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Unambiguous Recovery of Multistatic SAR Data
for Nonzero Cross Track Baseline Case

Ozan Dogan , Faruk Uysal , Senior Member, IEEE, and Paco Lopez Dekker , Senior Member, IEEE

Abstract— A wide-swath synthetic aperture radar (SAR) image
is known to be achievable by merging multistatic aliased data
that is collected with an appropriate along-track displacement.
However, in terms of both flexibility requirements like potentiality
of both along-track and cross-track (XT) interferometry and
design requirements like orbital safety, etc., a XT baseline is
not only demanded but also unavoidable. In this work, a method
is proposed in order to merge SAR data to recover the Doppler
spectrum unambiguously for the nonzero XT baseline case. The
algorithm is compared and validated by simulating an azimuth
invariant multistatic SAR satellite constellation. The results are
promising in terms of dealing with XT baselines.

Index Terms— Bistatic synthetic aperture radar (SAR), mul-
tistatic SAR image processing, radar signal processing, SAR
constellation.

I. INTRODUCTION

THE state of the art for bistatic synthetic aperture radar
(SAR) imaging is quite mature [1], [2], [5]. Currently,

the frequency spectrum of the bistatic SAR signal is already
derived [6], the problem is mathematically well investigated to
convert the bistatic measurement to a monostatic one [7], bista-
tic SAR image formation algorithms are proposed [8], [9],
and validated with the airborne [10] and spaceborne exper-
iments [11]. These works are limited to the spatially distin-
guished single transmitter and single receiver case.

The next generation of spaceborne SAR system is demanded
to support product diversity, for example, high-resolution
wide-swath (HRWS) imaging, along-track and cross-track
(XT) interferometry, and so on. Another trend is the low-cost
small satellites that have smaller antennas which means wide
beamwidths and higher azimuth ambiguity power. Conven-
tional SAR systems cannot meet the HRWS imaging require-
ment due to the fact that the unambiguous swath width and
achievable azimuth resolution pose contradicting requirements
on system design [10]. To overcome this limitation, a multi-
static SAR reconstruction method for along-track displaced
passive receivers is already proposed [12]. There are further
advancements in this method to deal with higher nonuniform
sampling case [3], [13] and error calibration [14].
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Fig. 1. Multistatic SAR geometry—single transmitter and four receivers.

To the best of our knowledge, the effort for combining
multiple bistatic SAR data for the HRWS imaging is limited
to merely along-track baselines. There are some efforts for
combining monostatic SAR images for very short XT base-
lines [4], [15], and in the case of topography deviation [16].
In practice, the existence of XT baselines may be intentional
for single-pass XT interferometry, orbital safety or maybe
unintentional due to orbital accuracy. So an XT baseline is,
strictly speaking, unavoidable and must be compensated in
order to merge multistatic data in an alias free manner.

There are different methods in the literature for combining
multistatic SAR data [17], [18]. However, these works are
not motivated to extract HRWS images by using a low pulse
repetition frequency (PRF) signal.

In this work, the multistatic SAR image formation problem
for the nonzero XT baseline under the assumption of flat earth
is investigated and mathematically modeled for the low squint
case. Based on this derivation, a linear transformation will be
derived for converting a multistatic SAR signal to a single
reference measurement. The simulation results show that the
proposed method performs well for suppressing the azimuth
ambiguities.

II. PROBLEM DEFINITION

A. Single Target Case

The multistatic SAR constellation, illustrated in Fig. 1, con-
sists of a single transmitter that illuminates a point target while
multiple receivers collect the backscattered data in broadside
geometry. The orbits are azimuth invariant; the synthetic aper-
ture is sufficiently short that the relative movement between
the satellites is negligible. The along-track and XT line of sight
baseline between the transmitter and the i th receiver is shown
as xi and ri , respectively. We note that the XT line of sight
baseline is a function of perpendicular and parallel baselines
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that any of them can be nonzero. The received multistatic SAR
raw data for a single point target can be written as follows:

sri (t, η, r0, η0) = ATx(η)ARx,i (η)

× rect

�
t

τ
− Ri (r0, η)

τc

�
e− j2π Ri (r0,η)/λ

× γ (r0, η0)e
jπαr

(
t− Ri (r0 ,η)

c

)2

(1)

where

Ri (r0, η) =
�

r2
0 + v2η2 +

�
(r0 − ri )2 + (vη − xi)2

= RT (r0, η) + RRi (r0, η) (2)

is the bistatic range, γ (r0, η0) is the reflectivity of the target
at the range position r0 and azimuth time η0 (which is equal
to zero for the broadside geometry), t is the fast time, αr is
the chirp rate of the transmitted linear frequency modulated
signal, rect is representing the rectangular shape of the pulse,
τ is the pulsewidth, η is the azimuth time, Ri (r0, η) is the
range in the bistatic geometry, RT is the range between the
transmitter and the target, and RRi (r0, η) is the range between
the i th receiver and the target, ATx and ARx,i define the
envelope of the azimuth signal arising from the projection
of the transmit and receive antenna patterns on the ground.
The elevation beamwidth of the antenna is assumed to be
sufficiently wide and so is not included in the equation.

The overall slant range histories lose their hyperbolic form
since the sum of two hyperbolas is no longer a hyperbola as it
is expressed in (2). Thus, slant range histories look different
(the shape is flattened; a flat-top hyperbola) from the receiver
slant range history [6].

Note that receivers are assumed to be synchronized in time
and frequency with the transmitter. The power of each signal
is assumed to be the same since the range and angle of each
satellite are identical and hardware-based difference can be
compensated [19].

The Taylor Series expansion of the bistatic range equation
up to the quadratic term are known to be a valid approximation
for the low squint cases [21], and can be written as follows:

Ri (r0, η) = Ri (r0η0i ) + λαi (r0)

2
(η − η0i )

2 + · · · (3)

where the azimuth chirp rate is

αi (r0) = v2

λ

�
1

RT (r0, η0i )

�
1 − v2η2

0i

RT (r0, η0i )
2

�

+ 1

RR(r0, η0i )

�
1 − v2η2

0i

RR(r0, η0i )
2

�	
(4)

and bistatic range, Ri (r0, η0i ), can be written as

Ri (r0, η0i ) ≈ 2r0 − ri + x2
i

2(2r0 − ri )
. (5)

The azimuth time of the target that has zero Doppler frequency
is derived as (see Appendix)

η0i = r0xi

v(2r0 − ri )
. (6)

For optimum performance, the along-track displacement of the
subapertures i = 2, . . . , N relative to the first receiver i = 1
should be selected as

η0i = r0xi

v(2r0 − ri )
≈ 1

PRF

�
i − 1

N
+ ki

�
(7)

where N is the number of satellites. Such a scheme results in
a uniform sampling of the received SAR signal. We note that
for ri = 0, this expression is the same as is given in [10], [12],
and [20].

The intended multistatic mission scope in this letter is
a swarm SAR concept that the width of the along-track
separation of the satellites is short enough to fulfill the low
squint requirement for the broadside geometry case. So the
classical range Doppler algorithm (RDA), which is based
on the range approximation according to the Taylor series
expansion, can potentially form the multistatic SAR image by
using the range compression (RC) and the range cell migration
correction (RCMC).

The range compressed signal can be written as follows:
srci (t, η) = ATx(η)ARx,i (η)

× γ (r0, η0)τe− j2π Ri (r0,η)/λ

× sinc(αrτ (t − Ri (r0, η)/c)). (8)

For the squinted case, one may take into consideration the
secondary RC as is discussed for the bistatic case [9]. Next
is the RCMC step. The RCMC can be implemented as an
interpolation (or a phase multiplication in Fourier Domain)
with the range Ri (r0, η) defined in (2) to Ri (η0) defined in (5)
except instead of r0 we insert cη/2 in both equations. The
RCMC output of the signal can be expressed as follows:

srcmci (t, η, r0, η0) = ATx(η)ARx,i (η)

×γ (r0, η0)τe− j2π Ri (r0,η)/λ (9)

× sinc(αrτ (t − Ri (r0, η0i )/c))

= γ (r0, η0)si (t, η, r0, η0) (10)

where si (t, η, r0, η0) is the impulse response of the SAR
system. Hence, for the multistatic SAR case.

1) The RCMC output of different orbits are shifted in fast
time corresponding to the range, Ri (r0, η0i ) given in (5).

2) If the radar pulse instants of each satellite combination
are not synchronized but known, the additional fast time
shift can be compensated in the RCMC step.

3) The power of the signal is related to the difference
between the target range time and the sampling time
resulting in channel imbalance within receivers and must
be calibrated.

4) The RCMC is applied to the undersampled data that
limit, δa , the azimuth resolution as: (v Nsat)/PRF < δa .

Once there is a single target at a known position, a phase
compensation term can be derived simply by following the
steps in [12] and [22] including the XT baseline and final
azimuth compression can be used for SAR imaging. This
method does not work in the extended scene case as the
compensation term is calculated for a specific position of the
target for the nonzero XT case.

Authorized licensed use limited to: TU Delft Library. Downloaded on September 30,2020 at 10:38:46 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 2. Range of targets. The ambiguous targets and the unambiguous target.

B. Extended Scene-Single Satellite Case

The geometry of the problem is much more complicated for
the extended scene case as far as the nonzero XT baseline is
concerned. Let us start with a single satellite. Suppose that,
there is a single target of interest at the broadside position,
(r0, η0 = 0). For this case, the radar range versus azimuth time
is illustrated in Fig. 2. The radar range of another target at the
position of (r0 − rmig1

, ηamb1), that ηamb1 is the first azimuth
ambiguity, intersects the radar range of the target at the target
of interest; thus contributes to the signal due to aliasing. The
same situation is the case for the target at complimentary
ambiguity, (r0 − rmig1

,−ηamb1). Nevertheless, the received
data corresponding to a single target at the azimuth center
for the Nyquist rate compatible PRF case is the summation
of aliased signals backscattered from multiple targets at the
position of ambiguities and the target of interest at the center.
This summation can be expressed mathematically as follows:

Si (t, η) =
Namb


k=−Namb

γ (r0 − rmigk
, ηambk )

× si (t, η, r0 − rmigk
,−ηambk) (11)

where rmigk
is the migration in range with respect to the target

of interest and ηambk is the azimuth ambiguity, explicitly

ηambk = PRF

2αk
, rmigk

= rmig−k
≈ αk

λη2
ambk

4
. (12)

Here, the Taylor series expansion up to the quadratic term
is sufficient for the estimation of ambiguities and valid for
the narrow beam broadside geometry. This assumption results
in the case that the azimuth time of the ambiguities are the
multitudes of the first one, ηambk = kηamb1 .

C. Extended Scene-Multiple Satellite Case

In (11), it is formulated that the received signal is a summa-
tion of multiple ambiguities and the signal backscattered from
the target at the broadside direction. The number of unknowns
for the reflectivity γ (r0 − rmigk

, ηambk ) is 2Namb + 1. Thus,
a system of linear equations can be obtained by using
N = 2Namb + 1 satellites as in (14), shown at the bottom
of the page. In the vector notation (14) can be written as

S = H� (13)

where S = [S1, S2, . . . , SN ] is the received signal of mul-
tiple satellites, H is the impulse response function, Hi,k =
si (t, η, r0 − rmigk

, ηambk ) and � is the reflectivity of the
target.

III. METHOD

The system defined by (14) is an “underdetermined” system
as far as infinite number of ambiguities are taken into consid-
eration. The proposed method can handle Namb ambiguities in
the case of N = 2Namb + 1 satellites. We define the impulse
response of each ambiguity as follows:

sik = si (t, η, r0 − rmigk
, ηambk )

= Aik(r0 − rmigk
, η)

× e− j2π Ri (r0−rmigk ,η0i )/λ

× e( jπαi (r0−rmigk )(η−η0i −ηambk )2) (15)

where Aik represents the beam of the antenna pattern corre-
sponding to the kth ambiguity or the broad side one for k = 0,
the first exponential is the phase shift and the second expo-
nential includes the linear frequency modulation in azimuth
direction.

To transfer the collected data from different satellites to
a reference origin, the inverse of the system transfer func-
tion H−1 will be estimated and multiplied with the desired
impulse response of the system

s� = HcH−1sr (16)

where Hi1 = si0, Hik = si j , j = (−1)k−1�k/2�, and Hc is
the impulse response matrix generated by the geometry of the
first bistatic measurement as reference: Hc = H |i=1.

The flow of the proposed multistatic SAR image formation
algorithm is shown in (Fig. 3). The algorithm flow begins
with the RC and RCMC. Next, signal is shifted in range to
compensate the time shift due to nonzero cross track baseline.
The next step is the compensation of the phase difference that
corresponds to the range difference between the acquisitions
according to (5). The channel calibration is done to eliminate

sr (t, η) =

⎡
⎢⎢⎣

s1(t, η, r0, 0) s1(t, η, r0 − rmig1
,−ηamb1) s1(t, η, r0 − rmig1

, ηamb1) . .
s2(t, η, r0, 0) s2(t, η, r0 − rmig1

,−ηamb1) s2(t, η, r0 − rmig1
, ηamb1) . .

. . . . .
sN (t, η, r0, 0) sN (t, η, r0 − rmig1

,−ηamb1) sN (t, η, r0 − rmig1
, ηamb1) . .

⎤
⎥⎥⎦
⎡
⎢⎢⎢⎢⎣

γ (r0, 0)
γ (r0 − rmig1

,−ηamb1)
γ (r0 − rmig1

, ηamb1)
.

γ (r0 − rmigNamb
, ηambNamb

)

⎤
⎥⎥⎥⎥⎦
(14)
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Fig. 3. Multistatic SAR image formation algorithm flow.

Fig. 4. Range migration and ambiguity difference in two satellite case for
the nonzero XT baseline.

the difference of the amplitude for multiple measurements.
For higher bistatic angle or for the squinted cases, a further
coregistration step may be included to the calibration step [23].
The multiplication with the Hc/H is done as in (16). Data
are sorted in azimuth time and then the matched filtering is
implemented by a multiplication with the Nsat times upsam-
pled azimuth reference function and summation to obtain the
final SAR image.

The final SAR image can be extracted by sorting the
compensated signal, s�, corresponding to the azimuth time
shift, multiplying with the reference filter and summation.

A. Validity Limits

To validate the formulation of the problem and the proposed
method, let us focus on two satellites with a nonzero XT
baseline case. The chirp rates for this case will be different,
resulting in a shift in both range and azimuth of the ambiguity
as it is implicitly included in (4). To have a physical under-
standing of the problem, the flat top hyperbolas representing
the range to a target in the scene center is drawn for two
satellites in Fig. 4. Observe that the position of the first
ambiguous target signature for two measurements are not at
the same position. Hence, the targets that are contributing to
the signal are displaced. In this case, the assumption made to
formulate the problem in (13) is that the correlation length of
the reflectivity is long enough to neglect the displacement of
the ambiguity.

In order to show the performance limits of the proposed
method, let us consider a case where this assumption is not
valid and there is a nonignorable difference between the reflec-
tivity of the targets. This difference represents an additional

TABLE I

SYSTEM PARAMETERS

target for one of the Nsat measurements and contribute to the
ambiguity with a power of at most half (in the two satellite
case) of the power difference

γdB(r0 − rmigi
, ηambi ) − γdB(r0 − rmig1

, ηamb1)

< AASRmin − 3 dB (17)

where AASRmin is the minimum acceptable azimuth
ambiguity-to-signal ratio (AASR).

IV. RESULTS

To show the effectiveness of the proposed method, a mul-
tistatic spaceborne SAR system with nonzero XT baseline is
simulated by using the system parameters in Table I. Antenna
pattern is selected uniform not to bias the results since antenna
pattern helps further suppression of the ambiguity. So a fair
comparison of ambiguity to signal ratio can be achieved. The
PRF is selected as the optimum value for the scene center
according to (7).

The largest range migration difference for this experiment is
computed (v2/2r0)(η

2
amb3

− η2
amb1

) = 0.87 mm and ambiguity
shift is v(ηamb3 − ηamb1) = 0.93 m. Thus, for this geometry
and system setup, the azimuth shift limits the correlation more.

First, a simulation with a single point scatterer is done. The
first azimuth ambiguity to signal ratio (FAASR) is measured
as −27 dB, a value that is quite reasonable for high quality
SAR imaging in terms of suppression performance of the
proposed method comparing with the single satellite case [10],
and in addition in terms of 20 dB of SNR considerations [12]
and typical 21 dB of dynamic range of SAR images. We note
that for this geometry the measured FAASR for the proper
sampled monostatic SAR experiment is −36 dB.

To verify the performance of the algorithm, a real SAR
image that is extracted by TerraSAR-X is used as the reference
reflectively for simulation purpose. The original SAR image is
shown in Fig. 5 (left image), the simulated and processed SAR
image for the single satellite case is shown in the middle and
the SAR image obtained with the proposed method is shown
in the right of Fig. 5. In all subfigures, vertical axis shows the
index of ambiguities whereas the horizontal axis represents
the range. The right figure shows that the proposed method
performs quite good for suppression of the ambiguities. In the
single satellite case, the ambiguities are distinctive for the high
reflectivity scatterers.
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Fig. 5. (Left) Original SAR image from Port of Rotterdam (51◦57’03.0”N 3◦59’43.0”E). (Middle) Image of simulated single satellite case. (Right) Image
of proposed method after merging of simulated three satellites’ data. Vertical axis is the number of ambiguity, horizontal axis is the range.

V. CONCLUSION

In this letter, the problem of the multistatic SAR image
formation algorithm for the nonzero XT baselines is defined
geometrically. A mathematical approximation is proposed to
achieve HRWS SAR imaging. The method can perform well
in suppressing the ambiguities. The major limitations of the
algorithm are the Taylor series expansion up to the quadratic
term and correlation length of the reflectivity which both
restricts the XT baseline.

APPENDIX

Bistatic range can be written as follows:
Rbistatic(η) =

�
r2

0 + v2η2 +
�

(r0 − ri )2 + (vη − xi )2.

(18)

The Doppler frequency can be computed by taking the deriv-
ative of the range equation as

f = 1

λ

�
v2η�

r2
o + v2η2

+ v2η − vxi�
(r0 − ri )2 + (vη − xi )2

�
. (19)

The azimuth time that makes Doppler to zero can be found as

vη�
r2

o + v2η2
+ vη − xi�

(r0 − ri )2 + (vη − xi)2
= 0. (20)

By solving (20), one can result in the following two solutions:
η1 = r0xi

vri
and η2 = r0xi

v(2r0 − ri )
. (21)

These are the intersection points of two circles and the first is
very far away from the current positions of the satellites while
the second one is in the vicinity of midpoint of transmitter and
the corresponding receiver. It is reasonable to use the second
one to cover the case where there is a single intersection at
ri = 0. Thus, we define η0i = η2.
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