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Abstract—This paper presents an efficient phase preserving
processor for the focusing of data acquired in sliding spotlight
and Terrain Observation by Progressive Scans (TOPS) imaging
modes. They share in common a linear variation of the Doppler
centroid along the azimuth dimension, which is due to a steering
of the antenna (either mechanically or electronically) throughout
the data take. Existing approaches for the azimuth processing can
become inefficient due to the additional processing to overcome the
folding in the focused domain. In this paper, a new azimuth scaling
approach is presented to perform the azimuth processing, whose
kernel is exactly the same for sliding spotlight and TOPS modes.
The possibility to use the proposed approach to process data
acquired in the ScanSAR mode, as well as a discussion concerning
staring spotlight, is also included. Simulations with point targets
and real data acquired by TerraSAR-X in sliding spotlight and
TOPS modes are used to validate the developed algorithm.

Index Terms—Azimuth scaling, SAR processing, ScanSAR,
spotlight, synthetic aperture radar (SAR), Terrain Observation by
Progressive Scans (TOPS).

I. INTRODUCTION

PACEBORNE synthetic aperture radar (SAR) systems

have usually had the capability to operate in stripmap
and ScanSAR imaging modes. Later on, the use of antennas
electronically steered also in the azimuth dimension allowed
an efficient implementation of the spotlight mode and of the
recently developed wide-swath Terrain Observation by Progres-
sive Scans (TOPS) [1] mode. A clear example of this versatility
is the TerraSAR-X satellite [2], which can acquire images in
stripmap, spotlight, and ScanSAR modes and has also acquired
images in the TOPS mode [3].

New imaging modes demand efficient processing algorithms.
Typically, stripmap processors have been adapted to the needs
of the different modes by adding pre- and/or postprocessing
steps [1], [4], [5], or new approaches have been developed [6]-
[10]. This paper proposes a unified approach for the processing
of sliding spotlight and TOPS imaging modes. In particular, the
new contribution focuses on the processing of the azimuth sig-
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nal, assuming that range cell migration (RCM) has already been
corrected. To this purpose, a new azimuth scaling approach,
called baseband azimuth scaling (BAS), has been developed.

The sliding spotlight and TOPS modes perform a steering of
the antenna (either mechanically or electronically) throughout
the data take. Consequently, the total azimuth signal band-
width might span over several pulse repetition frequency (PRF)
intervals. An efficient solution to overcome this insufficient
sampling is the use of subapertures [7]. This approach takes
advantage of the higher PRF with respect to the instantaneous
azimuth bandwidth, allowing the selection of (in many cases)
large portions of the raw data to perform the range-variant
processing. Afterward, the subapertures are recombined so that
only the full resolution azimuth focusing is left. However, if
classical matched filtering is used, a large reference function
is needed, provided that the azimuth spectrum has been ex-
tended to accommodate for the whole azimuth bandwidth. This
turns out to be an inefficient solution. Azimuth scaling with
spectral analysis (SPECAN) was proposed in [7] in order to
avoid the use of a large reference function. However, some
inconveniences arise in the sliding spotlight mode. First, extra
steps are needed in order to accurately perform the azimuth
weighting, and, second, folding in the focused domain (i.e.,
wrap around in the azimuth dimension) might result when using
the SPECAN approach. Similarly, the TOPS mode will result,
in most cases, in folding in time when using SPECAN.

This paper is organized as follows. Section II reviews the two
imaging modes, analyzing the properties of the azimuth signal,
whereas Section III presents the analytical derivation of BAS.
Section III-C addresses the possibility to process the ScanSAR
data using the proposed algorithm. In this case, the approach
becomes less efficient than the existing algorithms, e.g., [6], but
still more efficient than the direct solution consisting of a large
time extension before azimuth compression. A comment is also
given concerning staring spotlight in Section III-D, where it is
shown that the proposed approach turns unsuitable with such a
mode. Finally, Section IV presents the results using simulated
point targets and real data acquired by TerraSAR-X in sliding
spotlight and TOPS modes.

II. IMAGING MODES
A. Sliding Spotlight

The staring spotlight mode consists in the steering of the
antenna so that the main beam is always pointing at the
scene center. Doing so, the illumination time is increased, and,
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Sketch of the acquisition geometry of the two modes. 15 and 1. are the start and end squint angles, respectively, vsat is the forward velocity of the

satellite, 1ot is the rotation range distance, and T},,,s¢ 1S the burst duration, which only applies to TOPS. The rotation center in sliding spotlight is further away
from the swath, while, in the TOPS mode, it lies behind the sensor. (a) Sliding spotlight. (b) TOPS.
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Fig. 2. 'TFDs of the two modes. The solid lines represent the targets observed within the main antenna beam (the gray area represents the instantaneous azimuth
bandwidth). ¢, is the azimuth time, f, is the azimuth frequency, tq is the zero-Doppler time, and ¢, is the beam-center time, i.e., the time instant when the target
is illuminated by the maximum of the antenna pattern. The slope of the gray area is given by the Doppler rate at the rotation center. (a) Sliding spotlight. (b) TOPS

(one burst).

consequently, the resolution is improved but at the expense of
scene extension along the azimuth dimension. A compromise
between staring spotlight and stripmap is given by the sliding
spotlight mode [11], [12], where the rotation center of the
antenna beam is located beyond the swath, hence increasing the
observed azimuth scene extension at the expense of azimuth
resolution. Figs. 1(a) and 2(a) show the acquisition geometry
and the time—frequency diagram (TFD) for the sliding spotlight
mode, respectively. Note that the total azimuth bandwidth is
greater than the PRF (gray area at a given time instant).

B. TOPS

TOPS has been proposed as a new wide-swath imaging mode
[1]. It overcomes the problems of scalloping and azimuth-
varying signal-to-ambiguity ratio of the conventional ScanSAR
mode by means of steering the antenna in the along-track
direction. To achieve the same swath coverage and avoid the
undesired effects of ScanSAR, the antenna is rotated throughout
the acquisition from backward to forward at a constant rotation
rate w, [see Fig. 1(b)], opposite to the spotlight case. The

fast steering leads to a reduction in the observation time and,
consequently, a worsening of the azimuth resolution. However,
now, all targets are observed by the complete azimuth antenna
pattern, and, therefore, the scalloping effect disappears, and
azimuth ambiguities and signal-to-noise ratio become constant
in the azimuth dimension. At the end of the burst, the antenna
look angle is changed to illuminate a second subswath, point-
ing again backwards. When the last subswath is imaged, the
antenna points back to the first subswath so that no gaps are left
between the bursts of the same subswath.

Fig. 2(b) shows the TFD of one TOPS burst. The total az-
imuth bandwidth spans several PRF intervals, as in the spotlight
case. Note also that the rotation center is located behind the
sensor, and, as it happens in the ScanSAR mode, the focused
burst is much larger than the raw data burst, requiring special
care when performing the azimuth focusing.

A second possibility, called inverse TOPS [3], is to steer the
antenna in the same direction as spotlight using a rotation center
placed between the sensor and the illuminated swath. In theory,
the same performance as normal TOPS can be achieved, and
the processing is the same as for the conventional TOPS.
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Block diagram of the proposed processor for sliding spotlight and TOPS imaging modes. The first three rows of the pictures on the left show the TFDs

before and after each BAS step for both sliding spotlight and TOPS imaging modes, where the time and frequency spans are the same. In the second and third
row, the dotted gray and solid black lines represent the signals of the different targets before and after the corresponding step, respectively. The targets are located
at the same range distance but at different azimuth positions. In both modes, the scaling range is not equal to the range of the targets. The last row shows the
time—amplitude diagram of the focused signal. The new part of the processor is the BAS, including the phase functions H4—H7~. (a) Sliding spotlight. (b) TOPS

(one burst).

III. BAS
A. Theoretical Formulation

The block diagram of the proposed processor appears in
Fig. 3, while the Appendix derives the signal after each step
of BAS. In order to accommodate the larger scene bandwidth
in the sliding spotlight and TOPS modes, the data are divided
in azimuth blocks (subapertures), similar to the approach in
[7]. The subaperture size is selected, taking advantage of the
higher PRF with respect to the processed azimuth bandwidth
B proc- The size in seconds of the subaperture can be com-
puted with

PRF — Ba,proc

Toup =
Su |Krot‘

(D
where K, is the slope of the varying Doppler centroid intro-
duced by the rotation of the antenna (see Fig. 2). Using the
subaperture size given by (1), no aliasing is introduced into
the final focused image. After the division into subapertures,
the processing for each subaperture is continued with the corre-
sponding Doppler centroid. To achieve a smooth subaperture
recombination, the subapertures are formed with some over-
lap, e.g., 5%. The steps of RCM correction, secondary range
compression, and range compression are carried out using the

standard phase functions of Extended Chirp Scaling (ECS) [6]
(functions H1, Ho, and H3) for each subaperture, but note that,
for this purpose, other SAR processing kernels can also be used.
Once in the range-Doppler domain, BAS is performed, which
consists of the phase functions Hy, Hs, Hg, and H7. The first
step is the removal of the hyperbolic azimuth phase and its
replacement with a purely quadratic phase shape using

Ar
Hy(fo,7) =exp|j—r

0 - 1)

- exp[—727 fot,(r)] - exp {—jKﬂl-(r)fg] 2)

where f, is the azimuth frequency,  is the range vector of the
closest approach distances, A is the wavelength, and

3

where veg (1) is the range-dependent effective velocity. The as-
sumption of a hyperbolic phase history made by (3) needs to be
checked for every particular satellite system, as this assumption
becomes less accurate the larger the observation time. When-
ever this assumption were not valid, a numerical evaluation of
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(3) as presented in [13]-[15] would be required. Note that the
hyperbolic approximation is valid for the TerraSAR-X case.

The quadratic phase history inserted in (2) is described by
the scaling Doppler rate

2%2& (Tmid)

Ky = —
ol Arsel(7)

4)
where ver (Tmia ) is the effective velocity at midrange. The scal-
ing range 741 (r) is a function of r (it is neither constant as in [6]
nor equal to the original range vector r as in [16]). Its expression
is given in Section III-B. Since H,4 leads to a shift of the azimuth
signals that are not located at the scaling range, a slight exten-
sion of the azimuth time dimension is required. However, this
extension usually falls within the range attained by the exten-
sion of the subaperture size to the next power of two. Neverthe-
less, in order to minimize the needed extension, a linear phase
ramp is introduced, which is given by the second exponential
term in (2). The time shift ¢, (), whose expression can be found
in [7], causes the required time extension to be symmetric.

In the next step, an azimuth inverse fast Fourier transform
(FFT) is used for a transformation back to the azimuth/range
time. However, the total azimuth bandwidth of all the subaper-
tures still exceeds the PRF. Therefore, a demodulation is carried
out that is similar as that in [1] and [9] by using the following
derotation function:

Hs(to,r) = exp[—ijrot(r) <ty — tmid)2] 5)

where t, is the azimuth time and ¢,,;4 is the scene center time.
The chirp rate used in the derotation function depends on the
range and is given by [see Section III-B for the definition of

Trot (’I")]

_ 2”2& (Tmid)
ATyt (7)

Next, the individual subapertures are assembled. The effect
on the signal due to the derotation function can be seen in Fig. 3
for both imaging modes. At this point, the effective chirp rate
of the signal has been changed to Ko (1) = Kge1(r) — Kyot (7).
Due to the fact that, now, the data spectrum for all the targets is
demodulated, matched filtering can be applied using

Krot(r) = (6)

HG(favr) :W(fa)'exp[jl(:(r)fg] @)
with
7PRF+fdc <fa <PRF+fdc (8)

where f4. is the mean Doppler centroid of the data acquisition.
Note that azimuth sidelobe suppression can also be performed
at this stage by means of a weighting function W(f,). An
inverse FFT results in a focused signal. However, for phase
preserving processing, the data must be multiplied by the
following phase function:

Trot0

2
Hy(tq,r) = exp[jﬁKt(r) . (1 — TSCIO) (tg — tmid)2} 9)
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where

2Ugff (Tmia)
A (Trot(r) - TSCI(T))

and the definition of 7,40 and rgcjo is given in the next section.

The proposed processor achieves the phase preserving fo-
cusing in an efficient way without interpolations. Furthermore,
the azimuth image sampling can be selected as shown in the
following section, which is of interest in the TOPS mode to
avoid interpolations when combining the subswaths.

Ki(r) = — (10)

B. Selection of the Scaling and Rotation Vectors

In order to obtain the scaling and rotation range vectors, one
has to take into account two facts. First, note that the azimuth
image sampling after BAS is given by (see the Appendix)

Axﬁnal = Al‘orig : (1 - TSC1> (11)

Trot

where 7y is the scaling range used in Hy, r is the rotation
distance used in Hs, and Az, is the original sampling that is
equal to v, /PRF, where v, is the ground velocity. On the other
hand, the scaling operation (H,) modifies the rotation range, as
depicted in Fig. 3 and expressed by

Trot (T) = Trot0 — (’I" - Tscl) (12)
where 7,0t 1S the vector distance to the rotation center given by
the geometry, and note that no change occurs when the scaling
range is equal to the range of the target. If a constant scaling
range is used, a constant rotation range must be selected, as,
otherwise, the azimuth sampling would be range dependent as
shown in (11). However, because the effective rotation range
changes as given by (12), not all targets would be at the
baseband in that case, hence resulting in aliasing. Therefore,
as it is desired to have the same azimuth image sampling for all
the ranges and, at the same time, properly demodulate all the
targets, the combination of (11) and (12) yields the following
scaling and rotation vectors:

Tsclo

Tscl (7") = Trot (7") (13)

Trot0

rot (7") o Troto — T

= (14)
1- TsclO/TrotO

where 7o is a scaling range selected considering the desired
azimuth image sampling and should be within the range of the
respective subswath in order to minimize the needed extension
of the subapertures. By doing so, the azimuth image sampling
is given by

Axﬁnal = Axorig . <1 - rSClO) . (15)

Trot0

Note that, in the TOPS mode, .0 is negative so that the new
image sampling is larger than the original raw data sampling.
This is desirable, as the resolution is worse than in the strip-
map case.
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Fig. 4. TFD of the ScanSAR mode. The time and frequency spans are the
same as those shown in Fig. 2.

C. Processing of ScanSAR Data With BAS

The ScanSAR mode is a well-known wide-swath imaging
mode [5], [6], [8], [17], [18], which extends the illuminated
swath by periodically switching the antenna pointing to illu-
minate different subswaths. Therefore, the azimuth resolution
is worse when compared to the stripmap case due to the smaller
illumination time. Fig. 4 shows the TFD of one burst, which
has the same time and frequency spans as those shown in
Fig. 2. It can be observed how the Doppler centroid varies
depending on the azimuth position of the target, but, opposite
to the spotlight and TOPS cases, the total azimuth bandwidth
lies within the PRF. Similar as TOPS, the scene extension is
larger than the raw data burst, hence requiring special attention
when performing the azimuth focusing. There exist several
approaches to solve this problem in an efficient way [5], [6],
[8]. Indeed, BAS can also process the ScanSAR data. The
solution is less efficient than some of the existing approaches
but still more efficient than the standard matched filtering
approach, which requires a large time extension to avoid folding
in time.

ScanSAR is a special case concerning BAS, as no explicit
rotation range exists. However, one can profit of the fact that
changing the Doppler rate shifts the signals by an amount that
is equal to

tan ¢ (ta)

St(ta,m) = (Tse —7) »
g

(16)

where 1(t,) is the squint angle at time instant ¢,. Since ¥ (t,)
depends on the azimuth position of the target in the ScanSAR
case, this step introduces an artificial rotation range, which
can be used to derotate the azimuth spectrum and focus the
signal using BAS. Fig. 5 shows this effect. Note, again, that
the derotation shall depend also on the range, as the quotient
between the scaling and rotation vectors must have the same
value for every range. Consequently, the equations to obtain the
scaling and rotation vectors in ScanSAR are

re(r)=r-(1-a)

ot (r) =rit(r) —r = —ar

7)
(18)

where « is a value between zero and one and can be selected as
a function of the desired azimuth image sampling, and (12) has

fa fa
ta ta
(a) (b)
fa A
(©) d)

Fig. 5. Diagrams of a ScanSAR burst before and after each step of BAS. The
three targets are located at the same range bin but different azimuth positions.
(a) TFD before H4. (b) TFD after Hy. (c) TFD after Hs. (d) Time—amplitude
diagram after He and H7.

been used with 7o = 0 to obtain (18). The final pixel spacing
is then given by

19)

where oo must be large enough so that the final sampling accom-
plishes the Nyquist criterion for the given ScanSAR resolution.
Note that 74 (r) is never equal to r as that would mean that no
shift of the signal in time is occurring for that particular range.
Consequently, no artificial r,.¢ would be introduced, preventing
the use of BAS as such. This can represent a drawback if
efficiency is considered, as the extension to accommodate the
shift of the signal due to H, will be larger than that in the
sliding spotlight and TOPS modes. The necessary extension in
the ScanSAR case is given by [6]

Toxy = Tq - ‘Ck| — Thurst - @ (20)
where Ti,.s¢ 1S the burst duration and 7, corresponds to the
footprint of the antenna, i.e., the stripmap synthetic aperture
length in seconds. The first term in (20) accounts for the shift
described in (16), while the second term considers the shrinking
or stretching of the signal envelope. As an example, consider
a ScanSAR system with Tyt = T, /4, and assuming o =
0.25 yields an extension that is equal to 0.75 - T},yst, 1.€., the
time extension is almost the same length as the burst itself.
Nevertheless, it is not three times more, as it would be required
in order to use the standard matched filtering, noting also that,
in the latter, the signal would be unnecessarily oversampled.

Finally, note that, in (9), the term (1 — 7g.10/7rot0)? should
be substituted by 1/a? in the ScanSAR case, as no explicit
definitions for rscg nor roto exist. Furthermore, the subaper-
ture formation and recombination are not necessary to process
a burst in ScanSAR, as the azimuth bandwidth falls within the
system PRF.

D. Discussion on Staring Spotlight

The staring spotlight mode is a particular realization of the
sliding spotlight mode when the rotation range is at the scene
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3
,I;cene

Fig. 6. TFD of the staring spotlight mode. Note that the rotation center is at
the scene center. The time and frequency spans are the same as those shown in
Fig. 2.

center, as depicted in Fig. 6. This configuration prevents the
use of the proposed BAS approach because, after derotation,
the targets have no modulation left, i.e., the effective chirp
rate K.g is zero. This is, indeed, the approach in [7], where
a subsequent FFT already focuses the data in the frequency
domain (SPECAN approach). It might be possible to leave a
small effective chirp rate in the signal, but, then, the targets
at the scene edges would not be properly demodulated. Fur-
thermore, even assuming a PRF that is larger than the azimuth
bandwidth, the processing would not be efficient due to the
needed extension to avoid folding in time. Therefore, BAS is
not suitable for staring spotlight.

At this point, it is interesting to find out the limits of BAS
when processing sliding spotlight data, i.e., which should be
the minimum rotation range in order to efficiently apply BAS.
First, it must be satisfied that K g is nonzero and, second, that
the bandwidth of the demodulated spectrum is smaller but close
to the instantaneous bandwidth, i.e., the stripmap bandwidth.
The bandwidth of the demodulated spectrum is (see Appendix)

By, = ‘Keff s s 1)

To

where T, is the target observation time, which can be com-
puted as a function of the desired azimuth resolution §,, with

)\7"()
20404y

Tobs = (22)

where v is the satellite velocity. By taking the instantaneous
bandwidth as

2Us Gaz
A

BLI;St ~

(23)

where 0, is the 3-dB azimuth antenna beamwidth, the required
rotation range must satisfy

Tscl
r00az

24
1 B rYUgTobs

Trotd =

where 0 < v <1 specifies how much of the instantaneous
bandwidth should be occupied by the demodulated spectrum.
A conservative threshold would be v > 0.8. If the threshold
is relaxed, it might occur that the image sampling is much

775

TABLE 1
MAIN SYSTEM AND PROCESSING PARAMETERS
FOR THE SIMULATION IN SECTION IV-A

Carrier frequency 9.65 GHz
Azimuth beamwidth (3 dB) 0.33°
System PRF 3475 Hz
Sampling frequency 150 MHz
Height 514 km
Effective velocity 6800 m/s
Mean look angle 30.42°
Maximum steering angle +0.43°
Burst duration 0.2667 s
Imposed azimuth resolution 16 m
Rotation range —120.8 km
Scaling range 596.1 km
Image sampling (rangexazimuth) 1.0m x 11.61m

smaller than the image resolution, hence requiring an extension
in the time domain before the last forward azimuth FFT to avoid
folding in time.

This same effect can also be explained by considering the
scaling operation, which, in the sliding spotlight case, stretches
the azimuth time axis by a factor that is equal to

T'rot0

(25)

o= ————.
Trot0 — Tsclo

A target with zero-Doppler position tg = tyq + At will
appear focused at position ¢, = tyiq + aAt. Folding in time
will occur whenever ¢, lies beyond half of the acquisition time,
requiring an extension in the time domain and, hence, reducing
the efficiency of the proposed algorithm.

In any case, it is interesting to comment the modifications in
the block diagram in Fig. 3 to include the approach presented
in [7] in order to process the staring spotlight data. The range-
variant processing is the same, and only the phase functions H,
Hj5, and H7 are slightly modified, while Hg and the last inverse
azimuth FFT are not needed. Therefore, H, is given by

HE ) = exp [ 5 () = 1)

- exp[—j27 faty(r)] - exp [_]I;;f3:| (26)

scl

where the superscript ss stands for staring spotlight. Note that
a constant scaling range for all the ranges is used. Deramping
is then performed with the following 1-D phase function:
HE(to) = W(ta) - exp[—jmKS - (ta — tmia)?]  27)
where W (t,) is the weighting function, which can efficiently
be applied in the time domain in the staring spotlight mode. A
subsequent azimuth FFT focuses the data in the Fourier domain,
where every target is focused at a frequency given by
fO = 5521 : (tO - tmid) (28)
so that, similar to BAS, the scaling range is selected as
a function of the desired azimuth image sampling. Finally,
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Fig. 7. Contour plots showing the processing result of nine point targets located at (top) near, (middle) mid-, and (bottom) far range within a TOPS burst. Contour

lines at —3, —15, —30, and —40 dB.

Fig. 8.

Sliding spotlight image acquired by TerraSAR-X over the Chuquicamata copper mine, Chile. The range is horizontal, and the azimuth is vertical, with

near range on the left side. The image dimensions are 6.8 km x 10.9 km (azimuth X slant range).

phase preservation is achieved with the following phase
multiplication:

(29)

f2
H () = e i ]
scl
Therefore, with the necessary adjustments, the proposed
block diagram can be used to process the data in four acqui-
sition modes other than stripmap, namely, sliding and staring

spotlight, TOPS, and ScanSAR. The azimuth processing can
be performed either with BAS (sliding spotlight, TOPS, and

ScanSAR) or with SPECAN and standard azimuth scaling, i.e.,
the approach initially proposed for staring spotlight [7], sliding
spotlight [12], and ScanSAR [6].

E. Discussion

An interesting observation with BAS is that the image sam-
pling is changed drastically. For example, in the TOPS mode
using the system parameters of TerraSAR-X shown in Table I,
the final azimuth sampling is about four times the original one.
It occurs similarly with the other modes. Indeed, as stated in its
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name, BAS is nothing but a scaling approach as used in ECS to
perform RCM equalization [6], [19] or as in [16] to change the
azimuth image sampling. In such cases, the scaling operation
is applied to the demodulated data. The main limitation when
applying the scaling approach is that, if the new sampling is too
different from the original one, aliasing in the frequency domain
might be introduced [6]. However, in the imaging modes under
study, aliasing is what one is looking for, i.e., a large shift of
the spectrum is introduced in order to demodulate it. Therefore,
every phase function of BAS has a clear interpretation linked to
the different steps to perform compression, but an interpretation
as a classical scaling approach is also possible. The key point
in BAS is the selection of the different scaling and rotation
ranges in order to properly demodulate all the targets and, at
the same time, maintain the same image sampling for all the
ranges.

IV. EXPERIMENTAL RESULTS
A. Simulation Results

In order to validate the proposed BAS approach, the TOPS
raw data of nine point targets were simulated. The main system
and processing parameters appear in Table I. Fig. 7 shows
the interpolated contour plot of the processed targets. The
nine point targets have different range and azimuth positions
corresponding to the same TOPS burst. They are arranged in
such a way that the targets in the corner positions limit a scene
with the dimensions of 7.2 km X 24.6 km in the azimuth and
range, respectively. The maximum deviations of the measured
resolutions from the theoretical values are 2% in the azimuth
and 1% in the range. The phase preservation of the algorithm
was also validated and was found to be within 1° accuracy. The
same simulations were carried out with sliding spotlight and
ScanSAR, with similar results.

B. Results With TerraSAR-X Data

The real data acquired by TerraSAR-X in TOPS and sliding
spotlight modes are presented next. Fig. 8 shows a sliding spot-
light image processed with the proposed SAR processor using
the BAS algorithm. The main system and processing param-
eters appear in Table II. The data were acquired on July 4,
2007, over the Chuquicamata copper mine, located in the
Atacama Desert, Chile. A Hamming window was applied in
both dimensions for sidelobe suppression.

The flexibility of the phased array antenna of TerraSAR-X
concerning the operational commanding has allowed an effi-
cient implementation of the TOPS mode even though this mode
was not foreseen when designing the system. A data take over
Uyuni salt lake, Bolivia, was acquired on September 29, 2007,
in a descending orbit configuration. The main system and
processing parameters of the data take appear in Table III.
The TOPS acquisition consists of four subswaths, with a com-
manded resolution of 16 m. The azimuth image sampling that
minimizes the extension considering all the subswaths is 9.2 m.
Fig. 9 shows the focused image, with scene dimensions of
120.7 km x 68.1 km (azimuth x slant range). There are a total
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of eight bursts per subswath, and the anticipated absence of
scalloping is evident [3].

The image quality parameters have been analyzed as well as
the phase preservation using an interferometric pair of the data
take shown in Fig. 9. All the results are well in accordance with
the theoretical and simulated values [20].

V. CONCLUSION

This paper has presented a new azimuth scaling approach,
named BAS, which is suitable to process the data acquired
in sliding spotlight and TOPS imaging modes. It achieves an
efficient focusing of the azimuth signal by selecting an image
sampling that is close to its resolution. The azimuth-dependent
Doppler centroid due to the steering of the antenna permits such
a drastic change of the image sampling with BAS, which would
lead to aliasing in a conventional stripmap signal. The whole
processing algorithm has been presented. It includes a subaper-
ture approach to take into account the total azimuth bandwidth,
which can span over several PRF intervals. Any kernel can
be selected to perform the range-variant processing, but, here,
the so-called ECS has been proposed [6], with the benefit that
the whole processing, including BAS, is performed without
interpolations. BAS has also the advantage that the azimuth
image sampling can be selected, which is useful in the TOPS
case in order to impose the same sampling to all the subswaths,
avoiding, again, the need of interpolations when combin-
ing them.

It has been further shown that BAS can also be used to
process the data acquired in the ScanSAR mode. Although less
efficient than some existing approaches, it shares the same ker-
nel as for TOPS and sliding spotlight, with the only difference
being the computation of the scaling and rotation range vectors.
In any case, it is interesting to have a kernel that is capable of
processing three different imaging modes.

A comment has also been made concerning staring spotlight
since BAS is not suitable to process the data acquired in this
particular mode. Therefore, a criterion has been provided in
order to know whether BAS can efficiently process or not a
given sliding spotlight acquisition. The necessary modifications
in the proposed algorithm to process the staring spotlight data
have been also included for completeness.

Finally, the simulated data of nine point targets and the real
data acquired by TerraSAR-X in sliding spotlight and TOPS
imaging modes have been used to validate the performance of
the proposed processor.

APPENDIX

This appendix is meant to help understand the different steps
of BAS. The 1-D signal of one target after RCM correction
without unnecessary terms can be expressed as

so(t;ro) = rect ( C) - exp {—jll;\rR(t; To):l (30)

obs

where 7 is the closest approach range distance, R(t; () is the
distance between the target and the sensor as a function of the
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TABLE 1I
MAIN SYSTEM AND PROCESSING PARAMETERS
FOR THE SLIDING SPOTLIGHT ACQUISITION

Carrier frequency 9.65 GHz
Azimuth beamwidth (3 dB) 0.33°
PRF 3798.6 Hz
Sampling frequency 164.82 MHz
Chirp bandwidth 150 MHz
Effective velocity 7391.42 m/s
Data take duration 3.16s
Azimuth resolution 1m
Rotation range 1061.5 km
Scaling range (= 7miq) 617.1 km
Image sampling (rangexazimuth) 0.91m X 0.81m

TABLE 1II
MAIN SYSTEM AND PROCESSING PARAMETERS
FOR THE TOPS ACQUISITION

PRFs 4391 / 4054 / 3744 / 3437 Hz
Sampling frequency 109.88 MHz

Chirp bandwidth 100 MHz

Effective velocity 7373.63 m/s

0.67° /0.64° / 0.64° / 0.62°
0.48 7/ 0.47 /0.49 /0.48 s
16 m
—151/ =155/ —161 / —164 km
712 /664 / 623 / 569 km
1.36m x 9.21m

Maximum steering angles

Burst durations

Azimuth resolution

Rotation ranges

Scaling ranges

Image sampling (range X azimuth)

azimuth time ¢, and t. is the beam-center position, which is
related to the zero-Doppler one with

,
to =1ty — — tany
Vg

€2V

where 1) is the mean squint angle. After H 4, the Doppler rate of
the signal is changed to that of the scaling range, yielding

t— tc,scl

ﬁﬂ“lTo‘bs

To

s1(t;ro) = rect cexp [ Kga - (t — t0)2]

© exp {—j 47#7"0} (32)

where the envelope has been shifted and scaled and, also, the
Doppler rate corresponds to the one of the scaling range. After
multiplying by Hs and rearranging some terms, the signal
becomes

- tc,scl

Tscl
ro Tobs

s9(t;rg) =rect cexp [ Keg - (t — to)?]

4
- exp {—j%ro] - exp [jﬂ'Kmt . (t% — tfnid)]

- €Xp [_j27TKrot : (tO - tmid)t] (33)
where Ko = Ky — Kiot- The third exponential term is the
so-called residual video phase [21], while the last one is re-
sponsible for the demodulation of the target. An azimuth FFT

Fig. 9. TOPS image acquired by TerraSAR-X over the Uyuni salt lake,
Bolivia. The range is horizontal, and the azimuth is vertical, with near range
on the right side. The image dimensions are 120.7 km x 68.1 km (azimuth X
slant range).

using the stationary phase principle [22] leads to the following
signal:

SQ(fa;TO)

= rect

Jfa

K eff Ts(c)l Tobs

(fa+Kr0t : (tO - tmid))2:| - €Xp |:_j477r’r0:|
- tmid)2] .

- exp[—727 foto]

T
Keff
cexp[—jmKyor - (fo

el
(34

Finally, after multiplying by Hg, an inverse FFT leads to

. Tscl
S3 (t; TO) =smc |:Keff T_Tobs
0

~(to — tmid))]

A )
- exp [—] Tro} -exp|—jmKy - (to — tmid)Q]

(35)
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where the last exponential term is a phase offset that needs to
be corrected and

2025 (Tmid)

K, = ———eff/mid)
K A (rrot - rscl)

(36)

From (35), it can be inferred that the sampling has changed
by a factor given by

Ko Dt ‘ Au
a rot
(37

where Azoig = vg/PRF and K|, is the original chirp rate of
the target. Note also that the new position ¢, of the target is

Trot Tscl

/
ty = to — — tmid)
Trot — Tscl

(38)

tmid = tmia + o - (to
Trot — Tscl

which is used to derive H; in order to achieve phase
preservation.
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