of electromagnetic waves in an anechoic chamber. The problem being solved is to obtain reliable initial data for assessing the
radar visibility and probability of detecting UAVs based on their backscatter diagrams. The aim of research is to improve the method of
measuring the effective scattering surface (ESS) of UAV components in the X-band in an anechoic chamber and its experimental testing.
As a result of the research, a technology for measuring the angular dependence of the ESS in the X-band was formed, which includes
compensation of the background signal, calibration of the measuring equipment, ESS determination of the object and automation of
the measurement process. The technology includes the design of the anechoic chamber, the structure of the measuring stand, the method
of compensation of the background reflection, measurement of the reflected signal power, calibration of the measuring equipment, ESS
calculation. The conducted field experiments allowed to obtain the characteristics of the secondary scattering of UAV components in
the angle sector +45° while the measurement error of static reference objects did not exceed +1 dB. Comparison of experimental results
with the data of mathematical modeling based on integral equations and the physical theory of diffraction confirmed the reliability of
the improved approach. The obtained results can be used to increase the accuracy of assessing the radar visibility of small-sized UAVs

and improve the means of their detection.
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1. Introduction

The growth of the range of unmanned aerial vehicles (UAVs)
and their widespread use in reconnaissance, monitoring and spe-
cial missions necessitates the need to increase the accuracy of as-
sessing their radar visibility [1, 2]. UAVs have become one of the
key elements of modern military operations, which determines the
relevance of research in the field of their detection and counterac-
tion [3-5].

One of the basic parameters that determines the ability of radar
equipment to detect and track UAVs is the effective scattering sur-
face (ESS). ESS characterizes the intensity of the secondary electro-
magnetic radiation of an object in response to external radiation and
is widely used as a quantitative measure of radar visibility [6]. Meth-
ods for measuring and interpreting ESS are a fundamental direction
of radar research and are discussed in detail in classical works [7, 8].

Experimental methods for determining the ESS in the X-band are
of particular relevance, since this range is widely used in modern radar
systems for surveillance and recognition of small air targets [9-11]. Mod-
ern approaches to measuring the EPR of UAVs in flight conditions and in
the X-band confirm the need to obtain reliable experimental backscatter
diagrams [12].

Carrying out measurements in controlled conditions of an
anechoic chamber allows to minimize the influence of external
interference and parasitic reflections, but requires special pro-
cedures for compensation of the background signal and calibra-
tion of measuring equipment [13]. Additionally, the issues of
automating measurement procedures in anechoic chambers are
important [14].

The object of research is the process of measuring the effective scat-
tering surface of UAVs in the X-band of electromagnetic waves in an
anechoic chamber.

The aim of research is to improve the method for measuring
the ESS of UAV components in the X-band in anechoic chamber
conditions.

To achieve the aim, the following objectives were defined:

- to determine the stages of improving the method of measur-

ing the ESS of UAV components in the X-band in anechoic

chamber conditions;

- to calibrate the measuring stand and estimate the error of experi-

mental measurements of the ESS of UAV components;

- to conduct full-scale studies of UAV components in anechoic

chamber and compare the obtained results with the data of math-

ematical modeling.
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The obtained results can be used to increase the accuracy of assessing
the radar visibility of UAVs, as well as to verify digital scattering models in
the development of promising radar surveillance systems [10, 15].

2. Materials and Methods

To calculate the radar characteristics of unmanned aerial vehicles,
the electrodynamic modeling method was used, which is based on
integral representations of classical electrodynamics and short-wave
asymptotics, as well as on mathematical methods for determining the
angular dependence of the EPR [16]. Unlike classical high-frequency
approaches [17], this method allowed to take into account the main
mechanisms of radio wave scattering that arise when objects of complex
geometric shape are irradiated in the presence of both smooth and
edged surface areas, as well as non-ideally reflective fragments and re-
reflections between structural elements.

To ensure reliable experimental determination of the ESS of UAV
components in the X-band under anechoic chamber conditions, the ESS
measurement method was applied, which was improved by the authors
by compensating for the background signal, calibrating the measuring
stand using reference objects, and constructing angular backscattering
diagrams.

For experimental studies, an anechoic chamber of the National Aero-
space University “Kharkiv Aviation Institute” was used, designed for radio
engineering measurements, in particular for determining the ESS of small
objects in the frequency range of 8-12 GHz [14]. The chamber is located
in a closed room and has dimensions of 2.5 x 2.5 x 4.5 m. The volume of
the anechoic zone is about 1 m* (Fig. 1). The walls, floor and ceiling of
the chamber have a grounded metal coating, onto which is glued a radio-
absorbing material of the interference-absorbing type [18] based on foam
glass with a finely dispersed ferrite filler.
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Fig. 1. Plan of an anechoic chamber for ESS measurements:

1 - receiver-transmitter; 2 — technological opening; 3 — antenna unit;

4 — radio-absorbing material; 5 — adjustable diaphragms; 6 — anechoic zone;
7 — measurement object

The receiving and measuring equipment was placed outside the
chamber. A technological slot was provided in the end for inserting
antennas, and in the side wall - an opening for entering the work-
ing area and installing research objects. When performing precision
measurements, the entrance was closed with a door, also covered with
radio-absorbing material.

Adjustable diaphragms were installed inside the chamber, which
provide an anechoic zone with a volume of about 1 m* at a distance of
3 m from the measuring antennas. The general view of the anechoic
chamber is shown in Fig. 2.

The object of measurement was suspended on threads from the
ceiling of the chamber at the same level as the receiving and transmit-
ting antennas. The suspension ensured fixation of the object’s posi-
tion and its uniform rotation in the horizontal plane by 360° using a
stepper motor with a gearbox controlled by a computer. In this case,
45 measurements of the amplitude of the reflected signal per 1° were
performed (a total of 16,000 measurements per full cycle).

Fig. 2. General view of the anechoic chamber

An automated stand was used to measure the ESS, the structure of
which is shown in Fig. 3.
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Fig. 3. Structure of the experimental stand for £SS measurement:
1 - power supply stabilizer; 2 — microwave generator; 3 — calibrated
directional coupler; 4 — power meter; 5 — directional coupler;

6 — transmitting antenna; 7 — adjustable attenuator; 8 — adjustable phase
shifter; 9 — receiving antenna; 10 — microwave adder; 11 - detector;
12 - amplifier; 13 - analog-to-digital converter; 14 — computer;

15 — microcontroller; 16 — drive for the device for rotating
the measurement object

The formation of the probe microwave signal was carried out by
a generator with an operating frequency range of 9-11 GHz and an
output power of at least 10 mW. The operating frequency of the trans-
mitter was 9.37 + 0.01 GHz, the operating mode was continuous. Power
control was carried out by the M3-41 meter.

The signal was emitted by a horn antenna with linear polariza-
tion. The rotary mechanism provided a change in the polarization
orientation angle by 360° with an accuracy of +0.5°. The level of cross-
polarization radiation did not exceed —20 dB. The reflected signal
was received by a horn antenna of vertical or horizontal polarization.
It is possible to connect a second orthogonally polarized reception
channel.

A compensation channel was implemented to compensate for
background reflections of the anechoic chamber and the parasitic
signal of direct penetration. Part of the transmitter power was fed
through an attenuator and a phase shifter to the microwave com-
biner, which allowed to achieve a minimum signal at the receiver
input.

A set of design and technological measures (adjustment of ab-
sorption diaphragms, adjustment of the compensation channel, etc.)
provided an equivalent “visible EPR” of the camera of no more than
107% m? in the frequency range 0f9.3-9.5 GHz.

The amplitude detector is implemented on a mixing diode D405.
Since the dependence of the diode current on the signal power is expo-
nential, a logarithmic amplifier is used in the receiver to linearize the
characteristic (Fig. 4).

This ensured a dynamic range of the received signals of at least
30 dB. The output signals of the receiver in the range of +5 V were con-
verted into a digital code by a 16-bit analog-to-digital converter AD976
and transmitted to the computer via the USB interface.

%
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Fig. 4. Dependence of the output voltage U of the receiver on the power
P of the signal

The spatial position of the object was changed by a 4-phase stepper
motor with 2048 positions per 360°. To accurately set the initial posi-
tion, a digital compass on the HMC5983 chip was used.

The position of the object was controlled using the AtMega mi-
crocontroller. The operator set the rotation angle with an accuracy
of 0.1° or the speed of continuous rotation in order to eliminate
the “swaying” of the object suspended on thin threads. The general
view of the receiving and transmitting unit of the measuring stand
is shown in Fig. 5.

Fig. 5. Appearance of the receiving and transmitting unit of the
measuring stand

The unit (Fig. 5) provided the formation of the probing signal, its
emission and reception of reflected radiation from the object of research.

To check the operability of the stand and assess the accuracy of
measurements, reference metal objects with known theoretical ESS
values were used. Fig. 6 shows the ESS diagrams of a square metal plate
100 x 100 mm, which was used as a calibration object [8, 14].

Fig. 6. EPR diagrams of a square metal plate 100 x 100 mm used as a calibration object

3. Results and Discussion

3.1. Stages of improving the method for measuring the effective
scattering surface of UAVs in the X-band under anechoic chamber
conditions

The general structure of the improved method is shown in Fig. 7.

| Preparation of the anechoic chamber |

L]

| Placement of the research object |

L]

| Setting up the compensation channel |

L]

| Calibration of the measuring stand |

L]

| Angle scanning of the object 0-360° |

L]

| ESS calculation |

L]

| Verification of the results |

Fig. 7. Block diagram of an improved method for measuring t
he ESS of UAV components in the X-band in an anechoic chamber

Improvement of the method for measuring the effective scattering
surface of UAVs in the X-band in an anechoic chamber was imple-
mented in the following sequence of main stages:

1. Preparation of the anechoic chamber and assessment of the level
of residual background reflection.

2. Placing the object of research in the anechoic zone and fixing it
on the suspension system.

3. Setting up the compensation channel to minimize the parasitic
signal of direct penetration and background scattering.

4. Calibration of the measuring stand using reference scatterers
with known ESS values.

5. Angular scanning of the object within 0-360° with registration
of the amplitude of the reflected signal.

6. ESS calculation based on the receiver operating characteristic
and construction of backscatter diagrams.

7. Verification of results by comparing experimental data with the
results of mathematical modeling [16].

3.2. Calibration of the measuring stand and estimation of the
error of experimental ESS measurements of UAV components

The dependence of the receiver output voltage U on the in-
put signal power is nonlinear (Fig. 4). Therefore, to ensure the ac-
curacy of ESS measurements, this characteristic was determined
experimentally using a calibrated
attenuator with power control by
the M3-41 meter with a step of
1 dB. The obtained dependence
was approximated by an analytical
function of the form

P=E,+E-C+E,-C*, (1)

where P - the input signal pow-

er (dB); E; — the approximation co-

efficients, i = 0...2; C — the ADC code.
The function inverse to (1), i. e.

c=f(P). )

o allows the ADC code to determine
the power of the input signal. How-
ever, this was not enough to directly
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determine the ESS of the research objects without additional calibration A comparison of the obtained numerical experimental and calcu-
calculations. lated values is given in Table 1.

Since the objects were installed in an anechoic chamber at a fixed
distance from the receiving-transmitting unit, measuring reference Table 1
objects with known ESS values made it possible to bind the receiver Comparison of calculated and experimental data
operating characteristic to the absolute ESS values. ESS

Taking into account the fact that the receiver characteristic approxi- Object calculation, m? calculation, dB experiment, dB
matio§ conAtaiIAls three coefficients E;, three reference objects with ESS Square 4 146 141
that differ sngmﬁcantly from each other (at least by 5-6 dB) were used. Ball 56 %10 5066 508

The followu.lg were ‘selected as reference ob‘]ects: ) P 58 % 102 1553 167

- a ball with a diameter of 99 mm with a calculated ESS
of 861073 m?;

—ametal pin with a diameter of 5 mm and a length of 198 mm with To check the operating characteristics of the stand, a series of

an ESSof 2.8 - 1072 m?; square metal plates with dimensions of 80 x 80 mm, 100 x 100 mm,

- asquare metal plate (aluminum 1.5 mm) measuring 99 x 99 mm 120 x 120 mm, 140 x 140 mm (Fig. 10) was used, which provides re-

finement of the measuring scale and reduction of systematic error [14].

L

with an ESS of 1.4 m*.
The appearance of the reference objects is shown in Fig. 8.

Fig. 10. Calibration of the measuring stand using a square plate

The results of the experimental measurement of the maximum ESS
are given in Table 2 and are graphically presented in Fig. 11.

Table 2
Results of the ESS measurement of square plates at a frequency of 9.4 GHz

. Theoretical, | Minimum, Average, Maximum,
Object 2 2 2 2
m m m m

Camera background 0 0.006 0.008 0.014

80 x 80 mm plate 0.57 0.35 0.43 0.53

100 x 100 mm plate 1.40 1.28 1.37 1.45

120 x 120 mm plate 2.89 2.90 3.11 3.17

140 x 140 mm plate 53 5.1 5.2 522

c

Fig. 8. Reference objects: 2 — ball; & — pin; ¢ — square plate

According to the results of measurements of signals reflected by
reference objects, the approximation coefhicients E; were refined and the

operating characteristic of the measuring stand was obtained (Fig.9). >
This allowed to move from the measured signal to the ESS numerical
value of the UAV component under study.

4
ESS, dB(m?)
10
3
0 120x120
-10 )
-20
1 100x100
-30
80x80 ESS theoretical (m?)
-40 0

-2 0 2 4 u,v 0 1

—— receiver characteristic e calculation [ experiment

2 3 4 S 6

Fig. 11. Dependence of measured ESS on theoretical ESS: red — theoretical

Fig. 9. Binding of the receiver characteristic to reference objects EPR, black — minimum, blue — maximum; point “0” - background level

s
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Thus, the error of ESS measurement in the anechoic chamber did
not exceed +1 dB, which is a satisfactory value for conducting field
studies of UAV components in the anechoic chamber. It should be noted
that for objects with low ESS, the systematic error was smaller than for
objects with high EPR, which is associated with the nonlinearity of the
receiver amplitude characteristic.

3.3. Field studies of UAV components in the anechoic chamber
and comparison of the obtained results with the data of mathemati-
cal modeling

3.3.1. Metal elements and electronic components of UAV

Taking into account the fact that the greatest contribution to the
UAV ESS is made by metal elements and electronic components, a
mock-up of the UAV control unit was used (Fig. 12). The model of the
UAV control unit had the appearance of a rectangular parallelepiped
measuring 68 x 90 x 54 mm with a metallized surface.

Fig. 13 shows the results of the calculation of the backscattering
diagram of a parallelepiped and experimental measurements of ESS
depending on the angle of irradiation.

Fig. 12. Layout of the UAV control unit

The results of experiments and calculations are given in Table 3.

Analysis of the data in Table 3 allowed to establish a decrease in
the experimental ESS values compared to the calculated ones for the
adopted UAV block model (Fig. 12), which may be due to insufficient
conductivity of the metallized coating of the object.

150

180

23

b

Fig. 13. Scattering diagrams of a metallized parallelepiped:a — calculation; & — measurement
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Table 3
Comparison of calculated and experimental data for a parallelepiped
Edge ESS ESS ESS
(calculation), m (calculation), dB | (experiment), dB
90x68 mm 4,09%x10-1 -3,88 -5,01
68x54 mm 1,59%x10-1 -7,99 -10,5

3.3.2. UAV engine
Fig. 14 shows the experimental UAV engine, and Fig. 15 shows the
suspension method in the anechoic chamber.

Fig. 15. Method of engine suspension in an anechoic chamber

The measurement results are shown in Fig. 16 and 17.

F

g. 16. Circular diagram of the engine ESS

ESS
0.450

0.337|-

0.225

0.112

0 90 180 270 360 6°

Fig. 17. Dependence of the engine ESS on the angle of irradiation

Analysis of the obtained data (Fig. 16, 17) showed that the largest
reflections were formed by angular reflectors formed by the engine
structural elements. The average ESS of the engine was 0.165 m* with
a standard deviation of 0.077 m?. The instantaneous ESS value varied
within wide limits from 0.001 m? to 0.45 m? i. e. the dynamic range of
ESS changes exceeded 25 dB. This can lead to disruption of radar track-
ing of the target when the observation angle changes. The histogram
of the distribution of the engine ESS at an equally probable angle of
irradiation is shown in Fig. 18.

8.98E-02 M

6.737E-02

4.491E-02

2.246E-02

0.00

0.00 0.100 0.200 0.300 0.400

ESS, m?

Fig. 18. Histogram of the ESS distribution of the engine

Analysis of the histogram (Fig. 18) showed a median ESS value of
0.156 m*with an average value of 0.165 m?. Low ESS values are more
likely, which should be taken into account when choosing detection
thresholds. Data on the distribution of the average ESS by irradiation
sectors +10° are given in Table 4.

Table 4
Distribution of the average EPR by irradiation sectors £10° for a
parallelepiped

Sector No. Sector, degrees ESS, m?
1 -10...+10 0.1452
2 +10...+30 0.1247
3 +30...+50 0.2922
4 +50...+70 0.2540
S +70...+90 0.1032
6 +90...+110 0.1225
7 +110...+130 0.1450
8 +130...+150 0.2773
9 +150...+170 0.1611
10 +170...+190 0.0995
11 +190...+210 0.1435
12 +210...+230 0.1677
13 +230...+250 0.1635
14 +250...+270 0.1835
15 +270...+290 0.0695
16 +290...+310 0.1429
17 +310...+330 0.2587
18 +330...+350 (~10) 0.1478

;20
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3.4. Research limitations and prospects for further work

To improve the accuracy of modeling the angular dependences of
ESS, it is necessary to use geometric data obtained by 3D-scanning of
the surfaces of real objects [19].

The results obtained have an applied value for improving the ac-
curacy of determining the backscatter diagrams of UAV structural
elements. Experimental data, confirmed by mathematical modeling,
create the basis for the development of radar systems for detecting
low-visibility UAVs.

The research was performed in an anechoic chamber at a fixed fre-
quency of continuous radiation. Real radars use pulsed broadband or fre-
quency-modulated signals, which was not taken into account within the
framework of this experiment. In addition, only two typical components
of the UAV were studied, which make the greatest contribution to its ESS.

Further research should be directed to:

- expanding the list of research objects, in particular non-metallic ones;

- upgrading the stand for broadband measurements;

- use of noise-like signals;

- use of 3D-scanning data for modeling;

- experimental verification of results for geometrically complex
elements of the UAV design.

4. Conclusions

1. Improvement of the method for measuring the ESS of UAV
components in the X-band in an anechoic chamber is based on the
implementation of a block diagram that includes 7 consecutive stages.

2. Calibration of the measuring stand and assessment of the er-
ror of experimental measurements of the ESS for UAV components
were performed. It was established that the measurement error did not
exceed 1 dB, where for objects with a small ESS the systematic error
was smaller than for objects with a large ESS, which is explained by the
nonlinearity of the amplitude characteristic of the receiver.

3. Comparison of the results of full-scale experiments of UAV com-
ponents in an anechoic chamber with the data of mathematical model-
ing showed the following. A slight decrease in the experimental ESS
values was obtained compared to the calculated ones for the adopted
UAV block layout, which is explained by the insufficient conductivity
of the metallized coating of the object. Analysis of the engine ESS dis-
tribution histogram data showed low ESS values (median EPR value
0.156 m* with an average value of 0.165 m?) as more probable, which
should be taken into account when choosing detection thresholds. The
dynamic range of ESS changes exceeded 25 dB, which should be taken
into account when changing the observation angle to prevent disrup-
tion of radar tracking of the target.
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