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Abstract—This paper analyzes the azimuth spectrum folding problem
which arises from the dependence of the Doppler centroid on range
frequency in squinted spotlight synthetic aperture radar (SAR). Based
on the analysis, a novel approach for squinted spotlight SAR is
proposed in this paper. In this approach, an azimuth preprocessing
step including a deramping operation and an operation of azimuth
spectrum replicating and filtering is introduced to eliminate spectrum
folding problem. Then, a modified Range Migration Algorithm (RMA)
is adopted to process the preprocessed data. This approach extends
the focusing capacity of traditional two-step processing approach from
broadside spotlight SAR to squinted case. Moreover, this approach
is efficient due to a limited azimuth data extension to resolve the
spectrum aliasing problem. Experimental results on simulated raw
data validate the proposed approach.

1. INTRODUCTION

Synthetic aperture radar (SAR) is an active imaging sensor which can
work in any weather condition during the day and night [1,2]. SAR
can be operated in different imaging modes. The standard mode called
stripmap mode is widely employed when the antenna pointing direction
is held constant as the SAR platform moves on. In spotlight mode
[3,4], azimuth beam illuminates always the same area of the ground
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by steering the radar antenna to a fixed point on the ground during
the overall illumination time. Consequently, the illumination time of
targets is augmented, and a finer azimuth resolution can be achieved.
Benefited from the increased illumination time, spotlight SAR can
provide more detailed contents for targets detection, identification
and classification. Most recently, some advanced SAR systems with
spotlight mode can get the best resolution of 0.1m for airborne SAR
and 1m for spaceborne SAR [5, 6].

Azimuth beam steering in spotlight mode leads to greater azimuth
bandwidth besides finer azimuth resolution. However, to relieve the
range ambiguity problem and the burden of large amount of data, the
pulse repetition frequency (PRF) is generally smaller than the azimuth
bandwidth in spaceborne spotlight SAR or super-resolution airborne
spotlight SAR systems [7-9]. As a result, the azimuth spectrum folding
phenomenon occurs. This limits the application of frequency domain
imaging algorithms for stripmap mode to process spotlight data
directly. One solution to overcome the spectrum folding problem is
based on a nontrivial reconstruction of the unfolded azimuth spectrum
from the folded one by oversampling [10,11]. The subaperture
technique is a completely different approach [12]. R. Lanari proposed
a simpler and more efficient two-step processing approach (TSPA)
by applying the SPECtral Analysis (SPECAN) technique [7,8]. The
approach introduces an azimuth deramping step to solve the azimuth
spectral folding problem and then employs traditional stripmap mode
imaging algorithms to obtain focused images. The key point of this
approach is to combine the advantages of the computational efficiency
of SPECAN algorithm and the precision of stripmap mode imaging
algorithms.

Different from conventional spotlight SAR, the radar antenna
beam is aimed with a certain angle off the broadside direction in
squinted spotlight SAR, with the potential to provide more information
about surface structure [13, 14]. Furthermore, squinted mode can also
increase the flexibility, so that a desired area on the earth surface is
imaged within a single pass of the platform. In squinted spotlight
mode, the aliased azimuth spectrum is not only caused by azimuth
beam steering but also by the squint angle [15-17]. Consequently,
traditional TSPA fails in the squinted case [16,17]. In this paper,
properties of the azimuth spectrum and the azimuth spectral folding
phenomenon in squinted spotlight SAR are analyzed. Based on the
analysis results, an operation of azimuth spectrum replicating and
filtering is added to the azimuth preprocessing step of traditional TSPA
to resolve the azimuth spectrum folding problem. After the azimuth
preprocessing step, a modified Range Migration Algorithm (RMA)
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with modified Stolt interpolation [18, 19] is performed to obtain precise
focused image.

In this paper, properties of the azimuth spectrum and the
azimuth spectral folding phenomenon in the squinted spotlight SAR
are analyzed. Based on the analysis results, an operation of
azimuth spectrum replicating and filtering is added to the azimuth
preprocessing step of traditional TSPA to resolve the azimuth spectrum
folding problem in the squinted spotlight mode. After the azimuth
preprocessing step, a modified Range Migration Algorithm (RMA)
with a modified Stolt interpolation [18,19] is performed to obtain
precise focused image.

This paper is arranged as follows. In Section 2, a brief description
of the imaging geometry in the squinted spotlight mode is given and the
properties of the azimuth spectrum are analyzed. Section 3 focuses on
the proposed imaging approach. Simulation results on simulated raw
data are given in Section 4 to validate the proposed approach. Finally,
conclusions are given in Section 5.

2. SQUINTED SPOTLIGHT MODE

2.1. Imaging Geometry and Signal Model

The planar imaging geometry of the squinted spotlight mode is shown
in Fig. 1. The SAR sensor travels along the azimuth direction. The
synthetic aperture center is at point O, which is also the azimuth time
zero. (z¢, 7. cos ) represents the observed scene center, where 6 is the

-
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Figure 1. Squinted spotlight mode planar imaging geometry.
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squint angle, and r.is the slant range between the synthetic aperture
center and the observed scene center. P is a point target at position
(z,7cosbpy) in the imaged swath, where r is the slant range from the
SAR sensor to the target along the squint direction, i.e., r = PP/, =
is the distance between the synthetic aperture center and point P, v
represents the effective radar velocity, and ¢ denotes the azimuth time.

From the imaging geometry in Fig. 1, the expression of
instantaneous range R (t) can be obtained as follows:

R(t) = \/7«2 + 02 (t — t5)% — 2rv (t — t,) sin by
v? cos® fy
2r

with ¢; = x/v. The echo signal of point target P can be written as
(neglecting the constants and inessential amplitude factors):

rect ! e ArE ()
<p 4 —
Tspot P J A

exp gt (-~ 28 0))"} @

where 7 is the range time, Ty, the full synthetic aperture time,
A = ¢/ f the center wavelength, and K, the chirp rate.

~r—uosinfy(t—tg) + (tftx)2+... (1)

- _2R (t)/c
T,

s(t,t;x,r) = rect

2.2. Azimuth Spectrum Analysis

Because the analysis is focused on the azimuth signal properties of
the squinted spotlight mode, the azimuth signal component is mainly
considered in the following [8]. By neglecting the constants and
inessential amplitude factors, the simplified expression of azimuth
signal component of point target P can be expressed as:

Amvsin 6 _ 202 cos? by
}exp {j)\ (t—tx)—jwi)\r (t—ts)?
(3)

For simplicity, the high order terms in (3) are neglected without losing
the rationale of the discussion [8]. However, the high order terms are
still compensated in the following processing steps. Using the Principle
of Stationary Phase (POSP), transformation of (3) to the azimuth
frequency domain yields

Sq (tyz, 1) ~ rect[
spot
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fa_fdc_Kat:Jc . f2 . fdc .
S, ; ~rect <L —J2m fo o —§ 2 ft
a (fa;z,7)=recC [ KoTopm eXP I~ 7 fa K, 7 fats
, (4)
__ 2vsinfy

where f, is the azimuth frequency, f4. = ==~ the Doppler centroid,

and K, = W the Doppler rate.
From the rect[-] function in equation (4), the total bandwidth of
the squinted spotlight SAR can be obtained as below:

W, 0B, .
Biot ~ ‘Ka‘ Ta + ’Ka’ Tspot + - - sin 0o
B 2vcos260) 2vcosty 2uB

e a \ 0az+Tr sin ‘90 = Bwa+Brot+Bsq (5)
where W, is the azimuth extension, B, the transmitted pulse
bandwidth, and 6,, the rotation angle of azimuth beam. Of the
three parts, the azimuth extension bandwidth B,, and the target
Doppler bandwidth B,.; caused by azimuth beam steering are the
two components of the total Doppler bandwidth in the broadside
spotlight mode. The Doppler bandwidth By, is caused by the squint
angle. Fig. 2(a) shows the slow time/frequency diagram (TFD) of
broadside spotlight SAR. Considering Bs,, the total bandwidth of
squinted spotlight SAR is as shown in Fig. 2(b), where f; denotes
the range frequency.

Since Typor is much longer in spotlight mode than in stripmap
mode, By, is generally greater than PRF. As a result, the azimuth
spectrum is folded. However, the spectral folding problem is much
more complicated in squinted case than in broadside case. In the 2-D
frequency domain, the Doppler centroid can be determined for each
range-frequency component as [15,17]:

2v (fr + fe)sinby n 20 f, cos® b
x
c cr

fdc (fT) = (6)

It can be seen that the squint angle causes nonzero Doppler centroid
and 2-D spectrum skewing. The 2-D spectrum skewing originates in
the fact that the Doppler centroid varies with the range frequency
fr [1,15]. Therefore, the Doppler centroid wrapping in the 2-D
frequency domain and the change of azimuth sampling frequency in
TSPA will lead to the discontinuity of the 2-D spectrum, which not
only deteriorates the focused quality but also generates “ghost targets”
in the final SAR image [16]. To resolve the problems caused by
the squint angle, Lanari et al. propose a Doppler centroid correction
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method by multiplying a linear phase term with the azimuth echo
signal [8]. But this method cannot completely remove the impact
of the squinted Doppler bandwidth By, [16,17]. In [16,17], the
author introduces an improved Doppler centroid correction method by
multiplying a nonlinear phase term with the azimuth echo signal, which
can completely solve the Doppler pectrum folding problem in squinted
spotlight SAR. However, this method results in the inequality of the
Doppler rate, which will lead to azimuth distortion and need special
consideration [17,20].

3. IMAGING ALGORITHM

To unfold the aliased Doppler spectrum in squinted spotlight SAR, an
improved azimuth preprocessing step is employed in this paper. In
addition, an accurate imaging processor should be adopted because
the range migration is generally very large in the squinted spotlight
SAR. RMA is a most precise imaging algorithm for SAR processing.
However, conventional RMA is not suitable to process squinted SAR
data because the skewing of 2-D spectrum after conventional Stolt
mapping constrains the range dimension extension in focused image.
Consequently, a modified RMA with modified Stolt interpolation is

7

(a) (b

Figure 2. (a) The slow time/frequency diagram (TFD) of broadside
spotlight mode. (b) The TFD of squinted spotlight mode.
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adopted in this paper. The proposed approach includes two important
steps: azimuth preprocessing step and precise focusing step. The block
diagram is shown in Fig. 3.

Raw data
%l !
Deramping -
processing H, E | Azimuth FFT |
N Bulk T
v e compression 3 §
Replicating and _’3 Modified Stolt %'
filtering operation @ Mapping éh
=
s
Azimuth samples § Range IFFT | £.
changing 2 Residual azimuth g9
Residual phase § = compression H,
. H oQ
cancellation 2

Azimuth IFFT

Focused image

Figure 3. Block diagram of the proposed approach.

3.1. Azimuth Preprocessing

The azimuth convolution in preprocessing of traditional TSPA
essentially involves a deramping-based processing, a subsequent
Fourier transform and a residual phase cancelation [16]. The azimuth
preprocessing step proposed in this paper, which adds an operation of
spectrum replicating and filtering to traditional TSPA, is to resolve the
aliased Doppler spectrum due to the squint angle and azimuth beam
steering. The spectrum replicating and filtering operation proposed in
this paper is carried out before the residual phase cancelation as in
Fig. 3. According to traditional TSPA, the selected chirp signal in the
azimuth convolution can be written as [8,16]:

g1 (t) = exp {jﬂ-Ka,reft2} (7)
where Ky pef = % is the azimuth chirp rate and r.; the

reference range satisfying rnear < 7ref < Tfar. Tnear and 74, represent
the nearest and farthest slant ranges of the illuminate spot along the
squint direction, respectively. The convolution result between (7) and
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(3) can be expressed as:

Sq (1) = [8q (t;x,7) exp (—j2m fact)] @1 g1 (t)
= exp {ija,,«eftQ} /rect {T } exp {—jﬂ'Ka (u— tx)z}
spot

exp {jﬂ'Ka,Teflﬁ} exp {—j2m K, restu} du (8)

where ®; represents the azimuth convolution operator, and
exp (—j27 fqct) is to remove the Doppler centroid. For the targets
located at r = 7, a full azimuth compression effect is obtained. For
any other targets with r # ., by using the POSP, the convolution
result can be given by:

t— ety 202 cos? Oy 9
Sa (t;z,7) = rect | ——FT——~ exp{—jw (t —tz) }
¢ [ spot (1_707410)] )\(T—Tref) *
(9)

It can be seen that after azimuth convolution the new Doppler
frequency modulation rate becomes:

K 202 cos? O
CN(r = Tre)

Then, the maximum azimuth time extension after the azimuth
convolution is given by:

(10)

rref Wa
" +

T — Tref
r

Tout =

Tspot (11)

However, because the range extension of the spot area is
typically very small, the assumption |r — 7| < r is reasonable [8].
Accordingly, it is easy to obtain T,,; < Tspot. Therefore, the
azimuth time extension is reduced from Tg,, to Toy after the
azimuth convolution. The azimuth convolution eliminates the
azimuth spectrum folding problem by increasing the azimuth sampling
frequency and compressing the azimuth data extension [8].

Now consider the discrete domain implementation of Equation (8).
Assume that I and At represent the sampling number and the
sampling interval of the azimuth signal, Py and At” denote the
sampling number and the sampling interval of the output azimuth
signal after the azimuth preprocessing step, respectively. Accordingly,
by neglecting inessential amplitude factors, Equation (8) can be
expressed as:
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1/2—1
Sa(n-At";z,r) = exp {jnKorep(n - At")Q} Z sa(i- At z,7)
i=—1/2
- exp {—j27rfdC - At/} - exp {jﬂ'Kmref(Z' . At’)Q}
- exp {—jﬂKaﬂuefAt' AN AR n} (12)
with n = —%, cee % — 1. In order to use FFT code, P, satisfies:
202 cos? 0 1
Kopep At At = 222 O A = = (13)
Tref PO

While At” is selected in agreement with the Nyquist limit:

At"< 1/Biot (14)
Therefore, Equation (12) becomes:
Sa(n- At z,r) = exp {jnKqpef(n - At")Q} - DFT {sq(i- At';z,7)
- exp {—j27rfdc - At’} - exp {jﬂ'Ka’ref(i . At’)Q}} (15)
According to (15), the selected function H; in Fig. 3 can be written
as:
Hy = exp {jnKqpep(i- AY)? — j2m fue i - At'} (16)

After multiplying the deramping function (16), the azimuth
Doppler centroid becomes:

20 f sin 6y
fdc (fT) — Tf (17)
And the total bandwidth becomes:
Bl{ot = Biot — Ka,refTspot R By + Bsq > PRF (18)

Consequently, the azimuth spectrum is still aliased. Fig. 4(a)
shows the TFD of multiplying the deramping function (16). The
spectrum folding phenomena after deramping is shown in Fig. 4(b). To
resolve the residual aliasing problem, an operation of azimuth spectrum
replicating and filtering will be introduced in the following. Multiple
copies of azimuth data are combined together in the Doppler domain
as shown in Fig. 4(c). According to (18), the number of copies can be
estimated by:

Bua + By
Niy=2|—— - 0. 1 1
d { 2. pRE C| T (19)
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Figure 4. (a) The TFD of the deramping operation. (b) Spectrum
folding due to the squint angle. (c¢) Azimuth replicating and filtering
operations.

After the azimuth spectrum replicating, a following range frequency
variant Doppler filter is adopted to remove the interferential spectrum
to obtain the unfolded 2-D spectrum as shown in Fig. 4(c). According
to (17), the filter can be given by:

1, with |fo — 2= sin o < PRE

0, otherwise

Hp(fr, fo) = {

with
(20)

I e N¢-PRF Ny-PRF
a 2 9 2 .
After the filtering operation, the aliased Doppler spectrum is unfolded.
However, the number of azimuth samples increases. In order to

keep the efficiency of the proposed algorithm, the new number of the
azimuth samples needs to be updated as follows:

P B 1)
BUJCL

where Py denotes the sampling number of the output azimuth signal as

mentioned. According to (15), a residual phase cancellation function

Hy should be multiplied as shown in Fig. 3:
Hjy = exp {_jT‘-Ka,ref(m : At/,)2}

P = [Po-

with

]1 11
m=—— ... L1 22
272 (22)
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To compare the performance of traditional TSPA and the
proposed approach in this paper, a simulation experiment was carried
out. The SAR system parameters are shown in Table 1.

Table 1. System parameters.

Parameters Value
Carrier frequency 5.3 GHz
Antenna length 6 m
System PRF 2149 Hz
Pulse duration 1us
Pulse bandwidth 100 MHz
SAR velocity 7000 m/s
Squint angle 30°

Slant range of imaged center 300 km

Figures 5(a)—(c) shows the 2-D spectrum of original signal, the
2-D spectrum processed by traditional TSPA and by the proposed
approach in this paper, respectively. It is easy to note that there exists
severe azimuth spectrum folding problem in Fig. 5(a). The residual
discontinuity distortion still exists in the 2-D spectrum processed by
traditional TSPA in Fig. 5(b). In contrast, the unfolded spectrum is
well reconstructed in Fig. 5(c).

3.2. Precise Focusing Using Modified RMA

After the preprocessing, the azimuth spectrum folding problem is
avoided. Therefore, the correlative imaging algorithms for squinted
stripmap SAR can be applied to focus the squinted spotlight SAR data.
To obtain most precise focused result, a modified RMA [18, 19, 21] with
modified Stolt mapping is used in this paper. The first step of the RMA
is the reference function multiply (RFM) for bulk focusing which is
implemented in the 2-D frequency domain. The transfer function for
the RFM can be expressed as:

TT e 22 g2
HS(nyfa) = exp {]4 c i \/(fc+fT)2_ 645; +J [‘(fT} (23)

where 7. is the reference range. After bulk focusing, targets at the
reference range are fully focused, while targets away from the reference
range are just partially focused. The residual phase term in the 2-D
spectrum is given by:

Onis (Fr fu) = ‘jw\/ (fot )2 =

2 f2
492

(24)



328 Mo et al.

Doppler frequency(kHz)
Doppler frequency(kHz)

o0 20 0 20
Range frequency(MHz) Range frequency(MHz)

(a) (b)

-3

-2

Doppler frequency (kHz)

-20 0 20
Range frequency (MHz)

©

Figure 5. (a) 2-D spectrum of original signal. (b) Spectrum processed
by traditional TSPA. (c¢) Spectrum processed by proposed approach.

The residual phase includes the residual range cell migration (RCM),
range-azimuth coupling, and azimuth modulation

The second step of conventional RMA is differential focusing. This
step is implemented by conventional Stolt mapping, which replaces the
square root factor with the shifted and scaled range frequency variable
as below [1]:

252

f;:\/(fc+fr)2_ 402 = fe (25)

However, conventional Stolt mapping is ineffective at the presence of
high-squint angle. The modified Stolt mapping is applied instead of
conventional Stolt mapping in this paper. It can be written as:

U s S g o 26

492
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After the modified Stolt mapping, the residual phase term becomes

_ 2 £2
Onps (£, fa) = —5 0 re) ( - f!) @0
c 4v
Obviously, the modified Stolt mapping separates the residual azimuth
compression from the residual RCM correction (RCMC) and the
residual range-azimuth coupling compensation, while all of them are
implemented in the conventional Stolt mapping. Because residual
azimuth compression is range dependent, it should be carried out
in range-Doppler domain. According to (27), the residual azimuth
compression can be carried out in the range-Doppler domain via the
following transfer function:

.471'(7' - rrefO) 2 C2fc%

Hy(r, fa) = exp {J fé

T sin (6p)

c 402 + 727 fa

(28)

The first exponential term in (28) is for the residual azimuth

compression, and the second exponential term is applied to correct

the time shift in azimuth direction caused by the squint angle [13, 19].

It is deserved to note that the range frequency and range time sampling
intervals should be updated according to (26).

4. SIMULATION EXPERIMENTS

In order to demonstrate the effectiveness of the proposed approach, a
simulation of squinted spotlight SAR is carried out in this section. The
specific simulation parameters are listed in Table 2.

A

> T T T
E I | I
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=3 +T7 *\Ta 9

?4

Figure 6. The illuminated spot scene.
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Table 2. System parameters.

Parameters Value
Carrier frequency 9.6 GHz
Antenna length 6 m
System PRF 2332 Hz
Pulse duration 1us
Pulse bandwidth 200 MHz
Sampling frequency 240 MHz

Effective velocity (middle) 7000 m/s
Slant range of imaged center 600 km

Squint angle 20°

Table 3. Imaging parameters on the simulated point targets.

Azimuth Range
Targets Res. PSLR ISLR Res. PSLR ISLR
m) | @B | @B) | m | @B | (@@B)
Theoretical
Value 1.03 —13.26 —9.80 0.89 —13.26 —9.80
Ty 1.03 —13.31 —-9.94 0.90 —13.27 —10.05
Ts 1.03 —13.28 —9.94 0.90 —13.27 —10.05
Ty 1.03 —13.25 —9.89 0.90 —13.18 —10.00

Nine point targets are located in the illuminated spot scene as
shown in Fig. 6. Corresponding SAR images processed by different
algorithms are shown in Fig. 7. No weighting function has been used
in the simulation. Fig. 7(a) shows the result obtained by traditional
TSPA. Due to the impacts of the squint angle, “ghost targets” (marked
by circles, while real targets are marked by squares) can be observed.
The focused SAR image obtained by the presented approach in this
paper is shown in Fig. 7(b). It can be seen that all targets are well
focused without any “ghost targets”.

To further analyze the quality of the focused image obtained by
the proposed approach, a quantitative analysis has been carried out
on three different point targets 71, T5 and Ty, and their contour plots
and range/azimuth slices are shown in Fig. 8. Some parameters of
targets including the resolution (Res.), peak sidelobe ratio (PSLR) and
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Figure 7. Processing results with different algorithms. (a) Traditional
TSPA. (b) Presented approach.
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at different positions. (a) Target T7. (b) Target T5. (c) Target Tp.
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integrated sidelobe ratio (ISLR) are computed and listed in Table 3,
which can provide a quantitative evaluation on the targets focused
quality [1]. Tt can be seen that parameters of targets agree with
the theoretical values in Table 3. Both the contour plots and quality
analysis results validate the effectiveness of the proposed approach.

5. CONCLUSION

Owing to the squint angle and azimuth beam steering, the azimuth
spectrum folding phenomena in the squinted spotlight mode will
seriously affect the focused result. A novel approach for the squinted
spotlight SAR focusing is proposed in this paper. This approach
employs an improved azimuth preprocessing step, which can effectively
remove the impacts of the squint angle and azimuth beam steering
on the azimuth spectrum. After azimuth preprocessing, the correct
azimuth spectrum is to be obtained. Precise focusing of the squinted
spotlight SAR data is achieved by the modified RMA, in which
modified Stolt mapping is applied. Furthermore, the proposed
approach follows the same fundamental structure of traditional TSPA
and keeps its advantage of combining the efficiency of SPECAN
algorithm with the precision of stripmap mode focusing techniques.
Experiment results carried out on simulated data prove that the
proposed approach is effective for the squint spotlight SAR. data.
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