e
F

EN\QIRONMEN'I'A"‘I.
MONITORINGZe=
USING"
IR A e
/ 7 5#%&1&8%55
T —
~AND-SPACE '
\\\RADIO~. _

\\ S




NATIONAL ACADEMY OF SCIENCES OF UKRAINE

O.Ya. USIKOV INSTITUTE FOR RADIOPHYSICS
AND ELECTRONICS OF THE NAS OF UKRAINE

HALIIOHANbHA AKALEMIS HAYK YKPAIHU

IHCTUTYT PAOIODI3NKU TA ENEKTPOHIKM
im. O.9. YCUKOBA HAH YKPAIHM




B
ICHY O M MXHIASEMHIIX
T KOG CAITSHMAX

PARTOCUCTEM

 IIPOEKT
«VKPAIHCBHKA HAYKOBA KHHTA
IHO3EMHOIO MOBOIO»

KUIB
AKALEMITEPIOOMKA
2024



RADIOISYSTE

PROJECT
«UKRAINIAN SCIENTIFIC BOOK
IN A FOREIGN LANGUAGE>

KYIV
AKADEMPERIODYKA
2024



https://doi.org/10.15407/akademperiodyka.525.268
UDC 504.064.3:528.8

L97

Reviewers:

Yu.E LOHVINOV, Acting Director of the O.Ya. Usikov Institute for Radiophysics and
Electronics of the NAS of Ukraine, Doctor of Physical and Mathematical Sciences, Senior

Staff Scientist

V.V. PAVLIKOV, Vice-Rector for Scientific Work of the National Aerospace University
“Kharkiv Aviation Institute” (KhAI), Doctor of Technical Sciences, Professor

S.M. SHULGA, Dean of Radiophysics, Biomedical Electronics, and Computer Systems
School, V.N. Karazin Kharkiv National University, Doctor of Physical and Mathematical

Sciences, Professor

Approved for publication by the O.Ya. Usikov Institute for Radiophysics and Electronics
of the National Academy of Sciences of Ukraine (29.07.2023, Protocol No. 5)

The publication was funded within the framework of the Targeted Complex Program
of the NAS of Ukraine “Scientific Bases of Functioning and Providing for Conditions
for the Development of the Scientific and Publishing Complex of the NAS of Ukraine”

L97

Lutsenko V.I.

Environmental Monitoring using Electromagnetic and Acous-
tic Radiations of Objects, Existing Ground and Space Radio Sys-
tems / V.I. Lutsenko, I.V. Lutsenko, I.V. Popov, O.V. Soboliak;
O.Ya. Usikov Institute for Radiophysics and Electronics of the
NAS of Ukraine. — Kyiv: Akademperiodyka, 2024. — 268 p.

ISBN 978-966-360-525-8

The monograph considers the solution to the problem of using the own acoustic and
secondary electromagnetic radiations of objects of anthropogenic origin in active-passive
monitoring systems. Techniques for estimating the range of detection of acoustic radiation
sources, a method for determining radar signatures of objects based on optical and acous-
tic portraits and the selection of a useful signal against the background of noise, methods
for estimating the range and RCS of aerial objects, methods for the sea surface state remote
diagnostics, the troposphere of the Earth by the radiation of TV and radio broadcasting
stations and global navigation systems, a model of non-stationary disturbances are pro-
posed. New methods are considered to describe non-stationary processes and signals
using Kravchenko-Rvachev distribution functions and nested semi-Markov processes.

UDC 504.064.3:528.8

© O.Ya. Usikov Institute for Radiophysics
and Electronics of the NAS of Ukraine, 2024

ISBN 978-966-360-525-8 © Akademperiodyka, design, 2024



Contents

LIST OF ABBREVIATIONS AND ACRONYMS .. ...t 9
FOREWORD . . .. e e 11
INTRODUCTION . . oo e 14
CHAPTER 1

Electromagnetic and acoustic radiation

and their use in monitoring systems

1.1. Acoustic noises of natural and anthropogenic origin ................... ... 17
1.2. Features of the propagation of radio waves in the Earth’s atmosphere ........ 20
1.3. Secondary electromagnetic radiation of objects in the optical, VHE and HF ranges 22
1.4. Means and methods of remote environmental monitoring ................. 24
1.4.1. HF and VHF radar, acoustic reconnaissance systems and their capabilities

for monitoring anthropogenic objects . ........... . .o i 24
1.4.2. Remote methods of monitoring the state of the Earth’s atmosphere ........ 27
1.5. Antennas of HF-band radio telescopes .............. ..o oo, 33
1.6. Smart Grid technology in detection systems ............................. 35
Conclusions . ... 35
CHAPTER 2

Acoustic fields of ground and air objects

2.1. Acousticnoiselevels . ......... .. 37
2.2. Spectra of acoustic radiation ........... .. .. o i i 39
2.3. Range of acoustic reconnaissance SyStems . .................oouiueenne.n. 45
2.4. Acoustic fields of ground and small air objects ................ ... ... ... 51
ConclUSIONS . . .ot 58
CHAPTER 3

Electromagnetic and acoustic portraits of objects

3.1. Air objects with a propeller engine, such as an airplane, helicopter, UAV ... .. 60
3.2. Using cepstral processing to determine the modulation frequency........... 72



CONTENTS

3.3. Radar and acoustic fields of a turbojet engine ................. ... ... ... .. 77
3.4. Dynamic spectra of radar and acoustic radiation of objects ................ 79
3.5. Spectral and polarization structure of reflection from a helicopter........... 82
ConCIUSIONS . . ettt e 85
CHAPTER 4

Environmental monitoring and solving

the tasks of radio location using radiation

of broadcasting and TV stations of HF

and VHF bands and GNSS systems

4.1. Estimation of refractive properties of the troposphere by the field attenuation
factor of the VHF field over-the-horizon .................. ... ... ... ..., 86
4.2. Two-channel measurement of amplitude values of VHF signals on over-the-
ho-TZON TOUes ... ... . 89
4.3. Determination of the characteristics of inversion reflective layers in the tropo-
sphere based on changes in signal intensity on the over-the-horizon routes. . .. ... 95
4.4. Bistatic radar with illumination through the ionosphere .................. 100
4.5. RCS of aerial objectsinthe HFrange ..................cooiiiiiii... 103
4.6. Monitoring of sea waves using GNSS signals ............... .. ... .. ... 107
ConclUSIONS . . .ottt 118
CHAPTER 5

Interferences for active-passive monitoring systems

5.1. Characteristics of radar scattering from land and its mathematical model .... 120
5.2. Interferences of active-passive radar systems created by the radiation of broad-
casting stations in the HF and VHF bands .............. .. .. ... ... ... 147
5.3. Study of the density and distribution functions of amplitudes in different parts

of the spectrum of radio broadcasting stations in the HF and VHF bands ........ 154
5.4. Non-stationary interferences for active-passive monitoring systems ......... 158
5.4.1. Characteristics and model of non-stationary acoustic noises .............. 160
5.4.2. Characteristics and model of non-stationary interference of broadcasting sta-
tionsinthe HFand VHF bands .......... ... ... . i i 169
5.4.3. Experimental study of interference levels for bistatic radars............... 174
5.5. Optimum reception of signals propagating in media with absorption and dis-
PEISION . oottt 178
Conclusions . ... ... 184

6



CONTENTS

CHAPTER 6

Kravchenko-Rvachev distribution functions
describing some non-stationary non-Gaussian processes

6.1. Descriptions of the statistics of the signal scattered by thesea............... 187
6.2. Seasonal variation of the specific RCS of the signal scattered by vegetation covers 191

6.3. Application of correlation matrices of spectral components for visualization of

statistical relations of spectral components during detection and recognition ... .. 192
Conclusions .. ... 196
CHAPTER 7

Non-equidistant two-dimensional
antenna arrays based on magic squares

7.1. Synthesis of a non-equidistant antenna array using magic squares........... 197
7.2. Properties of antenna arrays based on magic squares ...................... 200
7.3. Research of antenna arrays based on magic squares ....................... 201
7.4. Elements of measuring complexes of active-passive remote sensing of the en-
vironmentinthe HFban........... .. i i 211
CoNCIUSIONS . .« ottt e e 216
CHAPTER 8

Smart Grid technology for increasing
the efficiency of ground equipment facilities

8.1. Introduction of the concept of Smart Grid ................ ... ... ... 217
8.2. Sensors and channels for obtaining information about the surrounding environ-

ment of ground equipment objects. .. ......... i i 218
8.3. Information exchange channels and their integrateduse ................ ... 225
COoNCIUSIONS . . o ettt 230
GENERAL CONCLUSIONS ... e 232
APPENDIX 1. Apparatus and methodology of researching acoustic radiations of

ground equipment objects and small UAVs .......... .. ..ot 235

APPENDIX 2. Characteristics and general view of radio location measurement systems 236

APPENDIX 3. Equipment and characteristics of illumination stations for measuring
interference caused by radiation of broadcasting stations in VHF and HF bands .... 238

APPENDIX 4. Main technical characteristics of research objects and detection systems 243
REFERENCES . ..o e e e 245



List of abbreviations
and acronyms

AA
ADGE
AGD
AGW
ASE
ASM
AT
CDS
CMSC
dB

DP
EHF
ESA
GLONASS
GNSS
GPS
GTE
HP
LAF
MAF
MGA
MLS
MTS
OBDC
OES
OOF
PE

PP
RCS
RS

RV
SESA
SIR
SW

antenna array

air defense

automatic gain adjustment
atmospheric gravity waves

an artificial satellite of the Earth
anti-ship missile

air targets

cyclic difference set

correlation matrix of spectral components
decibel

directional pattern

extremely high frequencies
effective scattering area

global navigation satellite system
global navigation satellite system
global positioning system

gas turbine engine

horizontal polarization

lowest applicable frequencies
maximum applicable frequencies
manual gain adjustment
method of least squares

moving targets selection
on-board digital computer
optoelectronic system

operating frequencies

propeller engine

power plant

radar cross-section

radar systems

reconnaissance vehicle

specific effective scattering area
signal-interference ratio

short waves



LIST OF ABBREVIATIONS AND ACRONYMS

K())
L(e)
Ldiv(R)
Latm(R)
Lbar

LTrT’ LTR

Iy, Ly
DI

M
Mg Nyr
P,
Py

Py, Py

—_—

[P
RTrT’ RTR

im

turbojet engine

turbojet two-circuit engine

turboprop engine

an unmanned aerial vehicle

ultra-high frequencies

unified management system

ultra-short waves

vertical polarization

the amplitude of the spectral component
cepstrum

speed of light in vacuum

speed of propagation in environments
the distance from the noise source to the receiver
screw diameter

distribution of intensity of the irradiating field along the length of the
propeller blade

Doppler frequency shift

distribution density

spectrum width

reflection coefficient

gain coeflicients of transmitting and receiving antennas
phase states

transmitter height

the height of the noise source

height of the receiver

wave number

suppression ratio

attenuation factor

attenuation due to geometric divergence

attenuation due to sound absorption by the atmosphere
attenuation due to shielding

losses during the propagation of radio waves from the transmitter to the
target and from the target to the receiver, respectively

integral coefficients of reflection and attenuation by foliage
amplitude of body vibrations

m moment for the i™ state

the number of blades and the number of screws

the final probability of the existence of the process in the i™ state
the strength of the received signal from the transmitting station
power of the received signal emitted and reflected from the target

density matrix of the distribution of values
range between transmitter and target, target and receiver



LIST OF ABBREVIATIONS AND ACRONYMS

So — values of spectral density at zero frequencies

S — values of the elements of the square

S{f, R, h,, h;) — spectrum of the sound source

S(F) — spectrum of amplitude fluctuations

S(F), S(F)  — spectral density at F; and F, frequencies

S_(B — continuous component of the process

[S(1)] — statistical scatter matrix

T; — Wwaiting time in state n, before transition to state n;

Vv — attenuation factor

V, — flight speed

Voax — the maximum permissible speed of movement of the end of the blade

V(R h, h;) — attenuation due to ground influence

Z,Z, — impedance of the incident wave and the wave that passed into the second
medium

[ Z” — complex matrix

1zl — inverse matrix

wav — Waveform Audio File Format

% — afraction of the total noise power

B — redundancy factor

Y — linear decay

l — blade length

L1, — horizontal and vertical dimensions of the structure

0(t) =v; — discrete process component

04, 0, — directions from the target to the transmitter and receiver

A — the wavelength of the signal at the carrier frequency

o — signal-to-noise ratio

Hrp — by the ratio of the target signal to the illumination signal

Moy — by the ratio of the carrier spectral line level to the noise spectral density

€ — dielectric constant

T — element of the transition probability matrix

p — air density

P, Py — density of environments

Ps — the reflection coefficient determines the rms value of the field

p(t) — correlation function

p(F, F) — mutual correlation coefficient at F; and F, frequencies

(04, 0p) — bistatic RCS of targets in the direction of the transmitter and receiver

O, Oy — RCS of the spectral line due to vibration and TDU bodies

G, — root mean square value of the heights of surface irregularities

S0 — specific RCS of the i cluster of the land surface (phase state) with I

irradiation polarization and m reception of a scattered signal
— RCS on horizontal and vertical polarizations
— correlation interval
1 — angle of reflection



Foreword

The presented work is devoted to the creation of active-passive
environmental monitoring systems using secondary electroma-
gnetic and own acoustic radiations of anthropogenic and natural
objects. The urgency of creating active-passive monitoring sys-
tems is due to the high requirements level for such systems in
terms of cost, impact on the environment, visibility, and reliabi-
lity. Unlike active monitoring systems, active-passive ones do
not require their own source of illumination, which determines
their economy, low visibility, and versatility. The development of
high-performance computing equipment and element base in
the part of sensor systems, which allow receiving and processing
electromagnetic and acoustic radiation in a wide range of wa-
velengths, determine the availability of building active-passive
monitoring systems with high sensitivity and resolution.

The main issues considered in the work include the analysis
of the propagation characteristics of acoustic and electro-
magnetic waves in the atmosphere, the determination of the
own acoustic and secondary electromagnetic waves parameters
of anthropogenic and natural objects, the determination of the
possibility of using ground and space-based electromagnetic ra-
diation sources as illumination stations, the development of
methods of obtaining signatures, evaluation of the resolution
and range of monitoring systems, development of mathematical
models of acoustic radiation of heterogeneous objects of
anthropogenic and natural origin, development of methods for
remote monitoring of the state of the sea surface, the Earth’s
troposphere, development of a mathematical model of non-
stationary disturbances using semi-Markov nested processes,
synthesis of non-equidistant two-dimensional antennas based
on magic squares; creation of intelligent monitoring systems
based on a multi-channel sensor complex.

The work may be of interest to scientists and experts in-
volved in the development of methods and technologies of en-
vironment remote sensing, as well as students of radiophysics
specialties.



FOREWORD

The first chapter of the monograph reviews the history of the development of
acoustic and radar detection systems, features of electromagnetic and acoustic
wave propagation in the Earth’s atmosphere, features of secondary electromag-
netic radiation from anthropogenic and natural objects in the optical and short
wavelength range radio range, possibilities of active-passive monitoring systems,
application of smart devices in detection systems.

In the second chapter, the characteristics of the acoustic radiation attenua-
tion from various sources in the atmosphere are described based on experimental
data, taking into account the state of the subsurface and the range, the method of
obtaining acoustic portraits and determining the range of detection of acoustic
signal sources is proposed, the possibilities and methods of detecting acoustic
signals against the background of natural noise interference from rain and wind
are considered.

In the third section, the possibility of detecting and recognizing air objects of
various types based on the frequency of modulation of the signal of the illu-
mination station by the propellers is substantiated based on experimental and
calculated data, the possibility of creating electromagnetic signatures of air ob-
jects based on their acoustic radiation and optical images is determined, the pos-
sibility of detecting helicopters in the mode of spectral density hovering in the
high-frequency region, the characteristics of radar reflection from vegetation un-
der wind influence were investigated.

In the fourth chapter, the refraction properties of the troposphere are inves-
tigated, and methods of diagnostics based on the amplitude of VHF signals on
the over-the-horizon (OTH) path are proposed; the analysis of the characteris-
tics of inversion layers in the propagation channel based on fluctuations of the
received signal is given, RCS estimates of aerial objects at frequencies correspon-
ding to radar illumination through the ionosphere are given, considered the
possibility of using signals of GNSS to determine the state of the sea surface.

In the fifth chapter, interference for active-passive monitoring systems is
considered, the results of an experimental study of the characteristics of non-
stationary interference for active-passive acoustic and radio systems are given, a
model for describing non-stationary interference based on semi-Markov nested
processes with two-phase states is proposed, the main parameters contained in
the model.

In the sixth chapter, the possibility of using Kravchenko-Rvachev atomic
functions to describe the laws of distribution of various non-stationary processes,
the apparatus of correlation matrices of spectral components (CMSC) for de-
scribing the statistical relationships of various spectral components of a signal
scattered by objects, subsoil surfaces, and hydrometeors, experimentally — pas-
sive systems of the decameter range from the radiation of broadcasting stations in
the HF band are considered.

In the seventh chapter, the possibility of synthesizing two-dimensional
non-equidistant antenna arrays for environmental monitoring systems, ac-
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FOREWORD

tive-passive radar, and radio astronomy based on magic squares is considered,
and their properties are investigated, algorithms for obtaining the maximum cov-
erage of spatial frequencies of sparse antenna arrays by adding magic elements
are proposed. Square, the deceleration of the electromagnetic wave, the distribu-
tion of the surface current, and the input impedance of a symmetric vibrator,
whose arms consist of cylindrical spirals with a diameter and pitch small com-
pared to the length of the vibrator, were experimentally investigated, and the ex-
ternal calibration of radars and radar targets with them on the database of struc-
tures is proposed.

In the eighth chapter, the basics of building intelligent networks from ground
equipment objects, the integration of sensors of various types and wavelength
ranges, and methods of evaluating the effectiveness of the proposed approaches
are considered.

The authors express their deep gratitude for the cooperation and discussion of
the results to Doctors of Physical and Mathematical Sciences S.O. Masalov and
I.M. Mytsenko. We are also grateful to all other participants of the Remote Sen-
sing scientific seminar and, especially, the Acting Director of the O.Ya. Usikov In-
stitute for Radiophysics and Electronics of the NAS of Ukraine, Doctor of Physical
and Mathematical Sciences Yu.F. Lohvinov for constructive comments and useful
advice.



14

Introduction

In modern conditions, the creation of active-passive monitoring
systems is becoming increasingly urgent. It is necessary to have
complete and reliable data on the state of the surrounding en-
vironment to make decisions and develop management influen-
ces in a wide range of activities. This applies to both natural and
anthropogenic objects. At the same time, the use of active radio-
acoustic sounding and radar surveillance systems, which have de-
veloped significantly in recent decades, may be limited based on
considerations of economic feasibility, limitations of the radio fre-
quency range resource, environmental friendliness, and visibility.

The means of recording acoustic radiation, bistatic radar
with an external source of illumination, and optical devices can
be engaged in solving the problems of active-passive monitor-
ing. The problems that arise during the implementation of ac-
tive-passive monitoring, regardless of the nature of the physical
fields used, are generally of a general nature, namely, the selec-
tion of a useful signal coming from the object against the back-
ground of obstacles, taking into account the influence of the radi-
ation propagation medium on the parameters of the received
signal, determination of characteristic features in the structure
of the useful signal scattered (radiated) by the object and com-
pilation of the library of signatures of monitoring objects. In-
creasing the effectiveness of active-passive monitoring systems
requires the use of smart technologies and the integration of
heterogeneous systems. Reviewing the ways to solve these prob-
lems is the main task of this monograph.

The following issues are considered in the monograph to
achieve the set goal:

e the regularities of the distribution of acoustic radiation
from ground and air objects in the atmosphere are determined
on the basis of the conducted experimental studies, taking into
account the condition of the underlying surface; the possibility
of describing the spectra of noise sources by fractal dependen-
cies is shown; the method of estimating the detection range of
sources of acoustic radiation under the influence of attenuation
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in the atmosphere and interference attenuation by the Earth’s surface is given;
the principles of building acoustic systems are outlined;

e the characteristic features of the spectra of acoustic radiation and rera-
diated electromagnetic waves of ground and air objects are selected and classi-
fied; the possibility of determining the electromagnetic signatures of objects
based on their optical images and acoustic signatures is shown;

e the use of a two-channel equipment complex for measuring the level of
signals on spatially separated antennas in the frequency band of television signals
for the purpose of monitoring tropospheric refraction by signal attenuation fac-
tors on the over-the-horizon route is considered; experimental data on interfe-
rence phenomena in the propagation channel on over-the-horizon routes in the
mid-latitudes due to changes in the signal level from television centers that occur
in the presence of inversion layers are given; a methodology for estimating the
detection range and RCS of aerial objects for active-passive monitoring systems
is given; the possibility of using signals from navigation satellites for remote
monitoring and diagnosis of the state of the sea surface is shown;

e a simulated model of non-stationary acoustic noises of natural (wind, lea-
ves), anthropogenic (human steps, automatic weapon shots), and signal scattered
from sea and land using semi-Markov nested processes with two-phase states is
proposed; a modified correlation function is proposed, which allows taking into
account the deformation of the spectra

e it is shown that the finiteness of the Kravchenko-Rvachev functions is the
physical reason for their use to describe the statistics of many types of non-sta-
tionary processes; it was established that the use of the apparatus of correlation
matrices of spectral components allows establishing the synchronicity of the ap-
pearance of individual spectral components in signal spectra and can be used to
create spectral-polarization portraits of scattered signals, which can be used in
solving recognition problems and synthesizing multi-channel detection systems;

e solving the problem of optimizing antenna systems, which is especially rel-
evant when creating antenna systems of the decameter wave band, a technique for
the synthesis of non-equidistant antenna arrays was developed based on the use
of the properties of magic squares; a reflector-calibrator created on the basis of a
decelerating structure in the form of a spiral half-wave symmetric vibrator opera-
ting in the mode of transverse radiation is proposed for external calibration of the
radar and simulation of the RCS of a moving radar target

e the scientific foundations of building intelligent cloud networks from
ground technology objects, the integration of sensors of various types and wave-
length ranges are considered, and the methods of evaluating the effectiveness of
the proposed approaches are proposed.

The material presented in the monograph will be useful for scientists and
experts involved in the development of methods and technologies for remote
sensing of the environment using the radiation of existing terrestrial and space
radio engineering systems.






CHAPTER

Electromagnetic and acoustic
radiation and their use
in monitoring systems

1.1. Acoustic noises of natural
and anthropogenic origin

With the development of computer systems, means of storing,
processing and transmitting information, it became possible to
build monitoring systems based on the use of secondary electro-
magnetic and own acoustic radiation of objects of natural and
artificial origin [1—4]. It is necessary to know the acoustic prop-
erties of the atmosphere, the noise characteristics of both natural
processes and noises associated with human activity, the func-
tioning of technical objects, and industrial and infrastructure
objects to solve this problem [5—13]. Broadband acoustic pulses
are of particular interest [6].

The acoustic field of any complex technical object is formed
as a superposition of the acoustic fields of individual radiation
sources [10]. At the same time, it is possible to shield the radia-
tion of individual sources by elements of the object itself. The
propagation of noise in the atmosphere and near the Earth’s sur-
face is accompanied by a number of effects that lead to a change
in the intensity and spectral composition of the radiation. Thus,
the main sources of noise for an airplane are its engines (propel-
lers — for airplanes with a turboprop engine (TPE) and a pro-
peller engine (PE), jets of a power plant (JP) — for airplanes with
a turbojet engine (TJE) and a turbojet two-circuit engine (TJTCE),
blade machines (fan, compressor, turbine) of a gas turbine en-
gine (GTE), elements of an aircraft airframe (landing gear, wing
mechanization). Blade machines of a GTE generate radiation
with discrete and continuous frequency spectra. The intensity is
dominated by radiation with a discrete spectrum on the har-
monics of the frequency of the blades of the impellers (frequen-
cies 1,000...4,000 Hz) and on the harmonics of the rotor frequen-
cy (supersonic fans, frequency range 500...2,000 Hz). The jet
generates frequency-continuous radiation with maximum power
spectral density in the low-frequency region (f,,, = Sh U/d,

17
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Fig. 1.2. Change in the shape of the pulse with increasing distance from the source [6]

where Sh = 0.2...0.3 is the Strouhal number, U is the outflow velocity of the jet,
d is the diameter of the jet nozzle). The aircraft glider is a source of broadband
noise with maximum spectral density in the mid-frequency range. Such conside-
rations are also valid for helicopters. In wheeled and tracked ground vehicles, the
main sources of noise are the power plant, transmission elements, chassis ele-
ments (for tracked machines), and elements of the exhaust system. Different di-
rectional diagrams are characteristic of different components of the acoustic field
of ground equipment. The spread of power plant noise is usually related to the
direction of the exhaust system emission.

The noises of the chassis and transmission systems have a circular diagram.
The level of external noise can reach values of 90 dB. The main energy of the
acoustic signal is in the band of rotation frequencies of the crankshaft of the po-
wer plant. A volley of a rifle or cannon is a broadband acoustic pulse, which is a
superposition of a large number of harmonics [6]. When modeling the propaga-
tion of such a signal in the atmosphere, it is necessary to take energy losses into
account. Since the sound absorption coeflicient depends on its frequency, the
amplitude of each of the components of a harmonics broadband signal will
change with distance according to its own law. Thus, during the propagation of a
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broadband acoustic pulse in the atmosphere, in addition to a general decrease in
amplitude, a change in its shape will occur. A broadband acoustic pulse can be
considered as an aperiodic function of sound pressure as a function of time,
which turns to zero at infinity and can be represented as a Fourier integral. To
simplify calculations, it is assumed that sound propagates in a homogeneous vo-
lume of air, in which normal conditions have been established: temperature —
293.15 K, pressure — 1,013 mbar, humidity — 80%. In this case, the vertical
gradient of the sound absorption coefficient is a linear dependence on distance.
According to the simulation results [6], the spectrum and the shape dependences
of the acoustic pulse on the distance were obtained and are presented in Fig. 1.1
and Fig. 1.2, respectively.

In the assumption of homogeneity of the atmosphere and the absence of
side wind, the front of the acoustic pulse will be a segment of the sphere. Table 1.1
gives the RCS values of the acoustic pulse and turbulent inhomogeneities.

Acoustic waves during explosions of chemical explosives have been studied
for a long time [5]. As a result of these studies, it was established that air waves
at distances of 1...10 km, even with a small depth of charge, are acoustic because
with the distance, the waves kept their phase characteristics, and their amplitu-
des decreased inversely proportional to the distance. The speed of propagation
of waves coincided with the speed of sound. At the same time, the amplitudes of
acoustic waves depend on the cube root of the mass of explosives, and the main
energy of sound vibrations is in the infrasound zone at a frequency of up to 1 Hz [5].

The maximum spectral sound components in thunder strikes are in the fre-
quency range of 50...500 Hz [14]. The sound level of thunder rolls is up to 100 dB.
Rain noise is up to 70 dB.

The volume of a human voice at a distance of 1 m in the band 0.1...10 kHz
relative to the hearing threshold (2 - 10 Pa) is — a quiet conversation, whisper-
ing — 20 dB, loud conversation — 40 dB, shouting — 60 dB [8].

At night, a whisper can be discovered at a distance of 150 m, a loud conver-
sation — 600 m, and an emotional one — at a distance of up to 1.5 km. The sound
of precipitation helps to reduce the range of discovering a whisper to 90 m, aloud
conversation to 500 m, and a shout to 1,300 m. If there are cars between the sound
source and the receiver — a whisper will not be discovered, a loud conversation

Table 1.1. RCS value of acoustic pulse and turbulent inhomogeneities [6]

Distance . ) RCS of turbulent
Acoustic pulse RCS, m . . 5
from the source R, m inhomogeneities, m

50 1.7-107® 1.2-10"
100 1.0-10°® 6.7-1071°
150 7.1-107 1.6-107
200 48-107° 3.1-10°
250 3.4-107 5.1-10°
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will be discovered at a distance of 150 m, and an emotional one at 600 m. In the
case of a passing train, only an emotional conversation will be discovered at a
distance of up to 90 m. Thus, the determining factor in the detection of acoustic
targets is the interfering environment, which is caused by the presence of other
noise sources, so the target detection range can vary from dozens of meters to
some kilometers.

1.2. Features of the propagation
of radio waves in the Earth’s atmosphere

When propagating in the Earth’s atmosphere, radio waves are affected both by the
atmosphere and objects that are in the path of electromagnetic wave propagation.
The nature of the propagation of radio waves is determined by the atmosphere
state, as well as by the physical processes occurring along the propagation path.

There are daily and seasonal features in the atmosphere that affect the pro-
pagation of radio waves. When the Earth’s surface is heated and cooled, moisture
evaporates, water vapor condenses and falls as precipitation, and both horizontal
and vertical shifts of air masses occur. Air masses can undergo both laminar
shifts and turbulent mixing. The uneven heating of the Earth’s surface leads to
the formation, movement, and disappearance of local inhomogeneities. The
processes taking place in the atmosphere lead to scattering of radio waves on
inhomogeneities, weakening and deviation of the direction of propagation from
the straight line.

The influence of the atmosphere has a complex character, which is determi-
ned by the very structure of the atmosphere and the variety of processes occurr-
ing in it. The Earth’s atmosphere has a layered nature and consists of an electri-
cally neutral region, as well as an ionosphere, strongly ionized due to the influ-
ence of solar and cosmic radiation, located at altitudes of approximately 50 to
300 km. Although the influence of each area on the propagation of radio waves is
considered independently of each other, there is a relation between the iono-
sphere and the neutral atmosphere [15]; the geomagnetic field and phenomena
occurring on the Sun affect the processes occurring both in the Earth’s ionosphere
and in the neutral atmosphere. In the papers [16, 17], observations were made,
and the existence of a strong relation between the state of the ionosphere F layer
and the meteorological parameters of the lower atmosphere was shown. Varia-
tions of the total electron concentration of the F layer have a dependence of up to
30% on the meteorological parameters of the stratosphere under the condition
of a calm geomagnetic state.

The state of the ionosphere as an electrically charged environment depends on
many natural and anthropogenic factors. The impact on the ionosphere can be both
cyclical and random. The main influence appears “from above” — in the form of
radiation and corpuscular energy flows spreading from the Sun. Earthquakes, ex-
plosions, rocket launches, volcanic eruptions, cyclonic activity, which generate in-
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1.2. Features of the propagation of radio waves in the Earth’s atmosphere

ternal atmospheric gravity waves (AGW) [18—20], which act as a carrier of distur-
bances from the troposphere to the ionosphere, have an influence “from below”.

Along with the regular altitude dependence of the electron concentration,
the ionospheric layer can contain many heterogeneous formations of various si-
zes that are in constant motion, appearing and disappearing. Scattering on these
inhomogeneities leads to the appearance of multipath propagation. The exis-
tence of heterogeneous formations leads to the possibility of propagation of radio
waves at frequencies that significantly exceed the maximum acceptable ones.

The main feature of of high-frequency (HF) signals use is multipath propa-
gation, which occurs when radio waves are reflected from layers and even during
single-hop propagation within the conditions of a calm ionosphere. Multipath
propagation leads to fading signals at the receiving point. Similarly, the inter-
ference of ordinary and unusual components of a magnetically split wave and
the rotation of the polarization plane of the wave during propagation in the direc-
tion of the lines of force of the Earth’s magnetic field lead to fading. The main
method of protection from fading is spatial selection using antennas with a nar-
row directional pattern, as well as the diversity of antennas by polarization, si-
multaneous reception on vertical and horizontal antennas with subsequent sum-
ming of signals.

Disturbances of the ionosphere caused by the influence of high-power radio
waves lead to the appearance of nonlinearity, which can manifest itself in the
form of cross-modulation of Luxembourg-Gorky effect signals, as well as to
distortions and attenuation of the signal reflected from the ionosphere of the
disturbing wave itself.

When predicting the spread of HF radio waves, it is necessary to determine
the daily course of the maximum applicable frequencies (MAF), the optimal opera-
ting frequencies (OOF), the strength of the electric field at the place of reception
or the determination of the daily course of the lowest applicable frequencies (LAF).

For the ionosphere, which is a dispersive medium, the refractive index in the
radio range is less than unity, depends on the frequency and increase in the signal
propagation path, and leads to group delay and phase advance of radio signals [21].

In the general case, the refractive index for the atmosphere is described by
the expression [22, 23]:

1 6
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where ¢, = 77.6 °K/mbar, ¢, = 71.6 °K/mbar, ¢; = 3.747 - 10° °K*/mbar, ¢, =
= 40.308 m’/c* p — partial pressure of dry air, p,, — partial pressure of water
vapor, N, — electron concentration.

For the heights where the ionosphere is located, the last term (1.1) prevails,
while for the troposphere, the second and third terms are essential.
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CHAPTER 1. Electromagnetic and acoustic radiation and their use in monitoring systems

1.3. Secondary electromagnetic radiation
of objects in the optical, VHF, and HF ranges

The rapid development of intelligence tools that work in different ranges of
electromagnetic wavelengths began in the late 1970s. Today, there are many de-
tection systems that use various ranges of electromagnetic waves and allow to
detect and identify ground objects with high probability [24]. The advantages
of visual search for objects include the high resolution of the eye, the ability to
work in a wide range of brightness and a wide range of wavelengths, high sen-
sitivity, as well as the logic of the operator, and the ability to recognize the object
by movement, shape, silhouette and individual elements. The disadvantages in-
clude the dependence of the search efficiency on the training, fatigue, and at-
tentiveness of the operator, as well as the relatively low reaction speed to the ap-
pearance of a signal (from 0.1 to 1 sec.). When performing a visual search in the
optical range, its effectiveness strongly depends on the transparency of the atmo-
sphere, lighting, and meteorological conditions. In cloudy weather, light objects
appear dark against the horizon. Light gray objects are hard to see in cloudy
weather. It's quite the opposite in sunny weather (but only against the Sun). In
clear weather and on the side opposite the Sun, gray objects are the hardest to see
(reflection coefficient is 0.25). Maximum visibility is white in clear weather against
the Sun and black in fog and under the Sun (striped beacons). The minimum
visibility is gray. Visibility range is the distance when the target becomes visible
in the haze. The illustrated range of visibility is the range of visibility of a com-
pletely black body (coniferous forest, black ships). A black object from a dis-
tance appears bright, but it is not its reflected light, but the light scattered by the
air. Therefore, the observation range does not depend on the brightness of the
object’s illumination (because it does not reflect) but only on the transparency
of the air. Depending on the lighting conditions, the visibility range of the object
is proportional to the visibility range of a completely black object. Visibility de-
pends on the wavelength — the longer the wavelength, the lesser influence weather
factors such as haze, fog, rain, etc. have. The haze transmits red (0.61...0.76 pm)
well and poorly transmits blue (0.4...0.52 um) rays of the spectrum. The haze is
stronger on the side of the Sun. Therefore, on a sunny day, dark objects (forests)
are blue, and light objects (mountain peaks) are pink. To increase the visibility
range in conditions of haze and fog, use yellow light filters (from light yellow in
light haze to yellow-orange in fog). The limit contrast at which an object can be
detected during the search is considered to be 0.04 — so the difference between
the brightness of the object and the background varies by no more than 4%. At
the same time, dark objects are 20% better than light ones. When the illuminance
decreases below the threshold value, the light source ceases to be visible. At night,
when observing group lights, the maximum illuminance is 10°lux, and during
the day — 107 lux [25]. At the same time, in clear weather at night, a fire with a
brightness of 1 cd (one candle) is detected at a distance of 750 m, in heavy haze
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1.3. Secondary electromagnetic radiation of objects in the optical, VHF, and HF ranges

(visibility range — 1 km) — at 500 m, and in fog (visibility range — 500 m) — at
300 m [24, 25]. The best visibility at night is inherent in red and green lights,
and the worst — yellow. Deforming painting is used to distort the image and
make it hard to recognize detected objects. Imitation painting is more effective
[24, 25, 26] but it is practically not used for moving objects, except for anti-tank
guns, on the shield of which elements that imitate the background can be applied.
In the visible part of the spectrum, the contrast between the object in a protec-
tive monochromatic color and various natural formations changes sign, lies
within +0.2...-0.45, and has, mainly, a small value, except for cases when the
background is the sky. This is explained by the fact that the maximum radiation
of the sky lies in the short-wavelength part of the visible spectrum. The average
contrast of the object with protective painting lies in the range -0,2...-0,4 (more
for distant backgrounds, less for near ones) except for a few separate cases (when
the front projection is observed on a nearby leafy background or objects, or the
object is lighter than the background). In the case when the object is observed
against the background of a cloudy sky, its contrast can reach -0.6. And only in
a separate case of observation against the background of nearby leafy back-
grounds its contrast is insignificant and lies in the range of +0.2...-0.2.

Radar has been used since 1939. Radars operating in the 0.8 cm, 1.8 cm, and
3.2 cm wavelength ranges are mainly used to detect ground objects [24]. Modern
radars work in the mode of moving targets selection (MTS) and are equipped
with a device for suppressing noise, which allows them to detect moving objects
at a long distance. Modern aircraft side view radars allow for detecting objects in
motion, aircraft at airfields, and all types of water crossings at distances of 200 km
or more. Object visibility is characterized by the radar cross section (RCS). RCS
is calculated only for simple objects (sphere, cylinder, plane), and for complex ones
(car, aircraft, person), it is determined, as a rule, experimentally. According to the
results of theoretical studies and field experiments on the effect of the external
shape of the object on the amount of secondary radiation and the average specific
ESR of various elements obtained at the same time, the basic design principles of
creating objects with a small RCS were developed [24, 27, 28, 29]:

e the object shape is streamlined and should form a single geometric whole
with a smooth surface;

o the object should not have surfaces intersecting at an angle equal to or close
to 90°, as well as vertical surfaces;

e the number of auxiliary elements placed on the outer surface is minimal.
The height of the object should be as minimal as possible.

The largest contribution to the overall reflection from the object is made by
elements located outside — boxes, spare fuel tanks, attached equipment, as well
as two- and three-sided reflectors formed by the walls of boxes and tanks with a
case [24, 29]. In order to reduce the radar visibility of the object, it is advisable to
cover these elements with inclined metal sheets, which can reduce twice the RCS
[24]. To further reduce RCS, it is necessary to cover the elements of the object
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with radio-absorbing materials [24, 28] or radio-scattering materials [24, 28]. The
issue of visibility reduction (RCS) in the radiometric range of 2.2 and 3.2 mm
(passive radars) is the least understood. The scanning radiometer, which operates
at a wavelength of 8 mm, detects mainly horizontal and close to them areas of the
object. The use of radio-absorbing materials is approximately equally effective for
all these ranges [24, 28].

1.4. Means and methods
of remote environmental monitoring

1.4.1. HF and VHF radar, acoustic
reconnaissance systems and their capabilities
for monitoring anthropogenic objects

The use of optical devices and night vision devices allows for detecting 6...8
(out of 10) similar ground objects at a distance of 200—2,500 m during the day
in 30 minutes and up to 4 objects at night in 40 minutes [30]. Detection of the
firing position and determination of its coordinates is possible after 3...10 shots.
As a result, the effectiveness of countermeasures is no more than 25—30%.

The difficulty of identifying the snipers’ positions during counter-terrorist
operations leads to the fact that the attacking side has a significant advantage,
primarily in conducting warning fire. This allows the attacker to inflict significant
damage before an organized response is initiated.

The acoustic method of detecting sniper positions has many advantages [30, 31]:

o the ability to determine the coordinates of the target in real time with an
accuracy sufficient for its fire damage;

e circular (360°) detection sector; sufficient depth of reconnaissance (not less
than the range of attack by small arms);

e determining the caliber and type of weapon, which allows for analyzing
the situation and setting priorities for targets;

e passive (standby) mode of operation, which ensures stability and masking
of the system;

e detection of several positions from which fire is conducted simultaneously;

e Jong continuous operation (a month or more) in automated mode without
additional maintenance;

e work, both during the day and at night, under different weather conditions
and difficult photo-target conditions;

e small weight and size characteristics;

e the possibility of working on the move;

o relatively low cost of equipment.

Increasing the accuracy of location determination by acoustic reconnais-
sance systems is possible when using the method of acoustic monitoring of the
boundary layer of the atmosphere [32].
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Today, the development of acoustic detection systems is the most urgent —
but it is held back by the lack of data on the characteristics of acoustic noises
of objects and natural disturbances, as well as methods of analysis and evalua-
tion of their characteristics. However, at the same time, the impact of the shot
and the flight of the bullet on the environment remains unchanged. Known cha-
racteristics of the impact of a shot [30, 31] are the angle of the cone of the shock
wave, which depends on the speed of the bullet; the length of the generated sound
wave is 0.16...0.6 meters; the approximate frequency range of a sound wave is
from 0.6 to 2 kHz. Calculations based on these parameters allow you to deter-
mine the place of the shot accurately.

The United States of America already successfully used such systems as
“PDC”, “Boomerang”, “Lifeguard” [31]. Great Britain uses the “BDI” system. In
France, a system for locating snipers, “METRAVIB’, is proposed [31]. In the Rus-
sian Federation, there is a system for locating snipers, “SOVA” [33]. This complex
has the ability to determine the location of snipers in real time. The system can
be connected to automatic countermeasures. Such a complex solution sig-
nificantly decreases the time to identify and suppress the enemy. Coordination by
the system is reduced to the selection by operator of priorities by targets. “SOVA”
can facilitate the execution of tasks for scouts, as it identifies targets up to 1 kilo-
meter. It is possible to use data obtained from various sources. The system makes
calculations and makes corrections in real time. The system includes a set of
special acoustic sensors, a computing unit and software that allows the proces-
sing of information received from acoustic sensors in all directions with simul-
taneous selection of defects.

Semi-active radar systems of the HF and VHF ranges have been successfully
manufactured worldwide for many years [34—38]. The scope of their application
is mainly limited to the traditional radar tasks performance, such as the detection
and assessment of the movement parameters of air targets (AT). The success of
using the technology to detect AT is due to many advantages. First of all, this is a
higher probability of detecting low-flying targets due to the rather high (up to
several hundred meters) location of third-party transmitters. Thus, during the
tests, the “Field” system [34, 35] showed the ability to control the airspace at low
and extremely low altitudes (from 50 to 1,000 m) and to ensure the detection of
targets moving with radial speeds relative to the radar of at least 30 mps, at
distances of more than 40 km. The helicopter flying at a height of 25 m was de-
tected at a distance of 37 km, at a height of 600 m — at a distance of 51 km [34,
35]. The systems have a higher probability of detecting targets made using
“Stealth” technology since modern aviation stealth technologies were not planned
for use against signals of those frequencies involved in the system. In addition,
they are aimed at minimizing the monostatic RCS, while the bistatic RCS can be
much larger. In connection with the absence of its own transmitter, the complete
passivity of the receiving position is ensured, that is, its higher stealth and sur-
vivability compared to an active radar. Moreover, since standard signals are emit-
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ted into the air, even the very fact of the presence and operation of the system
remains unknown, which makes it possible to talk about its potential undetect-
ability and, therefore, the impossibility of organizing countermeasures [39—42].
However, there is a transmitter in the system, and its failure leads to the termi-
nation of the system. Modern systems operating with FM, DAB, and DVB-T sig-
nals can reliably detect and track air targets at a range of 50...150 km at altitudes
of 25—1,000 m [39—42].

The appearance of commercial television and radio broadcasting stations
with amplitude and frequency modulation stimulated the use of radiation from
TV and radio broadcasting stations as sources of external illumination [43-45]
and led to the creation by the Lockheed Martin company of the “silent sentry”
passive radar, which uses the signals of television and radio broadcasting as illu-
mination radio stations for detection and tracking of aerial objects [46]. With the
development of cellular communication, work was carried out on the use of
GSM 900, 1800, and 3G bands [47, 48]. In England, in 2003, the Roke Manor
company developed the Celldar passive radar, which uses the signals of cellular
stations for illumination. Work is also being conducted on the use of Wi-Fi [49,
50], WiMAX [51, 52], LTE [53, 54] and digital radio broadcasting [55] signals.
Thales is developing the Homeland Alerter 100 radar, which uses frequency-mo-
dulated signals in the 88—108 MHz range. Radiation from GPS and GLONASS
navigation satellites is also used to study propagation conditions [56]. The use of
surface and ionospheric waves of radio broadcasting stations in the HF range
[56—61] is involved in the location of surface objects and propagation condi-
tions. Further development of ideas for the use of commercial radio broadcasting
stations will allow continuous monitoring of processes taking place in the atmos-
phere, diagnosis of dangerous meteorological phenomena, and performing the
tasks of radar location.

The “Arrow” reconnaissance vehicle (RM) by the Tula SPA [62—64] is design-
ed for the reconnaissance of ground, surface, and air objects. The machine in-
cludes reconnaissance systems operating on various physical principles: an opto-
electronic system (OES) with a thermal imaging channel, the FARA-VR radar,
unmanned aerial vehicles (UAVs), reconnaissance and signaling equipment, and
an acoustic gunshot detection system. The radar and optical-electronic module
are placed on a telescopic mast, which allows you to conduct reconnaissance from
the shelter. These systems provide continuous search, detection, and recognition
of such targets as tracked and wheeled vehicles, people in groups and alone, wa-
tercraft, light aircraft, helicopters and UAVs, and determination of their coordina-
tes with the display of the movement trajectory on the electronic map of the area.

The equipment of the reconnaissance vehicle also provides determination of
the vehicle’s own position and the coordinates of detected targets with display
on an electronic map, automated control of all systems and means using the
on-board information and control system, including continuous processing of
navigation data, reception and processing of reconnaissance video and photo in-
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formation from UAVs, as well as blocking radio-controlled explosive devices. The
maximum instrument range of target detection by RM equipment is 10 km; fire
can be conducted at them at distances of up to two kilometers.

The “Kolchuga” complex consists of three stations. It is able to determine the
coordinates of ground and surface targets with high accuracy, the routes of their
movement at a distance of up to 600 km deep into the territory and 150 km along
the front, and for air targets flying at an altitude of 10 km — up to 800 km [65, 66].

The sensitivity of the tract is from -110 to -155 dB/W in the panoramic view
band [65]. This is provided by five antenna systems designed to work in several
wavelength ranges.

“Kolchuga-M” monitors pulsed and continuous radiation at frequencies
135...170, 230...470 and 750...18,000 MHz [65]. The system is equipped with a
parallel 36-channel detection receiver and electronics capable of eliminating
background signals and tracking signals from 200 targets simultaneously.

“Kolchuga” can detect and recognize ground and air targets working ac-
cording to the principle of tropospheric distribution. Known samples of targets
are recorded in the system memory. The “Kolchuga” system is difficult to detect
since it conducts reconnaissance in a passive mode, i.e., it does not emit radio
waves itself.

One of the main threats from the enemy is massive assault and sniper fire.
Considering the urgency of the operational disclosure of the positions of shooters
(snipers), the role of technical means of intelligence, which allows performing
this task, is growing many times over [67, 68].

Unique opportunities for monitoring the environment are offered by the
joint use of electromagnetic and acoustic fields [69, 70]. The method of radio-
acoustic sounding allows to determine the height profiles of humidity and tem-
perature, surface pressure, and estimate the value of the refractive index.

1.4.2. Remote methods of monitoring
the state of the Earth’s atmosphere

Radiometric, radioluminescence, radar, laser, acoustic, and radioacoustic me-
thods are used as non-contact, remote diagnostic methods, which are based on
the phenomena of propagation, absorption, and scattering of electromagnetic
and sound waves [71—76]. Both active and passive methods are used [77]. In active
sensing systems, a signal emitted by a transmitter that interacts with an object or
environment and then received by a receiver is used for illumination. In passive
sounding systems, the own radiation of the research object is accepted [78].
Acoustic sounding methods allow continuous diagnosis of atmospheric
meteorological parameters in real time at low costs. The relevance of the deve-
lopment of acoustic methods is determined by the need to monitor the environ-
ment in conditions of increased man-made influence. Acoustic waves are more
sensitive to changes in meteorological parameters than electromagnetic waves,
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and therefore, quite simple equipment can be used for probing. At the same time,
sound waves used in acoustic sounding have a small penetrating ability in the
atmosphere compared to electromagnetic waves. The sensing range is limited by
molecular absorption, wind and temperature refraction, and turbulent attenua-
tion. Therefore, the natural area of application of acoustic sounding is the lower
part of the atmosphere up to heights of one kilometer. Acoustic sounding (AS) is
an effective means of monitoring the atmospheric boundary layer (ABL). The
emission of sound waves has been used for remote sensing of the atmosphere
for a long time [79—83]. The principle of operation is based on the ability of
acoustic waves to scatter on inhomogeneities of the refractive index formed by
turbulence in the atmosphere [84, 85].

Unique opportunities for monitoring the environment are offered by the
joint use of electromagnetic and acoustic fields [69, 70]. The method of radio-
acoustic sounding allows to determine the height profiles of humidity and tem-
perature, surface pressure, and estimate the value of the refractive index [86]. The
measurement of temperature profiles is based on the use of the dependence of
the speed of sound on the temperature and speed of the medium and the partial
reflection of electromagnetic waves from periodic density inhomogeneities crea-
ted by a propagating sound wave [87, 88]. When the Bragg condition is met, the
level of the reflected signal in radio acoustic sensing systems becomes sufficient
for registration and processing. Since the length of the sound wave depends sig-
nificantly on the values of the meteorological parameters, there is a need to adjust
the acoustic or radio signal frequency depending on the variability of the meteo-
rological state under Bragg conditions. In the process of measurements, short
blocks of sound waves are emitted, the speed and direction of which are mea-
sured using a Doppler radar. On the path of sound wave propagation, periodic
changes in the dielectric constant of air are created, which are capable of scatter-
ing electromagnetic waves with a coherent phase composition if the Bragg condi-
tion is met. The length of the electromagnetic wave is practically independent of
the state of the atmosphere, while the length of the acoustic signal as the sound
pulse propagates along the sounding path changes depending on changes in air
temperature. A significant impact on the amplitude of the scattered signal and the
accuracy of measurements is exerted by a change in meteorological parameters
along the sounding route, which leads to the deformation (stretching or com-
pression) of the sound wave along the spatial coordinate, and, therefore, to the
movement of the spectrum of the acoustic signal along the frequency axis, as a
result of which the maxima of the spatial spectra of the signals that interact do not
coincide, and the range of overlapping spectra narrows. The amplitude of the re-
sulting scattered signal decreases. The systematic error that occurs when deter-
mining the speed of sound based on the Doppler frequency shift leads to sig-
nificant errors in determining the temperature [89]. In some cases, under the in-
fluence of meteorological parameters, the acoustic signal can be completely
transparent to the radio signal [90].
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The basis of acousto-optical methods is the diffraction of light on ultrasonic
waves. Previously, these methods were used only for very high frequencies. Re-
cently, the possibility of developing acoustic-optical methods for relatively low
frequencies (for which the wavelength is comparable to the diameter of the light
beam) has been shown [90, 91]. A harmonic acoustic oscillation and an unmo-
dulated optical beam are emitted into the troposphere [92]. When two beams
(acoustic or electromagnetic) interfere, a system of interference bands is formed.
The characteristics of this system (first of all, the spatial frequency — the period
of the bands) are determined, on the one hand, by the wavelength and, on the
other hand, by the geometric parameters of the rays: the angle between the wave
vectors, the divergence of the rays, etc., i.e., for the given geometric parameters
(which are determined by the design of the device) by measuring the period of
the bands, the wavelength can also be determined if the frequency of the wave
is known, then it is not difficult to find its phase speed. So, in essence, the task
comes down to determining the period of the streaks. At the same time, this pe-
riod is quite easy to find by the difference in the phases of the signals obtained
at two points of the interference pattern [93].

Laser sensing of the atmosphere is carried out using an active optical
device — a LIDAR, which works in both continuous and pulsed modes, emitting
a laser beam into the atmosphere and measuring the radiation scattered by
the ABL in the reverse direction. LIDAR can be located both on the ground and
on flying objects. The method of studying the atmosphere using LIDAR has
been used for several decades and is described in numerous publications [94-
96]. LIDARSs can use radiation in the ultraviolet, visible, and infrared parts
of the electromagnetic spectrum. Radiation of different ranges has its own
characteristics when interacting with various physical processes in the atmo-
sphere. Thus, it is possible to obtain information about various processes in the
atmosphere, such as temperature, atmospheric composition, and wind para-
meters [97, 98]. Due to the small divergence of the laser beam, high spatial
resolution is ensured [99].

Radiometric research of the atmosphere is based on the reception of the own
(thermal) radiation of the studied medium and the relation between the charac-
teristics of this radiation (attenuation, intensity, polarization, the thickness of
the skin layer, etc.) with the physical parameters of the medium. Radiometric
research is a relatively powerful tool with accuracy and efficiency and allows
judging the quantitative ratio of the components emitted in the atmosphere.

Remote methods of estimating refractive effects, based on the measurement
of the radioluminescence temperature of the atmosphere in the absorption
lines of oxygen and water vapor, allow for restoration of height profiles of tem-
perature and humidity [100], which are used to calculate the height profile of
the refractive index. However, the distribution profiles of meteorological
parameters, primarily humidity, obtained this way do not have the necessary
accuracy and spatial resolution.
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Using the dependence of the radio brightness temperature on the length of
the beam path, it is possible to estimate the conditions of propagation of radio
waves within the atmosphere layer that effectively absorbs [101—103].

At the O.Ya. Usikov Institute for Radiophysics and Electronics of the Na-
tional Academy of Sciences of Ukraine (IRE NASU), studies of the radiobright-
ness temperature conducted on the control transect track over the sea at sliding
angles made it possible to determine the generalized parameters of its depen-
dence on the vertical polarization angle, which is good correlates with the condi-
tions of propagation of radio waves [78, 104]. The use of the radiometric method
for operational diagnosis of propagation conditions is promising for the assess-
ment of propagation conditions by atmospheric radiothermal radiation [78, 104].

A peculiarity of the microwave radiation of the Earth’s atmosphere is the sen-
sitivity of its characteristics to a large number of physicochemical parameters:
temperature, humidity, water content of clouds, pressure, gas composition, tur-
bulence, etc. At the same time, the sensitivity of these characteristics to changes
in individual parameters is significantly different in the spectrum. The use of se-
veral (most sensitive) spectral sections of the microwave range makes it possible
to determine a number of physical and chemical parameters of the atmosphere.
Passive remote sensing methods determine such essential parameters of the
atmosphere as altitudinal distributions of temperature and humidity, the integral
content of vapor and liquid water, the zones and intensity of precipitation, and
the content of some impurity gases.

The use of the radar method is based on the study of backscattering of radio
waves by hydrometeors, dielectric inhomogeneities, accompanying atmospheric
phenomena, aerosol particles, and others [105—113]. In addition, they use artifi-
cial reflectors emitted into the atmosphere, such as metallized needles with a size
of ~A/2, where A is the wavelength, as well as special radar reflectors or active
responders are miniature radio transmitters mounted on probe balls.

Reflections of radio pulses from turbulent and inversion layers in the tropo-
sphere were first noted back in 1936 by Colwell and A. Freud (USA) at medium
and short waves. The first reports of precipitation detection using centimeter-range
radars were received on February 20, 1941, on the coast of Great Britain, when an
aircraft was observed using a radar station at a distance of 11 km [114]. During
the Second World War, it was discovered that the propagation of high-frequency
waves strongly depends on meteorological conditions, and their reflection occurs
from inversion layers, cloud and dust masses, etc. The engineered special meteo-
rological radars began to be widely used in many countries [22].

With the help of meteorological radars, studies of clouds, precipitation zones,
and areas with increased temperature and humidity gradients, as well as ionized
traces of lightning discharges, etc., are carried out. Data from radar observations
allow us to judge the spatial position, movement, structure, shape and size of de-
tected objects and their physical properties. When scattering radio waves on
particles of clouds and precipitation, when the dimensions r of these particles are
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small compared to the wavelength A (Rayleigh scattering), the magnitude of the
radar signal is ~r®/A*. Due to the strong dependence of the magnitude of the ref-
lected signal on the size of the particles, radar images do not always coincide with
the visual dimensions of the object. The intensity of scattered signals decreases
sharply with increasing A, and, for millimeter and shorter waves, the signal is great-
ly weakened, which limits the frequency range of meteorological radars, which,
therefore, as a rule, use centimeter and millimeter wavelength ranges [115].

The average power of the reflected signals and the intensity of precipitation
are related by an empirical relation, on the basis of which it is possible to obtain
the distribution of the intensity and amount of precipitation falling along the di-
rection of radiation of the radar. Measuring the attenuation of radio waves leads
to an increase in the accuracy of measurements of precipitation intensity and
cloud water content [116, 117]. Two-wave radars are used to determine the atte-
nuation of radio waves. If A is comparable to the size of the particles, the scat-
tering law is significantly different from the Rayleigh law — and with the known
frequency dependence of the attenuation of radio waves, the measurement of re-
flected signals at several wavelengths makes it possible to estimate the size of
precipitation particles. The movement of the scatterers leads to a shift in the fre-
quency of the reflected signals due to the Doppler effect. Measuring the Doppler
frequency shift, as well as other parameters of the spectrum of radar signals re-
flected from clouds and precipitation, large aerosol particles, and artificial scat-
terers, makes it possible to study the structure of various movements in the at-
mosphere (wind, turbulence, ordered vertical flows) [118].

The use of polarization characteristics as informative signs of hydrometeors
[119, 120] and the use of coherent processing of reflected signals [121] based on
the measurement of spectral characteristics allows to improve the informative-
ness of radar signals significantly.

The polarization structure and spectral characteristics of the reflected signal
serve to determine the microstructure of clouds, estimate the turbulent pulsa-
tions of air masses, and the movement of elementary scatterers (raindrops, snow-
flakes, and hail particles) [122—125]. Polarization and spectral characteristics of
signals scattered and absorbed by hydrometeors are used to determine the spatial
distribution of rainfall intensity and assess the potential degree of their danger.
Distortions of the signal parameters (frequency and level) of the emitted SHSZ
during movement in the near-Earth orbit can be used to diagnose dangerous
meteorological phenomena [126], refractive properties of the troposphere above
the sea surface and land [127], solving radar problems [128], studying the sub-
stratum surfaces [129]. This method is based on the relation between the measure
of atmospheric refraction and the parameters of the received signal [130].

During the propagation of satellite signals over the sea surface, direct and
reflected signals from the sea surface arrive at the receiving antenna, which forms
an interference structure of the received signal, which allows restoring the pro-
files of the refractive index n(h) in the above water layer of the atmosphere, com-
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paring with a set of similar analytically calculated dependencies for different at-
mospheric conditions [131, 132]. The solution of the inverse problem of refrac-
tion allows restoring the profile of the refractive index using the Doppler method
with an accuracy of no worse than 20...30 N-units [133]. Recently, attempts have
been made to use GNSS signals (GPS of the USA and GLONASS of Russia) to
diagnose atmospheric processes (tropospheric refraction [134—137], detection
of precipitation zones [138—142]), determination of the roughness of the Earth’s
surface [143—147], as well as detection of aerial objects [128, 148—149].

Remote methods based on the scattering of radio waves by free electrons,
inhomogeneities, and thermal fluctuations of the ionospheric plasma are used
for studies of the ionosphere, forecasting the conditions of radio wave propa-
gation along the propagation paths, and near-surface radar. Such methods in-
clude methods of vertical, inclined, reverse-inclined probing, etc.

The method of incoherent scattering of radio waves is complicated but the
most informative. Incoherent scattering radars work with high-frequency radio
waves that significantly exceed the ionosphere’s own frequencies. The electron
concentration is determined by the power of the scattered signal; the values of ion
and electron temperatures, ion composition, and ion drift velocity can be ob-
tained from the spectrum. Thus, the method of incoherent scattering allows ob-
servation of almost all ionospheric parameters, but only over the measuring in-
stallation. Unlike the ionosonde, the incoherent scattering radar measures the
values of the ionosphere parameters not only below the maximum electron con-
centration but also at high altitudes. Another advantage of this method of stu-
dying the ionosphere is that it does not depend on its state. The most disadvan-
tages of incoherent scattering radars are their high cost and high power consump-
tion. Therefore, such measuring devices are quite rare, and measurements by
them are performed only during short periods of time.

The simplest and most common method of observing the state of the iono-
sphere is the method of vertical sounding, which, to this day, remains the main
means of studying the structure of the ionosphere. The examination of the iono-
sphere by this method is performed with the help of an ionospheric station — a
transmit-receive device that allows obtaining experimentally a profile of the height
of reflection from a gradually changing frequency of a vertically emitted wave.

The transmitter works in pulse mode with a pulse duration of approximately
50+70 ps. The operating frequency of the transmitter changes smoothly in the
range from 1 to 20 MHz at a time of 20+30 s at a pulse frequency of about 50 Hz.
The transmitter power in a pulse is about P, = 1+20 kW. The maximum radiation
of the antenna is directed vertically upwards.

The height of the reflecting layer is determined by the propagation time of
the wave that is emitted to the reflection point and back. The frequency of the
reflected wave is equal to the plasma frequency at the reflection point, which is
related to the electron concentration. Thus, an ionogram is a plot of the depen-
dence of electron concentration on height. The disadvantages of the method in-
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1.5. Antennas of HF-band radio telescopes

clude the fact that the measurement of ionosphere parameters is performed only
above the ionosonde, the ionosonde uses only short waves, and the electron con-
centration can be measured only up to the height of the maximum of the F2 layer.

It is necessary to use powerful transmitters to achieve high resolution and
long distances, which in turn leads to an increase in costs, and the problem of
electromagnetic compatibility of the probing system arises as a whole. Signals
with linear frequency modulation are widely used in studying the ionosphere to
increase the energy potential and ensure high time resolution while limiting the
transmitter's radiated power.

The method of diagnostics of a decameter radio channel in real time based on
the data of reverse sounding of the ionosphere by a LEM-CW-signal is based on
the selection of the leading edge of the backscattering signal during the proces-
sing and interpretation of experimental ionograms, where the interpretation of the
signals on the ionogram is performed according to the results of the calculation
of the minimum group path of the leading edge of the backscattering signal [150].

One of the most effective methods of studying the region of the ionosphere at
altitudes of 60—100 km is the method of partial reflections, based on the scatter-
ing by weak natural inhomogeneities of the plasma concentration of radio waves
in the wavelength range of 2—6 MHz [151]. This method is used to monitor the
height-time ionospheric parameters of concentration [152—154], frequency of
collisions of electrons with neutral particles [152], the magnitude and direction
of wind speed [155—157], determination of parameters of wave disturbances
[158—160]. Considering the large-scale nature of the appeared disturbances, it is
desirable to have spaced or moving points of remote radio sensing.

Active experiments have become widespread when the ionosphere is heated
by powerful radio radiation to study large-scale disturbances in the lower iono-
sphere and the reaction of the ionosphere to energy processes of natural and
anthropogenic origin, which are directed from the side of the Earth [161—164].
In this case, both the parameters of the energy source and the place and time
of action are known clearly.

When conducting studies of the ionosphere with the help of the oblique
sounding method, HF radio stations can be the sources of radiation [165, 166].
In this case, a passive radar scheme is implemented, which can provide round-
the-clock, continuous sounding simultaneously on several paths of radio wave
propagation.

1.5. Antennas of HF-band radio telescopes

In 1933, the American astronomer Carl Jansky discovered cosmic radiation in the
decameter range of wavelengths. Observations in this wave range are of great
importance for the study of radio galaxies and quasars, the interstellar and inter-
planetary medium, remnants of supernova flares, pulsars, the Sun, and the space
around it. Observations in this range are characterized by such problems as
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the high brightness temperature of the galactic non-thermal background, shiel-
ding of cosmic radiation by the ionosphere, intense radio interference of ter-
restrial origin, as well as the large dimensions, complexity, and cost of building
antenna systems that meet the required parameters.

Antenna systems of radio astronomy instruments must meet strict, some-
times contradictory requirements. With large occupied areas of the phased an-
tenna array, more than 105 m” have good matching, sensitivity of antenna ele-
ments, and high angular resolution. Angular resolution is determined, in turn,
by how optimal the configuration and filling of the array with antenna elements
is. At the same time, the antenna should have a width of the directional pattern
< 1°in a wide frequency range, allow electrical control of the directional pattern
in both coordinates, have a large field of view, be resistant to interference, be re-
liable, with effective phasing, control, control and calibration systems [167].

Currently, the most effective radio telescopes in the decameter wavelength
range are the Ukrainian systems UTR-2 (Ukrainian T-shaped Radio Telescope,
2" model), URAN (Ukrainian Radio Interferometer of the Academy of Sciences),
GURT (Giant Ukrainian Radio Telescope), Dutch LOFAR (The Low-Frequency
Array) and LWA (The Long Wavelength Array), located in New Mexico. UTR-2
[168, 169] has the largest effective area of 140,000 m* and the highest sensitivity
in the range of 8+32 (40) MHz. Based on the UTR-2 radio telescope, a system of
decameter radio interferometers was built to observe radio sources in the RULB
mode (Radio interferometry with an ultra-long base). URAN [170, 171] includes
UTR-2 and four more rather large (with effective areas from 7,000 to 28,000 m?)
radio telescopes — URAN-1, ..., URAN-4, forming from UTR-2 bases with a
length of 42 to 950 km provide polarimetric capabilities. These radio telescopes
successfully participate in international studies of the Sun, solar connections,
solar wind, Saturn, Jupiter, and other astronomical objects. The GURT radio te-
lescope consists of 100 antenna arrays of 25 elementary antennas, which receive
in the range of 10—80 MHz. LOFAR [171] is an interferometer consisting of
radio telescopes that receive cosmic radiation in the range from 10 MHz to
240 MHz. Coverage of the entire frequency range is provided by two sets of
antennas — low-frequency Low Band Antenna (LBA) 10—80 MHz and high-fre-
quency High Band Antenna (HBA) 120—240 MHz. About 20,000 small omni-
directional antennas grouped at 48 sites located in the Netherlands, Germany,
Great Britain, France, Sweden, and Ireland were used as antenna elements of the
interferometer. The total area of the antenna field is approximately 300,000 m?.
LWA [172] is a radio telescope located in central New Mexico. Its operating wa-
velength range is from 10 to 88 MHz, and it is used to study relativistic particles,
the evolution of space, astrophysical plasma, radio radiation from Jupiter-like
planets in the decameter range, and giant flares from magnetars. Currently, it
consists of 256 antennas [173], with the prospect of building 53 stations with a
total number of 13,000 dipole antennas located in a circle with a diameter of
about 400 kilometers.
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Changing the direction of radiation reception in these instruments occurs
by changing the phase delay of signals coming from individual antennas; syn-
thesis of directional diagrams occurs with the help of software. The problem of
optimizing the antenna systems of such unique and expensive measuring in-
struments is extremely urgent.

1.6. Smart Grid technology
in detection systems

The main direction of development of detection systems at the current stage is
“intellectualization”. Thanks to achievements in the field of technical cybernetics,
computing, and a number of other sciences, it became possible to create integ-
rated adaptive systems that quickly and effectively respond to changes in the en-
vironment. The most important achievement is that it is now possible to process
incoming information and optimally manage all subsystems in real time. This led
to the further development of various forms and methods of intelligence, united
by one ideology [174—179]. From here, there is a sharp, leap-like change in the
requirements for individual samples and the appearance of qualitatively new
technical devices. One of the concepts envisages increasing the efficiency of
both individual performers and structural formations by distributing individual
tasks between several objects, combined by means of an automated control sys-
tem into a single formation — a “system of systems”. The system may include
manned ground vehicles, unmanned aerial vehicles (UAVs), automatic systems
(separate devices), and ground remotely controlled vehicles.

Conclusions

1. The rapid development of the modern technical base has led to an increase
in interest and use of passive and active-passive radio means, as well as acoustic
reconnaissance. This is due to the use of existing electromagnetic fields for illu-
mination (active-passive systems) or the objects’ own thermal and acoustic
radiation (passive systems) for their detection and identification;

2. A significant advantage of active-passive and passive systems, in compari-
son with active radio- and sound-sonar systems that can unmask themselves, is
their significantly greater survivability;

3. Active-passive systems can use the existing electromagnetic fields of both
terrestrial and space radio systems, including communication and navigation
systems, global satellite navigation, radiation from TV and broadcasting satel-
lites, as well as terrestrial broadcasting systems, to illuminate the environment.
This allows, on the one hand, not to spend significant funds to create specialized
environmental lighting systems and, on the other hand, not to increase its en-
vironmental pollution with additional electromagnetic radiation;
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4. Because of the greater stealth and survivability of active-passive comple-
xes, including passive acoustic reconnaissance and targeting systems, their use
for detecting tracked and wheeled ground vehicles and aerial objects is promis-
ing. Attempts are being made to use them to detect individuals and groups, to
find and determine the location of a sniper after a shot has been fired as part of
anti-terrorist operations, as well as to analyze the occurrence of extreme situa-
tions in places of large crowds;

5. When propagating in the Earth’s atmosphere, radio waves are affected by
both the atmosphere and objects that are in the path of propagation of radio
waves. It is necessary to study the peculiarities of the propagation of radio waves
in the Earth’s atmosphere, create methods for diagnosing the parameters of the
troposphere, monitoring dangerous meteorological phenomena, developing new
methods and techniques for monitoring the environment (atmosphere), objects
in it, natural (precipitation) and anthropogenic (aircraft) origin, as well as cha-
racteristics of the underlying surface (land, sea) to forecast the conditions of
propagation;

6. Antenna systems, which are one of the defining components of receiving
systems for remote sensing of the HF range, due to their significant dimensions,
require further development of optimization algorithms as the location of re-
ceiving elements of antennas without deterioration of basic parameters, such as
angular resolution, width of the directional pattern, frequency range and the pos-
sibility of electrical control of the beam, as well as the reduction of the dimensions
of individual elements.

Thus, the use of existing electromagnetic and acoustic radiation is an urgent
task within the framework of the creation of a global information field concept.
In addition, nowadays, not only the expansion of the types of sensors that use
physical fields of various nature but also the rational combination of informa-
tion obtained with their help, as well as the use of smart grid technologies (cloud
networks) to create intelligent spatially distributed networks, are gaining special
relevance, which provides, due to this, an increase in the efficiency of the cre-
ation and use of information flows for solving the tasks of passive monitoring of
mobile equipment objects. In many ways, the solution to these questions is hin-
dered by the lack of experimental data on the statistical characteristics of ra-
diation and reflection of acoustic and electromagnetic fields of natural and
anthropogenic objects and the scientific basis of their application for solving
the problem of environmental monitoring.



CHAPTER

Acoustic fields of ground
and air objects

2.1. Acoustic noise levels

The range and resolution of passive acoustic systems depend on
the level and spectrum of the acoustic signal, as well as on the
properties of the propagation medium and the underlying sur-
face [67, 68, 180—183].

Noise levels are estimated with respect to the threshold level
of audibility — 102 W/m?* [184]. Typical values of noise levels of
some sources according to literature data are given in Table 2.1.

The detection range is affected by the distribution of power
by frequency, as well as the height of the location of the sound
source relative to the Earth’s surface.

Ground vehicles are characterized by two sources of sound —
the exhaust system of the internal combustion engine and ad-
ditional equipment. The placement height is 0.8...1.2 m and
1.4...3.0 m [185], respectively. The height of placement of receiv-
ing microphones can be from 1.6 m to 2 m [185].

Data on octave attenuation of the signal in the atmosphere,
depending on its parameters, are given in [186]. The dependence
of linear attenuation for different frequencies obtained from the
presented data is shown in Fig. 2.1 [186, 187].

It can be seen that linear attenuation decreases with increas-
ing temperature and humidity and is well approximated by the
dependence:

= (2.1)
0, when <0.

dB A+B f+B,f?, when>0,
km |
Approximation coeflicients are given in the Table 2.2., where
A, B, and B, are parabolic regression coeflicients, R is the corre-
lation coeflicient of the regression equation with experimental
data, and SD is the root mean square error of approximation.
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Fig. 2.1. Dependence of linear attenuation during acoustic signal propagation in the at-
mosphere on temperature t °C and relative humidity n: I — t=15°C,n =20%; 2 — =15°C,
N =50%; 3—t=10°C, 1 =70%; 4—t=15°C, n = 80%; 5 — t =20 °C, 1| = 70%; 6 —
t=30°C,n=70%

Table 2.1. Typical values of noise levels

Sound Sound Source
Source . Frequency .
of noise pressure | power density, band. Ha Note of infor-
level, dB W/m? ? mation
Complete silence 0 0 107" It depresses 147
The rustle of leaves 10 o™ Sound comfort 147
Whisper 20 1071 147
Rain 50...70 25—1,000 147
Normal conversation 60 147
Human steps 60...65 | 10°...3-10° {500—10,000 12
Wind 65—77 |3-10°...5-10° | 20—1,000 |Max level 12
Stationary machinery:
caterpillar 65—72 107 30—2,000 |Atadistanceof 100 m| 12
wheeled 60—65 10°° 30—2,000 |Atadistanceof100m| 12
Mobile tracked
machinery 80—89 | 10*..10° | 15...1,000 |Atadistance of 100 m| 12
The plane is taking off| 140 10? Near 10
100 102 Ata distance of 100 m 10
Aerodynamic objects:
helicopter 82—89 | 10™*...10° | 100—2,000 |During the flight 12
plane 72—74 | 10*...10° | 100—2,000 |During the flight 12
Bullet shock wave 70—100| 107°...107% |~600—2,000 |At a distance of 100 m 6
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2.2. Spectra of acoustic radiation

Table 2.2. Coeflicients in regression dependences of linear attenuation

Temp:éature, Hun;l)dlty, A A, B, B, R D
10 70 0.314 0.1 0.00161 | 1.622E-6 | 0.99996 | 0.2945
20 70 0.768 0.1 0.00199 | 9.489E-7 | 0.9990 0.9793
30 70 0.397 0.1 0.00488 | 3.060E-7 | 0.997 1.369
15 20 -4.616 0.3 0.0172 1.097E-6 | 0.9958 5.47
15 50 0.602 0.1 0.00168 | 1.796E-6 | 0.9999 0.390
15 80 0.644 0.1 0.00157 | 1.086E-6 | 0.9996 0.672

The value of the constant component, which determines the attenuation of
the signal at low frequencies, should be taken from the experimental data — co-
efficient A, given in the Table 2.2.

It is necessary to know both the original radiation spectrum and the disper-
sion properties of the propagation medium, as well as the influence of the under-
lying surface, to estimate the spectrum at some distance from the sound source.

2.2. Spectra of acoustic radiation

Ground and air objects emit sound in a rather wide band; however, the spectra
contain characteristic spectral components associated with the operation of
the engine (frequencies multiples of the rotation frequency of the engine crank-
shaft — Fig. 2.2, d, propeller blades or blades of turbines and compressors —
Fig. 2.2, a, b). The nature of the signal is quasi-stationary.

When a shot is fired, the signal is essentially not stationary. It is necessary
to use its description as decomposition by harmonic functions (Fourier spect-
rum) — Fig. 2.2 with caution.

When calculating the detection range and resolution, it is convenient to use
a spectrum approximation model with some fictitious parameter characterizing
its effective width [188].

To approximate the spectrum in the high-frequency region, you can use
fractal dependences of the form [188]:

-1

S(f)=S, 1+(AifJn , (2.2)

where Afis the width of the spectrum, S,is the value of the spectral density at
zero frequencies, and n is the exponent characterizing the rate of its decrease.
Table 2.3 shows the results of approximating the spectra of some types of objects
depending on the species:

lgS(f)=a+blg(f). (2.3)
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Fig. 2.2. Spectra of acoustic signals: a — MI-2 helicopter; b — FALCON aircraft; c — cannon
shot; d — diesel 800 rpm

Table 2.3. Coeficients of approximation

of the high frequency part of the spectrum

b
Object type Frequegczy band, a b R BT
Mi-24 helicopter 500...8,000 44.0 -39.7 -0.972 3.97
Diesel 800 rpm 500...8,000 22.3 -24.2 -0.941 2.42
Diesel 2,000 rpm 150...2,000 30.34 -26.4 -0.887 2.64
T-34 tank 100...8,000 8.27 -20.29 -0.897 2.03
Shot 150...8,000 2.5 -17.5 -0.922 1.75
Shot 200 mm 150...8,000 45.77 -24.49 -0.944 2.45
Shot 400...6,000 10.5 -22.2 -0.857 2.22
Jet plane (1* hump)
from 540 to 2,500 Hz | 500...2,500 55.22 -33.24 -0.800 3.32
Jet plane (2" hump)
from 4,5-10 Hz 4,500..8,000 183.25 -62.1 0.731 6.21
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2.2. Spectra of acoustic radiation

For most objects (ground equipment, gunshot sound), the spectral density
decrease rate of the spectrum is close to n = 2.
This means that the spectrum, in many cases, can be approximated by the

expression:
2
1+ L
(Af )

t ) (2.5)

S(f)=S, , (2.4)

and correlation functions:

TOS

p(1) =} exp(—

b
2mAf

To estimate the range of the acoustic reconnaissance systems, we introduce
the concept of the integral attenuation coeflicient L(e) of the acoustic signal and
its spectrum S,(f, R, h,, h;) from the sound source located at a height h; to the
receiver located at a height h,, taking into account the atmosphere L(f, R) and the
subsoil surface V(f, R, h,, h;) when spreading over a distance R, which are deter-
mined by the ratio:

where 0} = S,Af and T, =

[S.(f R[S L(f R VSR df
L(R,h,,h,) = —2 =0 . (2.6)

S.(F.R=0h, Ji )df [,

Fig. 2.3 shows radiation spectra calculated at different distances at an air
temperature of 15 °C and a humidity of 20%.

The influence of the distribution surface was not taken into account, i.e.
V(f, R, h,, h;) = 1. Data on sound attenuation in the atmosphere were used in
the calculations [186, 187]. It can be seen that the spectra of wider-band sound
sources are more strongly transformed, and with increasing range, the high-fre-
quency components of the spectrum are most strongly attenuated. At the same
time, the radiation spectra for all sources narrow (Fig. 2.3, a—d), and at great
distances from the noise source, they become similar (Fig. 2.3, d). At the same
time, near the radiation source, the differences between them are significantly
greater (Fig. 2.3, a).
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Fig. 2.3. Spectra of acoustic signals at different distances from the sources during propagation
in the atmosphere: a — near the source; b — range of 0.5 km; ¢ — range of 2 km; d — range
of 8 km; I — diesel engine 800 rpm; 2 — diesel engine 2,000 rpm; 3 — Mi-24 helicopter;
4 — the sound of a shot; 5 — T-34 tank; 6 — Jet plane

The width of the spectrum Af,(R, h,, h, o) at the levels from the full power a,
taking into account the expression (2.6), can be determined from the ratio:

Afe
J. Sr(f’R’hr’hT)df
0 =q. (2.7)

8.7 R

Table 2.4 presents the values of the effective width of the radiation spectrum
of some noise sources at different power levels a.%, and Fig. 2.4 shows changes in
the normalized spectrum width at various distances from them during propaga-
tion in the atmosphere for the case of the greatest attenuation.

It can be seen that aerial objects and the sound of a shot have the largest spec-
trum width, which contains half of the radiated power. Fig. 2.4 presents the cal-
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2.2. Spectra of acoustic radiation
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Table 2.4. The effective spectrum width of some sources of acoustic noise

Full power level, %

Object type 50 90 99
Spectrum width, Hz
Mi-24 helicopter 358 827.7 1,626.7
Jet plane 572 4,666 6,391.3
Diesel engine 800 rpm 121 199,2 1,251
T-34 tank 181.7 1,349.9 4,522.6
Cannon shot 315 834.4 3,658

culated values of the effective width of the radiation spectrum of various sources
at different distances. The spectrum of most objects narrows rather quickly due to
stronger attenuation of high frequencies, see Fig. 2.4. The narrowing of the effec-
tive spectrum width with range will lead to a deterioration in the resolution of

acoustic reconnaissance systems.
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Fig. 2.5. Attenuation of acoustic radiation
in the atmosphere: a — temperature 10°, hu-
midity 70%; b — temperature 20°, humidity
70%; ¢ — temperature 15°, humidity 20%;
1 — Mi-24 helicopter, 2 — cannon shot,
3 — diesel engine 800 rpm, 4 — diesel
engine 2,000 rpm, 5 — Jet plane

Table 2.5. Coefficients of linear regression approximation of the dependence
of integral attenuation in the atmosphere on range for various noise sources

Sound source Coefficients Jet plane Mi-24 Shot Diesel engine | Diesel engine
of approximation helicopter 800 rpm. 2,000 rpm.
Temperature = 10 Yo -1.66 -0.43 | -0.39 -0.078 -0.17
Humidity = 70% Y, -1.51 -1.00 | -0.96 -0.58 -0.68
Temperature = 20 Yo -1.60 -0.39 | -0.36 -0.073 -0.15
Humidity = 70% Y, -2.00 -1.50 | -1.46 -1.069 -1.18
Temperature = 15 Yo -6.94 -2.79 | -2.40 -0.32 -0.72
Humidity = 20% Y, -4.69 -3.55 | -3.78 -2.49 -3.03
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2.3. Range of acoustic reconnaissance systems

The values of integral attenuations of the acoustic field of various radiation
sources at different distances shown in Fig. 2.5 are obtained using the real spectra
of sound sources [186, 188] based on the relation (2.6).

Integral attenuation for all typical sources, as can be seen from Fig. 2.5, is
satisfactorily approximated by a linear dependence:

L[dB]=1v,+7Y,R[km)]. (2.8)

Approximation coefficients obtained by the method of least squares (LSM)
are given in the Table 2.5.

An increase in the number of revolutions from 800 to 2,000 rpm leads to an
increase in the spectral density of high-frequency components (Fig. 2.3 a). For
modes with many engine revolutions, a greater integrated attenuation of acoustic
radiation in the atmosphere will be characteristic. This is manifested in large
values of coefficients y;, — which characterize the slope of the dependence of
attenuation on range. In practical calculations, the y, coefficient should be taken
as 7,~ 0. When propagating an acoustic signal near the Earth’s surface, it is ne-
cessary to consider the effect of reflection of the signal from the Earth’s surface in
addition to accounting for absorption in the atmosphere.

2.3. Range of acoustic
reconnaissance systems

Influence of the Earth’s surface on sound attenuation. Interference of signals
coming directly from the noise source to the receiver and after reflection from
the Earth’s surface can lead to interference weakening of the received sound pres-
sure. When a plane sound wave falls on the plane boundary of the distribution
of two media with density p, p, and propagation speed ¢, c,, the reflection coeffi-
cient F will be determined by the impedance of the incident Z and the one that
passed into the second medium Z, waves [189, 190]:

g L2

, 2.9
7 +Z 29)

where Z=pc/cos0, Z,=p,c,/cos0,.

In the case when the refractive index is n=-1# 1, and 0 — n/2 (sliding
c

incidence), we get Fy— —1.If F; is the reflection coeflicient from a smooth sur-
face, then the specular reflection coefficient for an uneven surface of the same
material can be represented as [191, 192]:

F=Eps, (2.9a)
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CHAPTER 2. Acoustic fields of ground and air objects

where pj is the reflection coefficient. Its value can be determined by analogy with
the value for electromagnetic fields [191, 192]:

. 2
ol :exp{_(Mthsm\V) } (2.10)

In this formula, G, is the rms value of the height of surface irregularities,  is
the angle of reflection, and A is the wavelength.

In cases where the real surface is replaced by a flat surface in calculations,
the angle of reflection will be equal to:

_hy+h,

R (2.11)

where h; is the height of the source, h, is the height of the receiver, and R is the
distance between them.

Then the attenuation coefficient of the surface of the acoustic signal within
the framework of the two-beam model is:

V=\/1+2FCOS(M)+F2, (2.12)
AR

when (%)—)0 .F,— -1,and F~ -1 + §, then

. 27h;h 2nh,h
~ =2 = |, 2.13
in{ 2 | 3,2 @13

V =2pq R
ps =1 (2.14)

when

you can write:

2 2
V? = 4sin® M =4 M =4 M . (2.15)
AR AR cR

Using the expressions (2.9—2.12) to calculate the attenuation factor of the
interface, it is possible to determine the signal spectrum of the acoustic radiation
source S,(f, R, h,, h;) at a distance R, taking into account losses during propaga-
tion in the atmosphere L(f, R) and the influence of the subsoil of the Earth:

V(R S, (fRA ) =S () LR VR AR (2.16)
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2.3. Range of acoustic reconnaissance systems
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Fig. 2.6. Dependencies of the surface attenuation coeflicient at different distances from the
sound source for different frequencies depending on the degree of surface roughness: g, ¢,
d — aircraft with a flight height of 50 m, b, d, e — ground equipment; a, b — distance 0.1 km,
¢, d — distance 0.3 km; d, f — distances of 1..8 km; ] —o~0m,2—c~03m,3—oc~1m

Taking (2.16) and (2.6) into account, it is possible to determine the integral atte-
nuation coeficient V,(e) of the acoustic signal due to the atmosphere and the un-
derlying surface during propagation over a distance R. The values of the attenuation
coeflicient of the surface at different frequencies for different degrees of roughness
and at various heights of the location of the sound source are shown in Fig. 2.6.
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CHAPTER 2. Acoustic fields of ground and air objects

Attenuation, dB

0 1 2 3 4 5 6 7 8
Distance, km
Fig. 2.7. Influence of the distribution surface on sound attenuation: I — cannon shot,

2 — T-34 tank, 3 — diesel engine: 2,000 rpm, 800 rpm, 4 — Mi-24 helicopter, 5 — Jet plane

They are calculated using ratios (2.9—2.12). It can be seen that as the degree
of surface roughness increases, the depth of interference dips decreases. For
higher-frequency sound components, the destruction of the scattering mirror
mechanism occurs earlier than for low-frequency components.

It follows from the given data that interference attenuation of sound by the
Earth’s surface must be taken into account for ground equipment and aircraft at
heights of 50...100 m. At higher flight heights, it can be neglected for distances
at which acoustic detection can be performed. It can be seen that the growth of
the rms height of the irregularities leads to an earlier destruction of the interfe-
rence structure of the field. For objects of tracked and wheeled equipment
(height of the sound source 1..2 m), the interference area begins from distances
of several meters for low sound frequencies, dozens of meters for medium, and
hundreds of meters for high frequencies.

The surface attenuation coefficient in it decreases quadratically with distance.
In this zone, surface roughness does not affect its value. At distances of more than
a kilometer, detection of ground equipment objects is performed in the zone of
deep interference fading of the signal. Due to the significantly greater bandwidth
of acoustic noise sources compared to objects of radar surveillance, the influence
of the distribution surface on different parts of the emitted noise spectrum is
also significantly different. Due to the surface, low-frequency components are
suppressed more strongly, and high-frequency components are suppressed less.

48



2.3. Range of acoustic reconnaissance systems

The results of the evaluation of the integral values of the surface attenuation
factor for various noise sources are shown in Fig. 2.7.

It can be seen that the attenuation of the signal for air objects is small due to
the influence of the interface. At the same time, it can exceed 25 dB for objects of
ground equipment and this must be taken into account during calculations.

The equivalent sound pressure level from the leeward side P,(R) at the receiver
in a logarithmic scale can be calculated for each point source, and taking into
account the radar equation and ratios (2.6) can be written in the form:

P(R)=P, +G- L, (2.17)

where P, is the sound power level of a point source of noise in relation to the refe-
rence value of sound power equal to 1 pW expressed in dB; G is a correction that
takes into account the directionality of a point source of noise and shows how
much the equivalent sound pressure level of a point source of noise in a given
direction differs from the sound pressure level of a non-directional point source
of noise with the same level of sound power P,, dB. L is attenuation during sound
propagation from a point source of noise to the receiver, taking into account the
influence of all factors, dB.
The extinction L(R) in formula (2.17) is calculated by formula (2.18)

L(R) =Ly, (R) + L, (R) + Vo, (R, B, by ) + Ly, + L (2.18)

where L, (R) is attenuation due to geometric divergence (attenuation in free
space due to the difference in sound energy); L,,,(R) — attenuation caused
by atmospheric sound absorption; V,, — attenuation caused by the influ-
ence of the Earth; L,,, — attenuation caused by shielding; L, — damping for
other reasons.

Attenuation due to geometric divergence. Attenuation due to geometric diver-
gence (attenuation in free space due to the difference in sound energy) L,,(R) [dB],
which occurs as a result of the spherical propagation of the sound of a point
source of noise in a free sound field, is calculated by the formula:

misc

L,,(R) [dB] =201g (d/ d). (2.19)

The detection ranges of objects of acoustic radiation under various weather
conditions and external disturbances were estimated using the data on the noise
level of various sources (Table 2.1) and the above-calculated values of the integral
factors of attenuation of the atmosphere and the underlying surface. They are
listed in the Table 2.6. During the calculations, it was considered that an excess of
the useful signal over the noise by approximately 10 dB is necessary for detection.
The analysis shows that aerial objects can be detected in the absence of obstacles
at distances of more than 8 km; at low temperatures and humidity, the range
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2.4. Acoustic fields of ground and small air objects

decreases to 5 km. In case of significant interference, the detection range may
be less than 1 km.

The sounds of gunshots with weak interference can be detected at distances
of more than 8 km, with strong noises at distances of 6...7 km, and in bad weath-
er conditions, it can decrease to 3 km. In the absence of obstacles, objects of
ground equipment can be detected at distances of 4...6 km.

It should be noted that during the evaluations, the noise was assumed to be a
stationary Gaussian process with a given average intensity. Human and animal
movement sounds are a significantly non-stationary process, and this can lead to
additional losses in the signal/interference ratio during detection [193, 194].

2.4, Acoustic fields of ground
and small air objects

Currently, there is increasing interest in active-passive means of radio [38—41]
and acoustic reconnaissance [1, 4, 12, 30, 31]. Works [67, 68, 180] proposed a
method for estimating the range of acoustic reconnaissance systems, which takes
into account the influence of meteorological factors of the atmosphere and the
state of the underlying surface. This section presents the spatio-temporal charac-
teristics of the acoustic radiation of objects of ground equipment and small-sized
UAVs obtained experimentally — data that were not available in the literature
until now and that are necessary for estimating their detection distances. The goal
is an experimental study of the characteristics of acoustic fields (levels, diagrams,
and radiation spectra), some types of ground-wheeled vehicles, as well as small-
sized aircraft, which are necessary for the evaluation of their detection activities
and the development of selection and recognition algorithms.

Levels and spectra of noise emitted by objects. The appearance, technical
characteristics of the devices, and the method of noise level research are given in
Appendix 1. The noise levels of various sources are evaluated in relative units
concerning the threshold level of audibility, which is conventionally accepted as
1072 W/m? at a standard (from a point source) distance, usually 1 m. The level of
sound (noise) is measured in decibels (dB). The values of the noise levels of some
sources obtained experimentally are given in the Table 2.7. The appearance of the
UAVs used in the experiments is shown in Fig. 2.8.

The presence of broadband interference (from wind) requires the use of spe-
cial noise reduction measures. As an example, Fig. 2.9 shows the recording of the
noise of the quadcopter at a height of about 10 m from the receiver and its spec-
trum. During the experiment, the wind speed was about 7...8 mps.

During gusts of wind (moment 1 in Fig. 2.9, a), there is an increase in inten-
sity by approximately 10 dB and an expansion of the spectrum at lower frequen-
cies (Fig. 2.9, b — curve 1) in comparison with pauses (moment 2 in Fig. 2.9, a,
spectrum in Fig. 2.9, b — curve 2). Quadrocopter noise is characterized by sta-
tionarity with the presence of periodicity in the spectrum, which is determined
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CHAPTER 2. Acoustic fields of ground and air objects

Fig. 2.8. The appearance of the UAV: g — aircraft type X-8, wingspan 2.12 m, estimated
number of engine revolutions 8,000-11,000 rpm; b — quadrocopter, estimated number of
engine revolutions 6,000—10,500 rpm

Table 2.7. Noise levels of different sources

Engine name/type leI\\rIeoltsgB Ragigl;lel’eﬁht/ Notes
Ford/diesel 78 1/1.5/0 In the snow, XX
Ford/diesel 80 1/1.5/0 On the asphalt, XX
Gazelle/gasoline 65 1/1.5/0 On the asphalt, XX
UAZ 469 80 1/1.5/180 On the asphalt, XX
UAZ 452 56 1/1.5/0 On the asphalt, XX
Car gasoline
(volume 2 liters) 70 5/1/270 On the asphalt
VolkswagenPassat 66 1/1/180 In the snow, XX
UAV-quadrocopter 87 10/1.7/ 10 m above the receiver
UAV-quadrocopter 81.5 2/1.7 50% power
UAV-quadrocopter 87 2/1.7 85% power
Aircraft-type UAV 92 2/1/ At the level of the microphone in the room
Aircraft-type UAV 84 4/1/ At the level of the microphone in the room
Steps 73...76 —/1.5/— Snow crust

» 54...57 —/1.5/— Virgin snow
» 58...60 —/1.5/— Concrete
Wind 57...61 7...8 m/s, windward side
» 83...86 /1.5 7..8 m/s, leeward side
Outdoor background 37 1.5 Wind <1 m/s
XX — idling

by the frequency of rotor rotation (approximately 110 Hz), which corresponds
to approximately 7,000 rpm.

The noises of an aircraft UAV look similar — Fig. 2.10. A periodicity with
a frequency of approximately 116 Hz, which corresponds to approximately
7,000 rpm, is also observed in the spectrum of an aircraft UAV. Noise during
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Fig. 2.9. Time realization (a) and noise spectra of the quadcopter with a
gust of wind (I) and its absence (2)

gusts of wind (spectrum 3 in Fig. 2.10) can significantly complicate the detection
of UAVs. The effect of the number of revolutions of the engine on the level of
emitted noise is shown in Table 2.8.

It should be noted that changing the number of engine revolutions from idle
to maximum can lead to an increase in the noise level up to 11...18 dB. At the
same time, the frequencies of the peaks in the spectrum increase in proportion to
the number of engine revolutions. At the same time, the shape of the radiation
spectrum practically does not change — Fig. 2.11.
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Fig. 2.10. Noise spectra: I — aircraft-type UAV, 2 — multi-rotor UAV
(quadcopter), 3 — wind gust

The diagram of noise emission in the azimuthal plane is also uneven and is
shown in the Table 2.9.

It is worth noting that the maximum values are observed in the direction of
the noise source — the exhaust pipe, the engine in front, and the minimum noise
when the source is shielded by the body. Differences in noise intensity when
changing azimuth and observing at short distances reach 10 dB for a car and
16 dB for a diesel engine.

Based on the distance dependences of the attenuation of radiation L(R) given
in Table 2.10 and using the ratio:

V(R)[dB]=P(R=1m)[dB]- P(R)[dB] (2.20a)
V(R)[dB]=L(R)[dB]-20lg(R)[dB], (2.200)

where P(R = 1m) [dB] is the noise level in dB at a distance of 1 m; and P(R) [dB] — at
the range R, calculated values of the signal attenuation factor V(R), which are
given in the Table 2.11.

The analysis of the obtained data allows us to conclude that due to the sur-
face, noise levels of sources at distances of dozens of meters can be even higher
than when they are located in free space; that is, the noise intensity increases due
to reflection from the surface. The noise levels of objects of tracked machinery are
given in the Table 2.12.

Since the noise of wind, rain, and the engine’s own noise can make it difficult to
distinguish the noise of other objects of equipment (reconnaissance purposes), the
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Fig. 2.11. Noise spectra of the 3TD diesel engine at different speeds: I —
600 rpm. 2 — 1,800 rpm; 3 — 2,400 rpm

Table 2.8. An increase in the noise level when the engine
speed changes from idling to maximum speed

Engine name/type Noise increase, dB Range/height, angle, m
Ford/diesel 18 50/1.5/0°
Ford/diesel 11 1/1.5/0°
UAZ 469/petrol 12 1/1.5/box
UAZ 452/ petrol 11 1/1.5/box
Volkswagen Passat/petrol 3 1/1/180

Table 2.9. Dependence of the noise level on the angle
of observation of the source when the engine is idling

Angle relative to the car, degrees
Engine name/type

0 90 180 270
Ford/diesel 81—82 74 71 77—78
Gazelle/gasoline 65 60 51 53
UAZ 452 56 54.4 62 56
UAZ 469 — 78.8 80
Diesel, 500 hp, 1,000 rpm — 70 82 86
Volkswagen Passat 59 59 64 58
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CHAPTER 2. Acoustic fields of ground and air objects

power distribution of noise sources by frequency was studied, as well as the sup-
pression coefficient of the noise source when rejecting low-frequency components:

fmax
[ s(r)dr
K(f)[dB]=10lg=———. (2.21a)
fmax
L slr)dr
Table 2.10. Attenuation of radiation
Range, m
Object Notes
10 20 30 50 70
Attenuation, dB
Ford/diesel 14 21.5 23 29 31 0°, snow
Ford/diesel 11.5 18.5 0°, asphalt
Ford/diesel 13 20 23 0°, asphalt
Table 2.11. The radiation attenuation factor
Range, m
Object Notes
1 | 10 | 20 | 30 | 50 | 70
Attenuation factor, dB
Ford/diesel 0 6 4.5 7 5 6 0°, snow
Ford/diesel 0 8.5 7.5 0°, asphalt
Ford/diesel 0 7 6 7 0°, asphalt
Table 2.12. Noise levels of different sources
. Noise level, .
Engine name/type 4B Range/height/angle, m Notes
Diesel, 500 hp 71 20/1/180 2,500 rpm, speed 0 m/s
Diesel, 500 hp 80 10/1/180 2,500 rpm, speed 0 m/s
Diesel, 500 hp 86 5/1/270 from the exhaust side | 1,000 rpm, speed 0 m/s
Diesel, 500 hp 82 5/1/180 behind 1,000 rpm, speed 0 m/s
Diesel, 500 hp 70 5/1/90 from the side 1,000 rpm, speed 0 m/s
Diesel, 500 hp 71 50/1/270 1,000 rpm, speed 0 m/s
Diesel, 750 hp 72 50/1/200/rear and side | 1,000 rpm, speed 0 m/s
A column of 2 pro- 67 300/30/225 2,500 rpm, diesel 500 1 with
ducts with a diesel speed 30 km/h, interval 20
engine of 500 hp
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Fig. 2.12. Dependence of the noise suppression coeflicient on the rejection band: 0 — wind;
I — Ford car engine (maximum revolutions, distance 20 m); 2 — BTR-4 engine (idling in the
hangar); 3 — a shot from a 30 mm cannon; 4 — multi-rotor UAV (height 50 m, hovering at a
point); 5 — Aircraft-type UAV

Table 2.13. Frequency bands beyond which
a given part of the noise power is concentrated

Hz frequency band, for a given power level
Object

-20dB -30dB -40 dB
Wind 2,064.5 4,842.3 8,357.6
Engine, Ford car (max rev.) 6,624.2 8,516.4 9,821.8
BTR-4 engine (no-load) 5,544.8 7,684.7 9,765.3
Shot, 30 mm cannon 3,458.8 6,513.8 9,087.0
Multirotor UAV 6,325.4 8,120.7 9,730.3
Aircraft-type UAV 6,968.7 8,842.1 9,932.2

The distribution of noise power by frequency, calculated using the ratio
(2.21a), is shown in Fig. 2.12.

Most surveillance objects have high-frequency components that can be used to
detect them and determine their coordinates. Using the data on the interference
suppression coefficients of the high-pass filter Ki(f) [dB] for the “i” object of obser-
vation, it is possible to estimate the obtained contrasts between A and B objects:

AK(f)[dB]=K,(f)[dB]-K;(f)[dB]. (2.21b)
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Fig. 2.13. Contrasts of observation of various objects depending on the rejection band:
1 — Ford car engine (maximum revolutions, distance 20 m); 2 — BTR-4 engine (idling in
the hangar); 3 — a shot from a 30 mm cannon; 4 — multi-rotor UAV (height 50 m, hovering
at a point); 5 — Aircraft-type UAV

The obtained contrasts of observing objects in conditions of wind noise
are shown in Fig. 2.12, and intertype contrasts in Fig. 2.13. The frequency
bands where a given part of the noise power is concentrated are shown in the
Table 2.13.

The analysis shows that the wind noise spectrum lies in a lower frequency
region than the noise of technical objects. This means that by rejecting low-fre-
quency components, you can get an additional contrast of about 10...15 dB.

Conclusions

1. Due to the dispersive properties of the atmosphere, the signal spectrum
narrows as the distance to the receiver increases. A decrease in humidity and a
decrease in temperature lead to an increase in linear damping. These phenomena
are most pronounced at high frequencies.

2. Interference phenomena are affected most strongly at low frequencies. The
roughness of the surface has a stronger effect at high frequencies, where it leads
to a decrease in the reflection coefficient and a decrease in the interference effect
of the surface on the signal intensity.

3. The effective spectrum width of acoustic noise sources narrows as the
distance to the source increases. Changes in the effective spectrum width at
the 90% significance level can reach ten times. This will lead to a decrease in the
accuracy of determining its location.
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2.4. Acoustic fields of ground and small air objects

4. A methodology for estimating the detection range of acoustic radiation
sources under the influence of attenuation in the atmosphere and interference
attenuation by the Earth’s surface has been developed. The possibility of detecting
objects of ground and air equipment by their acoustic radiation at distances of
several kilometers is theoretically demonstrated.

5. The possibility of describing the spectra of noise sources by fractal depen-
dencies is shown. It is shown that, in most cases, the rate of decrease of the spec-
tral density on the wings of the spectrum does not exceed n = 2.

6. Data on acoustic noise levels of various objects, both ground vehicles and
UAVs at different observation distances, were obtained. For example, for cars,
the noise level at distances of 1 m is approximately 55...70 dB, objects of ar-
mored vehicles at distances of 5...300 m — 67...86 dB, and UAVs at distances of
2..10 m — 92 dB.

7. When the engine speed changes from idling to maximum, the noise level
increases, reaching 11 dB for cars.

8. Azimuthal noise anisotropy due to the effect of shielding the source by
the housing can reach 16 dB, which is especially strong near the noise source.

9. Natural noises of wind, rain, and one’s own engine can significantly (by
1...2 orders of magnitude) reduce the range of acoustic reconnaissance systems.

10. At small distances from the noise source, the separation surface can lead
to an increase in the noise level compared to estimates for free space. Distance
noise decays somewhat more slowly than theoretical estimates give.

11. The acoustic reconnaissance system should be built as adaptive, ensuring
the detection of objects in the gaps between wind gusts.

12. By reducing the low-frequency component of the noise in the band up to
1,000...2,000 Hz, it is possible to increase the contrast of observation of ground
objects by approximately 5...13 dB and up to 10...20 dB for UAVs.

13. The noise of the rain is quite spatially homogeneous. To suppress it, you
can use spatial methods using noise reception on an auxiliary microphone.
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Electromagnetic
and acoustic portraits of objects

3.1. Air objects with a propeller engine,
such as an airplane, helicopter, UAV

The development of recognition systems is related to solving
the problems of choosing the principle of classification and
compiling a dictionary of features, which is used both for the
a priori description of classes and for the a posteriori description
of each unknown object or phenomenon to be recognized.

The most available for analysis are optical images of objects
of new technology, as well as acoustic noises. Informative featu-
res that can be obtained from optical images and audio record-
ings and used for the recognition of air and ground objects, as
well as their detection technologies, are considered in the sec-
tion [195—199].

Video recording of equipment objects allows you to estima-
te their overall dimensions and speed of movement. Overall
dimensions can be used to obtain RCS estimates of objects. In
the resonant region, the object dimensions are proportional to
the wavelength of the irradiating field, and the scattering is re-
sonant in its nature. As was shown in works [200, 201], the RCS
of airborne objects in this region can be compared with the RCS
of a half-wave (horizontal polarization) or quarter-wave (ver-
tical polarization) grounded dipole. In the high-frequency re-
gion, the wavelength is much smaller than the object size, and its
RCS is, to a first approximation, determined by the area of the
irradiated surface [202]. When solving tasks of radar recogni-
tion of aerial targets (AT), spectral components due to reflec-
tions from rotating structural elements are often used [203—206].
For example, in [203, 205], a method for recognizing the AT of
the “turbojet engine” class was proposed based on the analysis of
the ratio of the number of blades on the first two stages of the
engine compressor. In the direction of development, it is advi-
sable to consider the possibility of developing an air target re-
cognition algorithm based on the use of a modulation feature.
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The spectrum of the signal reflected from the aircraft with a propeller engine
is characterized by the presence of spectral components located symmetrically
with respect to the planar component in the nodes of the periodic frequency grid.
These components have a width that is the inverse of the time of coherent ac-
cumulation of the signal ¢, and are characterized by the spectral amplitude A,
and the frequency F, = 1, ..., i, where i is the number of spectral components.
Moreover, the modulation components are located on the frequency axis with
a period F,equal to the product of the number of blades by their rotation fre-
quency. In this case, the task of recognizing a target of a given class can be solved
in the form of a task of detecting some compactly located set of signals.

When creating information characteristic spaces for the recognition of he-
licopter-type ATs, calculation methods and methods of forming polarization-
spectral portraits come to the fore. As a rule, the main geometric dimensions
and technical characteristics are available from open sources. Accordingly, the
method of obtaining informative features should be based on the use of these
limited but generally available characteristics.

The maximum flight speed V, makes it possible to estimate the maximum
value of the Doppler frequency shift of the signal reflected from the helicopter:

2V,

fD:T

>

where A is the wavelength of the irradiating helicopter field.

The speed of rotation of the helicopter rotor. The frequency of rotation of
the blades of helicopter rotors, as a rule, is not among the given reference data.
However, it can be determined based on the fact that the circular speed of the
tip of the hovering helicopter blade is approximately 0.75 of the speed of sound.
Based on this, it is possible to calculate the frequency of Fy,;; modulation by the
blades of a rotating helicopter rotor [196, 207]:

[+

Fyr[Hz] = m Ny - Nyg >
HR

(3.1)

where ¢ is the speed of sound, and d; is the helicopter rotor diameter;
ny - Nz — the number of blades and the number of rotors.

At maximum flight speed, the speed of the advancing blade tip should not
exceed 96% of the speed of sound [207], the modulation frequency can be
written as:

\%4
For[Hz] = ﬁ Ny - Mygs (3.1a)
HR
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where V. is the maximum permissible speed of movement of the end of the
blade at the maximum speed of the helicopter V}
You can write:

max*

Vi T Viimae <0.96¢, (3.1b)
where
VHmax
Vi £10.96 ——22% ¢ =0lc, (3.1¢)
c

where o = (0.96 —%)
c

For known speeds of helicopters, a has a value of 0.75 + 0.08. This means
that (3.1) can be used in approximate calculations. For accurate calculations,
use (3.1b, 3.1c). Comparing (3.1) with (3.1c), we can write:

V.
0.75+ 6=(o.96—%), 5=0.21——Hmax (3.14)

c Cc

it can be seen that d differs from the calculated values (75%) for all types of
helicopters by no more than +3% and -6%.

RCS of the helicopter and its individual elements. In the quasi-resonant
region, when the wavelength of the irradiating field is comparable to the dimen-
sions of the structure as a whole or its individual elements, resonance growth
of RCS is possible [200, 201]. The body of the helicopter can be described by a
triaxial ellipsoid, for which the RCS in the resonance region, by analogy with a
sphere [208], can be written:

6 =3.65nab=3.650,, (3.2)

at kvab =1 or A, = 2n+/ab, where o,, = mab is the cross-sectional area of the
ellipsoid.
In the case when the shape is close to spherical a = b,

0 =3.65na’ =3.650,, . (3.2a)

At the same time, the resonant wavelength:
Ao ~ Ta. (3.2b)

On the other hand, the helicopter body can be considered as a quarter-wave
vibrator, for which the main rotor acts as a ground. Then, the RCS of such a
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design will be approximately 6...7 dB lower than that of a resonant half-wave
dipole [200, 201].

Thus, if the helicopter height is h = % = b, then the EPR value for the reso-

nance wavelength is A, = 4h.
G =~0.86- i(th)2 =3.44h7. (3.2¢)

Considering the body as a spheroid with axes a, b, at the resonance wave-
length for the sphere A, ~ nh — RCS at resonance ¢ = 3.65mh* = 11.46 h*. That
is, about 5 dB more than that of a quarter-wave vibrator and about the same as
that of a half-wave resonant dipole. At the same time, the resonant frequency at
which this RCS is realized is 4 — and = times larger than the vertical size for a
quarter-wave grounded dipole and a sphere, respectively.

When the bearing and steering rotors are made of composite materials, it is
necessary to introduce the correction coefficient K of reflection from the di-
electric [208, 209]. For metal surfaces, K~ 1.

The RCS of rotors made of composite materials, taking into account the
data of work [209], is approximately K = -6...-8 dB less than that of metal ones.
The calculated RCS values are given in Table 3.1.

RCS of blades. Carrier and steering blades can be considered as dipoles
rotating with the corresponding frequencies. When the blade length / is equal
to half the wavelength of the irradiating field [ ~ A/2, it will scatter as a resonant
half-wave dipole with the maximum RCS value [202]:

G, ~0.861” =0.86(2I’), (3.3)

then the RCS of the blades and the body in the resonant region can be estimated
(196, 200, 201]:

Oy =~ 3441 ), (3.3a)
and RCS in the short-wavelength region [202]:
o,=oll, (3.3b)

where [, [, is the horizontal and vertical size of the structure, G, is the RCS on
the horizontal and vertical polarizations, and a is the parameter that depends on
the shape of the object. For a sphere and an ellipsoid, it is oo = n/4 = 0.77. In prac-
tical calculations, usually a = 0,5...0,3.

63



€L8 8°CC I'Cl 9'6¢C SYL | O¥FI (911 9'LT 6'SC dIN L661 viad [mamdy ¢-g0s¢"Sy 1dooomy
786 ¥'0¢ STl 8C¢ el | Iyl |TCl LT 65T S 861 vsn JOoLLIeA BMOTY (J8S-HO [[°d
786 ¥'0¢ STI 8C¢ el | Iyl |Tdl LT 6°SC S 900¢ vsn oyedery 0£-HYV (P4
€LL )43 0t 0°s¢ 09T |0ST |TPI 6°SC AT dIN 1661 naa 80T°0d ddIN
¢6ve | ¥'ve 0¢tT ¥'1c VLT | 0°GT |0°€T 99¢ 414 dIN S661 Viad LIqQI[oD 0Z1°DH 1ydosomy
L'60T | 9°C¢ 801 €'LT €Sl |09l |TLI ve 414 dIN 9861 SN V- TN TN
6'¥Cl | ¥'6C L6 c0¢ ¥¥1L | 181 |T°0C 8'¢CC L'€T dIN €00T WIN [P3uy xoduwreray
9811 | ¥'0F S01 €'6¢C 6'ST | 9781 |0°0C 6CC FRY4 dIN 861 vsn H00S AN Se[Sno( [PUUOIN
0'Ter | 9°0¥% S'6 8'¢ce Vel | 06T 981 gee 60¢ dIN 6661 WIN (1-)V) 9-vZ 191dod01ay

— €'6¢ 7el §0¢C LLT | STL LT 89¢ LST dIN L661 vsn 1r0[dxq 706 AW "A'AXN
0T | 091 0¢l T 02T | 8%l |2CI 8°9¢ ¢l dIN L661 vsn 000 1o8uey peo]
6'¢6 0'6¢ [ [a%4 L9T | Vel |ST1 9'LT ¥'9C dIN L661 vsn LTV 1P
LV6 €81 A 911 L'TC g8 | L8 Tro¢ €0¢ L 8661 vsn 26-S Loys101S
0°L6 €81 €81 911 L'TC S8 | TL L'1¢ €0¢ dIN 8661 vsSn SnQIPH 76-S Aqs1071S
LVS T'T1 6°GI1 LT €61 |€0T |78 ¥0¢ L8C S 000¢ vsn RdiA Z1-HV P4
6'¥Cl | 0'6C 901 gce 691 |6'L1 |0°CC 0ce 8°¢€T dIN 000¢ vsn €€¢ [PPOIN IoZIPMIS
L79 6'1¢C 8¥I 0°L1 ¥'61 | 10T |OTI 08¢ 8'8¢C dIN 000¢ vsn stonboi] X1-HN [Pd

- L0€ 8¥I L91 g6l | 681 |€TI 8°LT yee dIN €00T vsn 10301[1T, 609Vd vISn3Y TPd
029 911 Vel 9'1¢ €LT | L0 |8'T1 VLT €8¢ dIN ¥00¢ vsn 01C1RPd
786 ¥0¢ STl 8C¢ el | Iy | Tl LT (°14 S 900¢ vsn oyedery 0L-HYV [[Pd
6'C8 8¥I gel L'1T TLT | 9€T |STTI LLT 9C dIN 900¢ vsn ©j00e] 7/-H() 191dodoing
7'86 9'6C (44! 981 98T | €T V11 LLT 9C dIN 900¢ vsn 6TV 11°Pd
10j01 | 10301 LN 1010 | kpog

oL | "IN %poq oy jo| /AP /P | W/gp

. w/gp fouanbou Apoq ay ZHIN 4poq ay) jo| 10309 1eaf uor | Anunoo
sape[q Jo Joquuny | 8uer JHA SoUUOSSY JoSOY | “housnbory SO SOy | @sodmg pnpoig | Supnpoig 191door[ay jo od4T,

114 ZH 'paads | 9P UI SO 0UBUOSNY

UOT}BJ01 10J01 YT,

uonjezire[od [eo1)1oA

uonjezire[od [eJUOZLIOL]

s131doo11ay Jo sad£) swros Jo §OY 1°¢ 9191

4

0



oys — § podsuen — T, ‘9sodmdnmuw — JIA :d[qe) oY) ut pasn axe s19)dodr[ay jo suoneudisap SUIMO[Of YL, g

91y
€79
STy
ST0T
18
L'V6
978
1°¢0T
0°26

Teel
L9
0!
LVS

079

L'YS

Teel
06
9Lel
€LL
18y
€8¢L
6'¢6

6°¢6

18

L8

€6l
el
€<l
§'Ie
LT
€8I
6'81
1'0¢
671
€6l
8°0¢
6'1¢
L91
I'TT
891
911
[¥4!
81
0°s¢
1's¢
414
LT
LT
0'6¢
0'6¢
1o¢
8'CC

€91
I'LT
I'LT
81
I'LT
SLT
T'ql1
91
T'LT
8VI
991
8VI
191
8VI
(4!
Vel
[
8Vl
44!
Syl
SYI
8¢l
Tel
el
el
6°¢l
|4

191
el
el
I'TT
S91
911
961
€91
Syl
6°¢l
(4]
0°LT
91
VLI
€Sl
9°1¢C
781
991
g6l
10T
0T
L'81
|44
[2Y4
TeT
661
9°6¢C

8’61
S'1¢
S'Ic
Iee
96l
LTT
181
L6l
80T
|4
€0¢
Vel
861
4!
€0¢
€L1
881
961
81
6°LT
6°LT
S8l
I'LT
L91
L91
08I
Syl

0L
0L
0L
6L
'8
g8
L8
€6
6
v'e
96
o1
€01
€01
€01
L01
[N
[A!
11
911
L1
9l
9¢l
Vel
Vel
6°¢l
0¥l

'8
€8
8
L'L
99
L8
6’8
LL
9L
€€l
08
0TI
'8
801
I'T1
811
€6
€Tl
901
8'6
8'6
4l
!
STI
STl
STI
911

L0¢
9°0¢
9°0¢
I'ie
§ze
ro¢
6°6C
cle
c€1e
9T
8°0¢
0°8¢C
€0¢
'8¢
0°8¢C
VLT
§6C
84T
¥'8¢C
06T
1'6¢
69T
0°.LT
9°LT
9°LT
L'LT
9°LT

6'1¢
6'1¢
6'1¢
6°0¢
8'0¢
€0¢
1'0¢
96T
9'6¢
¥'6C
6T
8'8¢C
L'8C
L'8C
9'8¢
€8¢
6°LC
6°LC
9LT
9°LT
§'LT
69T
6'9¢
¥'9¢
¥'9¢
09¢
6'S¢

dN
dN

S
dIN
L
L
S
L
dN
dN
L
dIN

0861
1661

L661
G861
L861
8661
861
000t
0661
0861
9661
0007
7861
9861
861
¥00¢
1861
7861
€00¢C
G861
¥661
0107
7861
L661

L661
G661
L661

SN
SN

S
NHO
AN
vsn
SNA
Viad
vsn
SN
Vid
vsn
vsn
vsn
S
vsSn
vsSn
vsn
NHD
3N
vsn
NHO
vid
vsn

vsn
VI1I
Viad

ST-TIN T'IN

(TLT-TN) LINVS-TIN TTIA
Jojeutuid], YS,LINVS-TA THA
8-7 aysuey)

T0T'HA IHA

76-S Lys1o1s

8C-TN TN

+IIA 1e8n0)) 6z/ Dd 193dodong
ymey4e( (09-HH Ays1091S

7E-eY Aowey]

001 Te8noD) gNzes'Sy 1o1doooiny
stonboil X1-HN P4

aypedy $9-HV se[dno( [PUUO oA
©1qo) 12dng MI-HYV [1°d

SIBYS ORI 0G-BY AoweY]

01Z [I°Pd

BIQOD AT-HV [[°d

adeq 9/-H AysIoqIs

01-ZM dySueyD

(6)LIN'HV XUAT pue[isop

0y [I°d

61-7 ulqriey

Iaqiued G9G6°SY

LTy [P

LTy 1P

e[eoy 611°V eisndy

[MaImdy ¢-gose Sy 19docomyg

0



CHAPTER 3. Electromagnetic and acoustic portraits of objects

If the blades, as well as the body of the helicopter, are not made of metal but
of composite materials, then the reflection coeflicient Rg from them will be
smaller:

2

n-l (3.4)

R. =
s n+1

where n=+/e is the refractive index of the material, and & is its dielectric con-
stant, which is € = 4...7 for composite materials based on multi-walled carbon
nanotubes [209].

Table 3.1 shows the RCS for different types of helicopters, as well as the mod-
ulation frequencies associated with the rotation of the rotors. When manufactur-
ing a helicopter and its blades from composite materials, listed in the Table 3.1,
the RCS value, as can be seen from (3.4), must be reduced by 7...10 dB.

When the blade rotates with a frequency Q = 2xf; in the scattered signal,
responses will be observed at the frequency of rotation and its harmonics. The
first harmonic will be the most important.

The dependence of the intensity of the scattered signal (RCS) on the blade
orientation angle with horizontal polarization of the irradiating field is de-
termined by the ratio [210]:

o(Qt)=0,cos*0, (3.5)

where 0(¢) = Q = 2nFt is the angle of orientation of the blade with respect to
the polarization vector of the irradiating field.

In addition, due to the movement of the blade, the reflection of the signal
from its individual elements receives a Doppler shift.

The signal u(t) reflected from the blade can be written as a product of
two coefficients: one of which determines the amplitude (3.5), and the other —
the reflection phase:

u(t) = G(Qt)l/z JOdBE(l)exp(Zszsith)dl , (3.6)

where E(I) is the intensity distribution of the irradiating field along the length
of the rotor blade.

In the first approximation, we can assume that E(I) = const, then from (3.6)
we can obtain the expression for the signal scattered by the rotor:

u(t) = Gé/z cos’ (Qt)_[odB E(l)exp(ZzTnlsith)dl =

exp (2kl sin Qt) -1
2ksin Qt .

= Gé/z cos’ (Qt) (3.6a)
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CHAPTER 3. Electromagnetic and acoustic portraits of objects

It is obvious that for m/2 pairs of blades, there will be frequencies Qm and
2Qm in the spectrum; that is, for blades m, the modulation frequencies increase
by the corresponding number of times.

The difference in the RCS of the hulls of different helicopters on vertical
polarization, as the analysis of the obtained data showed, can reach 10 dB. On
horizontal polarization, the differences do not exceed 3 dB. The RCS difference
in the resonant and short-wave frequency ranges for most helicopters of dif-
ferent types is less than 6 dB. At the same time, the modulation frequencies of
the main rotor for the various types of helicopters can differ by 3...4 times. There
are even more differences in tail rotor modulation frequencies. Differences can
reach 10...15 times (see Table 3.1).

The ratios given in (3.2—3.4) can also be used to estimate the RCS of aircraft.
For airplanes, the data from work [40] are supplemented with the obtained esti-
mates (Table 3.2).

Studies have shown that the resonance frequencies for large aircraft (3...6 MHz)
are lower than those of helicopters (10...20 MHz) and fighter jets (10...17 MHz).
Since the RCS in the resonant region is determined by the value of the resonance
frequency (3.2), the RCS of large aircraft can reach 40 dB/m?, while for helicop-
ters and small aircraft, it does not exceed 30 dB/m”.

In a similar way, the RCS is obtained for the UAV — Tables 3.3, 3.4.

The analysis shows that modulation frequencies are more informative than
the intensity of the scattered signal for solving the recognition problem. Acoustic
noise recordings of helicopters were used to test the proposed methodology for
estimating the rotation frequency of rotors and modulation frequencies using

Table 3.4. Characteristic dimensions and RCS of a multi-rotor UAV

£ Horizontal polarization Ver.tica.l
+ polarization
% £ . Resonant N
2 - Eﬁ g frequency, g
5 = ~
EPR multi-rotor/ 21 8| 5|3 MHz =
helicopter-type/ UAV £ £ 5 g Z g7
5| 3| g] 2]« g | g=
= | 5| & s | E E Sy
+ Q [ = @D
22| E| 2|8 Z | g8
I IR E
gle|8|e|2]8] & & |33
Electric helicopter “AVIA-EV1” | 1.5 | 0.74 2.8 | 89 | 100 | 202.7 —
Multirotor “AVIA-Y3” 1.5/05(89| — | — | 100 0.5 150
Multirotor “AVIA-X4” 15(05(89| — | — | 100 0.5 150
Multirotor “AVIA-Y6” 1.1/05(62| — | — |1364| 0.5 150
Multirotor “AVIA-Hybrid” 150 1 [89| — | — | 100 6.5 75
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Fig. 3.1. Acoustic noise spectra of of aircraft and ground based objects. Helicopters: a —
Bell-210 modulation frequency of the main rotor 11 Hz; tail rotor 56 Hz; b — Bell-429: mo-
dulation frequency of the carrier rotor 26 Hz; ¢ — McDonnell Douglas MD 900 Explorer:
main rotor modulation frequency 36 Hz; d — Kamov Ka-32: main rotor modulation fre-
quency 16 Hz; e — Mi-38: main rotor modulation frequency 22 Hz; f — Mi-8: main rotor
modulation frequency is 16 Hz. Diesel engine, number of revolutions: g — 800 rpm, h —
2,000 rpm, i — idling in the hangar

their optical portraits. Examples of their spectra are shown in Fig. 3.1, a—g.
Comparison of these frequencies with the calculated values given in Table 3.1
shows their satisfactory correspondence; the calculation error does not exceed 10%.

Acoustic and radar spectra of small aerodynamic objects — unmanned aerial
vehicles (UAVs) are characterized by the same features associated with the engine
speed, which is 7,000...11,000 rpm for them — Fig. 3.2.
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Fig. 3.2 UAV and wind spectra: I — aircraft-type UAV, 2 — multi-rotor
UAYV, 3 — wind gust

A modified Fourier transform can be used to study the dynamics of changes
in the characteristics of quasi-periodic sequences.

3.2. Using cepstral processing
to determine the modulation frequency

The cepstrum Cy(q) is means the energy spectrum of the function In|S(w)|*, which
is determined by the expression:

Cq (q) = J: ln|S(w)|2 exp(—iqw)dw (3.7)

In other words, the cepstrum determines the sequence of coefficients of
the expansion of the function In|S(w)|* in the Fourier series [211—213].

It was shown in [211] that the logarithm of the power spectrum of the
oscillation containing the reflected signal has an additive periodic component
created by this signal and, therefore, the Fourier transform of the logarithm of
the power spectrum has a peak at the place corresponding to the delay of the
reflected signal [212]. Later, in 1969, Shafer introduced the concept of a “complex
cepstrum’, which is based on the use of information about both the amplitude
and phase spectra of the observed signal [214]. The complex cepstrum method
is used to restore the original signals from the result of their convolution and
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CHAPTER 3. Electromagnetic and acoustic portraits of objects

was called the method of homomorphic deconvolution or homomorphic filtering
[215]. The first mentions of the term “cepstrum” date back to 1978, when Silvia
and Robinson in their work [216] used it to denote their proposed method of
seismic signal analysis. This approach consists of the fact that for minimum-
phase signals, the cepstrum-spectral coeflicients can be obtained directly from
the estimation of the power spectrum. Both methods agree that they use the in-
verse FFT of the logarithmic power spectrum. And the difference between them
is that the “cepstrum” method is characterized by cepstrum coefficients obtained
from Kolmogorov’s power series [217].

An example of the use of cepstral processing for the selection of modulation
frequencies associated with the rotation of helicopter rotors is shown in Fig. 3.3.
From the original recording of the acoustic noise signal using the Fourier trans-
form, we get the spectrum: iw

S(iw)=F(S(t)). (3.8)

Then, the correlation function is calculated from the logarithm of the
spectrum modulus:

R(Aw)=J.:ln(|S(w)|)ln(|S(iw+Aw)|)dw (3.9)

and the Fourier transformation F(*) = J.:(*) exp(—iwt)dt is performed, which

will be the cepstrum of the original process.
C(t)=F(R(Aw)). (3.10)

It can be seen that the harmonics of the modulating frequency of rotation
of the rotors can be traced in the acoustic noise spectra of various types of heli-
copters (Fig. 3.3—1). It should be noted that the selected types of helicopters have
only main rotors. This leads to the fact that in the correlation function calculated
by the logarithm of the spectrum, the periodicity associated with this can be
traced (Fig. 3.3—2). The Fourier transform from the correlation function
(caps — Fig. 3.3—3) has a response corresponding to the frequency (mesh) of
the period of the modulation function, which, as you can see, has a value of
approximately 15 Hz and 30 Hz, respectively (Fig. 3.3—4).

The results of the evaluation of the modulating frequencies of the rotors
for several types of helicopters are shown in the Table 3.5. A comparison of the
modulation frequencies obtained by the calculation method with the frequen-
cies of the acoustic and radar portraits shows, in most cases, their satisfactory
correspondence.

Fig. 3.4 shows the spectrum of the VHF broadcast signal scattered from the
helicopter.
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Table 3.5. Experimental (by spectrum and cepstrum) and calculated values
of the modulation frequencies of the carrier and steering rotors

Modulation frequency Tail rotor modulation
of the carrier rotor, Hz frequency, Hz
Type of helicopter Experiment Experiment
Calculation Calculation
Spectrum | Cepstrum Spectrum | Cepstrum

MD 900 Explorer 36 324 39.3 — — —
Ka-32K 16 15.1 15.3 — — —
Kazan-Ansat — — 21.1 — 70.3 96.6
Bell-210 11 — 11 56 — 62
Bell-429 26 — 29 — — 98
Mi-8AMTSh Terminator — — 15.3 — — 415
Mi-8AMT (Mi-171) — — 19.1 — — 62.3

It traces the frequencies caused by the presence of rotating elements. They
are also observed in the correlation function calculated from the logarithm of
the spectrum — Fig. 3.4, b, as well as in its Fourier transformation (cepstrum —
Fig. 3.4, ¢, d).
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Fig. 3.5. Capturing of acoustic signals of a ground object with a diesel engine at different
engine speeds: a — 600 rpm; b — 900 rpm; ¢ — 1100 rpm; I — spectrum, 2 — non-viscous,
3 — cepstrum

Another approach of using cepstral processing to determine the rotation
period can be proposed. It consists of:

1. Estimates of spectral characteristics of object noise.

2. Definition of the moving average spectrum in the smoothing window.

3. Calculated discrepancies between the spectrum and the smoothed spec-
trum displayed on a logarithmic scale.

4. Computational Fourier transforms from the spectral incoherence, i.e., cepstrum.

With this approach, it is possible to weaken the influence of trends on the
cepstrum, and it is also possible to trace the change in frequencies associated with
the modulating effect of the propulsion system (Fig. 3.5).

It shows spectra, sliding spectra — Fig. 3.5, 1, and their incoherence with the
spectra — Fig. 3.5, 2, as well as Fourier transformations obtained from the in-
coherence, i.e., cepstrum — Fig. 3.5, 3. They are obtained from the acoustic nois-
es of a diesel engine at different revolutions. Visible — Fig. 3.5, 3, that the cepstral
processing in this case also allows to distinguish the periodicities associated
with engine revolutions, weakening at the same time the influence of low-fre-
quency trends of the spectra.
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3.3. Radar and acoustic fields of a turbojet engine

3.3. Radar and acoustic
fields of a turbojet engine

The performed experimental and theoretical studies of radar reflections from
turbojet engines (TJE) made it possible to establish the presence of discrete lines
in their spectrum. The specified features were noted in the narrow sector of
the bow and stern corners. Therefore, it is of interest to study radar reflections in
the sector of angles close to the normal when there is no Doppler frequency shift
in the reflected signal — and the casing shields the rotating turbine and com-
pressor. In addition, it is advisable to identify the features of the radar and acous-
tic fields that could be used to detect and recognize objects from the TJE.

Spectral polarization features of radar reflections from TJE and connections
of acoustic and radar fields were experimentally investigated. The experiments
were carried out using a two-wave (8 mm and 3 cm waves) measuring complex
of continuous radiation. The object of research was the TJE of the VK-1 type.

In the second series of experiments, the peculiarities of the acoustic signal
created by a working engine were studied. In the spectra of the acoustic signal
at all engine operating modes except afterburner (14,000 rpm), discrete lines
were observed at frequencies multiples of the engine shaft rotation frequency
(curves 1—3 in Fig. 3.6). K is the value of the estimate of the number of blades.

An increase in engine revolutions led to a displacement of the discrete lines
into the high-frequency region and, simultaneously, to an expansion of the con-
tinuous part of the acoustic signal spectrum. As research has shown, the con-
tinuous part of the acoustic signal spectrum for all engine operating modes
can be approximated by Gaussian (at low revolutions) and then exponential (at
higher revolutions) curves.

When the engine was operating in the afterburner mode (14,000 rpm), the
spectrum became continuous (curve 4 in Fig. 3.6). At the same time, the signal
intensity increased by more than two orders of magnitude.

In this case, the dependence of the spectral density on the frequency can be
approximated by expressions of the form: S(F) ~ (F/AF)™if n = 2.

In the Doppler spectra of the radar reflections from the hull with the engine
running, both in the centimeter and millimeter wave ranges, a spectral line is
observed at a frequency corresponding to the engine shaft rotation frequency in
the aligned (vertical) and cross (horizontal) polarizations. As an example, Fig. 3.7
shows the spectra of reflection from the terrain and TJE, obtained in 0.1s, at
waves of 3 cm (Fig. 3.7) and 8 mm (Fig. 3.7, b) on horizontal (curve I), vertical
(curve 2) polarizations and the mutual spectrum (curve 3) normalized to the
maximum value of the spectral density. In Fig. 3.7, 2, the phase characteristics of
the scattered signals spectra are shown. The low-frequency part of the spec-
trum (up to approximately 80—100 Hz) is caused by reflections from the object’s
body and terrain, and the spectral line at a frequency of about 140 Hz corre-
sponds to the frequency of rotation of the engine shaft (about 8,000 rpm).
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Fig. 3.7. Radar scattering from the VK-1 body during its operation: spectra is on the left I
and reflection phases is on the right 2 at a wave of 8 mm (a) and 3 cm (b), 2 is vertical and
I — horizontal polarization of reception, 3 — mutual spectra

The coincidence of the frequencies of the spectral lines that correspond to
the rotation frequency of the motor shaft on horizontal and vertical polariza-
tions in both wave ranges should be noted; while the reflection spectra from
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the terrain differ significantly for these wavelengths and signal polarizations. This
circumstance can be used for selection by mutual correlation processing of coin-
cident spectral components in a scattered signal at different polarizations or dif-
ferent wave ranges. Presumably, their appearance is related to the phase modula-
tion of the scattered signal caused by the vibration of the TJE housing due to the
operation of the engine. The magnitude of the reflected signal at low phase mod-
ulation indices:

m=KAl<< 1, (3.11)

where K = 27t/A is the wave number, and Al is the amplitude of vibration of the
body, will be proportional:

o~ G,m’, (3.12)

where o, 6,, — RCS of the spectral line due to vibration and of the TJE body
as a whole.

It is obvious that with the shortening of the wavelength, the effects associated
with the modulation of the scattered signal by the body vibrations will increase in
proportion to A%, which means that for their detection, it is appropriate to use
waves of the millimeter and submillimeter ranges.

The study of the reflected TJE signals in the centimeter and millimeter ran-
ges at different polarizations made it possible to establish their correlation. The
coeflicient of mutual correlation of orthogonally polarized components at a wave
of 3 cm was 0.6—0.75, decreasing to 0.25—0.65 at a wave of 8 mm. At the same
time, the depolarization coefficient of the scattered signal is 6...10 dB.

The conducted research made it possible to draw the following conclusions:

e in the spectra of signals scattered by objects with a working TJE, both in
the centimeter and millimeter ranges on both polarizations (horizontal and
vertical), discrete lines at the rotation frequencies of the engine shaft are detec-
ted due to the phase modulation of the reflected signal caused by the vibration
of the body;

e in the acoustic signal, discrete lines are observed at frequencies that are
multiples of the product of the engine shaft rotation frequency and the number of
turbine blades.

Correlation of scattered TJE signals in different ranges and polarizations is
observed.

3.4. Dynamic spectra of radar
and acoustic radiation of objects

To study the dynamics of changes in the spectral composition of the acoustic signal,
spectrograms or dynamic Fourier transformation were used. At the same time,
expansion in the Fourier series is carried out in a time window limited in duration.
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If this window is moved along the signal implementation, it is possible to study
the dynamics of changes in the spectral composition of noise over time. As an
example, Fig. 3.8 shows spectrograms of acoustic noises of various objects of
technology.

For spectrograms of a diesel engine (Fig. 3.8, a) and aircraft-type UAV engine
(Fig. 3.8, ¢) you can see the moments of changing engine operating modes — re-
ducing the number of revolutions — Fig. 3.8, a and an increase, and then after
some time, a decrease to the previous value of the number of revolutions for an air-
craft-type UAV — Fig. 3.8, c. Spectrograms of the sounds of gunshots (Fig. 3.8, b)
and the sound caused by the movement of helicopter rotor blades (Fig. 3.8, d) are
characterized by significant variability in time. Thus, at the moment of the shot,
there is a significant expansion of the noise spectrum by 5...10 times within a
time of approximately a few milliseconds. The acoustic noise of a helicopter is
characterized by periodicity with the period of movement of the rotor blades
(Fig. 3.8, d). Thus, the use of spectrograms allows studying the dynamics of chan-
ges in the spectral characteristics of non-stationary object noises. The same fea-
tures are characteristic of spectrograms of radar reflections from vegetation un-
der the influence of wind, moving biological objects (people and birds), and
helicopters. As an example, Fig. 3.8, d, e shows the spectra of radar reflections from
reeds at 8 mm and 10 cm waves, which fluctuate under the influence of the wind.

The reflection study was performed using a homodyne radar of millimeter
(wavelength 8 mm) and centimeter (wavelength 10 cm) ranges of continuous
radiation, the appearance and technical characteristics of which are given in
Appendix 2.

Spectrograms for reflection from reeds are characterized by bursts of spectral
density associated with gusts of wind, and they are observed on both polariza-
tions of reception synchronously — Fig. 3.8, d. The same character of reflection
from reeds and at waves of centimeter and millimeter ranges Fig. 3.8, e. The type
of spectrograms of radar reflections from reeds is similar to the spectrograms of
acoustic wind noise and sea surf.

3.5. Spectral and polarization structure
of reflection from a helicopter

The presence of a discrete structure in the spectrum of the scattered signal of
radar reflections from helicopters, the ratio of the levels of spectral components,
the distance between them, and their number can be used as a basis for the con-
struction of helicopter recognition algorithms. For this, the length of the im-
plementation must be at least the period of rotation of the rotor, which imposes
restrictions on the efficiency of solving recognition tasks. In some cases, the
length of the implementation should be less than the rotation period of the rotor.
In this case, the spectrum of the signal reflected from the helicopter blades
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changes dynamically in time, and it is necessary to use other approaches for
analysis. This situation is typical for short-range radar systems.

The polarization and spectral features of the reflection from the helicopter
model during the observation times that make up part of the rotor rotation
period were experimentally investigated. During experiments with a helicopter
model, it was established that in the spectra of scattered signals, on both hori-
zontal and vertical polarizations, with a sample length of 0.4...1 sec, coincident
discrete lines with a frequency spread corresponding to the frequency of the
rotor shaft rotation are observed. The spectra obtained at short observation inter-
vals (about 40 ms) are significantly different. At the same time, individual spectral
lines are no longer separated in the frequency domain. In addition, during ob-
servation times shorter than the rotation period of the rotor, in the spectrum of
the reflected signal, “flashes” of spectral density are observed in the high-fre-
quency region with the rotation frequency of the rotor shaft. They appear because
of the frequency modulation of the signal scattered from the rotor blade due to
the change in the projection of the velocity vector of the scattering element in the
direction of irradiation. The maximum values of the spectrum width will be when
the rotor blade is perpendicular to the direction of irradiation. As an illustration,
Fig. 3.9 shows the spectrum of the signal reflected from the helicopter model on
vertical polarization, obtained from the implementation, with a length of 40 ms,
at the moment when the rotor blade passes through the normal to the direction
of irradiation.

Similar values of the width of the reflection spectrum from the helicopter
in the high-frequency region will be when using the decimeter wavelength
range (wavelength of about 60 cm). A reduction in the operating wavelength will
lead to a proportional A~ broadening of the high-frequency part of the spectrum
of the reflected signal. Its width can reach dozens of kilohertz in the UHF and
VHF bands. In the pulse mode of probing, the transformation (collapse) of the
high-frequency spectral components of the scattered signal is observed in the
frequency range up to half the pulse repetition frequency.

The study of the cross-correlation coefficients of various spectral compo-
nents made it possible to reveal the presence of a highly correlated region in the
spectrum of the signal reflected from the helicopter model. Fig. 3.10 shows the
dependence of the p cross-correlation coefficient on the frequency F, F, of the
spectral components, which is calculated using the ratio [44]:

(S(E)S(F)) — (SED)(S(F,))
s )=(sce ) () - sy’

where S(F,), S(F), p( F,, F,) are the spectral density at F; and F, are frequencies
and the mutual correlation coefficient, respectively.

p(F,F,)= , (3.13)
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It can be seen that in the frequency range from 100 to 400 Hz, the mutual
correlation coefficient of the spectral components of the scattered signal
exceeds 0.6. This confirms the conclusion about the synchronicity of the ap-
pearance of “flashes” of spectral density in the high-frequency region at different
frequencies.

The experiments in natural conditions conducted using pulsed radars of
the centimeter range (wavelength 2 cm), the appearance and technical charac-
teristics of which are given in Appendix 2, confirmed the main regularities esta-
blished during measurements with the model and allowed us to conclude that in
the spectra of the reflection from the helicopter, at observation intervals shorter
than the rotation period of the rotor blades, bursts of spectral density in the
high-frequency region are observed. Their presence can be used to detect and
recognize the helicopter.
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Conclusions

1. The modulation frequencies of the signal scattered by the rotors of different
types of air objects differ significantly, which can be used for their identification.

2. Acoustic portraits of equipment objects make it possible to determine en-
gine revolutions based on the modulation frequency, which also manifests itself
in the modulation of reflected radar signals.

3. A sharp increase in the amplitude of the vibration frequency of the body
can be a sign of engine operation in the afterburner mode.

4. In the spectrum of reflections from aerodynamic objects with a rotor en-
gine, there are components with frequencies multiples of the rotor rotation fre-
quency.

5. Acoustic portraits and optical images of equipment objects can serve as a
basis for determining signatures in radar portraits.

6. In the spectra of signals scattered by objects with a working TJE, both in
the centimeter and millimeter ranges, on both polarizations (horizontal and ver-
tical), discrete lines at the engine shaft rotation frequencies were detected due to
the phase modulation of the reflected signal caused by the vibration of the body.
In the acoustic signal, discrete lines are observed at frequencies that are multiples
of the motor shaft rotation frequency by the number of turbine blades.

7. Correlation of scattered TJE signals is observed in different ranges and at
different polarizations.

8. Spectral density spikes in the high-frequency region are observed in the
spectra of reflections from the helicopter obtained at observation intervals shor-
ter than the rotation period of the rotor blades with a frequency that is a multiple
of their rotation frequency. Their presence can be used to detect a helicopter in
cases where there is no Doppler frequency shift of the signal reflected from the
body, and it is not separated from the background of reflections from the terrain.

9. The high-frequency components of the reflection spectrum are mutually
correlated due to the frequency modulation of the scattered signal by the rotating
blades. The presence in the high-frequency region of a broadband burst that ap-
pears with the frequency of rotation of the rotor can be used as an informative
feature for helicopter recognition.

10. Spectrum broadening during wind gusts is observed in radar reflections
of vegetation at different polarizations and wavelengths.
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CHAPTER

Environmental monitoring

and solving the tasks of radio
location using radiation

of broadcasting and TV stations of HF
and VHF bands and GNSS systems

The chapter examines the methods of diagnosing the refractive
properties of the troposphere based on the amplitude of VHF
signals on the over-the-horizon (OTH) paths [218] and analyzes
the characteristics of the inversion layers in the propagation
channel based on the fluctuations of the received signal.

Estimates of RCS of airborne objects at frequencies corre-
sponding to resonant scattering are given, and RCS of airborne
objects are obtained for bistatic radars with illumination through
the ionosphere using experimental data on target detection at
Doppler frequencies [40].

The possibility of using signals from GNSS to diagnose the
state of the sea surface and monitor waves was considered [219].

The main results are published in papers [218—229].

4.1. Estimation of refractive properties
of the troposphere by the field attenuation
factor of the VHF field over-the-horizon

The papers of A. I. Kalinin [230, 231] were used as a theoretical
basis for researching the refractive properties of the troposphere
in terms of the VHF signal attenuation factor on OTH paths.
When using a simplified method of approximate estimates
of the field strength in the shadow and penumbra zones [230],
the errors in the calculation of the attenuation factor for the
VHF range do not exceed 2 dB. It is known that the dependence
of the attenuation factor on the distance in the shadow zone is
close to exponential, and the rate of decrease depends on the
wavelength and refraction, which is taken into account through
the equivalent radius of the Earth, the polarization of radiation
and reception, as well as the electrical parameters of the Earth’s
surface. Most often, the Vvedenskyi method [231] is used to
determine the field strength and, therefore, the attenuation
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factor in the shadow region, taking into account the parameters of the underly-
ing surface.

In the VHF range, when the antennas are located not very close to the Earth’s
surface, the dependence of the attenuation factor V has an exponential character
not only for the zone of the geometric shadow but also near it, at the border of the
line of sight in the penumbra zone [230] (4.1).

quB]z\Q[dB]=—47JNﬁf(1+—l—)(§—1y (4.1)
Jm

R Y,
where § =—, R, is the line-of-sight distance (to the radio horizon), m=-—<1,
Isd
Y,, Y, are the given altitudes of the receiving and transmitting points. V [dB]

attenuation factor of the EM field at the line-of-sight range:

o PR g

Isd ™
RO

(4.2)

At the same time, the error in the calculation of the attenuation factor is
less than 2 dB, when x,, >> 0.5. For analytical calculations, a polynomial appro-
ximation of the form is used:

- zf:oAip", (4.3)

where A; are the coeflicients of the approximating polynomial.

Table 4.1. The main characteristics of measuring channels

1] T}
£ w & & 8
= ~ N (%) o = =3 o
57F | £ . S | 8z |EEfe|5E%8| 3E
£ 2 2 = 3 =% |82 4|52 4| &N
S S = k) g g E'e |2 ES|€E < 23
S B = N o @2 o » a = g = 4
g 8o i| £ g gz E Sz |2E8| S8 3¢
£ SSE2| £38 &= ®) ER |ZEE|6EE| &&
1 B 63 175 6 5.0 175 10 348
1 B 63 223 12 5.0 175 10 308
1 B 63 519 27 1.0 190 5.5 202
1 B 63 655 44 0.5 146 5 180
2 Kr 193 191 8 5.0 250 10 548
3 Kh 207 207 10 40.0 203 10 513

Notes: B— Bilhorod; Kr — Kursk; Kh — Krasnohorivka, Poltava region.
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Table 4.2. Errors of the dependence of V,, on p Three routes were chosen to

Regression . measure the field attenuation
order, n © N factor and estimate the values of
the effective gradient of the re-

2 0.984 2.07 13 fractive index based on experi-

3 0.998 0.68 13 mental data, the main characteris-

4 0.999 0.59 13 tics of which are given in Table 4.1.

5 0.9993 0.52 13 The choice of propagation

6 0.9994 0.51 13 paths was made due to the need

to cover both radio wave propa-
gation zones (diffraction and far tropospheric propagation). 1* path (Bilhorod —
Kharkiv) covered the transition region of the penumbra — shadow, while 2™
and 3" paths (Kursk — Kharkiv and Krasnohorivka — Kharkiv) covered the
region of deep shadow, which dominates the propagation of radio waves scattering
on tropospheric inhomogeneities. Paths 2 and 3 had approximately the same
length and mutually orthogonal orientation (angle of about 90 degrees).

This orientation of the tracks made it possible to analyze the influence of the
directions of movement of air masses relative to the propagation track on the
OTH field attenuation factor. Signals transmitted by TV centers were used for
research. The reception point was located in the city of Kharkiv.

For OTH paths, the characteristics of which are presented in Table 4.1, the
obtained approximation errors are given in Table 4.2.

In Table 4.2, the following designations are used: R — correlation coeffi-
cient; c — residual error of approximation; N is the number of points. Based on
their analysis using the Fisher criterion [232], a polynomial with n = 5 was chosen
for further calculations. Errors in estimating the value of the attenuation factor
are no more than 2 dB, with errors in measuring the length of the path and
the heights of the corresponding points no more than 15%. In papers [233—235],

Table 4.3. Coeflicients of the polynomial approximation of the dependence
of the gradient of the refractive index on the attenuation
factor for different paths and channels

Polynomial coefficients
Channel | City
A0 Al A2 A3 A4 A5
6 B -0.6971 | -0.1553 | -0.0161 | -8.418E-4 | -2.114E-5 | -2.052E-7
12 B -0.2728 | -0.050 -0.0056 | -3.381E-4 | -9.594E-6 | —-1.033E-7
27 B -0.0950 | -0.0049 | -1.243E-4 | -1.718E-5 | -7.619E-7 | -1.114E-8
8 Kr | -0.1665 | -0.0011 | 2.049E-6 | -2.550E-8 |-1.776E-10| -4.012E-13
8 Kh |-0.17223| -0.0012 | 1.545E-6 | -4.411E-8 |-3.049E-10| -7.130E-13
10 Kh |-0.16853| -0.0012 | 1.224E-6 | -4.492E-8 |-3.115E-10| -7.386E-13

Notes: B — Bilhorod; Kr — Kursk; Kh — Krasnohorivka.




4.2. Two-channel measurement of amplitude values of VHF signals on over-the-horizon routes

the dependence of the gradient of the refractive index on the values of the
attenuation factor g(V) was obtained for the calculated dependence of the
attenuation factor V(g) on the gradient of the refractive index g:

g(V)=>" Av". (4.4)

i=0
The final equation taking into account (4.4) and Table 4.2 is:
§=A+AV+AV + AV + AV + AV, (4.5)

The resulting approximation coefficients for all paths are presented in
Table 4.3 [218].

It should be noted that Table 4.3 shows the parameters of the polynomial
approximation, which are better in terms of the Fisher criterion. The obtained
ratios allow us to estimate the value of the effective gradient of the refractive index
based on the experimentally obtained values of the field attenuation factor, which can
be compared with the data of meteorological measurements.

4.2. Two-channel measurement
of amplitude values of VHF signals
on over-the-horizon routes

The radiation of the television center located in the city of Bilhorod was used as
a source of VHF signal radiation. The receiving point was located in the city of
Kharkiv, the height of the center of the two receiving antennas is 30.7 m relative
to the Earth’s surface, and 207.2 m relative to sea level. The distance between
the lower and upper antennas (base) is about 10 m, approximately 15...20
wavelengths depending on the TV channel number.

Fig. 4.1 shows a map of the area with the location of the receiving and
transmitting points, as well as the profile of the propagation path, taking into
account the heights of the antennas, the curvature of the earth and the profile of
the area, obtained using a topographic map. To determine the terrain profile,
topographic maps and special software were used, which allowed to determine
the relief profile from them [236].

The RMS deviation of the height relative to the average level on the path does
not exceed 20 m. Fig. 4.2 shows the diagram of the location of the transmission
antennas on the tower of the TV center of the city of Bilhorod.

Also, Fig. 4.2 shows the parameters of the transmitters, such as the radiation
power, the value of the carrier frequency, the name of the television channel, and
the type of the transmitting device. The distance to the television center of the
city of Bilhorod is about 63 km.

The measuring complex should provide the possibility of measuring the level
of signals on spatially separated antennas in the frequency band of TV signals, as

89



CHAPTER 4. Environmental monitoring and solving the tasks of radio location using radiation

[ o e E Caeisnl
i .Map Satedlite Delete markers o Akademika Proskury St, Kharkiy, Kharkiv Oblast L
Belomesine
Tomarovka
[ Pas ]
Beg(od
Dy Bol'shetroitskoe

Okiyabr'skii

Wabluchne., i ™
204 | antude: 50,0467, Longiuce: 36.2905"

| B Height above sea level 177,14 m

QTH locator: KOB0Gb4Tus

Distance between points: 62.51 km

Azirnuth to the end point 200°

Agirnuth from final 1o initial 19°

LIGEN [Pan | v

Kharkiv =

m::a Bohodukhiv

[ P45 ]
Lyubiotyn
Vysokopillya =
VamolH {103 ] Pechenihy
.. Kolomak Valky Vasyshcheve Chuhuiv
i Merefa
13 s | Korobochkyne

Dverichna

|Antenna suspension height A: 145 Antenna susoension height B: 30 Update Show full elevation above the ground @ @ Show curvature of the earth &

400 +
360 -
320 +
280
240 +
200 |-y
160 |-
120 +

80 -

40 |

0 L L L Il L 1 L L L L L
0 5 10 15 20 25 30 35 40 45 50 55 60 km

Fig. 4.1. Map of the area with the location of the receiving and transmitting points, the profile
of the propagation path taking into account the heights of the antennas and the curvature of
the earth and the profile of the area

well as measuring the angles of arrival of the signal, that is, the slope of the phase
front arriving at the receiver of the electromagnetic wave. The R820T multi-
functional microcircuit was used as a receiving device, which is a receiver with a
high degree of integration, the structural diagram of which is shown in Fig. 4.3.

It includes a low-noise amplifier (LNA), a mixer, HF and IF filters, a phase-
locking loop (PLL), an output amplifier with a variable gain (VGA), a voltage
stabilizer, a tracking filter while eliminating the need for external filters, amplifiers,
matching transformers and stabilizers. Fig. 4.4 shows the structural diagram of a
two-channel receiver for measuring arrival angles with a common local oscilla-
tor based on the R820T microcircuit.

This measuring complex is a software-defined radio system (Software-de-
fined radio, SDR) with a radio receiver that uses technology that allows the use of
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the software to set or change operating radio frequency parameters, including, in
particular, the frequency range, bandwidth, and demodulation type.

A significant part of the digital signal processing is performed on a personal
computer, which allows serving a large number of radio protocols. The measuring
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Fig. 4.3. Structure of the R820T measuring receiver
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Fig. 4.4. The structure of the receiver for measuring the angles of arrival of television station
signals. A — receiving antenna, I — low-noise HF signal amplifier, 2 — HF filter, 3 — mixer,
4 — 1F filter, 5 — variable IF signal amplifier, 6 — voltage-controlled generator (VCG),
7 — phase difference meter

complex consists of a superheterodyne receiver, which converts the signal from
radio frequency to an intermediate frequency, as well as an analog-to-digital
converter (ADC). The main parameters of the receiver are the operating frequency
range of 42—1,002 MHz, the noise of 3.5 dB, the phase noise level -98 dBm/Hz
in the 10 kHz band, the maximum power at the input +10 dBm, the interference
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4.2. Two-channel measurement of amplitude values of VHF signals on over-the-horizon routes

suppression on the mirror channel 65 dBm. The main parameters of the VHF
channels of the Bilhorod TV center, which is used in the experiment, are listed
in Table 4.4.

Fig. 4.5 shows the examples of signal level recordings (a, b) and spectra of
this signal (¢, d) when receiving 21 channels of the Bilhorod TV Center, fre-
quency 471 MHz from 05/01/18 to 05/08/18 on vertically spaced antennas.

Trend daily changes in the levels received by the upper (a) and lower (b)
antennas are observed, and the signal level of the upper antenna (a) is significantly
(by more than 6 dB) higher than the level of the lower (b), which directly follows
from the considered method of field assessment VHF signal over the horizon.
With the distances between the upper and lower antennas used in the experiments
(about 10 m), both of them were on the slope of the first interference lobe.

These features are also manifested in the spectra of received signals, both in
the low-frequency part, where daily trends are manifested and in the high-
frequency part, which is caused by the influence of tropospheric inhomogeneities.
It can be seen that the frequencies of the most energetic spectral lines (the first 3)
coincide in the spectra, although their relative intensities are slightly different.

When the antennas are vertically spread, there is a displacement in the space
of the zones essential for propagation. The coefficient of mutual correlation of
implementations is quite low — 0.1431.

As an example, Fig. 4.6 shows the recordings of the VHF signals of the
Bilhorod TV center for 20 days and the refractive index data for the same period,
Fig. 4.7. As well as the combined data, averaged over a day and 3 days, Fig. 4.8.

The signal is characterized by cyclicality associated with the daily behavior
of the signal. In addition, it should be noted that apart from inside the daily
shifts, slower trend changes are also observed. In general, there is a tendency to
decrease the signal level with a decrease in the refractive index of the troposphe-
re, which is consistent with the theoretically expected changes. Thus, at the initial
stage of measurements (from 28.03 to approximately 08.04), the average signal
level is significantly, approximately 6...7 times higher than in the second period
of measurements. An increase in the smoothing interval leads to an increase in
the correlation coefficient of the received signal and the refractive index. When
the smoothing interval changes from 3 hours to 3 days, the correlation coeflicient
increases from 0.35 to 0.8. Since the level of the signal received on the OTH path
is determined by the value of the effective gradient of the refractive index of the
troposphere on the path and the height of the receiving antenna, the signals

Table 4.4. The parameters of decimeter channels transmitted
by the TV center of Bilhorod city were used in the experiment

The channels 1 2 3
Video carrier frequency, MHz 655.25 615.25 471.25
Antenna height above ground level, m 146 128 120
Transmitter power, W 500 1,000 500
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Fig. 4.5. Records of signal levels of 21 channels of the Bilhorod TV Center (g, b) and
their normalized spectra (¢, d) for antennas spaced by height, upper (a, ¢) and lower (b, d) at
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Fig. 4.6. Changes in the signal levels of channel 44 of the Bilhorod TV center, frequency
655 MHz from 03/28/18 to 04/17/18. The signal of the upper channel is initial data and
averaged over 1 and 3 days — 1 — signal level, 2 — averaging in a sliding window for a day,
3 — averaging in a sliding window for three days
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4.3. Determination of the characteristics of inversion reflective layers in the troposphere based
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Fig. 4.7. Refractive index data are taken at 3 (1) hour intervals and ave-

raged over I (2) and 3 (3) days — I — output data, 2 — averaging in a

sliding window for a day, 3 — averaging in a sliding window for three days
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Fig. 4.8. Signal level data (1, 2) and refractive indices (3, 4), averaged
over 1 day (1, 3) and 3 days (2, 4)

received by antennas spread over a distance can be used to estimate the effective
value of the refractive index of the troposphere layer, which is essential for the
propagation of radio waves [218].

4.3. Determination of the characteristics

of inversion reflective layers in the troposphere
based on changes in signal intensity

on the over-the-horizon routes

For the mid-latitude zone, in which Ukraine is located, when receiving VHF ra-
dio waves in the zone of the near geometric shadow in conditions of a calm
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Fig. 4.9. Signal behavior in the presence of Fig. 4.10. Schematic presentation of the
inversion reflective layers on the OTH path propagation channel

atmosphere, both seasonal [237] and diurnal changes in the signal level are
observed, both after sunset and slightly later than sunrise, which is associated
with a change in the refractive properties of the troposphere [71, 223, 231, 233—
235]. However, in the spring-autumn period, in more than 30% of cases, along
with a smooth increase in the signal (up to 10 dB) after sunset and the same
decrease after sunrise, interference phenomena with deep fading were observed.
Typical behavior of the signal on the OTH path in the presence of inversion
layers is presented in Fig.4.9. The presence of deep signal fades caused by
multipath in the propagation channel is visible when not only the direct signal
from the transmission point is present at the reception point but also the signal
reflected from the inversion layer [238, 239].

S =S, V+S.p, (4.6)

where S,,, S, is the transmitted and received signal, V is the signal attenua-
tion coefficient on the OTH path, and p is the reflection coefficient from the
inversion layer.

In this case, the propagation channel, taking into account the presence of one
raised inversion layer in the troposphere within the model of the equivalent
radius of the Earth a, [71], can be schematically presented as in Fig. 4.10.

This model takes into account the radius of curvature of both the Earth it-
self and the inversion layer and the height of the antennas. Fig. 4.10 shows the
presence of one elevated inversion layer, although there may be many of them
in the general case. Due to refraction in the troposphere within the model of the
equivalent radius of the Earth a,

a

1+ ga ’
where a is the radius of the Earth; g is the gradient of the refractive index.
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The change in the height of the inversion layer Ah, can be determined by the
interference pattern of the received signal

Ahnz(h;+h;) 1+ T?”R* -
2 (hy +;)

(4.7)

where 7 is the number of half-periods of fluctuations in the amplitude of the
received signal because of the displacement of the raised inversion layer in the
troposphere to a height of Ah,, h;, h, are the given heights of the corresponding
points relative to the inversion layer which are defined as:

ho=h —h —Ah, K =h —h,—Ah,

where hy, h,, h, Ah,, Ah, are the height of the corresponding points of the in-
version layer, as well as their increase as a result of refraction.

The rate of change in the height of the inversion layer during the period of
these fluctuations, At,, can be estimated:

=, (4.8)

The relative reflection coeflicient from the inversion layer y can be estimated
by measuring the maximum and minimum levels of the received signal with a
periodic change:

_ 1_‘/min/vvmax
v Vi

and the reflection coefficient from the layer p is obtained using experimentally
obtained data on the value of the attenuation coefficient [239].

The altitudinal profile of the gradient of the refractive index was estimated
based on the information of the temperature, humidity and pressure indicators
of the weather probes.

Fig. 4.11 shows the dependence of the displacement height of the layer Ah,
between adjacent maximum and minimum values in the received signal on the
effective gradient of the refractive index, which was obtained using [223, 237, 240].

Theoretically expected estimates of the reflection coefficient from a layer
with a gradual change in the refractive index by AN can be obtained using the
relation [241]:

AN

PzE>
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Fig. 4.11. Dependence of the change in the height of the layer
between the adjacent max and min of the signal on the effective

gradient of the refractive index

Table 4.5. Characteristics of reflective inversion
layers according to experimental data

Average Rat
gradient . . . Signal ae
The depth| Layer . Relative | Reflection | Height .| of change
. . of refractive - . fading | ",
Parameter | of fading, | height, ind reflection |coefficient, | change, iod in layer
dB m EEX B | coefficient dB m | Peo% height,
N-units per hour m/h
meter
Average 10.35 | 369.64 | -0.0529 | 0.5080 | -24.08 | 67.32 | 2.03 | 38.41
Standard
deviation 0.81 34.15 0.0031 0.0301 0.720 | 12.75 ] 0.141 | 6.81
Median 10 450 -0.048 0.5195 | -24.02 | 35.02 2 24.87
Mode 7 450 -0.049 0.3825 | -16.67 |34.84| 1.5
RMS 4.74 180.7 0.0164 0.1757 | 3.8824 | 67.45 | 0.813 | 36.05
Dispersion 22.43 [32,655.4| 0.00027 | 0.0309 15.07 | 4550 | 0.662 | 1,299.5
Kurtosis
coeflicient 0.471 | -0.541 5.924 -0.515 | -0.518 | 6.376 | -0.85 | 1.921
Asymmetry | 0.858 | -0.389 | -2.386 0.170 0.0487 | 2.592 | 0.374 | 1.684
Interval 19.5 600 0.072 0.669 14.474 | 258.6 | 3.25 | 131.95
Minimum 3.5 50 -0.105 0.1987 | -31.14 |23.77| 0.5 9.27
Maximum 23 650 -0.033 0.8678 | -16.67 |282.4| 3.75 | 141.22
Sum 352 1,0350 | -1.532 17.273 | -698.4 |+1,885| 67.15 | 1,075.5
Informant 34 28 29 34 29 28 33 28
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Fig. 4.12. Characteristics of inversion layers and signals reflected from them propagating on the

OTH path: integral distribution functions (a) and histograms (b): effective gradient of the re-
fractive index in the radio wave propagation layer (1), reflection coefficient from the layer (2),

fading depth (3), the height of the reflecting inversion layer (4), the speed of its movement (5)
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which is true for small but still greater than the angle of total internal reflection
0, for the signal hits the layer is determined by the relation:
h, +h,

e

Viewing angles corresponding to the total internal reflection 0, <+2AN,
where AN is expressed in N-units, and 6, in mrad. The above-mentioned ratios
make it possible to determine the reflection coefficients from the layer, the rate of
change in its height, and the magnitude of the jump in the refractive index based
on the interference structure of the signal on the external path.

Experimental data of signal levels obtained on the suburban path between
the TV center located in the city of Bilhorod and the reception point in the city of
Kharkiv in the spring-summer period (from May to August), when the presence
of inversion layers is most likely, were analyzed.

Using methods for evaluating the characteristics of multipath channels
[240, 242] for processing received signals, as well as data from aerological
soundings, it was established that the number of inversion layers, as a rule,
does not exceed 2, with a jump in the refractive index at the boundary of layers
6...14 N-units, the depth of the signal fading is from -3 to -23 dB, the height of
the inversion reflecting layer is from 50 m to 650 m, the period of the signal
fading is from 0.5 to 3.75 hours, the rate of change of the height of the layer is
from 9.27 to 141.22 meters per hour, the reflection coeflicient from -31.14 to
-16.67 dB, the average gradient of the refractive index from -0.105 to —-0.033
N-units per meter (Table 4.5).

In Fig. 4.12., distribution functions (a) and histograms (b) of the gradient
of the refractive index in a layer along the path of radio wave propagation,
characteristics of inversion layers, and signals reflected from them are presented.

In Fig. 4.12, integral distribution functions are given on a scale that linearizes
the normal distribution law. In this case, the value of the process (abscissa) is
centered and normalized to the root mean square value, the data of which are
given in Table 4.5. Since the coefficients of asymmetry and kurtosis for the
distribution of the difference in signal intensities, the height of the layer, the
reflection coefficients from it, and the duration of fading are small — stan-
dard Gaussian models can be used to describe them.

At the same time, the distribution of the average gradient in the layer and the
speed of its movement differ significantly from standard models, are more
asymmetric and sharp than the Gaussian distribution.

0,=

4.4, Bistatic radars with illumination
through the ionosphere

VHEF signals have been used for environmental monitoring for quite some time.
The first experiments on the use of changes in the level of signals on the OTH
path to assess the refractive properties of the tropospheric propagation channel
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were carried out in the 1950s. They received further development when using
radiation from TV centers to illuminate the extraterrestrial tropospheric chan-
nel [243]. Signals from TV centers can be used not only to diagnose the pro-
pagation conditions and refractive properties of the troposphere but also to detect
aerial objects [244]. However, the detection of objects using VHF signals is
possible only within a direct line of sight. At the same time, the peculiarities of
the propagation of HF signals in the Earth-ionosphere channel make it possible
to use them not only to diagnose the state of the ionosphere [245] but also to
detect OTH air objects [246]. For the HF band, the dimensions of aircraft are
comparable to the wavelength, and their RCS can reach a significant value; the-
refore, the technologies for reducing radio visibility that are widely used at this
time will be ineffective in reducing it. Recently, the so-called active-passive
systems, which are used to illuminate the air condition of the radiation of exis-
ting radio broadcasting stations, are of particular interest. Such a detection system
can be attributed to the class of bistatic radar stations, where detection is carried
out using the radiation of broadcast stations scattered by air objects. For the
selection of a useful signal reflected from an object against the background of
passive interference created by reflections from the terrain, you can use cohe-
rent processing with the selection of a signal of the Doppler frequency, the
appearance of which is due to a change in the distance traveled by an electro-
magnetic wave along the path: source of illumination — ionosphere — object —
the receiver. The power of the signal P, reflected from the target is determined
by the ratio:

P = P, G, GpF* (eT)GT (eTr’eR)A‘z
! (475)3 RIZ‘rTRIZ"RLTrTLTR

) (4.9)

where Py, P; is power transmitted and received after reflection from the target;
Gy Gp are gain coeflicients of transmitting and receiving antennas; Ry,;, Ry is
the range between the transmitter and the target and the target and the receiver,
64(04, 0y) is bistatic RCS of targets, where 0,,, 0, are directions to the transmitter
and receiver, respectively; F*(0;) is the value of the directional diagram of the
transmitting antenna in terms of power in the direction of the transmitter, L,
Ly are losses during the propagation of radio waves from the transmitter to
the target and from the target to the receiver, respectively; A is operating wave-
length of radiation.

The use of ratio (4.9) to estimate the received signal reflected from the target
is difficult due to the a priori uncertainty of losses during signal propagation L,
Ly on the path, which leads to significant errors in estimating the range of such
systems [61]. A technique that uses well-controlled values of the levels of the
direct illumination signal at the reception point for evaluation was developed to
reduce these errors.
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The power of the received signal P, from the transmitting station:

p _ PuGrGeF’(67,)3
! (475)2 RIZ"rRLTrR

(4.10)

where R, is the distance between the transmitter and receiver, F*(0,) is the value
of the directional pattern of the receiving antenna in terms of power in the
direction of the transmitter at an angle of 0,,, and L,,; is propagation losses from
the transmitter to the receiver.

Taking into account the fact that the distance from the illumination station
to the target and the receiving system is significantly greater than the distance
from the target to the receiver R:; = Ry, >> R7, and the propagation losses to
the target and the receiver are approximately the same L;,; = L, and the target
in this range can be considered such that it reflects isotropically (6, 0,) =
~ o, = const and is within the direct line of sight of the receiving system L =~ 1,
the ratio of the power of the signals reflected from the target and direct from
the transmitting broadcasting station L., taking into account (4.9, 4.10), is de-
termined by the ratio:

P,
““TR PR ( )

The obtained ratio (4.11) does not include parameters that are difficult to
determine, such as losses on the propagation path. It follows from the expression
(4.11) that it is necessary to form a minimum of the directional pattern of the
receiving antenna in the direction of the illumination station and a maximum
in the direction of the target to increase the detection range. The degree of sup-
pression of the illumination signal by the pattern of the receiving station will limit
the maximum detection range. It is necessary to pay attention to the fact that for
aerial objects, the wavelength of the field of irradiating radio broadcasting stations
can be comparable to their size, which can lead to an increase in RCS. In addition
to choosing the resonant wavelength of the irradiating signal, forming the zero
of the directional pattern in the direction of the illumination station, increasing
the signal-interference ratio can be achieved by applying narrow-band Doppler
filtering. The spectrum of backscattering from air objects above the surface of
water and land, even in the microwave range, when the signal is reflected from
the body of the object does not exceed 10 Hz [203, 247, 248]. Studies of
backscattering from surface and air objects in the HF band [249, 250] allow us to
conclude that the width of the reflected signal carrier is a hundredth of a Hz and
is mainly determined by fluctuations of the projection of the object’s velocity
vector onto the direction of irradiation by the time of formation of a spectral
estimate. When using Doppler selection, the signal-to-noise ratio (SNR) p will
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be determined by the ratio of the signal level from the target to the illumination
signal p;; and the ratio of the carrier spectral line level to the noise spectral
density in the range of Doppler frequencies g, where the target is detected:

M =HrHgy - (4.12)

The detection range for bistatic radars when using the signals of HF radio
broadcasting stations for illumination, substituting (4.11) into (4.12), can be

written as:
Uey O FZ(GT)
R.. = . 4.13
= \/u (47) F*(6y,) (413)

For the first time, such an approach for estimating the detection range was
proposed by us in [221]. It follows from (4.13) that for air objects with RCS in
the resonant region 10°...10* m? SNR 10...15 dB necessary for detection with a
probability of correct detection of 0.9..0.99 and false alarm 107*..107, the
formation of the antenna’s DP minimum in the direction of the illumination
station is about 40 dB, the level of interference in relation to the spectral den-
sity of the carrier by 40...50 dB when adjusting for the Doppler frequency shift,
the detection range can reach more than 100 km [40].

To estimate the RCS of air objects based on experimental data, you can also
use the ratio (4.13). If the detection of the aircraft occurred at the maximum
range Ry... when used for illumination of a station in which the carrier level
exceeds the noise level at Doppler frequencies by g, times, then the RCS of the
aircraft, as can be seen from (4.13), will be

e Fz (eTr) 2
B R, . (4.14)
Wen F? (eT) "

If non-directional antennas are used for detection, then F%(0,,) ~ F*(0,) ~ 1
and relation (4.14) take the form

o, =(4n)

G, = (4n)LR§Rm (4.15)

uSN

and can be used for experimental evaluation of RCS of objects.

4.5. RCS of aerial objects in the HF range

The currently available data on the RCS of aerial objects in the HF band were
obtained using radar in monostatic mode; they are few and contradictory [102, 251].

Since the horizontal dimensions of aircraft in the HF band are comparable to
the wavelength of the horizontal polarization of the field irradiating the object,
scattering occurs in the resonant region, and the RCS of such objects can reach a
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significant value. One of the main features of surface vertically polarized wave
radar in the HF band is the fundamental possibility of detecting objects located in
the zone of the near geometric shadow, which is due to the diffraction effect of
radio waves on the surface of the sea, which has good conductivity. The practical
implementation of this possibility when detecting low-flying objects is difficult,
which is primarily due to their small RCS. Previously, it was believed that the RCS
of aircraft near the distribution surface, in the zone where the vertical polarization
of the probing radiation prevails, is small because the vertically oriented structural
elements are small compared to the wavelength, and, at the same time, the
Rayleigh scattering law occurs when ¢ = A™*, where & is RCS of the object and
A is the wavelength of the irradiating field. According to various estimates
[61, 251, 252], it was believed that the RCS of such objects lies within 0.1...20 m?.
At the same time, for high-flying aircraft, when they are in a field with a signi-
ficant intensity of horizontally polarized radiation, which is characteristic of
ionospheric wave radar, it was believed that the RCS of aircraft when choosing a
radar wavelength commensurate with the wing span can reach values of ¢ ~ A2,
which is 80...2,000 m? for the HF band. The purpose, overall dimensions of
the main elements, and the obtained RCS estimates of some types of aircraft,
including 5™ generation aircraft, made according to the “stealth” technology on
vertical and horizontal polarizations are given in Table 4.6. [40]. RCS and re-
sonant frequency values are obtained using empirical ratios for complex struc-
tures, which are studied in papers [200, 252—253], where the results of model
experiments in the resonant region with complex structures imitating aircraft
elements are given.

For 5" generation aircraft manufactured using “stealth” technologies, the
declared RCS values for the microwave range are 0.001...0.1 m* at the same time,
they are given in Table 4.6. Estimates show that in the resonant region, their RCS
can be 3...5 orders of magnitude more than in the microwave range. This means
that with comparable radar potentials, the detection range in the HF band, as
follows from (4.13), can be 30...300 times higher than their detection range in
the microwave range. However, it should be noted that in the HF band, it is
practically impossible to realize the same high potential in onboard aircraft ra-
dars as in the UHF band.

We conducted a series of experiments to assess the potential of detecting
aerial objects using the illumination signal of radio broadcasting stations in the
HF band [220—226].

The scheme of the experiment is determined by the physical location of the
runway and the O.Ya. Usikov Institute for Radiophysics and Electronics of the
National Academy of Sciences of Ukraine, where the receiving equipment is
located, along the flight path of the planes. Several HF stations were used in the
experiments. The stations were selected depending on the time of day, the num-
ber of reflections from the ionosphere, and the signal-interference ratio. The
experiments included a series of consecutive measurements on horizontal and
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Table 4.6. Overall dimensions and RCS of the aircrafts

a Horizontal Vertical
Type ° E. g § polarization polarization
of aircraft é’* —gb ED %:0 RCS/ Frequency, RCS/  |Frequency,

£ 3 = | 1,000 | MHz | 1,000m | MHz
C-17A T 53 51 16.79| 9.7—9 2.8—29 1.25 4.5
EMB-145RS | T 30 20 6.75 3—14 | 5—7.5 0.2 11.1
“Mirage” F1 | F 15.3 9.3 45 10.77—0.24 | 10—17.9| 0.09 16.7
TA-7
“Corsair2” | AA | 14.1 11.8 4.9 |0.67—0.56 {10.7—17.9 0.1 15.3
Be-12 T | 30.1 30.2 7.4 3.1 5 0.24 10.1
Be-200 T 32 32.7 8.9 | 3.7—3.5 | 4.6—4.7 0.35 8.4
An-24 P | 235 29.2 83 | 1.9—-29 | 6.4—5.1 |0.31—0.33| 9—-8.7
An-26 T | 23.8 29.2 8.6 | 1.9—29 | 6.4—5.1 |0.31—0.33| 9—8.7
An-22 T | 57.3 64.4 13.5|12.5—13.5 | 2.6—2.3 0.81 5.6
An-72 T 28 31.9 8.7 | 2.7—35 5.4—4.7 0.34 8.6
An-74 T 28 31.9 8.7 | 2.7—35 54—4.7 0.34 8.6
11-18 P | 359 374 102 | 44—48 | 42—4 0.46 7.4
11-62 P | 531 42.5 123 | 9.7—6.2 | 2.8—4.5 0.67 6.1
1-76 T | 46.6 50.5 148 | 7.5—88 | 3.2—3 0.97 5.1
11-114(T) P(T)| 26.9 30 93 | 2.5-31 5.6—5 0.38 8.1
Tul60 SB | 54.1 | 35.6—55.7 | 13.1 | 44—10.7 | 4.2—2.7 0.76 5.7
Tu22M3 SB | 41.46 |23.3—34.28| 11 1.9—5.9 6.4—3.6 0.54 6.8
B-52 SB | 49.05 56.39 124 | 83—10.9 | 3.1—-2.7 0.68 6
MiG-29 F [17.32 11.36 473 | 0.4—1 13.2—8.7 0.099 159
Su-57 F 19.7 |14/10.8 HT | 4.8 13.0 2.6—2.3 0.81 5.6
B2 SB | 209 52.12 51 |1.72—0.87 | 3.8—5.4 0.10 15.6
F-22 F 18.9 13.56 5.09 [1.94—12.06| 3.6—1.4 0.12 14.7
EF-35 F | 15.57 10.67 4.38 [1.59—0.82 | 4.0—5.5 0.12 14.7
J-31 F 16.9 11.5 4.8 [1.08—0.51 | 4.8—7.0 0.09 17.1
J-21 F 10.5 11.6 4.0 [0.48—0.6 7.2—6.5 0.07 18.9

Notes: T — transport; SB — strategic bomber; B — bomber; P — passenger; AA — attack

aircraft; F — fighter.

vertical polarizations. The objects of detection were airplanes of the AN-74 and
AN-140 types.

In the telegraph reception mode, the carrier was shifted to a frequency of
1,700...1,850 Hz with the help of the 3 local oscillator, which made it possible
to study the reflected signals, both with positive and negative Doppler frequen-

cy shifts.
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Fig. 4.13. Signal spectra after heterodyne conversion of the station’s carrier frequency and
Doppler-shifted reflections from aircraft

Table 4.7. Characteristics of reflections from the lines of the aircraft body

SNR, dB when
. Body line rebuilding from Siemal )
requency, o the carrier on ignal-to-carrier
MHz Polarization 20N ratio, dB 11, RCS
Frequency, | wiqth 1y | 10Hz | 3Hz
Hz
15,130 VP 4.22 1.12 38.8 24.8 =27 4,010
15,130 HP 4.03 0.68 34.2 20.4 -26 5,047
15,130 VP 3.58 1.05 34,7 23.6 -28 3,185
15,130 HP 3.58 0.9 32.3 21.7 -29 2,529

Fig. 4.13 shows the spectra of signals of the carrier and Doppler-shifted lines
of the AN-74 aircraft body for vertical and horizontal reception polarizations.

The radiation of a broadcasting station transmitting at a frequency of 15,130 kHz
was used as the illumination signal for this experiment; the azimuthal angle 0,
is about 75° [40]. The plane’s flight path — after taking off from the airfield, cros-
sed the base of the measuring complex at an angle of about 40° and passed near
the reception point. The distance between the runway and the baseline is about
1,500 m. The reception polarization was changed by turning the receiving anten-
na to an angle of 90°. A dipole with an effective length of about 0.4 m is used as a
receiving antenna. During the experiment, a signal reflected from an aircraft
approaching or moving away from the receiver was recorded.

The characteristics of the signal for several experiments, such as the ratio of
the signal levels of the carrier frequency and the spectral line of the signal reflected
from the aircraft [40], as well as its width at different polarizations of the received
radiation, RCS values for the aircraft are given in Table 4.7.

Aircraft detection ranges in experiments are up to several kilometers.
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Using the relation for the Doppler frequency shift,

%= cos(em —OT)+cos(9TR —GT) (4.16)
0
as well as the data of Table 4.7 by frequencies and azimuthal angles of the
illumination station, it is possible to estimate the Doppler frequency shift of the
signal reflected from the aircraft at the time of take-off (speed 230...240 km/h),
which has a value of 4.06...4.23 Hz, which is in satisfactory agreement with the
data obtained during the experiment. It should be noted that the signals of both
horizontal and vertical polarization reflected from the aircraft have approximately
the same magnitude and exceed the noise level. The experiments used a dipole
that had a circular directional pattern in the azimuthal plane. The time to form a
spectral estimate was about 15 seconds, the range of aircraft observation was a
few kilometers. From Table 4.5, it can be seen that the SNR exceeds 30 dB when
restoring from the carrier at 10 Hz and more than 20 dB when restoring at 3 Hz.

It can be seen that the obtained SNRs for the signal are sufficient for reliable
detection. When forming a minimum in the directional pattern of the receiving
antenna in the direction of the station, illumination with a depth of about 40 dB,
with a slight weakening of the signal reflected from the target, will allow its
detection at distances of more than 100 km. Measurements of the vertical and
horizontal polarizations of reception when used to illuminate the ionospheric
wave signal confirmed the absence of significant differences between the RCS and
interference levels for the detected aircraft [40].

Using the relation (4.15), the experimentally obtained relation between the
carrier level and interference in the Doppler frequency band, as well as the
realized detection ranges, it is possible to estimate the value of the RCS of the
aircraft observed in the experiments of approximately several thousand square
meters (Table 4.7), which is consistent with the results of theoretical estimates.
For the An-74 aircraft, which is found in the experiments, the calculated RCS
values in the resonant region have values on the horizontal polarization of 2,700—
3,500 m?, on the vertical 340 m?, although in the experiments, no significant
difference was found when detecting the signal on the vertical and horizontal
polarizations, which agrees with the results of model experiments on the study of
scattering matrices of bodies of complex shape [200]. This can be crucially
important for monitoring the HF band of inconspicuous objects using a surface
wave on vertical polarization. [40, 220—226].

4.6. Monitoring of sea waves using GNSS signals

Environmental monitoring systems that use the radiation of TV centers and
broadcasting stations make it possible to monitor atmospheric processes and
detect anthropogenic objects on the path between the illumination station and
the receiver, i.e., to perform local monitoring. The use of radiations that currently
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exist GNSS, GPS — USA and GLONASS — Russia, and in the future Galileo —
EU and BeyDou — China will be deployed, allow us to move to the construction
of systems for global monitoring of the atmosphere and the study of processes
in it. However, in addition to the analysis of a direct signal that is affected by
the environment, an interesting issue is also related to the study of reflected
signals from the earth and water surface, which carry information about their
condition [240, 242, 254—257]. For testing GNSS receivers and improving the
accuracy of measuring quantities, it is necessary to use special equipment, intro-
duce corrections to the algorithms, and improve the algorithms for processing
the received information [258].

A mobile measuring complex was created [219], consisting of a single-fre-
quency domestic GNSS-receiver type CH-4706, a telescopic antenna, and a per-
sonal computer with software for collecting and processing navigational infor-
mation to use GNSS signals for monitoring the sea surface.

The CH-4706 receiver is intended for use in integrated navigation systems as
a coordinate sensor to determine the current values of the coordinates (latitude,
longitude, altitude), the consumer’s speed vector, as well as the current time
according to the GLONASS, GPS, and SBAS SNS signals at any point on the globe,
at any time and regardless of weather conditions. The main characteristics of
the CH-4706 receiver are presented in Table 4.8.

Table 4.8. Technical characteristics of the CH-4706 receiver

Specifications Value
Receiving signals GPS/GALILEO/COMPASS/SBAS — L1 1,575.42 MHz
GLONASS: L1 1,597.5...1,609.5 MHz
Number of tracking channels 32
Accuracy of obtaining navigation | In the plane:
parameters (RMS) in offline mode — 2.5m
in differential mode — 1 m
Height 3 m
Speed of 0.05 mps

Time (1PPS) +25 ns

Time of receiving the first reliable | Recapture <1 s
navigation solution “Hot start” <3's
“Cold” and “warm” start 30 s

Sensitivity Accompaniment — 190 dBW
“Cold” start — 173 dBW
Restrictions on use Speed <500 m/s
Acceleration <5 g
Height <18 000 m
Coordinate systems WGS-84, PZ-90 SK-42, SK-95
Antenna type Active
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Location of the
measuring complex

Fig. 4.14. Location of the measuring complex (a), target with measured coordinates and plotted
positions and numbers of satellites (b) when the complex is located directly on the seashore

The location of the antenna on the terrain and the location of the satellites
during the measurements are shown in Fig. 4.14.

The antenna was located at low altitudes (no more than 8 m) and at a distance
from the coastline, where the radiation of incoming and outgoing satellites will
be affected not only by the reflection from the sea surface but also by the
characteristics of the near the sea surface layer of the atmosphere. Note that the
pattern of the receiving antenna is formed in such a way as to minimize the
influence of signals from the lower half-plane, therefore; at high viewing angles of
the satellite, the contribution of reflected rays is significantly reduced.

In Fig. 4.15, the appearance and location of the measuring complex on the
terrain (a, b, c), the antenna directional pattern (d), and the interface of the
navigation data collection program (e) are shown.

The antenna was located on a telescopic mast, the height of which could vary
from 1 m to 4 m (see Fig. 4.15, a, b). The measurements were carried out on the
north-western coast of the Black Sea in the area of the city of Chornomorsk. The
complex was located in the immediate vicinity of the sea (Fig. 4.15, a) or at the
height of the shore, about 4 m high, and at a distance of approximately 50 m from
the sea coastline (Fig. 4.15, b). The measuring complex received signals at different
levels of sea surface disturbance and allowed us to register satellite signals even
at negative viewing angles. The type of directional pattern of the antennas used
in the measuring complex is shown in Fig. 4.15, g. Fig. 4.15, d shows the inter-
face of the program for accumulating navigation data, on which the signal levels
of the received GPS satellites and their numbers are shown in blue columns and
in red — for GLONASS satellites. The target characterizing the spread of the
measured coordinates is also shown there, as well as the results of the express
statistical processing of coordinate estimation errors.
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Fig. 4.16. Estimated positions of satellites (upper curves) and their observation time (lower)
during navigation accumulations on all measurement days: G — GPS and R — GLONASS.
See also p. 112
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The trajectories of the satellites and the time they were in the visibility zone
of the measuring complex were estimated previously. They are shown in Fig. 4.16
for G — GPS satellites and R — GLONASS for all days.

The upper figures for each of the days show the trajectories of the satellites
observed from the location of the complex, and the lower figures show the time
of their visibility.
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A similar approach allows you to select the satellites that will be of greatest
interest based on the estimated time of the measurement sessions. Since the
American GPS satellites are observed at the same angles after about 12 hours, it is
advisable to use them to practice the method of monitoring the state of the sea
surface. This allows, by comparing the fluctuation and trend characteristics of
the observed GNSS GPS signals, obtained under different conditions of distur-
bance, to establish their relation necessary for solving the inverse problem — de-
termining the state of the sea surface by GNSS signals.

When registering navigation signals as part of the conducted experiments, it
was assumed that the resulting signals in the satellite-subsurface-receiving an-
tenna model would present the sum of direct and reflected signals from the sea
surface. In the presence of sea waves, fluctuating components will appear in the
received signal, the frequency and intensity of which will depend on the roughness
of the surface and the period of sea waves. Isolation of the fluctuation component
was carried out in one of two ways. In the first case, high-frequency filtering of
the signal received from the satellite and reflected from the sea surface was carried
out. It was carried out with the help of a periodic compensation filter:

S(B,)=5(B;)-S(B:) (4.17)

S(B,), S(By.,) are signals at elevation angles (satellite elevations [3; and B3, ,, respectively).

In another approach, the selection of the fluctuating component was carried
out using the wavelet transformation, the selection of its high-frequency
components, and the implementation of the inverse wavelet transformation.

Two approaches were also used to highlight the trend component. The first
consisted of smoothing the output signal realization in a sliding window. The
other also used a wavelet transform, filtering its low-frequency components,
and then the inverse wavelet transform.

The depth of interference fading (V;,, V,...) makes it possible to estimate
the value of the reflection coefficient from the sea surface R from the ratios:

V. —1-R, V. —1+R, Ymx_.
v,

min

1+ o< +1
SRR o=t g
1-R o< —1

Thus, evaluating the ratio of the maximum and minimum values of the signal

V.
VIHLEBB; =oc (B) , it is possible to determine the value of the reflection coefficient
of the sea surface for these values of the viewing angle of the satellite:

R(E)= =51 =0

_ Vo (B)
Vain (B)

(4.19)
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Fig. 4.17. Signals of navigation satellites depending on the type of substratum, a — GPS15 —
reflection from land, b — GLN12 — reflection from the sea

The coeflicient of specular reflection from the sea surface depends on the
degree of its roughness [259] and is determined using the ratio:

R(B)=exp— 2(2mh—smm)} , (4.20)

proceeding from which, based on the known values of the reflection coefficient
R(B), the viewing angles of the GNSS J3 satellite, it is possible to determine the
values of the rms values of the surface roughness:

A 1
h =27'5Tn([3) —Eln(R(B)). (4.21)

(¢

Equation (4.21) can be used to estimate the RMS values of sea wave height
using the method of least squares.

Navigational data received from satellites allow analysis of temporal and
angular dependences of signal levels. Satellites can be observed at the same time,
which are at approximately the same viewing angle but have different azimuthal
directions. In this case, it is possible to simultaneously study the signals reflected
from both the water and land surface, which allows comparing the behavior of
the signals, the nature and intensity of which must differ for different states of
the underlying surface and azimuths of its observation.

Fig. 4.17 shows signals from satellites when reflected from land and sea
surface for the same viewing angles [219].

For satellites whose trajectory passes over the Earth’s surface (Fig. 4.17, a),
the receiving signal has a longer period of fluctuations, unlike a satellite whose
trajectory passes over the surface of the sea, where the received signal has a high-
frequency component in the presence of weak sea waves (Fig. 4.17, b).

114



4.6. Monitoring of sea waves using GNSS signals

50

]

ﬂ,;,u ) AR

45

."i *, i

1
... A ,!‘: .r!‘. "l.-l.
B Iﬂ‘ !
Al i

40

— Sea disturbance

35 — Sea disturbance
is decreasing
30 — Calm sea
— Calm sea

55 s | . . . |~ Sea distulrbance begins

93 0 5 10 15 20 25 30
A a

Z 15
%)

10 20 30 40 50
Elevation angle of sattelite, degree

b

Fig. 4.18. Levels of signals from the satellite (a) and amplitudes of fluctuations
of signals from the satellite (b) in the direction of the sea

It should be noted that both GPS and GLONASS satellites were used for
comparison. Since the behavior of signals on similar trajectories of satellites has
a similar nature, it makes it possible to compare data from different systems du-
ring simultaneous measurements. 5 days were chosen for the analysis, during
which sea waves of varying intensity were observed from 3...4 points to near-calm
sea conditions. It should be noted that with a calm state of the sea or a weak
wave of the sea surface, the fluctuations observed in satellites flying in the di-
rection perpendicular to the coastline have a stably regressive nature of the depth
of fluctuations with an increase in the viewing angle, which is explained by the
gradual increase in the effect of surface roughness and the decrease in the coef-
ficient reflection.

The obtained results show that the presence of a reflecting sea leads to the
mixing of high-frequency fluctuations (Fig. 4.18).

The level of the fluctuation component is simultaneously affected by several
mechanisms, the degree of sea disturbance, and the size of the reflecting area. The
maximum value that the diffuse scattering coefficient can take is 0.4. With a fur-
ther increase in roughness, the coefficient of diffuse scattering remains constant.
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Fig. 4.19. GPS02 navigation satellite signals (a, ¢) in conditions of strong sea disturbance,
b, d — calm sea, and ¢, d — fluctuation component of the signal

However, as the disturbance and degree of roughness change, this satura-
tion may occur at smaller angles for large disturbances, and the angles and di-
mensions of the reflecting pad, defined by the dimensions of the Fresnel zone,
may be smaller.

When analyzing a signal, it is necessary to divide observations into several
sections:

e up to 3—4°, where the signal level increases significantly due to a significant
increase in the thickness of the atmosphere and, accordingly, its influence [257];

e from 4 to 30°, where, depending on the state of the sea surface, interfer-
ence effects caused by local changes in the intensity of reflections may be ob-
served.

e angles higher than 30°, where the wave of the sea surface has a minimal ef-
fect because, on the one hand, the size of the reflecting area on the sea surface
decreases, and on the other hand, the reflection coeflicient decreases due to the
increase in the roughness parameter.

Fig. 4.19 shows the signal levels for the GPS02 satellite and the amplitude of
fluctuations obtained by subtracting the (i - 1) reading from the .

Fig. 4.20, a, ¢, e shows the interference fading of the signal selected through
averaging in a sliding window under different conditions of the sea surface and
the values of the reflection coeflicient of Fig. 4.20, b, d, f.

Fig. 4.21 shows the signal’s interference fading at different states of the sea
surface (a, c), determined using the wavelet transformation and estimated ac-
cording to them using relation (4.18) and the reflection coefficient values (b, d).
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Fig. 4.20. The trend component of the signal radio rise of the GNSS satellite, selected
using smoothing in the sliding window (g, ¢, e) and the values of the reflection coefficient
from the sea (b, d, f) estimated from it for waves 0...1 point — (a, b), 1...2 points — (¢, d),
3...4 points — (e, f)

In Fig. 4.21, g, ¢, it can be seen that with greater disturbance, when the viewing
angle of the satellite is changed, the depth of dips in the interference structure of
the signal field decreases faster, which means that the values of the observed
reflection coefficient from the sea surface decrease faster.

When calculating the reflection coefficients of GNSS signals reflected from
the sea surface, the influence of the directional pattern of the receiving antenna
has not yet been taken into account, so the obtained estimates of the reflection
coeflicient are somewhat underestimated. In the future, it is planned to take into
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Fig. 4.21. The interference structure of the signal radio rise of the GNSS satellite, extracted
using the wavelet transformation (a, ¢) and the values of the reflection coefficient from the
sea (b, d) estimated from it for wave 3...4 points — (g, b) and 1...2 points — (¢, d)

account the influence of antenna directional patterns by introducing diagram-
matic corrections.

A comparison of the results obtained using a high-frequency filter and wa-
velet transformation shows their satisfactory correspondence [219]. Since both
approaches give close results, they can be successfully used to estimate the ref-
lection coefficient from the sea surface and, accordingly, its RMS irregularities
(degree of disturbance).

Conclusions

1. A two-channel equipment complex has been created, which provides the
possibility of measuring the level of signals on spatially distributed antennas in
the frequency band of TV signals for monitoring tropospheric refraction by sig-
nal attenuation factors on the OTH path. We established a weak (less than 0.15)
correlation of signals received on spatially spaced antennas (by 15...20 ) for the
same and different frequency channels.

2. Experimentally investigated interference phenomena in the propagation
channel on OTH paths in the middle latitudes (Ukraine) based on changes in the
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signal level from TV centers that occur in the presence of inversion layers. It is
shown that the number of inversion layers, as a rule, does not exceed 2, with a
jump in the refractive index at the boundary of the layers of 6...14 N units, the
height of their placement does not exceed 650 m, the speed of movement is
from units to several hundred meters per hour, the depth of signal fading is from
-3 to -23 dB.

3. It was established that the standard Gaussian model can be used to de-
scribe the fading statistics, reflection coefficients, and heights of inversion layers,
at the same time, the distributions of the effective gradient of the refractive index
in the layer essential for the propagation of radio waves and the speed of inversion
layers differ from Gaussian models.

4. The proposed technique for estimating the detection range and RCS of
aerial objects for active-passive sounding systems. The spectral characteristics of
the signals of radio broadcasting stations with different polarizations of the
received radiation were experimentally investigated. Theoretical estimates of
the RCS of airborne objects for different polarizations of the incident radiation
are given.

5. It was experimentally established for the first time when the An-74 aircraft
was detected using the ionospheric wave of HF radio broadcasting stations as an
illumination signal that the RCS of aircraft in the resonant region on both hori-
zontal and vertical polarizations reaches thousands of square meters. This makes
it possible to use a surface wave of vertical polarization to illuminate the air con-
dition in the HF band.

6. As a result of research conducted on signals from navigation satellites,
the possibility of using them for remote monitoring and diagnostics of the state
of the sea surface has been shown. The variability of the level of the fluctuation
component and fading (related to the interference component) of the GNSS-
satellite signals scattered by the sea surface, depending on the degree of sea dis-
turbance, is experimentally determined. Experiments show that the levels of the
fluctuation component and the depth of fading (trends) of signals of navigation
satellites are sensitive to changes in the state of the underlying surface and the
degree of sea disturbance. This can be used as a basis for monitoring sea waves
based on GNSS signals.
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Interferences for active-passive
monitoring systems

The range of active VHF and UHF radio systems is determined
by the presence of interference created by reflections from
terrain, “clear sky’, hydrometeors, and rough seas. These disturban-
ces, as a rule, are non-stationary and non-Gaussian. The spectral
components of the transmitted information messages in the
Doppler frequency band of signals reflected from objects act as
obstacles to active-passive systems that are used to illuminate
the radiation of broadcasting stations in the HF and VHF bands.

The range of acoustic reconnaissance systems, as was shown
in Chapter 2, is limited by noise generated by wind, vegetation,
rain, and moving foreign objects.

This chapter presents the results of an experimental study of
the characteristics of non-stationary interference for active [193]
and active-passive [260] radio systems, as well as acoustic re-
connaissance systems [261]. Methods of their description based
on the use of nested semi-Markov processes have been proposed
[193], the main parameters included in the model have been
determined, as well as the estimated detection losses arising due
to non-Gaussian noise characteristics [194, 262, 263].

The main results of the section are published in papers
[193, 194, 260—265].

5.1. Characteristics of radar scattering
from land and its mathematical model

At a high resolution on distance and angular coordinates, signi-
ficant deviations of the distribution laws of fluctuations of sig-
nals scattered from bounding surface (sea, land) from the stan-
dard ones are observed, which is due to the consistent observa-
tion of surface areas with statistical properties of unevenness,
which differ, and that gives rise to non-stationarity and non-Gau-
ssian character. For the first time, attention was drawn to this in
the works of Trunk G.V., George S.F., and Michel H. [266—268].
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An attempt to take into account the non-Gaussian character of the signal
scattered by sea and land was the use of logarithmic normal for amplitudes
and compound normal for quadrature distribution laws for scattering from the
sea, as well as a model with a variable number of scatterers for land [267—269].
Non-Gaussian processes with spectral characteristics and distribution laws and
characteristic of reflections from the sea and land were obtained using
non-linear and non-inertial transformations of the Gaussian random process
[262, 263, 269, 270, 271], followed by the spectral coloring of the obtained data.
A significant advance in the creation of models of non-Gaussian processes was
the use of nested Markov processes to describe the statistics of failures [272, 273].
One of the components of the process was used to select the phase state in which
the process is located, and the other described the characteristics within it. This
approach was used to evaluate the effectiveness of signal reception in conditions
of non-Gaussian interference in communication systems [272, 273]. However, in
the proposed model, it was assumed that the waiting time in each of the phase
states before the transition to the next is subject to an exponential distribution,
and the interference spectrum does not change when the phase states change.
This is justified by the interference that exists in the communication channels.
For disturbances created by scattering from underlying surfaces (land, sea),
these conditions, as a rule, are not fulfilled. The density of the distribution of the
times of existence of the disturbance in each of the phase states can have a dis-
tribution that is significantly different from the exponential one and a different
spectral composition.

In papers [274, 275], a model of the scattered signal from the sea and “clear
sky” in the class of two-component nested semi-Markov processes is proposed. A
similar approach can be used to describe a wide class of nonstationary non-Gaus-
sian processes [276—279]. This section considers the possibility of its use to de-
scribe disturbances created by scattering from land areas.

The proposed model of the signal scattered from land areas contains three
levels of detail:

e a description of the statistical characteristics of the areas within the re-
gion based on the data of topographic surveys to determine the probability of
existence of each type; characteristic sizes and distribution functions for specific
areas (agricultural land, forest areas, built-up areas, etc.) within individual re-
gions, as well as modeling of spatio-temporal characteristics of backscattering
from the Earth’s surface [270];

e description of the spatial distribution of zones with a high intensity of
the reflected signal within fairly homogeneous areas [280—282], and sounding
at several frequencies allows studying scattering from both vegetation and soil
[282, 283];

e description of the spectra and statistics of certain types of plant covers, ter-
rain areas, plant fragments, and their dependence on moisture. The model is a
development of the model of radar reflections from the sea proposed in [274].
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The statistical description of the model is based on the use of nested two-com-

ponent random processes {S(¢),6(t)} in which one component S(¢) is continu-
ous, and the other 6(¢) = v, is discrete, and t is a generalized time that can be
represented by spatial coordinates. These components are dependent and, in ge-
neral, non-Markovian. This means that no restrictions are imposed on the distri-
bution of the process existence times in each of the phase states. At each moment
of time, the process can be in one of K possible phase states H; € v, ... vy, and the
initial state 6, = v; at the moment of time ¢ = 0 and one-step transition probabili-

ties m;, where 7, j=1...K are assumed to be known. Let’s assign to each non-zero
element m; of the transition probability matrix a random variable T;; with a dis-
tribution density f;(¢), which we will call the waiting time in state v, before tran-
sition to state v;. If the values of T} are distributed according to the exponential
law, then such a process will be Markovian [284]. In practice, in many cases, this
assumption is not fulfilled, and then the process in which the change of states is
described by a Markov chain, and the density of the distribution of existence
times in each of them differs from the exponential one, belongs to the class of
semi-Markov [285].

Within each of the v, states, we will consider the process to be quasi-stationa-

L. . . - . . $1; () 515(t)
ry, which is described by its statistical scattering matrix [Si (t)] = ® .o
$21:\) S22

Py (s); Py (s)
P, (s); Pyyi (s)

the density of the distribution of [P,.(S)]:|:( J values, and the

$11: (@) 515,(0) . .
[S,.((J))]: spectrum. This means that the statistical pro-
$21 (@) 85, (@)

, as well as the density matrix of the ||P(S)|| value

cess scattering matrix ||S(t)

distribution and the ||S((:))|| spectra, are block vectors — each element of the i
vector is a 2 x 2 square matrix [193].

The mathematical model of the system is nested processes, one of which
determines the change of phase states and is, in general, semi-Markovian, and
the second determines the behavior of the system within the phase state and,
in most practically interesting cases, can be described by an ergodic Gaussian
process. At the same time, it becomes possible to cover a wider class of processes,
the description of which is impossible with the help of Markov chains [274—279].
Thus, for a developed sea disturbance, the distribution of wave periods differs
from the exponential model [286], which means that the distribution of emis-
sions of reflections from the sea may also not obey the exponential distribution
[274]. Reflections from the clear sky are created by structures, the distribution
of sizes and distances between which also differ from the exponential [275].
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For land, the size distribution of individual clusters, which are deter-
mined by terrain types, and the distances between them may also differ from
the exponential ones. At the same time, inside the cluster, there is a possibili-
ty of describing the scattered signal as ergodic with Gaussian statistics for
each of the orthogonally polarized components and its spectrum. Therefore,
for the statistical description of all these types of scattered signals (from land,
sea, and clear sky), a model of a vector Gaussian ergodic process embedded in
a semi-Markov process with a given matrix of spectral densities is conven-
iently proposed [193].

The algorithm for modeling the signal scattered from the land surface has
the following structure:

1. The initial state in which the process is at the moment ¢ = 0 is given; let it
be H, for certainty.

2. The next phase state of the process is determined. For this, a random
number (1) is chosen with probability j € E € (1 ... K).

3. The time of the process being in the i state before the transition to the j
state is determined, for which a random number T is generated, hav1ng a distri-

bution density f;(#). During this time, a vector random variable S (t) is generat-

ed, which has a distribution density P, (S) and a spectrum S (o).

4. The state of H; — H; is changed and the calculation process is repeated.

To assess the performance characteristics of selection systems and identify
targets, knowledge of the distribution functions and interference spectra de-
scribed by the considered model at the observation interval (¢, t+T) is required,
where T, is the time of accumulation of information from the resolution element.
Determination of the spectrum S(w, T,) and density P(S, T,) for an arbitrary ob-
servation time T, presents significant difficulties. The general solution to this
problem was obtained only for Markov processes [287]. However, in practice, two

extreme cases are most interesting: small T, << mln(T ) and large observation
times T, << max( ) for which the results become obvious. With short obser-

vation times, there is almost never a state change during the observation time,
and the density of the distribution of process values, its spectrum, and all nu-
merical characteristics correspond to its initial state. And if the choice of the
starting point is unimportant, then these characteristics are realized with pos-
sibilities determined by the final probabilities of each of the states [276]. With
long observation times, the density of the distribution of values, the spectrum,
and all numerical characteristics, for example, moments of order, are determi-
ned as a weighted average of the characteristics in each of the states with weights
determined by the final probabilities of their presence [193, 276, 277]:

BS)=Y BB S)= Y BS(@); M, =3 PM, , (5.1)

i=1
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where M,,, is “m” being the moment for the i state and M,, as a whole, and P, is
the final probability of the existence of the process in the i * state [193, 276, 277].
The average time of being in the i state before the transition to j:

T, = [tf,()dt (5.2)

o —3

and the average time the process stays in the i state before transitioning to one
of the following states:

H
H

K
=T (5.3)
j=1

Since the second moment of the process characterizes the intensity of the
scattered signal, which means the RCS, the scattering polarization matrix for

the specific RCS of the 6° surface can be written [193, 288]:

”00” _ [G?l 6(1)2 ] _ iPz (Ggli 0(1;21'] ) (5.4)

0 0
621 022 i=1

where o), is the specific RCS of the i cluster of the land surface (phase state)
with [ irradiation polarization and m scattered signal reception.

Processes with a non-exponential distribution of existence times can be ap-
proximately described by introducing additional fictitious phase states [285, 287].

Let us consider the physical interpretation of the proposed model. For a
signal scattered from the land surface, the discrete component 6(t) is determi-
ned by a set of typical surface sections, each of which is described by the spe-
cific RCS matrix [o9,,], the distribution function of [P,,(S)] values, and the spec-
trum [S,,,(®)] of the scattered signal.

Some remarks should be made about the parameters included in the propo-
sed model:

1. The definition of f,(t) and n; describing their spatial distribution for each
specific type of terrain can be based on topographic survey data and additional
results of radar mapping. The averaged statistical characteristics (5.1) are deter-
mined by taking into account the final probabilities P, of each of the types of plots.
To do this, it is necessary to determine the percentage of the area occupied by
specific types of sites on the map of the area, which gives estimates of the final
probabilities of a given phase state of the disturbance. These characteristics prac-
tically do not depend on the frequency of the irradiating field. For their determi-
nation, it is possible to use radar means of the microwave range, which have a
good separation in terms of range and angular coordinates. The data obtained in
this case on homogeneous areas of the terrain can be extended to other frequency
ranges (up to the VHF and HF bands).
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Fig. 5.1. Placement of measuring systems and studied terrain areas: 1, 4, 5 — deciduous
forest; 2 — landing; 3 — a hill with a grass stand; 6, 7, 8 — deciduous forest; L — forest
massif; Z — zone of construction of houses; X — a hill with a grass stand; P — agricultural
land with plantings. Azimuth and range in meters are indicated next to the number of each
measurement point. Range and azimuth resolution was 10 m, 10 mrad for A =8 mm and 60 m
and 35 mrad for L =2 cm

2. The spectra [S,,(®)] of the signal scattered by different types of terrain
covered with vegetation with small changes in the wavelength F are proportio-
nal to it [193]:

2V
m:2nF:2nT, (5.5)

where V, F,  are the speed of movement of the scatterer, Doppler frequency
shift, and circular frequency shift, respectively.

This proportionality is preserved as long as the dimensions of the elementary
scatterers d are significantly larger than the wavelength of the irradiating field A.
Proportionality is broken when d = A and the scattering occurs in the resonant
region. When the dimensions of the scatterers become smaller than the wave-
length of the irradiating field d < A, scattering occurs in the Rayleigh region,
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5.1. Characteristics of radar scattering from land and its mathematical model

and the intensity of scattering will be determined by the ratio d/A, and the
frequency of fluctuations will be determined not by the speed of movement of
the scatterer, but by the frequency of its fluctuations.

Thus, in the short-wavelength region corresponding to d >> A the results
of scattering spectra from vegetation obtained at one of the wavelengths can
be successfully used to estimate similar characteristics for other wavelengths. In
the long-wave and resonance regions, this proportionality is violated, and it is
necessary to study these characteristics in these wave ranges. A model of two
crossed half-wave vibrators can be used as a scatterer model in the resonance
region — and two crossed Hertzian dipoles in the Rayleigh region [208, 210].

An experimental study of the spatial characteristics of homogeneous areas
of the terrain was carried out based on the results of radar mapping of areas of
the terrain using models of pulse measuring radars with wavelengths of 2 cm
and 8 mm, the general appearance and technical characteristics of which are
given in Appendix 2. Their location is shown in Fig. 5.1 by points O and O,
respectively [193].

Mapping was performed in the summer-autumn period (from July to the be-
ginning of September). Radar images of areas of the terrain are shown in Fig. 5.2 [193].

They are obtained after threshold processing and display of records of radar
signals from the output of the radar amplitude detector, and the upper images in
each of the figures refer to the case of the threshold IT equal to the average value of
the signal A on the frame, and the lower ones — by 12 dB higher than its level.
The recording of the radar image was performed at a discrete distance of about
11 m. The radar scattering from all areas of the terrain has a significantly hete-
rogeneous structure on distance r and azimuth 6. The coefficient of variation (the
ratio of the rms value of the amplitude fluctuation to the frame average) for the
studied areas is 1.5...1.6 for a hill with a grass stand and agricultural land with
plantings and 1.8...1.9 for a built-up area. For the forest massif, it was about
2. The given values indicate a significant excess of the random component of
the stable signal scattered from the terrain. The analysis shows that the built-up
zone — (Fig. 5.2, ¢, d) and the hill with grass — (Fig. 5.2, g, b) give approximately
the same illumination density in the frame. At the same time, for the forest massif
(Fig. 5.2, d, e), the leading edge and areas of the forest on the elevations provide
the greatest illumination. The spatial distribution of the specific RCS can be de-
termined using the same technique as when obtaining the temporal distribution.
Fig. 5.3 shows the amplitude distribution functions of signals scattered by a hill
with grass, a built-up area, agricultural land, and a forest massif [193].

They are built on a scale that linearizes the Rayleigh distribution law. Amp-
litudes of scattered signals were normalized to a value equal to the square root of
the average intensity. Significant deviations of the experimental laws of distribu-
tion from Rayleigh's law are observed for all areas of the terrain. They have a
higher probability of large values. To describe the distribution of amplitude A
of interference from land within fairly homogeneous areas, you can use a
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CHAPTER 5. Interferences for active-passive monitoring systems

0.99 = Fig. 5.3. Distribution functions of the
amplitude of the signal reflected by parts
09 of the Earth’s surface: 1 — hill with a grass
\g cover; 2 — building zone; 3 — agricultural
S 0.7 land with plantings; 4 — forest massif
= 05
* 03 two-component model previously used
0.1 to describe interference from the sea
0.01 ' [274]. At the same time, bursts will

be understood as reflections from
those areas of the terrain, the RCS
of which is significantly above the average, and pauses, respectively, where it is
below the average level [193]. If we assume that in each of the phase states (burst,
pause), the amplitude fluctuations of the scattered signals are described by Ray-
leigh’s law, then the distribution function of the amplitude fluctuation of the sig-
nal scattered from the area of the terrain, as can be seen from relation (5.1), will
be described by the composite Rayleigh distribution law:

ot e -2 ) 2] o
(0} (¢}

o 20, 1 20;

where P is the probability of a burst, G;, 6 is the intensity of pauses and bursts
and their ratio y> =0} / 6, , which characterizes the degree of non-Gaussianity
of the process.

For this approximation, the probabilities of the presence of bursts in their
radar image P and the ratio of signal intensities during bursts and pauses y* are
determined (Table 5.1)

Despite the heterogeneity of the studied areas, the values stability of the pro-
bability of the presence of zones with a high intensity of the reflected signal (in-
terference emissions) and the ratio of high-intensity and low-intensity compo-
nents in the scattered signal is observed. The largest difference in the intensity of
the components is observed for areas built up by houses (up to 30 dB). For a forest
massif with areas of meadows, a hill with grass, and agricultural land with planting
zones, the intensity difference is 23...27 dB. The probability of having areas of
intense signal reflection within the same type of area ranges from 0.15 to 0.3.

Table 5.1. Radar characteristics of terrain areas

Terrain type Wave length, cm P v’ dB
Building zone with houses. Forest massif 2 0.17 30
A hill covered with grass 2 0.25 27
Agricultural land 2 0.3 2
Landing areas 0.8 0.17 5
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CHAPTER 5. Interferences for active-passive monitoring systems

The description of the spatial heterogeneity of different types of the Earth’s
surface is based on the determination of the probabilities of the existence of
areas with a given RCS, as well as the gaps between them. Integral distributions
of the sizes of reflective areas by distance and the gaps between them for different
types of terrain are shown in Fig. 5.4.

Values of the normalized value of the threshold IT obtained for a variable

threshold from 0 dB to 12 dB (IT/(A%)** =1, 2, 3, 4) relative to the average signal
level. Their analysis shows that an increase in the threshold leads to a decrease in
the size of the reflective areas and an increase in the distance between them.

According to the nature of the behavior, it can be noted that the distribution
functions of reflective areas for meadows, built-up areas, and fields can be described
by an exponential law. Two-dimensional distribution functions of the sizes p(x;, y;)
of reflective areas and the distances between them, assuming statistical indepen-
dence of the characteristic sizes, can be described by exponential functions:

p(xiy)=plx)p(y;)s

p<x>=_iexp(—é); p(yn:_iexp(—%), (5.7)
xl xl 1 yl

where X;,y; are the characteristic dimensions of the reflection areas i = 1 and
the intervals between them i = 0 along the azimuth x; and range y..

The dimensions of the reflective areas of different types of terrain for security
levels of 0.5 and 0.9 are given in Table 5.2.

At an implementation level of 0.5 (median value), the dimensions of ref-
lective zones are 50...80 m for a forest massif with a meadow, a built-up area, a
hill with a grass standn and 20...40 m for agricultural land limited by plantings.
The median values of the sizes between the reflective areas significantly exceed
the characteristic sizes of the areas themselves and amount to hundreds of meters.

Table 5.2. The sizes of the reflecting areas, the gaps between them
at different levels of implementation, as well as the correlation interval Ar

Implementation
05/0.9 | 0.5/09 | 05/0.9 [ 0509 | 0509 | 0509 | RAN=
Area Threshold, dB =05/09
0o | 6 | 12 o | 6 | 12
The dimensions Spaces between Interval,
of the reflecting areas, m areas, m Arm

Forest massif 80/489 | 67/236 | 58/204 | 204/720 | 276/800 | 336/1,066 | 93/307
Building zone 76/178 | 58/124 | 53/102 | 142/533 | 245/924 | 373/1,600 | 40/133
Meadow 71/231 | 56/138 | 53/124 | 71/675 |124/1,066| 391/1,991 | 47/207
Field 40/98 | 22/53 | 18/40 | 58/583 |102/1,079| 233/1,400 | 20/147
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5.1. Characteristics of radar scattering from land and its mathematical model

At the same time, with 90% implementation, they do not exceed 1...2 km. An
increase in the classification threshold leads to a decrease in the characteristic
sizes of reflective areas and an increase in the distance between them.

Using ratios (5.7) and the results given in Table 5.2, it is possible to estimate
the characteristic dimensions X, of reflective areas and the distances between
them for different types of terrain when approximating the distribution of their
sizes by an exponential function:

57 =P
" In(1-P)’

where x,(P) is the size of the reflective area i = 1 and the intervals between them
i = 0 at the level of security P. The results of the obtained estimates are shown
in Table 5.3.

It should be noted that for each of the types of terrain, there is an optimal
classification threshold when solving the problem of recognizing a burst/pause,
which depends on the ratio of the variances of the components in these phase
states. The full probability of an error when describing the process in each of the
phase states is determined by Rayleigh’s law, taking into account expression (5.6):

(5.8)

P,, =Prob(A>TI|H € H,)+Prob(A<TI|H e H,) =

1 1
=(1—-P)exp| — +P|1—exp| — .
1P 5o ( d 203)]

That is, an error will occur in situations where a pause is classified as a burst
and a burst as a pause. Then, from the expression (5.9), we can obtain the con-
dition for minimizing the total classification error:

o,

err

oIl

(5.9)

=0. (5.10)

Table 5.3. Characteristic sizes of the areas reflecting at different levels
of security in the exponential approximation of the size distribution

Threshold, dB
Area 0 6 12 0 6 12
The dimensions
) Intervals between areas, m
of the scattering areas, m
Implementation |  0.5/0.9 0.5/0.9 0.5/0.9 0.5/0.9 0.5/0.9 0.5/0.9
Forest massif 115.4/212.4|96.7/102.5| 83.7/88.6 {294.3/312.7 | 398.1/347.4 | 484.7/463.0
Building zone 109.6/77.3 | 83.7/53.9 | 76.5/44.3 1204.9/231.5| 353.5/401.3 | 538.1/694.9
Meadow 102.4/100.3| 80.8/59.9 | 76.5/53.9 {102.4/293.1| 178.9/463.0 | 564.1/864.7
Field 57.7/42.6 | 31.7/23.0 |26.0/17.4| 83.7/253.2 | 147.2/468.6 | 336.1/608.0
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§

opt

10

Fig. 5.5. Dependence of the optimal threshold on the ratio of component intensity and
emission probabilities: @ — normalization of the threshold by the dispersion of pauses {3 t,
b — normalization of the threshold by the total variance &, (I — P=0.1,2 — P =
3—P=04,4—P=0.8)

opt

2 (I_P)
ol 0]
Copr = , (5.11)

(Y +D/y’

Where we get:

where & _1 and y’ = Gl
(&)

opt
0 0

The threshold when normalized to the root mean square value of the pro-

cess as a whole &, = 2t will be determined taking into account the expression
GE
(5.11) as
1-P
2 ln(\(2 7( )J
e mn_ Eopt B p 1 . (5.12)

7oy (\/(I—P)+Pyz)_ +D/Y Ja-P)+Py?

In Fig. 5.5, the values of the optimal thresholds are given, which minimize
the full probability of an error in the solution of the classification problem
when normalizing for the dispersion of pauses in Fig. 5.5, a or the full disper-
sion of the process of Fig. 5.5, b. It can be seen (Fig. 5.5, b) that the selection of

the threshold TT/(A*)”° =1...2 from the average intensity value is optimal for
component intensity ratios from 10...30 dB and emission probabilities 0.1...0.4,
which and took place during experiments.
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Fig. 5.6. Spectra and correlation functions of reflections from the forest and the built-up
area: a — spectra; b — correlation functions; 1 — forest massif; 2 — building zone; 3 — field;
4 — meadow

Examples of spatial spectra, their approximations and correlation functions
for different types of terrain are shown in Fig. 5.6.

The largest spatial radii of correlation are characteristic of the forest massif
(Fig. 5.6, b). A significantly narrower spatial correlation is characteristic of the
building zone, fields, and meadows (Fig. 5.6, b).

Correlation intervals for different types of terrain are shown in Table 5.2,
and, at half level R(Ar) = 0.5, they do not exceed hundreds of meters. Spatial spec-
tra of reflection from the terrain, as can be seen from Fig. 5.6, are satisfactorily
described by static functions of the form

_ x)
S(F)=Ss, 1+(AX] , (5.13)

where S, is the spectral density at zero frequencies, Ay is the width of the spatial
spectrum, and n characterizes the rate of decrease of the spectral density.

As can be seen from Fig. 5.6, the presence of regions of spatial frequencies
with higher values of spectral density is characteristic for all spectra than ac-
cording to (5.13). This means that spatial inhomogeneities with such dimen-
sions occur for a given type of terrain more often than follows from the fractal
spectrum model [280].

For construction zones with houses and forest massif, it is possible to dis-
tinguish sections of the spectrum with different slopes — Fig. 5.6. This means
that within these zones, there may be areas with different characteristic scales of
inhomogeneities. As can be seen from relation (5.1), the resulting spectrum is a
superposition of the spatial spectra of areas having different spatial scales with
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CHAPTER 5. Interferences for active-passive monitoring systems

weights determined by the possibilities of observing these areas within the
study area. The results of the approximation (5.13) of the spatial spectra for diffe-
rent types of localities are shown in Table 5.4. It should be noted that for almost
all types of terrain in the low-frequency region of spatial numbers, the rate of
decrease of the spectral density is approximately the same or slightly less than the
spectrum of the exponential correlation function. In the high-frequency area for
the forest massif and the building zone, it is approximately 3...3.5 times more.
Detection of signals against the background of non-stationary non-Gaussian
disturbances from the underlying surface. Considering the task of detecting
signals against the background of non-stationary disturbances described by nest-
ed semi-Markov processes, we have shown [194] that in non-Gaussian distur-
bances, larger signal/interference ratios are required than in Gaussian ones, i.e.,
additional losses in the signal/interference ratio appear due to non-Gaussianity.
Their value, in the case of the description of the disturbance by a two-phase mo-
del (the signal consists only of bursts and pauses) with the given probabilities of
correct detection D and false alarm F and ratios F << P, 1 — D << P, that is, when
the values of the given probability of false alarm and not detecting the signal are
significantly less than the probability interference burst P, is determined [194]:

71 _
Z~Y d (1-F)

~+ ~A ,F<<P,1-D<ZP, (5.144a)
voIl1-F/p) ° ’ ’

where Z = zyy¢/z,c and Aq = qyne/q. (ratio of thresholds and detection parame-
ters for non-Gaussian and Gaussian interference statistics),

(52=(50V, ’Y:GI/GO’

5.14b
v:4/1+P0(yz—1), Zy=2Z,V, g =qV; ( )

and oy, 0,, 6, — root mean square values of interference as a whole, as well as

Table 5.4. Degree indicators in the approximation
of spatial spectra of different areas of the terrain

o = . S
- = [9) [V
i ; =S s § 2 o S - § o=
Terrain type 2 g8 5 .% § g3 5 % .E’
54 3 8 2 ) < < 8
2 5 = £ & T = £ &
3| &2 E S s &3 E S s
Forest massif 1 0...11 2.28 -0.98 11...17 6.14 -0.99
Building zone 2 0...11 1.36 -0.96 11...17 5.48 -0.98
Field 3 0...17 1.53 -0.97
Meadow 4 0...17 1.46 -0.98
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Fig. 5.7. Loss in the SNR arising due to non-Gaussianity: a — correction a,, b — additio-
nal losses L

during bursts, pauses, and their ratio y; @' is the inverse function of the integ-
ral of probabilities.

Since the loss in the signal/interference ratio Ap [dB] during detection is
proportional to the ratio of detection parameters and thresholds for interference
with non-Gaussian and Gaussian statistics, then based on the ratios (5.14), we
can write:

Ap[dB]= a, + L, (5.15a)
L=201g(y/v), (5.15b)
o (1 —lf)
=20 Ig| ——2~ 5.15
aO g (D_l (1 _ F) ( C)

Using ratios (5.15), estimated losses in the signal/interference ratio when
detected in non-Gaussian noises are shown in Fig. 5.7.

Since the correction o, [dB] (Fig. 5.7, a) changes slightly (no more than 6 dB)
in a wide range of changes in false alarm probabilities (from 10> to 10-) and
final bursts probabilities (from 0.1 to 1), then the main contribution to the losses
is made by the second term L, where the main influence is the parameter y, which
is determined by the ratio of the root mean square values of the interference
components in each of the phase states (bursts and pauses) and characterizes
the degree of non-Gaussianity of the process. In general, losses from non-
Gaussianity for interference with rare intense emissions (5.15) can reach 20 dB.

For land, as can be seen from Table 5.1, the non-Gaussianity parameter reaches
30 dB, and the final emission probabilities are 0.15. At the same time, losses in the
SNR ratio due to non-Gaussianity can be very significant (more than 10 dB).
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To reduce them, as we have shown in [194], it is necessary to use adaptive
detection with a controlled threshold for decision-making or apply automatic
threshold adjustment (ATA) based on interference. In addition, it is possible to
use blanking of interference when it is emitted. This will reduce the maximally
achievable detection probabilities due to the passing of a useful signal during
bursts of interference, at the same time significantly reducing the probability of
a false alarm, preventing the passage of interference emissions to the output of
the device. In addition, the use of non-parametric detection methods (sign and
linear rank detectors) also allows you to significantly reduce losses in the SNR
due to its non-Gaussianity.

Radar characteristics of areas with vegetation cover in the microwave
range of radio waves. Studies [270, 280—283, 289, 290] are dedicated to the cha-
racteristics of the scattering of millimeter waves by separate areas of vegetation at
angles typical for the placement of radio-technical facilities on aerospace car-
riers and consideration of models. A large amount of material on models of scat-
tering by land covers is contained in the monograph [291]. In this section, the
characteristics of scattering at sliding angles are considered. To study the charac-
teristics of radar scatterings (RCS, spectra) of terrain areas, a coherent pulse radar
with a radiation wavelength of 2 cm was used. The antenna was located on the
roof of a building about 30 m high [193]. Reception of the signals reflected from
the terrain was carried out both from the outputs of the amplitude and phase
detectors of the radar. Measurements were carried out systematically, starting
from early spring and ending in autumn, which made it possible to establish sea-
sonal changes in the radar characteristics of the area covered with vegetation. The
layout of the studied areas is shown in Fig. 5.1, and the appearance of the radar in
Fig. 2.1 of Appendix 2. The sites differed in vegetation cover and relief, as well as
in different angles of their irradiation.

In order to detect seasonal changes in the specific RCS of the vegetation
cover and the influence of weather conditions (precipitation, wind speed) on it, it
was averaged over all experiments. Fig. 5.8, a presents the average values of speci-
fic RCS for each day of observations. This figure shows three characteristic pe-
riods of vegetation and average values of ¢° in these periods: I — the absence of
leaves on trees and grass on the ground, 2 — intensive growth of leafy and grassy
covers; 3 — the period of a stable state of fully developed leaf and grass cover.
It can be noted that the appearance of leafy cover and the subsequent increase
in biomass (May — early June) caused an increase in the specific RCS by appro-
ximately 5...7 dB, after which it practically did not change until deep autumn,
when, due to the shedding of moisture by the leaves and the fall of the leafy cover,
their RCS decreased again.

The change in leaf moisture in the spring-summer-autumn seasons was stu-
died (Fig. 5.9 illustrates it). For spruce, the humidity is slightly lower than for
deciduous tree species. This is consistent with the results of seasonal measu-
rements of the content of free water in needles [292] — Fig. 5.10.
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Fig. 5.8. Specific RCS of land areas covered with vegetation: a — seasonal change of
specific RCS; 1 — the absence of leaves and grass, 2 — biomass growth, 3 — the period of
stable state of biomass; radar operation mode: A — coherent, ® — incoherent; b — specific
RCS of land areas with vegetation at different wind speeds
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Fig. 5.9. Dependence of leaf humidity dur- Fig. 5.10. Annual dynamics of the content
ing the season: 1 — birch; 2 — linden; 3 — of free water — I and chlorophyll — 2 in
maple; 4 — oak; 5 — ash; 6 — spruce pine needles [292]

Study [293] of the dynamics of the chlorophyll index and the amount of
biomass in herbaceous plants (Fig. 5.11) made it possible to establish that for
herbaceous plants, the increase in the accumulation of chlorophyll in the leaf
occurs in the transitional period to the reproductive phase, and its maximum
content is in the flowering phase.

The chlorophyll index is related to the temperature in July and the complex
moisture index by a regression equation [292, 293]. The total biomass content is
maximal until the beginning of August. Kravchenko’ finite atomic functions can
be used to describe the process of biomass growth during the growing season
[278, 294].
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Fig. 5.11. Dynamics of green phytomass, chlo-

~ rophyll index, and meteorological parameters
35+ - (average air temperature and precipitation)
_ during the growing season of 2003 [293]: I —
precipitation; 2 — temperature; 3 — amount
of biomass; 4 — chlorophyll index

Humidity, cm
— [\ NS w
(9} (e} (93} o
T T T T
N
~

—
o
T

Fig. 5.8, b shows the averaged RCS
Nt within each series of experiments ob-
> tained at different wind speeds. In the
/’ ‘l\\ same place, circles show the average val-
ue of the specific RCS for a series of ex-
50 | periments with the same wind speeds;
‘/4é \\ k horizontal dashed lines show the limits
P S (s PR | R VB of wind speed change during the exper-
2053006 1.08  2.09 1510 jment, It can be seen that the wind speed
Growing season .

practically does not affect the RCS of
vegetation. However, it significantly affects the spectrum width. Fig. 5.12, a shows
the values of the average for each of the measurement days of the width of the
spectrum of the signal reflected from the vegetation from the outputs of the am-
plitude and synchronous detectors. In the same figure, the expected width of the
spectrum of the reflected signal according to the data of [295] is plotted as a dot-
ted line. As can be seen, it satisfactorily describes the behavior of the spectrum
width at wind speeds over 3 mps. For lower wind speeds, the experimentally ob-

served values are much larger than predicted [295].
The width of the spectrum of the signal reflected from the vegetation from
the output of the synchronous detector is smaller than that from the output of the
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30 v . H . .
A : % 2f
L i E 8 A
20 \E‘\\ 0.8 = ‘i o { M 4 Fy &
. o 196 =18 & o =] A
101 & ‘?A ad 104 <4 | & <
t 5 102 s X 3 an
’{ 1 1 1 1 1 1 1 1 1 1 1 1
0
2 4 6 Vavg -120-60 0 60 120 -120-60 0 60 120
0, degree
a b c

Fig. 5.12. Influence of wind speed and azimuth of surface irradiation on the spectrum width
of the signal scattered by vegetation: a — spectrum width from wind speed: A — Doppler
spectrum; ® — amplitude spectrum; b — amplitude spectrum width from azimuth; ¢ is the
width of the Doppler spectrum from the azimuth
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amplitude detector. The dependence of the ratio of the spectrum width at the
input of the synchronous detector AF to the spectrum width at the output of
the amplitude detector AF, on the wind speed is shown in Fig. 5.12, a with a so-
lid line. It can be seen that as the wind increases from 1 to 7 mps, this ratio de-
creases from 0.8 to 0.6.

Fig. 5.12, b, c illustrates the influence of the azimuthal angle of irradiation on
the spectrum width of the scattered signal from the outputs of the amplitude
and synchronous detectors, respectively. They are normalized to the average va-
lue of the spectrum width for experiments during the day. This made it possible
to eliminate the influence on the value of the width of the wind speed. Since, at
the same time, no distinction was made between the data obtained with different
wind directions, the given dependences allow us to trace the influence of the
topography surrounding the studied area on the spectrum width of the scat-
tered signal. It can be seen, for example, that for a pine forest (point 8 azimuth
about 124° — Fig. 5.1) located in a lowland, the width of the spectrum is always
smaller and was approximately 60% of the average for the study.

The most broadband spectra of signals reflected from vegetation located
on elevated terrain (points 2, 3, 7 — azimuthal angles 43, 52, -108° Fig. 5.1).
At the same time, the differences in the width of the spectrum of the reflected
signal, associated with the features of the surface relief, are approximately 2...2.5
times. In the same way, a change in the direction of the wind affects the width
of the spectrum of the scattered signal. The width of the spectrum of scatte-
rings from areas with vegetation located on the windward side is the largest.
In the area on the leeward side is the smallest (Fig. 5.13, a).

The wind speed for the selected experiments is approximately the same and
was 2...5 mps. In the same figure, arrows indicate the opposite direction of the
wind for the area of the surface. It can be seen that the width of the reflection
spectrum from the area covered with vegetation can change 2...3 times due to
the change in the wind direction.

The shape of the spectrum of the signal scattered from vegetation depends
on the wind speed and the type of terrain. As an example, Fig. 5.13, b shows the
spectra of scattering from the terrain at the outputs of the synchronous and
amplitude detectors. They were obtained for the vegetation located on the wind-
ward side (curves 1, 2) and for the case when the wind was directed perpendi-
cular to this area of the terrain (curve 3).

It can be seen that when the wind increases, the spectral density of high-fre-
quency components increases. At low frequencies, in many spectra of the signal
from the output of the synchronous detector, there is a spike of 2...10 dB of
spectral density at low frequencies, which can be associated with reflection from
stable scatterers (trunk, large branches). The shape of the spectra, in most cases,
can be described by one of two approximation curves: exponential or power.
Moreover, it should be noted that at low wind speeds (up to 3...4 mps), power
approximation of the spectrum shape gives better results (curve 2, Fig. 5.12, b),
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Fig. 5.13. The influence of wind speed and azimuth of radiation on the spectra of signals
scattered from vegetation: a — spectrum width for a hill with grass; A — Doppler spectrum;
e — amplitude spectrum; b — spectra of reflection from vegetation: — amplitude,
--- Doppler; AB = 0°, 1 — V,, =7.5mps; 2 — V,, = 2.5 mps; AB = 45°, 3 — V,, = 7.5 mps;
¢ — spectrum of wind speeds: I — V,, = 1.5 mps; 2 — V,, = 2 mps; 3 — V,, = 3.5 mps;
4—V,=5mps;5— V,, =7 mps

while at high wind speeds, exponential approximation gives better results. One of
the reasons for the rise of the spectrum tails at low levels (-30...-40 dB relative
to the maximum) may be the influence of equipment noise. This can explain
the behavior of the spectrum at low wind speeds.

At the same time, if the surface section is irradiated at significant angles to
the wind direction, that is, the projection of the velocity vector onto the direction
of irradiation has small values, it is also advisable to use power functions —
curve 3 in Fig. 5.13, b to describe the spectrum of the reflected signal. As a rule,
the spectrum of the signal from the output of the amplitude detector has a larger
width (Fig. 5.13, a) and the rate of decrease of spectral density with frequency
(Fig. 5.13, b) than the spectrum from the output of the synchronous detector.
Spectra of wind speed fluctuations, obtained when processing the results of wind
speed registration by an inertial anemometer of a weather station, are close to
exponential in shape (Fig. 5.13, ¢). This may be the reason for the observed expo-
nential form of the spectrum of the signal scattered by the terrain, which is ob-
served in many cases.

Characteristics of scattering of radio waves by plant parts. Laboratory expe-
riments were conducted for determining the characteristics of radar scattering
from plant fragments, and some electrodynamic parameters of individual plant
elements (leaves, grass) were measured to study the scattering of centimeter and
millimeter radio waves from vegetation objects. Experiments were carried out on
wavelengths of 10 cm and 8 mm using models of measuring CW radars (Fig. 2.1
of Appendix 2) with technical characteristics listed in Table 2.1 of Appendix 2.
Plant samples were blown by an air stream at a speed of 2 to 14 mps. The scattered
signals on vertical and horizontal polarizations on a wavelength of 8 mm, as well as
horizontal polarization on a wavelength of 10 cm in the band from 4 Hz to 2 kHz,
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were registered. Samples were irradiated with a vertically polarized wave. A radio-
absorbing material was placed behind the samples. Fig. 5.14 a, b shows the de-
pendence of the width of the spectrum of the signal scattered on the horizontal
polarization on the airflow speed at a wavelength of the irradiating field of 8 mm.

The width of the spectrum AF was calculated at the level of -3 dB (Fig. 5.1,
a) and -10 dB (Fig. 5.14, b) from the maximum of the spectral density and
was converted into the equivalent speed of movement of the scatterers according
to the ratio:

AAF
AV =——. (5.16)
AV, cm/s 2
15¢ ; Analysis of the obtained data (Fig. 5.14, a, b)
shows that the largest width of the V spectrum oc-
curs when reflected from a pine tree (curve 1). It is
characterized by a sharper dependence on the air-
10 3 flow speed. Scattered signals from birch (curve 2), as-
4 pen (curve 4), and willow (curve 3) have approximate-
) ly the same spectrum width and a tendency to
change with wind speed. The width of the scattering
gl / spectrum from the poplar (curve 5) is characterized
- by a weaker dependence on the wind speed. This is
2 4 6 8 10 12 because poplar leaves are, on average, larger in size
a
AV, cm/s AF, /AF, D,,, dB
0
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Fig. 5.14. The effect of wind speed on the spectrum width and depolarization coefficient of
reflections from vegetation: I — pine; 2 — birch trees; 3 — willow, 4 — aspen; 5 — poplars;
a — the width of the spectrum AV at the level of -3 dB, b — the width of the spectrum AV
at the level of 10 dB; ¢ — the ratio of the spectrum width at the —3dB level for vertical and
horizontal polarizations AF
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Fig. 5.15. Effect of wind speed on spectrum width sharp increase in the width of the

spectrum of scattered signals. For co-

niferous trees, it is 6...8 mps, and 3...5 mps for deciduous trees. A comparison

of the spectra of the scattered signals on the polarization of the aligned (ver-

tical) and orthogonal (horizontal) radiation (Fig. 5.14, c) shows that for almost

all tree species, their proportional expansion is observed when the wind speed
increases.

However, if for deciduous species, the spectrum of the scattered signal on ortho-
gonal polarization (horizontal) is somewhat wider than the main one (vertical) by
approximately 10...30 %, then for coniferous species, it is narrower (by 10...20%).

The large width of the scattering spectrum on horizontal polarization for
deciduous tree species and smaller for coniferous species is associated with
the peculiarities of the orientation and fluctuations of the elements of deciduous
and coniferous covers.

If we imagine the element of vegetation in the form of two crossed vibrators
[208, 210] — horizontal and vertical, then the larger width of the spectrum on the
horizontal polarization, compared to the vertical, can be explained by the larger
amplitude of the movement of the horizontal vibrator compared to the vertical
one and, because of it, the larger index of phase modulation of the scattered sig-
nal. This leads to a wider spectrum of the scattered signal. The leaves of trees
make complex movements under the influence of the wind. In addition to oscil-
lations, together with the branches of the tree, each leaf oscillates, both relative to
the points of attachment to the branches, and performs a rotational movement
relative to the stem of the leaf. In other words, each leaf is a complex vibrator that
oscillates relative to the leaf stem and as part of the branch and the tree as a whole.
At the same time, the phase modulation indices for each of the degrees of free-
dom can differ significantly. This will lead to a complex dependence of the spec-
trum parameters on the wavelength of the irradiating field.

The depolarization of signals scattered by vegetation also depends on the
wind speed (Fig. 5.14, d), and the increase of the latter leads, as a rule, to a de-
crease in the depolarization coefficient. This is because that with a weak wind, the
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Fig. 5.16. The influence of wind speed on the signal spectrum from vegetation fragments:
1—V,=13mps,2—V,,=10mps,3 — V,,=7mps, 4 — V,, =5mps,5— V,, =3 mps;
a — aspen; b — poplar; c — pine; d — willow

leaves (needles of conifers) are most chaotically oriented in space, which leads to
the strongest depolarization of the scattered signal. The depolarization coeflicient
reaches (-0.5...-2 dB). When the wind increases, starting with speeds of approx-
imately 6...8 mps, the leaf sway occurs relative to the average position, in which
the wind load on the leaf is minimal, and the depolarization coeflicient drops to
approximately (-3...-6 dB). In general, strong depolarization is characteristic of
the signal scattered from foliage in the millimeter wave band. Data obtained at
10 cm and 8 mm wavelengths were used to assess the influence of the radiation
wavelength on the spectrum width of the signal scattered from vegetation. The
dependence of the ratio of the width of the spectrum of signals reflected from
tree branches at 8 mm and 10 cm waves (calculated into the equivalent speed of
the scatterers) on the wind speed at the reception polarization, orthogonal radi-
ated (Fig. 5.15) was obtained.

The given data indicate the absence of proportionality of the spectrum width
of the scattered signal to the operating frequency of radiation. This is because the
Doppler spectrum of the signal reflected from vegetation is formed not only due
to reciprocating but also due to the rotational movement of vegetation elements.
At the same time, if the reciprocating movement of the leaves with a large ampli-
tude leads to a change in the Doppler frequency shift (in the short-wave range)
proportional to the operating frequency, then their oscillations and rotation rela-
tive to the points of attachment to the branches when the wavelength changes
from comparable to significantly smaller leaf sizes such a change frequencies may
not be given.

The energy spectra of signals scattered by different types of vegetation at a
wavelength of 8 mm with a reception polarization consistent with the emitted
one and different airflow speeds are shown in Fig. 5.16.

It was found that for all types of vegetation they can be approximated to the levels
of spectral density (-30...—40) dB with respect to the maximum by a linear or loga-
rithmic curve, which confirms the conclusions of works [295] that the scattering
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spectra from vegetation are described by an exponential, or power dependencies:

exp[—0.693(F / AF)]

[1+|F/AF"T ’ 517

where AF is the width of the scattering spectrum at half power.

It should be noted that the spectra of signals scattered from aspen and birch
up to wind speeds of 7 mps are better described by the power dependence with
the exponent n = 4. At high speeds, the exponential description of the shape of
the spectrum gives better results. For conifers, it is better to use the exponential
function at all airflow speeds, while for poplar and willow, the best results are
given by the static approximation with the exponent n = 3...4. When the speed
of the airflow increases, the level of spectral density in the high-frequency region
of the spectrum increases by 5...15 dB. The change in the intensity of the signal
scattered from vegetation in the band from 4 Hz to 2 kHz at 8 mm and 10 cm
wavelengths on the wind speed is shown in Fig. 5.17.

For coniferous tree species, the intensity difference reaches 20 dB — for de-
ciduous trees, it does not exceed 10 dB. Studying the depolarization of individual
spectral components of signals scattered by tree branches, according to the me-
thod described in papers [270, 280—283], made it possible to establish that the
depolarization coefficient has a value of (-6 £ 3) dB in the energy region of the
interference spectrum and (-5 + 4) dB on his wings. At the same time, the trends
of its change depending on the wind speed are the same as those of the integral
depolarization coefficient.

Grass and tree leaves make the main contribution to the signal scattered from
plant objects, especially to its fluctuating component. The total scattered signal is
the result of combining reflections from many elementary scatterers, and there-
fore, knowing the change in the properties of the latter depending on the season
and meteorological conditions — it is possible to predict the relation with these
factors of the specific RCS, fluctuation spectra and other characteristics. This ap-
proach to the study is all the more ne-

-2t cessary because the data available in the

-4t literature mainly refer to large slip ang-

-6} les [270, 280—283, 289, 290], correspon-
m -8t i, \=8mm VP:| ding to the conditions of observation
S| . .

5 -10F o Pine from aerospace carriers. Without know-
o T121 . IB‘Ilf)Ch ledge of the electrodynamic properties
o 4 = Pine of a separate vegetation element, it is dif-

-16| A Birch

-8 o %\,h:]elo cm Fig. 5.17. The influence of wind speed on the
—20¢ A Birch RCS of vegetation at the output of the selection
-22¢ L s of moving targets (SMT) filter with a band of

0 2 4 6 8 10 12 V,m/s 4.2000Hz
144



5.1. Characteristics of radar scattering from land and its mathematical model

ficult to predict the weakening of radio waves when they pass through space with
plants. To fill this gap, laboratory experiments were conducted to evaluate the
scattering and attenuation of radio waves in the band from 27 GHz to 85 GHz by
individual elements of plants at different conditions, primarily at different hu-
midity levels. These measurements can serve as a complement to experiments in
natural conditions [289, 290, 296, 297] and are necessary for creating a model of
scattering from plant covers. Samples of leaves of various tree species were placed
between mica spacers, and the reflection and absorption coefficients of millime-
ter waves were measured using SWR panoramic meters of the millimeter wave
range P2-65 (27...37 GHz) and P2-69 (53...78 GHz) range of leaves. Dependencies
of the signal absorption coefficient by various plant elements on the moisture
content are presented in Fig. 5.18, a.

From Fig. 5.18, it can be seen that reed, willow, and poplar cause the greatest
damping of millimeter waves and the least — sycamore maple. Since the amount
of attenuation, even when passing through one leaf, is 6...10 dB, it allows us to
conclude that scattering from targets located behind the vegetation zone will be
significantly weakened. As the foliage dries in the fall, the attenuation when pass-
ing through a single leaf decreases to 0.5...1 dB. The dependence of the reflection
coeflicient on the humidity of the leaves is presented in Fig. 5.18, b. It should be
noted that at an initial humidity of 50...70%, the highest reflection coefficients
for reed, poplar, and willow leaves (approximately -3.5...-5 dB) and the lowest
(approximately -6 dB) for poplar.

As the humidity of the leaves decreased, the value of the scattered signal also
decreased, reaching -11...-13 dB for dry leaves.

For practical estimates of attenuation and scattering coefficients depending
on humidity (H), you can use empirical relations you can use empirical:

T[dB]=-T,[dB]+p,-H +B,-H*; T =T, exp(ct,-H + o, H’ ),
(5.18)
L[dB]=~L,[dB]+B, H +B, H*; L=Lyexp(t,,H+0,,H),

where a; = 0.1151 x B;3i € 0,1;j € I', L.

In Table 5.5, the results of the approximation of experimental data by em-
pirical dependences (5.18), as well as the resulting root mean square errors
Gpy1» Opy» are shown.,

Let’s consider the empirical models for describing the specific RCS of vege-
tation cover. The specific RCS of the plant cover will depend on several factors:

o’ =0,Y,sLs, (5.19)

where I'y, Ly are the integral coefficients of scattering from leafy cover and
attenuation when propagating through it, and coefficients a, and vy, take into
account how much of the signal scattered from vegetation is reflected towards
the radar, as well as the density of vegetation filling of the distinguishing element.
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Fig. 5.18. Attenuation (a) and scattering coefficients (b) from leaves of trees and grass de-

pending on humidity — 27 GHz...85 GHz

Table 5.5. Values of approximation coeflicients
for absorption and scattering from leaves

Parameter B, o, B, o Corre}ation Number
coeflicient, R | of points, N
Attenuation
coefficient, L[dB] 1.04-102%|23-102|-14-103|3.0-10"™ 0.804 78
Scattering
coeficient, I'[dB] 334.102%|1.8-102%|8.5-10*(2.6-10"™ 0.788 90

The factor o, is about 1/6, and vy, can vary widely from about 5 to 100%. To esti-
mate scattering and attenuation from a leafy cover, we will assume that it is equi-
valent to a multi-layered environment, each layer of which gives the same atte-
nuation and reflection as a single leaf.

Then the integral reflection coeflicient from the foliage, taking into account
multiple scattering, will be determined as

My=)T"= L, (5.20a)

and the integral attenuation coefficient, when propagating through a leafy cover
consisting of many layers,

- '
Ly=YTL zl_Lz,whlleLél. (5.20b)
m=0
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Fig. 5.19. Dependences of specific RCS — 1 and
scattering coeflicient — 2 of vegetation on hu-
midity
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It can be seen from relations (5.19, C ]

5.20) that in the case of strong attenuation /\_/
in the spring-summer period, that is, when i

the leaves are saturated with moisture, the 0 10 20 30 40 50 60 H,I %
specific RCS is determined by scattering

from the surface layer of the leaves, while in

autumn, with small attenuation, a contribution to the specific RCS can also be
made by scattering from deeper layers of leaves. With the use of ratios (5.18—
5.20), the specific RCS estimates of vegetation from humidity are obtained —
Fig. 5.19. The fill factor y, was assumed to be 100% during the calculation.

The same figure shows the values of the scattering coeflicient. It can be seen
that the presence of two competing mechanisms (decrease in attenuation and
scattering coefficient when humidity decreases, in which not only the surface
but also deeper layers of leaves are involved in the scattering process leads to a
decrease in the range of changes in specific RCS. If for the reflection coefficient
when humidity changes, the difference can be 8...9 dB, then for specific RCS, it is
about 5...6 dB, which is consistent with experimental data.

I' SRCS, dB
[
S

5.2. Interferences of active-passive radar
systems created by the radiation of broadcasting
stations in the HF and VHF bands

Recently, active-passive systems that use the radiation of existing radio technical
systems, both ground-based and space-based, are attracting increasing interest in
solving radar tasks. So, in the works of Yu. M. Sedyshev and his students [38,
244], the possibilities of using the radiation of television centers for these pur-
poses are considered. The possibilities of using VHF broadcasting stations were
analyzed [251]. But the most interesting and promising, in our opinion, is the use
of the radiations of broadcast stations in the HF band, which operate with an
ionospheric wave, to illuminate the air environment. For the first time, this idea
was experimentally confirmed in papers [220, 222, 224, 298, 299]. To develop al-
gorithms for the selection of signals of broadcast stations scattered from objects,
knowledge of the statistical characteristics of the illumination fields (spectral
density, their distribution laws, diurnal and seasonal behavior), which act as an
obstacle to useful signals of the secondary scattered field from objects, is neces-
sary. This section is devoted to the presentation of some of these issues.
Equipment and methods of experiments. The spectral components of the
transmitted information messages in the Doppler frequency bands of the signals
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are scattered from the objects and act as obstacles to the active-passive systems
that use the signals of broadcast stations in the HF and VHF bands to illumi-
nate the environment. At object speeds of up to 2,500 kmph, as you can easily see,
the Doppler frequency shifts for HF band of 10...30 m will be:

F, =21, (5.21)

about 140 Hz on a 10 m wavelehgth and less than 50 Hz on a 30 m wavelehgth.

Thus, in the HF band, the Doppler frequencies of scattering from aerial
objects, even modern fighter jets, will lie in the range of frequencies up to the
information signal of a broadcast station, which begins at approximately 100 Hz.
At the same time, in the VHF broadcast band (wavelength of about 3...4 m),
useful signals of high-speed objects can be in the broadcast frequency range,
which will act as interference, preventing the detection of scattered secondary
signals from objects. Therefore, it is extremely important to study statistics (spec-
tra, distribution laws, numerical characteristics, and their behavior during the
day) for illumination signals, which are the radiation of broadcasting stations in
the ranges of detection of secondary scattering from objects.

For conducting experimental studies, improved professional HF receivers in
the band 1...39 MHz were used: Kanal-R, Katran, a brief description and main
technical characteristics of which are shown in Fig. 3.1, Fig. 3.2 and Table 3.1,
Table 3.2 of Appendix 3, respectively, as well as the DEGEN DE-1127 all-wave
radio receiver manufactured in the PRC — Fig. 3.4 of Appendix 3, its main
technical characteristics are given in Table 3.3 of Appendix 3. The signals of
the DEGEN DE-1127 radio receiver, from the output of the amplitude detector
for the HF band and the frequency band for the VHF band, were recorded in
mp3 and WAV formats and then used to estimate the spectra and power distri-
butions of the signal emitted by the stations in the frequency range near the car-
rier. The sampling frequency is 8 kHz.

Experimental studies with Kanal-R receivers, Katran. Fig. 5.20 presents the
signal spectra of the illumination stations, the characteristics of which are given
in Table 3.4 of Appendix 3, which are received when receiving signals in tele-
phone (TIf) and telegraph (Tlg) operating modes of the receiver. In telephone
mode, the carrier after detection lies in the region of zero frequencies — Fig. 5.20, b,
while in the telegraph mode, it is shifted to the area of audio frequencies with
the help of a local oscillator (for the examples shown in Fig. 5.20, a, about
50...100 Hz). It can be seen that, depending on the nature of the transmitted in-
formation, the frequency range in which the main signal energy is concentrated
in the telephone mode is located from 100...200 Hz to 400...600 Hz. Higher
frequency components have a level of about 10...15 dB lower and are located
up to 1,500...1,600 Hz, after which their level gradually decreases by 30...35 dB
at frequencies of about 2,000 Hz.
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Fig. 5.20. Signal spectra at the output of the “Kanal-R” receiver in telegraph (a) and telephone
(b) modes, 1 — Shijiazhuang, China 6,100 km, 2— Kashi, China, 3,300 km, 3— Issoudun,
France, 2,500 km, 4— Emirler, Turkey, 1,200 km

Numbers on the right in Fig. 5.20 correspond to illumination stations, the
characteristics of which are given in Table 3.4. They were located at distances
from the receiver from approximately 1,200 km to 6,100 km, at different azimuth
angles. At frequencies up to approximately +40...50 Hz relative to the carrier, the
level of spectral density is significantly lower than that of the carrier and informa-
tion signals, which are located in the frequency range of up to several kilohertz.
The forms of the spectra are similar in both telegraph and telephone modes.
Frequencies in the range, usually up to 600...800 Hz, have the highest spectral
density, although in some cases, it can be up to 400 Hz — Fig. 5.20, 4, b. At
frequencies above 1,600 Hz, the spectral density gradually decreases. The level of
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Fig. 5.21. Normalized spectrums of signals of broadcasting HF stations are given in Table 3.5 of
Appendix 3. I,a — (1.1—1.6), 1, b — (2.1—2.3), 2,a — (3.1—3.4), 2, b — (4.2—4.5),3,a —
(5.1—5.4), 3, b — (6.1—6.3 ), average spectra and their linear approximations

the spectral density of the carrier is approximately 35...50 dB higher than when
it is adjusted to it by +100 Hz.
The equations for describing the spectrum are as follows:

a_|dB|+n_-10lgF|Hz|, 2Hz < F|Hz|<100|Hz
S(F)ldB]= {a+ {dB} —n, - IOIEF{HZ%, 100Hz <[F[P]Iz] < 2([)00 []Hz] '

The approximation of the low-frequency part of the spectrum was carried
out from about 2 Hz to 100 Hz; and the high-frequency part from 100 Hz to about
2,000 Hz.

The results of the approximation of the spectra of radio broadcast HF stations
of illumination by the method of least squares (LSM) and obtained estimates of
the rate of decrease of the spectral density above and below the frequency of the
maximum for each of the groups of spectra, the characteristics of which are given
in Table 3.5 of Appendix 3, are shown in Fig. 5.21 by lines (for high and low fre-
quencies separately).
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The parameters of the approximation of the low-frequency (LF) and high-
frequency (HF) parts of the spectrum of radio broadcasting stations are given in
Table 5.6.

The values listed in Table 5.6 of the slopes of the spectra n_and n, obtained
as a result of the approximation of the low-frequency and high-frequency parts of
the spectrum of radio broadcasting stations, regardless of the station’s frequency
and time of day, differ slightly and range from 1.6 to 2.3.

In the 8 Hz band, the power level at frequencies 8...50 Hz is approximately
-40...-55 dB relative to the full power level of the information signal — at
frequencies near 1 kHz it is about -30...-40 dB.

Experimental studies with the DEGEN receiver. Using the receiver, experi-
mental studies of the signals of broadcast stations in the HF and VHF bands,
which operate with ionospheric (over-the-horizon) and surface (within direct
line of sight) waves at different frequencies and at different times of the day, were
conducted. The list of stations and their technical characteristics are given in
Table 3.5 of Appendix 3. Spectra of broadcasting stations in the HF band ob-
tained with different recording formats are shown in Fig. 5.22, g, b, and spectra
normalized to the full power of the information signal (5.22) at 8 Hz resolution
(Fig. 5.22, ¢, d):

J>F+AFS(F)dF

F

[ s(F)aE

0

p(F,AF =8Hz)= (5.22)

It is worth noting that with the mp3 recording format, the spectrum is limit-
ed to frequencies up to approximately 1,500 Hz, because the frequency limitation
of encoded spectral components. In the WAV format, the spectrum in the
high-frequency region decays much more slowly.

Fig. 5.23 shows the spectra normalized to the full power of broadcast stations
of different wavelength ranges at different times of the day.

Table 5.6. Parameters of the approximation
of radiation spectra of radio broadcasting stations

No. of the spectrum LF part of the spectrum HF part of the spectrum
in Fig. 5.21 a_[dB] n a, [dB] n,
1,a 61.6 2.232 147.6 1.985
Lb 51.1 2.264 148.5 1.889
2,a 68.6 1.610 154.7 2.219
2,b 57.8 2.198 152.6 2.156
3, a 64.7 1.687 148.6 2.040
3b 58.3 2.309 148.0 1.947
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Fig. 5.22. Signal spectrum of Radio Taiwan International broadcasting station, frequency
7,385 kHz (a, b) and power distribution (c, d): a — mp3 recording format, b — WAV record-
ing format

What they have in common is 20...30 dB lower values of spectral density at
frequencies 6...60 Hz than at frequencies 100...200 Hz.

Relative to these frequencies, at frequencies of about 1,000 Hz, the level of
spectral density decreases by approximately 15...20 dB.

The ratio can be used to approximate the spectrum:

S(F)=S, 1 : (5.23)

1+(|F - E|/AF,. )"

where F;, S, is the level and frequency of the maximum spectral density of the
information signal, usually 80...160 Hz, AF, is the half-width and the rate of
decrease of n, , the spectrum to the right of AF,, n,, and to the left of AF , n_is the
maximum frequency.
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Fig. 5.23. Normalized spectrums of broadcast radio stations signals

Using relation (5.23) — it is possible to estimate the rate of decrease of
the spectral density above and below the frequency of the maximum. As a rule,
they have the value: n, = 1.8...2.5, and n_ = 2.2...3 so, in the first approximation,
the same values can be used for approximation:

n=n_=n,=2. (5.24)

The power level in the 8 Hz band at frequencies of 6...60 Hz is approximate-
ly 40...-55 dB relative to the full power level of the information signal. At fre-
quencies of about 1,000 Hz, it is about -30...-40 dB. Changing the recording
format affects not only the high-frequency but also the low-frequency compo-
nents of the spectrum. Thus, with the mp3 recording format, the level of spectral
density is approximately 10 dB lower than in the WAV format. With the mp3 re-
cording format, the spectrum is limited at frequencies above 1.5 kHz, which leads
to the fact that the level of spectral density at these frequencies is —90...-110 dB.
While in the WAV format, it has a value of -55...-60 dB. For the given spectra,
the frequency resolution was 8 Hz.
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CHAPTER 5. Interferences for active-passive monitoring systems

If the resolution differs from 8 Hz, then the obtained value of the spectral
density must be recalculated using the ratio:

)8F[Hz] .

p(F,AF = 8FHz)= p(F,AF = 8Hz (5.25)

Since with fairly narrow bands of Doppler filters, noise can be considered as
white, narrowing the band from 8 to 1 Hz will lead to a decrease in the spectral
density level by approximately 9...10 dB. It is advisable to use narrower band-
widths of Doppler filters to increase the potential of the detection and measu-
rement system. This makes it possible to improve both speed resolution and re-
duce the level of interference in the useful signal detection band in proportion to
the bandwidth.

The presence of a dip in the spectral density at frequencies of 6...60 Hz re-
lative to the carrier radiation in the spectrum of broadcasting stations allows
the detection of secondary fields created by the scattering of these signals from
aerial objects.

5.3. Study of the density and distribution
functions of amplitudes in different parts
of the spectrum of radio broadcasting
stations in the HF and VHF bands

The radiation of broadcast stations in the HF and VHF bands is used in active-
passive radar systems to illuminate the environment [220—224]. When they are
scattered from a moving object, they receive a Doppler shift, which makes it pos-
sible to select secondary signals scattered by objects against the background of
interference created by the direct signal of a broadcasting station. The study of
statistical characteristics of interference is necessary when evaluating the detec-
tion characteristics of active-passive radar and monitoring systems. Fig. 5.24
shows the implementation time of HF signals of broadcast stations from the
amplitude output of the receiver with a duration of about 100 seconds for the
modes of manual and automatic gain control (MGC, AGC).

It can be seen that in the absence of AGC (Fig. 5.24, g, c, e) at the output of
the receiver, fading with a depth of 20...30 dB and a frequency of dozens of
seconds is observed. The use of AGC (Fig. 5.24, b, d, f) significantly reduces
the dynamic range of fluctuations, which has a positive effect on reception con-
ditions but can lead to the appearance of negative effects associated with the li-
mitation of large signals.

An increase in the signal level or the gain of the receiver leads to a decrease
in the range of signal fluctuations and the appearance, even in the MGC mode,
of effects characteristic of AGC — signal limitation — Fig. 5.24, e, f.
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Fig. 5.24. Implementation time from the output of the amplitude detector of the signal
of broadcasting stations of the illumination of the HF band: 1 — in the band 0...10 kHz,
2— in the band 0...70 Hz; a, b — frequency 17,490 kHz, ¢, d — 12,160 kHz, e, f — 17,560 kHz;
a, c,e — MGC mode, b, d, f — AGC mode

By filtering the useful signal in the Doppler frequency band, it is possible to
significantly reduce the level of interference created by the broadcasting station’s
backlight signal. However, as can be seen from the comparison of Fig. 5.24 curves
1, 2 filtering in the band 0...70 Hz leads to an increase in the range of signal fluc-
tuations, which will lead to a change in its statistics.

In Fig. 5.25, on a scale that linearizes the normal distribution law, the distri-
bution functions of the HF signals of the broadcast station range are presented,
which act as interference for active-passive radar systems in the presence and
absence of the receiver’s AGC.

They are obtained at different frequencies for the low-frequency signal in the
entire band from 0 to 10 kHz relative to the carrier and after filtering low-fre-
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Fig. 5.25. Signal distribution functions at different frequencies in AGC and MGC modes
in the entire band (a) and after filtering in the 0...70 Hz band (b)

quency components in the range of 0...70 Hz, which correspond to the Doppler
frequencies of signals of aerial objects.

It can be seen that the distribution functions are characterized by non-Gauss-
ianity, which is manifested in their deviation from linear dependence. The value
normalized to the RMS value of the process is plotted along the abscissa axis.
This makes it possible to eliminate both the daily variability of the power of the
received signal and the influence of the reception frequency. The distribution
functions at different frequencies (17,490 and 12,160 kHz), taken at different
times of the day, are practically the same. The curves of the distribution func-
tions at large values (modulo) are associated with the influence of the effect of
limiting the signal by the receiver. This can also be seen on the histograms of the
distribution — Fig. 5.26.

The limitation is manifested in the non-monotonic nature of the change in
the distribution histogram. It should be noted that with AGC, in addition to re-
ducing the dynamic range of signal fluctuations, there is a normalization of its
statistics (Fig. 5.25, a). Filtering the signal in the LF region in the frequency band
0...70 Hz leads to an increase in the degree of non-Gaussianity of the signal
received in the MGC mode. It manifests itself in a greater distortion of the
distribution function constructed in the normalizing scale (Fig. 5.25, b). At the
same time, the AGC mode leads to the receiver output signal normalization
for the unfiltered signal (Fig. 5.25, a) and after filtering in the band 0...70 Hz
(Fig. 5.25, b). In the first approximation, the signal received when using AGC
can be considered as described by the normal distribution law. The results of the
approximation of the distribution functions by the composite normal (poly-
Gaussian) law (5.26) are shown in Table 5.7.

p(x)= X" Ppi(x),

(5.26)
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Table 5.7. Approximation of backlight signal

Operating
frequency,
kHz

12,160
17,490
17,490
17,560
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CHAPTER 5. Interferences for active-passive monitoring systems

P, p{(x), p(x) is the final probability and density of the distribution of the
process in the i'™ state, as well as the resulting density of its distribution.

At the same time, the distribution of the process in the phase state can be
described as previously indicated by the normal distribution law:

pi(x)= \/;—n eXP(—Z%} (5.27)
fop

¢ is the variance of the process in the i state, and the normalization con-
dition applies to the final probabilities:

2

' P=1, (5.28)
where k is the total number of phase states of the process.

The parameters of the approximation of the distribution functions of the
backlight signal of broadcasting stations in the AGC and MGC modes are given
in Table 5.7, both in the entire frequency band and in the 0...70 Hz band, which
corresponds to the Doppler shifts from the targets.

It can be seen that in the AGC mode, the interference of the illumination
signal in the entire band at all frequencies of the decameter band, regardless of the
time of day, is satisfactorily described by the Gaussian distribution function. At
the same time, the non-Gaussianity of the distribution is characteristic of the
MGC mode. The intensity ratio of the components (degree of non-Gaussianity)
for the signal in the entire band has a value of 5...10 dB with a probability of the
presence of the second component (spike) of 15...40%.

Filtering in the band of Doppler frequencies 0...70 Hz leads, as a rule, to the
appearance of non-Gaussianity even in the AGC mode. The non-Gaussianity
parameter has a value of 4...10 dB, increasing at MGC to 8...16 dB. At the same
time, the emission probabilities, as a rule, decrease to 25...30% in the AGC mode
and 3.5...25% in the MGC mode.

Since the description of the distribution function can be based on the Po-
lygaussian distribution, the simulation model of the interference from the illumi-
nation signal can be built based on semi-Markov nested processes [288].

5.4. Non-stationary interferences
for active-passive monitoring systems

In order to evaluate the performance characteristics of active-passive monitoring
systems, it is necessary to develop models that allow simulation of real non-sta-
tionary interference-signal conditions. In papers [193, 274—277, 288], it is pro-
posed to use nested semi-Markov processes for non-stationary non-Gaussian
interferences created by scattering of radio waves from the surface of the sea [274,
288], land [193] and “clear sky” [275]. The proposed approach turned out to be
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productive for the description of radar scattering from small above-the-water tar-
gets [288]. This section considers the possibility of using this approach to de-
scribe acoustic noises caused by wind, rain, tree leaves, footsteps of people and
animals, gunshot sounds, and description of interference caused to active-passive
systems by the radiation of broadcast stations in the HF band, both for the en-
tire frequency band and in the Doppler frequency band.

Mathematical formulation of the model. The statistical description is similar
to the model used to describe the scattering from land covered with vegetation

and is based on the use of nested two-component random processes {S(¢), 0(¢)}
in which one component S(t) is continuous, and the other 0(¢) = v, is discrete
[193, 288, 300]. Here, t is a generalized coordinate, which is time. These compo-
nents are dependent and, in the general case, are not Markovian [285]. This means
that no restrictions are imposed on the distribution of the process existence times
in each of the phase states. For each instant of time, in the general case, the pro-
cess is in one of the K possible phase states H; € v, ... v,. A special case is a system
with two-phase states. Such a model can be used to describe the acoustic noise of
wind, the noise of leaves under the influence of wind, as well as animal and
human footsteps. It is assumed that the initial state 6, = v, at the time # = 0 and
the one-step transition probabilities mt; are known, where i, j = 1..K. Let’s assign
to each non-zero element m; of the transition probability matrix a random va-
riable T;; with distribution density f;(¢), which we will call the waiting time in state
v, before transition to state v;. If the values of T} are distributed according to
the exponential law, then such a process will be Markovian. In practice, in many
cases, this assumption is not fulfilled, in particular for scattering from the ground
[193]. Then, the process in which the change of states is described by a Markov
chain, and the density of the distribution of the existence times in each of them
differs from the exponential one, belongs to the class of semi-Markov [285].
Within each of the v, states, we will consider the process to be quasi-stationary,
which is described by its density distribution of [P,(S)] values and the spectrum
[S{(®)]. To describe the process inside the phase state, in some cases, standard
models of Gaussian processes can be used. However, finite atomic functions can
also be used [193, 278, 279].

For processes with a deterministic change in the phase states of the process,
the one-step transition probabilities (1) = ||n;||, where i, j =1...K have the
form: m; =1 at j = (i + 1),,,4 and m; = 0 in other cases. So, when the number of

01
10)

This is typical for wind and related noises, as well as the sounds of human
or animal footsteps, as well as interference created by the radiation of broadcast
stations in the HF band, both for the entire frequency band and in the Doppler
frequency band. In addition, a similar approach can be used to create simulation
models of gunshot sounds.

phase states is k = 2, then (n) = ||m,|| =
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5.4.1. Characteristics and model
of non-stationary acoustic noises

Fig. 5.27 shows spectrograms of wind noise and sounds of human steps on snow.
The noise of tree leaves in the wind and the sound of an automatic weapon shot
have a similar appearance. It can be seen that these processes are characterized
by the presence of two-phase states that differ significantly in their spectra and
intensity. In one of them, the signal has a rather small value. It is characteristic,
for example, of pauses in the interval between wind gusts — Fig. 5.27, a, b, cur-
ves 1. Moreover, the strengthening of the wind leads to both an increase in noise
intensity and the width of its spectrum (Fig. 5.27, a, b), and both during pauses
(curves I) and during gusts (curves 2). At the same time, in pauses, the spectrum
of wind noise can, in the first approximation, be approximated by a uniform spec-
tral density, so it can be considered “white noise”

Thus, with a weak wind of 3...5 mps, it can be assumed that during pauses,
the spectrum width is approximately 1.5...2.5 kHz (Fig. 5.27, a), increasing to
5..7 kHz when the wind increases up to 5...8 mps (Fig. 5.27, b). During gusts,
high wind speeds are characterized by a faster rate of decrease in spectral density
with frequency. In Fig. 5.27 the spectra of each of the phase states of wind noise
are shown in a double logarithmic scale.
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Fig. 5.27. Spectra of pauses and gusts
of wind: a — 04.06.18 wind 3...5 mps,
b — 05.06.18 wind 5...8 mps, I — pauses,
2 — gusts; ¢ — high frequency part of
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Fig. 5.28. Spectra of a person’s steps on snow (a), their high-frequency section and approxi-
mations (b): I — pauses, 2 — bursts

It can be seen that with bursts, the spectra of the processes have a greater
rate of decrease in spectral density with frequency. Since linear sections can be
distinguished in the spectra, especially of wind gusts, the dependence can be used
to describe their shape:

(5.29)

where F,, AF, n; are the central shift, half-width, and decay rate of the spectrum
for i'" phase state, 1 — bursts, 0 — pauses.

Fig. 5.27 shows the high-frequency sections of wind gust spectra and their
approximation (5.29). It should be noted that these parameters may differ for the
high-frequency and low-frequency branches of the spectrum. The processes as-
sociated with it have the same features (noise of tree leaves, noise of rain). Analo-
gous processes that occur during the movement of people and animals in the
moments between placing the limbs on the ground. The other phase has a sig-
nificantly greater intensity. The width of the spectrum and the speed of its re-
duction can be higher than during pauses.

Fig. 5.28 shows the spectra of different phase states of a person’s steps on a
snow bank, high-frequency areas — Fig. 5.28, b and their approximations by
dependences (5.29). It can be seen that, in this case, the slope of the spectra
during pauses and bursts is approximately the same.

The values of the exponent n obtained as a result of the approximation (5.29)
of the high-frequency sections of the spectrum of different phase states for wind
noise and human steps are listed in Table 5.8.
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In contrast to wind noises, in which the pauses were characteristic, in the first
approximation, the white noise model (i.e., n, = 0) for the steps on the crust, the
burst spectra have a lower power index than the pauses. Equipment noise is add-
ed to the useful signal during the registration process, which can distort the
appearance of their spectral density. The resulting spectrum, normalized to the
spectral density of internal noise, will look like this:

-1
s;(F)=p™" + ! - , (5.30)
(")
14+ =
AF,

where i is the signal (external noise)/noise (equipment) ratio during registration.

It can be seen that at large SNR, the ratio (5.30) gives results close to (5.29).

At small SNR, it is necessary to consider the related spectrum description errors.

An example of how internal noise affects the spectra of recorded acoustic

signals is shown in Fig. 5.29. Fig. 5.29, a shows the approximations of the spec-

tra at the rate of decrease of the spectral density, which is determined by the

exponent n = 2, and in Fig. 5.29, b by n = 4. It can be seen that a decrease in

the SNR leads to a decrease in the rate of decrease of the spectral density on

the wings of the spectrum and a limitation of the level of the minimum values of
the spectral density.

For approximation by the piecewise-broken dependence of the spectra in a

double logarithmic scale, the rate of decrease of the spectral density can be esti-
mated using the relation directly derived from (5.29):

_s()fa]-s(m)an]
10(1g(F, - F,)-1g(F - F,))’

where F, and F, are the frequencies taken on the slope of the spectrum and s(F,)
[dB] and s(F,) [dB] are the spectral density levels corresponding to them.

From Fig. 5.29 it can be seen that the exponent has a significant effect on the
rate of decrease of the spectral density.

(5.31)

Table 5.8. Characteristics of the spectra of bursts and pauses

Pauses Bursts
Process
Fy, Hz Sy, dB AF,, Hz n, F,, Hz SpdB | 2AF,Hz | n,
Wind 3...5 mps — -72 — 0 200 -42 200 2.6
Wind 5...8 mps — -62 — 0 400 =27 800 4.0
Steps by crust 2.3 1.8
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Fig. 5.29. Spectra of approximations at different SNR of acoustic noises: F, = 100 Hz, AF =
=50Hz, ] —nu=60dB,2—nu=20dB,3—u=10dB,4—u=5dB,a—n=2,b—n=4

The considered noise examples are characterized by the presence of several
different spectral compositions and intensity of phase states. Thus, when describ-
ing wind noise and related processes, for example, the noise of tree leaves, it is
enough to use two-phase states: bursts associated with wind gusts and pauses.

Since the sound level of the microphone is related to the acoustic pressure,
which in turn is determined by the quadratic dependence on the wind speed, the
acoustic signal will be characterized by the same regularities as the pulsations of
the wind speed in the troposphere. Thus, the Kolmogorov-Obukhov model is the
generally accepted model for describing the spectrum of atmospheric pulsations.

Consideration of wind speed pulsations in the part of mutual conditioning of
inhomogeneities lying in the same spatial range with inhomogeneities of a larger
and smaller spatial scale allows us to distinguish several main intervals [301] —
Fig. 3.5 in Appendix 3.

In the surface layer of the atmosphere at a height of 8 m due to deformations
of large-scale inhomogeneities, the frequency dependence of the spectral energy
density S(f) ~ f~* is not manifested. In fact, the shape of this spectrum can be
approximated by the dependence S(f) ~ f~”° — in a wide range of scales: from
2.3-10° Hz (120 hours) to 3.1-10° Hz (9 hours). Using the hypothesis of
“frozen” turbulence, with an average wind speed of V = 1.9 mps, the spatial scales
of this range lie between 830 and 60 km, respectively. In the high-frequency part,
the spectral density of the specific energy of speed pulsations decreases pro-
portionally to the frequency in the degree of “~2/3”. The increase in specific
spectral energy in this range is associated with the processes of crushing large-
scale inhomogeneities and convection processes. At heights of 121, 125 m, the
dependence S(f) ~ f~ begins to manifest itself in the frequency range from
5.5-107° Hz (50 hours) to 8.3 - 10° Hz (33 hours), which corresponds to the spa-
tial scales at the average wind speed V = 5.9 mps from 1,050 to 700 km. In the
high-frequency range, the shape of the spectrum deviates from -f~, also in
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the direction of increasing the energy of pulsations. This suggests that the
convective component is weaker at this wind speed (V = 5.9 mps) compared
to the level of 8 m, where V = 1.9 mps (Fig. 3.5 in Appendix 3). At an altitude of
301 m, the dependence S(f) ~ f~* covers the same frequency range (up to 1,500 km
at V'=8.5 mps). In the high-frequency part, the spectrum in a wide range of scales
is described by the dependence S(f) ~ f~". This suggests that the inflow of energy
due to convection at these scales is significantly smaller than at lower levels. Thus,
on the basis of studies of the shape of the spectrum in [301], the following con-
clusions were drawn: with an average flow velocity V > 8 mps, the shape of the
spectrum in the range from 2 h to 7 days remains unchanged and can be appro-
ximated by a static dependence close to S(f) ~ f~°; at an average wind speed of
about 2 mps at heights above 8 m in the range from 9 h to 7 days, the shape of the
spectrum can also be approximated by the static dependence S(f) ~ f~".

Comparing with the results obtained by us — Fig. 5.27 shows that the spec-
trum of acoustic wind noise during bursts has a slightly greater slope. This is
probably due to the quadratic dependence of the noise level on the wind speed. At
the same time, for steps along the snow cover during bursts, the rate of decrease
of the spectral density during bursts is close to the 5/3 law. Spectrograms can
provide additional information about wind noise and human and animal foot-
steps — Fig. 3.6 in Appendix 3, which allows us to estimate the dynamics of
changes in the spectral composition of these non-stationary processes over time.

In the same figure, the spectrograms of the shots of the automatic cannon
are given in Fig. 3.6 in Appendix 3 (3), and the machine gun in Fig. 3.6 in Appen-
dix 3 (4). As with the sound of steps, shots from automatic weapons, in contrast
to wind noise, are characterized by greater determinism in the change of phase
states. In addition, it should be noted that in the case when there are no defects in
the course of a person or in the weapon system when repeating individual cycles,
their spectral characteristics and the times of existence of the process in these
phase states are similar. The situation is significantly different when there are de-
fects in a person’s gait, for example, associated with lameness — Fig. 5.30. It can
be seen that gait defects are revealed both in time realizations of the signal (1, 3)
by asymmetry of signals corresponding to different steps, manifested by diffe-
rences in levels and duration, and are also indicated by asymmetry of spectro-
grams (2, 4). This can be used to identify gait defects in humans or animals. Ana-
lysis of spectrograms in Fig. 5.30 (2, 4) shows that they are a significantly
non-stationary process, the spectral composition of which undergoes significant
changes in time.

Spectrograms of the sound of shots from automatic weapons have a similar
appearance in Fig. 3.6 of Appendix 3 — guns (3) and machine guns (4).

As an example, Fig. 5.31, a shows the time realization of the sound of a shot,
and Fig. 5.31, b shows its spectrum in different time intervals. Several phases of
the shot can be distinguished. Phase 1 is characterized by a sharp almost instan-
taneous, increase in sound power.
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Fig. 5.30. Time realizations (1, 3) and spectrograms (2, 4) of steps: without gait
defect (b), with gait defects (limp) (a). See also p. 166
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Fig. 5.31. Time realization of the sound of a gunshot (a) and its spectra (b) in different time
sections: I phase — up to 0.3 s, 2 phase — up t0 0.9 s, 3 phase —up to 2.1 s

In Fig. 5.31, it is observed in the time interval from 0.12 s up to 0.7 s, i.e.
approximately 0.5 s. At this time, the recording equipment is overloaded. Then,
during the second phase, at an interval of 0.7...3 s, there is an exponential de-
crease in sound power:

I(t)=1, exp(—Ti), (5.31a)

0

where I(t), I, is the dependence of the average sound intensity on time and its
value at the initial moment.

The intensity i of the sound will be described by time variables exponen-
tially, the amplitude by the Rayleigh distribution density, and the instantaneous
values by the normal distribution law:

p(i) =ﬁexp _#t)’ p(A)= f(t)exp _#Z(t)’

(5.31b)

p(8)= \/;—nexp[zciz(t))-

Moreover, the intensity I(f) and dispersion o7 (t) of the process are related
by known ratios:

I(t)=0%(t). (5.32)

Fig. 5.32 shows the same spectra and approximations of their slopes by de-
pendences (5.32). Their satisfactory correspondence can be seen. The numerical
characteristics of the spectra in different time intervals are given in Table 5.9.
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Table 5.9. Numerical characteristics of shot spectra in different time intervals

Phase N Central displacement, Half width of the E ¢ Time since start,
ase NO-. F,, Hz spectrum AF, Hz Xponent, 7 tC
1 1,286 584 -14 0.3
2 1,022 624.5 -2.4 0.9
3 586 457.5 -34 2.1

It can be seen that at the initial moment of the shot, the degree of the spectrum is
close to that observed in the spectrum of a fully turbulent atmosphere n = 5/3.
As the sound power decreases, the central displacement of the spectrum
decreases, its width increases and the exponent increases to approximately n = 4.
For the simulated wind model, it is enough to use two-phase states: burst
(spike) and pause. The first for gusts of wind, the second for their absence. The
same can be done when creating a leaf noise model under the influence of wind.
For disturbances created by the movement of people or animals, for example, on
a snow surface or grass, it is also sufficient in many cases to use two-phase states.
At the same time, the density of the step duration distribution can be de-
scribed, to a first approximation, by a Gaussian model

1 (T-1)°
T)= ,
p(T) e

where T}, 6, are the average and root mean square values of the walking period.
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However, if a person or animal has gait defects, they will be manifested in
the divergence of distribution laws and spectra when walking with different
limbs. At the same time, to describe these features, it is necessary to use a larger
number of phase states. This means that for a person, having established the dif-
ferences in the laws of the distribution of the duration of steps of the left and right
limbs (the difference in the average duration of a step), it is possible to identify
individual characteristics inherent to this person.

Similarly, for the shots of automatic weapons. In many cases, it is sufficient
for modeling to use two-phase states — a shot and the interval between them.
At the same time, the coefficient of variation

_Or

, 5.34
var T ( )

which is determined by the ratio of the RMS to the average period, will charac-
terize the wear of the weapon and can serve as an informative feature for diagnos-
ing its condition. If the cyclogram of the automatic system contains more than
two phase states, for example, automatic six-barreled guns will have 12 phase
states during the period of the cyclogram, then the same number of phase states
must be used in the simulation model of this process. At the same time, it is nec-
essary to study the characteristics of each of them (phase states), and the spread
of their duration will indicate the degree of wear of weapons and design defects.
The distribution of the shot duration and its spectrum is also an informative
characteristic of the system. This phase also should not have large values of the
coefficient of variation. Spectral characteristics of shots and weapon systems dur-
ing normal operation should not differ much.

The proposed approaches can be used to create acoustic systems for diag-
nosing the technical condition of various systems, as well as to assess the degree
of perfection of its design.

The laws of distribution of instantaneous values of acoustic noise in each of
the phase states can, in the first approximation, be described by the normal law
of distribution.

5.4.2. Characteristics and model
of non-stationary interference of broadcasting
stations in the HF and VHF bands

The presence of two phases of different intensities, which are physically deter-
mined by the discrete character of the modulating signals: speech sounds and
music. The distribution functions were built after normalizing the values by the
mean square value to obtain an opportunity to compare the behavior of the signal
at different frequencies and at different times of the day. It can be seen that the
distribution functions taken at different times and at different frequencies after
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normalization have approximately the same behavior (Fig. 5.25, a). Differences

<« . » . . . . .X
appear on the “tails” of the distribution functions, at values of |—|>3.5, when
o

the effects of signal limitation by the receiving device begin to show. The use of
AGC leads to a decrease in the dynamic range of fluctuations of the illumination
signal, which can be seen in the histograms — Fig. 5.33 and Fig. 5.34, and in-
tegral distribution functions (Fig. 5.35). It can be seen that with AGC, the limita-

tions begin to appear already at |—|>1.5. The use of AGC allows you to norma-

lize the statistics of a signal that acts as an interference. It can be seen that after
filtering in the Doppler frequency band, the non-Gaussianity of the illumination
signal statistics increases significantly when the overall interference level in the
analysis band decreases. The interference suppression coefficients K, during fil-
tering in this band are given in Table 5.10.

where P, P, is the power of the interference signal (illumination) at the input
and output of the suppression device. Measurements were oerformed in two
modes: telephone and telegraphic. In the telephone mode, a standard reception
was performed using the amplitude detection mode. At the same time, the power
of the information signal in the entire band 0...6,000 Hz acted as a full signal. The
power of the carrier, which was in the region of zero frequencies, was not taken
into account, which gives underestimated values of the suppression coefficient.
In the telegraph mode, the carrier was shifted by 70...100 Hz with the help of a
local oscillator. This made it possible to estimate the full power of the output
signal, taking into account the carrier and, accordingly, to eliminate errors in the
obtained suppression coefficients of the backlight signal when filtering in the
Doppler frequency band 0...70 Hz.
It can be seen that in the receiver
Table 5.10. Coefficients of interference with AGC, the interference suppression
suppression from the backlight factor of the illumination signal in tele-
signal when filtering in the Doppler h de in the Doppler frequenc
frequency band — 0...70 Hz phone mode in - OPP q Y
band is 20...25 dB, while without AGC —
Suppression approximately 30...35 dB. The addition
coefficient, dB of gain in MGC leads to the appearance
MGC | AGC of a limiting effect, as in AGC, and re-
duces the suppression factor to about
17,490 | Phone 29.8 | 202 | 20 dB. This means that the interference
12,160 Phone 348 | 24.8 level in the Doppler frequency band is
17,560 Phone 30.2 1 206 20...35 dB lower than the interference in
17,560 | Telegraph | 29.8 | 20.2 the entire analysis band. The dispersion

Frequency,

KHz Regime
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Fig. 5.33. Illumination signal (I) of a broadcasting HF station with a frequency of 17560
kHz in telephone mode and the density of its distribution (2, 3) with manual MGC (a) and
automatic AGC (b) gain adjustment in the entire frequency band (2) and after filtering in
band 0...70 Hz (3)

ratio of the components, which characterizes the degree of non-Gaussianity
of the output illumination signal in the MGC mode, is about 4...10 dB, increasing
to 8...16 dB after filtering in the Doppler frequency band. When non-Gaussianity
is detected, it causes the appearance of additional losses in the SNR, which for
the given values of the non-Gaussianity parameter can be up to 10 dB [265].
When the signal level increases, the effects of the restriction, as already indicated,
begin to manifest themselves earlier. Fig. 5.33 and Fig. 5.34 show the output re-
cords and signal distribution densities of the 17,560 kHz illumination station.

Signals were recorded in the MGC and AGC modes, in the entire frequency
band, and after filtering in the 70 Hz band.

In the telephone mode, only the fluctuation (informational component)
Fig. 5.33, while when the receiver is operating in telegraph mode, and the
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Fig. 5.34. Illumination signal (1) of a broadcast HF station with a frequency of 17,560 kHz
in the telegraph mode and the density of its distribution (2, 3) with manual MGC (a) and
automatic AGC (b) gain adjustment in the entire frequency band (2) and after filtering in
band 0...70 Hz (3)

frequency of the third local oscillator is shifted by 100 Hz relative to the carrier,
the carrier of Fig. 5.34.

Fig. 5.35 and Fig. 5.36 show the integral distribution functions and spectra
of the HF signals of the broadcasting station for telephone and telegraph modes
of operation on a scale that linearizes the normal distribution law, which acts as
interference for active-passive radar systems in the presence and absence of an
AGC mode in the receiver.

The distribution functions are obtained for the low-frequency signal in the
entire band from 0 to 10 kHz relative to the carrier and after filtering low-fre-
quency components in the range of 0...70 Hz, which correspond to the Doppler
frequencies of signals of aerial objects.

It can be seen that the distribution functions in this case are also characte-
rized by non-Gaussianity, which is manifested in their deviation from linear
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Fig. 5.35. Distribution functions of the HF station illumination signal (17,650 KHz) in
the telephone (a) and telegraph (b) modes, the ARP time constant is 0.05 sec: I — PRP AD,
2 — ARP 0,05 s AD after filtering in the 0—70 Hz band, 3 — ARP 0,05 s AD, 4 — PRP AD
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Fig. 5.36. Signal spectra in telephone (1, 2) and telegraph (3, 4) modes when using manual
(1, 3) and automatic (2, 4) gain control, where I — PRP AD, 2 — ARP AD, 3 — PRP FD,
4 — ARP FD

dependence when plotted on normal paper. The value normalized to the root
mean square value of the process is plotted along the abscissa axis. This allows
you to eliminate the daily variability of the signal distribution. Distribution func-
tions, taken at different times of the day, practically do not differ. Decays of the
distribution functions at values that are large in modulus are associated with the
influence of the signal limitation effect by the receiver. It should be noted that
with AGC, in addition to reducing the dynamic range of signal fluctuations, there
is a normalization of its statistics (Fig. 5.35 — curves I, 2). Filtering of the signal
in the LF region in the frequency band 0...70 Hz leads to an increase in the de-
gree of non-Gaussianity adopted in the MGC mode of the signal in Fig. 5.35
(curves 3, 4), which is manifested in a greater distortion of the distribution func-
tion constructed in the normalizing scale (Fig. 5.35, b). At the same time, in the
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AGC mode, both for the initial signal (Fig. 5.35, a) and after filtering in the
0...70 Hz band (Fig. 5.35, b), its normalization occurs. In the first approximation,
the received signal, when using AGC, can be considered as described by the nor-
mal distribution law. Fig. 5.36 shows interference spectra in different modes of
operation of the receiver.

The appearance of the carrier when using the telegraph mode is visible when
the carrier signal was shifted to a frequency of 100 Hz using a local oscillator, and
the signal spectra were analyzed in the telephone and telegraph modes for the
illumination station with a frequency of 17,560 kHz. When using manual and
automatic gain control, the spectra have a similar character. The level of the car-
rier, as can be seen, exceeds the spectral density of information frequencies by
approximately 20...30 dB. At the same time, frequencies shifted relative to the
carrier by approximately 40 Hz, that is, lying in the Doppler frequency band, have
a level 35...45 dB lower.

5.4.3. Experimental study
of interference levels for bistatic radars

When used as an illuminating signal of broadcasting stations in the HF wa-
velength band, the signal S, (t) scattered by the object has a structure similar
to the structure of the illuminating signal S, (t) The Doppler shift of the fre-
quency o, of the signal scattered from the object is determined by the rate of
change of the sum of the distances from the transmitter to the target and from
the target to the receiver:

2n a(RTrT + RTR) 2n
W, = <—2V,, 5.35
VY A, (5.35)

where fZT,T (Gm) is the distance between the transmitter of the illumination
station and the object; RTR(GTR) is the distance between the object and the

2
receiving antenna; A, = ZTC i the length of the carrier; V, — flight speed.
O‘)O
The speed of distance change is determined by the projection of the velocity

vector onto the direction of propagation of the electromagnetic wave (the di-
rection between the transmitter of the illumination station and the object —
Ry (GT,T ), as well as the direction between the object and the receiving system —
R (07z) ). At the same time, 0;,;, 0, are the angles characterizing the direction
of the object from the illumination station and from the object to the receiver,
and 0 is the heading angle of the object.

Taking into account that:

ORy; (V(GT )ETrT)

at jéTrT

=V, cos (Gm — GT),
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=

Ry (V(GT)RTR

ot

) =V, cos(0;, —0;) (5.36)

—

RTR

Relations (5.35, 5.36) allow us to write the equation that describes the beha-
vior of the Doppler velocity V, =A,m, /21c and therefore, the Doppler fre-
quency shift:

ﬁz cos(em —GT)+cos(GTR —GT). (5.37)

0

If the range to the illumination station R, significantly exceeds the range to
the target: R, = Ry,; >> Ry, then 0, — 0 from relation (5.37) can be written:

vy :ﬁzcos(GT)+cos(9TR —GT). (5.38)

0

The dependence of the normalized Doppler speed on the heading angle,
calculated using the relation (5.38), is presented in Fig. 5.37.

It can be seen that in a fairly wide range of course angles, the Doppler fre-
quency shifts have values sufficient for the selection of the object signal against
the background of the scatterings from the terrain. And only in the sector of
angles 150° < 6, < 210° there are certain problems associated with the impact
of the Doppler frequency shift in the region of the carrier frequency of the illu-
minating signal. Estimates using the ratio (5.35) show that for air objects with
cruising speeds of 600...2,000 kmph, the range of Doppler frequency shifts in
the decameter band of wavelengths is 60...20 m within 3...30 Hz. At the same
time, the spectrum of the information signal of broadcasting stations is concen-
trated on frequencies above 50 Hz. This means that in the frequency interval be-
tween the carrier and information message frequencies, it is possible to detect
signals reflected from aerial objects. For

the experimental study of interference

levels in the frequency range between 181

the carrier line and the information sig- = 12 i

nal, a dipole with an effective height of & |

about 0.4 m was used as an antenna. It :>) 1ol

was placed on a support-rotating device 3 0.8

that provides a change in the reception  5'0.6}

polarization by turning the dipole by = 0.4

90°. Through the balancing device, the 02r

antenna was connected to the superhet- 0 45 90 135 180 225 270 315

erodyne receiver P-399A (“Katran”), Angle, degrees
which the output of the phase detector Fig. 5.37. Dependence of the normalized
was connected to the computer through  poppler velocity on the heading angle
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Fig. 5.38. Signal spectra of broadcasting stations in the vicinity of the carrier at frequencies
of 5,909 kHz (a, b) and 9,490 kHz (¢, d), when receiving horizontal (b, d) and vertical (g, ¢)
polarizations

Table 5.11. The main technical characteristics of the measuring complex

Technical characteristics Marking measlljx?;nen t Dimension
The effective height of the antenna h, m 0.4
Operating frequency range f MHz 1.0—31.999
Sensitivity Ui Y% <0.6
Receiver bandwidth Af kHz 0.3; 1.0; 3.0; 6.0
Dynamic range of the receiver A dB =70
Conversion bit rate bit 16
Accuracy of setting the frequency
of the local oscillator A Hz 1
Frequency stability of heterodynes Af/f 25-10°
Frequency resolution AF Hz 0.06
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Fig. 5.39. Signal spectra of broadcasting stations in the vicinity of the carrier at frequencies
of 13,904 kHz (a, b) and 15,130 kHz (¢, d), when receiving horizontal (b, d) and vertical
(a, ¢) polarizations

Table 5.12. Signal-interference ratio at different

reception frequencies and polarizations

) Signal-interference,
Fre&‘gzcy’ Polarization of carr\i/\e[;dl:ies . dB when detuning from the carrier
-10 Hz +10 Hz
15,130 VP 0.56 61.1 57.8
15,130 HP 0.5 54.2 52.9
9,590 HP 0.34 60.4 60.4
9,590 VP 0.28 57.9 58.2
13,840 VP 0.77 50.1 48.2
13,840 HP 1.17 443 443
5,990 VP 0.34 52.0 52.9
5,990 HP 0.42 47.9 49.5
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a sound card. The main technical characteristics of the measuring complex are
given in Table 5.11.

Since the computer’s sound card has limitations on the lower limit frequency
of the input signal, the local oscillator signal was detuned from the carrier fre-
quency during reception.

It should be noted that this shift was different in different experiments and
for different reception polarizations. Signal spectra of broadcast stations operat-
ing at frequencies 5,909, 9,490 kHz and 13,904, 15,130 kHz in the vicinity of
the carrier with vertical and horizontal polarizations of reception are shown in
Fig. 5.38 and Fig. 5.39.

In Fig. 5.38, one-hop propagation of radio waves takes place, while in
Fig. 5.39, double jump. It can be seen that for radio stations that broadcast on
frequencies of 5,909 and 9,490 kHz, the carrier level exceeds the interference
level by more than 40 dB. The conducted experimental study of interference le-
vels in the frequency range between the carrier line and the information signal
showed that both carrier frequency levels and interference change slightly when
the reception polarization changes.

The ratios of the carrier to the interference level obtained during the experi-
ments at different frequencies and the reception polarization are given in Table 5.12.

The analysis of the data obtained during the experiments shows that the in-
terference level is practically the same when shifted both to the left and to the
right of the carrier frequency. The difference, as a rule, does not exceed 3 dB. It was
not possible to draw an unequivocal conclusion about the influence of the
change in polarization on the ratio between the carrier and the level of inter-
ference; however, in some cases, larger signal-to-interference ratios were obser-
ved with vertical polarization of reception.

At the same time, it can be noted that the width of the carrier line, as a rule,
is smaller in cases where there are large signal-to-interference ratios. This is pro-
bably due to the effect on the direct signal of the range between the transmitter
and the receiver. In cases of single-hop propagation, a narrower width of the car-
rier band and a greater signal-to-interference ratio are observed than in cases of
multi-hop propagation.

5.5. Optimum reception
of signals propagating in media
with absorption and dispersion

Correlation processing occupies a special place in the analysis of the process of
propagation of radio waves in the atmosphere and outer space, solving the prob-
lems of detection, measuring the coordinates of objects, as well as recognizing
their types [302-305]. The correlation integral is a sufficient statistic used in
the detection of signals against the background of Gaussian noise [302, 303].
The theory of discrimination is based on the use of a two-dimensional correla-
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tion function — the function of uncertainty in time and frequency [302, 303].
Recognition of signal types, optimal filtering, and correlational guidance meth-
ods are based on the use of correlation processing. Recently, new methods of de-
scription and analysis of ultrabroad-band processes and fields have been widely
used [306—312]. This subsection discusses the peculiarities of signal reception
during their propagation in media with dispersion and absorption. The concept
of a modified correlation integral and its Fourier image in the form of a matched
filter are introduced, which can be useful in solving the problems of detection,
measurement, and recognition of objects in dispersed media with losses.

Propagation of a wave packet in the environment. When a wave packet pro-
pagates in a medium with a complex propagation constant , each of its spectral
components S(®) can be written in the form:

S(o) = S() expli(wt — k2)) , (5.39)

where

=k —ik” =k, —in” (5.40)

and »', n” is the real and imaginary part of the refractive index of the medium,
k, = ®/c is the wave number, c is the speed of light.
Then from relations (5.38, 5.39) we can write:

S(w)= S(a))exp(im(t —én')—min”). (5.41)
il il

At the same time, the real part of the refractive index of the medium, which
is included in the first coefficient, affects the phase delay of the spectral com-
ponent by 0(w,z)=m(z/c-n")= w1, n’, where 1, is the time delay in a vacuum
when the wave propagates over a distance z and »' takes into account its increase
in the medium with the refractive index '

The imaginary part of the refractive index of the medium, which is included
in the second coefficient, affects the attenuation L(®,z)=exp(—®-z/c-n”) of
the spectral components of the signal during its propagation in the medium
over a distance z. If the medium is not dispersive and has small values of the
imaginary part of the refractive index, i.e., n’ = const, n” = 0, then the signal in
such a medium propagates with small losses, and all its spectral components
receive a constant time delay. In the case of a dispersed medium, i.e., when the
refractive index n’ = n'(®) depends on the frequency (wavelength), as can be
seen from (5.41), different frequency components receive different time delays
and, in addition, are attenuated differently in the medium. This circumstance
must be taken into account when implementing optimal and quasi-optimal
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reception. Correlation integral:

=

Z(1) = jX(t)Y(t —1)dt (5.42)

0

characterizes the degree of “similarity” of the tested X(f) and reference functions
Y(t) at the mutual delay t. It also determines the type of frequency response of
the optimal filter.

When a signal is detected against a background of Gaussian noise, it acts
as a sufficient statistic, which is compared with the decision threshold. When
detecting a signal with a random initial phase, the module of the correlation
integral is used as a sufficient statistic. At the same time, the reference func-
tion is understood as the radiated (probing) signal, which is compared with
the tested one — received (reflected) from the object. If the reference func-
tion Y(#) is understood as the impulse transient characteristic Y(¢) = h(t),
then the expression (5.42) is the integral of the convolution (Duhamel’s) and
will describe the signal at the output of the linear system. In the theory of
optimal reception, the reference functions are recognized signals. Consider-
ing analytical signals, the concept of a two-dimensional correlation function
was introduced [302, 303]:

Y(T,F)= % T X(t) X" (t — ) exp(—i2mFt)dt|, (5.43)

which characterizes the result of correlation-filter processing when the delay
time T and the frequency F differ from the expected ones. This approach allows
analyzing the discrete properties of signals by time and frequency, the accuracy
of measuring these parameters. The Fourier transform is used to describe pro-
cesses in the frequency domain:

Z(iw) = T Z(t)exp(—iot)dt. (5.44)

In terms of frequency spectra, the optimal reception of signals during their
propagation in a medium without absorption and dispersion consists in the
formation of the frequency characteristic of the matched filter as frequency-coup-
led with the frequency characteristic of the signal [302, 303]. It is obvious that for
environments with low losses and the absence of dispersion, regardless of the
range at which optimal reception is carried out, the type of frequency charac-
teristic of the optimal filter does not change. The delay time is the same for all
spectral components of the signal.
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The correlation integral and its Fourier spectra make it possible to analyze
the propagation and scattering processes of radio waves in media whose die-
lectric and magnetic properties are spatially homogeneous and have a small dis-
persion, i.e., 6,/ € << 1,6, / p << 1. At the same time, the spectral components
of the radiated wave packet propagate in space at the same speed and with ap-
proximately the same attenuation. This leads to the fact that the signal scattered
by objects located at different points in space differs only in the delay time and the
scale multiplier of the amplitude, which allows it to be used for its selection and
comparison with the radiated signal by mutual correlation processing. However,
in many cases, during the propagation of a wave packet, both its time scale and its
individual spectral components are deformed, which leads to a change in its
shape. It is clear that the use of the original process as a reference function in this
case turns out to be ineffective. It is necessary to take into account changes in the
type of support function in the process of propagation in such an environment.
Such a situation is characteristic, for example, of subsurface sounding systems
that use ultra-wideband (UWB) signals.

Electrophysical characteristics of the soil. Wet soil is a dispersed environ-
ment consisting of many components. Its complex dielectric permeability is de-
termined by volume fractions and dielectric properties of components, the main
of which are solid soil particles, air, bound, and free water. Until now, there is no
physically determined model of the dielectric constant of dispersed media, which
would allow determining the dielectric constant of a mixture through the dielec-
tric constants and volume fractions of individual components, although interest
in this problem arose a long time ago. Ideas on determining the dielectric con-
stant of layered dielectrics were expressed by Maxwell and Rayleigh.

Electromagnetic radiation from lightning discharges is an example of UWB
signal in the atmosphere of natural origin. The spectrum of a lightning discharge
lies in the range of 1...106 Hz; the main part of the energy is concentrated in the
range of 102...105 Hz [314]. The bandwidth coefficient of these processes is [313]:
p= Af/f;) = (fmax _fmin) / (fmax +fmin) ~0.9...1.1.

In such a wide frequency range of radiation, the propagation medium (wa-
veguide Earth-ionosphere) has dispersive properties and different linear attenua-
tion for different parts of the radiation spectrum. This leads to the fact that the
spectrum of the signal changes at different distances from the lightning discharge
source, and this circumstance must be taken into account when implementing
the optimal receiver of such signals.

Acoustic noises of technical objects (cars, airplanes, etc.) are also UWB pro-
cesses that lie in the frequency range from dozens of Hz to units of kHz.

The width of the spectrum of acoustic signals when propagating in the atmos-
phere due to the uneven attenuation of various spectral components varies greatly
depending on the reception range (see Chapter 2). The narrowing of the effective
spectrum width of the source with the range will lead to a deterioration of the reso-
lution and, as a consequence, a deterioration of the accuracy of the acoustic systems.
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Fig. 5.40. Spectra of reflections from the sea on waves in the centimeter and millimeter bands
with horizontal polarization of radiation and reception: wind speed 11...12 mps, slip angle
0.25°, radiation towards the wave; a — reflection spectra; I — A = 3cm, 2 — A = 8 mmy
b — difference spectrum

A modified correlation function was proposed by us to account for the pos-
sible deformation of the time scale [183]:

2(r)= IX(t)Y(t_TT)dt . (5.45)
Fourier images of signals
X(t)= X(in) = TX(t)exp(—i(ot)dt,
’ (5.46)

Y(é) = Y (bio) = IY(é)exp(—i(Dt)dt

also have a deformed frequency scale. Such a transformation is useful for des-
cribing processes, for example, at different wavelengths of the radar signal. Thus,
the Doppler shift of the frequency F, of a signal scattered by an object moving
at a speed V:

(5.47)

where A, — wavelength and f, frequency of the irradiating signal. It is clear that
the Doppler shift of the frequency of signals scattered at different frequencies
will be significantly different, which prevents their joint processing and analysis.
Moreover, this difference is determined by the proportionality factor A,/2. If the
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Doppler frequencies are recalculated through this coefficient, i.e., the frequencies
are scaled (5.46), then the obtained spectra in terms of the scatterer movement
speeds can be compared and jointly processed. As an example, Fig. 5.40 shows
scaled Doppler spectra of reflection from the sea surface, obtained at 8 mm and
3 cm waves using pulse radars.

The frequencies are listed in the speed of movement of the scatterers using
the well-known Doppler ratio. Despite the significant difference in radar fre-
quencies (approximately four times), after bringing them to the same scale, using
the proposed approach, their analysis and joint processing are possible. The same
can be done using modified correlation functions (5.45) with changed time scales
introduced for analysis in such cases. Analysis of Fig. 5.40 shows that in the milli-
meter range when scattering from the sea, a more significant contribution is made
by the high-frequency components of the spectrum (scatterers with high move-
ment speeds) associated with destructive waves and splashes. The same can be
done when constructing a two-dimensional distance-speed correlation function.
The proposed approach is similar to the use of scaling in wavelet analysis.

Optimal filtering of signals in environments with losses and dispersion. If the
signal is at the input of the communication channel $(®) and a distance from
the source, it can be written, taking into account (5.41), in the form:

8(0,2) = Lo, 2) exp(9(®,2)) S(®) , (5.48)

where the first coefficient, which depends on the imaginary part of the refractive
index, will determine the attenuation of the spectral components of the signal
during their propagation in the medium, and the second, which depends on the
real part of the refractive index — the phase distortion obtained during propaga-
tion. The optimal filter for a signal received at a distance z from the source should
have a frequency characteristic complexly combined with its spectrum:

S0t (0,2)= 8 (0,2), (5.49)

s0, it is obliged to take into account the amplitude distortions of the signal in me-
dium L(w, z) and introduce phase predistortions exp-¢(w, z), which compen-
sate for the influence of the propagation medium and also ensure the coherent
addition of all its spectral components $'(®,z). Unlike non-dispersive media
without losses, in this case, depending on the distance to the source, the phase-
frequency composition of the signal will change, which means that the type of
frequency response of the matched filter should also change.

The ratio (5.49) for the case of UWB signals allows us to estimate the band-
width of the communication channel and, therefore, the bandwidth of the op-
timal filter:

L(A®.2) z% . (5.50)
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Estimates using data [29, 315] and ratio (5.50) show that if it is necessary to
detect sources of acoustic noise at distances of 1...10 km, the bandwidth of the
optimal receiving device does not exceed 1 kHz.

Conclusions

1. The description of space-time non-stationarity of the signal scattered
from areas of land covered with vegetation can be based on the use of nested
semi-Markov processes.

Within each of the phase states, the process can be considered as locally
Gaussian. Comparable Rayleigh or Gaussian distribution laws can be used to de-
scribe amplitude fluctuations or instantaneous values at the output of a phase
detector. Spatial spectra of signals scattered from the terrain are satisfactorily
described by static functions with an exponent of degree 2...4.

2. Specific RCS of scattering from areas with vegetation cover in the VHF and
UHF bands changes during the growing season, reaching a maximum before
its end. The difference is up to 6...7 dB. The increase in specific RCS is associated
with the increase in biomass. Kravchenko’ finite atomic functions can be used to
describe the process of biomass growth and changes in the specific RCS of vege-
tation. Humidity during the growing season changes slightly, decreasing signi-
ficantly before dropping the leaves.

3. The spectra of signals scattered from individual fragments of plants are
satisfactorily described by exponential functions in the dynamic range up to 30 dB.

4. The experimentally obtained data on the distribution of the sizes of ref-
lective areas covered by different types of vegetation, their spatial spectra, as well
as scattering characteristics (specific RCS, frequency spectra) and their depen-
dence on the season, wind speed, and direction make it possible to create a si-
mulation model of the signal scattered by vegetation covers, which takes into ac-
count the spatio-temporal non-stationarity of scatterings.

5. In the spectrum of signals of broadcast stations of HF and VHF bands,
which can act as illumination signals for active-passive radar systems at fre-
quencies from 6 to 60 Hz, corresponding to the Doppler shift of the frequency
of reflections from aerial objects, the spectral density is significantly lower — by
20...30 dB than in the field of information frequencies, which will ensure the pos-
sibility of their application to solve the problems of radar and remote sensing.
This ratio depends slightly on the operating frequency and time of day.

6. A simulation model of non-stationary acoustic noises of natural (wind,
leaves) and anthropogenic (human steps, automatic weapon shots) using semi-
Markov nested processes with two-phase states is proposed. Spectral characte-
ristics (width, spectral density, decay rate) and times of existence of these pro-
cesses in each of the states (burst/pause) were determined. It is shown that dur-
ing bursts, the expansion of the noise spectrum for some of the processes
exceeds by an order of magnitude the width of the spectrum during pauses, for
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example, during the sound of a gunshot. The shape of the spectrum in each of
the phase states is satisfactorily described by fractal dependences, and the den-
sities of the distribution of the existence times in each of the phase states differ
significantly from the exponential ones. The distribution laws of instantaneous
noise values differ from the Gaussian model, but in each of the phase states,
they can be approximated by a normal distribution law. Therefore, the distribu-
tion density of the process as a whole can be approximated by the relative
normal distribution for instantaneous values and the Rayleigh distribution
for amplitudes. This means that in each of the phase states, the process can
be described locally by a Gaussian model. The proposed simulation model of
acoustic noises of terrain and objects allows evaluation of the operating
characteristics of acoustic reconnaissance systems (range) and can be used in
the development of algorithms for estimating coordinates and recognizing the
type of objects.

7. Characteristics of the sound of a shot is a non-stationary process. Its statis-
tics can be described by a time-varying normal noise model and the spectra by
fractal dependencies, with the rate of decrease of the spectral density varying
with time.

8. Defects in the human gait are manifested in differences in the existence
times of the process in different phase states, their intensity, and spectra. The
difference in these characteristics for different phase states can serve as an in-
formative criterion for detecting gait defects. A similar approach can be used to
detect weapon defects by the sound of a shot. Differences in spectra and firing
rate (changes in the firing period) can be informative signs for detecting defec-
tive samples.

9. A modified correlation function is proposed, which allows taking into
account the deformation of the spectra (time scales). The influence of the pro-
pagation medium on the characteristic of the matched filter is considered. The
use of the proposed approaches is promising for describing the processes of pro-
pagation, detection, measurement, and recognition of signals in environments
with dispersion and loss. The use of such an approach can be useful in analyzing
the results of multi-wavelength remote sensing of the environment.

10. As a result of the approximation of the spectrum of broadcasting sta-
tions, estimates of the rate of decrease of the spectral density above and below
the frequency of the maximum spectral density of the information signal were
obtained. The approximation of the low-frequency part of the spectrum was per-
formed from 2 to 100 Hz and the high-frequency part from 100 to 2,000 Hz.
It should be noted that for all frequencies of the HF band, regardless of the time
of day, the slope of the spectrum, as a rule, has a value of n = 1.6...2.3.

11. As a result of experimental studies of interference levels in the frequen-
cy range between the carrier line and the information signal, it was established
that the level of the carrier frequency and the level of interference change slight-
ly — when the reception polarization changes, the difference in the interference
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levels when shifting both to the left and to the right of the carrier frequency, as a
rule, does not exceed 3 dB. It is established that the width of the carrier line, as a
rule, is smaller in those cases where there are large signal-to-interference ratios.

12. Experimental studies of the signals of HF stations showed that in the
absence of AGC, at the output of the receiver, there are fadings with a depth
of 20...30 dB with a frequency of dozens of seconds. An increase in the distance
between the transmitter and the receiver leads to a decrease in the fading period,
i.e., multi-hop paths will have a shorter fading period than single-hop paths. The
use of AGC significantly reduces the dynamic range of fluctuations, which has a
positive effect on reception conditions but can lead to the appearance of negative
effects associated with the limitation of large signals.

13. It has been established that an increase in the signal level or the gain of
the receiver leads to a decrease in the range of signal fluctuations and the appear-
ance in the MGC mode of the effects of signal limitation, characteristic of AGC.

14. It was established that the filtering of the useful signal in the Doppler
frequency band 0...70 Hz, which is necessary to reduce the level of interference
created by the information signal of the illumination station, leads to an increase
in the range of signal fluctuations, which will lead to a change in its statistics.

15. In view of the presence of two phases of different intensity, which are
physically determined by the discrete nature of the modulating signals of radio
broadcast stations, a simulation model is proposed that describes the disturban-
ces created by the radiation of broadcast stations to active-passive systems based
on nested two-component random processes.

16. As a result of the approximation of the illuminating signal distribution
functions by the component normal distribution law, it was established that in
the AGC mode, the backlight signal interference in the entire band at all frequen-
cies of the decameter range, regardless of the time of day, is satisfactorily de-
scribed by the Gaussian distribution function. At the same time, non-Gaussianity
is characteristic of the MGC regime for the signal statistics. The ratio of compo-
nent intensities (degree of non-Gaussianity) for the signal in the entire band has
a value of 5...10 dB with a probability of the presence of the second component
(bursts) of 15...40 %. Filtering in the band of Doppler frequencies 0...70 Hz
leads, as a rule, to the appearance of non-Gaussianity even in the AGC mode.
The non-Gaussianity parameter has a value of 4...10 dB, increasing at MGC to
8...16 dB. At the same time, the emission probabilities, as a rule, decrease to
25...30 % in the AGC mode and 3.5...25% in the MGC mode.



CHAPTER

Kravchenko-Rvachev
distribution functions
describing some non-stationary
non-Gaussian processes

In this section, the possibility of using Kravchenko-Rvachev
atomic functions to describe the laws of distribution of various
non-stationary processes, the apparatus of correlation matrices
of spectral component (CMSC) for describing the statistical re-
lations of various spectral components of a signal scattered by
objects, substratum surfaces, and hydrometeors is considered.
The internal spectral correlation of interference of active-passive
systems of the decameter band from the radiation of broadcast-
ing stations in the HF band was experimentally studied. The
main results of the section are published in papers [120, 248,
263,316, 317, 318, 319, 320].

6.1. Descriptions of the statistics
of the signal scattered by the sea

At high resolution on the range and angular coordinates, signi-
ficant deviations of the laws of distribution of fluctuations
from standard signals scattered from underlying surfaces and
the “clear sky” are observed [288]. This is due to the consistent
and separate observation of surface areas with distinct statisti-
cal properties of irregularities, which generate non-stationarity
and non-Gaussianity of the scattered signal. For the sea surface,
these are areas in which the crests of sea waves are located,
which are characterized by increased reflectivity. Gaussian dis-
tributions were used to describe the statistics of the signal scat-
tered from the sea in burst-pause phase states. Consider the pos-
sibility of using atomic Kravchenko-Rvachev functions.
Photographic images of radar scatterings from the sea sur-
face obtained from the screen of a pulse-coherent radar with a
wavelength of 2 cm and a duration of the emitted pulse of 0.4 ps
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Fig. 6.1. Radar images (a, b) of the sea surface at distances of 0.5...5 km, in the
scanning sector 120 degrees, radar wavelength 2 cm, sea waves 6 points; density
distribution of values and their approximation by Kravchenko-Rvachev (¢, d) and
Gauss (e, f) functions: g, ¢, e — 1 scan; b, d, f — 4 scans

(resolution at a distance of 60 m) were used for processing, which works in the
mode of sectoral survey of space — Fig. 6.1, a, b and Fig. 6.2, a, b [319]. Perio-
dicity associated with the period of sea waves and the direction of radiation can
be traced on the radar images. The behavior of the density distribution of the ra-
dar image of the sea surface for the zone of intense reflection is bimodal. The first
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Fig. 6.2. Radar images (a, b) of the sea surface at distances of 5.5...10 km, in a sector of

60 degrees, radar wavelength 2 cm, sea turbulence 6 points, density distribution of values

and their approximation by Kravchenko-Rvachev functions (¢, d) and Gaussian (e, f):

a, ¢, e — 2 scans, b, d, f — 4 scans

maximum corresponds to zones of weak reflection, and the second to strong
(crests of sea waves).

At long distances Fig. 6.2, the difference in the maximum values of the distri-
bution density for the “black” and “white” levels becomes so great that only one
maximum is actually visible — the black level.
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Approximation of experimentally obtained distribution densities was per-
formed by functionals:

p(I)ZEI,:O:Iqu)k(I), (6.1)

where p, are the final probabilities of each of the k phase states, and, in general,
ke(1, 2, 3), where k = 1 is the black level, k = 2 is the gray level, and k = 3 is
the white level. Gaussian distribution densities were used as approximating
functionals:

2
1 (I-L)
o, ()= exp
k \/%Gk Gi , (6.2)
as well as finite Kravchenko-Rvachev functions:
1 I-1
I)=—u k
o () b, p b ) (6.3)

The calculation of the density of the distribution of the Kravchenko-
Rvachev function up(x) can be carried out by inverse Fourier transformation of
the characteristic function obtained as a product of the characteristic functions
of rectangular pulses or by calculating the density of the distribution of a series

Table 6.1. Dispersions of the approximation error
of experimental densities and distribution functionsby
Gaussian and Kravchenko-Rvachev functions [319]

Density distribution Distribution function
Functions Gaussian functions Functions Gaussian functions
of Kravchenko-Rvachev of Kravchenko-Rvachev
2,30e-06 2,14e-06 6,36e-04 7,04e-04
1,46e-06 1,86e-06 8,07e-04 1,10e-03
1,34e-04 9,96e-05 1,35e-02 1,16e-02
1,05e-05 8,03e-06 2,00e-03 1,60e-03
1,61e-06 2,06e-06 2,50e-04 7,42e-04
8,63e-05 6,36e-05 1,20e-03 9,07e-04
2,32e-05 2,32e-05 4,59e-04 5,60e-04
3,98e-05 2,60e-05 1,70e-03 8,73e-04
8,91e-06 1,47e-05 5,50e-04 5,49e-04
4,97e-06 3,69¢e-06 3,60e-04 7,34e-04
2,04e-06 2,003e-06 4,68e-04 8,31e-04
1,86e-05 1,16e-05 3,10e-03 2,60e-03
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formed as the sum of a series of random numbers with uniform distribution laws
[321]. The latter approach was used to obtain the basic parent function up(x).

The resulting random variable was scaled by coefficients b, and shifted by I,.
Thus, the quantity I with the distribution density ¢,(I) was formed, which was
used to approximate the experimental data. The approximation was performed
of both the experimentally obtained distribution densities and the integral dis-
tribution functions according to the criterion of minimizing the error variance.
The resulting approximation errors for various fragments of radar images of
the sea are shown in Table 6.1.

It can be seen that both approximations give approximately the same results.
However, in about one-third of the cases for the distribution density and half of
the cases for the integral distribution function of radar images of the sea surface,
the Kravchenko-Rvachev functions give better results than the standard Gaus-
sian functions.

6.2. Seasonal variation of the specific RCS
of the signal scattered by vegetation covers

Processes of biomass growth of plant covers are seasonal in their nature and are
caused by many processes, for example, changes in humidity and heat flow. The
change in the amount of biomass is associated with a change in the reflective
properties of plant covers. So, if the specific RCS (SRCS) of deciduous forests
and areas covered with grass are presented in the form of two components: one
of which gives the value of SRCS in the winter period G, and the other in the
growing season during the growth of biomass is the addition of SRCS, which is
obtained at the expense of this can be written:

Ao(t)= Aoﬂ AGup(ﬁ - 1), (6.4)

max m(t) - A,

where m(t) is the biomass of vegetation, ¢, and aAt, are the start time and
duration of its vegetation cycle, o is the empirical coefficient, Ac is the in-
crease in SRCS due to the growth of
biomass, usually 5...7 dB [274]. Fig. 6.3,  Tuple 6.2. Approximation errors
as an example, shows the behavior of of biomass growth by different functions
biomass during the season [293] and its
approximation by various functions. Kravchenko | Gauss | Lorenz
Table. 6.2 shows resulting approxima-
tion errors.

Since the beginning of the growing
season is associated with average tempe-
ratures, this allows us to link the seasonal

D,,-1,000 | 0.0052 |0.0051|0.0169
D, - 1,000 0.0092 | 0.0118 | 0.0215
D, 1,000 | 0.0236 |0.0246|0.0499
D, - 1,000 0.0354 | 0.0458 | 0.0538
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Fig. 6.3. Dynamics of the monthly growth of green phytomass during the growing sea-
son of 2002 (a) and 2003 (b) [293]. Experiment I — biomass; approximation by functions:
2 — Lorentz, 3 — Kravchenko, 4 — Gaussian

change in the SRCS of vegetation covers with the seasonal change in temperatures
and, ultimately, with the cycles of solar activity.

Table 6.2 shows the approximation results of biomass growth by various
functions: Gauss, Kravchenko-Rvacheva, Lorentz [319].

At the same time, D, is the variance of the approximation error when the
mean and variance were taken from experimental data, and D,, is the mean
value and variance that minimize the variance of the approximation.

It can be seen that, in some cases, the use of finite functions of Kravchen-
ko-Rvachev gives better results than the use of Gaussian and even more than
Lorentz functions.

6.3. Application of correlation matrices

of spectral components for visualization

of statistical relations of spectral components
during detection and recognition

When synthesizing multi-channel detection systems, it is necessary to study sta-
tistical relations between signals of different channels. Knowledge of statistical
relations between different spectral components of a signal is important for tar-
get-type recognition systems [120, 248, 317].

Since the signals of radio broadcast stations in active-passive systems are
used to illuminate the environment and are an obstacle to secondary fields scat-
tered by the target, it is necessary to study intraspectral correlations in illumina-
tion signals. The study of statistical interrelations of signal components scattered
from objects and the noise opens up opportunities for creating multi-channel
detection and recognition systems.
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Correlation matrices of spectral components (CMSC). Let there be a signal
S (t). The module of its window Fourier transform on a time segment of dura-
tion T: S(F, t).

. t+T/2 .
S(F,t)= |S(F,t)| = Ur—r/z S(t)exp—zZnFtdt‘ _ (6.5)

It is possible to use the CMSC proposed in papers [288, 317] to study inter-
spectral correlations for non-stationary signals S, and S,:

(8, (B,008, (E;,t)) = (S, (E,0))(S, (F;,1))

\/(<812(E’t>_<32(ﬁ’”2>) (<522<Fj,t>>—<sz<ﬁ,t>>2) |

where S(F,, t), S(F;, t), p(F,, F)) is the modulus of the spectral density at F; and
F; frequencies at time ¢ and their mutual correlation coefficient, respectively.

At the same time, the S, and S, signals can be reflections from underlying
surfaces, hydrometeors, and objects with different polarizations. Then S, = §,,,
S,= S, where H and V refer to horizontal and vertical polarization, respectively.
This makes it possible to investigate statistical relations between different spectral
components of reflections at different polarizations. Sometimes, it is important
to study the statistical interrelations of spectral density fluctuations at different
frequencies for one non-stationary signal. Then S, = S, = S. Recordings of the
backscatter signal from the sea and objects previously obtained experimentally,
using coherent radars with pulsed and continuous radiation, were used to study
the CMSC.

Scatterings from the sea and rain are the noise to radar systems. The study of
intraspectral correlations on orthogonal polarizations is necessary for the synthesis
of detection and recognition systems.

The polarization-spectral structure of radar reflections from the sea can be stu-
died using matrices of mutual correlation coefficients of spectral components (6.6).

The calculated matrix of correlation coefficients p(F, F) is presented gra-
phically. Matrix elements are depicted as a circle, the diameter of which is pro-
portional to the correlation coefficient. Fig. 6.4 shows the following matrices
for reflections from the sea obtained using radar with a wavelength of 8 mm
when emitting pulses of 0.2 ps at an inclined 45° polarization for sea waves of
5...6 points (Fig. 6.4, a), as well as weak (about two points) excitement (Fig. 6.4, b).

They are calculated based on previously obtained experimental data of reflec-
tions from the sea.

The frequency analysis range was 500 Hz with a resolution of 32 Hz. It should
be noted that with strong sea waves, correlation coefficient matrices have appro-
ximately the same form when the surface is irradiated with signals, both with
oblique and vertical polarization.

p(E,F)) = (6.6)
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Diagonal elements have the largest value, that is, spectral components that are
more strongly correlated on orthogonal polarizations and coincide in frequency.
With weak excitation, the correlation of spectral components on orthogonal po-
larizations is practically absent (Fig. 6.4, b). For scatterings from rain and objects,
the correlation of only coincident spectral components (diagonal elements) is
characteristic (Fig. 6.5, a, b). The correlation coeflicient for rain can reach 0.95,
and for targets (vehicles, ships), the values are slightly lower = (0.5+0.85). The
characteristic appearance of the CMSC for objects, rain, and the sea surface can
be used to solve problems of detection and recognition.
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6.3. Application of correlation matrices of spectral components for visualization
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CHAPTER 6. Kravchenko-Rvachev distribution functions describing some non-stationary

Study of intra-spectral correlations of noise from radio broadcasting stations.
The study of the mutual correlation coefficients of various spectral components
made it possible to reveal the presence of a correlated region in the spectrum of
signals of radio broadcasting stations.

Fig. 6.6 shows the spectra (g, ¢) and matrices of correlation coeflicients (b, d)
of the spectral components p(F, F) at the frequencies F,, F; for the illumination
station with a frequency of 17,490 kHz, located on the territory of China at a
distance of 5,350 km.

Spectra (Fig. 6.6) and the upper spectrograms in the wide band and the
lower spectrograms in the narrow initial section are shown. The value of the
cross-correlation coefficient is determined by the brightness. The brightness scale
is given next to the figure. In the telegraph mode, the carrier was shifted by the
local oscillator by approximately 40Hz.

From the appearance of the correlation matrices of the spectral components
(Fig. 6.6, b, d), it can be seen that the highest correlation is observed in the dia-
gonal elements. When moving away from the diagonal, the correlation coeffi-
cient drops sharply. In addition, the increase in the gain of the receiver and the
appearance of non-linear distortions in the path leads to the appearance of cor-
relation zones on the harmonics of the spectral components of the information
message. They look the same as the main correlation zone but at angles depend-
ing on the harmonic number (Fig. 6.6, d). This can be used to diagnose the pre-
sence of non-linear distortions in the signal transmission path.

Conclusions

1. It is shown that the finiteness of the Kravchenko-Rvachev functions is the
physical reason for their use to describe the statistics of many types of non-sta-
tionary processes.

2. It was established that the errors that arise when using atomic functions for
approximation (radar scatterings from the sea, seasonal growth of biomass) in
most cases are approximately the same as when using standard models (Gaussian
or Lorentzian).

3. It has been established that the use of the apparatus of correlation matrices
of spectral components allows the establishment of the synchronicity of the ap-
pearance of individual spectral components in signal spectra and can be used to
create spectral-polarization portraits of scattered signals, which can be used in
solving recognition problems and synthesizing multi-channel detection systems.

4. The study of the mutual correlation coeflicients of various spectral compo-
nents of the signals of radio broadcasting stations made it possible to reveal the
presence of a correlated region in the spectra. It was established that the appea-
rance of additional elements with a high correlation at harmonic frequencies
indicates the presence of nonlinear distortions in the receiving path and can be
used for their monitoring.



CHAPTER

Non-equidistant
two-dimensional antenna arrays
based on magic squares

In this chapter, the possibility of synthesis of two-dimensional
non-equidistant antenna arrays for environmental monitoring
systems, active-passive radar, and radio astronomy based on ma-
gic squares is considered, and their properties are investigated.

The influence of the introduction of additional elements,
turns, and shifts on the directional pattern (DP) of a sparse anten-
na array formed by the elements of a magic square was studied.

Algorithms for obtaining the maximum coverage of spatial
frequencies of a sparse antenna array by supplementing the ele-
ments of the array formed by the elements of the magic square
with additional elements are proposed [322—325].

The deceleration of the electromagnetic wave, the distribu-
tion of the surface current, and the input impedance of a sym-
metrical vibrator whose arms consist of cylindrical spirals with a
diameter and a pitch small compared to the length of the vibra-
tor were experimentally investigated [326, 327]. Also, a reflector
calibrator was proposed on the database of structures for exter-
nal calibration of the radar and simulation of the RCS of a mov-
ing radar target [328].

The main results are published in works [322—328].

7.1. Synthesis of a non-equidistant
antenna array using magic squares

Non-equidistant linear antenna arrays (AA) have attracted at-
tention for a long time [329—341]. Their main advantage is re-
ducing the number of elements in the antenna without a notice-
able loss of resolution while maintaining a fairly low level of side
lobes. The need to obtain high spatial resolution, which requires
large apertures, the complexity, and time-consuming imple-
mentation of individual antenna elements lead to the need to use
unfilled apertures. A large number of attempts to find a simple

197
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way to construct a non-equidistant array with small side lobes were unsuccessful
at most. The search for the global minimum of lateral radiation at fixed array di-
mensions, in particular elements and resolution, led to the fact that the task
turned out to be so difficult that it required huge computational costs. Previously
used simplifications led to a noticeable loss of quality. Therefore, when creating
non-equidistant arrays, in most cases, statistical methods were used [330].

A significant shift was achieved in 1978 by Leeper [333], who proposed plac-
ing elements of a linear antenna in some nodes of a uniform grid, and the nodes
were chosen in such a way that the sequence of their numbers formed a cyclic
difference set (CDS). This approach was further developed in the works of
L. E. Kopylovych [334—339]. This approach was generalized to the case of de-
signing two-dimensional antenna arrays. However, the generalization was made
based on the use of the product of one-dimensional bases of its sides, which was
made somewhat artificial.

It is interesting to study the possibility of using various mathematical con-
structions, for example, such as magic squares, for the construction of two-di-
mensional non-equidistant antenna arrays.

A magic square is a square Table (matrix) filled with numbers in such a way
that the sum of numbers in each row, each column, and on both diagonals is the
same. The sum of the numbers in each row, column, and diagonal is called the
magic constant, M.

The idea of using magic squares from a series of natural numbers is that in
the square, each number is repeated only once, which means that if you consider
its element as the distance between two elements of the interferometer, then when
using a natural series of numbers as the elements of the square will be guaranteed
spatial frequencies from 1 to n are covered. At the same time, the frequencies on
the entire aperture 1...M will be partially covered. When using magic squares of
prime numbers, the possibility of reducing the redundancy factor and the aper-
ture filling factor is of interest.

When considering the elements of the magic square as the distance between
adjacent elements of the interferometer S, the element of the square is at S; dis-
tances along the abscissa and ordinate axes from the adjacent elements of the
antenna array. Then the coordinates x;, y, of the components of the antenna
array can be written through the value S, of the elements of the square in row
I'and column j.

The number of elements is determined by the order of the square of n

I j
vy = ZHSU =y Sy X, = ZFISU =%, +S;, (7.1)

where x; is the abscissa, y; is the ordinate.

The resulting complex integers Z; = x;; +iy;; are Gaussian numbers that de-
termine the coordinates of the antenna array elements. The number of array ele-
ments is determined by the order of its generating square and is equal to »n*.
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7.1. Synthesis of a non-equidistant antenna array using magic squares

At the same time, the matrix ||Z| determines the coordinates of the ele-
ments of the two-dimensional non-equidistant antenna array. The Z; coordi-
nates of the element are shifted from the previous elements along the abscissa
and ordinate axes by the S, value. The frequencies y, and x,, which are covered
along the y and x axes, are determined by the difference in the coordinates of
the array elements:

Yo=Y~ Yim and X, =x; =X, (7.2)

Since in normal magic squares S;e(1, n*), it means that the two-dimen-
sional antenna array synthesized based on the square of the n-th order will
completely cover, at least, the spatial frequencies corresponding to the numbers
from 1 to n’.

When creating antenna arrays, it is tempting to create such an array that,
with full coverage of the required frequency range, has a minimum number of
elements and acceptable sidelobe-level values. One of the important tasks is to
find a non-redundant configuration (NRC) with a given number of elements
that provides complete coverage of the central region of maximum size in the
plane of spatial frequencies (u, v-plane) [335]. Full coverage of the entire fre-
quency grid in the area of the antenna location is characteristic of non-redun-
dant arrays.

It is obvious that a magic square built from a sequence of natural numbers
(1, n*) — a normal square, by definition, covers the frequencies (1, n?) in the
u and v-planes. The coordinates of the lattice elements are the elements of the
complex matrix [|Z| obtained using (7.1) and the generating matrix ||S||, the ele-
ments of which are the elements of the magic square.

We can define the matrix ”Z , which will be called the inverse of the matrix

|1Z|| modulo M:
2+ 12 = M. (7.3)
where [M]|= M|, and
1+i 1+in1+i
lil = 1+i 14+i..1+1 . (7.4)

1+i 1+i..1+1i

Despite the appearance of the arrangement of elements, which is significantly

different from [|Z[|, the inverse matrix ”Z ” is equivalent to it since the grid, the
coordinates of the elements, which it defines, covers the same range of spatial
frequencies as the [ Z| grid.
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Indeed, the frequencies that are covered are determined by the difference in
the coordinates of the elements, and for an inverse array, they can be written as:

j/l:j/ﬁ_jlkm:M_yﬁ_(M_ykm):ykm_yij (7.5)
&m:&lj—fckl:M—xlj—(M—xk,):xk,—x,j, (7.6)

that is, the frequencies of the lattice for the matrix ||Z|| coincide in magnitude
with the frequencies covered by the elements of the array, which is determined
by the original matrix Izl R

Using the matrices [[Z]and ”Z ”, which describe the coordinates of the an-
tenna arrays, you can form a matrix:

Iz=lzIVlizI, (7.7)
which contains elements both of the matrix [|Z] and ||Z ” In the future, we will
call it the matrix connected with | Z||. While the elements of these matrices cover
the areas of frequencies that coincide when one of them is supplemented with
the elements of the other, the area of coverage can be expanded since additional

frequencies of coverage between the elements of these two matrices can appear.

7.2. Properties of antenna
arrays based on magic squares

It is obvious that the elements in the last column x;; i.e., at j = 1, and the last
row y;, i.e., at i = n, have a value equal to the constant of the magic square, i.e.,
X, =M, and ie(1, n) and y,, = M, j €(1, n).

The DP of the antenna array is determined by the relations [329]:

m=m-—1
n=n—1

G(cosocx,cos o, ) = Zle |Amn
n=1

expit(xmn cosd+ y,,, sin(])) , (7.8)

: P . . 2n
where cosa, =sinBcos¢ and coso., =sinBsin¢ are direction cosines, t = Tdo’
A is the wavelength, d, is the grating pitch, |A,,| is the amplitude of the supply
mn of the lattice element. In our case, |A,,,| =1.

The average level of radiation on the side lobes can be estimated using the
ratio:

8= \/ZﬁZO|G'(A¢l)|2 /(N—lo) : (7.9)

where the summation is carried out /e (l,, N) outside the main petal of the DP.
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If the elements of a magic square are elements of an arithmetic progression,
in a separate case, a series of natural numbers i, je(1, n*) (so-called normal
squares), then n, n* determine the order of the square and the number of its
elements. It is clear that if we add a constant number a to each element of the

square S, i.e., §,j = §; +a, or multiply it by a constant b, i.e., .§,j =bS,, then the

generating matrices Sl and [|$]| are obtained, which also will be magic squares.
Non-equidistant arrays obtained on their basis will be equivalent since adding a
constant leads to displacement of all elements of the lattice in space, and multip-
lication by a constant leads to compression or stretching of the regions of spatial
frequencies.

When changing the direction of columns or rows in a magic square, the sum
of the rows or columns does not change; that is, the square obtained in this way
will be at least semi-magical.

l]')

7.3. Research of antenna
arrays based on magic squares

The results of studies of several antenna arrays obtained using (7.1) for well-known
magic squares are shown in Fig. 7.1 and Fig. 7.2: the devil’s square of Khajuraho,
the squares of Diirer and Dudenay, the square Johnson, as well as the pan-diago-
nal square [322—325].

The first three are squares of the fourth order, and if the first two are normal
(consisting of numbers from 1 to 16), then the squares of Dudena and Johnson
are composed of prime numbers. They are unconventional. The last square is a
square of the fifth order. All squares, except for Dudenay's and Johnson's, are
pandiogonal, the so-called devil’s squares. For Diirer’s square, in addition to the
fact that the sum of the numbers on any horizontal, vertical, and diagonal is 34,
this sum is also found in all 2 x 2 corner squares, in the central square (10 + 11 +
+ 6 + 7), in the corner square cells (16 + 13 + 4 + 1), in squares built by the
“knight’s move” (2 + 8 + 9+ 15and 3 + 5 + 12 + 14), and in rectangles formed by
pairs of middle cells on opposite sides (3 +2 + 15+ 14and 5+ 8 + 9 + 12).

Important characteristics of antenna arrays are the filling factor — ou:

=" (7.10)
v
and the redundancy factor — f3:
m
=, (7.11)
G

where m is the number of array elements and v is the number of numbered nodes
of the array in the area where it is located, S is the area occupied by the array.
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Fig. 7.1. Magic squares and characteristics of the antenna arrays obtained from them: Khaju-
raho devil’s square (1—5); Diirer’s square (6—10); 1, 6 — magic squares; 2, 7 — coordinates
of array elements obtained based on squares; 3, 8 — arrays based on squares; 4, 9 — DP of
antenna arrays in Cartesian coordinates; 5, 10 — frequencies that are covered, the upper curve
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along the abscissa axis, the lower one along the ordinate axis

For rectangular completely filled equidistant array, S=v=n’and m=n’.

Then the filling factor for them is o0 =1, and the redundancy factor B=n is

significant.

For antenna arrays in the form of a Mills cross, S = v = n?, and m=3n. The

filling factor o= 3 and the redundancy B =3.
n
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Fig. 7.2. Magic squares and characteristics of antenna arrays obtained from them: Johnson
square (I—5); pan-diagonal (5 x 5) square (6—9); 1, 6 — magic squares; 2, 7 — coordinates
of array elements obtained based on squares; 3, 8, — arrays based on squares; 4, 9 — DP of
antenna arrays in Cartesian coordinates; 5 — the frequencies that are covered, the upper
curve along the abscissa axis, the lower one along the ordinate axis

For the antenna array obtained on the basis of the magic square
S=v=M’*= (n(n2 +1)/2)2 ,and m = n?
Fill factor

o=4/(z> +1) (7.12)
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and excesses:
[3:2n2/n(n2 +1):2n/(n2 +1),

Thus, an increase in the order of the magic square used to construct the
AA leads to a significant decrease, proportionally o = 4/114 — the filling fac-
tor and proportionally B =2/n — the redundancy factor.

The basis of the array D is a set of elements, the intervals between which cov-
er the given area D,.

The optimal basis for the array D is characterized by the minimum values of
the redundancy factor.

Since the first lattice element is not located at the origin of the coordinate
system, the effect of shifting the origin of the coordinates was investigated so that
the nearest of the sources is located on one of the axes. In addition, the option of
introducing an additional source at the beginning of the coordinate system was
considered. The obtained results are shown in Table 7.1.

It can be seen that in the absence of a source at the origin of the coordi-
nates, when the origin of the coordinates is shifted so that the nearest of the
sources falls on one of the axes, the parameters of the main lobe do not change.
Adding a source to the origin of the coordinate system, both the initial one and
the one obtained by shifting the AA, leads to both a narrowing of the main pe-
tal and a decrease in the level of the side lobes. By definition, the element of
the magic square is the distance between the elements of the interferometer.
Therefore, the first elements of MS are the distance between the AA element
placed at the origin of the coordinates and the next AA element, the distance to

(7.13)

Table 7.1. The influence of the coordinate shift and the introduction
of an additional source at the origin of the coordinates on the array DP

Characteristics | Array Start (0.0) Array Start (0.0) Array Start (2.1) Array Start (2.1)
of antenna array | No source (0.0) | With a source (0.0) | No source (0.0) | With a source (0.0)
w 0.1572 0.1485 0.1572 0.1499
m 0.2452 0.2447 0.2525 0.2446
Table 7.2. Characteristics of AA obtained by turning magic squares
Characteristics S g* N g G N g gl
of antenna array
w 0.1485 | 0.1572 | 0.1483 | 0.1585 | 0.1443 | 0.1561 | 0.1441 | 0.1578
n 0.2447 | 0.2452 | 0.2456 | 0.2536 | 0.2403 | 0.2476 | 0.2459 | 0.2533

* The element at the origin of the coordinates (0,0) of the array is missing and S', S”, §"""
denote the rotation of the magic square matrix by 90, 180, 270°, respectively.
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Fig. 7.3. Changing the range of frequencies covered when adding source coordinates to the origin

which determines this element of the square. Initially, this fact was not taken
into account; therefore, lattices without a zero element and with it were studied
separately. Transferring the coordinate system in the presence of a source to its
origin reduces the size of the lattice and expands the level of the main lobe
[322—325].

Table 7.2 gives the numerical characteristics of the arrays obtained by rotat-
ing the original matrices.

Analysis of the given results allows us to draw the following conclusions:

1. The width of the DP without an element at the beginning of the array is
greater than the width in the AA with it, i.e., W (Without (0,0)) > W.

2. The level of side petals without an element at the beginning of the array
is greater than with it, i.e., n (Without (0,0)) > n.

3. The width of the DP when turning the AA can decrease in some cases.
That is, wS>wS' >wS"' >wS'"".

The change in the frequencies covered when adding the source coordina-
tes to the origin is illustrated in Fig. 7.3.

Additional elements of the array formed by the elements of the magic square
were added to ensure full coverage of frequencies. The addition algorithm was as
follows. The maximum uncovered frequency was selected, and the coordinates of
the element that allowed it to be covered were calculated. After that, frequency
coverage was checked, taking into account the new element. If there were still
uncovered frequencies, the process was repeated. Again, the maximum uncove-
red frequency was taken, and the coordinates of the element covering it were de-
termined, and so on, until full frequency coverage was realized. In the second
version, a special “Greedy” algorithm was used for full coverage of frequencies
due to the introduction of additional elements.
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Fig. 7.4. Khajuraho antenna arrays with additional elements (marked in red) provide full
coverage (a), initial coverage of frequencies (b), after the addition of elements (c)

Table 7.3. Comparison of array parameters based
on the Khajuraho square with additional elements

Characteristics Option No.
of antenna array 1 5 3 4 5 6 S

. . 12 | 1,32 | 1,2 | @2 | 1,32) | (1,32)
Cloordlf(lates of additional 252) | (252) | (25.32) | 2532) | (25,2) | (25.32)
clements (32,32) | (32,2) | (32,2) | (32,32) | (32,32) | (32,2)

Antenna array parameters
w 0.1476 | 0.1436 | 0.1463 | 0.1532 | 0.1473 | 0.1472 | 0.1572
m 0.2340 | 0.2305 | 0.2303 | 0.2333 | 0.2337 | 0.2300 | 0.2525

The Greedy algorithm is an algorithm that consists of making locally opti-
mal decisions at each stage, assuming that the final solution will also be optimal.

6 options were considered, in each of which the addition was made by 3 ele-
ments. The coordinates of the additional elements obtained at the same time, the
values of the width of the main lobe, and the average level of the side lobes of the
arrays, obtained based on the Khajuraho square, are given in Table. 7.3. The fol-
lowing designations are used in the table: w — the width of the main lobe at the
3dB level, m — the average level of the side lobes.

As an example, Fig. 7.4 shows AA with additional elements, built on the basis
of the square of order 4, the frequency range covered, as well as the DP obtained
in this case [322—325]. The introduction of additional elements into a rarefied
antenna array, as expected, leads to a decrease in the level of side lobes. When
comparing the characteristics of the grids given in Table 7.3 for different options
for completing the square with elements, it can be seen that option 6 (1,32) (25,32)
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Fig. 7.5. AA based on the pan-diagonal square of the 5" order (1), frequencies covered (2)
(original AA), (AA with additional elements) (3), DP of the original AA (4, 5), and with
additional elements (6, 7). Cartesian (4, 6) and polar (5, 7) coordinates

(32,2) is the best because it has the lowest average level of side lobes m and the
smallest width of the main lobe.

Options 2 (1, 32) (25, 2) (32, 2) and 3 (1, 2) (25, 32) (32, 2) also give good
results. Comparison of options 2, 3, and 6 shows that they have one point in com-
mon (32, 2). When comparing options 2, 5, and 6, it can be noted that these three
options also have one point in common (1, 32).

Fig. 7.5 presents the AA of the pan-diagonal “magic” square and the fre-
quency ranges covered, as well as the obtained DP.

The characteristics of the pan-diagonal “magic” square shown in Fig. 7.5 are
presented in Table 7.4.
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Fig. 7.6. AA of the third level of nesting based on the “magic” square of Khajuraho: @ — initial

12,
0.0936
0.1546
0.0118
0.7692

8,000

|| — conjugated matrix supplemented with elements provid-

*
+

6,000
— conjugated matrix, ||Z,,|| — original matrix supplemented with

1Zll

0.1723
0.2032
0.0059
0.3846

*
0

4,000

2,000
For most of the existing methods of synthesis of sparse antenna arrays, se-

rious difficulties arise with large aperture sizes and many elements. Currently,

Aw, 5y, (Rad)

0

AA based on the “magic” square; b — AA with the second layer rotated by 90° and with
AA parameters

the third layer rotated by 180° ¢ — AA with the first layer rotated by 90°% d —

first and second layers rotated by 90°

time, the creation of larger arrays is of interest. For this purpose, nested magic

there are no problems with creating magic squares up to order 35. At the same
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matrices based on the “magic” pan-diagonal square

Table 7.4. AA parameters for various coordinate
elements up to full coverage, ||Z

||Z,|| original matrix, ||Z
ing full coverage.
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Fig. 7.7. Coordinate matrices of AA elements: Z.ys ¢ —
based on the CDS with the number of elements 16 [197]
(v = 15x12) (a), Zcps 0 — based on the CDS with the
number of elements 20 [197] (v = 13 x 9) (b), Zpey s —
based on “magic” square of Deudena of the 3™ order (c),
Zy, s — based on the “magic” square of Khajuraho of the
4™ order (d), Z;, — based on the “magic” square of
Johnson of the 4™ order (e), Z;, , — based on the Diirer’s
“magic” square of the 4" order — f, Z,,,; — based on the
g pan-diagonal “magic” square of the 5" order (g)

(9.10) |(27.33)((29.26)|(40.19) |(65.42)

(12.22)|(33.54)|(43.36)| (62.38) | (65.45)

(20.42)|(24.58)((37.49)| (59.60) |(65.51)

(23.65)|(30.65)|(46.65)|(51.65)|(65.65)

squares [241] can be used, making it possible to synthesize antenna arrays of
large sizes using the proposed approach.

As an example, Fig. 7.6 presents antenna arrays of the third nesting level,
built based on a “magic” square of the fourth order with different rotation para-
meters of the first, second, and third layers of nested matrices. There, additional
elements shown in red make it possible to achieve full frequency coverage. It
should be noted that the density of the placement of elements along the antenna
array is significantly uneven.

The algorithm for supplementing the elements of the array formed by the
elements of the magic square with additional elements to ensure full coverage of
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the AA frequencies can be used just as effectively to build an AA based on the

nested square [322—325].

We compare the parameters of antenna arrays built based on some well-
known “magic” squares of the 3™, 4™, and 5™ orders with antenna arrays based on
cyclic difference sets (CDS). Fig. 7.7 shows the parameters of the coordinate
matrices of the compared AA.

Table 7.5 presents the characteristics of antenna arrays built based on the
specified coordinate matrices.

The “,” index indicates the AA parameters based on the original coordinate
matrices with the addition of elements for full spatial frequency coverage, and

the “*” indicates the combined matrices.

Table 7.5. Comparative analysis of parameters of different AA

pan 5+

Parameters Awyo;(Rad) m o §
Zeps 16 0.3739 0.2396 0.0889 1.1926
Zcps a0 0.4225 0.2029 0.1709 1.8490
Zcpsr0r 0.3726 0.1926 0.1966 2.1264
Z s 0.2444 0.1423 0.3419 3.6980
Z cps 20+ 0.2297 0.1360 0.3761 4.0678
Zieus 0.2235 0.3601 0.00073 0.0811
Zpeuss 0.1002 0.1942 0.0028 0.3153
Z Deus 0.1025 0.2577 0.0015 0.1622
Z beuss 0.0638 0.1510 0.0044 0.4865
Zha 0.1572 0.2525 0.0138 0.4706
Zhan 0.1958 0.2465 0.0173 0.5882
Zha 0.1473 0.1792 0.0277 0.9412
Zhas 0.1524 0.1870 0.0294 1.0000
Z, 0.1109 0.2643 0.0011 0.1333
sy, 0.0731 0.2022 0.0023 0.2750
Zy, 0.0728 0.1905 0.0022 0.2667
VAT 0.0602 0.1552 0.0033 0.4000
Zpirs 0.1563 0.2617 0.0138 0.4706
Zir 44 0.1467 0.2300 0.0173 0.5882
Z i a 0.1464 0.1847 0.0277 0.9412
VAN 0.1465 0.1778 0.0294 1
Zin's 0.1723 0.2032 0.0059 0.3846
Zpn s+ 0.1345 0.2023 0.0069 0.4462
YA 0.0936 0.1546 0.0118 0.7692
Z 0.0905 0.1506 0.0123 0.800
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Table 7.5 shows that:

e AA based on the CDS with a matrix of coordinates connected to the ori-
ginal Z 5 ,, has a much smaller width of the main one and a lower level of side
lobes of the DP, although, at the same time, the redundancy of AA is much
higher. Adding additional elements (Z¢ps 4, and Z'¢pg,,) allows you to achieve
tull coverage of spatial frequencies and also reduces the width of the main lobe
and the level of the side ones;

o the use of “magic” squares for AA synthesis generally provides better cha-
racteristics than the use of CDS. Moreover, the use of related coordinate matrices
allows the narrowing of the width of the main petal and reducing the level of the
side lobes in comparison with the original matrices, although at the same time
the redundancy of AA increases (compare, for example, with Z,,,, ; and Z';, 5);

e the application of the algorithm proposed above to ensure full coverage of
spatial frequencies leads to a slight narrowing of the main and side lobes of the
DP and also increases the redundancy of the AA;

e among the presented AA based on “magic” squares, the AA based on the
Khajuraho square of the 4" order had the worst characteristics (see Zy,,,
Zh o Zxnas)- At the same time, the smallest width of the main lobe and the level
of the lateral ones among AA based on “magic” squares of the 4-th order are
ensured in AA based on the Johnson square (Z',,). This is obviously due to the
fact that the squares of Johnson and Dudeney are not normal but are composed
of simple numbers. Because of this, they allow covering rather large areas of spa-
tial frequencies with a low density of elements.

7.4. Elements of measuring complexes
of active-passive remote sensing
of the environment in the HF band

When solving the problem of optimizing antenna systems of the decameter
band along with minimizing the total number of antenna array elements, it is
necessary to create small-sized antenna devices with satisfactory electrical pa-
rameters. To solve this problem, both experimental and theoretical research on
the electrical characteristics of small-sized antennas, as well as research into qua-
litatively new methods of developing small-sized antennas, are necessary.

A promising direction for improving existing and creating new non-tradi-
tional antennas is the use of delayed electromagnetic waves [342]. The slowing
down of electromagnetic waves is accompanied by an increase in the efficiency
of the wave’s interaction with the environment, proportional to the amount of
the slowing down. Slow electromagnetic waves are often called surface waves,
referring to the surface nature of their distribution. Specific systems that slow
down require the use of appropriate models. As a retarding structure that reduces
the phase speed of the wave excited in the antenna structure, consider a spiral
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vibrator, which can be represented by a set of frames and rectilinear segments
through which current flows [343], Fig. 7.8.

Each of the turns of the spiral, due to its small size, can be represented as the
sum of a flat turn, where D is its diameter and an axial linear segment of length
S equaled the distance between the turns, as shown in Fig. 7.8.

The radiation field of such a conductor in directions normal to the axis,
that is, at © = 90°, has only one component of the electric vector E,, equal to

6

.30kI,S
.

ik (7.14)
A flat turn creates a field having one component E,, which is equal

_60L, T
-

E

0 ka)2 e (7.15)

where I, is the current amplitude, k is the wave factor and a = D/2 is the spiral

radius.
%)
A
= 7.16
2 (7.16)
A
The ratio (7.16) is determined by the electrical dimensions S/A and D/A of the
spiral and characterizes the ellipticity of the radiated field in the far zone.
When L << A, where L and A are the length of the spiral turn and the wave-
length, the antenna works in the transverse radiation mode. In this mode, the

currents in diametrically opposite points of the coil have the opposite direction in
space, and the radiation resistance of the coil will be very small (frame effect). For

o

E,

nL
a multi-turn spiral at o~ <1, where #n is the number of turns, the radiation along

the axis of the spiral is zero, the maximum radiation of each turn and the entire
antenna is in the transverse plane of the spiral, and the standing wave mode is
established in the antenna. From the

analysis of dependencies (7.14) —
(7.16), it follows that along the spi-
D ral structure of the antenna operat-
ing in the mode of transverse radia-

S tion, there is a slowing down of the
electromagnetic wave on the surface
of the vibrator, which depends on the
diameter and pitch of the spiral, as

Fig. 7.8. Equivalent circuit of a spiral vibrator
in the form of round flat frames and electric
dipoles
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Fig. 7.9. Active and reactive components of the input impedance of the vibrator
Fig. 7.10. Current distribution along the shoulder of a spiral vibrator at the first resonance

well as on the working wavelength, which indicates the presence of dispersion
in the spiral structure of the antenna. Fig. 7.9 and Fig. 7.10 present the results of
experimental studies of the input impedance and surface current distribution of
a symmetrical vibrator, the arms of which consist of cylindrical spirals with a di-
ameter and pitch small compared to the length of the vibrator.

In Fig. 7.9, it can be seen that the first resonance (sequential) occurs at 0.04
I/h; at 0.051 I/A, a second resonance (parallel) is observed with a significant in-
crease in active resistance. Fig. 7.10 shows the surface current distribution along
the arm of the spiral vibrator at the first series resonance, which is close to sinu-
soidal in shape and corresponds to the current distribution of a half-wave sym-
metrical vibrator. At the same time, the measured wave retardation factor was
6.25. From the expression for the amount of deceleration given in [344],

D 0.5
£ = 1+20(ND)** (—) , (7.17),
% A

where c is the speed of light, v is the phase speed of the wave along the vibrator,
N is the number of turns per unit length, D is the diameter of the turn, A is the
wavelength at resonance, we get the value of the retardation coefficient ¢ /v = 5,3.

Fig. 7.11 shows the dependence of the deceleration of the electromagnetic
wave on the surface of the vibrator on the ratio of the diameter D of the spiral
and the length / of the vibrator arm; an increase in the D/I ratio from 0.01 to 0.3
leads to an increase in the deceleration coefficient from 3.7 to 8.2.

Fig. 7.12 presents the measured dependence of the Q-factor of a spiral vibra-
tor on its electrical length (curve 2) and the Q-factor of a rectilinear vibrator with
a shoulder length of 1 m (curve I). Because the ohmic losses of the spiral vibrator
are relatively small (0.1 Ohm), the spiral vibrator is more broadband and conven-
ient for matching with the load.
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Fig. 7.11. Dependence of the wave deceleration on the surface of the spiral vibrator and
the relative intensity of the electric field of the orthogonal component on the ratio D/I

Fig. 7.12. Dependence of the Q factor of a linear thin (curve-1) and a spiral symmetric vib-
rator (curve-2) on the ratio I/A

In view of the small dimensions of this vibrator and the lack of disadvantages
of asymmetrical antennas, which require good grounding, which is practically
impossible when using them in mobile radio complexes based on a retarding ra-
diating structure in the form of a spiral half-wave symmetrical vibrator operating
in the mode of transverse radiation, a reflector-calibrator for external calibration
is proposed Radar and RCS simulations of moving radar targets [328].

By its structure, the reflector-calibrator is an ordinary wire antenna operating in
the mode of reflecting signals. The specified mode is achieved by short-circuiting
the antenna at the feeder connection point. When a wave falls on such a reflector,
an electromotive force is induced in it, under its influence flows a current, which
creates a secondary, scattered field. In the general case, the RCS of an object scat-
tering an EM wave field is described by formula (7.18) [345]

E
G = 4TR? (F) (7.18)

i

where R is the distance from the scattering object to the observation point; E, is
the amplitude of the scattered field at the point of observation; E, is the field
amplitude of the irradiating wave at the location point of the scattering antenna.

In an antenna made of a perfect conductor, all the received energy is reflec-
ted, creating a scattered field.

If the wave falls on the dipole at an angle 6, the polarization of the incident
wave and the vibrator coincide, the electrical length of the vibrator [ is equal to
A/2, then the value of its RCS is determined by formula (7.19).

6=0.861"cos* 0. (7.19)
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If the angle 6 = 0, then the RCS
will be maximum and will be from 86
to 8,600 m* for the decameter range

(A =10...100 m). For an antenna with Balanci Di?;dfl Rectangular
impedance Z,, loaded with a load ovice P H ool [ pulse
with impedance Z, the RCS can be circuit | | 8cnerator
estimated using formula (7.20) [346].
2
o= % , (7.20) Fig. 7.13. Structural diagram of an ac-
Z,+27Z, tive Doppler calibrator

2
where the aperture value A = Z—G, G is the gain of the antenna, R, = Re(Z,).
T

Based on the formula (7.20), if the antenna is not loaded at all (mode OC), then
the RCS will be equal to 0, and there will be no scattering. For a half-wave reso-
nant vibrator, if its shoulders are opened, 2 quarter-wave vibrators will reflect,
and their RCS is 22...25 dB lower than a half-wave one, and given the fact that
there are two of them and they are in-phase, the level will be approximately 16 dB
lower than that of a short-circuited one [200, 347].

The dependence of the RCS antenna on the load can be used to modulate the
scattered signal by amplitude [346, 348]. Switching the input of the reflector leads
to the appearance of deterministic components in the signal spectrum, which
allows the simulation of the RCS of a moving radar target.

Structurally, the vibrator consists of a dielectric cylinder with a diameter of
5 cm, on which two arms of the vibrator are placed in the form of spirals with a
step of 1 cm. A switching unit is installed in the center of the vibrator [328].

The simplest modulator circuit is a diode key circuit with the inclusion of
a diode at the antenna input. The key circuit is controlled by a modulating
pulse signal with a repetition rate corresponding to the Doppler frequency of
the moving target.

Fig. 7.13 shows the structural diagram of the Doppler reflector. It consists of
a rectangular pulse generator that can be rebuilt, a diode switch control circuit,
and a balancing device connected to the input of a spiral half-wave symmetrical
vibrator operating in the mode of transverse radiation.

Periodic opening and closing of the diode at the antenna input lead to am-
plitude modulation of the scattered signal with two sidelines in the spectrum
corresponding to the spectrum of the modulating signal. When the scattered sig-
nal is modulated by the responder with a pulse sequence of the “meander” type,
the spectrum of the reflected signal contains odd multiples of the frequency of
repetition of the modulating signal, shifted relative to the carrier in both direc-
tions, spectral lines that imitate targets approaching and receding at different
speeds and RCS.
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The large deceleration factor of the surface wave of the spiral vibrator creates
the first resonance at a frequency of ~10 MHz with the full geometric length of
the vibrator ~1.8 m, which corresponds to the electrical length of the vibrator at
this frequency ~15 m.

Conclusions

1. Solving the problem of optimizing antenna systems, which is especially
relevant when creating antenna systems of the decameter range, a technique for
the synthesis of non-equidistant antenna arrays was developed based on the use
of the properties of magic squares. The properties of the obtained antenna arrays
were studied. It is shown that when placing array sources, using the values of ele-
ments of “magic” squares, it is possible to obtain almost complete coverage of
spatial frequencies in the area of placement of elements with small filling factors
of up to 0.01 and redundancy of less than 0.5.

2. It was established that supplementing the aperture of the antenna syn-
thesized based on the “magic” square with elements obtained by inversion mo-
dulo the “magic” constant allows to reduce the level of side lobes significantly
and improve the coverage of spatial frequencies.

3. It is shown that the synthesis of large AA is possible using the nesting of
several magic squares. The algorithm for supplementing the elements of the grid
formed by the elements of the magic square with additional elements to ensure
tull coverage of the AA frequencies can be used just as effectively to build an AA
based on a folded square. By using the mutual rotations of individual layers in-
cluded in the grid being synthesized, it is possible to improve its characteristics
significantly.

4. It is shown experimentally that a symmetrical spiral vibrator with a small
diameter and pitch of the spiral compared to the wavelength is a retarding struc-
ture in which resonances take place when an integer number of half-waves is
stacked along the vibrator. The geometrical dimensions of such a vibrator can be
up to 10 times smaller than those of a traditional linear symmetrical vibrator,
while differing in a wider band of operating frequencies.

5. A reflector-calibrator created based on a decelerating structure in the form
of a spiral half-wave symmetric vibrator operating in the mode of transverse ra-
diation is proposed for the external calibration of the radar and simulation of
the RCS of a moving radar target.



CHAPTER

Smart Grid technology
for increasing the efficiency
of ground equipment facilities

The development of robotic sensors, communication channels,
and means of information storing and processing leads to the
fact that control systems become fully intelligent systems with
distributed intelligence (Smart Grid). Until now, Smart Grid
technologies have not found a worthy application for increasing
the efficiency of using ground facilities. The scientific founda-
tions of building cloud-based intelligent networks from ground
technology objects, integration of sensors of various types and
wavelength ranges, and methods of evaluating the effectiveness
of the proposed approaches are considered in this section. The
main results of the section are published in papers [322, 349,
350—352, 353].

8.1. Introduction
of the concept of Smart Grid

Initially, the Smart Grid was considered a promising concept for
future energy [174, 175]. Then, these approaches were used in
many areas, including in the development of the “smart house”
concept [354—357].

Recently, Smart Grid systems have been understood as sys-
tems with separate intelligence, so-called cloud systems, in which
each link solves tasks within the scope of its competence, ex-
changing the obtained results with links of both higher and
lower levels and using the capabilities of subsystems of a higher
level of the hierarchy to solve its problems.

Smart Grid can be described by the following aspects of
functioning [174, 175, 354—357]: flexibility, availability, reliabili-
ty, and economy.

Similar principles can be used in the construction of intelli-
gent distributed networks for the management of objects of mi-
litary equipment.

For the first time, the principles of Smart Grid technologies
were implemented in the Granit missile complex with the P-700
anti-ship cruise missile of long-range underwater-surface launch,
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developed in 1970, 20" century [176]. It is designed to defeat aircraft carrier
groups. The complex provides volley fire with all ammunition with a rational spa-
tial arrangement of missiles and allows it to act against a single ship according to
the principle of “one missile-one ship” or “swarm” against an order of ships. In
flight, missiles exchange information about targets. If the “gunner” missile is inter-
cepted, then one of the other missiles automatically takes over its functions [176].
The computer contains data on countermeasures against the enemy’s radio-elec-
tronic warfare, capable of deflecting missiles away from the target by creating
obstacles and tactical techniques for evading the fire of anti-aircraft defense [176].

These ideas were further developed in the following anti-aircraft missile
complexes — “Yakhont”, “Onyx”, and “BraMos” [177, 358, 359]. In order to avoid
mistakes when choosing a maneuver and hitting a specific target, the on-board
computer contains “portraits” of all modern classes of ships in the form of infor-
mation about electromagnetic and other force fields, peculiar only to this type of
ship, as well as information about the type of orders of ships, which allows the
missile to attack the main targets in the group.

And if the principles of building intelligent distributed networks are already
used in air defense and anti-missile defense systems, their implementation is now
an urgent task for ground equipment objects.

The first steps in this direction were taken with the creation of the Russian
platform “Armata” (T-14) [178].

Unlike traditional tanks, the T-14 is a “network-centric tank’, i.e., it is not
intended for single combat but for working with a group of different combat
vehicles in one tactical link, performing the functions of reconnaissance, target-
ing, and remote control through a unified tactical link control system from the
“Suzirya” concern [178]. This allows all the machines of the Armata platform to
receive the operational situation in real-time and automatically calculate ballistic
data for fire control systems in the scenario of hitting targets not by one Armata
but by the entire group at once, which includes, in addition to the T-14, several
T-15 heavy infantry fighting vehicles, 2C35 “Koalitsiya-SV” self-propelled guns
and an attack helicopter [178].

The given examples show that in the implementation of Smart Grid techno-
logies for the management of objects of military equipment, the key issues are
the creation of multi-channel sensors for displaying information scenes that use
different physical fields, as well as the automation of information exchange pro-
cesses between different participants of scenes and control points.

8.2. Sensors and channels for obtaining
information about the surrounding
environment of ground equipment objects

Sensors that use electromagnetic fields. The main channels for obtaining infor-
mation in ground equipment facilities, in particular armored vehicles (AV), are
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optical and infrared devices with a range of up to 5 km during the day and up to
3 km at night.

The main technical characteristics of the optical and IR sensors used in do-
mestic and foreign AV, borrowed from the work [179], are given in Table 4.1 of
Appendix 4.

In addition to electromagnetic waves of the optical and IR ranges, existing
radiations of ground and space-based systems of other wavelength ranges [38,
244,251], TV centers [38], HF broadcasting stations [39, 40, 41, 61, 222, 224, 298,
299, 360], geostationary TV and navigation satellites [128, 148, 149] as well. For
reconnaissance tasks, the acoustic noises of technical objects can be used [1, 12,
13, 30, 67, 68, 180]. Below, we will briefly consider the possibilities of using each
of these additional information channels, as well as the resulting effect.

RCS of technical objects in the HF and VHF bands. In order to calculate the
range of active-passive systems, which are used for illumination of the signals of
HF and VHF broadcasting stations, the own radio stations of ground equipment
objects, the signals of navigation and geostationary TV satellites, knowledge of
the RCS of detected ground and air objects is necessary.

Using the results of experimental studies on models [167, 201, 253], in papers
[40, 198] a method was proposed and the RCS of air objects was calculated.
The RCS values of aerial objects (planes, helicopters, UAVs), both in the resonant
and short-wave bands, obtained using these techniques are given in Chapter 3.
The RCS values of ground objects were evaluated in a similar way. General RCS
data of various types of equipment are given in Table 4.2 of Appendix 4.

In the resonant region of scattering, RCS for both air and ground objects can
have a significant value, reaching hundreds of square meters. At the same time, in
the short-wave band, their RCS is significantly lower. The obtained results show
the expediency of using HF and VHF systems to solve the tasks of reconnaissance
of ground and air objects of equipment.

[lumination with the use of radiation from broadcast radio stations. The
peculiarity of this type of radar is the use of an ionospheric wave of a broadca-
sting station to illuminate the place. The power of the signal scattered from the
target is determined by the ratio:

P. = PTrGTr(;RFZ(eT)GT(eTr’eR)7\’2 (8 1)
T - b .
(47)’ Ry, r Rig Ly Lig

where Py, P; is the power of the received signal transmitted and scattered from
the target; G, Gy is the gain coefficients of transmitting and receiving antennas;
Ry, Ry are the range between the transmitter and the target, the target and the
receiver, respectively; 6(0,, 0;) is bistatic RCS of the target with directions to
the transmitter and receiver 6, 0,, respectively; L;,;, Ly, are losses during the
propagation of radio waves from the transmitter to the target and from the target
to the receiver, respectively; A is the wavelength of the signal at the carrier.
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Power P, of the signal received from the transmitting station:
P = PTr(;Tr(;RF2 (eTr )7\'2
! (475)2 RIZ"rRLTrR

(8.2)

where F*(0,) is the value of the power directional pattern of the receiving antenna
in the direction of the transmitter — 0.

When the distance from the illuminating station to the target and the re-
ceiving system is significantly greater than the distance from the target to the re-
ceiver Ry, = R}z >> Ry, , taking into account that the losses during propagation
to the target and the receiver are approximately the same L, = L, (the target
in the first approximation can be considered isotropically reflective 6,(0, 0;) =
~ o, = const and that which is within the direct line of sight of the receiving
system L, = 1), the ratio of the power of the signals received from the target and
the transmitter of the broadcasting station i, is determined by the ratio:

P, _F8;) o
P, F*(0,)(4m) RZ,

It can be seen from (8.3) that in order to increase the ratio of the signal from
the target to the direct signal of the transmitter of the illumination station, it is
necessary to increase the ratio of the values of the diagram multiplier in the di-
rections to the target and to the illumination station. At the same time, it is advi-
sable to orient the maximum of the directional pattern in the direction of the
target and form the “zero” of the directional pattern of the illumination station.
The depth of the “zero” in the pattern will limit the maximum detection range.
Also, increasing of the SNR can be achieved through the use of narrow-band
Doppler filtering. It is known that the spectrum of backscattering from air,
surface, and ground objects is quite narrow, even in the microwave range. The
spectrum width of the body line does not exceed 10 Hz [40, 288]. In the HF and
VHF wavebands, it is even narrower — less than 1 Hz. The value of the Doppler
frequency shift (from several Hz to tens of Hz) has approximately the same order
of values [40]. With Doppler selection, it is possible to distinguish the spectral
line of the signal scattered by the object at the Doppler frequency. The SNR p will
be determined by the ratio of the signal of the target p, to the illumination sig-
nal, as well as the ratio of the carrier spectral line level to the spectral noise den-
sity in the range of Doppler frequencies (velocities) where the target i is detected:

(8.3)

TR =

M= HrrH gy (8.4)

Using relation (8.3), you can write down the expression for estimating the
detection range in bistatic radars:

z\/usw o, F(6;)
w (4m) F*(0,)

(8.5)

TR
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For detection probabilities of 0.9, false alarms of m™ (the required SNR is
about p = 10 dB), noise levels in relation to the carrier pg, = 40...50 dB when
tuned to Doppler frequency shifts, the expected detection ranges of objects with
different RCS at different depths of “zero” of the receiving antenna directional
pattern in the direction of the transmitter, obtained using ratio (8.5), are shown
in Fig. 8. 1. In the same figure, shaded areas show RCS values of ground and air
objects of equipment, taken from Table 4.2 of Appendix 4. To obtain RCS esti-
mates of various types of objects in the decameter wavelength range, the results
shown in Fig. 8.1, 8.2 were used.

The analysis shows that by ensuring the suppression of the direct illumi-
nation signal by at least 30...40 dB, it is possible to ensure detection distances in
several kilometers for targets with an RCS of more than 10 m?.

Such or larger RCS in the decameter band have objects of both ground and
air equipment. Detection distances are slightly longer when using horizontal
polarization of radiation and reception than vertical polarization, which is ex-
plained by larger values of their RCS in this polarization. To implement a deep
suppression of the direct signal of illumination, it is necessary either to form the
“zero” of the directional pattern in the direction of the transmitter, for example,
by the interferometric method using two antennas or to use polarization methods
of suppression of the direct signal.

[lumination of the environment using the radiation of our own radio sta-
tions of the HF and VHF bands installed on the equipment. In addition to exter-
nal sources of illumination by objects of ground equipment, own means of
communication in the form of HF and VHF radio stations can be used for these
purposes. For a group of technical objects, the following algorithm can be pro-
posed for the use of its own means of radio communication to illuminate the sit-
uation. Each of the objects in the group continuously emits a monochromatic or
amplitude- or frequency-modulated signal during a certain time At, which is de-
termined by the required Doppler frequency difference Af:

At = 1/Af (8.6)
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Since the width of the Doppler line of scattering from the body of aerial ob-
jects is less than 1 Hz, the duration of the illumination signal should be several
seconds so that it does not expand due to the limited exposure time. Each of the
objects can illuminate the environment at its own frequency. At the same time,
the frequency can be used to determine the number of the object and its coordi-
nates. At the same time, it is possible to combine the walkie-talkie mode with the
emission of a chirp signal. Therefore, the mode proposed by us can be called
chirp-walky-talkies. A feature of this mode of active-passive radar, in comparison
with the previously considered case, is the illumination of the situation by a sur-
face wave, which is prone to significant interference fading due to the influence of
the boundary surface.

The power of the direct signal and the illumination signal reflected by the
target can be determined by taking into account the ratios (8.1, 8.2):

— PTrGTr(;RQ\‘2 2

Vi (8.7a)
" @n’R; "
PG, G0 (84,,0,)A
PT: Tr~Tr~R T§ Y;r R) VT4; (876)
(47)° Ry

hrh hyh
where V, =2V, =—I=T is the surface attenuation coefficient at the com-

AR, AR,

munication range R, and the radar range R;, and hy,, hy, h; are the heights of
the antennas of the transmitter, receiver, and target, respectively, and h;, = h,.
Let N and AF be the noise ratio and bandwidth of the receiver.

Then, taking into account that these powers must exceed the noise level
times when detecting a target and i, times when transmitting a broadcast signal:

Py = W ktAF,N (8.84)
P, = ktAE,N, (8.8b)

as well as the fact that the required SNR in these cases are approximately the
same [l = [, , using ratios (8.7, 8.8) it is possible to write:

-2
AF, :GT(GTV’GR) hy,hy ' hy by _Or R_;(h )4 (K)_Z. (8.9)
AF, (4mRRZ\ AR, ) (AR, |  (4mR* "

Then the distance with this version of active-passive radar will be determined
from the ratio (8.9):

-1/8 1/8
_ AF; a2 Or /2 (o \14 8.10
o (AFR) (%) ((4n)) () () .
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The results of the estimation of detection distances from RCS of the target are
shown in Fig. 8.2. When tanks are operating in a group, the ideology of using
their own means of radio communication consists in the sequential illumination
of the situation by each of the tanks of the group with its own radio station, by
emitting a monochromatic or modulated signal of a certain frequency for some
time, which can be associated with the number of this object in the group, as well
as its place in the group. The rest of the radio stations of the group work at the
same time.

Then, the illuminating of the environment is carried out by the next car, and
the rest work for the reception. The modulation frequency can be used to esti-
mate the difference in times (distances) between the signal that passed from the
source of illumination to the receiver and the total distance between the source of
illumination, the target, and the receiver. When evaluating the range of commu-
nication and radar systems (8.7, 8.10), the values of radiation power, receiver sen-
sitivity, and realized signal/interference ratio at a given communication range
are taken from Table 4.3 of Appendix 4.

Use for illumination of GNSS signals (GLONASS, GPS, Galileo, Compass).
The radiation of global navigation satellite systems (GNSS), both existing Russian
and American ones (GLONASS, GPS) and those created by European and Chi-
nese ones (Galileo, Compass), can be used to illuminate the air situation. This
subsection presents the results of estimates of the detection range of ground and
air objects based on the methodology developed in works [128, 148, 149].

To estimate the level of the GNSS signal P, at the output of a standard anten-
na of a consumer receiver with a wide directional pattern with gain G, one can
use relation (8.2). It should be at least Py, [dB]~ -61 dB/W. This value is regula-
ted in the interface control documents of the owners of the GLONASS and GPS
navigation systems.

This means that at the point of reflection from the object, GNSS signals at
frequencies L1 and L2 have a power of at least -161 dB/W at the output of a line-
arly polarized antenna with a gain of 3 dB at elevation angles greater than 5 de-
grees. In terms of power flux density, this is 1,38 - 10""* W/m?. The signal search
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Fig. 8.3. Radar range for different accumulation times [139]: I — accumulation time 1 ms;
2 — 10 ms; 3 — 100 ms; 4 — 1 s; 5 — 10 s. The gain of the receiving antenna array is 20 dB

sensitivity of GNSS receivers (S,) at the moment is —-175 dB/W when accumulat-
ing signal measurements at a code epoch of 1 ms and with a typical antenna gain
of + B (at the zenith) to -2 dB at angles less than 15 degrees [128]. Using the ratio
(8.1), it is possible to write down the detection range for systems that use the
GNSS signal to illuminate the situation:

Rf<4-10‘”-83-G,. (8.11)

r

The results of estimations of detection range [128], using relation (8.11) for
receiver sensitivity: S, = -171 dB/W — accumulation of measurements at an
interval of 1 ms, S, = -181 dB/W for 10 ms, S, = -191 dB/W for 100 ms, S, =
= -201 dB/W for 1 s and S, = -211 dB/W for 10 s and the use of PAR with G =
= 1,000 (30 dB) are shown in Fig. 8.3.

The analysis shows:

a) the use of GNSS as “illumination” is unacceptable for the location of dy-
namic objects with a small RCS;

b) starting with an accumulation time of more than 1 s, location is possible
for objects with a large RCS;

c) this type of illumination is unpromising for use on armored vehicles to
illuminate air and ground conditions.

Using those data given in Table 4.2 of Appendix 4 and results of calculations
in Fig. 8.1 and Fig 8.2, it is possible to estimate the detection ranges of various
objects of equipment when they are illuminated, both by broadcasting stations of
the HF band and by our own radio stations installed on armored vehicles. They
are shown in Fig. 8.1 and Fig. 8.2 with shaded areas.
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The analysis shows that for high-altitude aerial objects, the detection range
can be dozens of kilometers. At the same time, ground and low-flying objects
can be detected only at small distances of one kilometer.

Use of acoustic reconnaissance systems to detect ground and air objects. The
possibility of using the objects own acoustic noises for their detection is discussed
in detail in papers [67, 68, 180], analyzed in Chapter 2, and it is shown (Table 2.6)
that the use of this channel allows detecting objects (planes, tanks, gunshots)
in the absence of interference from rain and wind noise at distances of more than
8 km. At the same time, under unfavorable climatic conditions, the detection
range is significantly reduced and, in some cases, does not exceed 1 km.

8.3. Information exchange
channels and their integrated use

Currently, HF and UHF radio stations are used to exchange information between
the objects of the group. They provide communication support at distances of
several dozens of kilometers. However, the speed of information exchange in this
mode is very limited. The next stage is the automation of the process of transfer-
ring data about the situation between individual participants of the scene, the
creation of automated systems for displaying the situation, taking into account
the risks for each participant of the scene. Regular radio stations operating in
the mode of automatic transmission of telemetry data can also be used for this
purpose. In addition, it is necessary to display both the tasks performed by the
neighbors and the technical readiness of each of the participants to perform them.
Integration into the unified management system (UMS) of the group also dra-
matically reduces the problem of “friendly fire”. Accurate determination of the
coordinates of a group of own equipment (using GNSS receivers) by UMS gua-
rantees that the objects of the group will not accidentally destroy their own col-
leagues. The exchange of information between the objects of the group with their
coordinates and the data of the enemy’s coordinates allows for an increase in the
efficiency of their use.

GNSS receivers — positioning together with an automated system of infor-
mation exchange with the command post and group members allows to defeat
the enemy based on the calculated coordinates of his location. Each member of
the group, having detected the enemy, after determining his coordinates towards
their own, using a laser rangefinder and angle-measuring optical systems, can
transmit them to the UMS, which distributes this data to the rest of the group
members.

An example of such information exchange is modern anti-ship missile com-
plexes [176, 177].

Obviously, if the adversaries have the same type of information systems with
the same technical capabilities, then they will have the same probability of survi-
val. If one of the adversaries has better technical capabilities of reconnaissance
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systems, weapons management, and the weapon itself, then the probability of
its survival in the conflict increases. The appearance of additional information
channels that use other physical fields, for example, electromagnetic fields of
the radio range or acoustic radiation of objects, leads to a similar result.

Let the dependence of the probability of detection of enemy objects on the
distance by different systems (optical, infrared, radio systems) be approximately
the same. Then, their joint use allows you to significantly expand the zone of
confident detection of the enemy, which means the probability of survival. The
use of additional information received from other participants in the scene can
lead to the same result (expansion of the enemy’s detection zone).

Effectiveness of the integration of systems that use different physical fields.
When detecting a signal with a random initial phase and amplitude, the detection
probability D and false alarm F are related by the ratio [361]:

1

D=F"", (8.12)

where 1 is SNR.
When a signal is detected against the background of internal noise of the re-
ceiving equipment, it is possible to record:

P = P, G, GyM o, v

a AR (8.13)
Given that the potential of the system:
2
1= PTrGTrGRA’ , (8'14)

41’ P,

where Py, P, is radiated and received power, RCS and range to the target, G;,, G,
is gain coeflicients of transmitting and receiving antennas, I, Py is radar potential
and noise power at the receiver input, and V is interference coeflicient of surface
attenuation. Given that P, = uPy the SNR can be written as:

(0
quR—ZV“. (8.15)

For high-altitude purposes V* ~ 1 and for targets located on the bounding
surface (ground or surface) and also near it (low-altitude aerial):

V= % for heights h; < K—R,
R 4h,
where hy, hy is the height of the target and the radar antenna.
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To approximate the attenuation factor, the relation [288] can be used:

4
Vi 1 = (fl) - (8.15)
H(R) (R)"+(R)
Rl
where
4h,h
R, = iT (8.15b)

is the range of the first interference lobe of the field at the heights of the location
of the target /i, and the radar h, and the wavelength of radiation A.

Thus, the SNR is directly proportional to the potential of the system and RCS
of the target and inversely proportional to the fourth degree of range for high-al-
titude objects and to the eighth degree for low-altitude or surface-located ones.

In the case of low-altitude or surface-located targets, the factor limiting their
detection range is not the internal noise of the equipment, but interference from
local objects — reflections from areas of land, sea, or clear sky. Then, taking into
account the expressions (8.12—8.15), we can write:

1
1+ 2Ly
D=F *® | (8.16)
which means that for high-altitude objects it looks like

1

1411yt L‘, R
D=F R’ <FphorV o plior (8.17a)
and for low-altitude
R8
D= pMer®) (8.17b)

From the relations (8.17), it is possible to determine the ranges R, at which
the given probabilities of correct detection D, and false alarm F, are ensured for
high-altitude

/4
R, =|1Ilo ln(DO)
0 "n(Ry) (8.184a)
and
1/8
_ In(Dy)
Ry, =R, | Moy in(Fy) (8.18b)

for low-altitude targets, respectively.
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Then the relations (8.16—8.18) can be written in the form

D=D;*", (8.19)

R
where m = 1 for altitude targets, m = 2, and x =— is the relative range. Fig. 8.4

0
shows the nature of the dependence of detection probabilities on distance for
two fixed detection probabilities (D = 0.5 and 0.9).

Fig. 8.4 shows that the dependence of the probability of detection is a mono-
tonically decreasing function of the distance and, in most cases, its approxima-
tion can be used in practical calculations in the form of a step function with a
constant value from zero distances to distances when the probability of detection
is equal to 0.9 and considering it equal to zero at greater distances. This will give
slightly underestimated data during calculations.

For real intelligence systems, as well as weapons, as a rule, the dependence of
detection and damage probabilities on the distance to the target is unknown. In
the best case, during the tests, ranges can be determined at which the given detec-
tion probabilities (usually 0.9 or 0.99) and the given probabilities of hitting ob-
jects by weapons systems are realized.

The relation (8.19) can be rewritten in the form

D= Dg’i) (8.19a)

convenient for further calculations. It includes the given detection probabilities
D, at the range R, for high-altitude m = 1 and low-altitude m = 2 objects. We
will assume that a similar ratio (5.19a) describes the probability of hitting an ob-
ject with a weapon system at m = 1. At the same time, R, is the enemy’s hit range
with probability D,.
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If several situation control sensors (optical, radio wave, acoustic) and several
weapon systems (artillery, missile) are used, then with statistical 1ndependence of
the results obtained by them, the probabilities of eliminating P* and not elim-

inating Pe of the k™ enemy are determined
P'=P},P}, (8.20a)
Pi=1- Py Pk (8.20D)

due to the probablhty of detection of the k™ enemy object by the situation light-
ing sensors P, and the probability of the elimination of the k™ enemy by the
weapons systems P\ . The latter are determined

P}, =1-TI ) (1-Pf,), (8.21a)
pi=1-1170 (1- P ) (8.21)

due to the probablhty of detection of the k™ enemy object i, by the situation light-
ing sensors P}, and the probability of the elimination of the k™ enemy j, by the
weapons systems P . Ratios (8.19—8.21) make it possible to evaluate the effec-
tiveness of the 1ntegrated use of situational lighting sensors of various types
and weapons systems. The probability of successful completion of the task P,
by its object, in the case of the presence of one enemy object k = 1, will be de-
termined by creating probabilities of hitting P, of the enemy object and not hitt-
ing P; with it (8.20):

P, =PP =P|(1-F}), (8.22a)
where the indices 0 and 1 refer to your object and the object of the enemy.

Similarly, the successful completion of the task by the enemy object is de-
termined:

P, =PJP; =P (1-P}). (8.22b)

It is possible to introduce the concept of the efficiency functional, which
characterizes the degree to which the probability of the enemy’s elimination in a
duel between two objects, provided that one’s object remains survivable, is
greater than the probability of the enemy’s elimination of own object, provided
that the enemy’s object remains survivable, determined from relations (8.22) as

A=P,-P,=Pj(1-P})- P} (1-P})=P] - P]. (8.23a)

and will be equal to the difference between the probability of elimination of the
enemy’s object by its object and the probability of elimination of its own object by
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the enemy. Using (8.20a), we can write

A:pdletpell _Pd(ltpe(l) :(Adet +Pd(2?t)(Ael+Pe(l))_PditP(l) =

e

= AdetPe(l) + Aelpd(lt + AdetAel > (823b)

where A, =P,, —P;, and A, =P, —P) is the difference in the detection
probabilities of the sensors of one’s object and the enemy’s, as well as the diffe-
rence in the probability of being hit by the weapons systems of one’s object and
the enemy’s.

It follows from the relation (8.23b) that the provision of higher probabilities
of detection A,,, > 0 by situational sensors, which is achieved by the enemy and
greater probabilities of elimination A, > 0 of it, leads to an increase in the values
of the function of the quality of performance of the task A > 0. It follows from
relations (8.21) that supplementing the detection system with an additional si-
tuation sensor or the weapon system with an extra weapon system leads to an
increase in the probability of detecting the enemy and the probability of its eli-
mination:

RE—BE =6 (1Bl T (1B )= P TIE 1-PE ). (8240

BB I (1Bl )1 )= R (122 o210

by values proportional to the detection capabilities of the implemented added
situation sensor and the capabilities of defeating the enemy implemented by the
added weapons system.

Thus, the appearance of additional situational control sensors and new wea-
pons systems at the adversary allows it to solve the assigned tasks more success-
tully. Therefore, in order to increase the survivability of one’s own objects, it is
necessary to use a greater number of channels for receiving information about the
external environment, with improved characteristics, as well as the use of addi-
tional weapons systems and increasing the range of the old systems.

Using the approach developed in the paper [349], an assessment of the effec-
tiveness of the use of technical objects in the integration of sensors of various
types and systems was carried out. It is shown that the use of an additional ac-
tive-passive system for monitoring the HF band and passive acoustic reconnais-
sance systems has a significant impact on the effectiveness of the application.

Conclusions

1. To transform modern platforms and their management system into a mo-
dern spatially distributed intelligent smart-grid network, it is necessary to com-
bine them with automated information exchange systems, indicating the priority
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and degree of danger of individual elements of the environment for each of
the platforms. The system of transmission of telemetric information about
the situation can be built based on the HF and VHF radio stations available at
the facilities.

2. To increase the reliability and survivability of a distributed intelligent net-
work, information sensors of individual platforms must be built using fields of
different physical nature (electromagnetic and acoustic) of different wavelength
ranges (from hundreds of nanometers for the optical range to dozens of meters
for the radio range). In addition, it is necessary to apply various environmen-
tal sensing methods, both active with the emission of special signals and ac-
tive-passive — based on the reception of secondary fields created by reflections
from equipment objects of existing ground and space-based radiation sources, as
well as passive — based on the use of own optical, thermal and acoustic radiation
of equipment objects. This will make it possible to increase the informativeness of
the channels of receiving information about the situation and the survivability
of the technical objects themselves in the conditions of the influence of the op-
posing party on them.

3. Besides the existing and widely used optical and infrared systems on equip-
ment objects, it is necessary to use acoustic means of reconnaissance and target-
ing, which can ensure the detection of equipment objects (land and air) and ene-
my weapons at distances of up to 10 km.

4. To obtain information about the surrounding state, secondary fields creat-
ed by the objects of the enemy’s equipment when reflecting the illumination
signals of broadcast stations of the HF band, satellite and terrestrial TV and
broadcasting systems can be used. Their use can make it possible to detect mov-
ing objects of land and air equipment at distances of several kilometers.

5. It is necessary to create automated channels of information exchange be-
tween individual participants of the scene and information display systems, both
from own sensors and received from other participants of the scene with an indi-
cation of the potential degree of danger, as well as passive — based on the recep-
tion of the objects own radiation in the optical and infrared ranges of electro-
magnetic waves, as well as the own acoustic noises of technical objects.

6. The use of technical objects for illumination of the situation of the radia-
tions of broadcasting HF stations and their own radio stations can allow the de-
tection of high-altitude air targets at distances of more than 10 km.

7. The integration of detection systems that use physical fields of different
ranges and nature allows for an increase in the probability of detecting the ene-
my’s means and, therefore, the effectiveness of combating them.

8. The creation of robotic complexes built into the Smart Grid system of dis-
tributed intelligence will allow for an increase in their survivability and efficiency
of use in the conditions of enemy countermeasures.
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General conclusions

The monograph provides a solution to an actual scientific and
practical task — the use of HF broadcasting, VHF television sta-
tions, and global navigation satellite systems GPS and GLONASS,
as well as the acoustic emissions of objects of anthropogenic and
natural origin for monitoring the environment. During many
years of research, the characteristics of VHF and HF station sig-
nals have been experimentally studied. The interference created
by the radiation of VHF and HF broadcasting stations for ac-
tive-passive radar systems has been studied. Methods of optimi-
zation of antenna systems of the HF band have been developed.
The possibility of using new approaches to describe the laws of
distribution of various non-stationary processes, including in-
terference to active-passive systems of the decameter range from
HF broadcasting stations, is considered. The method of moni-
toring tropospheric refraction by signal attenuation coeflicients
on the OTH path on spatially spaced antennas in the VHF fre-
quency range and experimental studies of interference pheno-
mena in the propagation channel on the OTH paths in the
mid-latitudes (Ukraine) that occur in the presence of inversion
layers are presented, it is shown that the number of inversion
layers, as a rule, does not exceed 2, with a jump in the refractive
index at the boundary of the layers 6...14 N units, the height of
their placement does not exceed 650 m, the speed of movement
is from several meters to several hundred meters per hour, the
depth of signal fading is from -3 dB to -23 dB. When the An-74
aircraft was detected, using the ionospheric wave of HF broad-
casting stations, it was established that the RCS of the aircraft
in the resonant region on both the horizontal and vertical po-
larizations reached thousands of m®. This means that with com-
parable radar potentials, the detection range in the HF band can
be 30...300 times higher than their detection range in the micro-
wave range, and also makes it possible to use a surface wave
of vertical polarization to illuminate the air condition in the
HF band. The technique of using GNSS signals for remote
monitoring and diagnosis of the state of the sea surface is given.
It is shown that the levels of the fluctuation component and the
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depth of fading (trends) of signals of navigation satellites are sensitive to chan-
ges in the state of the underlying surface and the degree of disturbance. A si-
mulation model of the disturbances created for active-passive systems by the ra-
diation of radio broadcasting stations based on nested semi-Markov processes,
taking into account the presence of two phases of different intensities in the
signal, which are physically determined by the discrete nature of the modulat-
ing signals, is given. An analysis of the ratios of the carrier level to the inter-
ference level obtained during the experiments at different frequencies for diffe-
rent reception polarizations and signal frequencies was carried out. It is shown
that their ratio reaches 40 dB. A technique for the synthesis of non-equidistant
antenna arrays has been developed, which is based on the use of the properties of
“magic” squares. It is shown that when placing grid elements, using the numbers
from which the “magic” square is composed, it is possible to obtain almost
complete coverage of spatial frequencies in the area of placement of elements
with small filling factors of up to 0.01 and redundancy less than 0.5. It is shown
that the synthesis of large antenna arrays (AA) is possible using the nesting of se-
veral “magic” squares. The algorithm for supplementing the elements of the grid
formed by the elements of the “magic” square with additional elements to ensure
full coverage of the AA frequencies can be used just as effectively to build an AA
based on the nested square. Its characteristics can be significantly improved
using mutual rotations of individual layers included in the synthesized lattice.
A symmetric spiral vibrator with a small diameter and pitch of the spiral com-
pared to the wavelength was experimentally investigated, and it was shown that
it is a retarding structure in which resonances occur when a whole number of
half-waves are arranged along the vibrator — and a reflector-calibrator for external
calibration of the radar was proposed on its basis.

The possibility of using Kravchenko-Rvachev atomic functions to describe
the distribution laws of non-stationary non-Gaussian processes is considered.
It is shown that the finiteness of atomic Kravchenko-Rvachev functions has
physical prerequisites for their use for processes with several phase states, where
Gaussian distribution densities are used as approximating functionals in the
middle of each phase state. The analysis of approximation errors of experimental
densities showed that the use of finite Kravchenko-Rvachev functions in most
cases gives better results than the use of Gaussian functions and, even more so,
Lorentzian functions.

A description of the statistical interrelationships of various spectral compo-
nents of the signal of HF and VHF radio broadcasting stations using the CMSC
apparatus is proposed. The study of the mutual correlation coefficients of various
spectral components of the signals of radio broadcasting stations made it possible
to reveal the presence of a correlated region in the spectra. It was established
that the appearance of additional elements with a high correlation at harmonic
frequencies indicates the presence of nonlinear distortions in the receiving path
and can be used for their monitoring.

233



GENERAL CONCLUSIONS

Data on the acoustic noise levels of ground equipment and small-sized aerial
objects (such as UAVs) are presented for different observation ranges. The con-
nection between the dimensions of the helicopter blades and their rotation
frequency, which is a signature for recognizing the type of helicopter and can
be estimated from optical portraits and acoustic noises, has been established
theoretically and confirmed experimentally. Bursts with a variable width of
the spectrum of the high-frequency components of reflections caused by the
frequency modulation of the scattered signal by the rotating blades of the heli-
copter propellers were detected. The presence of a broadband burst in the
high-frequency region, which appears with the frequency of rotation of the pro-
peller, which is caused by a change in the angle between the blade and the front
of the electromagnetic wave, can be used as an informative feature when de-
tecting a stationary helicopter against the background of the terrain and its re-
cognition. It is possible to extract information about the frequency of rotation of
helicopter propellers or the frequency of rotation of the crankshaft of internal
combustion engines using cepstral processing of their acoustic noises or radar
reflections. The possibility of using correlated spectral components obtained
at different reception polarizations and wavelengths of the irradiating field, as-
sociated with the vibration of the skin under the influence of the propulsion sys-
tem, is shown to increase the contrast of the signal selection of the object with a
working engine against the background of interference from the terrain. Quality
functionals are proposed, which allow us to conduct a comparative analysis of
the effectiveness of the use of ground equipment objects when using different
combinations of sensors. The integration of detection systems that use physical
fields of different ranges and nature and the construction of robotic complexes
built into the Smart Grid system of distributed intelligence will allow for an
increase in their survivability and the efficiency of the use of technical objects.
The use of broadcast radio stations and own radio stations installed on the objects
to illuminate the environment can allow the detection of high-altitude air targets
at distances of more than 10 km. The inherent acoustic noises of equipment
objects allow their detection in the absence of external obstacles at distances of
up to 8 km and are significantly reduced due to wind and rain noise.
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APPENDIX 1

Apparatus and methodology of researching
acoustic radiations of ground
equipment objects and small UAVs

The noise level was measured using a standard JTS-1357 noise meter, the appea-
rance of which is shown in Fig. 1.1, 4, and the technical characteristics are given
in Table 1.1. To study the spectral characteristics of the emitted signals, they were
recorded with the “Olympus VN-480 PC” digital recorder, the appearance of
which is shown in Fig. 1.1, b, and the characteristics are given in Table 1.2.

Noise measurements were carried out for both stationary ground objects
and moving objects at different angles of location of the receiving equipment
relative to the noise source. The height of the location of the microphone was
1..1,7 m from the ground. The fixed parameters were the distance to the noise
source and the weather conditions during the experiment (temperature, air
humidity, wind speed, and type of substrate).

Table 1.1. Technical characteristics
of noise meter JTS-1357

Variable parameter Value
Resolution 0.1dB
Precision +1.5dB
Frequency range 31.5...8.5 kHz
a b Measurement range 30...130dB
Fig. 1.1. Appearance of noise level Linear range 50 dB
meter (a) and recorder (b)
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Table 1.2. The main technical characteristics
of the digital recorder “Olympus VN 480 PC”

Measured parameter

Value

Recording duration
HQ (high quality)
SP (normal quality)
LP (lasting quality)

About 177 minutes
About 267 minutes
About 493 minutes

Sampling frequency:

Regime HQ 16.0 kHz

Regime SP 10.6 kHz

Regime LP 5.75 kHz
General frequency characteristics:

Regime HQ 300...7,200 Hz

Regime SP 300...4,700 Hz

Regime LP 300...2,600 Hz
Connecting to a computer USB port
Memory capacity 64 MB
Headphone jack Resistance — 8 Ohms
Microphone jack Resistance — 2 kOhm
Appendix 2

Characteristics and general view
of radio location measurement systems

a

b

Fig. 2.1. General view of measuring complexes a — multi-frequency

polarimeter; b — radar with FM radiation

236




APPENDIX

a

b

Fig. 2.2. Pulsed radars with a cyclic survey of space: radar antennas with

wavelengths of 2 cm (a) and 8 mm (b)

Table 2.1. The main parameters of CW measuring radar

Characteristic Multi-frequency polarimeter FM Radar
Wave length, cm 10 0.8 0.4 0.8
Power, mW 150 100 50 100
Chart width, degrees 20 6 6 3
Sensitivity, dB/W -120 -120 -115 -160
Analysis band, Hz 4—500 4—15,000 4—5,000 50—2,000
Resolution by polarization, dB 25 30 25 25
Table 2.2. Technical characteristics of pulse radars with scanning

Specifications Parameters

Wave length, cm 0.8 2
Impulse power, kW 10 1
Pulse duration, ns 66 400
DN width: in azimuth, mrad 10 30
by the corner of the place, mrad 34 55
Threshold sensitivity, Vt 3.107" 1072
Dimensions of the antenna in azimuth, cm 80 60
Space survey speed, degree/s 360 4.8
Scanning sector, degree 36 240
Repetition frequency, kHz 7.5 4
Polarization VP VP

237



APPENDIX

Appendix 3

Equipment and characteristics of illumination
stations for measuring interference caused by radiation
of broadcasting stations in VHF and HF bands

a

b

Fig. 3.1. Appearance of the “Kanal-R” radio receiver: a — unit of a
two-channel receiver; b — receiver power supply unit

Table 3.1. Technical characteristics of the professional receiver “Kanal-R”

Characteristic

Value

Frequency range

Scale

Discretion of adjustment

The speed of automatic rebuilding

Limits of automatic adjustment

in the range of 2—4 MHz

in the range of 4—12 MHz

in the range of more than 12 MHz
Types of signals
The scheme of the radio receiver
Dynamic range

IF frequencies

Selectivity (by mirror channel)

in the range up to 20 MHz

in the range of 20-28 MHz

in the range of more than 28 MHz
Selectivity (two-signal)

with a frequency difference = IF or the 1* IF

with a frequency difference = 2™ IF
Selectivity (for the 1 and 2" IF)

2—32 MHz
Digital
No more than 5 Hz

0.3—20 kHz/sec (the reverse direction of
the reconstruction is provided)

Not less than 160 kHz

Not less than 300 kHz

Not less than 540 kHz

CW, AM

Double-conversion superheterodyne

Atleast 60 dB (for two powerful signals that
differ from the main one by 5—10 kHz)

1) 1.73 MHz
2) 215 kHz

Not less than 80 dB
Not less than 70 dB
Not less than 60 dB

Not less than 70 dB
Not less than 80 dB
Not less than 80 dB
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Fig. 3.2. Structural diagram of one channel of a superheterodyne radio receiver Kanal-R
with double frequency conversion

Fig. 3.3. Stationary superheterodyne short-wave radio receiver “Katran R-399A”

Fig. 3.4. Multimedia, all-wave digital radio receiver DEGEN DE-1127 with MP3
player and voice recorder

Table 3.2. Main technical characteristics of the receiver “Katran R-399A”

Frequencies range 1—31.999999 MHz
Setup step
manually 1/10 Hz
automatically From 2 + 1 to 60 + 20 kHz/s
Number of memory channels 60

Tuning time to any frequency by external code | No more than 50 ms
Daily volatility (relative) of the tuning frequency |No more than 2.5 - 10 (after a four-hour
warm-up with RG “Hyacinth-M”)

Intermediate frequencies 1. IF = 34.785 MHz;
2.IF=215kHz
Sensitivity 2.0 mkV (AM); 0.6 mkV (CW/SSB)
Dynamic range Not less than 70 dB
Levels of attenuation of the signal 0;10+3;20+3;30+3;40+£3dB
at the input by the attenuator
Efficiency of the manual amplification Not less than 80 dB (relative to the initial
control (MGC) on the IF level at the input of the RPU 1 mkV)
The effectiveness of the MGC on LF Not less than 34 dB
Desensitization Not less than 80 dB (on mirror, half-mirror,

and side reception channels)

Not less than 82 dB (on reception channels
at frequencies equal to intermediate ones)
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Table 3.3. Technical characteristics of the DEGEN receiver, model: DE-1127

No. Characteristic Value Notes
1 |FM, MHz 64.0...108.0 Set in the menu
or 87.0...108.0
2 | AM, for Europe and Asia kHz 522...1,710 9 kHz tuning step
or for North America 520...1,710 10 kHz tuning step
3 |SW, MHz 2.30...23.00
4 | Noise-limited sensitivity: <5
FM, mkV, <25
MW, mV/m <50
SW, mkV > 40
5 | Selectivity, dB > 40
6 | Digital volume control 31 levels
Table 3.4. Characteristics of illuminating stations
No. o . Distanc.e Azimuth, Broadcast Transmitter
Fig, Mumination station | to Kharkiv, degree Type frequency, power, KW
km kHz
1 | Shijiazhuang, China 6,098 70.4  |Many-jumping | 17,735 500
2 |Kashi, China 3,302.6 95.2  |Single-jump 17,490 500
3 |Issoudun, France 2,524 275.6 | Single-jump 17,735 500
4 | Emirler, Turkey 1,196 194  |Single-jump 13,635 500
5 |Sirjan, Iran 2,805 137.1 | Single-jump 15,150 500
6 |Islamabad, Pakistan 3,523 107.3 | Single-jump 11,645 100
7 |Issoudun, France 2,524.2 275.6 | Single-jump 17,735 500
8 |Issoudun, France 2,524.2 275.6 | Single-jump 17,735 500
9 |Emirler, Turkey 1,196.0 194.1 |Single-jump 13,635 500
Table 3.5. Characteristics of illuminating
HF broadcast stations of ionospheric wave
. Field Angle
No. of t}Ii: a?tl:tion }}%C;g;;;? Freﬁt;;cy, P?‘\;r’ oé work, | Coordinates | to thrkiv,
egree degree
1.1 | Radio Taiwan Int. 15:07 7,385 100 352 25°4N
25.06.2016 121°31E
1.2 | Radio Taiwan Int. 15:10 7,385 100 352 25°4N 124.8769
25.06.2016 121°31E
1.3 | Voice Of Tajik 19:33 7,245 100 ND 37°32’N | 93.5524
29.06.2016 68°42’E
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The End of the Table

Name Record Time, | Frequency, | Power, Field . Angle.
No of the station (UTC)/Date EHZ ¥ KW og work, | Coordinates | to Kharkiv,
egree degree
1.4 | China Radio Int. 19:40 7,265 500 308 39°21’N 97.2126
29.06.2016 75°45°E
1.5 | China Radio Int. 19:44 7,385 500 294 39°21’N 97.2126
29.06.2016 75°45°E
1.6 | China Radio Int. 19:46 7,395 500 308 39°21’N 97.2126
29.06.2016 75°45°E
2.1 | Voice Of Turkey 19:53 9,460 500 310 39°29°N | 199.7819
29.06.2016 32°51’E
2.2 | China Radio Int. 20:00 9,600 500 308 39°21'N 97.2126
29.06.2016 75°45°E
2.3 | Radio Romania Int. 05:43 9,620 300 285 47°15’N | 257.6368
30.06.2016 27°26’E
3.1 | Radyoya Denge 05:47 11,600 300 116 47°17’N | 252.1593
Kurdistane 30.06.2016 29°24’E
3.2 |Radio Dabanga 05:51 13,800 250 335 18°43’N | 156.2493
30.06.2016 47°37°E
3.3 | Radio Saudi 05:57 15,170 500 335 24°30°N | 154.4945
30.06.2016 46°23’E
3.4 | China Radio Int. 06:02 17,520 500 294 39°21’'N 97.2126
30.06.2016 75°45°E
4.1 |Radyoya Denge 09:26 11,600 300 116 47°17N | 252.1593
Kurdistane 30.06.2016 29°24°E
4.2 | China Radio Int. 09:31 15,665 500 308 43°35’N | 114.9813
30.06.2016 87°30°E
4.3 | China Radio Int. 09:34 17,490 500 308 39°21'N 97.2126
30.06.2016 75°45°E
4.4 | ChinaRadio Int. 09:37 17,570 500 308 43°35’N | 114.9813
30.06.2016 87°30°E
4.5 |Radio Farda 09:39 17,880 100 85 49°41’N | 266.3638
30.06.2016 8°30’E
5.1 |Radio Romania Int. 13:41 11,950 300 285 47°15’N | 257.6368
30.06.2016 27°26’E
5.2 | PBS Xinjiang 13:44 13,670 100 230 44°08'N | 115.2369
30.06.16 86°53’E
5.3 | Athmeeya Yatra 13:47 15,350 | 250 89 52°38'N | 291.0183
Radio 30.06.2016 12°54°E
5.4 | China Radio Int. 13:50 17,650 500 308 39°2I’N 97.2126
30.06.2016 75°45°E
6.1 | VO ISLAMIC REP. 21:26 7,285 500 289 29°28'N | 118.4624
IRAN® 30.06.2016 60°53’E
6.2 | China Radio Int. 21:28 7,415 500 308 39°21'N 97.2126
30.06.2016 75°45°E
6.3 | China Radio Int. 21:31 9,430 500 308 43°35’N | 114.9813
30.06.2016 87°30°E
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Appendix 4

Main technical characteristics of research
objects and detection systems

Table 4.1. The main characteristics
of surveillance and aiming devices [179]

Sights Surveillance devices
Optical daytime nighttime

and techl.nc.al PP-61 TNP-B;
characteristics AM 1PZ-2 TNPO-115:

TPKU-2B TNP-165; TKN-1S| TKN-3 |TVNO-2B|TVNE-4B

TNP-205

Increase, times.
post./pancrat. | 2.6 [1.2/3.0 5 — 2.75 | 3.0/2.2 1.0 1.0
Periscopicity,
mm 285 | 285 200 200 200 200 200 200
Aiming range,
vision, m
(day/night) 2,000 2,000 | 3,000 vision | —/300 (4,000/400f —/100 | —/120

Table 4.2. The average RCS value of objects in the resonant region

Horizontal polarization Vertical polarization
Object Purpose
RCS in the resonant region

Fuselage, dB/m? Rotor, dB/m? Fuselage, dB/m?
Helicopter| MP 27.3 26.3 18.3
S 28.6 27.5 17.4
T 31.5 30.3 214

Fuselage, dB /m? Wing, dB /m? Fuselage, dB /m?
Plane AA 26.7 25.4 17.2
B 35.6 36.6 23.6
F 30.5 26.7 19.8
P 37.6 36.9 26.6

Fuselage with cannon, dB/m? Fuselage, dB/m? Fuselage, dB/m?
Tank 25.3 16.0 13.4

The following designations are used in the table: S — strike, T — transport, MP — multi-

purpose, AA — attack aircraft, F — fighter, B — bomber. P — passenger.
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Table 4.3. Technical characteristics of radio stations

Radio station R-030U VHF band [363]

Frequency range 30—110, MHz

Power 30 £ 5, W (for a load of 50 Ohms)
Frequency instability No more than 1 x 10
Frequency deviation 5.6+ 1.2,kHz

The level of own noises 130, dB

Receiver sensitivity 0.5, mkV
Signal-to-noise ratio 12,dB
Communication range 20—30, km

Radio station R-163-50K HF band [150]

Frequency range 2—30, MHz
Power 50, W
Frequency instability 4.5x 107
Receiver sensitivity 3, mkV
Signal-to-noise ratio 12,dB
Communication range 50—300, km

Table 4.4. Detection sensor ranges, km

Sensors
Optical TPKU-2B, IR RTS HF and VHF | Passive acoustic
Objects TKN-3 [1] TKN-3 [1] bands [41] RTS [67, 68]
. . Active- . Wind,
Day Night Active passive Quietly rain
On the ground 3.0 km; 4.0 0.4 0.4..1.0]0.3..0.7 | 6.0 0.5
Air (planes, helicopters) — — .20 L. 7.3 0.7
Shot — — — — 8 34
UAV — — 1...8 0.5..1.5| 6.0 —
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B moHorpadil po3risHyTO BUpilIeHHs IpoOreMn BUKOPUCTAHHS BIACHUX aKYCTUYHMX Ta
BTOPVMHHIX €eKTPOMArHiTHUX BUIIPOMIHIOBaHb 00’€KTIB aHTPOIIOTEHHOTO MTOXOMXKEHHS Y
cucTeMax aKTMBHO-IIACMBHOTO MOHITOPMHTY. 3alIPOITOHOBAHO METOAMKY OL[iHKM 1aTbHOCTI
BUSIBJICHHSI JKEPE/I aKyCTUYHOTO BUIIPOMIHIOBAHHSI, CIIOCI6 BU3HAYEHHS Pa/ioNIOKAIITHIX
CcUTHATYp O0’€KTIB 32 ONTUYHUMM Ta AKYCTUIHUMI IIOPTPETAMIU Ta BUJIIEHHSI KOPUCHOTO
curHay Ha QOHi 3aBajj, METOAMKY AVCTAHLIHOI JIaTHOCTUKM CTaHy IOBEPXHI MOPsI, TPO-
nocdepu 3emii 3a BUIPOMIHIOBAHHAM TeNeBi3iiHMUX Ta pafioMoBHuX cTanuin i IC3 cuc-
TeM I7100a/IbHOI HaBiranii, Mofie/ib HeCTal[ioHapHuX 3aBaj. PO3IIAHYTO HOBi METOAM OLNCY
HeCTalliOHapHMX IPOLeciB i cUrHaB 3 BUKOpUCTaHHA QYHKUI posnopiny KpaBuenka—
PBauoBa Ta BK/Ia/ieHMX HaliBMapKOBChKIUX IIPOLIECIB.

Kuura npusHaveHa Aj1st HAyKOBI[iB Ta (axiBLiB, [0 3alIMAIOTHCSI pO3POOKOI0 METOLIB
1 TEXHOJIOTiN HMCTaHLIHOrO 30HAYBaHHA. bysle KopucHa i/ CTy[eHTiB i BUKIafadiB Ha-
BYa/TbHUX 3aK/IafiB pafiodisndHoro npodimio.
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