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Abstract—Spotlight SAR interferometry is an attractive option for
high resolution mapping and monitoring. In this paper, the signal
spectral characteristics and the interfeometric properties of spaceborne
spotlight SAR are analyzed completely, and the effect of the azimuth-
variant Doppler to spotlight SAR interferometry is studied. Moreover,
a new coregistration algorithm, which contains coarse coregistration,
azimuth spectral filter, and accurate coregistration with adaptive
subspace projection, is proposed for spotlight SAR interferometry. The
algorithm is validated with real data experiment.

1. INTRODUCTION

Spotlight SAR and interferometric SAR (InSAR) are both advanced
operation modes of synthetic aperture radar (SAR) [1]. Spotlight SAR
offers the possibility of a very high geometric resolution in the azimuth
direction by sweeping the azimuth beam from forward to backward
during imaging [2-4]. On the other hand, interferometric SAR is a
powerful technique used to obtain Digital Elevation Models (DEM)
in remote sensing applications [5-9]. Consequently, interferometric
processing of spotlight SAR data may possess high resolution mapping
and monitoring capabilities.

After the launch of the German satellite TerraSAR-X in 2007,
a number of high resolution spotlight SAR data suitable for
interferometry became available and the first TerraSAR-X spotlight
interferograms were acquired in [6]. According to [6], the key
processing steps in spotlight SAR interferometry are described briefly.
In [10], some necessary modifications on the InSAR algorithms to
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process the TerraSAR-X spotlight data are presented. Persistent
scatterer interferometry is also introduced to process the TerraSAR-X
high resolution spotlight data in [11,12]. Moreover, the atmospheric
phase screen for spotlight data interferometry is investigated in [13],
and a spatial variation of coherence on the microrelief scale is analyzed
for high resolution spotlight images in [14]. However, the analytic
expressions of the azimuth spectral properties and the interferometric
properties for the spotlight SAR signal are not given. Moreover, the
persistent scatterer interferometry technique used may require several
SAR images to detect the solitary points.

The main topics of this paper are to analysis the signal spectral
characteristics and the interferometric properties of spotlight SAR.
Meanwhile, a coregistration algorithm is proposed for spotlight SAR
interferometry. Because X-band signals are reflected even by leaves,
and small changes of the scene may cause severe decorrelation of X-
band interferograms. Therefore, conventional coregistration methods
can not acquire expected results, and a new coregistration algorithm,
which contains coarse coregistration, azimuth spectral filter, and
accurate coregistration with adaptive subspace projection, is proposed
for spotlight SAR, interferometry.

The paper is organized as follows. Section 2 presents the principle
and signal properties of spotlight SAR. In Section 3, the interferometric
requirements and the spectrum of spotlight SAR interferograms are
analyzed in detail. Section 4 discusses important processing steps for
spotlight SAR interferometry. The performance is investigated by real
data in Section 5. Finally, Section 6 gives a brief conclusion.

2. SPOTLIGHT SAR

2.1. Principle of Spotlight SAR

The geometry of spotlight SAR is shown in Figure 1. The sensor rotates
the antenna throughout the acquisition from forward to backward. Let
us assume the antenna rotation at a positive rate ky, so its beam center
points in the direction

Ql)dc(T) = kiﬁT (1)
where 7 is the azimuth time. Because of the rotation of the antenna,
the azimuth antenna pattern of spotlight SAR can be described as

Gar((7)) = Gosine? [i <3~2§ - Wﬂ

L k.
= Gy sinc? [/\1;2 (1 _ 1 ¢>] (2)
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Figure 1. The geometry of spotlight SAR.

where L is the azimuth antenna size, while A is the wavelength, v, is
the sensor velocity, and Ry is the closest distance between the sensor
and the target. From (2), we can see that the spotlight SAR can be
dealt as a strip-map SAR with a fixed antenna size L. = oL, where «
is the shrinking factor and can be described as

Rok,

Us

a=1-

<1 (3)

Therefore the azimuth resolution of spotlight SAR can be approxima-
tively written as p ~ «L/2. That is, the spotlight SAR can obtain
better azimuth resolution than strip-map SAR.

2.2. The Signal and Spectral Properties of Spotlight SAR
Data

Since the spotlight SAR data differ from the strip-map SAR data only
in the azimuth direction, we can simplify the equations and consider
the azimuth direction of the spotlight SAR signal only. The effective
spotlight SAR azimuth raw signal of a point scatterer located at 7 = 7
can be described as [2]

hyaw(T; T0) = rect [T _TTCO] exp [jWFM(T — 70)2] (4)

where 7. is the center of the synthetic aperture time of the point
scatterer, T is the synthetic aperture time, and FM is the frequency
modulation rate

202
FM = -2 5
e (5)
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Transform the signal expressed in (4) into the Doppler frequency
domain, then the signal becomes

FM7y—FMr, 2
Hu(7570) =reed EEN N0 o (e S explej2nmad) (0

where f is the Doppler frequency, and Wgr, = |FM|T is the azimuth
bandwidth.

After the focusing of the azimuth signal, the point response of
spotlight SAR will be

hst(T;70) = sinc [Wgr (7 — 70)] exp [j27FM (70 — 70)(T — 10)]  (7)

From (7) we get that the spectrum of the point scatterer located at
T = 19 is approximately a rectangular-shaped band-pass spectrum, at
center frequency

Jo=FM (70 —70) (8)

For staring-spotlight mode, the antenna beam center points at
the observation scene center all the time; thus the azimuth synthetic
aperture time for all the scatterers are the same. That is to say, 7.9 is
a constant. From (8), we can get that the Doppler centroid frequency
varies near linearly with azimuth in staring-spotlight mode.

For sliding-spotlight mode, the synthetic aperture time of each
point scatterer is shorter than the recorder raw data time; thus the
point scatterers located at different azimuth positions have different
synthetic aperture time centers. That is to say, 7.9 varies with azimuth.
Since the spotlight mode provided by TerraSAR-X is sliding-spotlight
mode, we focus on this mode in detail. In order to give a clear
expression of the azimuth spectrum of sliding-spotlight mode, we can
rewrite (8) as [3]

fo=FM (100 — 10) = ka7o0 (9)

where k, is the Doppler centroid rate of the focused image. From (9) we
get that the Doppler centroid frequency also varies near linearly with
azimuth in sliding-spotlight mode. Consequently, the point response
of sliding-spotlight-mode SAR can also be described as

hsr(7; 10) = sinc [Wsr (T — 710)] exp [j27kq10(T — 70)] (10)

3. INTERFEROMETRIC PROPERTIES OF
SPACEBORNE SPOTLIGHT SAR

3.1. Interferometric Requirement for Orbit Property

If the two SAR images have been acquired at different times, the
structure of the scatterers may have changed in the meantime. For
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example, Forests tend to decorrelate due to movement of leaves and
branches. Therefore, short orbit repeat cycle may reduce the effect of
the temporal decorrelation. The 11 days repeat cycle of TerraSAR-X
may compensate some of the expected temporal decorrelation in X-
band when compared to ERS or ENVISAT (35 days repeat). Moreover,
shorter baseline can be obtained by better orbit maintenance, which
can reduce the effect of the baseline decorrelation. The baseline
coherence can be given by [15]
2py cos 0B |
"R (11)
where p, is the range resolution, ¢ is the look angle, and B, is the
baseline. For the TerraSAR-X system, the expected baseline is within
350m (standard deviation), which leads to 95% baseline coherence with
the typical parameters of TerraSAR-X spotlight products [16].

Ybaseline = 1

3.2. Interferometric Requirement for Azimuth Scanning
Pattern Synchronization

The beam center direction of spotlight SAR changes throughout the
imaging acquisition, which causes a Doppler centroid frequency drift
in the azimuth direction

2us
fae = —— Sin [thae(T)] (12)
And the Doppler centroid rate is
0 fae 2v,
k, = ~——Fk 13
or A Y (13)

From (13) we get that the Doppler centroid frequency in the focused
image of spotlight SAR varies near linearly with azimuth, which is
different from strip-map SAR. Therefore, the variation of the processed
azimuth spectrum of a spotlight SAR product should be considered in
spotlight SAR interferometric processing.

Moreover, in order to form a coherent spotlight interferogram,
the received Doppler frequency spectrum must overlap. That is to
say, the performances achievable by an interferometric spotlight SAR
system depend upon the capability to observe the same target by the
same squint angle. Any mismatch Ay would introduce a shift in the

azimuth spectrum
2v
Afue 2y (14
Because the antenna pointing error would lead to an azimuth
asynchronous scanning decorrelation, and to a loss in the interferogram
azimuth resolution, both images should choose the same azimuth

spectrum to ensure the quality of the interferogram.
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3.3. Spectrum of Spotlight SAR Interferograms

We assume the distributed scatterers input to the interferometry
system with the following complex reflectivity functions [17]

z1(1) = 1 —~ra(r) + Are(T) (15)

wa(r) = (VI =3rb(r) + Are(r) ) exp (j2nfpr)  (16)
The functions a(7), b(7), and ¢(7) are independent zero-mean white
circular complex Gaussian processes. yr denotes the temporal
coherence, and f, denotes an azimuth fringe frequency.

The focused spotlight SAR data is obtained by convolution with
the point response function from (10) by the following integral

si(1) = /hSL(T, 70)xi(10)dT0, 1=1,2 (17)

And the autocorrelation function of the focused spotlight SAR image
is given by

Rss(t,7) = E{s*(T)s(T + 1)} (18)
The spotlight SAR interferogram is
i(1) = s1(7)s3(7) (19)

And the autocorrelation function of the spotlight SAR interferogram
is obtained by

Rii(t,7) = E{i*(1)i(t +t)} = E{s](7)sa(T)s1(T + t)s5(7 + 1)} (20)
Submitting (10), (15), (16) and (17) into (20) yields

Rii(t) = W tri® <kat> sine? [(WsL — |kat|) 2]
WsL

+WE A2 tri? (ﬂ"> exp (—727 f,t) (21)
Wsr

For better comparison with other imaging modes, we define the
following normalized version of the autocorrelation function

= R (t,7) o f kat ) . o
i(t, 7) = =t — [Kat]) t
Bl T) = R O R (0) ™ (WSL>SmC [(Wor. = [atl) 1]
v tri? (%) exp (—j27 f,t) (22)

Then the normalized power spectral density of the spotlight SAR
interferogram can be obtained by performing Fourier transform of (22)

Sii(f) = — tri<f>+ tri(ﬁ”>25(f+f) (23)
N WL WsL T WsL v
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Therefore, the normalized power spectral density of the strip-map SAR
interferogram can also be obtained by the same method, which is given

by
~rtri (f“” ) 2<5(f+f ) (24)
Wstrip v

5 1 ([ f
Szz,strlp(f) Wstrip m <Wstrip> *
where Wiirip is the azimuth bandwidth of strip-map SAR.

From (23) and (24) we get that the power spectral density
of the spotlight SAR interferogram is similar with the strip-map
SAR. The difference between them is that their power spectral
density distributions are limited by their own azimuth bandwidth.
Consequently, the spotlight SAR interferometry can be processed with
the similar method for strip-map SAR, but special steps should be
considered to adapt the change of the bandwidth.

4. SPACEBORNE SPOTLIGHT SAR
INTERFEROMETRY

The processing of spotlight SAR interferometry is almost the same as
strip-map SAR. The great difference is that the space-variant spectrum
of spotlight SAR must be taken into account when dealing with
interferometric applications. The coregistration algorithm proposed in
this paper contains coarse coregistration, azimuth spectral filter, and
accurate coregistration. The detailed steps are listed in the following.

4.1. Coarse Coregistration

The slave image is resampled to the geometry of the master image
based on the annotated information of the TerraSAR-X products first,
then the spotlight SAR images are coarsely coregistered by the cross
correlation of the detected amplitude images [18].

4.2. Azimuth Spectral Filter

The Doppler centroid values fg.1 and fg.2 of both spotlight images
can be extracted from the annotated information of the TerraSAR-X
products. If fy.1 is different from fy4. 2, the azimuth spectral filter is
needed to extract the overlapping spectral part that can be processed
to an interferogram. Based on the analysis of Section 2.2, the Doppler
centroid frequency in the focused image of spotlight SAR varies near
linearly with azimuth, and the Doppler rate is k,, which looks as if a
gross quadratic phase was superimposed on the spotlight SAR image.
If we compensate that quadratic phase, the spectrum will become
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azimuth-invariant. From (10), we can get that the function used for
compensating the quadratic phase can be written as

h(t) = exp (—jmkat?) (25)
As a first step, we multiply (10) by (25), resulting in
sinc [Wsr (T — 70)] exp [j27ka70(T — T0)] €xp (—j’]TkaTQ)
= sinc [Wgp (T — 19)] exp [7.]'77']{5(1(7' - 7'0)2] exp (*jﬂ'k‘aTg) (26)
Now the spectrum of each scene is of band-pass type. Consequently

the common frequency band can be chosen using an azimuth bandpass
filter.

1 max (fae1 — Wi/2, facp — Wa/2) < f
h(f) = < min (fage1 +W1/2, faep + Wa2) (27)
0 elsewhere

where W7 and W5 are the bandwidths of the master image and the
slave image, respectively. Finally, we compensate the gross quadratic
phase by a multiplication with the conjugation of h(7).

4.3. Coregistration with Adaptive Subspace Projection

The coregistered complex SAR images, denoted as s(i), of a pixel pair
i (corresponding to the same ground area) can be modeled as [19]

s(1) = a(pi) ©x(i) + n(i) (28)

where a(p;) = [1,e¢/%]T is array steering vector, while x(i) is the
complex magnitude vector, and n(7) is the additive noise term. Define
the joint data vector S(i) of pixel pair i as [20]

S(i) = [s(i —4)T,s(i —3)T,...,s(i +3)",s(i + 4] (29)

In order to simplify the computation, we suppose that the
neighboring pixels have an identical terrain height, and then the joint
covariance matrix can be written as

Cs(i) = E{S())S" (i)} = A(p:) A" (pi) ©Rs(i) + 071 (30)

where A(p;) = [aT (;),aT (¢;),...,aT (¢;)]T is the joint array steering
vector, and Rg(7) is the joint correlation coefficient matrix.

By eigendecomposing Cg(i) we can obtain the principal eigenvec-
tor [a1,ag,...,apr], the noise eigenvector [apr4+1, @rr42, - - ., an], and
the noise power o2, where M is the number of the principal eigenvalues.

Then we can get
Rg(i) = abs (Cs(i) — o21) (31)
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Since Rg(i) does not contain the noise components, Rg(i) can be
eigendecomposed into

M
=D XuPmBi (32)
m=1
From (30) and (32) we get that the signal subspace spanned
by [a1,as,...,ap] can also be spanned by [A(p;) ® B1,A(p;) ©
Bove.., Alips) © Baal.
Therefore, the interferometric phase ¢; can be estimated by
projecting the joint signal subspace onto the joint noise subspace.

M N-M
901—m1n{2 Z (i Qﬁm) an+Ma7I‘L{+M (A(‘Pz)@ﬁm)} (33)

m=1 n=1

Since in practice we are unable to obtain ensemble averages
directly, the joint covariance matrix Cg(7) given by (30) is estimated
by the corresponding sample covariance matrix of independent and
identically distributed (i.i.d.) samples, which can be obtained from
the neighboring pixels

K

! Z S(i + k)SH (i + k) (34)

Csl) = 36r 71
where 2K + 1 denotes the number of i.i.d. samples, which is selected
with a constant 35 in [20]. However, this method does not take into
account the feature of the real spotlight SAR data.

According to the analysis of the subspace projection algorithm,
we can find that the phase filtering contained in the method can be
regarded as a slip window based filtering scheme, and the window size
depends on the number of i.i.d. samples [21]. The interferogram noise
will decrease with the increasing of the window size. However, the
valid coherence information may also be impaired with an oversize
window, and the estimation performance will decrease. Therefore, a
suitable window size, equivalent to the number of i.i.d. samples used
to estimate the joint covariance matrix, can be selected based on the
signal-to-noise ratio, which can be reduced at areas with high signal-
to-noise ratio and enlarged with low signal-to-noise ratio.

In addition, the signal-to-noise ratio can be related with the
coherence value by [22]

1
1+ SNR!

where v denotes the coherence value, and SNR denotes the signal-to-
noise ratio. From the relationship expressed in (35), the coherence can

v = (35)
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be recognized as a direct measure of the interferogram noise. Therefore,
it can be used to select the number of i.i.d. samples. Moreover, the
coherence value can be estimated simply from the two complex SAR
images s1 and sg (the interferometric pair) [23]

N
> 81,i85,
=1

(36)

7 N N
\/Z SLisT; 2. $2i8%;
=1 m,n=0
where subscript ¢ denotes the ith pixel of N neighboring pixels
averaged. Note that the coherence value is obtained approximating
ensemble averages with spatial means here.

Consequently, an adaptive scale factor is introduced to select the
number of i.i.d. samples based on the coherence value in this paper.
Normally the coherence value larger than 0.7 has been considered
as good coherence, so the number of i.i.d. samples corresponding
to the coherence value 0.7 is selected to 35 as the initial sample
number. Then, the required number of i.i.d. samples increases with the
decreasing of the coherence value, and decreases with the increasing of
the coherence value.

Thus, we assume that the expression of the number of i.i.d.
samples used to estimate the joint covariance matrix can be written as

Num = [x(7) x No] (37)

where [-] rounds a number to the nearest integer, Ny is the initial
sample number, « is the coherence value, and y is the scale factor,
which varies inversely with the coherence value

x(y) = e (38)

Consequently, the required number of i.i.d. samples can be reduced
at good coherence areas and enlarged at low coherence areas. Such
a modification prevents the areas of high coherence (less noise) being
overfiltered, but allows stronger filtering in areas where there is a low
coherence (high noise).

Moreover, the forward/backward smoothing scheme is adopted for
the joint covariance matrix to achieve superior performance [24]

K
S(i 4 k)ST(i + k)
k=—K

. 1
CS“)::§Eﬁ?1?5

K
+J ( > S+ k)SH(i+ k:)) J (39)

k=—K
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where J is the inverse diagonal matrix, 2K + 1 denotes the number
of i.i.d. samples, and its value varying with the coherence value is
obtained from (37).

4.4. Phase Unwrapping

The phases estimated from interferogram are still ambiguous by integer
multiples of 2w. For applications such as terrain reconstruction
from across-track interferograms, we must resolve this ambiguity.
The Flynn’s minimum discontinuity algorithm is a classic phase
unwrapping method [25], which is guaranteed to produce a “minimum
discontinuity” solution. Therefore, the Flynn’s minimum discontinuity
algorithm is selected to perform phase unwrapping in this paper.

Moreover, it seems that the flattening algorithms must be adopted
to reduce the density of the interferogram before the phase estimation,
which can make phase unwrapping easier [26].

5. PERFORMANCE INVESTIGATION

In this section, real spotlight SAR data obtained from TerraSAR-X on
February 12 and 23, 2009 over the Ayers Rock region of Australia are
used to perform interferometric processing.

Figure 2(a) shows the interferogram obtained by the conventional
subspace projection method, and Figure 2(b) is the one obtained
by the adaptive subspace projection method proposed in this paper.
Comparing Figure 2(a) with Figure 2(b), it is observed that the

(a) (b)

Figure 2. Interferogram obtained by (a) the subspace projection
method, (b) the proposed method.
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interferogram obtained by the proposed method is clearer than the
subspace projection method.  According to the analysis of the
coherence histogram obtained by the coarse coregistration images, we
find that the coherence values are lower at some areas (see Figure 3).
If we use the uniform number of the samples to estimate the joint
covariance matrix as it made by Li et al. [20], the result is not
satisfactory. Therefore, the number of the samples used to estimate
the joint covariance matrix is changeable and adaptive to the coherence

18000 T u
cross correlation
16000 subspace projection
14000 adaptive subspace projection

12000
10000
8000
6000
4000
2000

0 .

0 0.2 0.4 0.6 0.8 1
coherence value

Figure 3. Coherence histograms of the three methods.

A b & it
100 200 300 400 500 600 700 800 900 10001100

(a) (b)

Figure 4. Interferogram and final unwrapped result. (a)
Interferogram with flat-earth removed. (b) The unwrapped result using
Flynn’s minimum discontinuity algorithm.
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value in the proposed method, and the result confirms the effectiveness
of the proposed method in spotlight SAR interferometry.

The interferogram with flat-earth removed is given in Figure 4(a).
Figure 4(b) shows the unwrapped result using Flynn’s minimum
discontinuity algorithm. It is observed that the algorithm can
guarantee an unwrapped solution.

6. CONCLUSIONS

Spotlight SAR interferometry combines the advantage of high
resolution spotlight mode and interferometry to obtain better detail
information of interested scene. Therefore, this interferometric mode
has great potential in the future. This paper gives an overview of the
interferometric properties of spotlight SAR signals and analyzes the
effect of the azimuth-variant Doppler to the interferometric processing.
Moreover, a new coregistration method is proposed and the processing
flow is given for spotlight SAR interferometry. The results of real data
confirm the efficiency.
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