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ABSTRACT This paper proposes a full-aperture method for processing sliding spotlight synthetic aperture
radar (SAR) data with dechirp-on-receive. The frequency scaling algorithm (FSA) efficiently processes
the dechirped signals because the range cell migration correction (RCMC) process involves removing the
residual video phase. However, the conventional FSA combined with the sub-aperture method is unsuitable
for processing sliding mode data because the azimuth extent of the SAR image is limited by the system
pulse repetition frequency. In addition, the azimuth compression performance deteriorates as the range
displacement increases from the center of the SAR image. To address these problems, we developed a
modified full-aperture FSA for sliding mode data processing. A complete signal model of the azimuth
convoluted sliding mode data with the dechirp-on-receive is newly derived. Based on the signal model, the
frequency scaling factor and azimuth-matched filter have been modified to accurately perform RCMC and
azimuth compression. Point target simulations demonstrated two advantages of the proposed algorithm over
the conventional sub-aperture approach; One is accurate and consistent azimuth compression performance
regardless of range displacements, and the other is wide observable azimuth extent. The practicality of the
proposed method is further verified through actual SAR raw data experiments. In addition, it is analyzed
that the proposed algorithm is specialized in processing dechirped sliding mode data through a characteristic
comparison with various traditional sliding spotlight processing methods.

INDEX TERMS Azimuth convolution, dechirp-on-receive, frequency scaling algorithm, full-aperture
method, sliding spotlight mode, synthetic aperture radar.

I. INTRODUCTION
Synthetic aperture radar (SAR) is an imaging radar that

used as one of the main operating modes of modern SAR
satellites, such as TerraSAR-X and Gaofen-3 [26], [27], [28],

acquires a two-dimensional image over the observed area.
Sliding spotlight mode is a good compromise between the
strip-map mode [1], [2] and the staring spotlight mode [3],
[4], generating high azimuth resolution images over a wide
azimuth extent. In the sliding mode [4], [9], [10], [11], the
azimuth width is extended by sliding the antenna beam illu-
minated area in the flight (azimuth) direction. This feature
produces SAR images with a higher azimuth resolution than
the strip-map mode and a wider azimuth extent than the star-
ing mode. Due to these properties, the sliding mode is widely
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[29]. Accordingly, extensive research has been conducted on
the processing of sliding mode SAR data [20], [21], [22],
(23], [24], [25], [26], [27], 28], [29], (301, [31], [32], [33],
[34], [35], [36].

It is necessary to employ wide-bandwidth chirp sig-
nals to achieve a range resolution as high as the azimuth
resolution in the spotlight mode. A high sampling rate
receiver with large-capacity storage is required to process the
wide-bandwidth chirp signals without aliasing. The dechirp-
on-receive technique alleviates these high-performance hard-
ware requirements by reducing the bandwidth of the received
signal [3], [4], [5], [6], [7], [8]. Therefore, obtaining the slid-
ing mode data through the dechirp-on-receive method results
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in data capable of efficiently generating high-resolution SAR
images. Nevertheless, because studies on the algorithm for
the corresponding data are insufficient, we researched a
method for processing the signal model of the dechirped
sliding mode data.

A novel frequency scaling algorithm (FSA) has been pro-
posed to process the dechirped staring mode data [19]. The
FSA efficiently processes the dechirped signal because the
frequency scaling process that performs the range cell migra-
tion correction (RCMC) includes the residual video phase
(RVP) removal. The FSA in [19] is incorporated with the
sub-aperture technique, an efficient method of processing
synthetic aperture data by dividing it into sub-apertures [12],
[13], [14], [15], [16]. The sub-aperture methods are widely
used for SAR data processing because the pulse repeti-
tion frequency (PRF) of the SAR system only needs to
cover the instantaneous bandwidth corresponding to each
sub-aperture [12], [13], [14], [15], [16], [17], [18], [19],
[20], [21], [22], [23], [24], [25], [26]. On the other hand,
sub-aperture processing has a drawback in that the azimuth
compression performance is sensitive to the accuracy of the
estimated effective velocity for each sub-aperture. The num-
ber and length of sub-apertures also affect the algorithm
performance [21], [35].

Several methods without sub-aperture techniques have
been proposed to address the shortcomings of sub-aperture
processing [35], [36], [37]. In [37], a two-step focusing
method for processing spotlight mode data is introduced,
which first implements azimuth convolution to resolve the
back-folded Doppler bandwidth and then focuses resid-
ual data via the strip-map processing technique. However,
because the method is designed for staring mode data pro-
cessing, frequency aliasing may occur when applied to sliding
mode data [35]. In [35], an extended three-step focusing
algorithm has been proposed to process the sliding mode data.
However, a chirped signal model is selected as the target sig-
nal, and accordingly, the chirp scaling algorithm (CSA) has
been adopted as the processing scheme. This implies that the
method is not suitable for processing dechirped data because
the CSA is inefficient for the signal model due to its high
requirements on the range sampling rate and azimuth filter
length [19]. In [36], a generalized three-step focusing scheme
incorporated with a modified range migration algorithm has
been proposed for processing squinted sliding mode data.
However, the method is also designed for chirped signals,
making it incompatible with the dechirped signal model.

As such, although many studies on the full-aperture pro-
cessing for sliding mode SAR data are being actively con-
ducted [27], [28], [29], [30], [31], [32], [33], [34], [35], [36],
most of the studies on full-aperture processing performed so
far are based on algorithms that do not consider the dechirped
signal model [27], [28], [29], [30], [31], [32], [33], [34], [35],
[36], [37], [38], [39], [40], [41], [42], [43], [44]. As men-
tioned above, FSA is a method that efficiently processes
the dechirped signal model. However, the conventional FSA
combined with the sub-aperture approach is unsuitable for
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processing sliding mode data with a wide azimuth swath. This
is because the azimuth image domain of the sub-aperture FSA
is a frequency domain, and therefore the azimuth extent is
limited by the system PRF value. In addition, azimuth com-
pression performance is degraded in areas where the range
displacements from the center of the SAR image are signif-
icant. Therefore, we developed a full-aperture FSA method
for processing the dechirped sliding mode data to address the
problems above.

In the proposed full-aperture method, because an azimuth
convolution process is preceded before applying the FSA,
a complete two-dimensional signal model of azimuth con-
voluted sliding spotlight data with the dechirp-on-receive
is newly derived in the range-Doppler domain. Based on
the derived signal model, the FSA is modified for sliding
mode and full-aperture method. A newly designed frequency
scaling factor and an azimuth-matched filter are introduced
to perform RCMC and azimuth compression, respectively.

This paper is organized as follows. Section II briefly
reviews the data acquisition geometry and signal model
of the dechirped sliding mode data. And also, a space-
wavenumber diagram (SWD) of the azimuth signal and the
total Doppler bandwidth in the wavenumber domain are
presented. The detailed derivation process for the signal
model of the azimuth convoluted sliding mode data with
the dechirp-on-receive in the range-Doppler domain and the
proposed algorithm are given in Section III. In Section IV,
point target simulations and actual SAR raw data processing
results are presented and compared with the conventional
sub-aperture FSA. A comparison between the proposed and
various traditional sliding spotlight processing methods based
on the aperture approach and compatible signal models is also
given. Finally, the conclusion is given in Section V.

Il. DATA ACQUISITION GEOMETRY AND DECHIRPED
SIGNAL MODEL OF SLIDING SAR DATA

This Section reviews the data acquisition geometry and
the dechirped signal model of the sliding SAR data. Note
that the signal models in this paper are represented in the
space-wavenumber domain rather than the time-frequency
domain for the concise expression of the equations. The SWD
will be continuously updated in Section III to demonstrate the
effects of each step of the proposed method.

The stereoscopic data acquisition geometry of the sliding
mode is illustrated in Fig. 1(a). x is the azimuth spatial
location of the SAR platform, r is the slant range, X;,, is the
total synthetic aperture length, v, is the effective velocity of
the SAR platform, v, is the antenna beam footprint velocity,
ks is the beam steering angular wavenumber, H is the SAR
platform height, r. is the distance between the radar straight
track and the center of the imaging area, and ryy; is the
distance between the radar straight track and the antenna
beam rotation center. To visually show the synthetic aperture
length of a point target in sliding mode, a simplified planar
data acquisition geometry is added in Fig. 1(b). X, is the
synthetic aperture length of a point target in strip-map mode,

92551



IEEE Access

Y.-G. Kang, S.-O. Park: Full-Aperture FSA for Processing Dechirped Sliding Spotlight SAR Data

Slant range direction “a
r

Rotation Center

(b)

FIGURE 1. (a) A stereoscopic data acquisition geometry of sliding mode,
(b) a planar data acquisition geometry to derive the azimuth envelope
function of a point target in sliding mode.

X, is the azimuth spatial location of a point target, r, is the
range of the closest approach of the target, and A = vy /v, is
the sliding factor [40]. From the geometry, a signal model of
the received and down-converted sliding SAR data with the
dechirp-on-receive for the point target P(x,, r,) is obtained as
follows:

Ax —x, )
s(x,ry=0=C- rect|:X—j| -exp[—j2k - r(x)]
X rect[r_Tf(x)} -explj2b - (r(x) —re) - (r — re)l

x exp[—jb - (r(x) — rc)z] (1)

where C is the constant with varying amplitude and constant
phase, rect[-] is the rectangular function, k is the wavenumber,
r(x) is the distance between the radar and the target according
to x, R is the pulse range extent, and b is the pulse frequency
(wavenumber) modulation rate. Note that constant terms that
are negligible in the signal analysis will be omitted in the
subsequent formulas for brevity. The first rectangular func-
tion represents the azimuth envelope function of the point
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FIGURE 2. Azimuth SWD of sliding mode SAR signal. Three fully observed
targets are indicated by gray-bold lines.

target in the sliding mode and is derived from Fig. 1(b). The
first exponential term describes the azimuth modulation of
the signal. The second exponential term represents the range
signal, and the last means the RVP. In small squint cases,
r(x) can be approximated as the following equation [1].

2
X — X
e~y + S @)
2r,
By substituting (2) into (1), the azimuth component of the
signal model is rewritten as follows:

B Ax — X, 1 IRV
Sa(x) = rect[v} . exp|:]§ “bg - (x —x0) j| (3)

where b, = —2k/r, is the Doppler rate in the wavenumber
domain. Fig. 2 shows the azimuth SWD of the sliding mode
derived from the azimuth component of the signal model.
Xcenter 18 the azimuth spatial location of an object positioned at
the center of the azimuth extent so that the target is broadside
the SAR platform at x = 0. xg4 and xe,g are the azimuth
spatial locations of the fully observed targets on the leftmost
and rightmost sides of the azimuth extent, respectively. The
Ax is the azimuth spatial interval between adjacent SAR
system pulses and the wy is the azimuth wavenumber. Note
that the synthetic aperture lengths of targets are extended to
Xss = Xgn/A in the sliding mode because of the antenna
beam steering. In the spotlight mode, the Doppler centroid
has a space-varying characteristic because the antenna beam
rotates with the beam steering angular wavenumber k. This
characteristic makes the total Doppler bandwidth of the signal
wider. The varying rate of the Doppler centroid is equal to
the Doppler rate in the staring mode, whereas, it is defined as
follows according to r,,; in the sliding mode.

2k
brot = - (4)

T'rot

The Doppler wavenumber of each target and the Doppler
centroid decrease with the rates b, and by, respectively,
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according to the azimuth space, as shown in Fig. 2. Accord-
ingly, the total bandwidth is greater than the system pulse rep-
etition wavenumber 277/ Ax. The total Doppler bandwidth B
in the wavenumber domain is as follows:

B = Bins + Bstr = |ba|Xsm + |bmt|Xt0t (5)

where Bj,s is the Doppler instantaneous bandwidth caused
by the azimuth antenna beamwidth, and By, is the Doppler
bandwidth caused by the antenna beam steering. Though the
additional Doppler bandwidth due to the squint angle also
exists [47], it is negligible in small squint cases. The widened
Doppler bandwidth over the pulse repetition wavenumber of
the SAR system introduces aliasing, making SAR processing
difficult.

Ill. PROPOSED FULL-APERTURE FREQUENCY SCALING
ALGORITHM FOR DECHIRPED SLIDING MODE DATA

The complete block diagram of the proposed full-aperture
method is given in Fig. 3. The processing steps consist of
preliminary azimuth convolution, FSA modified for sliding
mode and full-aperture processing, and post azimuth con-
volution. First, to deal with the wide Doppler bandwidth of
the sliding mode data, an azimuth convolution process in
the space domain is preceded before performing the FSA.
Convolution with the selected chirp signal to avoid aliasing is
a widely used technique in full-aperture spotlight SAR pro-
cessing [27], [28], [29], [30], [31], [35], [36], [37], [38], [39].
A new signal model is derived after the preliminary azimuth
convolution since the dechirped signal model is addressed
in this paper. Next, based on the derived signal model,
a new scaling factor and modified azimuth-matched filter
are introduced to accurately perform RCMC and azimuth
compression. Because the azimuth extent is compressed by
the preliminary azimuth convolution, the SAR image imme-
diately after the FSA may be aliased. Therefore, the algorithm
is incorporated with the post azimuth convolution in the
wavenumber domain after the FSA to avoid aliasing in the
SAR image domain (space domain).

Sz Post azimuth |

convolution 1

'

S5, Sao 1

B —— '
'

Sa1 H

'

'

'

Reducing the
number of
azimuth samples

Wavenumber
scaling

Raw data

------------ fasrm |
| Pre azimuth g ) [
convolution 1

Sa3s Sconvr 3

Azimuth FFT

S1
Range FFT

SAR image result

FIGURE 3. Block diagram of the proposed full-aperture FSA method for
dechirped sliding mode data.
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A. PRELIMINARY AZIMUTH CONVOLUTION

In the preliminary azimuth convolution step, only the azimuth
component of the signal model is considered for simplicity.
As shown in Fig. 2, the total Doppler bandwidth of the signal
is greater than the SAR system pulse repetition wavenumber
due to the antenna beam steering. The azimuth convolu-
tion incorporated with zero-padding intentionally extends the
pulse repetition wavenumber to include the entire Doppler
bandwidth in the baseband. It has been proven that convo-
lution with a chirp signal of the rate —b,,, /2 produces a min-
imum output azimuth extent signal in the sliding mode [35],
[36]. Minimum output azimuth extent is the most efficient
case as it requires the fewest number of zero-padding after-
ward. Therefore, the selected chirp signal and the result of the
convolution are as follows, respectively.

se1(x) = exp[ —j% byor ~x2} (6)
Scomv(X) = $a(x) * Sc1(x)
= sc1(x) - / (sa(X’) : scl(x/)) - expljbrorxxldx’
(N

In (7), % is the azimuth convolution operator. The big
parenthesis term in the integral sign is the first multiplication
step in the preliminary azimuth convolution in Fig. 3. The
result of multiplying (3) and (6) is as follows.

Ax — x,
Sq1(x) = rect e

Sm

1
S exp|: — Jbaxox +J§ ~(ba — byor) _xZ]
3

The next step is to implement the integral in (7), which
is very tedious and complicated. But fortunately, it has been
proven that the integration process can be replaced by Fourier
transform (FFT) if the number of azimuth pixels is adjusted
through zero-padding to satisfy a specific condition [36]. The
condition is as follows:

2
N=—— )
AX - Axzp - bryy
where N is the adjusted number of azimuth pixels, and Ax,,
is the intentionally narrowed azimuth spatial interval between
pulses after zero-padding. A minus sign is added because b,
is a negative value. To prevent Doppler aliasing by allowing
the entire Doppler band to exist within the baseband, Ax,,
must satisfy the following condition.
Axy, < 2_7t (10)
P ="Tp
Therefore, N; is determined by determining the Ax;, value
that satisfies condition (10) and substituting it into (9). Now
that the integration process is replaced by FFT, the following
equation is obtained by implementing the azimuth FFT using
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the principle of stationary phase (POSP) technique [45].
A-1 ~x]

sm

S (x) = rect[

1 1
e (boix — boxs)?
XCXP[ ]2 b — bros (brorx axo):|
(11)

The final step of the preliminary azimuth convolution
is to perform the multiplication before the integral sign
in (7). Multiplying (11) by s¢1(x), the following equation is
obtained:

A-1)-x B! 5
-~ |.e —j—-b, - —
X, Xp J 5 " Om (x —x0)

12)

Si3(x) = rect[

where b, is the modified Doppler rate through the azimuth
convolution, which is defined as follows.

ba ) brot

bm ba - bmt

As shown in the exponential term in (12), the Doppler rate
of all targets in the image swath is unified as —b,, regardless
of their azimuth spatial locations. And also, as shown in the
rectangular function in (12), the azimuth extent of all targets
is unified as Xy, /(1 — A) at x = 0 regardless of their azimuth
spatial locations. The first rectangular function in (27), which
is the azimuth transformed signal of (12), means that the
Doppler bandwidth of the target is formed as wide as Bj,,s/A at
wx = bpyx, in the Doppler wavenumber domain. The deriva-
tion process of (27) is given in Section II-B. The azimuth
SWD after the preliminary azimuth convolution derived from
the above facts is shown in Fig. 4. It is confirmed that
the aliased Doppler spectrum is resolved because the pulse
repetition wavenumber is extended through the azimuth con-
volution so that the total Doppler bandwidth exists in the
baseband. Note that the processing azimuth extent is com-
pressed as X1 = Ny - Axy = Xgn /(1 — A).

(13)

B. MODIFIED FREQUENCY SCALING ALGORITHM FOR
SLIDING MODE AND FULL-APERTURE PROCESSING

The signal terms unrelated to the azimuth convolution were
omitted in the preliminary azimuth convolution stage. How-
ever, these terms should not be omitted further because the
subsequent process cause significant changes to these terms.
(12) is rewritten as follows in consideration of the complete
two-dimensional signal model.

s3(x,r) = rect[%} . exp[ —j% by - (x — xu)2i|
y rect[r _Rr(x)] - explj2b - (r(x) — o) - (r — ro)]
x exp[—jb - (r(x) — re)*] (14)

From (14), we newly derived an azimuth convoluted
range-Doppler signal model of the dechirped sliding mode
data. The derivation process consists of the following three
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FIGURE 4. Azimuth SWD of sliding mode SAR signal after the preliminary
azimuth convolution process.

main steps: 1) Range Fourier transform, 2) Range inverse
Fourier transform, and 3) Azimuth Fourier transform.

1) RANGE FOURIER TRANSFORM
To perform range FFT, (14) is rewritten as follows by arrang-
ing the terms related to the slant range r.

so(x, r)

A—1)-x] 1
= rect|:—( )X -exp|: —JE by - (x —Xo)21|

x expl—j2b - (r(x) — re) - el - exp[—jb - (r(x) — rc)*]

PO pli2b - (1) — 7o) - ] (15)

X rect|:

The terms in the bottom row in Eq. (15) are terms related
to the slant range r. Therefore, the range FFT result is as
follows:

So(xv a)i’)

= rect[w} -exp|: —j% by - (x — x0)2:|

sm
x exp[—j2b - (r(x) = re) - rel - expl—=jb - (r(x) — re)*]
. [R
X s1nc|:5 (wy —2b - (r(x) — rc))j|
x exp[—jr(x) - (y —2b - (r(x) — re))] (16)
where o, is the range wavenumber.
2) RANGE INVERSE FOURIER TRANSFORM

(16) is rewritten by arranging the terms related to the range
wavenumber o, and introducing two chirp signals to generate
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the RVP term to be convoluted later.

SO(X, a)r)

O e L B L
_rect|: X ] exp[ i3 by - (x xo)i|

sm

x expljb - (r(x) — re)*]
. R
X s1nc|:§ (wp —2b- (r(x) — Vc))i|

. w? w?
x exp[—jr(x) - wy] - exp[]ﬁ:l ~exp|: — E:| (17)

The signal convoluted with the RVP term is a useful model
as itis advantageous for subsequent wavenumber scaling. The
terms in the bottom two rows in (17) are terms related to the
range wavenumber w,. The range inverse Fourier transform
(IFFT) result is as follows.

so(x, r)
A-1)-x

sm

= IFFT,[rect|: i| - expljb - (r(x) — re)*]

1
X exp|: —ji by - (x —x0)2j|

R
X sinc[i (wy —2b - (r(x) — rc))]
>
x exp[—jr(x) - w,] - exp[jj] ] xexpljbr’]  (18)
By defining a new variable as Q = w, —2b-(r(x)—r.) and
substituting it into (18), the following equation is obtained.

so(x, r)

_ @-b-xt Ll
_[rect[ T }exp[ J3 by - (x Xo)}

X expl—j2b - (r(x) —re) - rel - IFFT,[SiHC[%QQ}

2
X exp[jiz—b] . exp[—jrCQ]] ] * exp[jbr2] (19)

The IFFT, term in (19) is:
IFFT, { si R Q 2 [—jreQ]
1 sinc 7 exp|Jj 5 expl—jre

=exp[j2b - (r(x) —ry) - r]- /sinc[lgﬁ}

QZ
X exp [JE:| -expljR - (r — re)]d2

_ rect|:r ;"} cexpli2b - (F(¥) —r)-F] (20)

The first exponential term in the integral is considered as
1 because ©2°/4b ~ 0 where the integral has a considerable
magnitude. By substituting the formula (20) into (19), the
following result is obtained.

so(x, r) = ’rect[%] . exp|: —j% by - (x —xo)z]
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—re

xrea[r }-eprZb-(HX)—-%)~O'—IkH]

x expljbr?] (21
Using the well-known parabolic approximation of the
range equation for small squint cases given in (2) before

performing the final azimuth FFT, (21) is rewritten
as follows.

so(x, r)
r—re .
= [rect[ R :| ~exp[—j2b - (r —re) - 1]

(A—1)~x]

sm

X explj2b - (r — rc) - 1o -rect[

X exp[j[rﬁ (r—re)— b%] c(x— xg)ziH * exp[jbrz]

(22)
3) AZIMUTH FOURIER TRANSFORM
By performing azimuth FFT using the POSP technique

on (22), the signal model in the range-Doppler domain is
obtained as follows:

r—re

So(wy, r) = {rect[ ] -exp[—j2b - (r —re) - re]

—b
X explj2b - (r —r¢) - 7o) ~rect|: — waT/Zxo]

-1
xexp[jL~|1— 2b ~(r—rc)] w§:|

2bp, Tobm
X exp[—ja)xxo]l * exp[jbrz] (23)
It is notable that the following approximation is applied

when obtaining the azimuth envelope function because the
value is much smaller than b,, /2.

£~(r—rc)%() 24)

To

To derive a useful signal model for applying subsequent
wavenumber scaling, specifically selected two conjugate sig-
nals are introduced as follows.

r—re

So(wy, r) = {rect[ ] -expl[—j2b - (r —re) - rc]

wy — bmxo]

X explj2b - (r —re) - 1ol - rect|: — B/ A

X exp[jbmroz] . exp[—jbmroz]

o1 | 2b ( ) - 2
X . — . — .
€Xp ]me robm r—re wy

x exp[—ja)xxo]} * expljbr?] (25)
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By combining the second, fourth, and fifth exponential
terms in (25), the signal model can be rewritten as the fol-
lowing concise expression.

So(wx, 1)

rect| — & _ bmo exp[—j ]
= - =7. —jwyx
Bins/A Pl—JwxXo

r—re

:| -exp[—j2b - (r — 1) - 1]

Y o \/1 % N
X exp| — jbur? - - r=r)) = =2
P omTo Tobm ¢ brznrg

* exp[jbrz] (26)

X exp[jbmruz] ~rect|:

By approximating the square root term to the third-order
term using the Taylor series [45], a complete range-Doppler
signal model of the azimuth pre-processed sliding mode data
with the dechirp-on-receive with a new scaling factor (28) is
finally obtained as follows:

Wy — bpx,

St(wy, r) = rect|: —
y Bins/A

} - expljbmr? - (1 — B)]

— 7.

X exp[—jwxXo] - [rect|:r :| -ste(wy, © — 1)

X exp |:j2b . (% — rc) -(r — rC):H * exp[jbrz]
(27)

2
Bl = [1- -2 (28)
b2 r?

where the src term is the secondary range compression term.

src(wy, 1)

:exp|:—'b—~—‘ re—j

The proposed range-Doppler signal model has two simi-
larities and differences compared to the conventional signal
model for sub-aperture processing [19]. One similarity is that
the signal is convoluted with the RVP term, and the other is
that the B affects the range cell migration since the range sig-
nal depends on 8, which depends on the azimuth wavenum-
ber. These similarities are useful because they indicate that
the proposed signal model is also suitable for applying fre-
quency (wavenumber) scaling, an efficient RCMC technique.
On the other hand, one difference is that the scaling factor 8 is
modified as (28), and the other is that the azimuth modulation
of the signal is altered as indicated by the first exponential
term in (27). It is notable that the scaling factor depends on
b, This means that the scaling factor is modified for the slid-
ing mode and full-aperture method since b, depends on b,
and is derived through the preliminary azimuth convolution
process. It is also notable that 8 also depends on the range
position of the target r,. This unique property enhances the
compression performance by enabling accurate RCMC over a
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wide range extent. Meanwhile, since the azimuth modulation
of the signal has been modified, an appropriate azimuth-
matched filter needs to be introduced accordingly.

A technique of performing time scaling on a function
by applying four chirp functions has been proposed [46].
A frequency scaling operation has been derived from the time
scaling technique and has been used to implement RCMC
on the dechirped data [19]. We adopted this scaling oper-
ation in the wavenumber domain. The block diagram of
the wavenumber scaling operation is shown in Fig. 5. The
operation consists of a combination of multiplications with
four chirp functions and four Fourier transforms. Analyz-
ing the signal model in the two-dimensional wavenumber
domain reveals why the scaling operation is advantageous
for processing the dechirped data. In order to present the
signal model in the two-dimensional wavenumber domain,
the range FFT is performed on (27) and the result is as
follows:

So(wy, wy)
= rect|: _ w}‘_—b’"x‘]] expljbmr? - (1 — B)]
Bins/A ¢
. . R To
X exp[—jwxxo] - H:s1nc|:§ . (wr —2b- (E — rc))i|
w2
X exp[—ja)rrc]i| * SRC(wy, a),)] . exp[ —j4—[;i| (30)

where the SRC term is the secondary range compression term
in the two-dimensional wavenumber domain. It is notable that
the RVP term in (30) is similar to the first chirp function in
Fig. 5. Therefore, by setting the independent variable a = b,
the RVP term can be regarded as the first chirp function
in the wavenumber scaling operation, and the (30) excluding
the RVP term can be regarded as the input signal of the
scaling operation. Then, the output signal of the wavenumber
scaling is obtained as follows by setting the other independent
variable d = .

S3(wy, wr/B)

—b
= rect|: — waT/Zxo} . eXPmerg -(1-p8)]

X exp[—jwyxo] - [[sinc[% (wyp —2b-(ry —re - ,3))j|

X ex [—'&r H*SRC((U ﬂ)} G1)
p Jﬁ c X > B

exp[—jr?-a- (d*—d)]

FIGURE 5. Block diagram of wavenumber scaling operation. a and d are
independent variables.
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As shown in (31), the RVP term has been eliminated and
the range wavenumber with the peak value is now deter-
mined by the difference between r, and r. - 8. Adopting the
wavenumber scaling operation to dechirped data is advan-
tageous because the RVP term is removed accurately while
performing the RCMC process. The subsequent RCMC pro-
cesses are omitted in this paper because the process is similar
to the conventional FSA [19]. The omitted processes are
represented by the red dashed box in Fig. 3. The RCMC
completed signal is as follows.

Sq(wy, wr)

Wy — byx, . 2
rec [ Bore/A } expljbmr, - (1 — )]

. . R
X exp[—jwxx,] - s1nc|:ﬁ . (a)r —2b-(r, — rc))]
(32)

In (32), the range wavenumber representing the range posi-
tion of the point target is now only related to the distance
between the point target and the scene center. The first expo-
nential term in (32) is the azimuth modulation of the signal.
This term needs to be removed to perform the azimuth com-
pression. It is simply removed by multiplying the conjugate
term of it, therefore, the modified azimuth-matched filter and
the result of the matched filtering are as follows, respectively.

Hamr(wy) = expl—jbury - (1 — B)] (33)

wy — byux,
S , — t] — —— =
5(wy, ;) = rec [ ",

X sinc[% . (a)r —2b-(r, — Vc))i| (34

Since the azimuth chirp signal is removed, azimuth com-
pression will be completed only by performing azimuth IFFT,
which is very simple compared to the azimuth compression
step of conventional FSA. However, if the azimuth com-
pression is performed immediately after the modified FSA,
high-quality SAR images are not obtainable. The reasons are
shown in the azimuth compressed signal (35) and the azimuth
SWD at this stage (Fig. 6).

} - exp[—jwxx,]

B ins

A

Sq0(x) = SinC[E : (= xo)} - expljbmxox]  (35)

As shown in (35), because the phase term is dependent on
the azimuth spatial location of the target, a phase difference
occurs according to the azimuth spatial location of the target.
In addition, since the processing azimuth extent was com-
pressed to X; due to the preliminary azimuth convolution,
if X1 does not include x4 and x.,q (in most cases except
for the case where the total synthetic aperture length is very
short), aliasing occurs in the space domain when the azimuth
IFFT is performed at this stage. Therefore, the post azimuth
convolution process is followed.

VOLUME 11, 2023

FIGURE 6. Azimuth SWD of sliding mode SAR signal after the modified
FSA process.

C. POST AZIMUTH CONVOLUTION

As azimuth convolution was performed in the space domain
to resolve the back-folded Doppler bandwidth in the azimuth
pre-processing, azimuth convolution is performed on the
wavenumber domain to resolve the back-folded SAR image
(space domain) in the azimuth post-processing. In the post
azimuth convolution step, only the azimuth component of the
signal model is considered for simplicity. Therefore, (34) is
rewritten as follows.

wy — by,

0] -exp[—jwxx,]  (36)

S =rect|] - —
a0(wy) = T€C [ Bins/A

The selected azimuth chirp signal to be used for the post
azimuth convolution and the result of the convolution are as
follows, respectively.

1 2
Sea(wy) = expljz - == (37)
2 by

Scom(wy) = Sao(wy) * Sca(wy)

= Sca(wy) - / (SaO(wu) : Sc2(wu))

X exp|: —jiwxwu:|dwu (38)
bm

Note that (37) is selected because it removes the depen-
dency of the Doppler band shift on the azimuth spatial loca-
tion. When the dependency is removed, the phase difference
according to the azimuth spatial location of the target does not
occur. The big parenthesis term in the integral sign is the first
multiplication step in the post azimuth convolution in Fig. 3.
The result of multiplying (36) and (37) is as follows.

Wy — bpx ) 1 w?
Sai(wy) = reCt[ - XBT/ZO} -exp[ — jwyx, +]§ : —:J

(39)

S
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The next step is to implement the integral in (38), which
is very tedious and complicated. But fortunately, it has been
proven that the integration process can be replaced by IFFT
if the number of azimuth pixels is set to a specific value [36].
It is notable that IFFT is used since convolution is per-
formed in the wavenumber domain. The condition is as
follows:

Ny = _bm'Xl « Xout (40)

2

where N, is the number of final azimuth pixels and X, is
the intentionally extended azimuth extent after reducing the
number of azimuth samples. A minus sign is added because
b, is a negative value. Considering the azimuth SWD in
Fig. 6, the output azimuth extent must include xg,; and
Xend to resolve the back-folded SAR image in the azimuth
space domain. Therefore, X,,, must satisfy the following
condition.

X(mt = Xtot - Xss = AXtot (41)

Therefore, N> is determined by determining the X,,; value
that satisfies condition (41) and substituting it into (40). Now
that the integration process is replaced by IFFT, the following
equation is obtained by implementing the azimuth IFFT using

the POSP technique.
Wy :| [ A (o + bmxo)2]
. eXp —J— v —
Bins/A 2 bm

So(wy) = rect|: —
(42)

The final step of the post azimuth convolution is to perform
the multiplication before the integral sign in (38). Multiplying
(42) by S.2, the following equation is obtained.

Sa3(wy) = I‘CCt|: :| - expl—jwxXo] 43)

Bins/ A

The rectangular function in (43) means that the Doppler
bandwidth of all targets is unified as B;;s/A and exists within
the baseband regardless of their azimuth spatial locations.
The focused final SAR signal model is obtained when the
azimuth IFFT (azimuth compression) is performed as the last
step of the proposed algorithm.

Saa(X) = sinc[1 Bins (x — x(,)} (44)
2 A

(44) shows that the target is compressed at its cor-
rect azimuth spatial location without any phase errors. The
azimuth SWD after the azimuth post-processing is obtained
in Fig. 7. The back-folded SAR image is resolved because the
azimuth processing extent is extended through the azimuth
convolution so that the azimuth processing extent X,
includes xg+ and x.,4. Note that although the processing
Doppler bandwidth is compressed to By = 2aNy/Xpur =
—by, - X1 = Bins/A due to the post azimuth convolution,
the aliasing does not occur. The final SAR signal model is
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FIGURE 7. Azimuth SWD of sliding mode SAR signal after the post
azimuth convolution process.

rewritten as follows in consideration of the complete two-
dimensional signal.

Bins
A cx = xo)]

Sour (X, @) = sinc|:5 ’

i — Wy — 2b c(Fo — 7 \
X S1nc ( r ( o C))

Contrary to the conventional FSA, the SAR image domain
in the azimuth is the space (time) domain. This means that
a wide observable scene size is secured in the azimuth
direction, and therefore, is suitable for sliding mode data
processing. This is proved in Section I'V.

IV. RESULTS AND DISCUSSIONS

This Section presents the results of point target simulations
and actual SAR raw data processing to verify the validity and
practicality of the proposed algorithm. The results are com-
pared with the conventional sub-aperture FSA. A comparison
with other sliding spotlight algorithms is also discussed to
emphasize the specialty of the proposed method in processing
the dechirped sliding mode data. The dechirped data used in
the actual SAR raw data experiment is acquired by Thales
Alenia’s SAR system and are observations of Ayers Rock in
Australia in sliding mode. The SAR system specifications and
parameters used in the virtual point target simulations and the
actual raw SAR data experiments are listed in Table 1.

TABLE 1. Point target simulation parameters.

Parameter Value
Center frequency 9.66 GHz
System PRF 3612.72 Hz
Pulse bandwidth 212.70 MHz
Bandwidth after dechirp-on-receive 73.38 MHz
Sampling frequency 142.50 MHz
Effective platform velocity 7351.51 m/s

Total azimuth time 325s

Range to scene center 685.70 km
Range to beam rotation center 1203.59 km
Sliding factor 0.43

The locations of the virtual point targets and the designed
data acquisition geometry are shown in Fig. 8. The nine
targets are r; apart in the range and x; apart in the azimuth
directions, respectively. To generate the dechirped simulation
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FIGURE 8. Designed imaging area for point target simulations. The squint
angle is assumed as zero for convenience.

data, the deramping operation is performed by mixing the
expected reflected signal from the targets and the reference
signal based on the image scene center [3]. On the other
hand, because the conventional sub-aperture FSA in [19]
is designed for staring mode data, it is obvious that it has
limitations in processing sliding mode data without proper
modifications. Therefore, a modified sub-aperture FSA con-
sidering the data acquisition geometry of sliding mode [26]
is used to meaningfully compare the simulation results with
the sub-aperture method.

The point target simulation results of the data for the case
where ry = 2km and x; = 2km are given in Fig. 9. Both the
proposed and conventional methods compressed all targets at
their appropriate positions. To provide a more detailed com-
parison of the focusing performance, a point target analysis
is performed on P1, PS5, and P9 targets indicated by white
arrows in Fig. 9. The two-dimensional impulse response func-
tions of the targets are shown in Fig. 10 and the SAR quality
parameters are listed in Table 2. As shown in Fig. 10(a-c)
and Table 2, the proposed method compresses point targets
precisely in both range and azimuth directions regardless of
range or azimuth displacement of the targets from the SAR
image center. In contrast, as shown in Fig. 10(d-f) and Table 2,
the azimuth compression performance of the conventional
method degrades when there is a significant range displace-
ment of the point targets from the SAR image center.

The reason for the degradation is due to the character-
istics of the azimuth compression step of the conventional
FSA. In the conventional FSA, the azimuth focusing is per-
formed through a combination of azimuth scaling followed by
azimuth deramping operation. Because the azimuth scaling
process causes a spatial shift of the signals in the azimuth
direction, an azimuth space shift function needs to be intro-
duced to compensate for the shift. The required azimuth space
shift is defined as the difference between the center positions
of the signal before and after azimuth scaling, as follows [19]:

Ximax (Fo) + Xmin(ro) . Xbegin + Xfin
2 2

Xy(ry) = (46)
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FIGURE 9. Point target simulation results (rs = 2km and xs = 2km). The
top and bottom SAR images are the results of the conventional
sub-aperture and the proposed full-aperture FSA methods, respectively.

where x4, and x,,,;,;, are the maximum and minimum azimuth
spatial positions of the signals after azimuth scaling, respec-
tively, and Xpegin and xg, are the beginning and finishing
azimuth locations of the illumination. However, this param-
eter becomes inaccurate as the range displacement from the
center of the SAR image increases because fixed values of
Xpegin and xg, according to r. are assumed as follows, while
they actually depend on r, [19]:

Xbegin = ¢ * tan(Qhegin) 47
Xfin = I - tan(Ofp) (48)

where Opegin and 0p, are the squint angles at the beginning
and finishing locations. Therefore, as the range displacement
increases from the center of the SAR image, the azimuth
compression performance deteriorates in the conventional
sub-aperture FSA.

On the other hand, because the azimuth compression pro-
cess of the proposed full-aperture method is replaced with
a single modified azimuth-matched filter (33) without the
azimuth scaling and the azimuth space shift function, there
is no compression performance degradation in the azimuth
direction due to range displacement. Additionally, the pro-
posed method has precise azimuth compression performance
because it accurately performs RCMC regardless of range
displacements by introducing the new scaling factor (28) that
depends on r,. Comparative images in the two-dimensional
wavenumber domain before and after performing RCMC in
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FIGURE 10. Two-dimensional impulse response functions of point targets (a) P1 (Proposed), (b) P5 (Proposed), (c) P9 (Proposed), (d) P1

(Conventional), (e) P5 (Conventional), (f) P9 (Conventional).

TABLE 2. Comparison of SAR quality parameters of simulated point targets.

Method Proposed full-aperture FSA Conventional sub-aperture FSA
Tareet Resolution (m) PSLR (dB) ISLR (dB) Resolution (m) PSLR (dB) ISLR (dB)
g Range Azimuth Range Azimuth Range Azimuth | Range Azimuth Range Azimuth Range Azimuth
P1 0.70 0.87 -13.27 -13.26 -10.09 -9.96 0.70 21.36 -13.26 -6.46 -10.07 -5.68
P5 0.70 0.87 -13.26 -13.26 -10.05 -10.12 0.70 0.87 -13.27 -13.26 -10.05 -10.02
P9 0.70 0.87 -13.27 -13.26 -10.16 -10.07 0.70 21.65 -13.27 -6.60 -9.92 -5.61

the point target simulation are shown in Fig. 11. The proposed
method implemented RCMC accurately regardless of range
displacements.

In addition, the proposed method is more suitable for slid-

the frequency domain. The observable azimuth extents of the
proposed full-aperture and conventional sub-aperture FSA
are as follows.

ing mode data processing as it provides a wider observable X = A - Xior (49)
azimuth extent compared to the conventional method, as con- 2 27 1
firmed in Fig. 9. To emphasize this property, additional point Xsub = by - Ax = by v - PRF (50)

target simulations for the case where ry = 2km and x; = Skm
are performed. As shown in Fig. 12, the proposed method
makes all targets show up at their actual locations without
aliasing. On the other hand, the sub-aperture method caused
azimuth aliasing in the SAR image domain, resulting in tar-
gets on the right and left sides appearing at reversed azimuth
locations. This is because the conventional sub-aperture FSA
has a limited observable azimuth scene size depending on
the system PRF value, as the azimuth SAR image domain is
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From the given simulation parameters, the observable
azimuth extents for full and sub-aperture methods are about
10.27km and 5.22km, respectively. The 5.22km value coin-
cides with the wrong azimuth locations of the aliased targets
P1,P4,P7 : (022 = —5 4+ 5.22)km and P3, P6, P9
(—0.22 = 5 — 5.22)km. In order for the sub-aperture method
to secure the same level of observable azimuth extent as the
full-aperture approach, the system PRF must be doubled,
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FIGURE 11. Two-dimensional wavenumber domain signal (a) before
performing RCMC, (b) after performing RCMC.

which means that an enormous amount of zero-padding is
required and may cause severe range ambiguity.

The validity of the proposed algorithm is quantitatively
verified through the point target simulations. The proposed
full-aperture method has precise focusing performance in
both range and azimuth for a wide image swath.

To verify the practicality of the proposed algorithm, actual
SAR raw data processing is performed. The satellite photo-
graph of the target area and SAR image results of the pro-
posed full-aperture and the conventional sub-aperture FSA
methods are given in Fig. 13. Both the proposed and con-
ventional methods provide focused SAR images that match
the satellite photograph. For a more precise comparison, SAR
images of the area indicated by the red box in Fig. 13(a) are
enlarged in Fig. 14. It is noteworthy that the SAR image of
the sub-aperture method is slightly out of focus compared
to that of the proposed method since the observed region
has a significant range displacement from the center of the
SAR image. This result is consistent with the point target
simulation results in which the focusing performance of the
conventional FSA in the azimuth direction deteriorates when
the range displacements of the point target from the center of
the SAR image are large. The practicality of the proposed
algorithm is demonstrated through the fact that the SAR
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FIGURE 12. Point target simulation results (rs = 2km and xs = 5km).
The top and bottom SAR images are the results of the conventional
sub-aperture and the proposed full-aperture FSA methods, respectively.
Note that P1, P3, P4, P6, P7, and P9 are aliased in the SAR image of the
sub-aperture method.

TABLE 3. Comparison between the proposed and various other methods
for sliding mode.

Method Approach Compatible signal model
Modified [19] | Sub-aperture Dechirped

[20 — 26] Sub-aperture Chirped

[27 — 36] Full-aperture Chirped

Proposed Full-aperture Dechirped

images processed with actual raw data matched the satellite
photograph.

In addition, Table 3 is given to compare the compatible sig-
nal models of the proposed and other sliding SAR processing
algorithms. As shown in Table 3, many sub- and full-aperture
methods have been developed to process sliding mode data.
However, most methods [20], [21], [22], [23], [24], [25], [26],
[27], 28], [29], [301, [31], [32], [33], [34], [35], [36] focus on
processing chirped signal models, and these techniques have
limitations in processing the dechirped signal models. This
is because the dechirped and the chirped signal model have
a significant difference, such as the presence or absence of
RVP, and therefore, precise SAR images are not generated
unless the algorithms are significantly modified according to
the signal model.

The conventional sub-aperture FSA in [19] developed fre-
quency scaling, a powerful method to process the dechirped
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(b)

(©)

FIGURE 13. Images of Ayers Rock. The range and azimuth swaths of the image are about 5.55km and 4.42km, respectively. (a) satellite photograph,

(b) proposed full-aperture FSA, (c) conventional sub-aperture FSA.

(@)

FIGURE 14. Enlarged SAR images (a) Proposed method, (b) conventional
method.

(b)

signal. However, since the algorithm is designed for the star-
ing mode, frequency aliasing may occur, or focusing will not
be performed properly when applied directly to the sliding
mode data. Therefore, the modified version of [19] for the
sliding mode was selected as a subject of the comparison
with the proposed full-aperture method. However, the method
showed a focusing performance degradation phenomenon in
the azimuth direction when there is a significant range dis-
placement from the center of the SAR image. In addition, the
observable azimuth extent is limited by the PRF value, which
means the sub-aperture FSA is unsuitable for processing
sliding mode data because the sliding mode acquires signals
corresponding to a relatively wide azimuth extent. On the
other hand, the proposed full-aperture FSA showed consis-
tent focusing performance in both range and azimuth over
a wide area. And also, a wide azimuth extent was secured,
which means the method is suitable for sliding mode data
processing.
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V. CONCLUSION

In this paper, a complete signal model and a full-aperture
processing algorithm for the dechirped sliding mode data
have been proposed. We incorporated the FSA, which is a
powerful algorithm to process the dechirped signal, into the
full-aperture method. By analyzing the modifications in the
signal model according to azimuth preliminary convolution
and Fourier transforms, a new signal model of the azimuth
convoluted sliding mode data with the dechirp-on-receive is
presented in the range-Doppler domain. Based on the sig-
nal model, a modified scaling factor for sliding mode and
full-aperture method is introduced. And also, the azimuth
compression parts required in the conventional FSA have
been replaced with a single multiplication process with the
modified azimuth-matched filter, which makes the algorithm
simple and accurate. To verify the validity of the proposed
algorithm, point target simulations for two scene sizes are
performed. The proposed full-aperture FSA method is advan-
tageous in that it provides precise and consistent compression
performance over a wide scene size in both range and azimuth
compared to the sub-aperture one. In addition, we demon-
strated that the proposed method is more suitable for pro-
cessing sliding mode data than the sub-aperture method by
showing that a wide observable azimuth extent is obtained.
The practicality of the algorithm is further demonstrated by
processing actual raw data and providing a proper SAR image
that matches the satellite photograph. It was discussed that
the proposed algorithm has the advantage of being able to
process dechirp-on-receive data compared to other sliding
SAR algorithms. We expect the proposed algorithm to be a
good reference for designing a processor for the dechirped
sliding mode data.
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Note that the conventional hyperbolic range equation
model from the straight path is not suitable for ultrahigh-
resolution SAR image generation when obtaining raw data
from long synthetic apertures in curved orbits, such as space-
borne sliding mode. In this case, an accurate range model
considering the curved orbital effect is required, and the
algorithm should be modified accordingly.

Future work includes detailed quantitative comparisons
between the proposed and other sliding mode processing
algorithms. This requires modifying the existing algorithms
to be compatible with the dechirped signal model.
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