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Abstract—This paper presents an effective Polar Format Algorithm
(PFA) for spotlight bistatic synthetic aperture radar (SAR) with
arbitrary geometry configuration. Nonuniform interpolation and
resampling are adopted when converting raw data from polar
coordinates to Cartesian coordinates according to the characteristics
of raw data samples in spatial frequency space. Thus, the proposed
algorithm avoids both rotation transformation and the calculation of
azimuth compensation factor and thereby avoids the corresponding
approximate error appeared in the conventional PFA. Meanwhile,
the proposed algorithm inherits the character of decomposing 2-
D interpolation to two 1-D interpolations from conventional PFA
algorithm applied in monostatic SAR imaging.  Therefore, the
processing flow, computation efficiency and performance of the
proposed algorithm are the same as those of conventional PFA for
monostatic spotlight SAR. Point target simulations are provided to
validate the proposed algorithm.
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1. INTRODUCTION

Bistatic synthetic aperture radar (SAR) obtains more flexible imaging
geometry configuration than conventional monostatic SAR because of
spatial separation of transmitter and receiver. Bistatic geometry can
possibly contribute to various SAR functions such as passive imaging
and reconnaissance, forward-looking imaging, interferometric imaging,
moving target indication, etc. [1-4]. So far, some research institutes
have carried out experiments [5-9]. The imaging algorithm for bistatic
SAR is still in its infancy and is different from the algorithms for
monostatic SAR.

There are various imaging algorithms proposed for bistatic
SAR in the recent literatures. Time-domain back-projection (BP)
algorithm is the most popular one in current practical application
because it is applicable to arbitrary geometry configuration [4,5, 10].
However, BP algorithm is still inefficient in computation, although fast
algorithms are developed for its application in some special imaging
configurations. Loffeld et al. presents an approximate formula in
2D frequency domain for the echoes of bistatic SAR with arbitrary
geometry configuration. Based on the approximate formula, Omega-K
algorithm [12] and 2D Inverse Scaled Fast Fourier Transform (ISFFT)
algorithm [13] are proposed under different approximate conditions.
In [14,15], other two Omega-K algorithms are proposed, respectively.
Besides the algorithms mentioned above, there are other bistatic
SAR imaging algorithms, for example, Equivalent Monostatic Imaging
algorithm [16, 17], which introduces data domain transformation, Non-
linear Chirp Scaling algorithm [18], Series Expansion algorithm [19],
“NuSAR” method [20], etc.. Most of the abovementioned algorithms
are developed for bistatic SAR imaging geometry with translational
invariant and fixed receiver configuration.

The Polar Format Algorithm (PFA) is one of the earliest imaging
algorithms adopted for spotlight SAR and is extensively applied in
practical monostatic SAR systems [21,22]. Rigling et al. for the first
time proposes PFA for bistatic SAR imaging. Its main contribution is
the introduction of rotation transformation and azimuth compensation
factor [23]. The first result of real bistatic SAR data processed by
conventional PFA is presented in [8]. It illustrates the effectiveness
of conventional monostatic PFA for bistatic SAR imaging. In this
paper, a new effective PFA imaging algorithm is proposed for spotlight
bistatic SAR with arbitrary geometry configuration. Differing from
the method proposed in [8,23], this algorithm adopts nonuniform
interpolation [24] when converting raw data from polar coordinates
to Cartesian coordinates according to the characteristics of raw data
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samples in spatial frequency space. Nonuniform interpolation in the
proposed method also differentiates itself from that in [24] in the
following ways. First, for BISAR with arbitrary geometry configuration
in this paper, the 2D spatial frequency sampling distribution is more
complicated and we develop a new model. Second, the calculation
of resampling index, involving the solution of a quartic equation, is
much different and we propose a new computation method as well
as an approximate analytical solution for the calculation. This is
the main contribution of this paper over our previous work. Thus,
the proposed algorithm avoids both rotation transformation and the
calculation of azimuth compensation factor and thereby avoids the
corresponding approximate error. Meanwhile, the trait of conventional
PFA is reserved that 2-D interpolation is broken down into two 1-D
interpolations. Thus, the processing flow, efficiency and performance
of the new algorithm are kept approximately the same as those of
conventional PFA for monostatic spotlight SAR.

2. SIGNAL MODEL OF SPOTLIGHT MODE BISTATIC
SAR WITH ARBITRARY GEOMETRY
CONFIGURATION

The imaging geometry of spotlight mode bistatic SAR with arbitrary
geometry configuration is defined in Fig. 1. Transmitter Sy and
receiver Si are carried on moving platforms with velocities of vy
and vg, and altitudes of A and hg, respectively. The radar line of

Figure 1. Imaging geometry for spotlight mode bistatic SAR of
arbitrary geometry configuration.
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sight (LOS) continuously points to the imaging area center O during
synthetic aperture time 7,. The off-nadir angle with respect to the
position of closest approach in the flight path is ¢ for transmitter
and ¢r for receiver. Let t be the azimuth time. Let the instant
squint angle be o7 (t) for transmitter and @r(t) for receiver, the instant
slant range between the area center O and antenna phase center be
Ror(t) for transmitter and Ryg(t) for receiver. We define two rectangle
coordinates for imaging scene, say zyz and z'y’z’, both with origin
O, for transmitter and receiver, respectively. Note that z and 2’ are
parallel to the flight directions of Sg and S, respectively. For parallel
flight geometry, xyz and z'y’2" are the same. For non-parallel flight
geometry, the 2’y coordinate system is related to the zy coordinate
system by a rotation angle of «, as illustrated in Fig. 1. For the point
target P, the space vector is r = (z,y,0) while the instant distance to
St and Sg is Rp(t) and Rg(t), respectively.

Suppose that Sp transmits Chirp pulse signals with center
frequency f., pulse width Tp and chirp rate «. Then, the echo from
point target P on Sy can be written as

50 (t, T) = prect (;) rect ( - <RT<f>T: RR<t>>/c>

o {m / ( ) RT@)tRR(t)) im ( ) RT<t>+RR<t>> 2}7(1)

c

where 7 is fast time. Let the reference signal for dechirping be [21]

Sref (£, 7) :exp{j27rfc (t—(Ror+Ror)/c)+jmy (1— (R0R+R0T)/C)2}
(2)

Then the target signal after dechirping is
sip(t, m) = 8p(t, T)8per (£, 7)

_ oprect (Qf) rect<7—_(RT(t)+RR(t))/ C) exp{®}, (3)

a TP
where
2 c R R
o = _am (f+T—m> (RT—ROT—l-RR—RQR)
c ~ c
T
+7;Y(RT + Rr — Ror — ROR)2 (4)

The quadratic term in (4) is known as residual video phase which can
be omitted or removed by preprocessing operation [21,22]. The second
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order approximation for Ry — Ryr can be written as
Ry — Ror = |Rr —r¢| — Ror

~ _(ROT'rt) 4 rf 4 1 (Ror - 1t) _ (ROT‘rt)2
Ror 2Ror 2R3, 2R3
Ry-r
_ Borro) | p (5)
Ror
where the range curvature component is
2
R.— rf 4 17 (Ryp - T'e) _ (Ryp - 1t)
“ " 2Rgr 2R3, 2R},

which can be omitted under the assumption of plane wave front for the
moderate resolution or the small size imaging scene. Similar operations
can be performed on Rr — Ror. After that, we obtain

R, -
Rr — Ror ~ _(%“rt) (6a)
0T
R..-
RRRORQ(%?“) (6b)
0R

Using the approximation results above, (4) can be rewritten as
@~ 27K (7) (Ror +Ror) e = 27 (fo-z+ fy-y+ [2-0)  (7)

where f, and f, are the corresponding spatial frequencies of x and y

K(r)=1 <J; o Sort For ROT) , (8)

RO r and ﬁOT are instantaneous direction vectors defined by

A Ror 4 Ror
Ror=——, Ror=—+—
0 Ror 0 Ror

According to the geometry shown in Fig. 1, we can obtain

9)

Ror = (— cos @ cos a — sin pp sin ¢p sin a,
— cos @7 sin « + sin pp sin ¢ cos o, sin o7 cos o) (10)
Rop = (— cos R, sinpprsindg, sinprcospr)

where @7 and @i vary with slow time t. The components of K at
sample (k,n) in 3D spatial-frequency space can be written as

Jo(k,n) = K(k)©u(n)
fylk,n) = K (k)©,(n) (11)
fo(k,n) = K(k)©:(n)
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where k =1,2,...,N, and n =1,2,..., N, indicate discrete sampling
indexes of fast time and slow time, respectively, and

O4(n)=—cos pr(n) cos o — sin p7(n) sin g7 sin o — cos pr(n)
©,(n)=—cos pr(n) sin a+sin @7 (n) sin ¢ cos a+sin pr(n) sin g (12)
©.(n)=sin pr(n) cos ¢pr + sin pr(n) cos pr

Now, we will investigate the distribution property of spatial-

Iy .

s

O,

Lf
rédx

(a) initial data samples in spatial frequency space

(b) samples after range interpolation (c) samples after azimuth interpolation

Figure 2. BiSAR data samples in 2-D spatail frequency space during
the overall process of polar coordinate conversion.
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frequency samples in f, f, coordinate. Assume

n) = tan" ' _@x(n)
Oln) =t ( @y(“)>, (13)
A(n) = /O3 (n) + 65(n)

and K (k,n) = K(k)A(n). Then, we have

fz(k,n) = —K(k,n)sinf(n) (14)
fy(ka n) = K(k7 n) COSQ(”)
Thus, the distribution of spatial-frequency samples for spotlight mode
bistatic SAR can be achieved through the formulas above. The typical
distribution is shown in Fig. 2(a).

Since the A/D sampling frequency fs and pulse repetition
frequency (PRF) is generally fixed for certain operations, k and n
are uniform space samples of fast time and slow time. From (14),
it can be inferred that for the spatial-frequency samples of spotlight
bistatic SAR in polar coordinate system, the distributions of polar
radius K (k,n) and polar angle 6(n), which are determined by the
bistatic imaging geometry, are nonuniform. Although the sample space
of K(k,n) is uniform in time domain, the initial value K(1,n) and
the sampling interval |K(k 4+ 1,n) — K(k,n)| in slant plane varies
with azimuth sampling index n. Therefore, the distribution of spatial-
frequency samples of spotlight bistatic SAR differs distinctively from
monostatic SAR and the consequent polar-to-rectangular resampling
must be different as well.

3. POLAR FORMAT ALGORITHM FOR SPOTLIGHT
MODE BISTATIC SAR

The polar angle (n) may have a certain range according to (13).
The median value 6y is not always zero during synthetic aperture
time. When 6y is comparatively large, two polar interpolation
methods may be applicable [21]: one is the Stabilized Scene Polar
Interpolation (SSPI), the other is the Line-of-Sight Polar Interpolation
(LOSPI). The advantages and disadvantages of these two methods for
monostatic radar are discussed in detail in [21]. The LOSPI method
is based on the rotation invariant property of Fourier Transform
and is able to take full advantage of raw data samples in spatial-
frequency space. However, this method requires extra computation
effort because the imaging result of 2-D Inverse Fast Fourier Transform
(IFFT) should be converted to zy coordinate through a coordinate
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transformation. Nonetheless, it is more parctical for the ability of
resolution preservation. Thus, this paper adopts LOSPI method.
Typical sampling result of LOSPI is shown below in Fig. 2(c).

Let Af(n) = 0(n) — (0(0) + 0(N,)) /2, the median value 6y can be

chosen as
Af(ng) = min (JAO(n)]) , 6o = 6(no) (15)
1<n<Ng

Rotate the rectangular coordinate f,f, over an angle of 6y in
the counter-clockwise direction and denote the resulting coordinate
by fzfs and let §(n) = 6y — 6(n). Then the spatial-frequency samples
on fzf5 would be

fz(k,n) = K(k,n)sin(n) (16)
fy(k,n) = K (k,n) cos 6(n)’
which is shown in Fig. 2(a).

After that, interpolation process is to be performed. Similar to
the PFA algorithm for monostatic SAR, the 2-D interpolation will be
decomposed into two 1-D interpolations, which can be implemented by
multi-phase interpolation filter [21,22]. As what follows, we take two
steps to complete the two 1-D interpolations.

In the first setp, we perform the interpolation in range direction.
For interpolation in range direction, we assume the factor of up-
sampling to be L; and the sampling number be constant during
interpolation and resampling. According to (16) and Fig. 2(a), for
given azimuth index n the output sample index si(k,n) with respect
to range index k can be written as

si(k,n) = int (K(k’nogc/éo/sfi(g(;)[{(l?n) Lk) -

where Int[z] represents an integer that is the round part of x. Then
the spatial-frequency samples after range interpolation would be

fs(k,n) = K(k,ng) tan 6(n)
fg(k’, TL) = K(k, no)

which is shown in Fig. 2(b) and indicates that a 1-D uniform
interpolation is carried in the range direction.

In the second step, we perform the interpolation in azimuth
direction. Before azimuth interpolation and resampling, the azimuth
bandwidth after resampling should be calculated. In order to take full
advantage of raw data samples, let it be

B; = (K(Lno) (tané(Na) - tané(l))‘ (19)

(18)
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For interpolation in azimuth direction, we assume the up-sampling
factor to be L, and the sampling number be constant during
interpolation and resampling. Then the spatial frequency sampling
interval after azimuth resampling would be Af; = Bz/N,, and let

G(k,n) = tan (00 —tan~! (%)) (20)

According to (13), the sample index s, (k, n) extracted for output with
respect to azimuth index n for given range index k should satisfy the

equation below
O, (sn(k,n)/Ly)
Oy (sn(k,n)/Ln)

According to imaging geometry shown in Fig. 1, the instantaneous
squint angles of platform St and Sg satisfy

_ Ror(no) cos pr(no) — vr(n —ng)/PRF

G(k,n) = — (21)

cos @R(n) = ROR(n) (22)
cos pr(n) = Ror(no) cos pr(no) — vr(n — no)/PRE
2 ROT(n)

A quartic equation of s, can be obtained by substituting (12), (20),
(22) into (21). It is complicated to solve the equation although the
analytic solution does exist. In practical, we can use numerical solution
to solve it.

Let Ror(sn/Ln)Ror(n) = Ror(sn/Ln)Ror(n), then the approxi-
mate analytic solution of formula (21) can be obtained as

i Ror(ng) cos pr(ng)
+Ror(no) cos ¢r(no)L'(k, n)
—II(k,n)

VR + ’UTF(k‘, n)

sp(k,n) ~int | Ly PRF+mno|| (23)

where
. ROR(TL)
- ROT(n)
II(k,n) =Ror(no) (G(k,n) (sin or(n) sin ¢ cos a
+sinppr(n)sin ¢r) — sin p7(n) sin g7 sin o)
(21) and (23) indicate that a 1-D nonuniform interpolation is carried

in azimuth direction. The 2-D spatial frequency samples after azimuth
interpolation would be

fi(k,n) = (n —no)Afz
fg(k,n) = f((k,no)

I'(k,n) (cosa+ G(k,n)sin )

(24)

(25)
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The output samples after interpolation process will be uniformly
distributed in both azimuth and range directions as shown in Fig. 2(c).
Thus, we can apply 2-D IFFT directly to get the imaging result in Zy
coordinates. The 2-D spatial frequency sampling distribution during
the overall process of polar-to-rectangular convesion for spotlight
bistatic SAR is shown in Fig. 2.

According to the rotation invariant property of Fourier Transform,
when the imaging result in Zy coordinate is required be mapped to xy
coodinate, the coordinate conversion formula below can be used

T = :fc'os 0o ysm 0o (26)
y = Zsinfy + g cos by

When necessary motion compensation and correction is taken
into account [25,26], a practical processing flow of the proposed PFA
algorithm for spotlight bistatic SAR imaging is shown in Fig. 3.
Several methods adopted in monostatic SAR are available for auto-

dechirped raw data

System and geometry ¢
parameters, —>| Motion compensation |
Processed motion data

| Range uniform interpolation |
Computer s(k, n) L

\—> Azimuth nonuniform interpolation

| Range aperture weighting |

| Range FFT |

!

| autofocus |

'

| Azimuth aperture weighting |

:

| Azimuth FFT |

:

| Geometric distortion correction |

Output complex image

Figure 3. Processing flow of the proposed PFA for spotlight mode
bistatic SAR.
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focusing processing [21,27,28]. This processing flow is basically the
same as that of PFA algorithm for squint spotlight monostatic SAR
using LOSPI method. For azimuth nonuniform interpolation, extra
computation in solving (21) will be needed if numerical method is
applied, while the solution can be obtained before imaging. If the
approximate solution in (23) is adopted, the computation efficiency and
imaging performance will be exactly the same as those of monostatic
PFA algorithm.

4. SIMULATION EXPERIMENT

The proposed PFA imaging algorithm is common to spotlight bistatic
SARs with different geometry configurations because the imaging
geometry defined in Fig. 1 is arbitraty configured. To validate the
algorithm, we will show the result of a typical arbitrary imaging
geometry. The radar parameters used in simulations are shown in
Table 1. More practical concerns about the echo data simulation can

be find in [29].

Table 1. Radar system parameters for simulation.

Parameter Value

Center frequency 10 GHz
Chirp bandwidth 150 MHz
ADC sampling rates 100 MHz
Pulse duration 5us
PRF 600 Hz

Referring to the imaging geometry defined in Fig. 1, nine point
targets located in ground-plane xy coordinates are shown in Fig. 4
and point P (200m, 200m) is chosen to analyze the performance of
boundary point target response in imaging results.

Table 2. Results of point target analysis of Point P.

azimuth  range

Resolution caculated 2.43m  1.75m
Resolution measured 2.49m  1.77m
ISLR (dB) —8.69 —-9.24
PSLR (dB) —-12.81 —13.27
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(-200m, -200m) (200m, -200m)

Figure 4. Location of point Figure 5. The BiSAR illumination
targets for simulation. geometry for simulation.

For bistatic SAR imaging with arbitrary geometry configuration,
there are no limitations to platform velocity and flying path. In our
simulation, the platforms are set as squint mode and the geometry
configuration is shown in Fig. 5. The specific platform and geometry
parameters corresponding to Fig. 1 are: a = 90°, vy = 76m/s,
hy = 4000m, ¢r = 60°, pr = 60°; vg = 60m/s, hg = 3000m,
¢r = 60°, pr = T70°.

Simulation results are shown in Fig. 6. Fig. 6(a) shows the imaging
result in gy coordinate and Fig. 6(b) indicates the output response of
the chosen point target P. Results of the point target response of point
P are shown in Table 2.

The ideal focusing result has PLSR ~ —13.3 dB, ISLR ~ —9.8 dB.
Comparing the PFA results of this paper with the ideal ones, the
IRW (Impulse Response Width) broadening is less than 5%; PLSR
rising is less than 1dB; and ISLR rising is less than 2dB. Thus,
the proposed algorithm can well meet the requirement of moderate
focusing accuracy [30].

To demonstrate the computation efficiency of the proposed
algorithm, we take BP algorithm as a comparison. To the best of
our knowledge, BP algorithm is the only one that is suitable to the
specified imaging processing in this paper. The simulations were run
in a common PC with an Intel ® Core (TM2) E6550 @2.33 GHz CPU
and 1 GB RAM. The size of echo data is 2048 x 2048. Up-sampling
factor for the proposed PFA algorithm is Ly = L, = 6. CPU time is
11.7s. We take the fast BP algorithm proposed in [10] for comparison.
CPU time is 135.2s. It is obvious that our method is more efficient in
computation.
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Figure 6. Imaging results of proposed PFA for BiSAR.

5. CONCLUSION

This paper has proposed an effective PFA imaging algorithm for
spotlight bistatic SAR working in arbitrary geometry configuration.
Nonuniform interpolation and resampling are adopted in polar-to
-rectangular coordinate conversion according to the characteristics
of raw data samples in spatial frequency space. The proposed
algorithm breaks down 2-D interpolation into two 1-D interpolations
and thereby preserves the computation efficiency as conventional
PFA does. Meanwhile, the sample index sequences {si(k,n)} and
{sn(k,n)} for output can be obtained before imaging process. Thus,
the processing flow, computation efficiency and performance of the
proposed algorithm are the same as those of conventional PFA
for monostatic spotlight SAR imaging. To validate the algorithm,
simulation experiments are performed for a typical arbitrary geometry
configuration. Simulation studies prove that the proposed algorithm is
effective in focused-imaging processing in arbitrary spotlight bistatic
SAR imaging configurations of interest, such as top-view configuration
and forward-looking configuration.
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