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FOUNDATIONS OF RADAR SYNTHESIS THEORY OF PHANTOM OBJECTS
FORMATION IN SAR IMAGES

The primary research area isdevelopinga theory offalse object formation in aerospace radar images. This process
involvesadding the spatial andtemporaltrajectory signals ofthe object information features that are abse nt on the
underlying surface irradiated by an aerospace carrier. The goal ofthis study isto determine the general concepts
of the design and application ofradar image phantomization radars. The research is aimed at solving the following
tasks: to describe the general concept of phantomization radar (PhR) design and application; to formulate the
hypotheses underlying the theory and outline the range ofissues to be solved; to determine the general structure of
PhR; to develop mathematical models of the laws of distance change in the system “phantom image generator —
remote sensing radio system”’; to determine the size limitations of the area where phantom replacement of real
radio images can be provided followingthe viewing mode ofthe underlyingsurface fromsatellites. The solutionto
these tasks is based on the methods of the remote sensing system synthesis theory, radiophysics, coherent image
formation, functional analysis, synthesis, and processing of spatiotemporal signals. The following results were ob-
tained: 1) the structure of the PhR is defined, which includes a receiver, a bank of SAR signal models, a bank of
objectmodelsto be injected into the PhR signal, and a transmitter; 2) the parameters of the received SAR sensing
signal that need to be estimated in the PhR receiver are determined; 3) the geometry of interaction in the “SAR-
PhR” system is described, which allowed us to determine an expression for estimating the distance between SAR
and PhR, as well as to estimate the distance-related parameters, such as signal delay time and characteristics of
sensing signals. Conclusions. This paper describes several primary issues that arise in the development of the
phantomizationradio image theory. The results obtained are the foundation for further research, which should be
directed toward the development of mathematical models of the aerospace remote sensing system orbits, spatial
and temporal signals emitted by the remote sensing radio systems from aerospace carriers, and formalization of

the features of the underlying surface in the “SAR-PhR” system.
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1. Introduction

Motivation. Remote sensing systems [1, 2]
equipped on aerospace carriers operating in the radio
waveband have a prominent role in the overall structure
of obtaining information about the Earth’s surface. This
is due to the following advantages: coverage of large
areas of the underlying surface (a wide observation angle
during flight at high altitudes provides a wide swath of
view); real or quasi-real-time information acquisition;
information can be obtained at any weather and
regardless of the time of day, which is associated with the
radio wave signal processing; and high spatial resolution
comparable to the optical sensing systems’ resolution,
achieved by modern algorithms of spatiotemporal signal
processing [3, 4]. Remote sensing systems make it
possible to obtain radio images throughout the year,

whereas optical images for many regions of the Earth are
rarely available for more than one-third of the year due
to atmospheric opacity (cloud cover).

For many tasks, remote sensing data on the
underlying surface plays an important role, providing
initial information about the state of the underlying
surface. These are, first, research tasks related to
agricultural fields, glaciers, forests, and water surfaces,
and many others. Radio images are also used in
reconnaissance tasks. In such cases, systems must be
designed and developed to prevent the acquisition of
reliable radio information in specific areas of the Earth’s
surface. This can be achieved by synthesizing radio
signals with the necessary information aboutobjectsin a
given area that are not there. Such signals, once
processed in aerospace synthetic aperture radars, will
result in the appearance of “phantom” objects on radio
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images. Accordingly, the theory that describes the
synthesis of radio engineering systems that will form
these signals should be defined as radio image
phantomization.

State of the Art. It should be noted that some work
in this area is being carried out in all frequency bands
used for remote sensing. For example, in optical and
infrared bands, the issue of preventing the acquisition of
reliable information can be solved by creating object
“dummies” and placing them on the underlying surface.
The majority of information is available on enemy
deluding in the optical and hyperspectral optical ranges.
In [5, 6], the authors presented the demasking features of
military equipment on battlefields in real-time optical
and hyperspectral wavebands. Studying these works
allows us to identify the characteristics that should be
implemented in target imitation objects. These
characteristics create the illusion of real targets for
automatic detection systems. Information about features
(geometric, spectral, etc.) is also used in the design of
technical objects, in particular, robots [7]. Along with the
detection of characteristics in the optical range, the
functionality of systems is often expanded in the infrared
range. For example, [8] justified the possibility of
increasing the detection probability of technical objects
using hyperspectral data in the opticaland infrared ranges
simultaneously. In particular, it has been pointed out that
such an expansion of the spectral range increases the
probability of detecting complex targets at the subpixel
level, making it possible to identify hidden objects, as
well as chemicals in plumes, and even detect vehicles
hidden under a small layer of soil. Once again, taking
these features into account allows us to improve the
quality of creating dummies for misleading purposes,
which is ideologically related to the direction of the
article but based on other physical principles of forming
an “illusion”. The radio range is no exception; thus,
scientists pay considerable attention to studying the
demasking (masking) characteristics of military vehicles.
The simplest works deal with corner reflectors and their
ordered systems. In [9], the energy characteristics
necessary to determine the effectiveness of installing
false targets in the form of corner reflectors were
investigated by calculating the similarity of the range
profile based on the curve intersection obtained by the
cosine similarity method and the range profile deflection
peaks. The calculations are based on the example of a
corner reflector systemused to form false targets at sea
to imitate ships. In [10], the results of the radio signal
polarization characteristics were scattered on a tank
model, which is extremely important for proper masking
of radio images. Article [11] presents the results of
jamming synthetic aperture radars (SAR), which are the
main ones used for aerospace imaging and allow the
acquisition of radio images with spatial resolution

comparable to optical resolution. This is based on the use
of corner reflector systems, which, depending on the
distance between them and the viewing angle, which
varies depending on the relative position of the reflectors
and the aerospace carrier (due to its orbit or a defined
trajectory), will imitate the objects of various vehicles. If
the corner reflectors are properly placed, the angle
between them (the apparent distance) changes according
to the viewing angle from the aerospace platform. This
work and others similar to it do not pay attention to the
idea of forming a signal to “replace” the radio image,
which may become dominant in the coming decades,
considering the rapid progress of the radio element base.
The theory, the foundations of which are described in this
paper, proposes a replacement signal for synthetic
aperture radars. A distant relation to this idea is a simple
time delay averaged from several reception points and an
amplified satellite signal for inverse synthetic aperture
radars [12]. This approach makes it possibleto radiate a
copy of the sensing signal from one place but does not
create “phantoms”in a specific area.

In contrast, the proposed method assumes that a
single phantomization systemwill cover a specific area
with images of objects thatare not currently presentin a
given area. This is extremely relevant considering the
following. To obtain radio images of objects that do not
currently exist in a given area, a system of corner
reflectors (placed according to certain patterns) can be
used. This approach is convenient to implement when
simulating some objects. To create the “illusion” that
numerous vehicles (or buildings) are located in specific
areas, this approach requires several corner reflectors. In
addition, this approach does not provide the “illusion” of
vehicle movement/relocation in radio images. It creates a
contradiction: on the one hand, there is a need to create
systems to prevent obtaining true information by
imitating a large number of objects (vehicles, structures,
and buildings) in the radio range over large areas, and on
the other hand, there is no theory of synthesis of methods
and systems of image phantomization without physical
objects-imitators. This contradiction raises the problem
of developing a foundation for radio image
phantomization theory at the level of forming false
information injections into the signals of aerospace
radiovision systems. The solution to this problem
requires the development of an appropriate theory, which
should be based on the current knowledge of the
radiovision system design, radio image processing, radio
physics (forward and inverse problems), estimation of
spatiotemporal signal parameters, digital information
processing, and machine vision. In particular,
information from [13, 14] concerns modeling the
formation of vehicle visual features on radio images. This
information is important for developing the proposed
theory; however, it is not fundamental. In general,
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articles [9-14] indirectly contain information that points
to the fundamental possibility of creating a theory of
radio image phantomization.

Thus, the object and subject of the study are as
follows. The research object is the process of injecting
false objects (phantoms) into radio images generated by
aerospace remote monitoring radio systems, in particular,
synthetic aperture radars as akey radiovision system. The
research subject is the development of a theory of false
object formation in the images of aerospace radiovision
systems by injecting the informational characteristics of
objects not present on the irradiated surface into the
spatiotemporal trajectory signals.

The article describes awide range of primary issues
that arise in the process of developing this theory: the
general concept of PhR design and application is
presented, the hypotheses underlying the theory are
defined, the issues to be resolved are formulated, a
generalized scheme of PhR is developed, and equations
for the basic parameters and characteristics required for
planning interaction sessions between PhR and SAR are
derived.

The article is structured as follows. Section 2
formulates the main idea of phantomization theory, the
working hypotheses that form its basis, and the main
problems that arise in the process. Section 3 outlines the
novelty of the proposed theory and the differences from
existing solutions. In Section 4, the phantomization radar
application geometry and the generalized design of such
a radar are presented. Section 5 presents the
mathematical formalization of the SAR signal, its
transformation during transmission and reflection, and
the received signal type. Section 6 presents the general
structure of an onboard SAR in the context of a general
application model. Section 7 focuses on determining the
interaction time between the SAR and the
phantomization radar for a circular satellite orbit.
Calculating this time is important from the point of view
becauseit is necessary to know in advance how long the
PhR can interfere with the SAR operation. Section 8
presents the basic equation for the range between the
SAR and the PhR, which determines the distance
between these radars at any point in time. Section 9
provides calculations of the expected and maximum
lengths of coherent pulse packets, which are usually used
onboard satellite SAR. Section 10, considering the
calculations in the previous sections, presents the
synthesized radiation pattern depending on the sensing
signal. Section 11 discusses the ideas and hypotheses put
forward, the difficulties of forming the theory, the issue
of optimal waveform determiner design, the existing
limitations of parameters and waveforms, and the
importance of calculating the complex scattering
coefficient as a source of key information about the
underlying surface. Section 12 concludes the paper by

summarizing the PhR construction concept (i.e., the main
elements of such a radar) and the geometry of the
phantomradar application.

2. The Idea, Working Hypotheses,
And Problems of Developing the Radio
Image Phantomization Theory

Fig. 1 (borrowed from [15]) shows a radar image
from Sentinel-1 distorted by the Russian jamming system
for spaceborne synthetic aperture radars. Such distorted
parts of radar images contain lostinformation that cannot
be recovered by modern intelligent radio image filtering
systems [16, 17].

Fig. 1. Radar image at the synthetic
aperture radar output (Sentinel-1 satellite) of a fragment
of the temporarily occupied Crimean Peninsula,
noised by radio jammer signals

The following idea arises: if a radio image can be
distorted, it can also be edited (phantoms can be added)
using information “injection” signals into the radio im-
age. The proposed method can be implemented by inject-
ing a signal with particular information characteristics
into the true signal.

Toimplement this idea, we need atheory to develop
which we propose the following hypotheses. Hypothe-
sis 1— by adding a signal containing the necessary infor-
mation characteristics to the signal of the radiovision sys-
tem reflected by the underlying surface, it is possible to
imitate the presence of objects with predetermined prop-
erties in places where they are not physically present or
to increase their number where they are few. This ap-
proach is increasingly demanded because significant ef-
fects can be achieved by replacing information. Hypoth-
esis 2 — to develop the foundation of radio image phan-
tomization theory, it is necessary to significantly develop
knowledge in the following scientific areas: statistical
theory of aerospace-based remote sensing radio systerrs;
physics of radio wave interaction with various surfaces,
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including radiophysics sensing of the Earth’s atmos-
phere; radio navigation theory, etc. The complex vision
of the radio image formation processes, radio wave emis-
sion and propagation (and their reflection), and pro-
cessing of spatiotemporal signals in aerospace-based
measurement and information radio systems allows us to
understand and define the above problem. Hypothesis 3:
the formation of an integral reflection signal that consid-
ers both the features of the real terrain and the objects
included in it (with terrain reference) will allow one
phantomization system for a particular surface area. Hy-
pothesis 4: To create a lifelike effect of the object’s pres-
ence, it is necessary to consider the mutual movement of
the “satellite-radar” systemin the process of phantomiza-
tion signal formation, which requires knowledge of the
satellite position in space and time, radiation signal form,
parameters, and motion characteristics, etc. Hypothe-
sis 5—all parameters and characteristics necessary for the
system’s functioning can be calculated or measured in
advance by modern control and measuring equipment.
These hypotheses formthe foundation of the new theory.

Hypotheses 1-5 are based on a deep and integral
understanding of radio image formation processes [18],
and the experience of statistical synthesis of aerospace
radio imaging systems [19, 20] leads to the conclusion
that the idea is viable.

Creating a new radio image phantomization theory
and developing recommendations for the design of cor-
responding radio systems requires solving the following
tasks:

— development of the fundamentals of radio engi-
neering systems theory, which replaces or adds radio im-
ages for aerospace remote sensing systems according to
predefined scenarios;

— new components of the theory for estimating the
parameters of signals emitted by aerospace remote sens-
ing systems. These components of the theory include new
mathematical models of signals considering the features
of the expected orbit and motion parameters of the re-
mote sensing radar, its operating modes, and the mutual
movement of the “satellite-radar” system;

— new mathematical models of spatiotemporal tra-
jectory radio signals containing information about the
necessary elements — “phantoms”) on the specified areas
of the underlying surface. These models considerthe fea-
tures of signal backscattering by objects of different na-
ture and, possibly, digital area maps in the radio wave
range, as well as new methods of adding “injection” sig-
nals to the trajectory signals formed by radiovision sys-
tems;

— adjustment of the mathematical model to reflect
the atmosphere state and the polarization processing fea-
tures of the sensing signals;

— recommendations for the application of the new
theory in the engineering implementation of radars. Anal-
ysis of theory application limitations.

It should be noted that the novelty of the approach
lies in the first proposed use of a synthesized spatiotem-
poral signal (a signal with an “injection” of objects that
are allegedly presentin agiven area of space), which will
bring additional information to the radio images formed
by aerospace synthetic aperture radar (SAR). The same
signal will be adaptive to changes in the mutual position
of the SAR-Phantomization Radar (SAR-PhR) system,
which is necessary for the correct formation of infor-
mation aboutthe “injected” objects in the trajectory sig-
nals generated by SAR. It is expected that such signals
will be described by complex mathematical expressions,
but modern systems based on field-programmable gate
arrays (FPGA) are capable of processing big data in real-
time.

The solution to the above problems should begin
with the formation of a general concept ofdesign and ap-
plication of radio images phantomization radars, defining
the geometry of the problem taking into account the
movement of the remote sensing aerospace carrier and its
mathematical analysis,developing mathematical models
of the distance change laws in the system “phantomiza-
tion radar — remote sensing radio system”, defining limi-
tations on the size of the area where phantom replace-
ment of real radio images can be provided following the
satellite observation mode.

These primary tasks form the basis for other tasks,
namely:

— development of mathematical models for the or-
bits of aerospace remote sensing systems and formaliza-
tion of the features of the underlying surface observations
in the context of application in the “SAR-PhR” system;

— development of mathematical models for the spa-
tiotemporal signals emitted by remote sensing radio sys-
tems from aerospace carriers, considering different ob-
servation modes;

— improved mathematical model of radio image for-
mation in synthetic aperture radars;

— creating a model bank of radio wave scattering
based on the underlying surface areas that are most typi-
cal for Ukraine;

— the creation of generalized models of radio wave
backscattering by objects to be phantomized in radio im-
ages;

— the development of mathematical models for ra-
dio signals reflected by spatially distributed underlying
surface areas that have the information characteristics of
phantom objects;

— development of new methods for “injecting” sig-
nals into aerospace radar systems that allow guaranteed
changes in the radio image;
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— studying the dynamics of signal waveform
changes considering mutual movements in the “SAR-
PhR” system;

— study of the atmospheric impact and adjustment
of the mathematical models obtained in solving the pre-
vious problems by considering the dynamics of the mu-
tual movement ofthe “SAR-PhR”;

— development of a statistical synthesis method for
radio image phantomization system;

— the development of a generalized block diagram
of the radio image phantomnation system;

— development of general recommendations for the
design and construction of radio image phantomization
systems;

— analysis of the theory’s limitations.

3. Novelty of the Proposed Theory

There is no mention in the literature of an analog of
the synthesis theory of phantomization radio systens.
There are only reports on the use of mockups of objects
that look different in different frequency ranges: in the
optical and infrared ranges, these are physical objects [5,
6, 8] that are similar in their geometric characteristics to
various vehicles; in the radio range, systems of corner re-
flectors [9, 10] and time-delayed reemission of recorded
and averaged signals [11]. In other words, there is no in-
formation on therelated ideas or theoretical parts of such
radio systems.

The new theory makes it possible to build radars
that can imitate the presence of objects/buildings in aspe-
cific location. In studies [5-11], the imitation objects
were assumed to be placed in a position where they
should be displayed on an optical, infrared, or radar map.
Thus, as seen in the available works, the formation of the
illusion of many objects requires a lot of physical objects
and considerable time for placement. Unlike this, the pro-
posed theory allows adding information to the radio im-
age replacement signal in a way that it will contain as
many objects as can be placed in a specific area of the
terrain (justification of the area size requires the develop-
ment of an appropriate methodology), but in any case,
this is a time and material gain compared to the current
state of the art.

It is expected that the proposed theory will allow us
to form theillusion of the presence of notonly stationary
objects but also the presence of moving vehicles, which
was previously impossible without the physical move-
ment of objects. This can be achieved by adding addi-
tional modulation to the “injection” signals (not to be
confused with thetasks [21] of modeling SAR signals).

The theory implies the adjustment of information
(change of parameters) in the phantomization radar sig-
nal in accordance with the change in the mutual location
of'the “ground radar—onboard SAR” system.

4. The Concept of Designand Application
of Radio Image Phantomization Radars

The concept (geometry) of the phantomization ra-
daris illustrated in Fig. 2.

Satellite

trajectory

—
S

—
o

-

Projection of
satellite motion
on the ground
surface

Fig. 2. General concept (geometry)
of phantomization radar use

The concept of radar design:

1. The radar must contain three components (Fig.
2): a receiver (Rx); atransmitter (Tx); and a model bank
(MB) of objects thatare added to the transmitter signal.

2. The receiver solves the following tasks (depend-
ing on the operating mode):

— receiving satellite signals, amplifying them, and
estimating their form and parameters;

— estimates the satellite flight parameters required
for the system operation (records the fact of satellite ap-
pearance and the slantrange to it);

3. The model bank contains a library of electrody-
namic models of objects, which are recalculated into the
transmitter signal parameters;

4. In the transmitter, based on the data received
from the receiver regarding the form and parameters of
satellite radar signals, satellite motion parameters, as well
as data from the model bank, generate signals for the sat-
ellite thatadd object patterns to the radio image.

The transmitter and receiver antennas must be de-
coupled from each other. It is also assumed that the sat-
ellite-radar interaction session can be calculated in
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advance, and in the best case, the form and estimates of
the sensing signal parameters are already known and can
be obtained from previous observations of remote sens-
ing satellites. The transmitter and receiver can also be
separated, and the receiver can operate separately for
some time to create databases of SAR satellite signals.

Fig. 3 shows a generalized structure of interaction
in the “SAR-PhR” system.

MEEF)
R B2 ey

u}“"”""& )
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< Tx Ke—— |

A

SAR
MEF)
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Fig. 3. Generalized block diagram
of “SAR — PhR” systeminteraction

Fig. 3 contains the following abbreviations and no-
tations:

— SAR —synthetic aperture radar (located on an aer-
ospace carrier);

— X(t,F') is a vectorof the true values of the signal
form and parameters, and satellite motion parameters as

a function of time t and spatial coordinates r' in the co-
ordinate systemrelated to the satellite;

— A(t,F,F) is a vectorof the estimates of the signal
form and parameters, satellite motion parameters, as a
function of time t and spatial coordinates ¥ and Tt in
the coordinate systems related to the phantomization ra-
dar and the satellite, respectively;

— & (t,F,F) is a vector of estimates of the form

and parameters of the signal, and motion parameters of
the 1st satellite, considering the position of the phan-
tomization radar;
— M

- {ii (t,F,F’)}izl isa memory unit that stores infor-
mation on the vectors of estimates of the form and pa-
rameters of signals, and motion parameters of the M-th
satellite, considering the phantomization radar’s posi-
tion;

— %o, (47,17 is a vector of the object characteris-

tics to be added to the signal parameters of the phan-
tomization radar;

- K
- {XO’k (t,?,?’)}k:l is a bank of object characteris-

tics to be added to the phantomization radar signal pa-
rameters.

If there is a priori information about the satellite’s
motion and SAR characteristics in the memory unit

= M
{ki (t,f,?’)}i:l, it is advisable to use them, as shown by

anotherarrow from the mentioned unit to the transmitter
x

5. General Form of the Onboard SAR
Sensing Signal and Signal Transformation
in the Process of Sensing

To solve the problem of radio image phantomiza-
tion, it is important to describe the general form of the
onboard SAR sensing signal and examine the transfor-
mation of this signal that occurs during the sensing pro-
cess.

The onboard SAR sensing signal can be written in
a very general form [22] as follows:

s(t) =Re{A(t)exp(j2rfyt)} , Q)

where A(t) is thesignal’s complex envelope, which can
describe various types of modulation and any form (from
a pulseto a coherent packet of pulses), Ret-} is the real
part of the complex number, f; is the carrier frequency,
and t is the time variable.

To write down the signal recorded by the SAR an-
tennaon board an aerospace vehicle, we first write down
a unit signal, i.e., the signal reflected by an elementary
area of the underlying surface. To do this, we consider
the geometry shown in Fig. 4.

Fig. 4 shows the antenna system of an onboard
SAR, which is represented by thearea D’ with the phase
center at pt. O'. The underlying surface S, which con-
tains an elementary area dS, the distance to which from
the phase center of pt. O’ is denoted by R (¥,t). The
complex scattering coefficient of the underlying surface
is denoted by the function F(¥, 7, A(F)) , which depends
on the coordinates of the underlying surface 7, the ge-
ometry of mutual placement in the “SAR-observation
point” system, which is indicated by the dependence on
the coordinates of ', the parameters of this surface
A(F), which can be estimated when solving remote sens-
ing problems. The distance from the same elementary
area to any area dD’ of the antennasystemis denoted by
R(T,r,t). The Oxyz coordinate systemis related to the
underlying surface. The plane xOy goes through the

mean level of the underlying surface (the roughnesses in
Fig. 4 are not shown, but they occurin the remote sensing
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practice). Surface roughness can be introduced as an ad-
ditional phase shift ¢(F,,A(f)) in the complex scatter-

F(r, 7, %(1)) =
|I':(F,F’,7:(f))| exp(jo(7,7,%(7))) . The coordinate sys-

tem O'x'y'z is related to the phase center of the onboard

ing coefficient

SAR antennasystem. The radius vectors ¥ and 7' de-
scribe the elementary areas’ positions in the Oxyz and

O'x'y'z coordinate systems, respectively (to simplify

mathematical calculations, they can be assumed to be in
the xOy and x'O'y’ planes).

A%
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R R.(70)
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@)
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Fig. 4. Geometry of the remote sensing problem

Traditionally, the complex scattering coefficient
F(7,#,A(F)) is written as a function of the underlying

surface coordinates T . In the task of object injection into
the radio image, this should be considered because the
object looks different at different viewing angles. At the
same time, when the SAR radiation pattern is relatively
narrow and oriented normal to the carrier movement di-
rection (side-looking mode) and does not follow a spe-
cific area (as is typical in the spotlight mode), the depend-
ence of the complex scattering coefficient on the mutual
position of the virtual objectand SAR can be neglected.

We assumed that the signal was emitted from the
point at which the phase center of the onboard SAR an-
tennawas located (from pt. O, Fig. 4). The electromag-
netic field propagates to the underlying surface within the
area irradiated by the radiation pattern, and it is reflected
by each elementary area (for example, see dS in Fig. 4,

the distance to which is Ry (F,t)) and then part of this

field is received by the receiving elements (elementary
areas dD’) of the onboard SAR antenna (distance is

given as R(T,r',t)). Here, it is assumed that the under-

lying surface is not mirror-like (e.g., water surface in
windless weather) and contains a diffuse component,
which is typical for most practical [23, 24] situations that
arise in remote sensing.

The signal reflected by the area of the underlying
surface irradiated by the radiation pattern of the onboard
SAR antennawithin the i-th range band and received by
the elementary antennaarea with coordinates 7', can be
written as

Srec (L") =eexp(jo) J. F(F,F',X(F))x
Di

xG(F-V(t-tg))A(t-tq (LT,

xexp(janO(t—td (t,7,F

)x @
)))dr,

where ¢ is the signal attenuation coefficient, ¢ is the
random initial phase of the signal (evenly distributed in
the range of [0, 27], G(F-V(t-to)) is the antenna pat-
tern recalculated to the underlying surface coordinates,
Ro (04T, t)+R(T,11)

and tq(t,7,F')=
c

is the signal

delay time.
For the case in which the SAR antennafocuses the
received signals at a precalculated phase center, rather

than at each point of the antennawith 7' coordinates, in-
stead of signal (2), the following should be written:

$rec (D =cexp(jo) f I#(F,F’,X(?))x
D'D
xG(T-V (t-t9))A(t-tg (t,7,7"))x
xexp(j2nfo (t-tq (,7,77)))drdr’,

where it is taken into account that the SAR antennais de-
signed so that the delay caused by the signal delay within

theantennaaperture (in ') is compensated (the signal is
focused in the antenna phase center in phase for all points

r'eD"), otherwise, an additional multiplier must be ac-

(22)

counted for the integral exp(ju(i")), where v(F') is a
phase addend that compensates the phase difference of
signals received in the antenna phase center and at the
antennapoint with coordinates T'.

When an elementary signal (reflected by an ele-
mentary area AS of the underlying surface with coordi-
nates 1) is received by focusing in the phase center of
the aperture D’ antenna, we obtain

$rec (1,7) =2exp(jo) .[ F(F, P, (F)x
><('3(f-\7(t-to))A(ltD tg (L7, 7"))x

T, (2b)
xexp( j2nfo (t-tg (4,7,77)))dr".



130

Radioelectronic and Computer Systems, 2024, no. 4(112)

ISSN 1814-4225 (print)
ISSN 2663-2012 (online)

In future, when working with signal (2), its notation
will clarify which form (2), (2a), or (2b) is meant.

Signal (2) considers thatin the process, the mutual
positioning in the “phantomization radar—-SAR” system
changes due to the movement of the SAR carrier. Time
t, describes the beginning of the interaction between
PhR and SAR. Formally, it can be setto zero.

The overall signalmodel (2) is important for the de-
sign of the phantomization system. Some parameters or

functions of the signal model (2), such as A(t) and

G(¥), can be estimated in the receiver Rx (Fig. 3) or can
be known in advance. The delay time and its change dur-
ing the satellite movement should be calculated from the
actual location of the phantomization radar and the orbit
with the satellite’s motion laws.

Note that signal (2) is always received in the pres-
ence of noise. In our problem, it is sufficient to limit our-

selves to additive noise, which is the internal noise n(t)
of the receiver. Accordingly, the observation equation
can be written as follows:

u(t) =Res () +n(t) =5 (D+n(t). (3

We will not specify the statistical characteristics of the
observation and noise now, because we will return to this
issue directly in solving the problem of statistical algo-
rithm synthesis foroptimal signal processing in SAR.

6. General Designof the Onboard SAR
in Terms of the General Application Model

Previous studies [23, 25-27] have presented block
diagrams of onboard SAR, which usually have different

details but always contain the key elements of the signal-
processing algorithm. Considering that the developing
theory should solve the problem of systemsynthesis, we
briefly describe the algorithm synthesis of the radio im-
age formation of an onboard SAR.

In any case, signal processing algorithms in SAR,
as justified by the statistical theory of remote sensing ra-
dio systems [23] from the standpoint of algorithm syn-
thesis for optimal signal processing, are reduced to
matched observation filtering (we are talking about the
so-called “classical SAR” [23]). Atthe level of complex
envelopes, the signal processing algorithm is expressed
as follows:

.
[SIGE(ASL
0

Y(F)= : 4

where §f;; (t,7) is the unit signal complex envelope

(the signal that is used as a predicted signal for a given
distance range).

Following (4), a generalized block diagram of SAR
in the general model of phantomization radar applica-
tions is shown in Fig. 5.

The following notations are used in Fig. 5: A —SAR
antenna, AS — antennaswitch, Input path — receiver path
with high-frequency amplifiers; Tx — SAR transmitter,
PD — phase detector unit, RO — reference oscillator,
which outputs complex-conjugate signals for phase de-
tectors and synchronizes the transmitter operation, RSG

— Re(Synit (1,F)) and Im(Sy¢ (t,7)) reference signal

generator, RIF — radio image former, which implements
signalaccumulation (integration in (4)) and calculates the
complex radio image modulus, PhR — phantomization

Re,
Igg‘f}t—ﬁ PD [im’| RIF |
cosTsinI cosTsinT
RO | |RSG]|
)

Horizon line

Fig. 5. Generalized block diagram of SAR in phantomization radar application model
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radar. Fig. 5 also shows thearea D — the area of irradia-
tion of the underlying surface by a synthetic aperture ra-
dar (equal range bands are shown) and the area
Dpy, — the area where the PhR can form a radio image
replacement.

When designing a model, it is important that condi-
tion Dp, > D s satisfied. The condition is achieved by

signal generation.

7. Determining the Time of “Interaction”
in the “SAR-PhR” System for a Circular
Satellite Orbit

Suppose a hypothetical circular orbit with an alti-
tude relative to the Earth’s surface (the Earth model is
assumed to be an ideal spherical surface).

Fig. 6 shows such an orbit and provides the basic
notations necessary for calculating the “interaction” time
in the “SAR-PhR” system.

Earth model

Fig. 6. Geometry for calculating the “interaction” time
in the “SAR-PhR” system

The following notations areused in Fig. 6: H is the
height [km] of the satellite’s orbit relative to the Earth’s
surface, R is the location of the PhR, O is the Earth’s
center, OR is the Earth’s radius [km], A’ and B’ are
the points of potential beginning and end of the “interac-
tion” ofthe “SAR-PhR” system, A and B are the points
of beginning and end of the “interaction” of the “SAR-
PhR” system, Lo'=/ZA'0OB’, ZB is the angle in the
orbit plane (in Fig. 6, it visually coincides with ZARB,
but in the three-dimensional problem statement it will
correspond to ZAR'B, where R’ is a perpendicular
lowered from pt. X to the orbit projection on the under-
lying surface (Fig. 7), Za=/A0B,
Z/A'RO=~/B'RO=90".

The “interaction” time depends on both the mutual
position of the “SAR-PhR” system and the satellite’s
speed, which we denoteby V [knvs].

First, let’s calculate the potential time tno oOf

“interaction” —the time thatthe “SAR-PhR” systemmay

interact, but due to the distances and angles of SAR sens-
ing, this time is impractical to use fully in practice.

Time of potential “interaction” of the “SAR—PhR”
system

o' (OR+H)
t, = - 5
pot V ( )

In practice, SAR less often uses the spotlight mode
(the pattern beam observes a specific area of the underly-
ing surface in a specific angle range) and more often
forms images in the side-looking mode (the pattern is di-
rected at an angle of 90° to the flight line). Let us limit

ourselves to the /B <90° angle (Fig. 6) of the “interac-

tion” of the “SAR-PhR” system, which can be practically
achieved by implementing the SAR spotlight mode.
Time of real “interaction”

(OR+H)
trea =———X%

\Y
©)
x(B— 2arcsin( OR sin (n—EjD
OR+H 2

Thus, the obtained equation (6) connects the actual
expected time of “interaction” of the SAR-PhR system
with the satellite orbit altitude, speed, and the SAR view-
ing mode (“spotlight” or “side-looking™). When the SAR
uses the “side-looking” mode, £ = A0, where A0 is
the beamwidth of the SAR radiation pattern (excluding
synthetic antennaaperture).

Example. Let SAR works in a spotlight mode and

ZB=90°, and let the altitude be

H =400 [km] and flight speedbe V =7.91 [knVs]. The
Earth’s radius is OR =6371 [km]. With these initial pa-
rameters, thetime of potential “interaction” according to
(6) is tyoy =98.4 [s].

In the

satellite’s

case of the side-looking mode

ZB=A0=0.6" and given that the other parameters from

the previous example remain the same, the time of real
“interaction” is t,oy ~ 0.5 [S].

Considering that the real interaction time is very
short, the PhR system should be designed to interfere
with the SAR operation even before the direct SAR-PhR
interaction. This means that PhR should be able to be pro-
active in cases where SAR is operating in the side-look-
ing mode.

8. Equation for the Distance Between
SAR and PhR

To calculate the distance between SAR and PhR, we
used the geometry shown in Fig. 7, which shows the
Earth model, the circular orbit model, the projection of
the orbit (trajectory) onto the underlying surface, and the
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central view line of the Earth’s surface by the satellite
from orbit (let’s assume that the PhR is located on this
line, although this is notessential).

Orbit model

Earth model

Orbit projection
on the Earth’s
surface

Central line of view
of the Earth’s surface
from orbit

Fig. 7. Geometry for calculating the distance
between SAR and PhR

As shown in Fig. 6 in Fig. 7 pt. O is the Earth’s

center, pt. R is the PhR location, pts. A and B are the
beginning and end of the “interaction” in the “SAR-PhR”

system, /3= ZAR'B is an angle in the plane of the sat-
ellite’s movement, £y=~ZROR’, S is the current posi-
tion of the SAR satellite, Oxyz is a three-dimensional
Cartesian coordinate systemassociated with the Earth’s
center, the Oz axis of which goes through pt. R’ (a per-

pendicular lowered from pt. R to the projection of the
satellite’s orbit on the underlying surface, OR =OR").

The general equation for the distance between the
orbital elements and the PhR location, whose location is
denoted by the X coordinates, is as follows:

(\i(OR’+H)2 ~72%2 —Xg )2 +

+Y3 +(z-Zg )2.

AQ = ()

The resulting expression (7) is general and de-
scribes the distance between the PhR and the SAR, which
is located anywhere in its orbit. The orbit segment be-

tween pt. A and pt. B the parameter z should be
properly constrained.

9. Expected Packet Length and Number
of Radio Pulses Within the Onboard SAR
Signal Packet

In (1), a coherent packet of radio pulses is used in
the onboard SAR sensing signal (in particular, in the form

of an M-sequence with monochrome contentor, in more
complex cases, with linear frequency modulation
(LFM)). The complex envelope of a radio pulse packet
can be written as follows:

N-1
AW =Ag 3 18(t=iT,,t)exp(jra(t-iT; )?), ®)
i=0

where A, is the amplitude of radio pulses in a packet,
N is the number of radio pulses in a packet, I, is asign
function that, when using LFM pulses with phase-shift
keying in a packet, can define a phase change within a
pulse to the opposite by using “1” or “-1”, T, is the pe-

riod of radio pulses in the packet, o = AR , AF is the fre-
T

quency deviation of the LFM pulse, S(t—iT,,t) is a cut-
off function that describes an envelope of one radio pulse
in the packet, which is usually a flat video pulse, with a
length of t and a pulse repetition period of
T, >1,le.

10<(t—iTy )<
0 (t-—iT,)<0,

S(t—iTr,r):{

T
(t=iTy)>7,

or describes, for example, the envelope of an M-se-
quence.

To solve the problem of estimating the sensing sig-
nal parameters of the onboard SAR, it is necessary to un-
derstand the length ofthe radio pulse packet and the num-
berof N pulsesin the packet. It is necessary to state the
problem of optimal PhR receiver synthesis.

Fig. 8 shows the geometry of the problem for deriv-
ing the expression for the maximum length of the sensing
signal packet and the minimum repetition period of the
onboard SAR sensing signal packets. The angles gy,

and gy determine the minimum and maximum irradi-

ation angle of the underlying surface and correspond to
the ranges Ry and R -

The maximum length of the radio pulse packet
(length of the M-sequence) is calculated by assuming that
the transceiver should be closed (do not emit radio
pulses) when the pulses reflected by the underlying sur-
face startreceiving. Therefore, the time required for a ra-
dio pulse to pass a double minimum distance R, de-

termines the maximum length of a radio pulse or a packet
of radio pulses as follows:

ty=—21 ©

c-C0S(Qpin )

where c is the speed of light.
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Fig. 8. Problem geometry for determining the equation
for the maximum length of the sensing signal packet
and the minimum  repetition period of the onboard SAR
signal packets

The repetition period of radio pulse packets is de-
termined by the time required for the last pulse in the
packet to pass twice the maximum distance (length t ),

so let’s find the minimum repetition time (period) of the
pulse packets as follows:

B 2H(COS(Qmin )+Cos(qmax ))
To = ¢-C0S(Amax ) C0S (Amin) o

The pulse inverse duty cycle in a packet is deter-
mined by the capability of the radio components. The
possible value of the inverse duty cycle for these prob-
lems is Q =4. The number of pulses in a packet is given

by

2H T
N=|—= —— 41], 1)
{Tr~c~cos(qmin) T, J

where |-] —is the operator brackets rounding down.

In addition, for this problem, it is advisable to dis-
cuss the inverse duty cycle of the probing signal packets,
which is defined as follows:

Qp _Tb _ Rmax *Rmin _ Rmax +1=
ty Rmin Rmin (12)
_ €05(Gmin )
=——— 241,
€0 (Omax )

Fig. 9 shows the radio pulse packet envelope con-
taining the above notations.

1

N
1

1N
1w

2 3 1
1] =« ]
T

I 7

§§ —

Fig. 9. Anenvelope containing two packets of radio
pulses with the introduced notations

10. Relation Between the Spaceborne SAR
Sensing Signal and the Synthetic
Antenna Pattern

The sensing signal (1), considering the previous
statements, also affected the shape of the synthesizd
SAR radiation pattern. Let us considerthis impact for the
following reasons.

To form a single radio image cross-section along
the line of sight of the antenna pattern, a packet of radio
pulses will be used. Typically, previous studies [22, 25-
27] have discussed the use of a single sensing pulse to
form a cross-section of the radio image along the line of
sight of the antenna pattern. In practice, a packet of radio
pulses is used to increase the spatial resolution over a
range and to increase the energy.

If not a single cross-section of the radio image is
created but a radio image frame, it is advisable to repre-
sentthe complex envelope (1), with the above notations,
as a packet of radio pulses packets (for example, taking
into account the pulses content with LFM signals):

At = AOH[TLJ[%SS (t- ka)@H[inx

bb

X(Zn: 1,Ss (t— nTJ@{HG)exp(jmtz)D,

13)

where H(TLJ is the envelope of a pulse packet (cutoff
bb

function), which describes the radiation pattern of a real
SAR antenna but can sometimes be approximated by a
uniform function of the length Ty, of the pulse packet,

ty
lope of a single radio pulse packet, which can be de-

S (1) is the Dirac delta function, H(ij is the enve-

, . . t) .
scribed by a uniform function of length t, H(—j is the
T

envelope ofa radio pulse, I, is a sign function that, when
using LFM pulses with phase-shift keying, can define a
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phase change within a pulse to the opposite by using “1”
or“-1”, ® is a convolution operator, t is a time variable.

The length of the packet of radio pulse packets is
defined as follows:

Tbb = (m—l)Tb +1p, (14)

where m is the number of pulse packets in the packet.

Substituting (13) into (1) gives the expected form of
the emitted signal (1), which becomes the basis for the
trajectory received signal:

s(t) =Ag x

x Re{n(ﬁj(zk:ss (t- kTM@H[%D}x

x Re{; 1,Ss (t—nT,) ®{Hejexp(jnat2 )}}

xRe{exp(j2nfot)} . (15)

The obtained equation plays an important role in the
optimal systemsynthesis forestimating the parameters of
the onboard SAR sensing signal. This is because the com-
plicated problem of estimating the waveform (1) (be-
longs to the functional analysis) is replaced by the prob-
lem of estimating the parameters of a functionally deter-
mined signal (14) without loss of accuracy.

According to the statistical theory of radio engineer-
ing systems, we can expect that the optimal signal pro-
cessing algorithm (to be performed in future stages of
work) will include both optimal intra-pulse and intra-
packet and inter-packet signal processing. The above im-
pacts the synthesized antenna pattern.

It is known [22] that the SAR radiation pattern can
be synthesized from two different approaches:

— in-phase accumulation of reflected signals on the
SAR flight path is analogous to the formation of a large
antennaaperture in time in space (sometimes also called
a phantom antenna array, i.e., one that does not exist at
the same time in space);

— processing of the spatial LFM signal, which is a
trajectory signal formed from the optimal responses of
the reflected signal packets.

Both approaches yielded identical results: synthe-
sized SAR pattern compression.

Let’s examine how the packet signal form affects
the in-phase accumulation of reflected signals on the
SAR flight path. It should be noted that radio pulse pack-
ets are received in space in a manner that forms a sparse
aperture. From antenna array theory, it is known that a
sparse antenna array forms a multi-lobe radiation pattern,
which is, therefore, followed by ambiguity in radio image
formation in angular coordinates.

It is known [22] that the size of the synthesized ap-
erture X along the flight line is defined by the linear res-
olution of the underlying surface along the flight line:

H

cos (an ) , (16)

Xz&
L

where L is the size of the aperture of the real (fuselage)
onboard radar antenna, A is the wavelength of the
onboard radar,

_ Omax * Amin

Qav = > , 17

is the average value of the underlying surface’s viewing
angle in the angular plane.

This value X is related to the length of the packet
of pulse packets as follows

X =VTyp, (18)

or

A H
Em = V((m—l)Tb +tb) y

where V is the satellite speed.
Hence, we find the relationship between the pulse

packet number in the packet m and the signal parame-
ters, antenna, and imaging geometry as follows:

A H .,

A" 19
m LVT,cos(day) Ty 19

or, taking into account (9), (10), and (17), the number of
packets of radio pulse packets is defined as follows:

1A
m=——x
2L
C-€0S(Umax ) €0S(Amin ) .
V(c05(Qpmin ) +€05 (Amax ))Cos((hnax;fqminj

B Cos(qmax)
€05 (Omin ) +€0S(Amax )

X

+1.

Example. Let’s find the values calculated by ex-
pressions (16), (19), and (14) for the flight conditions
considered above: H=400 [km], L=13.3 [m],
Amin =207, Qmax =507, V=7910 [mV/s]. Using (16),
(19) i (14 we’ll get X=1101.5 [m], m=20,
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Note that equations (16)-(19) are approximate be-
cause they ignore the curvature of the satellite’s flight
path around the irradiated area of the underlying surface.
Let us consider the impact of trajectory curvature and its
differences from straight flight, which is usually chosen
as the basis for calculations of synthetic aperture systens.
To calculate the distance difference between an SAR
moving along acurvilinear trajectory in the orbit between
pt. A and pt. B and a hypothetical straight line AB
(Fig. 7) of length X we use (7), as well as the distance
change equation from pt. R to the line AB (Fig. 7) in
the following form:

AQAB =\/(X—XR)2+Y|%+(Z—ZR)2 , (20)

where the coordinate x varies within [-X/2,X/2], and
2=0C = (OR’+H)cos(arcsin(X/2(OR' +H))).
We can write (20) in the final view as follows:
AQpg =
(x—Xg )2 +Y3 +

(OR'+H)x

x COS| arcsin (Lj -Z
2(OR’+H) R

The distance difference is then calculated as

AR =AQ-AQpg =
(x—XR)2+YF% +

- . (OR’+H)x 2

xCOS| arcsin (Lj -Z
2(OR'+H) R

(1)

+

(22)

where AQ is given by (7).

Example. Satellite flight height H=400 [km].
Earth’s radius OR'=6371 [km]. The SAR implements
the view within the SAR movement limited by the angle

—j along the line AB, with a
2(OR'+H)

length of X =1101.5 [m] see (16) and the previous ex-
ample). The coordinates of the PhR location are assumed
to be (0,100,0R").

Fig. 10 shows the distances AQ and AQag, calcu-
lated according to (7) and (21), which vary within the an-

o= 2arcsin(

Lj . Fig. 11 shows the differ-
2(OR'+H)

ence between these distances AR =AQ-AQpp (See
(22)) in [cm].

gle o= 2arcsin(

412311 "
—AQ [km]
- = AQap [km]
412.3109 | T
412.3108 |
412.3107
412.3106 |
412.3105 ‘ ‘ :
-1 -0.5 0 0.5 1
a  [rad] x 107

Fig. 10. The distances AQ and AQag calculated
according to (7) and (21), which varied within the angle

o= 2arcsin(—j
2(OR'+H)

The minimum curve in Fig. 10 corresponds to the
minimum distance between the SAR and the PhR. Atthe
same time, the distance between the SAR and the PhR up
to this point initially decreases, and then increases, be-
cause the point is located along the normal in the SAR
direction to the line (see Fig. 6), which is traced to the
Earth model at the PhR location (see p. R in Fig. 6).

It is expected that at the observation edges (see
Fig. 11), the distance difference will be zero because the
coordinates of the simplified and real trajectories at these
points are the same.

2.5

N

[em]
o

AQ — AQas

-1 0.5 0 05 1
a [rad] %10

Fig. 11. Distance difference AR/A =AQ—AQpg /A
(see (22)) in [cm]

Fig. 12 shows the distance difference in wave-
AR AQ-A
AR _AQ-AQpp for
A A

lengths the wavelength

A =3 [cm].
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0.8

0.6

AQ — AQus

0.2

£ 0.5 0 0.5 1
a  [rad] X107

Fig. 12. Distance difference in wavelengths
AR/A=AQ—-AQpg/A for the wavelength A =3 [cm]

The extremum in Figs. 11 and 12 corresponds to the
point of maximum discrepancy in the distance in the
“SAR-PhR” system calculated using the two assump-
tions that were made when deriving formulas (7) and
(22).

The analysis in Fig. 12 shows that the distance dif-
ference obtained using the simplified (linear) trajectory
of the onboard SAR in the above calculations did not ex-
ceed 0.75 wavelengths toward the synthetic aperture cen-
ter. Therefore, the previous calculations allow us to cor-
rectly estimate the values.

11. Discussion

Overall, the idea is that “if the radio image can be
distorted, then it can also be edited (phantoms can be
added) with the help of information ‘injection’ signals
into the radio image” and the hypotheses are confirmed
by preliminary calculations. It has been shown (Fig. 3)
that the radar should fundamentally contain the following
units: a receiver that evaluates the form, parameters, and
characteristics of the SAR sensing signal, a memory unit
that accumulates this information based on different SAR
observation modes, and a unit of object characteristics
that need to be injected into the phantomization signal
emitted by the radar.

Of course, developing this theory is quite challeng-
ing because, in addition to the above partial tasks, it is
important to ensure the synchronized imposition of the
injection signal so thatthe SAR recognizes it “as a natu-
rally formed object on theunderlying surface”. Such syn-
chronization eliminates the need to model the signal with
the underlying surface, simplifying generating a radio
image replacement signal. It is also desirable to match the
injection signal with the signal reflected by the underly-
ing surface in power. Otherwise, this may become infor-
mation characteristic in the future that will allow

decision-making regarding intervention in the SAR im-
aging process.

The obtained equations foraligning the problem ge-
ometry with the signal parameters allow us to obtain pre-
liminary information (see (9)-(12), (14), (19)) for the fu-
ture solution of the receiver optimization task by statisti-
cal synthesis methods (Hypothesis 5 is proved). At the
same time, the preliminary estimates of various parame-
ters of the signals in the packet allow us to setthe task of
algorithm synthesis for estimating not the waveform in
the receiver design butto move on to estimating individ-
ual parameters and characteristics of the sensing signal—
pulse duration, pulse sequence in the packet, number of
pulses in the packet, number of pulse packets involved in
the radio image pixel formation process, carrier fre-
quency ortype of modulation of each pulse, etc. Even the
transition to this number of parameters and estimation
characteristics simplifies the problem of optimal receiver
synthesis, which can be much more difficult through the
synthesis ofan optimal waveform estimator. In the latter
case, a much larger amount of a priori data is required in
the form of an admissible function class for identifying
the optimal solution. The a priori dataon the possible val-
ues of the sensing signal parameters are functionally de-
fined in this paper along with the possible geometries of
the underlying surface sensing.

As shown, the underlying surface observation ge-
ometry limits all parameters and signal form. The satel-
lite flight height, orbit shape, viewing angle, and obser-
vation mode. In particular, Figs. 10-12 also show the va-
lidity of Hypothesis 4 regarding the need to consider in-
formation about the relative movements of the SAR and
the PhR. The distance change in this systemaffects the
signal's information characteristics.

The main information aboutthe underlying surface
and the objects on it is contained in the complex scatter-
ing coefficient. This coefficient (actually a complex func-
tion of angular coordinates, object geometry, and object
materials) should be calculated in advance for different
types of objects to be injected into the image in the future.
The process of injecting this coefficient into the radio im-
age replacement signal requires changing its parameters
during the addition process because the visibility of the
object from the SAR changes during mutual movement.
In addition, when injecting objects that move relative to
the underlying surface, this should also be considered by
both changing the Doppler frequency and changing the
visibility portrait from the SAR.

Note that Hypotheses 1-3 will be proved in the fur-
ther development of radio image phantomization theory.

12. Conclusions

Let’s summarize theresults of the research.
The concept of PhR design. PhR should include
the following:
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— a receiver at which the form, parameters, and
characteristics of the SAR signal must be estimated;

— amodel bank of SAR signals;

— a model bank of objects to be injected into the
PhR signal;

— transmitter that generates a signal with infor-
mation aboutthe object to be added to the radio image at
the SAR output.

The generalized block diagram allows us to obtain
all the necessary data for the sensing signal and to inject
a signal with objects absent in a specified area within a
certain period synchronously with the signal reflected by
the underlying surface.

The receiver unit should be designed using the op-
timal statistical synthesis methods of signal-processing
algorithms to estimate the parameters defined in the arti-
cle:

— pulseduration t;

— pulse-sequence period in the packet T, ;

— number of pulsesin a packet N ;

— packet repetition period T,

— number of packets required to form one pixel of
the radio image m;

— packet length of the radio pulse packets Ty ;

— center frequency of the pulse fy;

— pulse modulation typein the packet.

Defining these parameters allows us tosolve an op-
timization problem in receiver synthesis, assuming that
the signal is described by a functionally deterministic
model with uncertain parameters. This approach signifi-
cantly simplifies the synthesis problemrelated to the op-
timal waveform estimation.

The signal and object model banks to be injected
into the radio image can be created using any known data
accumulation and storage systems. The requirements of
these systems are defined by the write and read speeds
and hardware reliability.

The signal transmitter can be designed using opti-
mal synthesis methods or engineering experience. Typi-
cally, the transmitter circuit is simpler than the receiver
circuit because of the principles of optimal signal pro-
cessing. When emitting the injection signal, it is im-
portantto synchronize it by distance (distance strips) with
the signals reflected by the underlying surface.

PhR application geometry. The interaction geom-
etry in the “SAR-PhR” systemis discussed. The analysis
of the geometry allowed us to determine the equation for
the distance AQ between SAR and PhR, as well as to
estimate the parameters related to the distance (signal de-
lay time and parameters of the sensing signals).

The concept and the corresponding equation for the

potential interaction time tyot in the “SAR-PhR” system

and thereal time t,., of suchan interaction are defined.

The SAR radiated and reflected by the underlying
surface signals are determined. The place of the infor-
mation component (the complex scattering coefficient) in
the signal is shown, which is important for the formation
of an accurate model of the emitted signal.

The obtained equations contain information about
the geometric parameters (viewing angles, height, dis-
tance, orbit, etc.) of the SAR application and its speed.

Future research directions. As noted earlier, this
paper outlines the fundamentals of radio image phantom-
nation theory for remote sensing satellites. Further scien-
tific research on this topic includes the development of
novel models of spatiotemporal trajectory radio signals
with information about “phantoms” (such models will
take into account the scattering characteristics of areas),
the development of new methods for adding fake signals
to trajectory signals, and the analysis of criteria and fac-
tors limiting the application of such a phantomization
theory.
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OCHOBM TEOPII CUHTE3Y PAJIAPIB ®OPMYBAHHS ®AHTOMHHX OB’EKTIB
HA PAJIO30OBPA’KEHHAX PCA

B. B. Ilasgnikos, C. C. ZKuna, II. B. Ilo30naxos, /. B. Konecnixos,I. C. Yepennin, O. O. LlInmamko,
O. B. Oookienko, I1. Il. Manawma, E. O. Illepne

IIpenmeToM cTATTI € CTBOPEHHS OCHOB TeOpii ()OPMYBaHHS XMOHHUX CJIEMEHTIB Ha 300paKCHHIX CHCTEM aepo-
KOCMIYHOTO pamiobadeHHs. [lannii mporec nepeadadae BHECEHHS Y IPOCTOPOBO -4aCOBI TPAEKTOPHI CHTHAIH BifCY T-
HIX Ha OTPOMIHEHIH 3 aePOKOCMIYHOTO HOCIS MIACTHIBHIA TOBepXHi iH(pOpMamiiiHuX 03HaK 00 ’ekTiB. MeTa mOCITi-
JKEeHHsI TI0Jrae y BU3HAUCHHI 3arajbHOT KOHIETIIii Mo0yI0BH Ta 3acToCcyBaHHS paaapiB ganTtomizanii (PD) pamio-
300paxkeHb. 3aBAaHHSA, Ha BUPIMICHHS SKUX CIPSAMOBAHO JOCITIDKCHHS: BHKOHATH OIIHC 3araJlbHOT KOHIEMIIl mo0y-
JIOBH Ta 3acTocyBaHHA P®; copMyBaTH rimoTesm, sKi JexaTh y OCHOBI TeOpil Ta OKPECIUTH KOJIO MUTaHb, SKi M-
JATAl0Th BUPIMICHHIO; BU3HAYUTH 3arajibHy CTpyKTypy P®D; po3poOuti MaTeMaTHIHI MO 3aKOHIB 3MIHH JAaJbHO -
CTi B cucTeMi «popMyBad (haHTOMHOTO 300pakeHHS — pajiocucTeMa MUCTAHIIHHOTO 30HIyBaHH; BU3HAYUTH 00-
MEXCHHS Ha PO3MIpH AULTHKH, HA AKiH MOXHa 3a0e3nednTy (haHTOMHE 3aMIll[eHHS pPealbHUX pajio300paxeHp Bil-
MOBIHO JI0 PEXXUMY OTIBIAY HiNCTIIIBHOT MOBEPXHI 3 CYITyTHHWKA. BupiIeHHS MOCTaBIeHUX 3aBJAaHb IPYHTYIOTHCS Ha
MeToaX Teopii CHHTE3y CHCTeM AMCTAHILIMHOTO 30HIyBaHHs, METOdaX paxioizuku, MeToaax (opMyBaHHS Korepe-
HTHHX 300paxxeHb, (QYHKI[IOHAIBHOTO aHaNi3y, CHHTE3y Ta 0OpOOJICHHS MPOCTOPOBO-9aCOBUX CHTHANB. OTpuMaHi
HACTYIIHi pe3yJbTaTu: 1) BU3HaueHO CTIpykTypy P®, sxa Bkmouae mpuiimMad, 6ank mogeneil curnamis PCA, GaHk
MoJenei 06’eKTiB, sKi HeoOXiTHO iH’ekTyBaTH y curHaid P® ta mepenaBay; 2) BU3HAUEHO MapaMeTpd MPHUHHATOTO
30HAyBanmsHOro curHamy PCA, ski HeoOximHO omiHroBaTH y mpuiiMaui PhR; 3) posrmryTo reomerpito B3aemomii y
cucteMi «PCA-P®y», mo 103800 BU3HAYUTU BUpa3 Wil OWIHKK JanbHOCTI MK PCA no P®, a Takoxk oLiHUTH
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MOB’sI3aHi 3 JaJBHICTIO MapaMeTpH, TaKi SK 4ac 3aTPUMKH CHTHAITY Ta XapaKTePUCTHKU 30HIyBalbHUX CUTHAIIB. Bu-
caoBkn. CTaTTd OMHUCY€ MIMPOKE KOJIO MEPBUHHUX MHUTaHb, SKI BUHUKAIOTH MPHU (HOpPMYBaHHI Teopii GpaHTOMI3aIi
pamio3o0paxenb. OTpuMaHi pe3ysbTaTd € MIMIPYHTIM I HACTYIHUX JOCHIDKEHb, SKi JOIUIBHO CHpPSIMYyBaTd Ha
PO3pOOIICHHS MaTeMaTHYHUX MOJENed 0pOIT aepOKOCMIYHUX CHCTEM JMCTAHIIHOTO 30H/yBaHHs, IPOCTOPOBO -4a-
COBUX CHUTHAJIB BHIIPOMIHCHHUX PaJiOCHCTEMaMHM JMCTAHIIHHOTO 30HIyBaHHS 3€MJIi 3 aepOKOCMIYHHUX HOCIB Ta (o-
pMaii3anii oco0ImBOCTeH OTIIAY MiNCTHIIFHOT moBepxHi y cucteMi «PCA -PDy.

KirrouoBi cioBa: Teopis MICTaHIIHHOTO 30HAYBaHHS; (OpPMYBaHHS panio300pakeHb; OTPUMAaHHS 300paXKeHb 3
PCA; 00po0JicHHS CUTHATIB.
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