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Introduction: The search for physical objects in a given area is often performed in automatic mode using small unmanned
aerial vehicles equipped with radars. Airborne radar antennas, due to size restrictions, have a small aperture and, accordingly,
a wide directional pattern, decreasing the accuracy of determining the angular coordinates of the objects. The increase in
the angular coordinate estimation accuracy leads to the increase in the informativeness of such automatic search systems
and, consequently, to the increase in the efficiency of their practical use. Purpose: Developing a technique for calculating the
parameters of a two-position radar system consisting of two small airborne radars placed on small unmanned aerial vehicles, in
order to increase the accuracy of determining the angular coordinates of radiocontrast physical objects. Results: An algorithm is
proposed for integrating the data about the coordinates of physical objects detected in the joint coverage area of a two-position
system of small airborne radars. It allows you, depending on the observation conditions, to increase the accuracy of determining
the azimuthal coordinates by an order of magnitude or more. The aircraft trajectories are calculated on which the accuracy grows,
and those on which there is almost no gain in accuracy. Practical relevance: Such two-position airborne small radars can be used
in automated systems in order to detect physical object such as people in disaster areas, as well as in systems of collecting and
processing data from sensors used for monitoring the state of the environment or man-made objects.
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Introduction

Recently much attention has been paid to the
use of unmanned aerial vehicles (UAV) in various
spheres of human activity, such as ecological moni-
toring, geological exploration, cartography, sensor
data reading, searching for people in disaster are-
as, etc. [1-11]. In all these cases, UAVs are used as a
part of a more complex system for automated or au-
tomatic execution of the above tasks. The first-pri-
ority tasks are those of detecting physical objects,
sensors or people in a given search area, determin-
ing their coordinates with a rather high accuracy
[12-15].

The most common onboard equipment of such
UAVs are small airborne radars (AR) which deter-
mine the range and azimuth of the detected objects
in a polar coordinate system associated with the
UAV. The peculiarity of small UAV onboard equip-
ment is that the antenna systems of such AR have
a small size and, hence, a wide directional pattern,
which does not allow individual UAVs to achieve
high accuracy in determining the direction to the
detected object.

This drawback can be overcome by using the idea
of a multistatic radar [16—18], having at least two
split radio data sources. In particular, two-position
systems [19—-21] with two UAVs are the simplest and

most acceptable way of overcoming the limitations
of a unistatic small AR. This article discusses the
possibilities of a two-position AR complex in terms
of improving the accuracy of determining the azi-
muth-range coordinates of physical objects detect-
ed in the joint coverage area of small UAVs com-
bined in a two-position small radar system.

Statement of the problem

Two small UAVs equipped with identical small
radars which are united (during the data exchange)
into a two-position radar system are flying at the
same altitudes H, with the same speeds V, along par-
allel trajectories separated by the distance D = 2A,
searching for physical objects in their joint cover-
age area whose center is at the same distance L from
each UAV. Fig. 1 illustrates the described situation.

The antennas are directed towards the center (C)
of the joint coverage area. The antenna beam width
at the half-power level is equal to A¢. Let us assume
that H/L<<1, because in practice this inequality
is most often true, as UAVs usually fly at low alti-
tudes. A simplification like this is not essential; all
the conclusions are still valid without this restric-
tion, but it allows us to reason in planimetric terms,
significantly simplifying all the expressions below.
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B Fig.1.Joint coverage area of a two-position small radar

A planimetric illustration with these limitations
is shown in Fig. 2, demonstrating the range tracks
of each AR. When each radar operates in a stan-
dalone mode, the coordinates of the detected physi-
cal object (PO) are estimated independently. In this
case, the range to the object is determined by the
number of the corresponding range track, and the
azimuthal coordinate coincides with the direction
of the maximum of the directional pattern [20].

Thus, in the case of standalone operation of aradar,
the accuracy of estimating the range to a radiocon-

trast object is determined mainly by the range track
width, depending on the probe pulse duration. The
accuracy of the azimuthal coordinate estimation is
determined by the actual width of the directional pat-
tern of the UAV antenna system [22-26]. Therefore,
in the case of standalone operation, the range to the
PO can be determined with the required accuracy (by
changing the duration of the probe pulses), but the
azimuthal coordinates are determined too roughly,
with the actual accuracy equal to Ap/2. Narrowing
the width of the directional pattern is difficult, first-
ly, due to the size limitations on a UAV antenna, and
secondly, due to the reduction of the search area size.

Combining two UAVs into a single two-position
radar system in which the radars exchange data
[20, 27-30] allows you to improve the accuracy of
determining the azimuthal coordinates of a PO de-
tected in the joint coverage area.

Interval estimation of the detected object
azimuth in a two-position system of small
radars

In this subsection, we use the notation and for-
mulas obtained in [20]. Let us assume that two AR,
and AR, of a two-position system have detected, in
their joint coverage area, a physical object at the
distance R; from AR, and distance R, from AR,, as
shown in Fig. 3.

AR, ARy

B Fig. 2. Resolution elements of a two-position small radar

AR,

B Fig. 3. Interval estimation for the azimuth of the (i, j)-
th resolution element
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This physical object is located in the (i, j)-th res-
olution element of the system highlighted in Fig. 3,
on the i-th track of the AR; range and j-th track
of the AR, range. The figure shows the distances
to the middle of the range tracks, each the size of
dy=2d =r1,,c/2, as well as the coordinates of the
center (x(, y,) and the boundary points of the res-
olution element (x;, y;), (x5, y). In [20], the coordi-
nates of the boundary points of the resolution ele-
ment are obtained:
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From expressions (2) and (3), we can directly de-
rive the angular size of the (i, j)-th resolution ele-
ment Ag; for AR; and A¢, for AR, [20]:

Ap; = arctg(tg((pll —(P21)) =

Y1 (A+x9)—yo(A+xq)

pyz +(A+x)(A+xp)” @
Agg = arctg(tg(pas —912)) =
y2(A—x1)-y1 (A—xp)

yiz +(A-x1)(A-x3)"

=arctg

=arctg

Expressions (4) are what actually determines the
angular resolution of this two-position system, be-
cause in the considered situation they actually are
interval estimations of the azimuthal coordinates of
the object detected in the (i, j)-th resolution element.

Dependence of the resolution on the probe
pulse duration and direction to the object

Figures 4, a and b show the dependences of reso-
lutions A, and Ag, of a two-position system of small
AR on the direction to the detected object, for two
durations of the probe pulse and three range tracks:
the central one passing through the center of the
joint coverage area, the close one spaced away from
the coverage area center by —2500 meters, and the
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B Fig. 4. Dependence of two-position system resolution

on the direction to the object for Ap =12.5° and D =5 km:
a—r;, =04ns;6—r;, =0.21s

far one spaced away from the coverage area center
by +2500 meters.

The direction to the object is the direction to the
center of the resolution element where the object
was detected, i. e. the direction to the point (x, y,)
calculated with relation to the maximum of the di-
rectional pattern of the antenna system of AR, or
AR,, respectively. This direction for the resolution
elements of the joint coverage area is calculated us-
ing the expressions (1).

It follows from the above dependences that, with-
in the joint coverage area, the resolution along the
azimuthal coordinate is practically independent of
the direction to the resolution element, but rather
strongly depends on the probe pulse duration.
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The dependence of the resolution
on the distance between the aircraft

To estimate the resolution depending on the dis-
tance D between the AR, let us consider the case
when the distance to the center of the coverage zone
on the OX axis remains constant and equal to 25 km,
and the distance D increases from 1 to 10 km.

Figure 5 shows the dependences of the resolution
of elements located in the middle of the coverage
zone on the distance between the aircraft on which
the radars are placed.

It follows from these curves that the distance
between the radars of a two-position system plays
a significant role in increasing the system resolu-
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B Fig.5. Dependence of two-position system resolution

on the distance between the radars and the probe pulse
duration t;,,

tion in angular coordinates. When the distance is
equal to zero, the curves approach Ap, the width of
the directional pattern. This is perfectly consistent
with the physical representation, as in this case our
location becomes unistatic.

Conclusion

In order to increase the efficiency of using UAVs
equipped with small radar systems for automatic or
automated detection of physical objects in a given
area, it is important to improve the accuracy of de-
termining the coordinates of the detected objects.
The azimuthal coordinates are especially diffi-
cult to determine. We can make it easier by using
multistatic small radars, the simplest of which are
two-position airborne ones.

The article provides analytical expressions and
curves which can help you choose the best probe
pulse duration and the optimal aircraft flight tra-
jectory, increasing the resolution by an order of
magnitude or more compared to a single-radar sys-
tem with the same equipment.

The obtained characteristics of a two-position ra-
dar system make it possible to choose the appropri-
ate parameters of small AR systems and UAV flight
paths which provide a preset accuracy for the coordi-
nates of detected objects when solving problems re-
lated to rapid search for people in a disaster area, or
search for sensors during environmental monitoring
and assessment of the state of man-made objects.
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BBegenmne: mouck GpusnuecKux 00HEKTOB B 3aJaHHOM PalioHe YacTO OCYIIEeCTBISETCS B AaBTOMATHYECKOM PEKUMe C ITIOMOIIBI0 MaJjo-
rabapuUTHBIX 0ECIUJIOTHBIX JIETATEJIbHBIX allapaToB, 000PYAOBAHHBIX PAAMOJOKAIIMOHHBIMYU CUCTEMaMU. B 9TOM ciiyuae aHTEHHBI OOp-
ToBBIX PJIC B cuyry raGapuTHBIX OTPAaHUUEHUI NMEIOT MaJIyIO allepTypy U, COOTBETCTBEHHO, MINPOKYIO AUAarpaMMy HAIIPaBJI€HHOCTU, YTO
CHIJKAeT TOYHOCTH OIpeIesIeHUsl YIJIOBBIX KOOPAMHAT O0HAPY'KEHHBIX 00BHEeKTOB. II0BHINIIEHIE TOUHOCTH OI[€HKH YIJIOBBIX KOODAUHAT
IPUBOAUT K YIYUIIeHNIO NHOOPMATUBHOCTH MOAOOHBIX aBTOMAaTUUECKUX CUCTEM IIONCKA U, KaK CJIEACTBUE, K POCTY d3(DHEKTUBHOCTH UX
IPaKTUYECKOTO0 UCII0Ib30BaHuA. Ilean: paspaboTka METOAUKY pacdyeTa IapaMeTPOB ABYXIIO3UIINOHHON PaJUOIOKAIIIOHHOM CHCTEMBI, CO-
cTodAlel n3 AByX MajgorabapuTHbIx 6opToBhix PJIC, pacmosiosKeHHBIX Ha MaJIbIX 0ECIIMJIOTHBIX JIeTaTeJIbHBIX allaparax, obecreunBa-
IOII[MX IOBBIIIIEHNE TOYHOCTU OIPEJEIEHNA YIJIOBBIX KOOPAWHAT PASUOKOHTPACTHBIX (DM3UUECKUX 00BbEKTOB. Pe3yabTaThl: IPeAIoKeH
QJITOPUTM KOMILIEKCHPOBAHUA JAaHHBIX 0 KOOPAUHATAX (PUBUUECKUX 00BEKTOB, 00HAPY KEHHBIX B COBMECTHOI 30He 0030pa [BYXIIO3UII-
OHHOM cuCTeMBbI 60PTOBBIX MasiorabapuTHbix PJIC, mo3Bosoninii, B 3aBUCUMOCTH OT YCJIOBUI HAOJIIOAEHUA 00 bEKTOB, YBEJIUUUTD TOU-
HOCTB OTIPENeIEHNA UX a3UMYyTaJbHbIX KOODAMHAT Ha IOPALOK U 6ojee. PaccunTaHbl TPAEKTOPUY JI€TATEIBHBIX alllIapaToB, HA KOTOPBIX
OCTUTAETCs IOBBIIIIEHNE TOYHOCTH, X TPAEKTOPUH, IIPX KOTOPHIX BHIUTPHIII B TOYHOCTH IPAKTUUYECKH OTCyTcTBYeT. IIpakTuyeckas 3Ha-
YHMOCTh: BO3MOKHOCTb IIPUMEHATH IOA00HbIe NBYXIIO3UIIMOHHBIe 60pTOBbIle Masorabapurubsie PJIC B aBTOMaTU3UPOBAHHBIX CHCTEMAX
IOMCKAa U 00HApYyKeHus (u3ndecKux 00beKTOB U JIIOAEeH B 30HaX 0eJCTBUIl, 9KOJOrMYEeCKUX KaTacTpod, a TakiKe cucremMax cbopa u 06-
paboTKY JaHHBIX NHGOPMAIIUY C JATINKOB, UCII0Jb3YEMBIX JJIS MOHUTOPUHTA COCTOAHNA OKPYIKAIOIIeil Cpeibl U TEXHOTeHHBIX 00HEKTOB.

KoaroueBsle ciioBa — ABYXIO3UIIMOHHAA cucTeMa, 6opToBble PJIC, usmMepeHre KOOPAMHAT, XapaKTePUCTUKY TOUHOCTH, MajIorabapur-
HBIE JIeTaTeJbHbIE allllapaThl, aIePTypa aHTEHHBI, AuarpaMMa HallpaBJIeHHOCTY, KOMILJIEKCUPOBAHUE.
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