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The Wavenumber Shift in SAR Interferometry

Fabio Gatelli, Andrea Monti Guarnieri, Francesco Parizzi, Paolo Pasquali, Claudio Prati, and Fabio Rocca

Abstract—SAR surveys from separate passes show relative
shifts of the ground wavenumber spectra that depend on the
local slope and the off-nadir angle. We discuss the exploitation
of this spectral shift for different applications: 1) generation of
““low noise’’ interferograms benefiting phase unwrapping, 2)
generation of quick-look interferograms, 3) decorrelation re-
duction by means of tunable SAR systems (TINSAR),' 9) range
resolution enhancement, and 5) the combination of SAR data
gathered by different platforms (airborne and satellite) for a
‘‘long-time coherence’’ study.

I. INTRODUCTION

AR interferometry was introduced 20 years ago by

Graham [1]. However, only after recent studies in Eu-
rope and at the Jet Propulsion Laboratory, has its poten-
tial been fully demonstrated. The growing interest in SAR
interferometry is also due to the impressive amount of data
suitable for interferometry from the first European remote
sensing satellite (ERS-1) and the many airborne systems
available.

The information added by interferometry to detected
SAR images is clearly shown in the example of Fig. 1 and
2. In Fig. 1, the ERS-1 detected image of the area of Na-
ples, Italy is shown. In the upper part, Vesuvius (the large
volcano that dominates the area of Naples) is imaged.
From this image it is difficult to get an idea of the topog-
raphy. Fig. 2 shows the interferogram (phase fringes)
generated from two repeated ERS-1 surveys. The topog-
raphy is now evident, since the imaged phase fringes are
strictly related to the elevation contour lines.

The relation between the phase of SAR interferograms
and ground elevation is usually explained by means of
geometrical approaches [2], [3]. They are based on the
assumption that the RF bandwidth is so small (and this
is the case with most satellite systems, including ERS-1)
to be negligible. Thus, the system is considered mono-
chromatic.

This approximation, however, hides an important as-
pect of the interferogram-generation mechanism. In fact,
if the finite system bandwidth is considered, a relative shift
of the ground wavenumber spectra dependent on the base-
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Fig. 1 ERS-1 SAR detected image: Naples and the Vesuvius.

line and the local slope is recognized. Important conse-
quences are revealed from this result.

1) It can be shown that as the baseline increases and in
the absence of volumetric effects, to be discussed later,
only the spatial resolution of the interferogram is reduced
since the ‘‘geometrical decorrelation’’ [4] can be re-
moved. Thus, techniques for improving interferogram
quality (i.e., yielding a higher SNR) can be found (with
a considerable benefit for phase unwrapping). Moreover,
this effect could be completely avoided by means of tun-
able systems.

2) Rules for the design of presumming filters for quick-
look interferometric processing can be derived.

3) Repeated satellite surveys can be combined in order
to improve the slant range image resolution [7].

In this paper the emphasis is on interferograms gener-
ation, quick-look interferometric processing, and tunable
interferometric satellite SAR systems. Symbols that will
be used throughout the paper are summarized in Table I
and Fig. 3.
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Fig. 2. ERS-1 SAR interferometric fringes: Naples and the Vesuvius vol-
cano.

Y
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Fig. 3. INSAR geometry (see Table I).

II. INTERFEROGRAM GENERATION: THE
MONOCHROMATIC APPROACH

Let us consider two complex images v, and v, from two
separate passes and let us suppose that the terrain back-
scatter did not change.

Let us now exploit the ‘‘monochromatic approxima-

TABLE I
LIST OF SYMBOLS
Symbol Meaning ERS-1
A wavelength 5.66 cm
fo=c/A central frequency 5.3 GHz
Af equivalent frequency shift
w system bandwidth 16 MHz
[ off-nadir angle 23°
Al stereo pair angular separation
« local terrain slope (range)
H platform altitude 780 km
Ps slant range resolution 9375 m
B horizontal interferometer baseline
B, B project. normal to the look direction
B,. critical baseline ~ 1100m for « =0
B.r critical baseline for TINSAR
r slant range axis
To sensor-target distance
y ground range axis
ky ground range wave number
z vertical axis
k. vertical wave number
¢ interferometric phase
c light velocity 3-10%m/s
a(y, z) ground reflectivity

tion’’: the relative system bandwidth is so small (i.e., in
the ERS-1 case its value is 3 - 1073) to be neglected.
Thus, the phase difference ¢ between the correspondent
complex pixels in v, and v, is proportional to the travel
path difference 2Ar,:

d) = T Ar, 0- (l)

The interferometric phase ¢ is usually derived from the
phase of the product v, v where the * represents a com-
plex conjugate. In fact, v, v5 is also a complex image (the
interferogram) that has a phase equal to ¢. The quality of
the interferometric phase depends on the amount of phase
noise that, in general, comes from distinct sources [3],

[4]:

1) system noise

2) terrain decorrelation (nonsimultaneous surveys)
3) image misregistration

4) approximate focusing

5) ‘‘geometric decorrelation.’’

As far as the last source of noise is concerned, it has
been said [4] that it increases with the baseline. In fact,
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this source of phase error is also referred as the ‘‘baseline
decorrelation error.’’ It has also been shown [2], [3] that
the total baseline decorrelation is reached in correspon-
dence with the critical baseline:

N7y tan (0 —
IBM|=| 2 2p( “)I. @)

In the next section it will be shown that the geometric
decorrelation concept without reference to volumetric
scatter phenomena is in some ways misleading; we shall
see that the decorrelation noise of flat scatterers can easily
be avoided with a suitable interferogram formation tech-
nique.

III. INTERFEROGRAM GENERATION: THE SPECTRAL
APPROACH

In [7], it has been shown that the spectra of the signals
v, and v, correspond to different bands of the ground re-
flectivity’s spectrum.

That point can be easily demonstrated starting from the
approximated relation between the frequency f and the
ground range wavenumber K,:

k, = %\E sin (@ — ) = 4T7rfsin @ — . ?3)

Here, for the sake of simplicity, we have considered a
constant uniform slope « of the terrain. Ak,, i.e., the var-
iation of k, generated by a slight change of the looking-
angle A6, follows:

4xfA0
Ak, = .

cos (6 — a). (€]

Thus, in general, a looking-angle difference A6 gener-
ates a shift and a stretch of the imaged terrain spectra.
However, if the relative system bandwidth is small, the
frequency f in the second term of (4) can be substituted
with the central frequency f;. The stretch can be neglected
and the following equation holds:

4xfo A0
c

Ak, = cos (6 — a). 5)
Finally, since the radar is not monochromatic (we have a
bandwidth W centered around the central frequency f;),
we can conclude that by changing the looking angle of the
SAR survey, we get a different band of the ground reflec-
tivity spectrum.

Now, in order to compare the shift of the ground re-
flectivity spectrum to the SAR bandwidth W, it is worth
expressing the ground wavenumber shift of (5) as an
equivalent frequency shift Af. The following expression
of Af for an angular separation A can be obtained by
differentiation of (3) directly:

fA0  _ __ cB,

tan(® —a)  rAtan (0 — @)’

of = - ©6)

We would like to stress again that (6) does not state that
by changing the looking angle of the SAR survey the ra-
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dar bandwidth is shifted by Af. It just says that by chang-
ing the SAR looking angle, the backscattered signal con-
tains different spectral components of the ground
reflectivity spectrum. In other words, if we look at the
signals received by two SARs separated by an angle Af,
(6) states that the same spectral components of the first
signal are found in the second spectrum shifted by Af. In
substance, it is the optical diffraction gratings idea, one
that goes back to the eighteenth century.

A similar result can be demonstrated for the bistatic
SAR case (but not the ERS-1 case). In that case, a stereo
pair is acquired simultaneously by two sensors: the first
is equipped with a transmitter and a receiver, whereas the
second is equipped with a receiver only. It can be shown
that the spectral shift induced by a baseline B, is half that
obtained in the monostatic case:

¢B,

Af =~ ——.
Y 2roA tan (6 — @)

)

Finally, note that in the monostatic case the two SAR
spectra become totally disjoint as the frequency shift Af
equals the system bandwidth W. From (6) the critical
baseline can be computed as

|B,| ='{W'°X tanc(g - “)I. @)

Then, since W = ¢/(2p,), the expression of the critical
baselines (8) is identical to that of (2). The spectral shift
equation (6) can be used for different applications.

A. Improvement of the Interferogram SNR

If the signals v, (n) and v, (n) are sampled correctly, the
interferogram’s spectrum R (k) is the linear cross-corre-
lation of the two spectra V¥, (k) and V, (k). Let us consider
that the reflectors are located on a constant slope «, for
the sake of simplicity. In the following, we shall refer to
the reflectivity’s spectrum common to both SAR spectra
as the ‘‘common band.”’ The linear cross-correlation of
the spectra shows three distinct contributions:

1) a peak at the frequency shift Af, for which the
common bands coincide (the ‘‘signal’’). Note that Af from
(6) is identical to the interferogram fringe frequency;

2) a random sequence coming from the cross-corre-
lation of the common bands other than in the peak posi-
tion. This sequence is conjugate symmetric around the
peak position and the phase of its inverse Fourier trans-
form is linear. This term is responsible for the magnitude
fluctuation of the interferogram, but does not create phase
disturbances unless the symmetry is not broken by filter-
ing the interferogram,;

3) a second random sequence coming from the cross-
correlation of the disjoint parts of the spectra (‘‘noise’’).

As stated in [7]-[9], it is clear that the noise contribu-
tion 3) can be easily avoided by prefiltering the compo-
nents of the two signals v, and v,. The following expres-
sions of the filter bandwidth W and central frequencies f;
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and f; hold:
Wp = Wp =W — Af ©)
_af
h= 2 (10
A
fHh== 7f (11)

As for practical cases, the constant slope assumption is
generally not respected and range varying filters have to
be used. Their bandwidths and central frequencies can be
estimated from the fringes of a noisier interferogram gen-
erated without filtering.

The example of Fig. 4 shows the fringe’s (interfero-
gram phase) SNR enhancement that is obtained in the
ERS-1 case with a baseline of 600 m (the noise that is still
present is coming mainly from the image’s decorrelation
in time). Therefore, the spectral bandwidth of the inter-
ferogram is reduced (with no loss of spatial resolution),
and the geometric decorrelation is removed. A quantita-
tive measurement of the enhancement is shown in Fig. 5,
where the coherence histogram is shown.

B. Effect of Volume Scattering: The Baseline as an
Additional Dimension

Up to now, we have considered only surface scattering,
neglecting the effect of volume scattering [4], [5]. How-
ever, when backscattering comes from targets with a dif-
ferent elevation z within the resolution cell, volume ef-
fects cannot be ignored.

This case is shown in Fig. 6(a): the scatterers are con-
tained in a box with the dimensions (Ay, Az), (the prob-
lem can be assumed to be invariant with respect to the
azimuth direction). The radar return is a function of the
complex reflectivity a( y, z), the radio frequency w = 2xf,
and the looking-angle 6.

Aw, 0) = SS a(y, 2
2w .
-exp[—]T(ysmG ~ Zcosﬁ)}dydz.

(12

We consider the medium as semitransparent, in the
usual first-Born approximation, so that the scattered sig-
nal is a linear superposition of effects. Wavenumbers in
the ground range k, and now in elevation k, as well, have
the following form:

2w
k,| = — sin 0
k.| = 27‘0 cos 6. (13)
The following expression of the received signal holds:
Aky, k) = “ a(y, z) exp [—jk,y + k,2)] dy dz.
(14)

Fig. 4. Interferogram SNR enhancement that is obtained in the ERS-1 case
with a baseline of 600 m: Bonn area.

Fig. 5. Coherence histogram of the two SAR images used to generate the
interferogram of Fig. 4. Left-hand side: before filtering. Right-hand side:
after filtering

by 2orsaye i K,
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Fig. 6. Volumetric scattering. (a) Left-hand side: geometry. (b) Right-hand
side: wavenumber representation.

Thus, the received signal can be regarded as the 2-D
Fourier transform of the ground reflectivity measured at
the wavenumbers given by (13).

Two SAR surveys from different angles (6 and 6 + Af)
represent different bands of the complex reflectivity spec-
trum. From Fig. 6(b), it is clear that in order to observe
the same k, from the two surveys (i.e., the condition that
allows coherent interferometry in the case of surface scat-
tering), the looking-angle change A@ should be compen-
sated by the spectral shift Aw = —wAf/tan (f) that is
equivalent to the following k, wavenumber shift: Ak, =
—2Aw/(c cos 0) = 2wAb/(c sin 6).

The coherence of the interferometric surveys depends
on the degree of spectral correlation between the mea-
surements in k, and k, + Ak,. If we consider, as a special
case, the flat box (Az = 0), the signal is impulsive in the
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z domain and we have total correlation of the different
spectral components and unitary coherence. In general,
with a finite volume and a nonzero value of Az, we shall
have the following expression of the spectral correlation
function:

sin (Ak, Az/2)
Ak, Az/2
Therefore, we can state that whenever |Az| << 2x/|Ak,|,
the volumetric effects can be neglected. A useful expres-

sion can be found as a function of transmitted wavelength,
normal baseline, and satellite altitude:

15)

If we consider the case of |Az| = |Azy|, we have spectral
decorrelation and low coherence. In the ERS-1 case with
a baseline of 250 m, decorrelation is expected for |Az| =
38 m. On the other hand, one might claim that this is not
decorrelation but signal. One could reasonably consider
the change of the two SAR images usable as a function of
the baseline (the difference of the complex samples) as
signal.

For the sake of simplicity let us use the following ap-
proximation:

94
Alky ke, + Ak = Ak, k) + = - Bk,

J2wA0 SS a(y. 2
csin 6 WY, 2

- exp [—j (kyy + k,2)] dy dz

j4xnB,
HN\ tan 0

= A(ky, k) —

= A(ky, k) — V(k,, k). (16)
Here, V(k,, k) is the result of the double integral. Thus,
if we have many interferometric observations with differ-
ent baselines, we can split each observation 4, (k,, k,) into
a ‘“‘surface contribution’’ A(k,, k;) and a ‘‘volumetric
contribution’’ proportional to the baseline; this term is
proportional to the moment of the reflectivity along the z

axis:
j4rnB,

Ai(ky9 kz) = A(kya kz) - HX\ tan 6

Vik, k). (17)

From those observations, it is then possible to derive
an LMS estimate of the surface and the volumetric con-
tributions. Just as an example, six ERS-1 surveys of the
Bonn area have been exploited for this goal after registra-
tion in space and frequency. The estimated surface and
volumetric contributions are shown in Fig. 7. They are
not represented with the same scale, since the average
amplitude of the surface contribution is roughly 20 times
that of the volumetric contribution. As of yet, no defini-
tive conclusions have been derived from this example. For
one, it can be noted that the volumetric contribution shows
sidelobes extended in the range direction (vertical in the
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Fig. 7. Volume scattering. Six ERS-1 images (area of Bonn) have been
processed to separate common parts and volumetric effects. Top: one of
the images. Left-handside: common parts. Right-hand side: volumetric
contributions. Image size: 1 km, azimuth (horizontal) X 2 km, range (ver-
tical). .

image). This feature comes from sidelobes of strong point
scatterers laying on adjacent range bins. Due to the spec-
tral shift compensation, the sidelobes are phase shifted
with respect to the main lobe, proportional both to the
baseline and to their distance from the main lobe. Hence,
they tend to be canceled from the surface contribution,
but less so from the volumetric contribution, as far as the
linear dephasing approximates a linear change propor-
tional to the baseline. Different resuits could be obtained
by regressing with the baseline phase and modulus instead
of real and imaginary parts, as has been done in this ex-
ample. The concepts have been checked with synthetic
examples that for brevity are not reported here and could
be further tested by means of controlled experiments (e.g.,
by exploiting the new anechoic chamber available at JRC-
EMSL [6]).

C. Separation of Layover Areas

The spectral shift between the two passes given in (6)
shows a dependence upon the local terrain slope along
range a. As the local slope approaches the off-nadir an-
gle, the spectra become disjoint (blind angles) and finally,
the spectral shift goes to infinity. If the local slope in-
creases again (layover) the absolute value of the spectral
shift decreases, but the sign is changed. As a conse-
quence, negative and positive frequencies of the interfer-
ogram spectrum refer to areas of layover and nonlayover,
respectively. Therefore, they can be separated, provided
that the time span of the layover slope is long enough
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(i.e., enough slant range samples are available for fre-
quency estimation and filtering). In Fig. 8 the spectral
shift as a function of the local slope is shown in the case
of ERS-1, with a baseline of 600 m and a nominal off-
nadir angle of 23°. An example of layover separation with
ERS-1 data of a mountainous area in Switzerland is shown
in Fig. 9. It is worth noting that there are cases where
only a partial separation can be achieved. A typical ex-
ample is represented by a step function along the range
direction. In such a case, we would have three contribu-
tions from different regions summed at the same interfer-
ogram position: the first flat zone at the lower elevation,
the second flat zone at the higher elevation, and the step
transition. The step transition can be separated from the
other two since it shows a different frequency of the
fringes. However, the two flat zones show the same spec-
tral shift and cannot be separated other than using ascend-
ing and descending passes. The step area would be in a
shadow.

If layover areas could be separated from the rest of the
image, slopes in the range direction from 36° to 90° (to-
gether with those from —67° to 9.7°) could be recovered
by ERS-1 SAR interferometry with ground resolution de-
pendent on slope, as usual. Moreover, by exploiting both
ascending and descending ERS-1 passes, almost all slopes
from —90° to +90° with whatever azimuth orientation
are recovered; this situation is shown in Figure 10. The
different curves of Fig. 10 identify the slopes « recover-
able from ERS-1 (see Fig. 8) as a function of their azi-
muth orientation (see the lower part of Fig. 10). Thick
and thin lines refer to ascending and descending passes,
respectively.

Here, the few combinations of slope and azimuth ori-
entation that could not be recovered from ERS-1 data are
shown (black areas). On the other hand, if we were not
able to deal with layover areas, the nonobservable com-
binations would be more (the shaded areas).

D. A Tunable Interferometric SAR System

A tunable interferometric SAR (TINSAR) would allow
one to overcome one of the most serious limitations in
generating interferograms from multiple SAR surveys: the
loss of coherence due to large baselines.

1) Monostatic, Two Passes: In Section III, it has been
shown that by changing the looking angle of the SAR sur-
vey, a different band of the ground reflectivity spectrum
is recovered. Thus, as an example, baselines larger than
say, 1 km, would not be usable for ERS-1 interferometry.
On the other hand, as suggested by (6), the equivalent
frequency shift induced by a 1 km baseline could be com-
pensated by shifting the central transmit frequency during
the second survey by 15 MHz. This could be done by
means of a tunable transmitter with the central frequency
shifted proportional to the estimated baseline, following
(6). In this way, baselines larger than that allowed by a
fixed frequency radar could be exploited and, conse-
quently, less stringent requirements on the satellite ma-
neuver accuracy would be required.

x10

4 T T T T T T T T T

blind angles

SPECTRAL SHIFT (Hz)

lind angles

-4 L L 1 1 1 L I L 1

-80 -60 -40 80

-20 0 20
LOCAL SLOPE (degrees)}

Fig. 8. Spectral shift as a function of the local slope in the case of ERS-1
with a baseline of —600 m and a nomina! off-nadir angle of 23°. Blind
angles: from 9.7 to 36.2°. The two horizontal continuous lines limit the
usable spectral shift (+16 MHz).

Fig. 9. Layover separation with ERS-1 data of a mountainous area near
Luzern, Switzerland. Top: fringes. Left-hand side: fringes of nonlayover
areas. Right-hand side: fringes of layover areas.

2) Bistatic, One Pass: In the case of a bistatic interfer-
ometric system there is only one transmitter, but two re-
ceivers. Therefore, in order to achieve the requested spa-
tial resolution and a total spectral correlation over the
receiver’s bandwidth W, the transmitter bandwidth must
be larger than W. The same bandwidth W centered around
two carrier frequencies separated by Af[as computed from
(7)] must be transmitted in such a way that the images of
a flat topography are consistent over the entire frequency
band.

If the spectral shift Afis smaller than W, the two trans-
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+5o/

Slope (deg.)
<
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orientation

Fig. 10. Combinations of slope and azimuth orientation that cannot be re-
covered from ERS-1 data. With layover separation (black areas). Without
layover separation (shaded areas).

mitted bands would overlap. In such a case, of course, a
larger bandwidth would suffice.

3) Advantages Offered by the TINSAR: The use of the
TINSAR would be particularly advantageous (with re-
spect to a fixed frequency INSAR) when a smooth topog-
raphy has to be measured with single-pass interferometry
(gently sloping areas, sea surfaces, and so forth). Since
the slope deviation with respect to a reference flat surface
is modest, a large baseline must be adopted in order to
have a phase deviation significantly larger than the plane
noise. On the other hand, the baseline is limited by the
largest local terrain slope a. From (7), if the largest al-
lowed spectral shift is say, W/4 (one-fourth of the RF
bandwidth), the baseline B, is limited by the local slope
as

ro)\W
2c

In the TINSAR case, (7) is modified in order to com-
pensate the spectral shift in case of flat terrain (in practice
it can be achieved by changing the frequency transmitted
by the second radar):

B, = tan 0 — ). (18)

Af = foAl B oAl
2tan (6 — o) 2 tan (6)
_ ¢B, 1 _ 1
2oN\@n @ - o) tang) 1D
In this case, the baseline B, is limited to
AW tan (6 —
BnT — o ( Ot) tan 0 (20)

2¢ tanf — tan (0 — o)~

The usable baseline can be significantly larger (as can the
phase deviation) if TINSAR is adopted. By taking the ra-
tio between (18) and (20), the gain in the baseline is

ﬁ‘_ tan 0

G= B, tanf —tan (0 — @)’

@n

861

25 3
Local slope (deg.)

10° H H i i

15 2 35 4 45 5

Fig. 11. Baseline gain as a function of the local slope.

The gain as a function of the local slope is shown in Fig.
11.

The TINSAR principle could also be used for multipass
airborne SAR interferometry (typically for differential in-
terferometry applications). For that case it is of interest
to derive the expression of the spectral shift as a function
of the off-nadir angle and the correspondent shift of the
line of flight (the broadside SAR). After some simple al-
gebra from (6) the following holds:

_ B cos® 0,

Af = Hsin6 ~ 22)

The spectral shift as a function of 8 is shown in Fig. 12
forfy = 1,5, and 20 GHz, H = 10 km, and B = 1 m. In
section I1I-G, an experiment will be proposed to exploit
the wide coverage of wavenumbers offered by wideband
airborne SAR.

E. Interferometric Quick Look

The quick-look SAR processing is generally achieved
by focusing a data set previously subsampled after pre-
summing. In the case of interferometric processing, range
presumming must be designed taking case of a few simple
rules that arise again from the spectral shift equation (6).
Let us refer again to the ERS-1 case and let us suppose
that the requested ground resolution is 50 X 50 m. The
““full bandwidth’’ data set can be subsampled by a factor
of two in the range (and by a higher factor in azimuth that
is not essential for the present discussion). If interfer-
ometric capabilities are not requested, a half-band low-
pass filter can be applied to the data before subsampling
(in practice, filtering and subsampling are performed at
the same time). On the other hand, if the common band
of the two surveys must be preserved, the low-pass filter
must be substituted with half-band band-pass filters with
central frequencies —Af/2 and +Af/2 for the first and
second data sets, respectively. As an example, a 40 X 80
km ERS-1 interferometric quick look of the Bonn area
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Fig. 12. Spectral shift induced by a 1 m baseline as a function of the off-
nadir angle 6 with f, = 1, 5, and 20 GHz and H = 10 km. The ERS-1 case
is shown for comparison.

with a resolution of 50 X 50 m obtained with a baseline
of 200 m is shown in Fig. 13.

F. Improvement of the Slant Range Resolution

Across-track resolution of a spaceborne SAR system is
limited by power and data rate constraints. It could be
improved if a larger band of the reflectivity’s spectrum is
recovered. As has been demonstrated in [7], this can be
done by properly combining SAR surveys of nearly flat
areas derived from separate passes. In fact, due to the
spectral shift equation (6), the reflectivity’s spectrum band
sensed in separate surveys is larger than that of a single
survey. Therefore, across-track resolution can be im-
proved by shifting in frequency and in phase one signal
with respect to the other and then adding the two. If the
spectra of the different surveys partially overlap, the phase
of the interferometric signal can be used for estimating
the correct phase and frequency shift. It is clear that the
larger the frequency shift, the greater the resolution im-
provement; meanwhile, the phase estimation is less ro-
bust. As an example, five repeated ERS-1 surveys, during
the three-day repetition cycle from March 2 to 14, of Bonn
have been exploited to double the resolution along the
range. The comparison between the single survey and the
multipass combination is shown in Fig. 14. From this fig-
ure, two effects are visible:

1) the range resolution enhancement of fixed targets
(see the map of the imaged area in Fig. 15 and the plot of
two point scatterers, before and after image combinations
in Fig. 16);

2) the relative reduction of the image intensity on
areas that decorrelate from one survey to another.

Finally, it is worth mentioning that a spectral shift can
also occur in the azimuth direction due to different
Doppler centroid frequencies. In such a case, resolution
improvement can be applied in the azimuth direction as
well (the well-known spot-light effect [10]).

10 20 30 40 50 60 70 80 920

. . \ ‘V‘ . : R ‘ N 1" :v. H
GER : B 2, 5 o ?
§ A ¥

Fig. 13. ERS-1 interferometric quick look of the area of Bonn (40 X 80
km, azimuth range) with a resolution of 50 X 50 m obtained with a baseline
of 200 m.

Fig. 14. Range resolution improvement achieved with ERS-1 repeated
surveys of Bonn. Left-hand side: single survey. Right-hand side: multiple
surveys combination. The pixel dimension is 2 X 2 m.

G. Combination of SAR Data from Different Platforms

The spectral shift concept is the simplest way to under-
stand how to combine SAR data derived from different
SAR systems in order to generate interferograms. As an
example, it is of interest to generate interferograms by
combining SEASAT (1979) and airborne L-band SAR
data, since such an experiment would allow study of the
L-band coherence after a 15-year time interval.

The geometry of the experiment is shown in Fig. 17.
Here, we have indicated with S and A the SEASAT and
airborne positions, respectively; with 6, and 6, the
SEASAT and airborne SAR looking angles, respectively.
Moreover, a nearly flat area such as Death Valley has been
hypothesized. The spectral shift concept will be adopted
in order to derive the expected result and the airborne SAR
track and attitude constraints.

Even if it is not strictly required, let us suppose for the
sake of simplicity, that the two SAR’s have the same cen-
tral frequency. From the relationship between the angular
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Fig. 16. Plot of two point scatterers. The horizontal axis is range. Several
range lines for different azimuth positions are plotted. Left-hand side: sin-
gle survey. Right-hand side: multiple surveys combination.
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across—track section

Fig. 17. Geometry of the proposed experiment.

separation and the spectral shift equation (6) it is clear
that for §, = 6, the two ground reflectivity spectra (de-
rived from SEASAT and the airborne SAR) are centered
at the same wavenumber (ground frequency). In that case,
since the airborne SAR has a larger bandwidth (100 MHz)
with respect to that of SEASAT (20 MHz), the ground
reflectivity spectrum collected by SEASAT is totally con-
tained in that collected by the airborne. Thus, if we have
coherence after 15 years, an interferogram can be gener-
ated.

However, due to the smaller altitude of the airborne
with respect to SEASAT, the airborne SAR looking-angle
6, changes more rapidly than 6 with the ground range y
(as a first approximation, 6, can be considered constant in
a few-hundred meter swath). In other words, the band of
the ground reflectivity spectrum collected by SEASAT is
almost constant with the ground range, whereas it moves
quite rapidly in the airborne case.

The largest ground-range swath Ay that allows a partial
overlap of the two ground reflectivity spectra can be com-
puted from (6). In fact, the largest allowed spectral shift
is +£50 MHz (in that case we should have a 10 MHz fre-
quency overlap). From (6) (with & = 0), the angular sep-
aration that corresponds to a +50 MHz spectral shift can
be computed: A6 = +.017 rad. The corresponding
ground-range swath is

2HA®
Ay =

23

cos’ 0, 23)
where H is the airborne altitude. If the following values
are used:

H = 8000 m
6, = 23°

a usable swath of about 320 m (or 83 pixels at the airborne
sampling spacing) is expected.

Therefore, on the interferogram generated with
SEASAT and airborne images we expect to find a rather
narrow stripe parallel to the along-track direction where
fringes might be detected. It is interesting to note that the
only airborne mission requirement that must be strictly
fulfilled is that the track direction be as close as possible
to that of SEASAT. On the other hand, a very scarce ac-
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curacy is requested for the pointing angle (a couple of
degrees around the nominal value of 23°) and the track
position (some kilometers around the SEASAT-beam cen-
ter track). Moreover, also a slight deviation of the central
frequency would automatically be compensated by a slight
change of the looking angle [see again, (6)].

It is easy to appreciate the information given by this
experiment: if positive, in desert areas, indeed after mul-
tiple airborne surveys and with considerable computer
work, one might be able to check the integrated tectonic
motions of the last decade.

IV. CoNcLusIONS

The relationship between angular separation and spec-
tral shift has been discussed for the monostatic and bi-
static SAR interferometer. This relation has been ex-
ploited to improve well-known SAR interferometry tech-
niques and to introduce the idea of the tunable interfero-
metric SAR.
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