A multibeam opportunistic SAR system
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Abstract—This paper discusses the implementation of a passive receiving system is considered, and depending on the applic
radar system designed to perform imaging of the ground using tion and the exact configuration of the scenario, the viewing

radar satellites as emitters of opportunity. The receiver onsists  geometry is not favorable since the receiving incidencdeang
in a 4-element microstrip antenna array and is able to receig the .
is typically very small.

signals from most C-band Synthetic Aperture Radar satellies. - X ]

The array antenna is used to attenuate the direct-path signsby This paper describes a low-cost passive radar system oper-

null-steering. ating in C band. The system uses illuminators of opportunity
The successive processing steps are described with focustbe  in a bistatic radar configuration to produce SAR images of the

signa] synchronization, signal separation and the image fanation ground.

algorithm. The current results are presented and discussed . . . . .

The receiver is tailored to moving space-borne C-band illu-

minators of opportunity such as the SAR instruments carried

by Envisat, ERS-2, RADARSAT and RADARSAT-2. These
SAR imaging has been historically performed using mongnstruments transmit linearly frequency modulated chirjtb

static radar configurations where the transmitter and veceia minimum bandwidth of 11 MHz. When combined, these

shared the same location. Reconstructed target images gi®llites present a very attractive revisit time, pravipwith

obtained after processing several received echoes of a sa®énuch as 42 passes a month for a same latitude, including

scatterer from different azimuth angles, taking advantaige ascending and descending passes.

the displacement of the radar system to synthesize a large\ description of the reception chain of the designed passive

aperture. radar system, the viewing geometry and the acquisitioresyst
Bistatic SAR imaging is certainly not new. Cooperativés given in Section Il. Data processing steps such as signal

bistatic SAR has been conducted either air-air [1], aiespaseparation, signal synchronization, signal parametens@x

[2], [3] and also space-space [4], [5] with the TanDEM-Xion and SAR imaging formation are described in Section IIl.

mission. Ground-based bistatic SAR imaging with spaceborResults obtained from actual data are presented and déstuss

illuminators of opportunity is also described in [6], [7]h& in Section IV. Finally, Section V concludes the paper.

main challenge reported is the synchronization between the

transmitter and the receiver in opportunistic systems.s Thi [I. SYSTEM DESCRIPTION

problem is typically resolved by acquiring separately ig@al A pjock diagram of the receiving system, showing both the

received directly from the satellite (direct-path signarefer- |, .qware and software stages, is depicted in Fig. 1.
ence signal) using a dedicated antenna. In the system that wi ’

|. INTRODUCTION

be presented in this paper the reference signal is extrécted | Baseband Reference  Synthesized
the scattered signals without a dedicated antenna. It dhoul (complex) and reflected SAR
also be noted that since the transmitter of opportunity edar signals signals image
system designed to perform imaging, the transmitted signal Tref

will always be suitable for bistatic imaging. Suitability an Adaptive Matched

beam- —

opportunistic signal for radar application can be assessi) forming | , | filtering

the ambiguity function. The presence of large ambiguities a
more generally of large sidelobes in the ambiguity function
denote a waveform that will lead to ghosts in the produced
image.

Bistatic SAR imaging presents several interesting advan-
tages. The system is relatively cheap as transmitters of opThe radio frequency (RF) signal transmitted by an illumi-
portunity are used. Since different transmitters of opjpaty nator of opportunity is first received, amplified and down-
can be used, a higher combined revisit time can be achievathverted to intermediate frequencies (IF). The IF sigsal i
than using a single satellite. And last but not least, fromthen sampled and further numerically down-converted t@ bas
tactical point of view, these systems are difficult to detewd band, resulting in a dataset of four phase-shifted versians
easy to deploy due to their small size. Bistatic opportimistthe received signal. In the next block, adaptive beamfogrign
SAR systems are however subject to the actual availabifity performed to separate the reference signal (direct-pgtiabi
a transmitter of opportunity. In addition, when a grounddsh and the reflected signal. In the final block, an image is

Fig. 1. Block diagram of the entire passive radar system.



synthesized from the separated signals acquired during Hme reception system has a relatively wide azimuth opening
overpass of a SAR satellite. These blocks are describedaingle and is pointed East.
more detail in the next sections.

. Transmitter ’ / Transmitter > /
A. Recep“on system (radar satellite) (radar satellite) <
The implemented system includes a uniform linear array
(ULA) of four vertically polarized microstrip antennas Wit /

a center-to-center separation df2. The calibration of this
array is discussed in a companion paper [8]. Each antenna has
a gain of 7.5 dBi and is designed to operate at a resonance Ground
frequency of approximately 5.4 GHz presenting a bandwidth Fonard seaterng geomety Backward seatering geomety
wide enough to cover the four SAR instruments that will bgg 3. possible imaging scenarios. Left: back scatterigngetry, both

used as illuminators of opportunity, as described in Table lilluminator and receiving system are on the same side. Rifirivard
scattering geometry, target is between illuminator aneivec.

Satellite Center frequency Bandwidth
Egvs'sgt 2;233 gﬂ; }2 m:; Hence if the satellite is right looking (e.g. ERS-2, En-
RADARSAT 5.300 GHz 11.6 up to 30 MHz visat, RADARSAT), ascending passes will yield a backward
RADARSAT 2 5.405 GHz 11.6 up to 100 MHz scattering geometry while descending passes will yield a
TABLE | forward scattering geometry. Ground range resolution it fl
SATELLITE SARINSTRUMENT CHARACTERISTICS reflection area can be approximated by [6]

c

= o= . )
The receiving system (see Fig. 2) is a typical superhetero- Blsin(6:) + Sl_n(e’”)_| _
dyne receiver with three main stages: RF reception and awhere ¢ stands for the speed of light in free spade,is
plification, down-conversion to IF and sampling. the bandwidth of the chirp ané, and 6, are the incident
angles with respect to the ground plane for the transmitter
. A>—>C e L and receiver, respectively. And hence the backward saajter
- scenario is more favorable than the forward scatteringasten
;@—» LPF |—»=
;@—» LPF —

Ar,

as far as range resolution is considered. On the other hand,
the scattered signal amplitude is typically higher in fordva
scattering scenarios [9].

. In the considered forward scattering geometry scenario
these parameters would e ~ 20° and 6, ~ —75° since

the receiving antennas are orientés® below the horizon,
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BPF ﬂ>}® T e yielding Ar, ~ 30 m. In the considered backward scattering

LNA geometry, the incident angle of the receiver would be matlifie

| REAPLIFICATION Lo | IF AMPLIFICATION to 0, ~ 75°, providing a ground range resolution of about 14
‘ " bown ‘ m.

CONVERSION
C. Signal acquisition

Overpass times of the satellites are predicted using thelSGP
orbit propagator, taking into account the satellite’s ante

In the amplification stage, signals are received and amgblifitootprint. The Two-Line Elements (TLE) used as input to the
using a cascade of low noise amplifiers summing up a totabit propagator are regularly updated in order to minimize
amplification gain of 75 dB. The local oscillator (LO) usedrediction error. Due to the limited accuracy of the prdadict
in the down-conversion is programmable in order to be ahilee start of the data acquisition needs to be triggered. The
to fit the signal of the different satellites in the bandwidtlrigger is based on the amplitude of the received signals Ve
of the A/D card. The IF signal is then, after a 25 dBnuch like in CFAR (Constant False Alarm Rate) systems, the
amplification, sampled at 50 MSamples/s using a 16-bit A/tzariance of the ambient noise and interference is “learaed’
card (AlazarTech ATS660) and digitally down-converted teerves to adjust the triggering threshold. AcquisitionGitIS/s
base band in the third stage. leads to a data rate of 400MB/s for a 4-channel receiving

system.

Fig. 2. Block diagram of the implemented multichannel reeei

B. Viewing geometry and range resolution

. . . [1l. DATA PROCESSING
The considered satellites are on LEO near-polar orbits.

This means they fly roughly from north to south or fronf\- Signal separation
south to north. The radar instruments on-board the coreider The direct-path signal and the reflected signals have to be
satellites are side-looking (roughly east-wards or wemtels). separated from one another. If used to correlate with the-ech



10

signal, the direct-path signal has to be free of echo signal, ‘

hence the need for separation. In the present case, tha-direc  of\\\\\\\\\NN S/
path signal can be reconstructed since its general shape it
known (it is a linear FM chirp). The only unknown is the initia
phase that can be estimated from the direct-path signalt®ue
the large amplitude of the direct-path signal, this estiomats _-30f
not impacted by the presence of echo signal. Separation alsc:f:_4
serves to attenuate the range sidelobes in the image due to th £
direct-path signal.

In future works, signal separation will be achieved by using  -eo-
the array of the receiver to steer a null in the direction of
the satellite. As a linear array is considered, this of ceurs
produces a shadow on the ground.
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B. Signal synchronization -8

A major issue in space-to-ground, non-collaborative radar
systems as the one presented in this paper is the lack of phgﬁ]e‘l- A Uanath?fd {)hase history tOf Otnhe of the ret(?jeived ERMD;
H . H . ougn some artifacts are present In € measure Wrambede, e
SynChromzatlon bet\,Neen transmltters anc_j the, receiver. unwrapped and the theoretical phase present a similart@mlu
The n-th transmitted chirp from an illuminator can be

expressed as 05

time (s) %10

Stop = e (P0m+2mfot+51%) 2) 04

wheref, and¢y ,, are the center frequency and unknown phase %2
of n-th chirp at the transmitter’s local oscillator respesiy, 02}
andc is the chirp rate. The signal is received with a time delay
At,. This time delay adds an additional quadratic phase term
to the received signal and is responsible for the charatiri
guadratic phase evolution along the synthetic aperture.
After down-conversion, i.e., multiplying with the localals

lator signale=1(#1.n+27/11) ‘wheref;, and¢, ,, are respectively
the center frequency and unknown phase of the receivei$ loc 3
oscillator, one obtains -0l

_ ej[(277(f0—f1)+0tAtn)t+%t2] (3) 05 ‘ ‘ ‘ ‘ ‘ ‘ ‘

Srxn =

0.1

Amplitude (V)
o
T

ej[d-)(),n7¢1,n7277f0Atn+%Ati] time (s) x10°

Fig. 5. Comparison between the actual chirp (blue) and théhegized chirp

The constant phase component based on the estimated parameters.

«
¢0.,n - ¢1.,n - 27Tf0Atn + §At721 (4)

and the residual frequency tertw(fy — f1) + aAt, are This same process is repeated for each received chirp,
estimated from the direct path signal. The term depending providing estimates of the unknown phase tefim, — ¢1,,, at

At,, can be subtracted ast,, is proportional to the distance each pulse.

between the satellite and the receiver when the n-th chigp

transmitted, yielding the unknown phase tefg), — ¢1.5,.- "B Image formation algorithm

) Since the receiver is non-moving, the expression of the

C. Parameters extraction azimuth phase history is much more simple than that of the

An estimate of the constant phase term (4) is obtained general bistatic case. And although the authors are welteawa
follows. The direct-path chirp is easily located due to iighh of Loffeld’s bistatic formula [10] and derived works leadin
amplitude. The phase of the received signal is unwrapptd FFT-based processors [11], another path is followed as
and fitted using the phase of (3) yielding an estimate for thilee areas where a useful image is obtained are much smaller
constant phase term, for the frequency term andofoiThis than the satellite’s footprint. The image synthesis is Oase
procedure is illustrated in Fig. 4, showing the charadteristhe direct application of the matched filter. As this would be
quadratic phase of a linear FM chirp after unwarping of thextremely time consuming, the processing is, after the lusua
phase. range-compression step, approached by integrating the raw

A reference chirp is reconstructed from the extracted paradata along the azimuth locus (bistatic range as a function
eters. Fig. 5 shows that the matching between the thedretichthe azimuth position of the transmitter) of the considere
and the measured signals is relatively accurate. scatterer, taking into account the azimuth phase histo2y. [1



The azimuth locus is computed for each image pixel in groudl Range compression

range. The added benefit is that the image is directly obdaine The acquired data stream is divided into chunks correspond-
in ground range and no separate geocoding step needs tqnfio a single chirp and its echoes. The location of the tirec
performed. path chirp is obtained by correlation with a synthetic chirp
The estimate of the unknown phase is taken into account in
the range compression hence removing that unknown phase
A. Data acquisition component. A range-compressed image of an ERS-2 acquisi-

The receiving system was placed on the roof of a buildifépn is depicted in Fig. 8 showing the large correlation seak
overlooking an urban area in Brussels, Belgium and an dpti@] the reference signal and, further away in range, possible
image of the viewing area is presented in Fig. 6. echoes from scatterers.

IV. RESULTS
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Fig. 8. Range-compressed image of an ERS-2 acquisitiony assiynthesized
Fig. 6. Optical image of the viewing area as seen from theiiecesystem. reference signal.

The real part of a signal acquired during an overpass of te Azimuth compression

Env?sat satellite is prgsented in Fig. 7. Chirps Fransnﬂlitlg Figure 9 is obtained by performing the range and azimuth
Envisat are grouped into 30-ms bursts and with remarkablgy,hression at regularly-spaced range intervals using two
variations in amplitude and pulse repetition frequencyRPR yitterent range-windows. The use of range-windows aims at

between groups. These variations correspond to the differg, q,,cing the range sidelobes that may obscure reflections fr
beams produced by the electronic antenna of this satelfiesw imaged area. When a rectangular range window is used,
scanning the swath in wide-swath mode.
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Fig. 9. Comparison of a scan in range using rectangular anghiHg
Fig. 7. Real part of the signal acquired during an overpasth@fEnvisat Wwindowing.
satellite.

the first null is located at 14m. When a Hanning window is



used, the first null is located at 19m, indeed leading to a loBs Assessment of the received data

in resolution

as is well known.
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Fig. 10. Bistatic SAR image using ERS-2 signal. The receisdocated at
the center of the figure.

Figure 10 presents a single-look azimuth-compressed SAR

image, the amplitude is logarithmically scaled (dB). Thaga

is centered at the receiver. Isodistance rings are spadau 40

apart from the receiver while the distance of the lines of the
grid is 400m as well. Obviously, the largest signal is lodate .
at the receiver’'s position, and side lobes appear, although 0

To assess the presence of non-noise data, the distribution
(observed frequency) of the scattering coefficients in the i
aged area were compared. Figure 12 presents the distnibutio
of the amplitude of the scattering coefficients in two distin
areas. The first area is located directly under the main beam
of the antenna of the receiving system. In this area, echo and
noise signal is expected. The second area is located on the
left of the antenna, where the gain of the receiving antenna
is minimal. In that area, only noise (and interferences) is
expected. As can be seen, the distribution of the scattering

Area in the main field of view
— — — Area on a secondary lobe

0.07r

o o
o o
a &>

Value count
o
o
S

0.031

0.02

0.01r/

-4

0.008

I
0.002 0.004 0.006

Value bins

attenuated due to the use of a Hanning range window (no
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Figure 11 shows the single-look azimuth-compressed S

owing is used).

Fig. 12. Distributions (frequency) of the amplitude of theatsering

wfﬁcients over two areas in the obtained SAR image. Inrgrea area

located in the main field of view of the receiving antenna. dd,ran area in

image of the receiver’s field of view. The radiation diagram secondary lobe.
of the receiving antenna points roughly East (down on the

image). It is not obvious to relate what is seen in these imagfoefﬁcients in the receiving antenna footprint is indeéghsly

_to the optical_image of Fig. 6'_ The presence of a_\ctual Sigr?rllifted to the higher values when compared to the distobuti
|s_assessed n the next §ect|0n. A more meamngful 'Magfihe scattering coefficients on the side of the antennas Thi
might be obtained by placing the receiver such that it atual, yicates that there is indeed a contribution from echoalign

overlooks a

wide area.
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SAR image centered on the viewing area of the system.

and that what is seen is not exclusively noise.

V. CONCLUSIONS AND FUTURE WORK

This paper presents a passive radar system for SAR imaging
using imaging radar satellites as transmitter of oppotyuni
The challenges arising when using transmitters of opportu-
nity were discussed. Phase synchronization is obtained by
recording the phase of the direct-path chirp and image syn-
thesis is performed by matched filtering. Azimuth compres-
sion is performed by integrating along the hyperbola in the
(range,azimuth) plane.

First results were presented. The imaging geometry, and in
particular the fact that the receiver is looking at an exbm
dense scene under grazing incidence complicates thelieterp
tation of the resulting image.

Besides the relocation of the receiver, further work inelud
the comparison of the resulting image with classical monos-
tatic SAR images to assess the differences.
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