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Abstract

This paper presents results on SAR interferometry with the so-called TOPS mode. The rationale to retrieve accurate
interferometric products with such a mode is expounded, emphasizing the critical step of coregistering the pairs. Due to
the particularities of the TOPS mode, a high Doppler-centroid is present at burst edges, demanding very high azimuth
coregistration performance. A coregistration accuracy of one tenth of a pixel, as it is usually recommended with interfer-
ometric applications, will result in a large undesired azimuth phase ramp in the TOPS mode, above all at X-band. This
paper presents two approaches based on the spectral diversity technique to estimate this offset with the required accuracy.
Experimental results with repeat-pass TerraSAR-X data are shown to validate the proposed approach.

1 Introduction

TOPS (Terrain Observation by Progressive Scans) 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 for-
ward at a constant rotation rate ky (see Fig. 1), opposite to
the spotlight case. The fast steering leads to a reduction of
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 diminishes and the azimuth ambiguities
and the signal-to-noise ratio become constant in azimuth.
At the end of the burst, the antenna look angle is changed to
illuminate a second subswath, pointing again backwards.
When the last subswath is imaged, the antenna points back
to the first subswath, so that no gaps are left between bursts
of the same subswath.
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Figure 1: Sketch of the TOPS acquisition geometry.
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Fig. 2 shows the time-frequency diagram (TFD) of one
TOPS burst. The total azimuth 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. Note in Fig. 2 the depen-
dence of the Doppler centroid on the azimuth position of
the target within a burst, whose variation can reach several
PRF intervals (the PRF is the gray area for a given time
instant).
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Figure 2: Time frequency diagram in the TOPS mode.

2 TOPS Processing

In order to retrieve accurate interferometric products, a
phase-preserving processor is necessary. Baseband az-
imuth scaling (BAS) has been proposed as an efficient
phase-preserving processor for the TOPS imaging mode,
as well as being suitable for sliding-spotlight and ScanSAR
[2]. The so-called extended chirp scaling (ECS) [3] is
used for the range-variant processing, while BAS is used
for the efficient focusing of the azimuth signal. In order
to accommodate for the signal azimuth bandwidth, which
in the TOPS mode is larger than the system PRF, a sub-
aperture processing is performed, so that the sub-aperture
bandwidth fits within the PRF. Afterwards, BAS is used



to perform the azimuth focusing in an efficient way, as the
signal bandwidth still spans several times the PRF inter-
val. Furthermore, the scene extension is larger than the raw
data burst. BAS consists in a modified azimuth scaling ap-
proach, which solves these two problems simultaneously
in an efficient way.

Table 1: Main System and Processing Parameters for the
TOPS Acquisition

Wavelength 3.106 cm

# Swaths 4

# Bursts / swath 13

PRFs 411274030 /4998 / 3897 Hz
Sampling frequency 109.88 MHz
Chirp bandwidth 100 MHz
Effective velocity 7392.58 m/s
Burst durations 0.23/0.25/0.23/0.27 s
Cycle time 1.005 s

Target Az. bandwidth 433 /4427356 /1 457 Hz
Range sampling 1.36m
Azimuth sampling 0.001551s (~ 11m)
Mid range 562 /574 /584 /598 km

—94/—-105/-96/ —124 km
13/14/12/11 Ms
1.2/1.6/3.6/1.8 Ms

Rotation range
Samples per burst
Samples in overlap area

3 TOPS Interferometry

3.1 Coregistration Accuracy Requirements

Similar as with ScanSAR, a precise knowledge of both the
pointing accuracy and the along-track position are neces-
sary in order to retrieve an interferometric pair with over-
lapping spectra [4]. However, one of the most challeng-
ing aspects in TOPS interferometry is the fact that the ac-
quired data have large Doppler-centroid variations within
a burst. For typical TerraSAR-X TOPS acquisitions, the
Doppler centroid can vary by more than 7 kHz within one
burst. It is well known that in presence of squint, linear
phase ramps are induced in the focused response both in
azimuth and range [5, 6]. Thus, constant misregistration
can cause the presence of along-track and across-track lin-
ear phase ramps, of which the latter is in most cases neg-
ligible. However, since each TOPS burst is acquired with
a varying Doppler centroid every focused point presents a
different linear phase ramp in the azimuth direction. The
slope of the ramp depends on the Doppler centroid. The
resulting interferometric TOPS phase bias in the presence
of azimuth misregistration is similar to the ScanSAR bias
and is equal to [6]

¢azerr = 27TfDCAt7 (1)

where fpc is the Doppler-centroid and At is the coregis-
tration error in seconds. Within a burst, this corresponds to
a linear phase term along azimuth, since fpc is a function
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of the azimuth position within the burst. For a TerraSAR-
X acquisition as given in Table 1, the Doppler variation
reaches 5.4kHz. With the given image sampling, a mis-
registration of 0.1 pixel spacing introduces a ramp of ap-
proximately 1.67 within the burst. Therefore, an overall
azimuth coregistration accuracy better than 0.001 of the
pixel spacing is required for this configuration in order to
achieve an error smaller than 3°.

3.2 Fine Coregistration with Spectral Diver-
sity

Note that the above requirement applies mainly to a con-
stant coregistration offset for the whole burst, and the
achievable relative coregistration accuracy can be much
better than this requirement. First, a coregistration can be
performed either using orbit’s information and an exter-
nal DEM, amplitude cross-correlation, or coherence max-
imization, all of which yield accuracies better or around
one tenth of a pixel. Then a fine coregistration using spec-
tral diversity [6] with a large number of looks (all available
data) would result in the required fine accuracy. Two pos-
sibilities are foreseen: the use of spectral diversity within
a burst, or the use of spectral diversity in the overlapping
region between two consecutive TOPS bursts. In the lat-
ter case, the spectral separation is much larger than the
separation within the signal bandwidth due to the azimuth
steering, and consequently much higher accuracy can be
obtained. The achievable accuracy in the estimation of the
coregistration error with spectral diversity in image sam-
ples is given by [7]

o \/io'look 1

T4 T o0AS At @

where Af is the separation between looks, dt is the im-
age sampling in seconds, and ojo0k 1S the phase standard
deviation of one look given by [7]

Olook = L \/E 1_,721
V2N/a V b v

where B is the processed bandwidth for a single target, b is
the look bandwidth, N is the number of averaged samples,
~ is the interferometric coherence, and « is the oversam-
pling factor. When using the first possibility, i.e. spectral
diversity within one burst, it has been shown in [7] that
when b = B/3 (Af = B —b), eq. (2) approaches the
Cramér-Rao bound in the estimation of the coregistration
error. When using the second option, i.e. spectral diversity
in the overlapping region between two consecutive bursts,
in (3) b = B, since the whole bandwidth is used. The sec-
ond difference lies in the spectral separation A f in (2). It
can be shown that the spectral separation for the same pixel
in two consecutive bursts is equal to

3)

Afovl = ) (4)
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where vegr 1s the effective velocity, r is the range distance,
Trot 1S the rotation range, i.e. distance from the sensor to
the rotation center, and Tty is the cycle time of the TOPS
acquisition.

Fig. 3 shows the expected performances for the two pre-
sented possibilities. The system and processing parameters
shown in Table 1 have been used for that purpose. As ex-
pected, the accuracy obtained using the overlap area is bet-
ter than using one burst, since the final accuracy improves
inversely proportional to A f, while only inversely propor-
tional to the square root of the number of averaged sam-
ples. Nevertheless, the performance of both approaches is
sufficient to estimate the desired value, even for very low
coherence values. Note also, that the information of all
bursts can be used to further increase the number of looks
(factor ~ 7.2 for the data shown in Section 4), since the
constant offset applies to the whole acquisition, provided
an accurate burst alignment on the processors’ side. Be-
sides the better performance of the second approach, it has
also the advantage that the looks are already available, i.e.
only the overlapping area of the left and right burst inter-
ferograms needs to be combined to generate the spectral
diversity phase. This saves computational load when com-
pared to the first approach, where the looks need to be gen-
erated explicitely. On the other hand, this approach has an
important drawback: due to the larger sensitivity, the spec-
tral diversity phase is might be wrapped. The maximum
coregistration error in pixels that can be measured without
aliasing is Apmax = 1/(Af - dt). Using (4) and the pa-
rameters of Table 1, for this particular case this value is
equal to 0.12 pixels. Therefore, it must be ensured that
the residual coregistration error is smaller than this value,
since otherwise a wrapped (wrong) value will be estimated.
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Figure 3: (left) Error in the estimation of the constant
azimuth coregistration error within one burst for different
coherence values (the dashed line shows the Cramér-Rao
bound [7]), and (right) the same error when using the over-
lap area between consecutive bursts. The system and pro-
cessing parameters of Table 1 have been used.

4 Experimental Results

Time series over Mexico City with the TOPS mode have
been acquired by TerraSAR-X in both descending and as-
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cending configurations. The ascending one has been ac-
quired every cycle, i.e. every 11 days, while the descend-
ing one is interleaved with stripmap mode acquisitions,
providing TOPS data every 22 days. Fig. 4 shows the
TOPS reflectivity image of the descending configuration.
The acquisition was commanded with four sub-swaths,
thirteen bursts per sub-swath and an azimuth resolution of
16 m. Fig. 5 shows the coherence of a 22-day interfero-
metric pair.

Figure 4: TOPS acquisition over Mexico City in a de-
scending orbit configuration. Azimuth is vertical and range
is horizontal, with near range on the left. Image dimen-
sions: ~ 100 x 100 km (ground-range).

Figure 5: Coherence over Mexico City with 22 days
repeat-pass. The coherence ranges from 0 (black) to 1
(white).

4.1 Coregistration validation

In order to validate the achievement of the coregistration
requirements, the third sub-swath of the Mexico City data
take has been selected. Fig. 6 shows the interferometric
phases after subtracting the SRTM DEM phase before and
after the refined coregistration procedure (using one single
burst). The coregistration error before is around 0.05 sam-
ples, corresponding to a 0.87 phase variation along each
burst, which can be clearly identified, as well as the phase
discontinuities between the bursts. After the refined coreg-
istration, the phase ramps have vanished. The remaining



phase variations that can be observed are due to atmo-
sphere, residual DEM errors, and deformation (see Sec-
tion 4.2).

Figure 6: TOPS interferometric phase. (left) With a coreg-
istration error of 0.05 samples. (middle) After using the
first approach based on spectral diversity. The absolute
azimuth coregistration error is better than 0.001 samples.
(right) RGB representation where the phase of the odd
bursts is in the red channel, and of the even bursts in the
green and blue channels. The overlap areas appear mainly
gray, hence proving no phase ramps are present.

Figure 7: Geocoded reflectivity image together with three
TOPS differential interferograms over Mexico City . The
time-baselines are 22, 66 and 154 days.

4.2 DInSAR Results

Fig. 7 shows three geocoded TOPS differential interfer-
ograms over Mexico City with different time-baselines
(SRTM was used to remove the topography), ranging from
22 days to 5 months. The increase in the number of fringes
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over a large part of the city area clearly shows the sub-
sidence problem due to groundwater extraction [8]. Note
that at X-band every fringe corresponds to 1.5cm of defor-
mation in line-of-sight. No undesired phase ramps can be
observed in the interferograms, confirming the validity of
the proposed approach, and showing that it performs satis-
factorily even with long-term pairs.

5 Conclusion

This paper has presented special investigations concerning
the coregistration requirements in the TOPS mode. Due to
the high Doppler variation within a burst, a very precise
azimuth coregistration is needed. Two options to achieve
the requirements have been presented, namely the use of
spectral diversity either within a burst or between consec-
utive bursts. In both cases, the required performance can
be achieved, since only a constant offset needs to be esti-
mated and consequently a large number of samples can be
averaged. Results with TerraSAR-X data have been pre-
sented to validate the proposed approaches. Further work
will include the study of point-like scatterers to measure
the residual coregistration error.
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