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A Modified Three-Step Algorithm for TOPS and
Sliding Spotlight SAR Data Processing

Wei Yang, Member, IEEE, Jie Chen, Member, IEEE, Wei Liu, Senior Member, IEEE, Pengbo Wang,
Member, IEEE and Chunsheng Li

Abstract—There are two challenges for efficient processing of
both the sliding spotlight and Terrain Observation by Progressive
Scans (TOPS) data using full-aperture algorithms. First, to
overcome Doppler spectrum aliasing, zero padding is required for
azimuth up-sampling, increasing the computation burden; second,
the azimuth deramp operation for avoiding SAR image folding
leads to azimuth time shift along the range dimension, and in turn
the appearance of ghost targets and azimuth resolution reduction
at the scene edge, especially in the wide-swath case. In this paper,
a novel three-step algorithm is proposed for processing the sliding
spotlight and TOPS data. In the first step, a modified de-rotation
is derived in detail based on the chirp-z transform, avoiding zero-
padding; then, the chirp scaling algorithm kernel is adopted for
precise focusing in the second step; in the third step, instead of the
traditional range-independent deramp, a range-dependent
deramp is applied to compensate for the time shift. Moreover, the
SAR image geometry distortion caused by range-dependent
deramp is corrected by employing a range-dependent chirp-z
transform. Experimental results based on both simulated data
and real data are provided to validate the proposed algorithm.

Index Terms—Synthetic aperture radar (SAR), Terrain
Observation by Progressive Scans (TOPS), Sliding Spotlight,
Chirp-Z

I. INTRODUCTION

BY steering the azimuth antenna beam either mechanically
or electronically, several advanced imaging modes,
including TOPS and sliding spotlight [1]-[5], have been
proposed for achieving a higher resolution or wider swath
coverage, to meet the rising application demands in monitoring,
interferometry, classification, and tomography [6]-[10]. For
example, TOPS and sliding spotlight imaging modes have been
adopted in current state-of-the-art satellites TerraSAR-X,
TanDEM-X, and Sentinel-1 [11]-[13], as well as the next
generation SAR satellites such as TerraSAR NEXT
GENERATION (TerraSAR-NG) [14], [15].

Due to azimuth antenna beam steering, a common feature of
the sliding spotlight and the TOPS imaging modes is a linear
variation of Doppler centroid in azimuth. Consequently, the
total azimuth signal bandwidth may span over several pulse
repetition frequency (PRF) intervals, resulting in Doppler
spectrum aliasing. To overcome this problem, the spectrum
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mosaicking method was proposed in [1], [16]-[17], but it is
inefficient due to the complex spectrum copying, mosaicking,
filtering and resampling operations [18]. Therefore, advanced
sub-aperture and full-aperture processing methods were
provided for TOPS and sliding spotlight data processing
without spectrum mosaicking. For sub-aperture based methods
[19], sub-aperture formation is performed by taking advantage
of the higher PRF with respect to the instantaneous azimuth
bandwidth. The extended chirp scaling algorithm (ECSA) was
employed for TerraSAR-X TOPS data processing firstly in
[20], and then based on the ECSA, the baseband azimuth
scaling algorithm (BASA) was proposed for TOPS and sliding
spotlight data processing, with its performance verified by
TerraSAR-X data [21]. Since additional sub-aperture formation
and sub-aperture recombination operations are required in sub-
aperture processing algorithms, the introduced small blocks
will affect the processing efficiency. Therefore, to avoid the
sub-aperture formation and recombination operations, full-
aperture algorithms were proposed, which employ the de-
rotation operation to compensate for the extra Doppler
bandwidth caused by antenna steering [22]-[25]. However, zero
padding in azimuth is needed to avoid Doppler spectrum
aliasing after the de-rotation operation, which increases the
computational burden, especially in the sliding spotlight case
[4], [22], [26]. A moving band chirp Z-transform (MBCZT)
was proposed for eliminating the effect of zero-padding in
TOPS data processing [27], [28]. However, the MBCZT is
implemented by fast Fourier transform (FFT) and complex
multiplications, and time aliasing is still a problem during the
operation, which is not considered in the MBCZT.

In addition, azimuth folding in the focused image is another
challenge in TOPS and sliding spotlight data processing. The
deramp operation is an efficient method to circumvent azimuth
folding [21],[23], but it will lead to azimuth time-shift along the
range dimension [29]. In the wide coverage case, the time-shift
will cause the wrapping effect in azimuth at the scene edge,
resulting in appearance of ghost targets and reduction in
azimuth resolution. As a result, data division in range is
required to accommodate the time-shift, which introduces the
extra azimuth resampling and range sub-image combination
operations.

In this paper, a modified three-step algorithm is proposed for

W. Liu is with the Department of Electronic and Electrical Engineering,
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sliding spotlight and TOPS data processing without sub-
aperture formation. The modified de-rotation is derived in detail
based on the chirp-z transform (CZT), and the selection of CZT
scaling factor is analyzed as well, which avoids the zero-
padding operation. After focusing using the chirp scaling
algorithm (CSA) kernel, the range-dependent deramp method
is employed to accommodate the azimuth time-shift, instead of
the traditional range-independent deramp. However, the range-
dependent deramp will lead to azimuth sampling variation
along the range dimension, causing image geometry distortion.
To correct the distortion, range-dependent CZT is implemented,
providing the same azimuth pixel sampling interval for all range
bins. By the modified three-step algorithm, the sliding spotlight
and TOPS data can be processed efficiently, without sub-
aperture formation in azimuth and data division in range.

This paper is organized as follows. The two considered
imaging modes are reviewed in Section II. In Section III, the
proposed modified three-step algorithm is derived in detail, as
well as a discussion of the involved scaling factor. Simulation
results are provided in Section IV, and conclusions are drawn
in Section V.

II. IMAGING MODES

The antenna steering technique is employed in both the
TOPS and sliding spotlight modes. As shown in Fig. 1, 7, is

the illumination time of the whole scene, v, is the effective
velocity, @, is the rotation rate, r is the minimum distance

from the SAR sensor to the ground, A4 is the point target
located at (x,,r), X, corresponds to the valid area with full

illumination time, and X, corresponds to the area with

insufficient illumination time. In order to distinguish the
difference of the TOPS and the sliding spotlight modes in the
following discussion, we introduce the rotation range distance
r..» which represents the minimum distance from the virtual

rotation point (VRP) to the SAR sensor. By defining upward
direction as positive, »,, is negative in TOPS mode and

1o

positive in sliding spotlight mode.

Rotation point

Tw <0

Fly direction

Fly direction
>

Rotation point

(b)

Fig. 1 Acquisition geometry of the two modes: (a) TOPS, (b) sliding spotlight.

A. The TOPS Mode

In conventional ScanSAR mode, targets located at different
azimuth positions are illuminated by different parts of the
azimuth antenna pattern (AAP), resulting in problems of
scalloping, and azimuth-varying distributed target ambiguity
ratio and signal-to-noise ratio (SNR) [30], [31]. To overcome
these problems, antenna steering is performed in the TOPS
mode, leading to complete AAP weighting for all the targets
located in X, . Consequently, the scalloping, azimuth-varying

ambiguity and SNR are eliminated.

In TOPS mode, a very long burst is obtained, at the cost of
shorter target illumination time. Therefore, the Doppler
bandwidth of each target B, is smaller than the pulse repetition

frequency (PRF), referred to as f,. . However, the total

Doppler bandwidth B,,, may span over several PRF intervals

due to the extra bandwidth B

 wer » CaUsed by antenna steering,
as shown by the time-frequency diagram (TFD) in Fig. 2(a).
Therefore, if azimuth FFT is applied directly to raw data,

Doppler spectrum aliasing will occur in the TOPS mode.

B. The Sliding Spotlight Mode

Compared with the TOPS mode, the sliding spotlight mode
performs a clockwise steering with the VRP located
underground. By doing that, on the one hand, a longer target
illumination time is obtained compared with the strip-map
mode, which results in a high azimuth resolution. On the other
hand, compared with the spotlight mode, the target illumination
time becomes shorter, but the azimuth swath is enlarged.
Therefore, the sliding spotlight mode is a compromise between
the spotlight and strip-map mode. However, by increasing the
azimuth steering angle, the requirements of azimuth resolution
and swath can be satisfied at the same time, a clear advantage
over both the strip-map and spotlight modes.

Since a high azimuth resolution is obtained in the sliding
spotlight mode, the target Doppler bandwidth is larger than
PRF, and similar to TOPS, the total Doppler bandwidth also
spans over several PRF intervals, as shown in Fig. 2(b). As a
result, the same Doppler spectrum aliasing problem exists and
should be solved in processing both the TOPS and sliding
spotlight data.
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C. Signal Model

For both operating modes, a unified signal model can be
expressed as follows [23]

S(r.mx,,r)= rec{Tl}-rect[j(" }

B s

'rect[v"n/y(r)_x" }'rect[r
X

P

R} (M)
.exp{_ jﬂb(,_MJ }
C

{ A;z’R(n;xg,r)}

A

where rect[-] represents the rectangular envelope, b is the

signal frequency modulation rate, ¢ is the speed of light, 4 is
the wavelength, 7 is the range time, 77 is the azimuth, and

R(I];xa,r) is the instantaneous distance between the sensor

and the target point 4(x,,r). With x, =v,;,, R(m:x,.r) is

R(msm,.r) = +2 (n-1,) )

And }/(r) is a hybrid factor, which is range-dependent, defined

given by

as follows:
p

7)== 6)

ror

In the TOPS mode, 7.

rot

is negative, whereas 7, is positive in

the sliding spotlight mode. Therefore,
0~1 TOPS
)= s @
1~ 400 Sliding spotlight
Performing the azimuth FFT, we obtain the target Doppler
bandwidth B, and the total Doppler bandwidth B,,, given by
(5) and (6) [23].
B =B, 4(r) ®
=B,+B,.,=B,+K T, ©6)

B steer rotation
where B,, =2v,/D is the instantaneous bandwidth, D is the

total

antenna length, and &

oion 1S the de-rotation chirp rate, given
by

2
= O

rotation /1
7

rot

Note that B, is range-dependent, which means the azimuth
resolution varies in the range dimension. However, B, is

range-independent, consisting of B,, and B

steer *

Y
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(b)
Fig. 2 TFDs of the two modes. The illuminated center time of target point

A(x,,r) is n,7(r), and the Doppler centroid frequency is .7 (7)1, - (2)
TOPS (b) Sliding spotlight.

III. THE MODIFIED THREE-STEP ALGORITHM

Since the current imaging algorithm kernels have a good
performance for range compression and range cell migration
correction (RCMC) [16], [19], [32-35], the contribution of this
paper is mainly focused on azimuth processing, which can be
implemented without zero padding and sub-aperture formation
in azimuth.

A. Properties after de-rotation

In order to overcome spectrum aliasing, several methods
have been proposed, including frequency mosaic [1], sub-
aperture processing [21], and the de-rotation processing [23],
36], [37]. Among them the de-rotation operation is the most
efficient [25]. Therefore, a range-independent de-rotation
method is adopted in this paper.

For simplicity and without loss of generality, the azimuth
signal can be expressed as follows

S(mm,.r)= rect{—ven/y)gr) — :| -rect[i} . rect[j(—”]

I total s ( 8)
.47z'R(77;xa,r)
.ex —_y—
Py—J 1
The de-rotation operation involves azimuth signal
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convolution between the azimuth signal and a selected chirp
signal, given by

Hey, (17) = XD jhi 1T ©)
The convolution result is [35]
S (00,57) =8, (10,07) ®. Hy L, (1)

= rect rect| 1 a 21k (10)
/1’;(”/( ) T;?( mt)/r

T, . ; Y
.rect|:X /Ve] exp{ﬂzke(r)(n 1.) }
where ®, indicates the convolution operation, and
2
k =—"° 11
5 ‘"

Now we discuss the azimuth signal properties after de-
rotation. According to (10), the value range of the azimuth
signal is determined by three terms. The first term limits the
value of 77, referred to as 77,,

|mt| ﬂ'| mt|
’7‘6( 2Dv, 2D,

Note that the second term 77, is a function of 77, , which varies

(12)

with 77,,

7726( 7 |(I" rml) +77armt T;B|(r r"”)|+77armt] (13)
r

2r r 2r

With respect to 77, , it is determined by the third term

X X
a 2v, " 2v,

Substituting the maximum and the minimum values of 77, to

(14

(13), the boundary values of 7, that correspond to targets
located at the azimuth edge can be calculated by

n | e |V Lot Xyr;« |r Tror X\rrot (15)
2y -x )
=X (2%) 2r 2ver 2r 2ver

|I" mt X;r;m 7;3 |r_r;‘0r|

X,
S r;"()t ( 1 6 )
v’ 2r 2vr

e

U |77” ==X, /(2v,) € ( 2

Then, we compare the boundary values of 7, and 7,. Taking

the TOPS mode as an example and comparing (12) and (15),

the boundary value difference is calculated with
=X,/(2v,)
A Al (Tlr=nal X,
T wXiee 2Dy, 2r 2v r
ﬂrmt )(\ rmt T (f" rmt)

17
2Dv, 2v, r 2r (7

Xf mt )(\ s T(

rot

2v, r 2r

mt ) 0
2v, r

min — /1 rmt _ ]—1‘3 |r V‘” | s
o 2Dy, 2w,
/1’;171 Xs r 7—1‘3 (r_rmf) ‘Xs rml
=4+ (18)

2Dv, 2v r 2r v, r

X

TN/ >0
v, r

e

Comparing (12) and (16), we can calculate the boundary value

difference with 77, = -X /(ZVe)
max A Bt T, =T X X
And — _ B| shor s Tror <0 (19)
wieo 2Dy, 2r 2v,r v, r
min /,i' 7;0)‘ T r _r;‘or X 2
| — — B| S r;ot — 0 (20)
o= 2%) 2Dy, 2r 2v, r

According to equations from (17) to (20), the relationship of 7,
and 77, is given by

e, 2y
The value ranges of 7, and 7, are shown in Fig. 3.
TR T T TN X
) v, I v, r i
2 , .
. - — >

TB‘r_rm/‘_'_Xsrmr _ Ar, 0 Ar, TB‘r_rmr‘_Xs’}m
2r 2vr 2Dv, 2Dv, 2r v,r

Fig. 3 The value range of azimuth signal after a de-rotation operation
corresponding to the targets located at the area with full illumination time.
Black solid, red dashed and blue dash-dot rectangular windows represent the

value range of 7, , 772|7] X /on) ,and 772| respectively.

=X /(2v,)
All the above analysis only considers the targets located at
X, with full illumination time. Next, we further give a short

discussion about the targets located at X, , which are

illuminated with insufficient time. According to Fig. 1, the
value range of 77, corresponding to the area X, is given by

X XX X, X, X
n, e u —,— o —+—
2v v,  2v, v, 2v, v,

e e

(22)

Using the same method, we can calculate the boundary value
difference as follows:

max X

An, Xt Al le .
la=X 5 [(2ve 4 X 1 v v, r

A " = X +Xf ’;ot

77d| ) 24)

1=K (2ve X 1 Ive v, -
max XS —+

Aﬂd = / r;ot < 0 (25)
e v, r
" f h ﬂ r;‘ot

A77d |,,a));: (2ve X five - ve ” Dv_e < 0 (26)

Based on (23) to (26), after the de-rotation operation, the value
range of the azimuth signal is determined by the overlapped

value range of 7, and 7, .

=X, /(2v,)=-X, /v,

The value range of 7, with

and 7, =X/(2v,)-X,/v, are
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shown in Fig. 4, with red dashed and blue dash-dot rectangular
windows, respectively.

i % -
| _Xr+)ifh _Xs+/\fh i
|
! e . Ve T R
« > « > o
— 0
_ TB ‘r Trot + err‘ar Xfrmf - ﬂ',; ]'rs TB ‘V—I’m{ _ X:rm/ _ Xfrm/
2r v 2Dy, 2Dy, 2r v

Fig. 4 The value range of azimuth signal after a de-rotation operation
corresponding to the targets located at the area with insufficient illumination
time. Black solid, red dashed and blue dashdot rectangular windows represent

the value range of 7, , 772| ,and 772| , respectively.

=X, /(29 )+X Iy, ==X, /(29,)=X /I,

Whether the targets have full illumination time or not, the
value range of azimuth signal after de-rotation falls into
[—(/1 )/(2Dv,).(4[r,,|)/ (2D, )J . Therefore, the first term

of (10) plays the dominant role, allowing us to simplify (10) as
follows:

Fror Fror

rot

S' 1 (m1,57) =rect{—L:|-exp{jﬂke (r)(n-n, )2} @7

A, /(Dv,)

Note that the same conclusion can be drawn in the case of
sliding spotlight mode.

B.  Modified de-rotation based on CZT

After de-rotation, the equivalent sampling rate f;f:} in

azimuth can be expressed as [35]:

Nk,
f}(:; — a’ rotation (28)
f pf
To avoid Doppler spectrum aliasing, flf:} should be larger than
B,..ie,
N, .k

f 1571; = feen > B total BAH +Bsteer (29)

So, we further rewrite (29) as

B,f,, B. B
NF > A0 prf —steer = A0 prf +NA (30)
rotation rotation rotation

where N, isthe number of FFT points, and N, is the azimuth

point number of raw data. Therefore, zero-padding is needed to
avoid spectrum aliasing, and the point number for zero-padding

is determined by B,,f,, / k,ui0n » Which is range-independent.

Moreover, in practice, radix-2 FFT is usually adopted, which
means that if the point number after zero-padding is larger than
the point number of radix-2 FFT, in order to perform the radix-
2 FFT, the point number will be more than twice the azimuth
point number of the raw data. Consequently, more memory is
required, and the computational burden increases, affecting the
processing efficiency.

In existing processing algorithms, instead of performing
convolution directly, the de-rotation is usually realized by FFT
and complex multiplications, including azimuth dechirp,
azimuth FFT, and azimuth rechirp, as shown in Fig. 5(a). To
mitigate the effects due to zero-padding, a modified de-rotation
approach is presented based on CZT [36-38], which is
implemented by CZT instead of azimuth FFT, as shown in Fig.

5(b).
Raw data Raw data
Zero padding Azir;luth
l Dechirp
Azimuth
Dechirp v
| czT
Azimuth
FFT
l y
Azimuth Azimuth
Rechirp Rechirp
@) (b)

Fig. 5 Implementation of the de-rotation operation: (a) traditional approach, (b)
proposed approach.

The azimuth dechirp operation is performed by multiplying
the azimuth signal with (9), which compensates the Doppler
bandwidth caused by antenna steering. Then, the CZT is

employed with the selected spectrum sampling interval Af, ,
given by

f pf
N

A

M;.l =

€2y

where « is the scaling factor. Subsequently, azimuth rechirp is
implemented to complete the de-rotation operation.

Since the CZT is adopted, the equivalent sampling rate can
be rewritten as

TN,y
On the one hand, to avoid Doppler spectrum aliasing,
substituting (32) to (29), we can obtain the upper limit of «,
Ty
a, <
SRS

where 7} is the time domain width of the azimuth signal after

f(1) — kromrion — kmranon N A

(32)

(33)

de-rotation, given by

7= Al (34

On the other hand, to avoid azimuth time aliasing after the
de-rotation operation, the time domain width of the output

signal, denoted by T}, , should be larger than 7},

TDE =&=a f;”f /1|’;‘0’|

)
ﬂ pf kmtation DV e
Then, combining (34) and (35), we can calculate the lower limit
of o,

(35)

B
aluwer >_A9 (36)
o
Moreover, as shown in Fig. 6, the chirp-z transform in the
discrete domain is given by [36]
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f[m]=Czr(s",, [n])

” ’ " (37)
=w? KS'M [n]-07" w2 J®,, w2 ]

where m,ne[O,NA—l] , and [[m] is the output result.

Furthermore, the convolution operation in (37) is realized by
FFT and complex multiplications as follows:

1[m) = W% -IFFT{FFT(S'AJI [n]-0™ -WZJ-FFT(W{ J] (38)

where O and W are given by (39) and (40), respectively.

0= exp{—j L} (39)
fprf

W =exp {— j Zﬂf’“} (40)
fprf

S, [n]f"’ W

Fig. 6 The detailed implementation of CZT.

In order to verify the advantages of the proposed approach,
taking sliding spotlight mode as an example, we perform a
simple simulation using the parameters listed in Table I,
Section IV. Fig. 7 shows the comparison results in the range-
Doppler domain. Without zero-padding, Doppler spectrum
aliasing occurs using the traditional approach, whereas by the
proposed one with o = 0.8, the Doppler spectrum aliasing has
been removed.

Aliasing
spectrum

Aliasing
kpectrum

puunzy
Pnuzy

Range Range

(a) (b)

Fig. 7 Comparison of the de-rotation results: (a) traditional approach without
zero-padding, (b) proposed approach with o = 0.8 .

In fact, the proposed approach takes advantage of the higher
PRF with respect to the instantaneous azimuth bandwidth,
which can be used for improving the azimuth sampling rate
with an appropriate « . However, the value range is still limited
by (33) and (36). On the one hand, if « is larger than «
Doppler spectrum aliasing cannot be removed completely; on
the other hand, if « is smallerthan ¢, , there will be azimuth

upper >

spectrum loss. Using the same parameters as in Fig. 7, we
implemented the proposed approach with o =0.95 and

a =0.4, which are larger than « and smaller than ¢, ,

upper
respectively. As shown in Fig. 8(a), compared with the
traditional approach, although the equivalent sampling rate is
improved with @ =0.95, it is smaller than the Doppler
bandwidth. Therefore, Doppler spectrum aliasing still occurs.
Moreover, if a=0.4, the equivalent sampling rate is large
enough for avoiding Doppler spectrum aliasing. However, since
o issmallerthan ¢, , whichmeans 7] >T,,, . Therefore, part
of the signal will be lost, resulting in Doppler spectrum loss, as
shown in Fig. 8(b). Consequently, azimuth resolution will
suffer from significant degradation due to partial loss of the
Doppler spectrum.

spectrum

Spectrum lost

Spectrum lost

g Aliasing g
5 spectrum 5
5 < =
Range Range
(a) (®)

Fig. 8 De-rotation results: (a) proposed approach with & =0.95, (b) proposed
approach with ¢ =0.4 .

Note that in the case of super-high resolution, the extra
residual azimuth bandwidth caused by the bandwidth of linear
frequency modulated (LFM) signal should be taken into
account [25], [41], which means that ¢, will become larger.

Moreover, the proposed approach can also be adopted in the
squint case, in combination with linear range walk correction
(LRWCQ) [34], [42], [43].

C. Focusing

Many algorithms have been proposed for sliding spotlight
and TOPS data processing. Since sliding spotlight is a high-
resolution imaging mode, CSA based algorithms are usually
adopted for data focusing [21], [25], [34]. With the resolution
improved further, WDA and hybrid correlation based
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algorithms are employed [26], [41], which are more accurate
than CSA based algorithms but less efficient. Moreover, in [44],
several important aspects that need to be considered are
analyzed, including stop-and-go approximation, curved orbit,
and atmospheric effects, with the corresponding compensation
methods provided.

Compared with sliding spotlight mode, the TOPS mode is a
wide-swath imaging mode with low/moderate resolution, easier
for accurate focusing. The WDA kernel was first adopted for
TOPS data processing in [1]. However, the WDA kernel cannot
accommodate the effective velocity variation along the slant
range, and as a result it is not suitable for wide-swath TOPS
data processing. Therefore, CSA kernel is usually used for
TOPS data precise focusing with a high efficiency [18], [20]-
[21], [22]-[24]. In addition, in order to avoid the additional
resampling operation during sub-swath image mosaic, both
range and azimuth scaling methods can be utilized to provide
the sample pixel interval in both azimuth and range for all the
sub-swath images [29]. Moreover, some techniques for the
enhanced processing of TOPSAR data were introduced in [45],
which were demonstrated using the Sentinel-1 TOPS data.

D. Range-dependent deramp operation combined with CZT

To avoid azimuth folding in the focused image, the range-
independent deramp operation can be performed by multiplying
a constant linear frequency modulation function for the whole
sub-swath, given by:

RV A 1
H, ( ,],r,ef) = exp{ jr km,;,-,,n }.exp{— ]ﬂm} 41)

where 7, is the reference range (we usually choose mid- range

as the reference range), and &, (rref) is given by (11) with
r=Fy .
After azimuth scaling with Hl( ”;rw,.) , we obtain the

azimuth signal in the time domain by azimuth IFFT
"7—77(, (r—rmf)/(r—rmt )‘
4 (42)

S, (mm,,r) = rect

exp|mh (1) (7. |

According to (42), time-shift occurs except for the reference
range [29], which may result in time aliasing. In order to
overcome this problem, the following condition should be
satisfied:

wf T =Bl =)
A= )

Then, we can further rewrite the (43) as :

ve (TDE _Tl‘)|(r_rror)|
2sin
where S is the incident angle, x, and x, denote the target

43)

with Ar=r—r

ref

x| < (44)

position in azimuth and in range, respectively.
A simple simulation is performed to show the time-shift due

to the range-independent deramp, using the parameters listed in
Table I. Since the swath of TOPS mode is wider, the time-shift
is more obvious than that in sliding spotlight mode. Therefore,
we consider the TOPS mode as an example, with a 50km x 50
km (A x R) coverage. As shown in Fig. 9, the point target B, is
located in the time aliasing area highlighted in red color, with
x, =—=25km and x, =-25km , while the point target P, is

located in time scene center, with x, = 0km and x, =0km .

Time aliasing aera

0 .
P, (Oknm, 0km)

azimuth(km)

. — Time aliasing aera
Time aliasing aera

-25 -20 -15 -10 -5 0 5 10 15 20 25
range(km)

Fig. 9 Illustration of the time aliasing area highlighted in red color.
The time aliasing of £, is shown in Fig. 10(a), which results

in the appearance of a ghost target and the pattern distortion of
the impulse response function (IRF), as shown in Figs. 10(b)
and 10(c) respectively. As a result, data division in range is
required, by selecting different reference ranges to perform the
deramp operation for each sub-data. However, this also leads to
additional operations of resampling and sub-data formation,
affecting the processing efficiency.

To resolve the time-shift problem, a novel method is
introduced by multiplying the range-dependent deramp
function, which is given by

Hz(ﬁ,;r)=exp{1ﬂ kf” }exp{—jﬂ'&’r)} (43)

With the range-dependent deramp operation, S, (77;77a,r)

rotation

can be rewritten as

SZ(M"’r)zm[%'e"p{f”"e(r)(n—m)z} (46)

1

Then, we can compensate the residual range-dependent phase
by

Hmsrdual (77’ V) = exp{—jﬂke (}") 772} (47)
Thus, by the range-dependent deramp operation, the time-shift
is completely removed, avoiding time aliasing and the
subsequent appearance of ghost target and azimuth resolution
reduction, as shown in Figs. 10(d) to 10(f).

Furthermore, azimuth weighting is applied after the range-
dependent deramp operation. Since the time-shift along range
dimension is removed, a simple weighting function can be
applied, without moving the weighting window to
accommodate the time shift. Moreover, azimuth weighting is
implemented after range compression, which eliminates the
energy dispersion effects due to range cell migration.
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Fig. 10 Comparisf)n) of the deramp results. Using ﬂ’(l? range-independent
deramp, time-shift occurs for A, resulting in ghost target appearance and IRF
pattern distortion, as shown in (a), (b), (c). By implementing the proposed
range-dependent deramp, time shift is completed removed, avoiding the ghost
target and obtaining a good focusing result, as shown in (d), (e), (f).

However, if azimuth FFT is performed directly after
compensation, geometry distortion will take place, due to
azimuth sampling variation along the range dimension caused
by range-dependent deramp. To solve this problem, CZT is

8

adopted instead of the FFT in the final step, by selecting the
range-dependent output frequency sampling interval, given by

A,(r)=

M f( I)M

kg(rmf) N,

Therefore, the equivalent time sampling interval is:

(’) _ f'Pff

TN, (1) K (r)N,

Since An is range-independent, the same azimuth pixel

(43)

(49)

sampling interval for all range bins is realized, which means the
is corrected. The detailed
implementation steps are given in Fig. 6.

As shown in Fig. 11, B, P, and P, are located at (-25km,-
25km), (0km,-25km) and (25km,-25km), respectively, having
the same azimuth position but different range positions. Before
geometry distortion correction, £, P, and P, appear at

image geometry distortion

different positions in azimuth, as shown in Fig. 11(a). Using the
range-dependent CZT, the geometry distortion is corrected, and
B, P, and P, are now located at the right azimuth position.

(b)

Fig. 11 Focusing results: (a) without geometry distortion correction, (b) with

geometry distortion correction.

Fig. 12 gives the flowchart of the proposed three-step

algorithm.

Modified De-rotation

Azimuth dechirp

Azimuth rechirp

Focusing

Kernels
CS,RD,WD...

Fig. 12 Flowchart of the proposed algorithm.

Range-dependent Deramp

compensation
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IV. EXPERIMENTAL RESULTS the integrated sidelobe ratio (ISLR).
) ) TABLE II
A. Simulation Results SIMULATION PARAMETERS
Imaging results on simulated raw data are employed to TOPS |d Proposed algorithm | Traditional algorithm
validate the proposed algorithm, with the parameters listed in : moce : :
Table I. Fig. 13 shows the 9 point targets in our simulation Point | Resolution | PSLR | ISLR | Resolution | PSLR | ISLR
K g p . g Targets (m) (dB) (dB) (m) (dB) (dB)
arranged in a scene of 50km x50km in the TOPS mode and
7kmx Tkm in the sliding spotlight mode, respectively. Py 12.18 _1327 | 10.10 17.06 1264 | 1008
TABLEI P - _
SIMULATION PARAMETERS 2 12.39 -13.25 | 10.08 1238 -13.30 | 10.18
Image Parameters TOPS Sliding Spotlight P; 1259 21326 | 1010 1738 1387 | 1164
Wavelength 0.031 m 0.031 m P - -
Elevation angle 30.0° 30.0° ! 12.28 -13.28 | 10.10 12.29 -13.24 | 10.06
Orbit height 600 km 600 km Py - -
Eccentricity 0.0011 00011 12.51 -13.26 | 10.01 12.50 -13.25 10.08
Orbit inclination angle o7 o7 Ps 1269 | -1326 | 1007 | 1269 | -1326 | 1000
Pulse width 30 us 30 us - -
PRF 5000 Hz 4200 Hz Ps 12.19 -1326 | 10.10 16.12 21374 | 1149
Signal bandwidth 50 MHz 500 MHz P - -
Signal sampling rate 60 MHz 600 MHz 7 12.39 -13.25 | 10.09 12.39 -13.28 | 10.17
50km x50 km - -
Swath coverage (AxR) 7 km x7 km (AXR) Ps 1259 | -1326 | 1009 | 1857 | -12.79 | 10.05
Sliding spotlight mode
Point Resolution | PSLR | ISLR | Resolution | PSLR | ISLR
5[ mp ", "g Targets (m) (dB) | (dB) (m) (dB) | (dB)
20 ] - -
5/ P 050 | <1332 ] 1027 | 053 | -1324 | 1033
-10 P - -
Es ’ 0.50 -1330 | 1024 0.53 -1326 | 1032
g g "5 =g P - i -
& s 0.49 -13.28 | 10.33 0.53 -13.24 | 10.38
©
; P 050 | -1326 | 1026 | 050 | -1326 | 10.30
4 Po 0.50 -1326 | 1024 0.50 -1326 | 10.30
L m.B, i - -
-25 -20 -15 -10 -5 0 5 10 15 20 25 Ps
- ’ 0.49 -13.27 | 1023 049 -13.27 | 10.29
@) Ps 050 | -13.19 | 1047 | 053 | -1332 | 1047
A L "r rr 050 | -1320 | 1027 053 | -13.27 | 10.36
2r Ps 0.49 -13.20 | 10.38 0.53 -1320 | 1044
§-1
E o-m P, a P, a P.
B ] ]
2 E E
e e
irs " " g g
3 -2 -1 0 1 2 3
range(km)
(b) -100 0 100 -100 0 100
Fig. 13 Simulation scene: (a) TOPS mode, (b)sliding spotlight mode. Azimuth(m) Azimuth(m)

We use the traditional full-aperture algorithm and the
proposed algorithm to process the raw data, respectively. To
compare the focusing performance in the whole scene, the
interpolated contour plots of the point targets £, F, and £,

focused with the traditional and the proposed algorithms are
shown in Figs. 14 and 15, corresponding to TOPS and sliding
spotlight modes, respectively. Moreover, quantitative results of
the imaging quality in azimuth are listed in TABLE II, 00 o p—s 00 . p—s
including the resolution, the peak sidelobe ratio (PSLR), and Azimuth(m) Azimuth(m)

Range(m)
Range(m)
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(b) O]

Range(m)
»
'um&nw
.
Range(m)

-100 0 100 -100 0 100
Azimuth(m) Azimuth(m)

© )

Fig. 14 TOPS data processing result. The interpolated contour plots of P, P,,
and P, focused by traditional algorithm are shown in (a)~(c) and those focused

by proposed algorithm are shown in (d)~(f).

Range(m)
Range(m)

4 2 0 2 4 0
Azimuth(m) Azimuth(m)

(@) (d)

'
o

o

Range(m)
Range(m)

-4 -2 0 2 4 0
Azimuth(m) Azimuth(m)

(b) (e)

'
(&1

3

Range(m)
Range(m)

-5

0
Azimuth(m)

n

Azimuth(m)

() ®

Fig. 15 Sliding spotlight data processing result. The interpolated contour plots
of B, F,,and P, focused by traditional algorithm are shown in (a)~(c) and

those focused by proposed algorithm are shown in (d)~(f).

As seen from the TOPS processing results, due to time
aliasing in the deramp operation, targets P, P, P, and £,
located at the time aliasing area, suffer from resolution
reduction and IRF pattern distortion. By implementing the
proposed algorithm, time aliasing has been completely
removed, leading to a good focusing performance for the whole
scene. With respect to the sliding spotlight, there is no IRF
pattern distortion for any target using the traditional algorithm,
as shown in Fig. 15. However, since we have performed data
focusing without zero-padding, there is significant Doppler
spectrum aliasing, resulting in as high as 6% azimuth resolution

reduction at azimuth edge, corresponding to targets £ - P, and
P, - F,. Using the modified de-rotation method with a scaling
factor & =0.9, Doppler spectrum aliasing has been avoided,
providing accurate focusing results for the whole scene.

B. Real Data Results

Real airborne sliding spotlight data is used here to verify the
performance of the proposed algorithm. Fig. 16 shows the
resultant sliding spotlight image using the modified three-step
algorithm, with the main parameters listed in TABLE lll. As

shown in Fig. 16, the image is well focused without image
folding.

TABLE Il
Main parameters for sliding spotlight data processing
Parameters Values
Wavelength 0.03m
Incidence angle 66°
Height 7.1km
PRF 2000Hz
Signal sampling rate 1.4GHz
Resolution 0.1m

Fig. 16 Airborne sliding spotlight data processing result. The range is
horizontal, and the azimuth is vertical.

V. CONCLUSIONS

In this paper, an efficient three-step algorithm has been
proposed for both TOPS and sliding spotlight data processing,
without zero-padding and sub-aperture formations. To
overcome azimuth spectrum aliasing, a modified low-
complexity de-rotation method was derived in detail using CZT
instead of FFT. Moreover, to solve the azimuth folding problem
in the focused image, a range-dependent deramp operation was
applied. Compared with the traditional range-independent
deramp operation, the proposed one can accommodate the
resultant time-shift, so that data division in range is not needed
any more and it is more efficient, especially in the wide-swath
case. Furthermore, the CZT is adopted in the final step to
replace FFT, in order to correct the image geometry distortion
introduced by the range-dependent deramp operation. The
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effectiveness of the proposed method was demonstrated by both
simulated data and real data. Note that the proposed algorithm
can also be applied for spotlight and inverse TOPS (ITOPS)
data processing. As for spotlight data, it has a similar Doppler
spectrum aliasing problem, which means that the CZT based
de-rotation method, proposed in the first-step of the algorithm,
can be adopted for avoiding spectrum aliasing. For the ITOPS
data, it has both azimuth spectrum aliasing and azimuth image
folding problems. Therefore, the proposed algorithm is also
applicable to ITOPS data processing, by simply modifying the
hybrid factor.
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