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Abstract

Bistatic radars offer several advantages when compardteiorhonostatic counterparts. In addition to increasefopmiance,
sensitivity, coverage and revisit times, all of them par@rseewhich are mainly dependent on their spatial configomatbistatic
radars offer the objective advantage of being more robuganuoming, since the receiver operates as a mere passivarsyste
The proposed system consists of a spaceborne-based radsmiiter illuminating an area of interest and one or sévedar
receivers mounted on a UAV to perform a two-goal mission: e lautonomous navigation of the UAV by performing the sense
& avoid function, and b) perform surveillance of the overfioarea using high-resolution remote sensing techniquéksoigh the
requirements for these significantly different tasks migggm distant, having a spaceborne transmitter ensurethéhabverage
needed for both purposes is achievable. Assuming the walhigiasibility of the complete system, it would provide &ah and
robust manner for enabling global UAV flight, while enabliogntinuous all-weather imaging capabilities of the UA\ediown
areas with fair resolution values.

I. INTRODUCTION

The feasibility of high-resolution spaceborne-airbornistdiic remote sensing has been recently shown in a series of
experiments carried out between the German satellite $ARaX and DLR’s new airborne SAR system F-SAR, [1]-[2].

In addition to the different information space measurechwite bistatic SAR (as opposed to the monostatic), a significa
improvement in terms of SNR and resolution with respect eoghaceborne monostatic system was achieved, mainly kecaus
of the shorter ranges receiver-image. Since a SAR is in @atwegular range-Doppler radar, the transmitter signabtsmbe
used to implement a bistatic tracking radar to survey theosudings of the airplane. Provided that the UAV keeps itsinal
track, a task for which real-time scene imaging can be exherelpful, autonomous navigation can be split into two mai
tasks: a) sense and track the surrounding flying objectsbyradoid these flying objects in case the trajectories of we t
airplanes collide. Exactly like in the case of a SAR systdm, sense and tracking capabilities of the radar can be djiednti
with measures of range and Doppler resolutions (propaatitmspeed projection) and the sensitivity of the system [3]

This paper analyses the suitability of a spaceborne-baistatib radar for allowing both remote sensing and autongsno
navigation of a UAV platform. This suitability is discusséu a three-step approach: a) identification and definitiorthef
system requirements, b) general conclusions on the fin&rsy<) proposal of different system examples dependindhen t
desired coverage, and d) performance analysis of the pedpsgstems. As expected, the presented system shows a moral
character with respect to remote sensing and sense and ragidements, since persistent coverage opposes to3hgh
(close) observations.

Il. SYSTEM REQUIREMENTS

In defining the system requirements, no a priori conditiontlom satellite orbit is fixed. Even if some are only academic
orbits, any orbit from LEO (200 km) to GEO (35800 km) could bdested. Depending on the selected orbits, the usual
trade-off between coverage, repeat cycles and number eflitest can be established. The system requirements definit
focus on the UAV characteristics and the required perfogaanf the remote sensing and the sense and avoid subsystems.
The fixed characteristics on the UAV flight and dimensions la@ted in Table I. The requirements for the remote sensing
subsystem are listed in Table Il. These values are derivau fiealistic values of spaceborne and airborne remote repnsi
systems. The geometrical resolution corresponds to the ahsange and Doppler (usually noted azimuth resolutiorhin t

TABLE |
UAV CHARACTERISTICS

UAV parameter Range Typical value
Velocity [km/h] [50, 1000] 130/640
Height [km] [0.15, 25] 8/20
Wingspan [m] [5, 80] 15/35

Take-off weight [kg] ~ [500, 10000]  1000/10000




TABLE Il
REMOTE SENSING REQUIREMENTS

RS parameter Best Typical Worse

Geometrical resolution [m] 1 5 10

NESZ [dB] —20 —20 -20

Revisit times [h] 0 48 120

Scene size [kmkm] 2x2km?  2x2km?  2x2km?
TABLE Il

SENSE AND AVOID REQUIREMENTS

SA parameter Value (worst case)
Range [km] 27
Bistatic RCS [n?] 1
Information update period [s] 1
Information delay [s] 0.5
Coverage region (height difference) [m] +500
Target velocity range [km/h] [0,1000]
Reliability [%)] 99.9992

SAR case) resolutions. The requirements for the sense asid aubsystem are listed in Table Ill. The information updat
period puts a limit on the integration time of the target. Thi@rmation delay on the processing time of the radar. Thgeta
velocity range has to be doubled, to account for forward aaakward-flying objects. The reliability parameter coiresdvith
human reliability and gives information on the constansdahlarm rate (CFAR) of the system.

IIl. GENERAL ASSUMPTIONS ON THE SYSTEM

On one hand, using a LEO satellite as transmitter improvesterall performance (resolution and sensitivity) of thstem,
mainly because the transmitter is closer to the scene. Ootlttee hand, sense and avoid function requires persistenitonimg
of the area where the UAV is flying, which mixed with LEO conalit, results in a constellation with an enormous amount
of satellites. If persistent monitoring is desired, MEMibisatellite constellations are needed. The previous terluisions
summarise the moral character of the system. Achieving hégblution, high SNR radar images with a MEO constellation
guaranteeing constant monitoring in higher frequency bamdjuires very expensive bandwidths and transmitted power
Likewise, realistic configurations allowing high resoautiand high SNR images [2] cannot guarantee persistent arogt
and thus are not able to perform the sense and avoid taske 8iecMEO solution allows both sense and avoid and remote
sensing (with moderate resolutions), whereas the LEO isolunly allows remote sensing, we retain as proposed syatem
MEO constellation guaranteeing persistent coverage ofitsired areas.

Sense and avoid range and velocity range conditions fix thtepirameter of the system. If classical time-frequencitdition
of range-Doppler radars is considered, the carrier frecubas to be strictly under GHz for unambiguous target localisation.
The PRF is then bounded to a maximal value bf kHz. Since we aim to push the resolution of the system for intag
purposes, the carrier should also be as high as possibleefohe, C-band is the selected frequency band of the system.
Accepting a carrier frequency range betwdeand 6 GHz, thePRF varies betweerd.25 and 11 kHz. Ideally, the system
consists of a C-band MEO satellite constellation illumingtwith chirp pulses the interesting areas. These pulsesised for
both purposes, and so no further intelligence on the tratanpart needs be included. Ideally too, the receiver is mtexl
on the UAV and is shared for remote sensing and sense and @heiddeally is to be understood as a to be desired. Further
analysis on timing and clutter should be performed to entluzeprevious statement and therefore this might not belEasi
in a final system), and separate antennas are used for reeramg and sense and avoid. A central unit should in that case
be responsible for the time allocation of the receiver todHferent subsystems. An integrated positioning unit alisgulMU
+ GPS) is essential for absolute location of the targetsctiedeby both subsystems.

Receiver remote sensing antennas have to be designed smégat NESZ is better than20 dB, provided that transmitted
power, pulse duration and transmitter antenna gain haeadyr been optimized (and fixed) for the satellites. The araten
are side-looking, the only sensible solution for such aewstif acceptable resolution imaging is desired. For imggn
given area, the UAV will flow side-looking to it. Receiver senand avoid antennas are distributed all around the UAV to
guaranteg60° surveying of the airplane environment. A scanning on thenatth plane of the antennas is proposed, and thus
the azimuth beamwidth of the antennas is a function of theatbgain and of the properties of such a scanning. The étevat
beamwidth depends on the desired gain and on the relatighthedbverage requirement of the system. Two realistic ayste
examples are presented in the following section. Both oiatuse a MEO constellation and have different coveragasare
The first one consists of a reduced Galileo-liké& Gatellites) constellation allowing persistent global @age, the second



TABLE IV
REFERENCESYSTEM PARAMETERS

Orbit height [km] 25000/13300
Carrier frequency [GHZ] 5.405
Transmitted bandwidth [MHz] 100
Transmitted peak power [kW] 10/5

Duty cycle [%] 20

Satellite incident angle range [deg] [0, 60]

Antenna size (Tx) 15 m parabolic reflector
RS antenna size (Rx) 0.312 m?

SA antenna size (Rx) > 0.0312 m?

one is a lower-orbit MEO constellation (5 satellites) aliogy persistent coverage of the polar regions. Both yieldatem
sensing performance comparable to state-of-the-art riagkging satellites, showing the advantage of the systergailing
all the previous considerations, the reference systemhwhitt be used for the system examples and performance daatys
presented in Table IV.

IV. SYSTEM EXAMPLES AND PERFORMANCE ANALYSIS

A. MEO constellation for persistent global coverage

The constellation is a reduced Galileo constellation whtte¢ orbital planes and only satellites per plane, all of them in
relative positions of Walker Delta pattefi6°:27/3/1. The orbit height i25000 km. Using this configuration, the number of
satellites needed for a maximum incident angles0f is 15. Figure 1 shows a snapshot of the Earth with the three orbital
planes (left) and a snapshot of the density of satellitesnilhating the Earth regions (right).

of satellite observation [number of sats]

Fig. 1. Snapshots of this-satellites MEO configuration for persistent global cogeraEart plus three orbital planes (left) and density ofl@ illuminating
the Earth at a given instant: satellite (red),2 satellites (blue)3 satellites (green), and satellites (yellow).

1) Performance analysis of remote sensing subsystem:

a) Resolution: Using the 100 MHz transmitted bandwidth of the reference system, the earggpolution analysis is
presented in Fig. 2. In it, we can see the percentage of theh Bdrich is imaged with a determined range resolution for
backward- (left) and forward-scattering (right) cases patad at the mid-beam point of the UAV antenna. The worstluéism
in the right plot case has to be understood as the best of th&t,veBince range resolution may not be bounded for the fatwar
scattering case. Note that in both cases, the majority ofEmth is imaged with the best possible range resolutiongRan
resolutions better thah m occur in99% of the backward-scattering cases and aln38b of the forward-scattering cases.
We remind that range resolution is inversely proportionairansmitted bandwidth [2].

Considering the synthetic resolution (or Doppler resoltior azimuth resolution, as is usually known in the SAR fase
Fig. 3 shows the length of the synthetic aperture requiredhife C-band system to achieve a synthetic resolutioh of as
a function of the UAV height. This length can be directly séormed into required integration time by dividing it by the
UAV speed. As expected higher UAV flight heights require lengynthetic apertures. The corresponding integratioegim
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Fig. 2. Percentage of the Earth imaged with correspondingeaesolution for backward- (left) and forward-scattgriflight) for the 15-satellites MEO
constellation for persistent global coverage. The contjmutas valid for the mid-beam point of the UAV antenna.
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Fig. 3. Length of the synthetic aperture required for adhig\a synthetic
resolution of5 m for the 15-satellites MEO constellation with persistent
global coverage as a function of the UAV height.

Fig. 4. NESZ for the reference system for the 15-satellitdsQvtonstella-
tion with persistent global coverage as a function of the Usight.

remain belows.5 s for a UAV speed ol 00 m/s, which is within the range of what is currently achieeabith state-of-the-art
airborne SAR systems.

b) Sensitivity: The sensitivity analysis is performed assuming a resoiutil of 5 x 5 m2. The transmitted peak power
with respect to the reference system (skW. The NESZ values as a function of UAV height are shown in Fig. 4. We obsser
that the dependence &FESZ on UAV height is roughly linear, since for all cases the swiith resolution is kept constant.
The NESZ requirement is fulfilled for heights under km. A transmitted peak power of arour2d kW would be required
for fulfilling the requirement for higher heights.

2) Performance analysis of sense and avoid subsystem:

a) Resolution: The resolution analysis for the sense and avoid subsysteathisr general and (somewhat) independent
of the space constellation considered. Fig. 5 shows thes mlotresponding to range (left) and Doppler (right) resotut
analysis. The left plot shows the maximum bistatic angle &mation of the transmitted bandwidth and of the desiredyean
resolution. Note that this resolution degrades when targpproach to the baseline vector of the bistatic radar, lwisican
intrinsic property of bistatic radars themselves. Fortbe MHz considered case, and assuming a range resolutiomufthe
maximum bistatic angle takes a value slightly o¥&0°. The right plot on the other hand shows the speed resolutiorarf
extendedPRF range and integration times beldab s. We see that integration times owet s already yield resolutions under
1 m/s, largely sufficient for the foreseen task. This integratime should be tuned after careful analysis of the sieitgiind
of the azimuth angle scanning requirements of the system.



Maximum

bistatic angle [deg]

Speed resolution of the bistatic system [m/s]
| o 1178.9 1.0 T i ik Mkt T g6.5
14 11 g © ‘ e
— - |11169.0 w05 3 2 B 3 53
E zp @ 1 - E
c (] 11159.2 —_ | \ 4.4
£ 10 : ~ 10.0 \I \ \ ,_
2 1 x | \ 1
5 1494 = \ \ \ 3.3
g % L \ ‘\ \\
© sf 1 € osh | | \ \
& 1§ 139.6 ". \ 2.2
s | ] . \
e 6 ] \ \ ]
T s, 1l1298 8.4 \ \ 1.2
4 Cy@p Uq? ¥ \\j \ \\ \ 111
. 1 \\ 1 A | 120.0 8_5.1,.“Lm..,i.;\ll,“‘..‘.lu.uH\ \‘ JL0.1
200 400 600 800 1000 0.1 0.2 0.3 0.4 a5
Transmitted bandwidth [MHz]

Speed update time [s]

Fig. 5. Range resolution (left) and Doppler resolutiont{tjganalysis for the sense and avoid subsystem. The ploteid@pendent of the space constellation
and can be applied to the present and the following subsectio

b) Sensitivity: The SNR values after coherent processing of the target echoes iffamtagration time of0.1 s) and as
a function of the satellite off-nadir angle are shown in FigEven for the small RCS of the target, its signature is etqaec
to be detected on the radar. Moreover, having an integréitiom of 0.1 s allows to achieve an azimuth angular resolution of
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Fig. 6. SNR after coherent integration for a target with datic RCS ofl m? for the reference system for the 15-satellites MEO corateht with persistent
global coverage as a function of satellite’s off-nadir @ghd for an integration time d@f.1 s.

36° using a single receiver.
B. MEO constellation for persistent coverage of the polar regions

The constellation consists 6f(for a maximum incident angle @f0°) satellites in a single orbital plane. The orbit height is
13300 km, with an inclination of89.5°. This orbit height could be affected by the outer Van Allediation belt, which might
pose problems to the selection of this constellation for al fitesign. However, since its use does not change signifjcta
results and conclusions of the study, we retain the exangldétd illustrative value. We nonetheless remind that aistal
constellation should be placed at a 1000 to 2000 km lowet.oFbe deviations in performance would favorise the lowdyitsr
when compared to the ones shown in this case. The proposstkliation guarantees persistent coverage of the poléneg
above66.55° latitudes North and South, respectively. The constelaigoparticularly advantageous for commanding, since at
least one satellite is permanently visible from near-pglaund stations like Kiruna or Svalbard. Figure 7 shows gshat

of the Earth with the orbital plane (left) and a snapshot ef density of satellites illuminating the Earth regions lit)g
1) Performance analysis of remote sensing subsystem:



Density of satellite observation [number of sats

Fig. 7. Snapshots of the 5-satellites MEO configuration fersigtent coverage of the polar regions. Earth plus orpiehe (left) and density of satellites
illuminating the Earth at a given instant: 0 satellites @@)i 1 satellite (red), and 2 satellites (blue).

a) Resolution: The same analysis as the one shown in IV-A.1 for the rangdutaso has been performed. The results
are shown in Fig. 8. These resolutions, once again, have deaputed for a transmitted bandwidth 4i0 MHz and for the
mid-beam point of the UAV antenna. Since the incident angleye is exactly the same as the one of the previous congtellat
and due to the, in general, lesser number of satellites witlthwa given area is imaged, the flexibility of the constelat
to yield a better bistatic configuration (higher incidengkas) is lower than for the constellation for global coveramse.
Therefore, the results are also a bit worse than those shoWwigi 2. The tendency is however the same, being the majofrity
the covered area imaged with the best available range t&sulThe synthetic resolution analysis, once again sintlahe one
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Fig. 8. Percentage of the Earth imaged with correspondimgeraesolution for backward- (left) and forward-scattgrifiight) for the 5-satellites MEO
constellation for persistent coverage of the polar regidie computation is valid for the mid-beam point of the UAVeama.

of IV-A.1, is shown in Fig. 9. The required lengths of the dyatic aperture do not change much, since synthetic resaligi
mainly achieved by the motion of the UAV. Like in the case & tflobal coverage constellation, the corresponding iategr
times are below ofr.5 s for 25 km UAV flight height. Similar integration times are not uncaon in present airborne SAR
systems.

b) Sensitivity: The same resolution cell afx 5 m? is used for the sensitivity analysis of this constellatibhe transmitted
peak power with respect to the reference system k8. The NESZ values as a function of UAV height are shown in Fig.
10. The dependence &FESZ with UAV height is also linear, like in Fig. 4. The requiremas fulfilled for all almost UAV
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Fig. 9. Length of the synthetic aperture required for adhig\a synthetic Fig. 10. NESZ for the reference system for the 5-satellitdsQvtonstella-
resolution of5 m for the 5-satellites MEO constellation with persistent tion with persistent coverage of the polar regions as a fonaif the UAV
coverage of the polar regions as a function of the UAV height. height.

heights. As expected, more reasonable transmitted peakrpoave obtained if only partial, though persistent, coyeris
required.
2) Performance analysis of sense and avoid subsystem:
a) Sengitivity: The SNR values after coherent processing of the target echoes iffantagration time of).1 s and as a
function of the satellite off-nadir angle are shown in Fid. Even for the small RCS of the target, its signature is etqubc
to be detected on the radar. As previously stated, havingiagration time of0.1 s allows to achieve an azimuth angular
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Fig. 11. SNR after coherent integration for a target withstatic RCS ofl m? for the reference system for the 5-satellites MEO consiefiawith persistent
coverage of the polar regions as a function of satellitefsnaflir angle and for an integration time 0f1 s.

resolution of36° using a single receiver.

V. SUMMARY

A spaceborne-based bistatic radar with a dual charactendwas presented. The same transmitter is used by two sulrsyste
mounted on a UAV to perform two different tasks: a) high-taon imaging of interesting overflown areas, and b) help
autonomous navigation of the UAV by performing the sense amdd task on the UAV environment. Some requirements for
the system performance and operation have been derivedvarekemplary systems with different coverage regions haenb
designed. The first one allows persistent coverage of thbtEdth a 15-satellites Galileo-like constellation. The second one,
with 5 satellites placed on a lower orbit, allows persistent cagerof the polar regions. The power and size requirements for
the 5-satellites configuration are reduced when compardidetd 5-satellites constellation, mainly because of theetoarbit.

The performance of both systems in terms of remote sensagnadest if compared to state-of-the-art airborne systénts,
competitive (even better) with most of the present spaceb&AR systems.
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