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Abstract—The paper considers a novel radar system concept The paper starts with a description of the classical ground
for space debris detection based on a reflector antenna and phased radar, its basic performance aspects and paranidters.
utilizing digital beam-forming techniques. The main operational discussion is followed by the introduction of a concept of

principles of the system are discussed. First, a classical radar . . .
system and its performance aspects are considered. Then in tegm the novel reflector based DBF radar and its main operational

of the considered aspects, the performance enhancements ot Principles. Afterwards the main advantages of the noveksys
novel digital beam-forming radar are demonstrated. compared to the conventional radar are described. The paper

concludes with a short summary.
I. INTRODUCTION

Space debris or orbital space junk created by human is !l- CONVENTIONAL RADAR FOR SPACE DEBRIS
a many-sided problem which is becoming more and more DETECTION
critical nowadays. Man-made space debris poses a risk tdn this section operational principles and particular per-
ordinary unmanned spacecraft in Earth orbit, also the pojermance aspects of the classical reflector based radar are
ulation of debris is growing and the probability of collis® considered.
that could lead to potential damage will consequently iasee )
It has, however, now become common practice to consider e OPerational Modes
collision risk with orbital debris in planning satellite ssions  There are two main types of observations used by the
[1]. So the detection of space debris today is a prudent aconventional radars to detect and track the space debris [2]
necessary activity in conjunction with implementation ofre volume directed observation and target directed obsemnati
debris mitigation measures towards preserving the safe afalume directed observation is performed in a beam-park
stable space environment. operational mode when an antenna is pointed in a fixed

Detection of the space objects located in the most populatidection which allows to find new non-cataloged objects and
Low Earth Orbit (LEO) region o800-1000 km is performed roughly estimate an object size and orbit data. Target @idec
using various ground based radar systems. The majorityeof thbservation is conducted in a tracking operational modeevhe
systems use a reflector antenna chosen for its high dirgctiihe antenna pointing direction is changing as the targetesiov
and a low side lobe level. However there are limitations @luch that the target remains for a longer period within a-half
the radar measuring systems which are generally of physipawer beamwidth. This mode requires initial input data and
and technical nature [2]. In particular the performancehef tis used to obtain characteristics and orbit data of cataloge
reflector based systems is limited in terms of a mechaniaddjects with higher accuracy.
steering of the antenna required in tracking mode as well ) .
as a limited search volume predefined by the half-powBr Capture and Detection Probabilities
beamwidth. Probability of a target capture is directly proportionakhe

This paper presents an innovative concept of the grountiservation volume and defined as the ratio of the antenna
based radar system for space debris detection using a ceflepattern spatial extension to an object’s orbit uncertaidty
antenna with multiple feed elements and utilizing digitaln- both specified in the given direction at the location of the
forming (DBF) techniques. The concept originates from thiarget. The antenna pattern spatial extension in turn isiekfi
novel idea of a spaceborne Synthetic Aperture Radar (SABRY its half-power beamwidtts,5, and the slant range to the
system combining a reflector antenna with a digital feedyarréarget. Geometrical representation of the capture prdbyaioi
for the first time suggested in [3] and considered in mor cross-track direction is shown in Fig. 1 a).
details in [4], [5] and [6]. This system is capable of tragkin 1) Impact of a varying antenna elevation angle: Comparing
a target within a large angular segment without mechanida#am1 and2 shown in Fig. 1 a) for antenna elevation angles
steering and allows advanced Track While Scan mode chai- and ¢, respectively and considering an object at orbit
acterized by a large search volume. This paper considerfiedght h, we can see that the target capture probability is
conceptual design of the novel system and discusses its ma@treasing with an increasing antenna elevation angle aue t
advantages. the decreased slant range to the target and thus a reduaed bea
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extension at the target's position. However, the shortants| probability, and thus by a larger observation volume, but a
range reduces the free space attenuation and thus increémesr detection probability compared to the systems opdrat
detection probability. This is demonstrated in Fig. 1 b) rehe at higher frequencies assuming the same Tx power.

the detection and capture probabilities are plotted as etifum
of the antenna elevation angle. 700

60

A=15km E

1 A — cross-track orbit uncertainty || OBdB1 > @3d52
G
50 /0
& E i
E . L-Band
E '
40 E X-Band /
Oss E
) N
/ 30 . .

Gain [dB]

©us Probability of ' i
E (e N
gt
)
20, /\/\ PRUTE W LT I S W N

capture = 1
-15 -1.0 -0.5 0.0 0.5 1.0 1.5
Pca;lut;euy1{ Angle [deql

L

elevation az,v,m;,, Fig. 2. Reflector antenna patterns: solid line - L-Band systéashed line
- X-Band system.

()
C. Performance of the Conventional Radar

Peak ranemit powe}:m PI>P2 Lnd In oder to illustrate the above described performance &spec

v let us consider a classical ground based radar for space
debris detection using 20 m reflector antenna with a single
feed element. We would like to estimate its performance in
terms of the maximum detection range for the given detection
probability and its beam extension for the given target tpmsi
at different frequency bands.

FS The performance of the system is estimated using a sim-
e plified range equation given for a monostatic pulsed radar
20 40 60 8

Antenna elevation angle [deg] expressed by [7]
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Fig. 1. a) Geometrical representation of a cross-track cegitobability. b) . : :
Probability of capture for the given cross-track orbit utaimty (solid line) where 7 is the pU|Se Iengtha is the Radar Cross Section

and probability of detection (dotted lines) as a functioranfenna elevation (RCS), A is the wavelengthp; is the transmit peak powef;
angle. is the system noise temperatuie,is the overall loss factor
including the atmospheric attenuatiofi)VR,,;, is the min-

2) Impact of an operational frequency: The half-power imum required signal-to-noise ratio for detection of a &rg
beamwidth,©345, and the gain(, of the antenna have andefined for a certain false alarm and detection probatsilitie
impact on the capture and detection probabilities as wélkk T The maximum detection range as a function of Radar Cross
larger their values the higher the corresponding prolissli Section (RCS) was computed according to (2) for L-, S- and
Considering the relation of these parameters to the opewdti X-band systems using a single pulse to detect a target. The
frequency,f, expressed by (1) [7], we note their inverse intemminimum required signal-to-noise rati§ N R, is assumed
dependence illustrated in Fig. 2 where the radiation patento be 11 dB allowing a detection probability 099 % and
of L-band and X-band reflector systems are compared.  a false alarm probability ofi % [7]. The obtained results

o xDf ., are presented in Fig. 3. Here the RCS val'ues in the range of
D7~f; G=a-( p ) (1) —18to —22.5 dBsm correspond to a metallic spherical object
0 with a diameter ofl0 cm illuminated at the corresponding
where v is the parameter defined by the shape and thequency bands. The considered target is orbiting thehEart
illumination of the reflector surfacey is the net efficiencyf at the distance of000 km and assumed to be non-fluctuating.
is the operational frequencyp is the diameter of the reflector The range of3200 km measured from the ground antenna
and ¢ is the speed of light. to the target is equivalent to the antenna elevation angle of

Taking this into account, we come to the conclusion that= 5°.
classical reflector based radar systems operated at loeer fr From the obtained results we can see that the largest
guencies can be generally characterized by a higher captoraximum detection range is achieved at X-Band with the
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L-, S- and X-Band classical radar systems based ot reflector antenna
and operated in a single pulse mode.

Fig. 4. Simplified architecture of the reflector based DBF ragistem:
; ; ; reflector dish with a schematically depicted feed systieit) @nd the
assumption that the transmit peak power, system noise teﬂﬁjcture of the digital feed System cir)t/:uitr)? (fight), ysteit) (
perature and overall losses are the same for all three system
Evaluating the cross-track beam extension at the distahce o

1000 km (¢ = 90°), we obtain0.96, 5.3 and 9.38 km for 60 ;
X-, S- and L-Band correspondingly. Thus, the X-Band system o
having the largest maximum detection range allows the lbwes 50

probability of capture for the given orbit uncertainty.
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Ill. CONCEPT OF THEREFLECTORBASED DBF RADAR
SYSTEM

The above presented performance parameters achieved by
the classical radar can be improved by using a novel radar
system based on the reflector antenna with multiple digital
feed elements. In this section the main concept and opagedtio
principles of the reflector based DBF radar are presentat, an

its advantages compared to the classical radar are distusse _
Fig. 5. Transmit antenna patterns of an L-Band reflector b&x## radar

A. System Concept system with34 digital channels using 80 m reflector dish: solid lines - a
. e . . . . single channel is activated, dashed line - all channels etreated.
A simplified structure of the system is depicted in Fig. 4.

It consists of a parabolic dish, an array of primary antennas
located in the focal plane, a feed system circuitry and a
digital control system. Each feed antenna is connected to a
Transmit/Receive (TR) module. The receive part is repiesen

by a switch, a low noise amplifier, a band-pass filter, and anThis section discusses the main advantages of the novel
analog-to-digital converter. In the transmit part a comiaral reflector based DBF system compared to the classical space
analog configuration is used. debris radar presented in Section II.
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IV. ASPECTS OF THHMPROVED DBF RADAR
PERFORMANCE

B. Operational Principles . ) ]
Activation of a single element results in a narrow high'-A' Relaxed Requir ts for Mechanical Steering

gain beam illuminating a certain volume in space. Activgitin - The main feature of the novel system is the availability of
different digital channels one can illuminate differengalar narrow high-gain multiple receive beams and a wide low-gain
ranges as demonstrated in Fig. 5 where antenna patternstemesmit beam. This allows to relax the requirements imgose
plotted for various activated channels (solid lines). Or tton the mechanical steering of an antenna. The example of
other hand, combination of several channels results in thatenna patterns shown in Fig. 5 is given for an L-Band DBF
formation of a wider antenna pattern allowing to cover adargradar using 80 m reflector dish witt84 digital channels. Such
volume with a lower gain as shown in Fig. 5 by the dashealsystem can perform a digital scanning over the angulaerang
line. Thus, capabilities of the new system allow to illuntana of around16° requiring no mechanical steering. Meanwhile
a large volume in space on transmit and on receive scan the corresponding classical radar, which has the HPBW of onl
region of interest digitally by switching and combining thé.36°, would require the mechanical steering of the antenna
feed elements. to track the target within the given angular range.



B. Advanced Operational Modes

Another particular characteristic of the novel system & th
digital channels with independent data. It allows a develop
ment and realization of advanced operational modes which
could be represented by a complex Track While Scan mode
combining volume directed and target directed observation
together in a more efficient way using various digital pro-
cessing algorithms. The used digital beam-forming teakesq
translated to the advanced operational modes would allow L U FUVEUUTIE S
effective tracking of several targets simultaneously omer 10 2 80 40 50

. . Number of feed elements
large angular range which would in turn reduce the total
measurement time required to acquire an orbital parameter Sg. 6. Cross-track beam extension (solid line) and theireduncrease of
of a defined number of objects. The improved efficiency (?tfe Tx peak power relative to the case of the classical raddr avsingle
h | . . | . Ofed element operated in a single pulse mode (dotted line) asaidn of
the novel system can.l:')e in pr?\rtlcu ar e>§pressed in ter.ms hé number of feed elements.
better capture probability at high operational frequesicie
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C. Improved Capture Probability target can be tracked within a large angular range relaxing
As shown in Fig. 5, the reflector based DBF radar ithe requirements on the mechanical steering of an antenna.
capable of covering a large volume in space with multiplelulti-beam capability of the novel system and availability
high gain beams thus ensuring high capture probabilitygtt hiof multiple digital channels with independent data make
operational frequencies. Taking as an example an X-Band DBPssible the realization of an advanced Track While Scan
radar system utilizing 80 m parabolic reflector witl8 digital mode characterized by a large search volume. Comparing
channels and comparing its cross-track beam extensioreat lasic performance parameters of the conventional reflector
distance ofl000 km with the classical radar case the coveradgeased space debris radar it was shown that the novel DBF
is increased by a factor af5. However the novel system hassystem operated at the same frequency band achieves higher
a lower detection probability compared to the classicalesys probability of target capture while still can have an unajeth
operated at the same power. The reason is a lower gaindsiection probability.
transmit due to the simultaneous activation of several feedThis paper discusses a general system concept which will
elements. eventually open a wide number of further problems requiring
One of the possible ways to keep the detection probabilidgliberate investigations. Overall results of the curreotk
on the required level is to increase the total supplied powshowed that a combination of the reflector antenna with a
to compensate for the gain reduction. Let us consider tHigital feed array to be used for a space debris detection is
above described X-Band DBF radar with a variable numbar promising concept allowing to obtain higher operational
of feed elements. In Fig. 6 the required increase of the tofxibility and an improved performance compared to the
transmit power relative to the classical radar system withcanventional reflector based radars.
single feed_ element in a single pulse operation mpde_ is shown REFERENCES
as a function of the number of feeds by the solid line. One _ _
can see that the increase of the feed number leads to tHel%, - Scence and 1. A G (SSTAG). 'Nato Ho space scieaod
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