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ABSTRACT

Context is due to the need to analyze the electromagnetic accessibility of terrestrial radio radiation sources at long distances,
which is typical for the operation of a spacecraft of radio technical intelligence with a passive synthesis of the antenna aperture.

Objective is to calculate the probability indicators of detecting the fact of signal emission of ground-based radar stations using
radio-technical intelligence installed on a space carrier.

Method. Analytical calculation of the correct detection probability of the signal of the radio radiation sources by the spacecraft
of radio technical intelligence based on the determination of the signal-to-noise ratio at the input of the detection device. The analysis
of the technical characteristics of the group of ground radars made it possible to calculate the probability of correct detection only for
the virtual radar, which generates the minimum number of pulses with the minimum energy during reconnaissance among all the
analyzed radars.

Results. The fulfillment of the conditions of electromagnetic accessibility is checked and the correct detection probability of the
signals of modern radar stations by the space radio-technical intelligence system with a passive synthesis of the antenna aperture was
calculated.

Conclusion. Proposed use of the correct detection probability of the signal as the resulting indicator of electromagnetic accessi-
bility of the radio radiation source. In the example radar stations of the air defense proved, that the proposed parameters of the space
radio technical intelligence system with a passive synthesis of the antenna aperture provide the values of the correct detection prob-
ability of the signal, which are quite acceptable for modern monitoring systems.

KEYWORDS: spacecraft, synthesis of the antenna aperture, radio technical intelligence, a radar station, and electromagnetic ac-
cessibility.

ABBREVIATIONS L\ oss is a total signal loss;
RRS is a radio radiation source;
RLS is a radar station;
RTI is a radio technical intelligence;
SC is a spacecraft; g is a signal-to-noise ratio;
EIRP is an equivalent isotropic radiated power. AF is a signal search range by frequency;
A is a wavelength;
Hy is an orbit altitude;

V is aspeed of the SC;

Py 1s a noise power;

Kn 1s a receiver noise factor;

NOMENCLATURE
TRrec is a receiver noise temperature;

T, is an antenna noise temperature; AFy is a receiver bandwidth;

Grss is a gain RRS antenna; Le,Lp are antenna sizes by elevation angle and

Ggrr is a gain RTI antenna; azimuth;

NRRrs-NRTl 1S an antenna efficiency; 7; is an impulse duration;

Re is the Earth’s radius; R is an impulse power;

Sp is a geometric antenna area; F; is a pulse repetition frequency;

K is an antenna surface using factor; Ag is a viewing zone by elevation angle;

Tg is a space noise temperature; Q , is an angular velocity antenna rotation;

TaTm 1S an atmosphere noise temperature; Riax 1s @ maximum distance;

Tg is an Earth noise temperature; Ps is a power-useful signal;
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F,D is a false alarm and correct detection probabili-
ties;

tg is a reconnaissance time;

N
frequency;

M is a number of pulses at the receiver input;

k is Boltzmann’s constant.

is the number of receiver reconfigurations by

INTRODUCTION

Detection of radiation from active radio-electronic de-
vices located on the earth’s surface is using passive moni-
toring systems in a certain frequency range. The use of
the RTI spacecraft with a passive synthesis of the antenna
aperture allows an increase in the accuracy of the azi-
muthal direction measurements at the RRS. At the same
time, both the parameters of the synthesized aperture and
the quality indicators of the signal detection of the terres-
trial RLS depend on the parameters of the spacecraft orbit
and the technical characteristics of both the RTI station
and the terrestrial RLS. The signal-to-noise ratio gener-
ated by the radio-electronic means at the input of the RTI
station analysis device must be sufficient to search the
signal in the space and for frequency.

The object of research is the process of the radio ra-
diation sources detected on the Earth’s surface by the RTI
spacecraft.

The subject of research is the electromagnetic acces-
sibility of terrestrial radio radiation sources for the RTI
spacecraft with a passive synthesis of the antenna aper-
ture.

The purpose of the work is to determine the electro-
magnetic accessibility of the terrestrial radar stations for
the RTI spacecraft with a passive synthesis of the antenna
aperture.

1 PROBLEM STATEMENT

Today, one of the priority directions of the aerospace
industry of Ukraine is the creation of effective aerospace
intelligence [1]. The concept of the National targeted sci-
entific and technical space program of Ukraine for 2021—
2025 provides for the use of space information, in particu-
lar, to ensure the realization of the state’s interests in the
region of national security and defense [2]. Surveying the
earth’s surface with spacecraft in different frequency
ranges allows for solving various tasks [3]. Recent mili-
tary conflicts have shown the importance of obtaining
timely and reliable information about the enemy’s active
RLS. Detection of radiation from active radio-electronic
devices located on the earth’s surface is using passive
monitoring systems in a certain frequency range. The use
of the RTI spacecraft with a synthesized aperture of the
antenna allows an increase in the accuracy of the azi-
muthal direction measurements to the RRS [4]. Quite a lot
of attention is paid in the literature to the issue of optimiz-
ing the orbital grouping of satellites with a synthesis of
the antenna aperture, based on ensuring a survey of a
given area of the earth’s surface [5, 6]. At the same time,
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attention is not enough to the fact that the signal-to-noise
ratio created by the radio-electronic means at the input of
the RTI station analysis device must be sufficient to cor-
rectly detect the signal. Therefore, determining the elec-
tromagnetic availability of terrestrial RRS and calculating
the probability indicators of signal detection by the RTI
spacecraft, when synthesizing the antenna aperture on
based pulse radar signals, is an actual scientific task.

2 REVIEW OF THE LITERATURE

Today, RTI systems are widely used as part of on-
board complexes placed on aircraft and SC and allow to
ensure security due to the timely detection of enemy RRS
over a large area [7]. Synthesizing the antenna aperture of
the RTI spacecraft carried out by external RRS signals.
The literature is given the results of checking the possibil-
ity of passive synthesizing the antenna aperture, in par-
ticular, based on signals from navigation satellite systems
or sources of radio astronomical radiation [8].

Peculiarities of passive synthesis of the antenna aper-
ture on based pulse radar signals [4]:

— the parameters of the received radio signals are un-
known in advance;

— the parameters of the synthesized antenna aperture
depend on the wavelength and radar pulse repetition rate;

— the unambiguity of determining the azimuth direc-
tion on the RRS depends on the parameters of the RLS
signal and the orbit altitude of the spacecratft.

The required orbit altitude of the RTI spacecraft with
the passive synthesis of the antenna aperture using the
terrestrial radar signals is determined in [4]. However, the
sufficiency of the signal-to-noise ratio value at the input
of the RTI space station analysis device for detecting the
terrestrial radar signal did not check.

3 MATERIALS AND METHODS

Active radio devices detect using the radio technical
intelligence system. The location of such systems on the
SC gives the possibility of conducting reconnaissance of
theoretically any part of the earth’s surface, regardless of
weather conditions and time of day [1].

The analysis of methods for detecting signals of radio-
electronic systems showed, that to obtain the specified
indicators of the quality of RRS detection necessary per-
form the following conditions:

— to obtain a high probability of meeting the antennas
pattern of the RRS and the RTI station it is necessary, that
the RTI station has a wide antenna pattern;

— the value of the signal-to-noise ratio created by the
radio-electronic means at the input of the RTI station’s
analysis device must be sufficient to detect a signal with
the required quality indicators;

— at the time of receiving the signal the RTI station
must be tuned to the frequency of the signal emitted by
the RRS;

— the duration of the received signal must be sufficient
for its processing.

Suppose that the analysis of electromagnetic accessi-
bility is subject to a group of ground radars, that emit
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pulse signals of a certain power B, and a certain duration
7j . The wavelength of the signal A is given, but the pulse
repetition frequency F can variable within certain limits.
The RLS has the dimensions of the antenna L., LB and

carries out a circular survey of the space with the angular
speed of rotation of the antenna Q. The RTI station is

placed on a SC which moving in a circular orbit with an
altitude of H; (see Fig. 1) and has a non-directional an-

tenna. The analysis receiver has a fixed bandwidth AFk

and performs a sequential search the radar signal by the
frequency range AF . The noise coefficient of the re-
ceiver Ky is constant in throughout the search range by

frequency.

For a group of ground radars, it is necessary to calcu-
late:

— the signal-to-noise ratio, that created by the RLS at
the input of the RTI station’s analysis device;

— the number of pulses that will enter the input of one
frequency channel of the analysis receiver when it is
tuned to a certain frequency;

— probability of correct detection of the signal of the
radars by the analysis device of the RTI station.

The conditions of electromagnetic accessibility can be
calculated using the following methodology.

1. The maximum distance between SC and RRS is de-
termined [9]:

R (Re +Hof —RZ . M

max —

2. The power-useful signal the RRS creates at the in-
put of the RTI station receiver can be calculated accord-
ing to the expression [10]:
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Figure 1 — The conditions of the conducting research
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The gain RRS antenna can be calculated as follows:

4.m-Sp-K
Grrs =$~ 3)

The geometric antenna area is determined according to
the expression:

SA:LS'LB' (4)

3. In the case when the source of interference is the
antenna noise and the inherent receiver noise, the total
noise power at the input of the receiver can be determined
according to the expression [12]:

Py =k (Ta+Trec ) AR . (%)

The receiver noise temperature can be determined ac-
cording to the expression (T =300K):

Trec =To - (Ky -1) (6)

The influence of external noise is taken into account
by entering the antenna noise temperature:

Ta=nr7 (Ts +Tatm +Te )+ =ng7 JTo- (7)

4. The signal-to-noise ratio can be calculated as fol-
lows:

9= = ®)

5. Having set the false alarm probability F, can find
the correct detection probability of the signal with a ran-
dom amplitude and an initial phase [12]:

1
2
9
D=Fl+q5. ©)

6. To check the fulfillment of the last two conditions
of the electromagnetic availability of the RRS, it is
enough to calculate the number of pulses of the terrestrial
RLS, which will arrive at the input of the RTI receiver
channel.

The number of receiver reconfigurations by frequency
of the RTI station during the sequential search can be
calculated according to the expression:

N, = AF 10
P AR (10)
The reconnaissance time is determined:
Ag-R
tp & ——Max. 11
R v (11)

OPEN a ACCESS m

15



p-ISSN 1607-3274 PanioenexTpoHika, inpopmaTrka, ynpasminss. 2023.
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023.

3z

2
2

The number of pulses at the IRT receiver input, when
it is tuned to a certain frequency can be calculated as fol-
lows:

F -t
M =1 R
N, (12)
4 EXPERIMENTS

For further research, we will consider ground-based
air defense RLS as RRS [13]. The analysis of tactical and
technical characteristics of RLS showed that they can be
combined into groups according to the working wave-
length, at each of which a change of the pulse repetition
frequency F is possible. Most devices work with a

wavelength of 23 cm (F from 180 Hz to 680 Hz) and ten
cm (F from 200 Hz to 1000 Hz).

The parameters of typical RLS, for which the prob-
ability indicators of signal detection by the RTI spacecraft
will be calculated, are given in Table 1. RLS perform a
circular viewing of space with a different angular velocity
of antenna rotation and have a different operating range,
which provided by the size of the antenna system and the
energy of the emitted signal.

The analysis carried out in [4] for typical RLS showed
that the fulfillment of the conditions for the unambiguity
of measurements in azimuth is ensured when the RTI sta-
tion is placed on the SC with an orbit altitude of 14200
km (SC speed V=4.4 km/sec). At the same time, the
maximum range to the RRS, according to (1), will not
exceed 20,000 km.

Instead of calculating the signal-to-noise ratio for each
RLS given in Tab.1, this value can be calculated for a
virtual RLS with minimum signal energy. From Tab.1 can
be seen that the minimum EIRP value is 101 dB and the
minimum impulse duration is two us.

Therefore, the signal-to-noise ratio can be calculated
for a virtual radar that uses the signal with an impulse
duration of two ps at a frequency of three GHz and has
EIRP =101 dB.

5 RESULTS
The calculation of the signal-to-noise ratio for the vir-
tual RLS can begin with the determination of the noise
power at the input of the analysis unit of the RTI station.
For the search of the RRS signal by frequency, it is
necessary to set the parameters of the analysis unit of the

RTI station. Suppose, that the signal search range by fre-
quency AF =0.5-18 GHz and NRRS = NRTI = 0.7.

The receiver with a bandwidth AFx =1 MHz carries
out a sequential search by frequency and has Ky = 3.

Then, according to (6), the receiver noise temperature
is Trec =600K . For a signal frequency greater than
1 GHz, the space noise temperature Tg is almost zero, the
atmosphere noise temperature is Tary ~110K and the
average Earth noise temperature is Tg = 250K [11]. The
maximum of the RTT station antenna pattern is toward the
Earth, therefore the component Tg is completely in-
cluded in the noise temperature (7) and Tp =340K .
Then, according to (5), the noise power at the IRT re-
ceiver input Py ~1.3-1074w .

The power-useful signal at the input of the RTI station

receiver with a non-directional antenna, that creates by
the virtual RLS with K =0.7 will be calculated accord-

ing to the expression (2). At the same time, the total sig-
nal loss for the 3 GHz frequency does not exceed six

dB [10]. Then, the power useful signal Pg = 2.7-107'%w

and the signal-to-noise ratio, according to (8), will be 23
dB. The correct detection probability of a signal with a
random amplitude and an initial phase, according to (9),

will be 0.99 at F=107*.

A necessary and sufficient condition for detecting a
signal is the arrival of at least one pulse at the input of the
RTI receiver tuned to a certain frequency during the re-
connaissance time. Verify the fulfillment of this condition
can also by using a virtual radar, which generates the
minimum number of pulses during reconnaissance. Ac-
cording to expressions (11) and (12), the minimum num-
ber of pulses at the input of the RTI station receiver will

be at the minimum values of Ae =20° and F =180 Hz.

The number of the receiver reconfigurations by fre-
quency of the RTI station during the sequential search,
according to (10), will be Ny =18000 at tg ~1586 sec.

During this time, at least seven pulses will arrive at
the input of the RTI station receiver, according to (14),
but even with one pulse, the virtual RLS signal is detected
with sufficiently high-quality indicators.

Table 1 — RLS parameters

RLS Range, A, Ti , R, L. xLg> EIRP, 0.(0p) Qg , 1Pm
km cm us kW m dB degree Ag degree
AR5 400 23 2-5 2000 14.4x5.4 104 40 (1.2) %O
$625 340 23 5 4600 7.4x2.4 101 45 (2.3) Y%s
S690 400 23 10 3300 14.5x4.5 106 30 (1.25) %O
S640 600 10 10 6000 12.2x4.7 115 30 (0.62) %0
AN/TPS-32 550 10 30 2200 3.1x8.2 107 0.9(2.2) %O
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6 DISCUSSION

The radar with an active synthesis of the antenna aper-
ture uses the motion of the antenna over a surface Earth to
provide finer spatial resolution than conventional beam-
scanning radars. The altitude of the spacecraft orbit, size
of the board antenna and the parameters of the RLS signal
emitted is provide of the uniqueness main antenna pattern
both in range and in azimuth. At the same time, the in-
formation about the parameters of the emitted signal is
always known.

Recent military conflicts have shown the importance
of obtaining timely and reliable information about the
enemy’s active RLS. Detection of radiation from RLS
located on the earth’s surface is using passive monitoring
systems in a certain frequency range. The literature is
given the results of checking the possibility of passive
synthesizing the antenna aperture, in particular, based on
signals from navigation satellite systems or sources of
radio astronomical radiation. In contrast from this studies,
in work estimated the electromagnetic accessibility of
typical ground-based air defense radars. The use of the
RTI spacecraft with a synthesized aperture of the antenna
allows also an increase in the accuracy of the azimuthal
direction measurements to the RLS. Therefore determin-
ing the electromagnetic availability of terrestrial RLS
using the RTI station with a passive synthesis of the an-
tenna aperture located on the SC is an actual scientific
task.

At the same time, the parameters of the passive syn-
thesis of the antenna aperture depend on the parameters of
the SC orbit and the technical characteristics of both the
RTI station and the terrestrial RLS. The air defense radars
perform a circular viewing of space with a different angu-
lar velocity of antenna rotation and have a different oper-
ating range, which provided by the size of the antenna
system and the energy of the emitted signal. The signal-
to-noise ratio generated by the RLS at the input of the
RTI station analysis device must be sufficient to search
the signal in the space and for frequency. The analysis of
the technical characteristics of the group of ground radars
made it possible to calculate the signal-to-noise ratio only
for the virtual radar, which generates the minimum num-
ber of pulses with the minimum energy during reconnais-
sance among all the analyzed radars.

A necessary and sufficient condition for detecting a
signal is the arrival of at least one pulse at the input of the
RTI receiver tuned to a certain frequency during the re-
connaissance time. Verify the fulfillment of this condition
proposed to calculate also by using a virtual radar, which
generates the minimum number of pulses during recon-
naissance.

The distance for which the calculation of indicators of
the electromagnetic accessibility of RLS is provide of the
uniqueness of the main maximum of the pattern at passive
synthesis of the antenna aperture both in range and in
azimuth. Proposed use of the correct detection probability
of the signal as the resulting indicator of electromagnetic
accessibility of the RLS. Analytical calculation of the
correct detection probability of the signal of the air de-
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fense radars by the SC of RTI based on the determination
of the signal-to-noise ratio at the input of the detection
device were carried out. The methodology for calculating
electromagnetic accessibility indicators is based on gener-
ally accepted theoretical principles, so the obtained results
can be considered reliable.

CONCLUSIONS

The scientific problem by the need to analyze the
electromagnetic accessibility of terrestrial radio radiation
sources at long distances, which is typical for the opera-
tion of a spacecraft of radio technical intelligence with a
passive synthesis of the antenna aperture.

In contrast to similar studies using monitoring systems
with the passive synthesis of the antenna aperture, an as-
sessment of the electromagnetic accessibility of typical
ground-based air defense radars.

The mathematical aspects of calculating the probabil-
ity of correct detection of signals for a group of ground
radars were further developed by introducing a virtual
radar that generates the minimum number of pulses with
the minimum energy during reconnaissance among all
radars, which analyzes.

Practical significance. In the example radar stations
of the air defense proved, that the proposed parameters of
the space radio technical intelligence system with a pas-
sive synthesis of the antenna aperture provide quite ac-
ceptable values of the correct probability detection of the
signal. The correct detection probability of a signal with a
random amplitude and an initial phase is D=0.99 at

F=10"*.

When sequential searching for the virtual radar signal
by frequency in the range of 0.5-18 GHz with a step of
one MHz, during the reconnaissance time, at least seven
pulses will arrive at the input of the RTI station receiver.
The frequency of the search channel will be hopping by
one MHz every 38 msec, which is quite acceptable for
modern monitoring systems.

Directions for further research there is estimate the
possible accuracy of the different methods determining
the radar located on the Earth’s surface when using the
RTI spacecraft with the passive synthesis of the antenna
aperture.
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AHOTAIIA

AKTyaJIbHICTB 3yMOBJICHA HEOOXIJHICTIO NMPOBEICHHS aHANi3y €JIeKTPOMAarHiTHOI JOCTYIHOCTI Ta PO3paxyHKy HMOBIpHICHHX
MMOKa3HKKIB BHSBJICHHS CUTHAJIIB HA3eMHHX DKEepes PafdioBUIPOMIHEHHS HA TOCHTh BEIUKHUX BiJCTaHsX, L0 XapaKTepHO I pOOOTH
KOCMIYHOT0 arnapaTy pafaioTeXHi4HOI PO3BiIKH i3 CHHTE30BaHOIO allepTyPO0 aHTCHH.

MeTo10 po0OTH € BU3HAYCHHS CJICKTPOMArHITHOI AOCTYMHOCTI HAa3eMHHX PATiONOKAIIMHUX CTAaHLIN Ui KOCMIYHHX 3aco0iB
pamioTeXHIYHOI PO3BIOKM 3 MACHBHHUM CHHTE30M alepTypd aHTCHH Ta PO3PaXyHOK MMOBIpHICHHX ITOKA3HWKIB BHSBJICHHS (akTy
BUIIPOMIHEHHS CUTHAJIB.

MeTtoa. AHATITHYHUIA PO3paXyHOK WMOBIPHOCTI NpPaBHIIBHOIO BHUSIBJICHHS CHIHAIY JDKEpET PaJiOBHIPOMIHEHHS KOCMIYHONO
CHCTEMOIO PaJliOTEXHIYHOI PO3BiJKM 3 MACHBHUM CHHTE30M allepTypH aHTEHH Ha OCHOBI BU3HAYEHHS BiJHOIICHHS CHIHAJI/IIYM Ha
BXO/[i TPUCTPOIO BUSIBJICHHS, MPH 3a[JaHHX MapaMeTpax KOCMIiYHOI CHCTEMH PO3BiJKH. AHAaJi3 TEXHIYHHX XapaKTEPUCTHK TPYHH
HazeMHuX PJIC 103BosMB po3paxyBaTH IMOBIpPHICTh NPAaBUIIBHOTO BHUSBIEHH: Jivnie 1ist BiptyansHoi PJIC, sika reHepye MiHIManbHy
KIIBKICTB IMITYJIBCIB 3 MiHIMaJIBHOIO €HEprieio 3a yac po3Binku cepen ycix PJIC, mo mimsrany anamisy.

Pe3yabraTn. [lepeBipeHo BUKOHAHHS YMOB €JEKTPOMArHiTHOI JOCTYIHOCTI Ta po3paxoBaHa iIMOBIpPHICTh BHSIBIICHHS CHUTHAIB
CYYacHHUX paJioIOKAIHAX CTAHIII KOCMIYHOIO CHCTEMOIO PaiOTEeXHIYHOT PO3BIAKH 3 TACHBHUM CHHTE30M arlepTypH aHTCHH.

BucHoBku. Sk pe3ynbTyrounii MOKa3HUK €NEKTPOMATHITHOI TOCTYIMHOCTI 3allpOTIOHOBAHO BHKOPHUCTOBYBAaTH HMOBIPHICTH Ipa-
BUJIBHOT'O BHUSIBJICHHSI CHIHAILY JUKepesa pagioBUIpoMiHeHHs. JJoBeleHO, 110 oOpaHi napaMeTps KOCMi4HOI CHCTEMH PajiOTeXHIYHOT
PO3BiAKH 3a0€3MedyIOTh IIIJIKOM NPUHHATHI 3HaYeHHS HMOBIPHOCTI IPAaBUIILHOTO BHSIBJICHHS CHTHAJIIB HAa3eMHHX Pa/ioioKamiitHIX
CTaHIi{ IPOTUIIOBITPSIHOT 00OPOHHU.

KJIFOYOBI CJIOBA: kocMiuHa CHCTeMa, aHTCHA i3 CHHTEC30BAHOIO alepTyporo, PaaioTeXHiUyHAa pO3BilIKa, pajiosioKamiiiHa
CTaHIIisl, €IeKTPOMArHiTHA JOCTYMHICTb.
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