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Experimental data imaging for the airborne bistatic SAR
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Abstract: The signal processing in the bistatic SAR case is more complex than the monostatic synthetic aperture radar (SAR)

case due to issues such as the range history of the target echo signal, time synchronization error, time-varying Doppler rate be-

cause of squint, etc. In this paper, a monostatic equivalent geometry model of bistatic SAR is established; the mechanism of the
System time synchronization error is analyzed; a time synchronization error correction method based on direct-path signal is
presented; a modified time-varying step transform algorithm is used for bistatic SAR. Theoretical analysis and experimental data

processing confirmed the effectiveness of the algorithm.
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1 INTRODUCTION

Bistatic synthetic aperture radar (BiSAR) is a radar system
which mounts transmitter and receiver on different platforms.
Because of this separation, BISAR has several operational ad-
vantages such as more flexibility, safety and plenty of informa-
tion in space domain, time domain and doppler domain, which
make BiSAR more widely used than monostatic SAR. However,
the complexity of BiSAR in structure leads to more difficulty in
imaging processing. In recent years, BiSAR has become a
research hotspot (Zhang & Yang, 2008; Zhu et al., 2007; Zhou
& Pi, 2008).

In BiSAR system, transmitter and receiver are separated on
different platforms, which respectively have independent fre-
quency sources, so there are space radiation synchronization,
time synchronization, phase synchronization and other issues.
Krieger and Younis (2006) has investigated the impact of the
uncompensated phase noise which may cause a time variant
shift, spurious sidelobes and a deterioration of the impulse
response, as well as a low-frequency phase modulation of the
focused SAR signal. Therefore, phase mismatch should be
ensured in the permissible scope.

The pulse repetition cycle of the transmitted signal could not
equal the cycle of the reception window of the receiver, which
maybe results in the problem of time synchronization. Due to
the time synchronization error, the location of the echo data in
data array does not reflect the radar, target distance changes.
Johnsen(2002)and Weif3(2004) presented a program which used
GPS or two-way satellite time transfer to resolve the problem.
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Guo and Chen (2002) have developed a novel method of time
synchronization for bistatic radar system via satellite TV field
sync signal. In Germany, FGAN-FHR carried out a joint
spaceborne and airborne SAR technology which involves iner-
tial navigation system (INS), DGPS and TIRA for space radia-
tion synchronization and time synchronization, direct-path sig-
nal for Trigger synchronization (Espeter et al., 2007). These
methods all concentrated on how to obtain time synchronization
while SAR is radiating. Actually, we can also correct time syn-
chronization error to obtain SAR image during processing SAR
data.

There are two different BiSAR patterns in working, which
are time-varying pattern and time-invariant pattern respectively.
Considering the requirement of imaging and the complexity of
computation, it is clear that different patterns require different
imaging algorithms. Back-projection (BP) algorithm can be
considered as a simplified two-dimensional matched filtering
algorithm which has a good robust and flexibility (Ding &
Munson, 2002); polar formatting algorithm (PFA) also has
good flexibility but with a smaller imaging scene (Rigling &
Moses, 2004); non-linear chirp scaling (NLCS) has been de-
veloped in a variety of imaging models (Chen et al. 2008).
Seismic wave equation was used to transform bistatic SAR
echo data into equivalent monostatic SAR echo data ( D'Aria et
al. 2004), but the algorithm is only suited for the geometric
model of Along Track (transceiver platforms fly along the same
track, in the same direction with the same speed). He et al.
(2005) proposed a wave-number domain BiSAR imaging algo-
rithm. However, with increase in squint angle, the range-walk
has a sharp increase. After range-walk removal, the data array
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has a large number of zero, so wave number domain algorithm
therefore can not deal with data of high squint BiSAR.

2 BISAR ECHO MODEL

2.1 Range history equivalent model transform

As shown in Fig.1 (a), the geometry of a constant, parallel
flight BiSAR model is presented. There are two platforms
which are St for transmitting and Sy for receiving respectively.
The platforms move at the same constant velocity Vg; the height
is hy for transmitter, hg for receiver. Assume that at azimuthal
time zero the slant range from the center of scene to transmitter
is Ry, the slant range from the center of scene to receiver is Rg.
The spatial squint angle is &, 6k, defined as the complementary
angle between radar line of sight and the direction of flight. The
BiSAR instant range at time t is defined as

Ry () =\V3t2 + R? — 2vtRy cos(n/2 — 0p) + o

\/Vétz +R3 —2VptRy cos(m/2 — b))

Transmiter

®)

Fig. 1 (a) Bistatic SAR geometry model; (b) Bistatic SAR equivalent
model

Eq. (1) can be expanded into its Taylor series as
Rg(t) = (Ry + Rg) — (sin & +sin G )vgt +

2 2
1f cos 61T+cos R vét2+
2\ Rp Rr

29 29
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The time-invariant pattern BiSAR can be equivalent to a
monostatic SAR illustrated as Fig. 1(b). The equivalent instant
range of SAR to a target at O is

R(t) = V212 + 12 — 2utr, cos(7/2 - 6),)

. 1 1 .
~ I, —Vvtsing, + —v?t? cos? o, + —2v3t3 cos? 6, sing, (3)
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2.2 Analysis of Echo Signal

Assume the transmitting signal is

N t—nT, . 2
s(t,7) = Z rect( T 2 jexp(ﬂn( for + Kz7/2)) %)
n=0

where, t denotes azimuthal time, ‘slow time’. 7 denotes time in
pulse, ‘fast time’. T denotes the pulse duration, Ty denotes the
pulse repetition interval (PRI) of transmitting, f, denotes carrier
frequency and K denotes the LFM rate. The instant equivalent
range from SAR to point target is R(t), &=2R(t)/C, C denotes
light velocity. Assume A denotes the amplitude accounting for
propagation attenuation. The reflected signal will be

N
_nT. -
str-&)=> A rect(Mj x
n=0 T
exp(i2n(fy(r =&+ K(r=8)*/2)  (6)
If there are M targets, by superposition, the return signal
from scatters is given by

N M
So(t,7) = z Z Anrect[%j X

n=0 m
exp(i2n(fo(z —&n) + K@ =&n)*/2) (D)
Due to the window of receiver sampling, the return signal
will be

N —
So(t,7) = Z rect(tnTr-FO-JX
n=0 T

w
M p— p—
Z Amrect[%] X
m

exp(i2n(fo(r &)+ K(r=&n)?/2) ()

where, T, denotes the repetition interval of window of sampling,
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T,, denotes the duration of window, and o denotes a constant
reference time delay. For monostatic SAR, T=T; but for
bistatic SAR, perhaps T,#T,. While T.#T,, n(T,—T,) denotes the
time synchronization error. After the range-compression is per-
formed, for the m™ point target’ peak response in data array

occurs at
T
pm(n)=7W+n(Tr—Ts)—0—§m (€)

Suppose the range between transmitter and receiver in
BiSAR is ¢ C, and is the function of t. Then the signal via di-

rect-path between transmitter and receiver will be

N
- t—nT. —
srt(t,T)=Zrect tonf, to Arect[ s ng
=0 T T

w

exp(j2n(fo(r —¢) + K(r —¢)*/2) (10)
Through the same processing, it can be seen that peak re-
sponse in data array occurs at

prt<n>=T7W+n<Tr—Ts)—a—g (11)

Eq.(11) represents that the location of direct-path signal

peak response in matrix depends upon ¢ and n(T,—Tj).

3 TIME SYNCHRONIZATION ERROR CORRECTION

Because the amplitude of direct path signal is stronger than
that of target signal and hardly influenced by other targets echo,
it is convenience to shift in range and track azimuthal phase.
An approach of time synchronization error correction by using
direct-path signal is presented. The first align data array: Align
data array in order to direct-path signal peak response locate in
a straight line, and other data shift in the same way in data
array. Thus the location of direct-path signal peak response in
matrix is

p}t(n)={T7W+n(Tr —Ts)—G—g}—{ﬂ(Tr -T)-¢}
T,

=V _ g

2 (12)
For other target, the location of signal peak response in ma-

trix will occur at

p;n(n):{TTW"'n(Tr _Ts)_o__fm}_{n(-rr _Ts)_g}

T
:{TW_G_QE"“}ﬁ (13)

Pick up the azimuthal phase of the direct-path signal, so that
we can obtain the relative range between transmitter and
receiver. The azimuthal phase of the direct-path signal is phase
= -27ify¢, then we calculate ¢ = —phase/2xf,.

The second align data array: Align data array again, and let
data array shift according to ¢. Then the location of direct-path
signal peak response in array is

pL}(n):%‘V—a—g (14)

For other targets, the location of signal peak response in ar-
ray will occur at
" T,
Prn(n) =3~ (15)
Thus, the processed data array will be decided by the range
from transmitter to target and back to the receiver only, and the
impact of time synchronization error could be eliminated.

The flow chart is as shown in Fig.2.

Raw data

, '
' Time synchronization error correction !
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Pick Second |
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comp! ion| ! data phase data . | process
' array array ,

Fig.2 Flow chart of time synchronization error correction

4 BISAR TIME-VARYING STEP-TRANSFORM
ALGORITHM

In squint model, compared to the depth of focus, the
range-cell migration is much larger, which means that we can
not use a constant chirp rate to deramp all the subapertures in a
range cell. Therefore, only time-varying sub-aperture imaging
technique can adapt to large squint SAR imaging having large
range walk (Sun et al., 1999). After the completion of range
compression, range-walk removal is needed in data array. Then
we may think that the data of one target is lying in the same
range cell. The first step of the procedure of focusing azimuthal
data is linear phase compensation. The received data is divided
into many subapertures and we have different deramping rates
for different subapertures. That means reference functions are
time-varying. Then Fourier transform of the deramped data
within each subaperture results in the coarse resolution. After
first FFT, selecting all the data belonging to one target from
different subapertures and range cells, the phase compensation
of these data is performed. The full-resolution image of the
target can be obtained by making a fine-resolution FFT. In or-
der to avoid frequency leak, subaperture is overlapping, there-
fore, output signal of fine-resolution FFT should be selected.
Flow chart of the algorithm is shown in Fig.3.
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Fig. 3 Time-varying step-transform algorithm
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5 BISAR EXPERIMENTAL DATA PROCESSING

Fig.4 is the image of part of BiSAR range compressed data
without time synchronization error correction. Fig.5 is the rela-
tive range by computing the phase of signal of direct-path be-
tween transmitter and receiver, which is the mirror of instant
distance of transceiver platforms. Fig.6 is the image of part of
BiSAR range compressed data after time synchronization error
correction. After time synchronization error correction shown in
Fig.3, processing using time-varying step-transform algorithm,
the final grayscale image is obtained shown in Fig.7.
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Fig.4 BIiSAR data before correction
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Fig. 6 BIiSAR data after correction

Fig. 7 BiSAR image

As can be seen from Fig.4, due to the existence of time syn-
chronization error, the arrangement of echo data could not
reflect the change in slant range. The stronger curve in figure is
the image of direct-path signal after range compression. The
range migration is nearly up to 850 range cells. But in Fig.5, the
relative distance between two platforms has a change about 30
m, nearly 20 range cells during observation process. So the
relative motion between platforms must not be ignored, and we
could not align the direct-path signal data in a straight line
simply and should separate the impact due to time synchroniza-
tion error or due to the movement between two platforms. Fur-
thermore, in Fig.7 we can see information has lost for time
synchronization error.

In addition, because the algorithm has used the phase of di-
rect-path signal to obtain the relative distance between the two
platforms, there may be problem when the platforms is too
drastic fluctuation, such as the aircraft turning, which could
result Doppler frequency over PRF. Thus the phase can not
reflect the change of the relative distance. The algorithm will
fail. But in the meantime, reconnaissance imaging is usually not
suitable.

6 CONCLUSION

In BiSAR, the slant range history of the echo signal is dif-
ferent from monostatic SAR, so the imaging algorithm of con-
ventional SAR can not be directly used in BiSAR. This paper
put forwards an equivalent model for BiSAR, and analyzed the
time synchronization error impact on echo data. The time syn-
chronization error in BiSAR comes from two separated fre-
quency sources mounted on two separated platforms, which
may cause the pulse repetition cycle of the transmitted signal
not equaling the cycle of the reception window of the receiver.
The main impact of the time synchronization error in BiSAR is
on the arrangement of the echo data in matrix, almost no impact
on azimuthal signal phase. We make use of the phase of di-
rect-path signal to correct the time synchronization error, and
on the basis of the equivalent model, we focus on azimuthal
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data using time-varying step-transform algorithm. Theoretical
analysis and the experimental data processing have verified that
these algorithms can correct the BiSAR time synchronization
error for better imaging.
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