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Decorrelation in Interferometric Radar Echoes
Howard A. Zebker, Senior Member, IEEFE, and John Villasenor, Member, IEEE

Abstract— A radar interferometric technique for topographic
mapping of surfaces promises a high resolution, globally con-
sistent approach to generation of digital elevation models. One
implementation approach, that of utilizing a single synthetic
aperture radar (SAR) system in a nearly repeating orbit, is
attractive not only for cost and complexity reasons but also in
that it permits inference of changes in the surface over the orbit
repeat cycle from the correlation properties of the radar echoes.
Here we characterize the various sources contributing to the echo
correlation statistics, and isolate the term which meost closely
describes surficial change. We then examine the application of this
approach to topegraphic mapping of vegetated surfaces which
may be expected to possess varying backscatter over time. We find
that there is decorrelation increasing with time but that digital
terrain model generation remains feasible. We present such a map
of a forested area in Oregon which also includes some nearly
unvegetated lava flows, and find that temporal decorrelation
contributions to the height errors may be limited to 1.5 and 2.6 m
for the forested and lava areas, respectively, if suitable attention
is given to experiment design. Such a technique could provide a
global digital terrain map.

1. INTRODUCTION

NTERFEROMETRIC radar has been been proposed and

successfully demonstrated as a topographic mapping tech-
nique by Graham [1], Zebker and Goldstein [2], and Gabriel
and Goldstein [3]. A radar interferometer is formed by relating
the signals from two spatially separated antennas; the separa-
tion of the two antennas is called the baseline. The spatial
extent of the baseline is one of the major performance drivers
in an interferometric radar system— if the baseline is too short
the sensitivity to signal phase differences will be undetectable,
while if the baseline is too long additional noise due to spatial
decorrelation corrupts the signal. The theory of spatial baseline

noise has previously been described by Li and Goldstein [4],

and by Rodriguez and Martin [5], and Li and Goldstein have
also shown some experimentally measured determinations of
the spatial decorrelation noise level. In this paper we will
review that work, develop Fourier transform relations between
radar impulse response and the baseline and rotation-induced
decorrelation functions, and utilize the results in separating
the effects of temporally and spatially induced decorrelation.
We then will produce a topographic map of a heavily forested
area in Oregon, and assess its accuracy considering both spatial
and temporal decorrelation. Finally, we will speculate on the
utility of the correlation measurement itself as a remote sensing
observable.

Manuscript received August 12, 1991; revised February 20, 1992. The
research described in this paper was carried out by the Jet Propulsion
Laboratory, California Institute of Technology, under a contract with the
National Aeronautics and Space Administration.

The authors are with the Jet Propulsion Laboratory, California Institute of
Technology, 4800 Oak Grove Drive Pasadena, CA 91109.

IEEE Log Number 9200760.

Two distinct implementation approaches have been dis-
cussed for topographic radar interferometers; they differ in
how the interferometric baseline is formed. In the first case the
baseline is formed by two physical antennas which illuminate
a given area on the ground simultaneously— this is the
usual approach for aircraft implementations where the physical
mounting structures may be spaced for sufficient baseline.
This is the approach used by Zebker and Goldstein [2] for
the NASA CV-990 radar, and it is also currently used in the
TOPSAR topographic mapping radar mounted on the NASA
DC-8 aircraft [6]. This implementation has been suggested for
spaceborne use by Rodriguez and Martin [5] and informally by
others. In this case either the wavelength is chosen to be quite
short (< 1 cm), or for longer wavelengths tethered satellites
are required to generate a baseline of adequate length [7].

The second type of implementation, which we analyze here,
is to utilize a single satellite antenna in a nearly-exact repeating
orbit, forming the interferometer baseline by relating radar
signals on repeat passes over the same site. Even though the
antennas do not illuminate the same area at the same time,
if the ground is completely undisturbed between viewings the
signals will be highly correlated and a spatial baseline may
be synthesized. Topographic maps using this technique have
been demonstrated by Goldstein et al. [8], Gabriel et al. [9],
and Gabriel and Goldstein [3].

The amount of decorrelation observed in these repeat-pass
interferometers is important for two reasons. First, the amount
of surface change over time describes processes occurring on
time scales of the orbit repeat time and size scales on the
order of a radar wavelength. Measurement of interferometer
correlation thus provides a means to sense remotely a wide
variety of surficial processes such as vegetation growth, glacier
motion, permafrost freezing and thawing, and soil moisture
induced effects.

The second area of interest in understanding temporal
decorrelation is that it constitutes an important error source in
the operation of a repeat pass geometry topographic mapping
radar. The orbit selection will be driven by a combination of
tolerable error levels, the attainable baseline, and the expected
decorrelation with time of signals from the regions of interest
to be mapped. Since this implementation approach may be
employed using existing and planned general purpose radar
satellites such as SEASAT, ERS-1, and RADARSAT, it is
attractive in achieving the widest possible utilization of those
systems.

We note here that there exists a class of radar interfer-
ometers specifically designed for measurement of radar echo
phase differences on repeat images separated in time by less
than a second, that is many times shorter than the temporal
baselines we consider below. These are the “along-track”

0196-2892/92$03.00 © 1992 IEEE
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or “front-back” interferometers implemented on aircraft for
the measurement of ocean surface motion such as currents
or swell wave spectra (see Goldstein and Zebker [10] or
Goldstein et al. [11] for a description of such instruments
and their application). Since the geophysical phenomena for
decorrelation of ocean surfaces are quite different than those
for land processes, we defer a description of these to a later
work, and will not consider them further.

II. BACKGROUND

Coherent radar echoes, that is, those with measurable phase
and amplitude, will be correlated with each other if each
represents nearly the same interaction with a scatterer or set
of scatterers. For imaging radars, another way of stating this
is that the observed “speckle” patterns are similar. Speckle,
according to a widely used model originally developed for
laser scattering, may be modeled by postulating that at least
several scattering centers are present in each resolution cell of
the radar image; the total scattered field is then the coherent
sum of the individual fields from each scattering center. If
the scatterers are randomly positioned within the cell, and
the cell is assumed to have dimension many wavelengths in
size, the phase of each will be random and the sum will be
well characterized by a zero mean, complex Gaussian random
number with variance proportional to the average radar cross
section of the surface.

Even though the radar signal in this case possesses Gaussian
statistics, if we duplicate the radar imaging experiment at a
later time but do not alter the position or cross section of the
subresolution scatterers, the received signal will be identical
to the original signal. In this sense, the signal is a spatially
random process, but slowly varying with time, and repeated
echoes will be highly correlated because variation is slow
compared with the repeat observation frequency.

This does not imply that all observations of the same
resolution cell will be correlated, however, as altering the
observation geometry leads to decorrelation as the apparent
relative positions of the scatterers change. Thus additional
constraints on the repeat incidence and aspect angles are
required for observation of echo correlation, but careful data
acquisition and processing can minimize these effects. We will
quantify the decorrelation due to each of these effects below.

In this paper we are concerned with the measurement
of radar echo correlation and its interpretation in terms of
the above effects. In particular, we would like to separate
decorrelation due to actual changes of the target from that
dependent on sensor geometry. In this manner we may infer
geophysical properties of the surface without being confused
by instrumental effects. In addition, understanding the sensor
effects permits a more effective and useful system design and
performance analysis, resulting in a controlled and quantified
error budget.

For the purposes of this paper we will refer to the sensor
geometry effects as spatial in nature and those due to target
change as temporal effects, as the dominant source of decorre-
lation for a well-designed system observing a truly stationary
target is spatial baseline noise caused by viewing the surface

with two antennas at slightly different aspect angles. This is
the effect which has been described by Li and Goldstein [4]
and by Rodriguez and Martin [5]. The change in the target
surface with time, the temporal effect, then causes additional
decorrelation which is related only to properties of the surface.

1II. THEORY

We consider here the three sources of decorrelation intro-
duced above: spatial baseline decorrelation, decorrelation due
to rotation of the target between observations, and decorrela-
tion from surface motion of the individual scattering centers
within each resolution element. Two derivations of base-
line decorrelation have been presented previously by Li and
Goldstein [4] and by Rodriguez and Martin [5); here for
clarity we rederive the main results in a slightly different
form and in addition obtain a Fourier transform relation
between the correlation function and the system impulse
response. We will verify the results by observation in the next
section, and present data indicating the dependence of phase
error on system parameters. For rotation, we find a similar
transform relation and also present a numerical calculation
of the decorrelation as a function of angle. We then verify
that it is not important for the data analysis described in the
next section. Finally, for the temporal decorrelation we plot
decorrelation as a function of the degree of motion of the
individual scatterers. In each case, we show the dependence
of the correlation function on parameters of either the sensor
or the target, as appropriate.

A. Overview

Consider two radar signals s; and sy acquired by two
antennas observing the same target at the same time, but with
different receivers. If we model the signals as consisting of a
correlated part ¢ common to the signal at both antennas and
also of thermal noise parts n; and ng, such as

81 =c+ny

82 =C+ N2

1)
then we may evaluate the correlation pihermar between them
as a function of noise in the usual manner:
(s183)
(s1s]) (s283)

where (-) denotes ensemble averaging. Since the noise and
signal are uncorrelated, we obtain

@

Pthermal =

(€)

I
Pthermal = |C|2 T ln|2
Noting that the thermal signal-to-noise ratio (SNR) is fﬁ%, ?3)
may be equivalently written

1
Pthermal = TGN R-1 G

Next, we generalize (1) by including a term representing
that portion of the signal which is uncorrelated between
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antennas due to, say, spatial baseline decorrelation— a result
of nonidentical viewing directions (see below). Then

31:c+d1+n1

sp =c+dy+n (%)

where c is the correlated part of the return, d; is the uncorre-
lated part exclusive of thermal noise, and n; again represents
thermal noise. We now can calculate the correlation pspatial
in the infinite SNR case:
lef?

o + 12
and also the correlation if thermal noise is included (these
follow from simple application of (2) and (5) above):

e
[ +1d + [n?

Since the signal itself consists of both the correlated and

decorrelated components, the SNR is _CI:%'Id_ thus (7) may
be written

(©)

Pspatial =

G

Pspatial+thermal =

lcf? lel? +|d|>
Pspatial+thermal = IC|2 T |dl2 . |C|2 T |d|2 T |n]2
I 1 ®)
T JeP+d2 1+ SNRT
= Pspatial * Pthermal

A similar argument leads to a further, and final, generalization
for a pair of signals consisting of a correlated part, a decor-
related part due to spatial decorrelation, and a decorrelated
part due to temporal phenomena, yielding the following for
the total observed correlation:

Ptotal = Ptemporal * Pspatial * Pthermal (9)

We note that this derivation incorporates an assumption that
the thermal noise powers at each antenna are equal, and that it
is a trivial extension of the above to account for the situation
for differing noise levels.

In summary, if any three of the quantities in (9) are known,
the fourth may be determined. For data analyzed in this paper,
we know quite well our imaging geometry and signal to noise
ratio and can measure the total correlation p;,¢q;, therefore, the
temporal component, which contains the information about the
target, may be inferred. In the rest of this section we will
present theoretical bases useful in determining the various
correlation parameters.

B. Spatial Baseline Decorrelation

In order to determine the spatial decorrelation pspatiar, We
need to calculate, from knowledge of our imaging geometry,
what fraction of the received radar echo should be correlated
between antennas. In this case, we know the interferometer
baseline and need to determine the correlation as a function
of that baseline.

We first derive a Fourier transform relation between the
radar impulse response and the baseline decorrelation function

A2

Al

02
61

y sin 62 Yy sin 61

Surface

B
y

Center of Resolution Element

Fig. 1. Interferometer imaging geometry. Radar antennas Al and A2 both
illuminate the same patch of ground centered at y = 0. Incidence angles 6,
and 6 result in phase offsets for all points P displaced by distance y of
ysin6; and ysin 82, respectively. Difference of these phases is measured
interferometer phase.

as a function of the difference in viewing angles of the
two interferometer antennas. Consider a radar interferometer
operating with geometry as shown in Fig. 1 where two
antennas Al and A2 illuminate a patch on the surface at
incidence angles 6; and @, respectively. The along-track
(azimuth) distance is z and the across-track (ground range)
distance is y; the distance from the sensor itself to the center
of a resolution element is r. Then the signal s;, measured in
the final processed image at position (zo,y), from a radar
antenna Al may be represented as

sl=//f(:v—zo,y—yo)exp{—j%(r+ysin01)}

W (z,y)dzdy + ny (10)

where f(z,y) represents the complex backscatter at each point
on the surface, A is the radar wavelength, W(z,y) is the
system impulse response, and n; is the noise associated with
the receiver. Similarly, the signal from antenna A2 is

s3 = //f($ —Z0,Y — yo)eXP{—j%\T(r+ ysinbs)}
(11)

The cross-correlation of the two signals, from which we
determine the interferometer phase, is thus

8152—////f(55—$07y o) f* (2" — z0,y" = yo)

exp{— j—y(sm 0, — sin 02)}W (z, y)W* (2, v )dzdydz' dy’
(12)

W (2, y)dzdy + ny

If the interferometer is arranged such that the range r is
unequal at the two antennas only the mean phase of the
correlation changes, but not the correlation magnitude.
Now, if the surface is taken to consist of uniformly dis-
tributed and uncorrelated scattering centers, then
(f@nf (=" y)) = o’

bz —a',y—v) (13)
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where o0 is the average radar cross section, (12) reduces to

(s185) = UO//exp{—]ATﬂycose 80} \W (z,y)|*dzdy
(14)

where 6 is the average look angle and 6§ = 6; — 5. The
exponential term, since it is linear in y, can be interpreted
as a Fourier kernel and thus we have a transform relation
between the correlation function and the radar system impulse
response; the correlation function is simply the transform of
the intensity impulse response.

For the typical radar model where the impulse response is
approximately

W (z,y) = sinc(x/R;)sinc(y/Ry) (15)

where R, and R, are the azimuth and range resolutions, and
the sinc function is taken as S272 evaluation of (14) followed
by normalization leads to the spatial baseline decorrelation
function

2cosf |66|R,
Pspatial = 1 = —————

(16)
The correlation function, which from (14) is simply the Fourier
transform of the impulse response intensity, falls off linearly as
60, the difference in look angle for the two antennas, increases.
Equivalently, this effect can be described in terms of the
antenna baseline separation B in meters (assumed to be in
the horizontal direction only) by

2|B|R, cos® 0
Ar

The minimum value of B for which for which pgpatial
equals zero is the critical baseline B,, and occurs when the
change in look angle between the two passes is sufficient
to cause backscatter from each pixel to become completely
uncorrelated. Specifically,

a7

Pspatial = 1-

Ar

B = ——5—
¢ 2Rycos?f

(18)
In practice, the impulse response may also be modified by the
nonideal characteristics of various elements in the radar itself
as well as by windowing used during the processing, altering
the baseline decorrelation function given in (17).

C. Decorrelation Due to Rotation

Another geometrical sensor effect that leads to decorrelation
is rotation of the target with respect to the radar look direction.
In other words, we cannot illuminate the same patch of surface
from two different aspect angles and expect the signals to be
fully correlated. To understand this source of decorrelation
noise, consider a resolution element as shown in Fig. 2. Each
scattering center at polar location (8, ) rotates to position
(6,4 + d¢). Transformation to rectangular coordinates x =
bcos¢, y = 6sin¢ permits us to express the change in
position on the surface as a change in range; if the distance to
a point before rotation is r 4 6 sin #sin ¢;, the distance after
a small rotation d¢ = ¢; — ¢o is r + ésinfsin $o. As the
patch is rotated slightly, the range to and hence phase of each

953

—
Radar

look

direction

Fig. 2. Rotation of a resolution element by angle ¢ moves scattering
centers from initial positions x to new positions 0. Across-track component
of displacement then yields slightly different phase shift for each scattering
center, resulting in signal decorrelation.

scattering center changes slightly, and their coherent sum will
vary.

We consider again two radar signals s; and so, representing
the echo from a resolution element before and after rotation,
respectively. By analogy with (12) above the cross-correlation
of the two signals may be expressed as

5183=////f(x—moﬁy—yo)f*(w'—wo,y’—yo)

xp{~j 5 sinb(sin g — sin ) W (2,9)
W*(z',y"dzdyds'dy' (19)
and we obtain
(s159) =0° [ [ exp{=iFwsind do}|W (a.y) Pdody

(20)
This second Fourier transform relation leads to the following

expression for the rotation-induced decorrelation for ﬁ%ﬁ
azimuth impulse response:
2sinf|d¢|R.
Protation = 1- —%ﬁ (21)

We have verified this result numerically by first determining a
set of scattering centers randomly located within a resolution
cell, and then altering the position of each according to a
rotation of the entire cell. This process is repeated many times
(1000) to obtain the ensemble average, which we present
in Fig. 3. The relevant parameters here correspond to data
acquired by the SEASAT satellite operating at L-band (A = 24
cm, for a system description see observation section below),
and also for a C-band (A =5.66 cm) system in a similar
orbit. Thus the C-band results will be approximately correct
in assessing the performance of the ERS-1 radar satellite in
interferometric applications.

The simulation results indicate that the signal decorrelates
with angle, and nearly completely after rotation of about 2.8°
at L-band and after about 0.7° at C-band, in agreement with
(21). The functional dependence of the correlation depicted
in Fig. 3 is not quite linear as we used a truncated impulse
response for computational reasons, thus the transform of the
azimuth response is not a triangle function. We have, however,
preserved an “equivalent-width” response so that the critical
rotation angle remains about the same.
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Correlation

Rotation, degrees

Fig. 3. Simulation results indicating dependence of correlation on rotation
of resolution elements. Assumed L-band system parameters are those for
SEASAT , while C-band parameters are similar but for wavelength of ERS-1
radar. Complete decorrelation results after a rotation of 2.8° at L-band, 0.7°
at C-band.

In fact, the SEASAT data we analyze in this paper were
acquired with orbits that are parallel within 0.02° and thus the
decorrelation we observe from this effect is minimal.

D. Temporal Decorrelation

The final decorrelation source of interest here is the temporal
effect, which follows from physical changes in the surface
over the time period between observations. For the SEASAT
case, the orbit repeat time was 3 days, so that temporal
baselines of 3 days, 6 days, 9 days, and so forth are available.
Since calculation of this effect depends on detailed changes
of a given surface type, we present here only a sample
calculation assuming Gaussian-statistic motion as a guide and
leave predictive application-specific theories for later work.
In the observation section of the paper which follows we
will experimentally characterize temporal decorrelation from
unvegetated, lightly vegetated, and heavily forested surfaces.

Once again, we begin with the expression for the correlation
between two signals s; and sy (see (22) below) where we
have generalized the backscatter function f(z,y, z) to account
for three-dimensional variability (volume scatter, important
for vegetation models), and included terms related to change
horizontal position 6y and change in height 6z of a scatterer in
the exponential kernel. If we assume that changes in position
of a scatterer are unrelated to the initial position, and are
characterized by independent probability distributions p,(6y)
and p,(6z), (22) reduces to (23) below.If the probability
distributions are Gaussian, then after normalization the integral

yields
4
promporat = expl =3 (TP (07 sin? 6.+ 02 cos? )} (24)

For the SEASAT geometry where the nominal incidence angle
is 23°, the contribution from displacements in z is greater than
that for displacements in y as indicated by the geometrical
factors in (24). In other words, we expect greater sensitivity
to vertical changes than to horizontal changes for incidence
angles less than 45°, and thus surfaces with significant volume
scattering, such as forests, should decorrelate most rapidly with
time.

We again verify this result by simulation, where we restrict
motion to the surface plane (6y only) for simplicity. For
our sample calculation we alter the location of the scattering
centers within a volume in a random direction by adding to
each location a complex Gaussian distance of specified rms
motion, thus the direction of each motion is uniformly random
in angle. In Fig. 4 we plot temporal decorrelation at two
wavelengths as a function of rms motion and also indicate the
analytical result, where the wavelengths used are 0.24 m (L-
band) and 0.0566 m (C-band). The remaining radar parameters
are typical for SEASAT. We note that in this case 10 cm of
rms motion is needed for complete decorrelation at L-band
while only 2-3 cm rms motion decorrelates C-band signals.

We have here considered only random motions, that is, each
scattering center moves independently of all others. If in fact
the scatterers move together in one preferred direction, then
instead of decorrelation a systematic phase shift would occur.
This idea has been proposed and applied to measurement small
surface changes ( see, for example, [9]).

E. Implications for Topographic Mapping

Our final theoretical result is to assess the effect of decor-
relation on the accuracy of inferred topographic maps. The
major implication of decorrelation in an interferometer is that
it adds noise to the radar echoes, increasing the standard
deviation of inferred phase estimates and hence the derived
height values. This topic has been previously addressed by
Zebker and Goldstein [2], Li and Goldstein [4], and Rodriguez
and Martin [5], although they did not consider the additional
noise due to temporal decorrelation. Using the approximate
formula given by Rodriguez and Martin [5, eq. 31], we can
relate the phase standard deviations to height errors as follows:

_ Aptanéd

_ Aptant 2
oh B ¢ (25)

= [ [ [ ][ [ =m0 s

exp{—j%(éy sin @ + 6z cos 0)} W (z, y)W*(z', ' )dadydzda'dy' dz’  (22)

(s183) = o® / /exp{—j%r(ﬁysin(? + 6z cos 8) }py (6y)p. (62)dbydb=

(23)
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Fig. 4. Simulation results indicating dependence of correlation on random
motion of scattering centers within resolution elements (points), with theoret-
ical predictions (solid lines). As in previous figure, assumed L-band system
parameters are those for SEASAT, while C-band parameters are those for
wavelength of ERS-1 radar. Complete decorrelation results after rms motion
of 10 cm at L-band, 2-3 cm at C-band.
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Fig. 5. Sensitivity of phase standard deviation to correlation and number of
looks in processor. Increasing number of looks is an effective means to reduce
statistical variation, especially for the first eight looks or so.

where p is range, # is the look angle, B is the interferometer
baseline, A is the radar wavelength, and o4 and o, are the
standard deviations of height and phase, respectively.

We have calculated, and present in Fig. 5, the expected
phase standard deviations as a function of the interferometric
radar system parameters of correlation and number of looks,
where by number of looks we refer to the number of resolution
elements averaged spatially in the complex interferogram to
reduce statistical variations. For example, if the correlation
Ptotal 18 0.8 and we average four resolution elements in the
interferogram, the resulting phases are determined with an
uncertainty of 21°. Equation (25) may then be used to infer the
resulting height precision, which would be 5 m for SEASAT
operating with a baseline of 500 m. Note that “taking looks”
is a particularly effective means to reduce errors when the
number of looks is less than eight or so; therefore, systems
should be designed with this in mind.

F. Observations

In this section, we present observations of decorrelation
using SEASAT data, and derive a topographic map of a

TABLE |
SEASAT ORBIT PARAMETERS
Orbit Number ~ Date Long. Asc. Node Inclination
1226 Sept. 20 255.9989 108.0202
1269 Sept. 23 255.9930 108.0076
1312 Sept. 26 255.9885 108.0176
1355 Sept. 29 255.9863 108.0294
1398 Oct. 2 255.9868 108.0196
1441 Oct. 5 255.9896 108.0071
1484 Oct. 8 255.9950 108.0166
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Fig. 6. Relative offsets of SEASAT orbits. Interferometer baseline for any
pair of orbits may be found by difference of offsets for that pair. These values
approximately correct for western U.S.

region in Oregon containing both lightly vegetated and heavily
forested areas. First, we will describe the relevant parameters
of the radar system and satellite orbit geometry. Next, we show
measured spatial baseline decorrelation from data acquired
over Death Valley, and temporal decorrelation from that site
and several areas in the Oregon image. Finally, we derive the
topographic map and estimate its accuracy over the several
surface types included in the image.

1) SEASAT Parameters: The data shown here were ac-
quired by the SEASAT synthetic aperture radar satellite over a
period from September 20—-October 8, 1978. The correspond-
ing orbit numbers range from 1226 to 1484. The SEASAT orbit
altitude of 800 km provided for a nearly exact repeat track
every 43 orbits (3 days). Orbital data are given in Table I

A plot of approximate orbit offsets in meters over the west-
ern U.S. is shown in Fig. 6, where the independent variable is
orbit number and the dependent variable is the relative offset
of each orbit to orbit 1355 (chosen arbitrarily). Thus to find the
interferometer baseline for any given pair of orbits, the relative
locations from Fig. 6 must be differenced. The orbit position
varies approximately quadratically with time. This should be
kept in mind during the analyses presented below, when we
are isolating observed temporal effects from spatial effects—
the available time and space baselines are uncorrelated with
each other.

The SEASAT radar consisted of a nominal 1-kW transmitter,
operating at 1275 MHz and transmitting 33 us pulses at a rate
of 1647 pulses per second. The transmit waveform was range
coded by a linear FM signal for 19-MHz bandwidth. Data
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were transmitted to Earth using an analog downlink, and offset
video signals were digitized on the ground to 5-bit accuracy
at a sample rate of about 45.5 MHz. These samples were then
processed on a general purpose computer using a conventional
range/Doppler algorithm. Complex, single look high resolution
pixels were generated, with a typical scene size of 1024 pixels
in range by 4096 pixels in azimuth and corresponding to
approximately 16 km by 16 km on the ground. As stated above,
the nominal radar incidence angle was 23°.

2) Baseline Decorrelation: The arid, unvegetated floor of
Death Valley in California serves as an ideal target for mea-
surements of baseline decorrelation. The relatively strong
backscatter from rough portions of the valley floor results in a
high SNR and therefore minimizes the effect of the pinermar
term in (9). More importantly, changes in the surface on a time
scale of days or weeks are negligible, minimizing p:emporat
as a possible source of decorrelation. As a result, the observed
correlation pyotq: is in effect a direct measure of pspatiar and
should fall off nearly linearly as the baseline B is increased.
Interferograms obtained using small baselines are relatively
free from degradations caused by baseline decorrelation, but
are characterized by broad fringes and reduced accuracy in the
resulting height maps. The lengths of the 21 baselines which
can be synthesized using the seven SEASAT orbits given in
Table I range from approximately 50 to 1100 m.

We estimated the critical baseline for our SEASAT data at
about 4500 m by first estimating the system impulse response
and then computing its Fourier transform as indicated above.
Since our scenes of Death Valley, CA and Bend, OR did
not contain any known point reflectors, we used the impulse
response determined by the JPL SEASAT project which was
documented in a JPL internal report [12]. They found that data
from a calibration site at Goldstone Dry Lake in California
were well modeled by an unweighted sin(z)/z function with
intensity half-power width of 25 m. The transform of this
response, as discussed above, is a linearly decreasing function
which equals zero for a baseline of approximately 4500 m.

In order to compare observed baseline decorrelation with
this theoretical estimate, we first formed six interferograms
using images of Cottonball Basin in Death Valley acquired dur-
ing orbits 1226, 1355, 1441, and 1484. For each pair of images
we used a statistical correlation technique to estimate the rela-
tive offset and then resampled the data to coregister the images.
Next, we selected regions of Cottonbail Basin characterized by
flat or smoothly sloping topography and therefore by straight,
evenly spaced fringes in the interferograms. Using an iterative
procedure, we identified and then removed from one of the
images the phase ramp best corresponding to the observed
fringes. Finally, for each region we calculated the correlation
Ptotal (= Pspatiai) between the images using the pixels within
the area of interest. The resulting correlations, plotted in Fig. 7,
show the near linear dependence on baseline expressed in (17).
A critical baseline value of B. = 3200 m, obtained by fitting
a linear function to these data, is in very rough agreement with
the value of 4500 m calculated using (17).

Note from Fig. 7 that our observed values of correlation
fall below the theoretical expectation, which leads to a low
estimate of the critical baseline. What this implies is that there

Correlation .

Baseline, meters

Fig. 7. Theoretical and empirically determined spatial baseline decorrelation
functions. Ideal impulse—response analysis indicates a critical baseline, that
is the baseline for which correlation equals zero, of 4500 m, while data fits
to a value of 3200 m. The discrepancy is due to unmodeled decorrelation
sources in the radar system. We thus use the empirically derived model for
later analysis in order to compensate for these unkown error sources.

are additional unmodeled sources of decorrelation in our data.
These sources can be, for example, interpolation noise in the
processor or analysis routines, or that the impulse response
we assumed is narrower than the true impulse response.
Therefore, in the remainder of this paper we will model the
baseline decorrelation by the empirically-derived function with
a critical baseline of 3200 m rather than the theoretically
ideal model. This approach allows us to isolate the temporal
phenomena from any unknown processor-induced effects.

3) Temporal Decorrelation: We next considered an area
in central Oregon characterized by diverse topography and

containing both heavily forested areas and partially vegetated . -

and bare lava flows. In contrast with Death Valley, we would
expect more physical changes in the surface itself over the 18
days spanned by the seven SEASAT orbits. Another difference
involved the topography and therefore the size of the areas
over which we could consider decorrelation. The technique
of removing fringes by applying a phase ramp to one of
the images works only when the surface topography can
be approximated by a plane. Many regions of Death Valley
are indeed quite flat and are therefore well-suited to this
approach. For data collected over the Oregon site, however,
the selected areas must be large enough to produce statistically
reliable results, but small enough so that the terrain can
be approximated as flat. An alternative but less practical
approach could involve utilizing arbitrarily large areas over
which the fringes are removed using detailed knowledge of the
true topography. Even if sufficiently detailed digital elevation
maps were available, the increase in computational complexity
would probably not justify the improvement in the results. We
found it difficult to obtain good correlations using areas larger
than about 20 x 20 pixels (a pixel corresponds to about 17
m) and used areas measuring 10 pixels on a side for most of
this work.

Using a procedure identical to that described in the previous
section, we processed data for six SEASAT passes (central
Oregon was not imaged during orbit 1355) and formed 15
interferograms. We then selected both forested and unvege-
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Fig. 8. Temporal decorrelation as a function of time for three surfaces. The
floor of Death Valley exhibits no significant decorrelation over our 18-day
observation period. The lightly vegetated and unvegetated lavas in Oregon
show some temporal effects, and the heavily forested regions show the most
temporal decorrelation. Even after 18 days, however, the correlation associated
with the forested areas is still 0.5, enough for reasonably reliable topographic
maps to be generated.

tated lava areas for analysis. After determining and removing
from each interferogram the appropriate phase ramp for each
small area, we calculated p;os,; and removed the contributions
due t0 pthermat ANd Pspatiar. The value which remained was
Ptemporal, Which we interpret as an indication of the degree
to which the area had changed in the time between the two
images. A value of premporar = 1 indicates no change, while
surface changes alter the exact complex backscatter and cause
decorrelation, reducing piemporal. By PIOtHng piemporal as a
function of time difference between images, an indication of
the presence and degree of surface change results.

We present our temporal decorrelation results in Fig. 8.
To verify that we had succesfully eliminated system errors
which could give erroneous results suggesting gradual surface
change where none existed, we first examined an area in
Death Valley. Given the absence of precipitation and other
factors which could change the nature of the surface on a
time scale of several weeks, we expected to find no significant
temporal decorrelation. As the plot of Fig. 8 shows, the
surface of Death Valley remains fully correlated over our 18
days of observations, indicating minimal residual influence
of system errors and demonstrating that the surface does
remain unchanged. We next implemented a similar analysis
on data acquired over forests and lava flows at the Oregon
site. The forest decorrelates in what appears to be a linear
fashion, reaching piemporat =~ 0.5 for a time difference
of 18 days. This is plausible given the volume scattering
occuring for vegetated targets (see [13], or [14], for example,
radar scattering models incorporating volume scattering from
canopies), in which wavelength-order changes in the positions
of branches significantly alter the speckle and therefore the
correlation.

The temporal decorrelation results for the lava data, also
shown in Fig. 8, are more difficult to explain. The lava appears
to decorrelate at approximately the same rate as the forest,
but with a higher initial value. Although the results plotted
in Fig. 8 represent only one forested area and one lava area,
correlations calculated in other areas produce similar results —

Fig. 9. Photograph of lava areas from which correlation values were mea-
sured. Note that the surface is rather devoid of vegetation, thus we do
not understand the physical mechanism for the observed, albeit minor,
decorrelation with time.

signals from both the forest and the lava appear to decorrelate
at about the same rate, but with the lava echoes consistently
exhibiting higher correlation than the forest.

We first suspected that the decorrelation of the lava might
be due to a system error. However, the same SEASAT orbits
were used to acquire data over both Death Valley and Oregon
(overflight times for the two sites are separated by only 3
min), and the intereferograms of Death Valley show no sign
of temporal decorrelation. Many other possible error sources,
such as those involving estimation of the baseline or SNR, are
unrelated to the time difference between pairs of images and
would not produce the results of Fig. 8. We also considered
the possibility that the lava surface was vegetated and that we
were in fact seeing changes in this vegatation rather than in the
lava itself. The lava flows in question are approximately 5600
years old, and in certain areas pockets of soil have collected,
permitting growth of brush and some trees. A visit to the
area, however, showed that much of the lava has remained
completely bare, as shown in the photograph of Fig. 9. Weather
is also unlikely to provide an explanation. Throughout the
entire period spanning these orbits (late September to early
October 1978) the weather was dry with temperatures reaching
25-30 °C during the day and dropping to 10-15° at night. In
addition, the data were acquired at approximately the same
local time for each pass (about 10:30 AM) rendering dew and
thermal expansion unlikely sources of decorrelation. We are
left with the possibilities that 1) there is some progressive
error source unique to the Oregon images which we have not
eliminated, or 2) that there is true change occurring in the
lava. It is true that the Oregon lava is blockier than the smooth
floor of Death Valley, but why that would effect the observed
decorrelation is unclear.

4) Topographic Map: In Fig. 10 we present a conventional
radar image and also the interferometrically-produced topo-
graphic map of the study area in Oregon derived from a single
pair of SEASAT passes (orbits 1226 and 1269). This pair was
chosen to maximize spatial baseline (484 m) and minimize
temporal baseline (3 days). In the figure, the brightness of each
point is related to the magnitude of radar backscatter while the
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color denotes the altitude. The color contour interval is 6 m,
while the color wheel contains 16 entries and thus the colors
repeat every 96 m of altitude. The image consists of 1024 by
1024 points each with ground spatial dimensions 17 by 17 m,
thus the image is slightly greater than 17 km on a side.

We note that relatively noise-free topography is available
everywhere in the image, even over the most heavily forested
area. These data were averaged to 16 looks. Given the 484-
m baseline we estimate pgpatiar from (17) at approximately
0.85, and since the time separation was 3 days, from Fig. 8
we would expect approximately to observe premporar 0of 0.97
and 0.8 over the lightly vegetated lavas and heavily forested
areas, respectively. Thermal contributions are negligible for
this scene. The total correlations pio1q; for the two types of
targets are then 0.82 and 0.68. Examination of Fig. 5 yields
phase standard deviations of 7 and 12°, respectively, for the
lightly vegetated and heavily forested areas. Finally, using (25)
we estimate the statistical variation contribution to the error in
height to be 1.5 m over the lightly vegetated lava regions and
2.6 m over the forest. Of course, the actual accuracy is several
times worse than this as the error budget is dominated by
systematic errors such as uncertainty in baseline knowledge.
Our main conclusion here is that if the temporal baseline is
constrained at a few days or less, the additional height error
due to temporal changes on the surface are not significant
contributors to the overall error.

Of course additional optimization may be applied to the
data of Fig. 10. For example, if additional height acuity is
needed, we could average spatially to obtain more “looks,” if
maximum spatial resolution is not required. )

IV. SUMMARY

Correlation in pass-to-pass, interferometric radar can be
degraded by thermal noise, lack of parallelism between the
radar flight tracks, spatial baseline noise, and surficial change.
The effects of decorrelation due to thermal noise can be
easily evaluated and removed, while those due slight angular
changes between flight tracks are negligible for data acquired
using near-repeat orbits. Spatial baseline and rotation-induced
decorrelation can be derived using the Fourier transform of
the impulse response intensity, and increase linearly with
baseline or rotation in an ideal system. Empirical results
obtained using images of Death Valley confirm that, as the
baseline increases, the overall correlation decreases due to
spatial baseline noise. As the effects of these three sources
of decorrelation can be quantified, their contributions to the
observed overall correlation can removed, yielding a measure
of the temporal decorrelation due to change in the target itself.
We have shown that areas of Cottonball Basin in Death Valley
remained unchanged over the 3-week period for which we
have data, while a heavily forested area in Oregon exhibited
significant temporal decorrelation. Lava surfaces in central
Oregon also appeared to decorrelate, although the reasons for
this are uncertain. We generated a topographic map from the
images of central Oregon and achieve statistical contributions
to height accuracy of 1.5 m over unvegetated areas and 2.6
m over forest. Our results demonstrate that generation of
height maps of heavily vegetated areas using pass-to-pass

(®)

Fig. 10. Radar image (a) and interferometrically derived topographic map
(b) of Oregon forested area. Height contour levels are 6 m/color, or 96 m for
one complete color cycle. The topography is clearly visible even in the most
heavily forested regions. The layed over cones in the radar image are seen to
be rectified in the topographic map, demonstrating that with three-dimensional
data cartographically correct maps may be generated. The irregular border at
the bottom of the topographic map is a result of the nonlinear stretch applied
to rectify the image.

interferometry is practical provided that the time between
passes is at most several weeks.
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Accurate Estimation of Correlation
in InSAR Observations

Howard A. Zebker, Fellow, IEEE, and Katherine Chen

Abstract—Interferometric synthetic aperture radar (InSAR)
correlation, a measure of the similarity of two radar echoes, pro-
vides a quantitative measure of surface and subsurface scattering
properties and hence surface composition and structure. Corre-
lation is observed by comparing the radar return across several
nearby radar image pixels, but estimates of correlation are biased
by finite data sample size and any underlying interferometer
fringe pattern. We present a method for correcting bias in InSAR
correlation measurements resulting in significantly more accurate
estimates, so that inverse models of surface properties are more
useful. We demonstrate the value of the approach using data
collected over Antarctica by the Radarsat spacecraft.

Index Terms—Correlation, cryosphere, interferometry, interfer-
ometric synthetic aperture radar (InSAR), radar.

I. INTRODUCTION

ORRELATION of interferometric synthetic aperture radar

(InSAR) echoes is a fundamental observable in interfero-
metric radar measurements. Correlation, a measure of the sim-
ilarity of two radar echoes, is governed by several system pa-
rameters and by properties of the scatterers reflecting the radar
signal [1]. Correlation has been used for qualitative identifica-
tion or classification of surface features [2]-[6]. It has been used
to guide phase unwrapping algorithms, for example [7]. Several
applications rely on the quantification of correlation estimates,
such as in the calculation of uncertainties in InSAR-derived to-
pographic maps [8], extraction of forest parameters [9], estima-
tion of penetration depths in snow [10], and more recently, in
modeling of ice accumulation rates [11].

These quantitative studies rely on accurate measurements of
correlation. Correlation is usually measured by comparing the
radar return across several nearby radar image pixels, but prop-
erties of the signal and the imaging system result in biased esti-
mates of the underlying correlation. In one example below, we
show that blind calculation of correlation can overestimate cor-
relation in some parts of an image by a factor of several, while
underestimating it in other regions of the same image by a sim-
ilar factor. We present here a method for correction of bias in
InSAR data resulting in significantly more accurate correlation
measurements. The approach is demonstrated using data col-
lected over Antarctica during the Modified Antarctic Mapping
Mission, the second Radarsat Antarctic mapping mission [12].

The need for quantitative evaluation of correlation has been
pointed out by Werner et al. [13], who raised it in the context
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of surface change studies. They recognized the need to compen-
sate for fringe patterns if one is to relate correlation to surface
properties. Here, we extend that work by deriving the under-
lying mathematical model relating correlation to fringe rate, and
develop an inverse method to correct estimation biases for the
presence of interferometer fringes.

A. Sources of Bias

It is necessary to correct any estimation biases if we are to
be able use correlation observations quantitatively. Two prin-
cipal biases affect correlation estimates in InNSAR, an underes-
timation resulting from the presence of interferometer fringes,
and an overestimation due to limited sample size in the numer-
ical computation of the estimate. Consider first the correlation
definition

.
(O] 0
(s157)(s253)

where p is the correlation, s; and sy are complex signals re-
ceived at the two radar antennas forming the interferometer,
and (-) denotes an ensemble average. In other words, the cor-
relation is the average power of the cross multiplication of the
two signals normalized by the square root of the products of
the individual signal powers. Since in practice we are unable to
obtain ensemble averages directly, we approximate them with
local spatial averages and use an estimator of the form

n

*
> 51,i52,i
i=1

p= @

n n
> 51,087, > 52,085 ;
i=1 i=1

where subscript ¢ denotes the ith pixel of n neighboring
pixels averaged. Note that approximating ensemble averages
with spatial means implicitly assumes that the pixels have
stationary statistics.

Using the correlation model of Zebker and Villsenor [1],
we model the radar echoes as consisting of a correlated part ¢
common to the signal at both antennas and also of noise parts
ni and no

3

where the noise terms may be due to baseline, temporal, or
thermal noise decorrelation, or any other artifacts present in the
signals. Substituting into the definition [(1)] the correlation of
these two signals becomes

s1=c+ny So=c+ns

2
b= i @

c|? + |n/?

1545-598X/$20.00 © 2005 IEEE
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where |n|? is the average power of the “noise.”

Now, suppose that the region on the surface over which we es-
timate correlation contains interferometer fringes. In that case,
the correlated part of the signal ¢ is not equal in both images,
rather their relative phase varies according to

coi = cp e 12T )

where for simplicity we have modeled a one-dimensional signal,

1 is the pixel index, and f is the fringe rate in fringes per pixel.

Note that when we evaluate the correlation according to (2),
for the numerator we obtain

n

*
E :31,1*92,1‘

=1
n

Lk g2wfi %
E <Cl,zc1,i€ ter,ing;
=1

* 727 fe . .
+cy e ”1,1+n1,zn2,i>

p(num) =

(6)

Equation (6) shows both of the estimation bias effects dis-
cussed above. The first term will be less than the desired |cc*|
because of the sinusoidal factor, and the difference in magni-
tude will be dependent on the fringe rate f. This will cause es-
timated correlations to be less than the true correlation of the
signals. Each of the remaining three terms is zero in ensemble
expectation, given independence of the noise and signal in each
channel, but for any actual set of measurements the pixel sum-
mation of each term will not be zero. The presence of these terms
will cause an overestimation of the correlation. While averaging
many pixels, or looks, reduces the value of the overestimation
bias, practical computation of the correlation always yields a
correlation estimate that is higher than the true value.

There is in addition another source of overestimation bias that
will result from the correction algorithm we describe in the next
section. We will address this error after introducing our method.

Because both the underlying fringe rate and the number of
looks used in an interferogram vary, correlation associated with
a given pixel may be estimated as too high or too low, but rarely
correctly.

B. Correction Algorithms

Our estimation method compensates for both the over- and
underestimation biases described above in a two-step algo-
rithm. Since most interferograms contain spatially variable
fringes caused by viewing geometry, topography, and motion,
in the first step we remove those fringes from the interferogram.
Fringe removal comprises three calculations. First, we divide
the interferogram phase data into small regions of reasonably
uniform fringe rates by selecting a size for a block of pixels
for which the observed fringes tend to be of constant spacing
and direction. Typical box sizes are 8 X 8§ or 16 x 16 pixels.
Second, we estimate the initial phase and the average fringe
rate inside each box using a Fourier filter. Finally, we subtract
the estimated phase pattern from each box in the interferogram
and reassemble the boxes to form a complete defringed image.
These steps are illustrated in Fig. 1, in which we apply the algo-
rithm to a 48 x 48 pixel image extracted from an interferogram
of a part of Antarctica. The subset size for fringe removal in this

RBEEEE CREENE NEESSS
NNNESGE DRNEEhRE TEEEEE
NNEEEE CORNESN EETEmE
ENTSHES SNOREE HamNAE
HERENENEE ONNEERE SNERENE
RPRENDESE DNNERES BREEEEa
Observed Phase Dominant Residual Phase

Fringe Pattern
(a (b) (©

Fig. 1. Sample measured interferogram consists of a 48 X 48 pixel matrix
extracted from a larger interferogram acquired over Antarctica. The image
matrix (a) is divided into 8 X 8 pixel boxes, the average fringe rate is estimated
(b), and subtracted from the fringe pattern to result in a “flatter” interferogram
(c). Each fringe represents one cycle of phase in the interferogram.

=

example is 8 x 8 pixels. The defringed image no longer shows
dominating phase fringes due to topography and ice motion.

This approach is not without its flaws. Application of the
phase-flattening algorithm forces detection of fringes in noisy
areas, as discussed above, since even pure noise has a domi-
nant term in its Fourier expansion. Hence, the algorithm over-
estimates correlation in noise-only areas by overcorrecting for
fringes if none exist. This adds to the overestimation terms de-
scribed in the previous section.

Another issue is the assumption of a uniform fringe rate over
the small boxes used for the local fringe removal. If the rate is not
constant, but rather a gradient in fringe rate is present, the filter
will only measure a component of the topography or motion pat-
tern and underestimate the correlation. This suggests that smaller
box sizes are preferred. But smaller box sizes mean that the dom-
inant Fourier coefficient of the noise portion of the data will be
larger in a relative sense, so its subtraction will lead to an over-
estimation of correlation by overcorrecting the fringe pattern.

We can illustrate the uniformity problem by applying the de-
fringing algorithm to simulated data with a fringe rate gradient.
Fig. 2 shows a simulated 208 x 208 block of phase fringes that
vary with increasing rate to the lower right corner of the block.
Here, we applied the defringing algorithm to this fringe pattern
using 8 x 8 and 16 x 16 box sizes. Note that the smaller box
size produces less residual phase, as the bandwidth of the fringe
signal is less over smaller areas. We correct only one dominant
fringe rate in each box; hence, a smaller fringe bandwidth in an
8 x 8 box as compared to a 16 X 16 box leaves smaller residual
phase.

Every interferogram has different features, and the defringing
algorithm must be adapted accordingly. The filter box size must
be small enough so that the fringe rate is fairly constant. At the
same time, as we now show, it must be large enough so that
noise is not mistaken for fringes and processed as such. To il-
lustrate this error, consider the example of the correction algo-
rithm shown in Fig. 1. Note misestimation in several cases in
the upper right corner of the image, where the original matrix
consists mainly of phase noise, yet the algorithm nonetheless
identifies a dominant fringe pattern. This pattern is subtracted
from the noise-only data, and as a result, correlation is overesti-
mated in these areas. We will remove this additional component
of algorithmic bias in the second algorithm step.

The presence of the unwanted terms in (6) and the overcorrec-
tion resulting from subtracting a component of the noise lead to
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Fig. 2. Examples of applying defringing algorithm to data with nonconstant
fringe rate. (Left) Fringe rate increases to lower right corner of input images,
and defringed data are not uniformly zero phase. (Top right) Results from 8 x 8
filter boxes. (Bottom right) Results for for 16 X 16 box size.

overestimation bias. We model this bias by calculating correla-
tion estimates of simulated data as a function of true correlation
and the number of looks in the estimate. As described above, this
results in overestimation of the correlation, and we record the
difference between our simulated signal estimates and the un-
derlying correlation. We then fit a polynomial correction curve
to the bias observed in the simulated, which we then apply to the
signal correlations derived from the flattened interferograms in
order to infer their unbiased correlation. An example bias cor-
rection curve is shown in Fig. 3. Note that since the correction is
essentially flat for correlation less than about 0.05, data in this
region are often corrected to zero or less. This is a significant
improvement over the previous lower limit of 0.2-0.25 where
the observed correlations diverge in uncorrected data. We used
a numerical inversion of this curve in our data processing, to
which an approximate fourth-order polynomial is

—1.6185+23.3193- p—112.4498- p? +-244.5408- p> —193.906 - p*

valid over the range 0.14 < p < 0.43. We would like to point
out that analytical expressions for correlation bias as a function
of the number of looks have been derived [14], but these too are
most easily inverted numerically as the expressions are quite
complex.

In summary, our estimation method consists of two steps: ad-
justing the phase of the interferogram to remove fringe patterns
that lead to underestimating the correlation and then applying a
curve to remove the overestimation bias.

C. Application to a Large Interferogram

In this section, we apply the two-step correlation estimation
algorithm to data acquired over a small region of Antarctica. The
interferogram from this area possesses fringes from both topog-
raphy and ice stream flow. Fig. 4 displays a portion of the orig-
inal interferogram [Fig. 4(a)] and the same part of the defringed
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Fig. 3. Measured correlations (dashed line) exceed true correlations (solid

line) due to bias from extra terms in estimator and from the reduction in noise
variance after defringing algorithm is applied. The dashed line is a polynomial
fit to the simulated data; its difference from “true” correlation is inverted to
form the correction algorithm. Estimates approximate true correlations closely
for pirue > 0.4, but exceed significantly for lower values. Dashed line derived
from defringed measurements using an 8 X 8 pixel box, assuming 35 equivalent
looks over the 64 pixels. Stars are correlations corrected for the overestimation
bias. Dashed curve is essentially the same as the theoretical estimate derived by
Hoen [10].

Interferograms

Measured

(a)

Fig. 4. (a) Measured interferogram exhibits dense fringe patterns as a result of
topography and ice flow on the surface. The fringe rate is so high in most areas
that aliasing in the printing process prevents their identification. In step 1) of
our method, the image is divided into 8 X 8 pixel boxes, the average fringe rate
is estimated, and subsequently subtracted from the fringe pattern. (b) Resulting
interferogram, which shows fringes that vary much more slowly so that the local
spatial averages needed for estimating correlation are closer to the underlying
values, independent of fringe rate.

interferogram [Fig. 4(b)] after the first step of our method. The
difference between the original and defringed interferograms is
clearly visible. Dense fringes cover much of the original inter-
ferogram, whereas large areas of slowly varying phase are seen
in most of the defringed interferogram. We note that some re-
gions can have such dense fringes due to steep topography or
ice motion that aliasing prevents accurate measurement of the
fringe rate given the resolution of the radar, and we would ex-
pect reduced performance in these areas.

Correlation estimates over the full dataset, plus those after the
overestimation bias correction (Fig. 3), are applied, are shown
in Fig. 5. The correlations of the original, defringed, and bias-
corrected data are shown in image form. We see that removing
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Fig. 5. Correlations derived from (a) original, (b) defringed, and (c) bias-
corrected data are shown in image form. Fringe removal results in higher
correlation values as underestimation bias is corrected, and this is quite
evident in the ice streams. Correcting for overestimation biases yields high
correlation values in some regions yet gives areas of very low correlation in the
mountainous areas.

the phase fringes results in higher correlation values; this is es-
pecially visible in the ice streams. The lack of areas with low or
zero correlation within the defringed correlation estimate image
reveals the influence of the algorithmic bias. After correcting
for this bias, the resulting correlation image [Fig. 5(c)] now ex-
presses high correlation values in some regions but also contains
areas of very low correlation in the mountainous areas.

This bias-corrected correlation image is the final product of
the defringing and bias-correction steps and represents a better
estimate of interferometric correlation than simple calculation
of correlation. For problems requiring accurate quantification
of correlation, inferred parameters such as accumulation rates
will be that much more accurate.
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Mapping the World’s Topography Using Radar
Interferometry: The TOPSAT Mission
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RONALD P. SALAZAR, AND TIMOTHY H. DIXON

Invited Paper

Global-scale topographic data are of fundamental importance to
many Earth science studies, and obtaining these data is a priority
for the Earth science community. Several groups have considered
the requirements for such a data set, and a consensus assessment
is that many critical studies would be enabled by the availability
of a digital global topographic model with accuracies of 2 and
30 m in the vertical and horizontal directions, respectively. Radar
interferometric techniques have been used to produce digital ele-
vation models at these accuracies and are technologically feasible
as the centerpiece of a spaceborne satellite mission designed to
map the world's lund masses, which we denote TOPSAT. A radar
interferometer is formed by combining the radar echoes received
at a pair of antennas displaced across-track, and specialized
data processing results in the elevation data. Two alternative
implementations, one using a 2 ¢m-X radar, and one using a
24 ¢m-X radar, are technologically feasible. The former requires
an inierferometer baseline length of about 15 m to achieve the
required accuracy, and thus could be built on a single spacecraft
with u long extendable boom. The latter necessitates a kilometers-
long baseline, and would thus be best implemented using two
spacecraft flving in formation. Measurement errors are dominated
by phuse noise, due lurgely to signal-to-noise ratio considerations,
and attitude errors in determining the baseline orientation. For the
2-m accuracy required by TOPSAT, the orientation must be known
to [ arc-second. For the single-spacecraft approach, where attitude
would be determined by star tracking systems, this performance is
Jjust bevond the several arc-second range of existing instruments.
For the dual-spacecraft systems, though, differential global posi-
tioning satellite measurements possess sufficient accuracy. Studies
indicate that similar performance can be realized with either
systent.

1. INTRODUCTION

An accurate description of the surface elevation of the
Earth is of fundamental importance to many branches of
Earth science, as has been detailed in the reports of several
working groups [1]-[4]. These studies have considered
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the characteristics of the available topographic database as
well as existing and possible new scientific applications
of high-resolution topographic data. Key findings of these
groups are that there are significant deficiencies in available
topographic data, that existing and potential new scientific
applications are severely limited by these deficiencies, and
that ready availability of a worldwide digital elevation
model is a priority for these studies. The required character-
istics of the data set are that i) the data cover the majority
of the Earth’s land surface, ii) all data be expressed in
a common coordinate system, iii) the data exhibit uniform
accuracy, and iv) the vertical accuracy and spatial resolution
of the model be approximately 2 and 30 m, respectively.

The development of interferometric radar systems for the
measurement of highly accurate digital elevation models
(DEM’s) has by now been well-documented in the literature
[5]-[12]. The precision of the technique is now commen-
surate with conventional optical-stereo photogrammetric
procedures [13], while data reduction time is a small
fraction of that required by the optical-stereo instrument
systems, which follows mainly from the automated nature
of the radar data processing. In addition, because the radar
signals easily penetrate even dense clouds in the atmosphere
and are independent of solar illumination, there are also far
fewer restrictions on data acquisition times and geometries
from either airborne or spaceborne platforms.

Therefore, it is feasible to design a space mission ded-
icated to the acquisition of a global digital topographic
database at accuracies superior to existing elevation models,
including those described only in paper contour map format.
In fact, NASA has been studying such a mission for several
years to support many ongoing research programs and
the general science community. Consideration of accuracy,
facility of data reduction, and cost has led to the selection of
the interferometric radar technique as the leading candidate
for this mission, which we denote TOPSAT. The principal
TOPSAT goal is to map the topography of the entire Earth
in less than a year at an accuracy similar to that exhibited
by 1:50000 maps.

0018-9219/943504.00 © 1994 IEEE
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In this paper, we review the scientific need for global
digital topographic data, including the requirements for the
data set and a brief comparison of some data acquisition
techniques. We then give a brief tutorial on the radar
interferometric technique as applied to topographic map-
ping. This is followed by examples of the performance
and application of such a system using data generated by
TOPSAR, an airborne prototype of the space instrument,
and also by repeat track analysis of data acquired by the
ERS-1 radar satellite. Next, we present two possible designs
of a spaceborne topographic radar system, one in which
the interferometer is formed by using two antennas on a
single spacecraft and one in which two platforms orbiting
in formation are utilized. Finally, we present conceptual
designs of the complete spacecraft systems needed to realize
the TOPSAT mission.

II. SCIENCE RATIONALE

Digital topographic data are valuable among a wide
community using maps on different scales for a variety
of political, social, and scientific applications. In this sec-
tion we will discuss quantifiable scientific studies enabled
by large-scale, high-resolution elevation data. We then
will present summaries of required accuracies for several
discipline investigations. Finally, we will discuss several
technologies used for generation of topographic data and
show why the radar interferometric technique is the leading
candidate for a spaceborne topographic mission.

Among the studies requiring continental topographic data
are hydrology, ecology, glaciology, geomorphology, and
atmospheric circulation. For example, in hydrologic and
terrestrial ecosystem studies, topography .exerts significant
control on intercepted solar radiation, water runoff and
subsurface water inventory, microclimate, vegetation type
and distribution, soil development, and a host of additional
interdependent parameters. The topography of the polar ice
caps and mountain glaciers is important because it directly
reflects ice-flow dynamics and is closely linked to global
climate and sea-level change. Monitoring the amplitude
of seasonal advance and retreat of mountain glaciers on
a global basis and longer term trends of the polar ice
sheets can give important information on the rate of global
warming. Accurate mapping of the forms and slopes of
young geomorphic features such as glacial moraines and
feature offsets and scarps due to recent geological faulting
can provide new information not only on the formative
tectonic processes but also on the climatic and paleoclimatic
processes contributing to their present form. Finally, models
of the present and past general circulation of the atmosphere
require topography as a fundamental input.

NASA has sponsored two working groups, the Topo-
graphic Science Working Group [3] and the Joint Topo-
graphic Science Working Group, to review previous panel
reports and recommend a strategy for generating high-
resolution, accurate digital elevation measurements of the
entire land and ice surface of the Earth in a single consistent
reference frame. The Joint Topographic Working Group,
in particular, addressed horizontal and vertical resolution

requirements for various disciplines. The working group
report is still unpublished in its entirety, but we present a
summary of their findings in Fig. | (private notes, authors
Dixon and Zebker, who were participants in the group).
This figure emphasizes the wide range (over several or-
ders of magnitude) of requirements. Nevertheless, some
common features stand out. First, several disciplines re-
quire very-high-resolution topographic data with horizontal
resolution of a few tens of meters (approximately the
resolution of current high-resolution space-based imaging
systems such as Landsat TM and SPOT) and vertical
precision of several meters or better. Acquisition of high
horizontal resolution data with high vertical accuracy auto-
matically satisfies all other lower resolution and accuracy
requirements and thus is highly desirable. Vertical accuracy
should not be significantly worse than vertical precision (we
define the latter informally as the relative height uncertainty
for adjacent pixels) to facilitate regional comparisons and
comparisons of data taken at different times. High vertical
precision (a few 10’s of centimeters) over the polar ice
sheets is particularly important to enable mass balance
studies. Here, high horizontal resolution is less critical
because slopes are generally lower, so widely separated
measurements or averages over a few hundred meters do
not, in general, cause large height biases.

Second, while high-resolution data are generally required
only in specific regions, these regions may be located any-
where on the globe, and hence the data should be obtainable
anywhere. This is virtually the same thing as a global
requirement and demonstrates the desirability of space-
based acquisition. However, if sensor power requirements,
data rate, or ground processing time become significant cost
drivers in a space-based mission, a compromise strategy for
data acquisition and processing could be adopted whereby
data are acquired or processed in high-priority regions first,
building up a global data set more slowly. This approach
must be traded off with the need in some applications to
acquire a near-synoptic data set (see below).

The third requirement is in the area of multitemporal
coverage for change detection and the related issues of
synoptic coverage and accuracy. These are most critical
for applications involving ice change and vegetation mon-
itoring. While tree heights change slowly and are not
usually the subject of topographic maps, the availability
of temporally varying global height maps would permit
global change studies such as forest destruction and re-
growth. These ecological studies are not supported well
by traditional mapping activities, but represent some of
the new possibilities enabled by rapid global mapping
technology. It is thus desirable to acquire data relatively
quickly, ideally over a 1-2 year period or less, as opposed
to building up a database more slowly, for example over a
5~10 year period as might be feasible with stereo-optical
systems. It is feasible to acquire “near-synoptic™ global
data in 6 months with a radar interferometer. Seasonal or
other shorter period effects will still have to be accounted
for by modeling or other measurement. Obviously, if a
global set could be acquired in 6 months, and the mission
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Fig. 1. Graphical depiction of horizontal and vertical topographic
data accuracies required for several discipline studies. Each box
represents a range of requirements for differing aspects of the
studies.

continued for 3 years, changes over this period could
be detected. Even if data acquisition ended after 1 year,
future missions would benefit from a near-synoptic database
for comparison purposes, assuming sufficient accuracy.
The ability to compare with future data sets may be the
most important constraint on the resolution and accuracy
requirements of a topographic mission, as we cannot predict
all possible future applications of a global, fine resolution,
high-accuracy data set.

Examination of the figure above shows that many of
the investigations would be enabled if elevation data at a
vertical accuracy of 2-5 m and a spatial resolution of 30 m
were available, requirements satisfied by the technological
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implementations discussed below. The principle exceptions
here are the polar ice studies, which do not require fine
spatial resolution but do need very precise (10-cm scale)
vertical accuracies for adequate calculation of ice volumes.
These values, along with coverage needs, form the mission
requirements.

The existing inventory of topographic data has been
produced from a variety of regional and local data sets
representing a potpourri of horizontal and vertical datums,
accuracies, styles, map projections, and resolutions making
it nearly impossible to produce a uniform data set or
assess the accuracy of the resulting derived product. The
best existing digital database is the Digital Topographic
Elevation Data (DTED) produced by the United States
Defense Mapping Agency. DTED have been produced
for about 70% of the Earth’s land surface, mostly in the
northern hemisphere. Completion of a global data set,
exclusive of the Greenland and Antarctic ice sheets, is
anticipated by year 2005. Current production of DTED is
accomplished by automated photogrammetry using classi-
fied orbital stereoscopic images. Previously, DTED were
produced by traditional analog photogrammetry and by dig-
itization from contour maps. DTED, although not classified,
are limited in distribution to members of the Department
of Defense and their contractors. This distribution policy
is currently under review. The quality characteristics of
DTED, taken from public-domain DMA product specifica-
tions for photogrammetrically derived data, are about 90-m
spatial resolution and tens of meters accuracy in the vertical
direction.

A comparison of data requirements versus measurement
performance demonstrates that DTED quality does not
meet the needs of most scientific disciplines. The rel-
atively coarse DTED horizontal grid size is insufficient
for disciplines requiring local digital topographic data.
Even with spatial averaging, the poor vertical accuracy
of DTED, which is due mostly to large systematic errors,
also precludes its suitability for most regional and global
scientific disciplines.

There are at least three possible technologies for genera-
tion of future topographic data on a global scale: i) optical-
stereo instrumentation, ii) laser profiling instruments, and
iii) radar interferometry. Of these, the optical-stereo ap-
proach has the advantage that it utilizes existing or planned
satellite systems justified by a broad spectrum of appli-
cations. Currently these include SPOT (Systeme Proba-
toire d’Observation de la Terre), JERS-1 (Japanese Earth
Resources Satellite) OPS (Optical System), AVNIR (Ad-
vanced Visible and Near-Infrared Radiometer) on the Japan-
ese ADEOS (Advanced Earth Observing System), HRMSI
(High Resolution Multispectral Stereo Imager) on Landsat
7, and ASTER (Advanced Spaceborne Thermal Emission
and Reflection) on EOS. Depending on the exact system
involved, spatial resolutions ranging from 20 to 40 m and
vertical accuracies of 10-60 m may be achieved [14], [15].

It is important to note that these accuracies cannot be
achieved without suitable ground control point knowledge,
clearly an undesirable need for a global system. In addition,
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truly global coverage is unlikely, even with a space mission,
due to orbital limitations and the requirement for two cloud-
free scenes with compatible imaging geometry. For these
reasons, stereo-optical data would likely be acquired in
a piecemeal fashion, slowly building up coverage from
a variety of missions with different orbits, illumination
conditions, and accuracies. Thus space-based stereo-optical
data would suffer from one of the most vexing problems
with existing digital topographic databases, namely the lack
of consistency.

Perhaps the major constraint on any sterco-optical ap-
proach is the existence of clouds in the Earth’s atmosphere.
Many areas of the globe are cloud-covered much of the time
(especially high-relief or tropical areas) and have never
been photographed from space. This is not to say that
such areas are cloud-covered all of the time. However,
any sun-synchronous orbital platform is constrained to fly
near local noon (£2 h), in order to minimize shadows and
to ensure adequate solar illumination for passive optical
sensors. Especially in tropical areas, cumulus clouds formed
by solar heating of the ground and resultant convection
generally start to form by mid-morning, severely limiting
optical detection from sun-synchronous orbital platforms in
certain locations.

The second approach is that of laser profiling, where
one or more laser beams illuminate the Earth in a near-
nadir direction to collect data directly beneath the satellite
ground track. This approach has the advantage of very high
vertical accuracy (~0.1-1 m), but the disadvantage that
for practical implementations only a very narrow swath
may be acquired at one time. For example, if a 30-beam
laser were employed with each beam separated by 30 m,
the swath would be less than 1 km and complete orbital
coverage, with overlaps, would take over 4 years, stressing
the performnace in terms of lifetime and efficiency of laser
transmitters. It also requires that the orbit be controlled to
about 50 m, a challenge in itself. Finally, although only
a single pass is required over each region of the Earth’s
surface, the same atmospheric limitations noted for the
stereo imaging affect laser performance.

We note here that there are certain studies, such as
the polar ice volume measurements, for which the laser
altimeter’s high vertical precision and low spatial coverage
are ideal, and an overall global topographic study would
benefit from the inclusion of a laser instrument to permit
the polar study.

The final approach, radar interferometry, achieves the
required resolutions and accuracies in a reasonable mission
lifetime without interference from clouds in the atmosphere.
If a very short radar wavelength is employed, there remains
the possibility of interference from severe storms, which,
fortunately, are much more rare than clouds in the sky.
We describe this approach in detail in the next section,
concluding that interferometric radar promises the highest
quality product in the shortest time. The remaining discrim-
inator is of course cost, and implementation studies are now
investigating the cost issue in detail. For the remainder of
this paper, we will assume that there is no significant cost

advantage in selecting one of the optical approaches and
will discuss only the radar implementation.

III. RADAR INTERFEROMETRY

A radar interferometer is formed by relating the signals
from two spatially separated antennas; the separation of the
two antennas is called the baseline. Radar interferometers
have been realized in two ways. First, the two antennas
may be mounted on a single platform. This is the usual
implementation for aircraft systems [5], [6], [9], having
the advantage of simultaneous observation (see below)
but suffering from the disadvantage that the size of the
airframe limits the achievable baseline. However, choosing
a high operating frequency permits the baseline, measured
in wavelengths, to be of sufficient length for meter-scale
vertical accuracies. Second, synthetic interferometers have
been formed by utilizing a single antenna on a satellite in
a nearly exact-repeating orbit—the interferometer baseline
is formed by relating radar signals on passes over the
same site [7], [8], [12]. Even though the antennas do not
illuminate the same area at the same time, if the ground
is completely undisturbed between viewings the signals
will be highly correlated and a spatial baseline may be
synthesized. Here the choice of a baseline is limited only
by orbit navigation accuracy, but the surface decorrelation
properties must be considered. Topographic maps using this
technique have been demonstrated [7], [16]-[18]. A third
implementation, proposed for one possible implementation
of the global spaceborne mission, is to utilize two spacecraft
flying in formation. This has the advantage of obtaining ar-
bitrary baselines while avoiding the temporal decorrelation
phenomenon.

The performance of the radar interferometer depends
on the radar instrument parameters, the orbit or aircraft
attitude parameters, and the errors induced by the data pro-
cessing and post-processing operations. For the repeat-pass
implementation only, temporal decorrelation constitutes an
important and in many cases the limiting error source
in the operation of a topographic mapping radar. Zebker
and Villasenor [18] investigated temporal decorrelation
phenomena for the SEASAT 24 cm-A (L-band) radar and
were able to determine rates of decorrelation for several
types of surfaces. A similar analysis of ERS-1 6 cm-A (C-
band) data [12] found that the decorrelation rates are often
so much higher, and unpredictable, that the utility of the
topographic maps derived from the radar measurements
is limited. Therefore, the repeat pass implementation is
a much less desirable candidate for global studies where
complete coverage at uniform accuracy is required, and we
will not consider it further here.

The theory of topographic mapping using radar interfer-
ometry has already been presented in some detail |6}, [19],
[20}—here we summarize the main results and establish
notation. We note that for repeat pass imaging geometries,
on each pass the radar acts as both a transmitter and
receiver, therefore the path difference from each to a given
point on the surface is twice what would be expected if
a single spacecraft or aircraft with two physical antennas
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Fig. 2. Interferometer imaging geometry. Radar antennas A1 and
A2 both illuminate the same patch of ground centered at y = 0.
Incidence angles ¢1 and 62 result in phase offsets for all points
P displaced by distance y of ysin¢; and ysinfy, respectively.
Difference of these phases is measured interferometer phase.

were used. Thus some of the equations listed here differ
from those in the references by a factor of two.

Given two antennas Al and A2 as shown in Fig. 2,
surface topography z(y), the spacecraft altitude h above a
tangent plane at the point of interest, the baseline distance
B, the range to a point on the ground r, the look angle 6,
and the angle of the baseline with respect to horizontal «,
a radar signal transmitted from antenna Al and received
at both A1 and A2 will form an interferogram where the
phase at each point is equal to the difference in path
lengths 6. The measured phase of the interferometer is
directly proportional to this distance, with the constant of
proportionality 27 /A. Using the law of cosines we can
determine the following equations for height as a function
of these parameters:

A
6= 4 ()
. o (r+6)® — 2 - B?
sin{a — ) = SR e (2)
z(y) =h —rcosd 3)

where ¢ is the measured phase, and ) is the wavelength.

The above constitute a recipe for measuring topography
with the interferometer. The two principal errors associated
with the measurements arise from uncertainties in the
measured phase and in the knowledge of baseline attitude.
First, differentiation of (1)~(3) with respect to ¢ yields the
error in height estimate as a function of the error in phase
estimate

o, = Z_Lj\rLB tan fo 4
where o, and o, are the standard deviations of height and
phase, respectively.

The second significant error source results from inaccura-
cies in knowledge of the interferometer baseline alignment.
That is, it is impossible to distinguish a baseline angle
knowledge error from a slope on the surface topography,
and therefore extremely precise knowledge of the baseline
geometry is required if absolute height estimation is needed.
Again, differentiation but with respect to a yields

g, =rsinfo,. (5)
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Note that the error is independent of baseline length and
depends only on attitude and range. This is a stringent
constraint for spaceborne geometries where the range from
the radar to the image swath can be many hundreds
of kilometers. For TOPSAT’s goal of 2-m accuracy the
baseline orientation must be known to about 1 second of
arc. We note that this requirement is for absolute accuracy
only—relative height measurements corrected with ground
control points to determine the absolute values do not
require this accuracy. However, the additional costs asso-
ciated with acquiring and integrating a worldwide ground
contro] point data set probably outweigh the cost of the
spacecraft systems needed to achieve arc second pointing
knowledge.

Phase noise (4) in interferometric radar signals arises
from several sources, including thermal noise, sampling
and processing artifacts, and statistical correlation of the
individual radar echoes before they are combined to form
the interferogram. Thermal noise is of course minimized
by using the greatest possible transmitter power and lowest
noise receivers. Sampling and processing artifacts are a
tradeoff between data system complexity and cost. All of
these factors are well known in radar system design. How-
ever, for interferometric systems, the correlation property
of the echoes represent a new factor limiting performance.

Decorrelation noise arises mainly from three sources,
rotational, temporal, and baseline effects [18]. Rotation of
the viewing angle between passes is important particularly
when interferometric techniques are applied to satellites
in crossing orbits [17], but these systems would never
be practical for global mapping applications, and we will
ignore this term here. Temporal decorrelation is important
when the two radar echoes are not acquired simultaneously,
as in the repeat pass technique, but as TOPSAT will likely
be implemented using contemporaneous observations we
can ignore that effect as well.

Baseline decorrelation results from viewing the surface
at two slightly different angles and increases with increas-
ing angle (or baseline). The correlation between echoes
varies approximately linearly, decreasing from unity at zero
baseline to zero at a critical baseline

Ar

Bo= —~ _
2R, cos?0

(6)

where R, is the ground range resolution and a nearly
horizontal baseline, appropriate for orbital implementations,
is assumed [18]. Thus a tradeoff is involved in any inter-
ferometer design—the baseline must be large enough to
give sufficient phase sensitivity to height (1)~(3) yet small
enough as not to introduce too much decorrelation noise.
The baseline length may be optimized by expressing the
uncertainty in phase o4 as a function of thermal signal-to-
noise ratio, processing parameters, and baseline parameters,
as [19]
1—~2

=yY-_ 1 7
o 2N, @)
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Table 1 TOPSAR and ERS-1 Radar System Parameters

Table 2 Design Control Tables

Parameter TOPSAR ERS-1
Wavelength, m 0.0566 0.0566
Peak power, W 1000 4800
Pulse rate, Hz 600 nominal 1679 nominal
Pulse length, us 5.0 37.1
Antenna length, m 1.6 10
Antenna width, m 0.11 1
Antenna gain, dB 25 43.2
Range bandwidth, MHz 40 15.55
Receiver noise temperature, K 2100 3700
Antenna baseline, m 2.58 variable
Baseline angle (o), deg 62.77 variable
Slant range resolution, m 375 9.6
Azimuth resolution, m 1.2 6.5
Platform altitude, km 8 790
Look angle, deg 20-65 23
Repeat interval, days N/A 3,35, 165

where Ny is the number of radar “looks”

— 1- (B / Bc) 8)
7= T (1/SNR) (
and SNR is the thermal signal-to-noise ratio.

It is worth noting that an active area of research in inter-
ferometric techniques involves the minimizing of baseline
decorrelation at the expense of a loss of range resolution
[8]. While in theory this is valid for flat surfaces, practical
problems appear to limit its usefulness for practical sys-
tems. However, should the studies indicate that alternative
processing could eliminate a major noise source, it would
certainly be included in the data system design.

IV. EXISTING RADAR SYSTEMS AND DATA EXAMPLES

In this section we illustrate interferometric radar princi-
ples by presenting data acquired by the TOPSAR airborne
prototype topographic radar and by the ERS-1 radar satellite
operating in a repeat pass mode. While TOPSAT would
not be implemented by an ERS-1 repeat pass approach, the
large areal coverage and global availability permitted by
spacecraft systems is hard to appreciate by examining only
aircraft strip maps, thus we include an example here.

The TOPSAR interferometric synthetic aperture radar
system is implemented on the NASA DC-8 aircraft, where
NASA /JIPL also operates a multifrequency (P, L, and
C bands), multipolarimetric radar (AIRSAR). The TOP-
SAR implementation uses much of the existing AJRSAR
hardware. When in use, TOPSAR effectively replaces the
C-band polarimeter instrument, but the remaining L- and
P-band systems are undisturbed and operate together with
the topographic mapper, producing simultaneous L- and
P-band fully polarimetric, plus C-band VV polarization
backscatter images in addition to the topographic product.

There are considerations specific to the TOPSAR envi-
ronment which led to the existing design (Tables 1 and 2).
The DC-8 airframe fuselage can support only a 2- to 3-
m baseline without requiring significant modifications and
this limits performance. The intrinsic range resolution of
thc AIRSAR is 3.75 m, thus the critical baseline at C-
band from (6) is 150 m. The optimal baseline, balancing
height sensitivity in the phase measurements and processing

Parameter TOPSAR ERS-1
(dB/dBW) (dB/dBW)
Peak power 30 36.8
Antenna directional gain 28 459
Antenna efficiency -5 =3
1/(4x) —11 —11
1/R? —80 —-118.6
Mluminated area 53 78.4
sigma® —15 —15
1/(4x) -1 —11
1/R? —80 —118.6
Antenna area -8 10
Antenna efficiency -5 -3
System losses -8 -3
Oversampling gain 5 1.8
Total —106 —110.3
Thermal noise (kKTB) —119 —120.0
Signal-to-noise ratio 13 9.7

feasibility, is about one tenth to one fifth of the critical
baseline, or about 15-30 m. Clearly the airframe will not
support an interferometer at the optimum baseline and we
must settle for the largest baseline attainable. We therefore
chose to mount one antenna below the existing P-band
antenna fairing and the second at window level, yielding a
2.58-m baseline. Although this is a factor of ten less than
optimum, reasonable performance is achieved.

The ERS-1 satellite contains several instruments, includ-
ing the synthetic aperture radar. Since only one antenna is
used on the spacecraft, we must rely here on repeat pass
analysis to form the interferometer. This radar also operates
at C-band and has somewhat lower performance in terms
of signal-to-noise ratio and resolution as compared to the
aircraft system. However, the swath width is over 100 km
in contrast to the 10-km swath imaged by TOPSAR.

The main factors affecting topographic mapping per-
formance for the ERS-1 repeat pass case are baseline
length, baseline alignment, and temporal decorrelation of
the surface. For ERS-1 the critical baseline from (6) is
1100 m, and best performance is realized for a bascline
length near 200 m. ERS-1 has been operating in a 35-
day repeat cycle for nearly 2 years and fortunately many
revisits to a site have been possible. Derivation of a DEM
requires selecting a pair from the set of available data
with a usable baseline. The knowledge of the baseline
orientation is about 3 mrad using the best available orbit
reconstructions, yielding an absolute height error from (5)
of 50 m. This is not useful for global studics, but given a
set of ground control points a digital elevation model may
be derived.

For a repeat pass implementation, it is important to min-
imize temporal decorrelation, and areas of the world with
little surface change, such as deserts, are the best candidates
for application of ERS-1 as a topographic measurement
tool. Forests and other vegetated areas as well as areas
subject to freczing and thawing will return radar echoes
that are less well correlated due to changes during the
35-day revisit interval [12]. Again, since this radar was
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Fig. 3. TOPSAR image of Walnut Gulch/Tombstone, AZ. Per-
spective from elevation measurements, brightness represents radar
backscatter coefficient.

not designed specifically for interferometric applications,
performance has not been optimized for topographic map-
ping. However, the application gracefully degrades with
suboptimal geometry and under reasonable conditions of
orbit alignment and surface temporal properties topographic
maps may be derived.

We can estimate the system signal-to-noise ratio for each
with the aid of a design control table (Table 2). Given the
TOPSAR baseline parameters, assuming a nominal 200-m
baseline length and horizontal alignment for ERS-1, and
the signal-to-noise ratios we can then analyze performance
of the interferometers. Equation (8) yields a phase noise of
2.8° and 9.1°, respectively, for the TOPSAR and ERS-I
systems; (4) then gives height uncertainties of 1.4 and 2.4
m, respectively.

Figure 3 illustrates a sample DEM acquired by TOP-
SAR. Here the elevation data are used to generate a
perspective view of Walnut Gulch experimental watershed
near Tombstone, AZ; the amplitude at each point in the
image is determined by the radar backscatter coefficient.
Since the amplitude and the phase information are carried
together in the data processor, precise alignment of the
radar brightness and terrain information is maintained. This
makes it relatively easy to reference the location of points
in the DEM to a known coordinate system as many features
are identifiable in the radar backscatter image.

Figure 4(a) is a TOPSAR image acquired over Ft. Irwin,
near Barstow, CA. This was the site of a verification
experiment [13] where TOPSAR data were compared with
a very accurate DEM produced by the U.S. Army Topo-
graphic Engineering Center (TEC). The stated 1-m or better
accuracy of the TEC reference DEM (shown in shaded
relief representation in Fig. 4(b)) was ensured by using
many ground control points. In Fig. 4(c) we plot an error
map of the height difference between the TEC DEM and
that obtained by TOPSAR. Peak errors approach 10 m, but
for rms error the agreement is to the 1 m level in the flat
regions and 2-3 m in the mountainous regions, as expected
by the theoretical models.

TOPSAR shows its usefulness by acquiring data over
regions of scientific interest for which the existing data
are poor or nonexistant. One such region is the Galapagos
Islands, which are remote and difficult to measure by
conventional means, however are of great interest to the
volcanology community. It is expensive to deploy aircraft
with stereo cameras for extended lengths of time, which
would be required to obtain complete cloud-free coverage
over the entire islands. TOPSAR covered several interesting
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Fig. 4. (a) TOPSAR image of Ft. Irwin, CA. This was the site
of a verification experiment that included a variety of terrains. A
conventional stereo photogrammetric image was produced by the
U.S. Army Topographic Engineering Center (TEC) as a reference.
(b) Shaded relief representation of the reference TEC DEM. The
TEC map does not cover all of the arca in (a). (¢) Error map
of the difference between the TEC DEM and that from TOPSAR.
Although peak errors approach 10 m, in an rms sense the agreement
is to the meter level in the flat regions and 2-3 m in the
mountainous areas.

islands in a matter of a few hours. In Fig. 5 we show a
contour map derived from TOPSAR data over the Galapa-
gos island of Fernandina. In this case there are no known
elevation data of large parts of the island and for those data
that exist the accuracy is not well characterized. This map is
now the best available, and is in convenient digital format.
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Fig. 5. Contour map of Isla Fernandina, Galapagos Islands, de-
rived from TOPSAR DEM. The contour interval is 50 m, and
the brightness represents radar backscatter coefficient. This image
consists of four parallel strips mosaicked together.

It consists of four strips mosaicked into a single image and
covers an area of about 900 km?.

As mentioned above, the principal advantages of space-
borne platforms are large areal coverage and global data
acquisition. We have selected an interferometric pair of
scenes acquired over part of the Mojave Desert in Califor-
nia, where little temporal decorrelation occurs and we chose
two orbits separated by about 100 m in space. From these
data we produced the ERS-1 digital elevation model shown
in Fig. 6. This image is 40 km on a side, and represents a
subset of a single swath of radar data. While we have not
completed a detailed performance analysis of this scene,
analyses on similar scenes [12] indicates that 5-m vertical
precision at 40-m spatial resolution may be achieved if five
ground control points are identified within the image and
used to constrain the solution.

V. TOPSAT IMPLEMENTATION OPTIONS

In this section we present two possible spacecraft im-
plementations that could satisfy many of the global topo-
graphic mapping requirements as described above. Each
approach has its own limitations based on available tech-
nology. Thus many of the limits to performance described
here result from details of the implementation rather than by
shortcomings of the technique. However, both of the pro-
posed implementations are feasible and are an appropriate
starting point for a realistic system design.

If we eliminate repeat pass implementations as unreli-
able for a global mapping mission requiring contiguous,
uniform data over much of the Earth, two alternatives
for interferometric radar instrument designs remain: i) a
single spacecraft with two displaced antennas, and ii) two
spacecraft, each with a synthetic aperture radar, flying in
formation to form the interferometer baseline. For each
system, the basic limitations to interferometer performance

Fig. 6. ERS-1 interferometric digital elevation model of part of
the Mojave Desert, CA. The bright, flat region in the foreground
is the Pisgah lava flow, and the dark dry lake in the background
is Drinkwater Lake.

as described above remain. Signal-to-noise ratio must be
maximized in the constrained spacecraft environment, the
baseline must be of sufficient length to give the desired
height sensitivity without causing too much baseline decor-
relation, and the baseline attitude must be measured at the
1 arc second level.

The requirement to realize sufficient signal-to-noise ra-
tio, coupled with technological limitations on transmitter
efficiencies, practical device power ratings, and spacecraft
prime power levels, translates into a need for a large
antenna compared to the wavelength, producing a relatively
narrow swath. The single-spacecraft design we present here
(Tables 3 and 4) produces a 10.5-km swath after accounting
for overlap in the mosaic process, and thus requires at least
241 days to map the world completely. A longer mapping
cycle is more costly for two reasons: the design lifetime of
the spacecraft must be longer and the operations phase of
the mission lasts longer.

The single-spacecraft approach would achieve the re-
quired baseline lengths by mounting one or both of the
antennas on a boom at a distance from the spacecraft. A
boom would likely be limited to about 25-m length (see
next section), therefore to form an adequate baseline the
wavelength would have to be short, preferably 2 cm (Ku-
band) or less. The effective boom length, however, can be
doubled by “ping-ponging,” or alternately transmitting from
each antenna, at a cost of cutting pulse repetition rate and
the average power per channel by a factor of two, which
also increases azimuth ambiguities due to undersampling
of the Doppler spectrum.

Baseline attitude determination would be achieved by
measuring both the rigid body spacecraft attitude and
the structural distortion between the two antennas. The
spacecraft attitude can be measured by a star tracking
system and the structural distortion by a laser metrol-
ogy system. Of these two the measurement of spacecraft
attitude to less than | arc-second is the more difficult.
Current star trackers cannot measure absolute attitude to
less than several arc-seconds, due to limitations in the
trackers themselves, uncertainties in mechanical spacecraft
flexure, and by limitations in absolute knowledge of star
positions (private communication, S. J. Wang, JPL internal
memorandum Jan. 10, 1994).

Several of the above limitations could be reduced by
using two spacecraft to form the interferometer by flying in
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Table 3 TOPSAT Kh'u- and L-Band Radar System Parameters

Table 4 TOPSAT Design Control Tables

Parameter K u-band L-band
Wavelength, m 0.02 0.24
Peak power, W 750 1600
Pulse rate, Hz 3800 2100
Pulse length, us 60 50
Antenna length, m 5 9
Antenna width, m 0.65 35
Antenna gain, dB 49.9 384
Range bandwidth, MHz 20 20
Receiver noise temperature, K 700 600
Antenna baseline, m 25 800-2000 (variable)
Baseline angle («), deg 30 0
Slant range resolution, m 7.5 7.5
Azimuth resolution, m 33 5.9
Orbit altitude, km 440 564
Look angle, 30 30
Orbit repeat interval, days 241 84

proper formation. Since the baseline can be much longer,
a twin-spacecraft approach could utilize a much lower
frequency, and hence technologically simpler, radar system
(see Tables 3 and 4). We have chosen L-band with a wave-
length of 24 cm as a nominal approach due to the relative
technological maturity of the radar electronics—SEASAT,
SIR-A, SIR-B, SIR-C, and the Japanese JERS-1 satellites
all have L-band radar channels. Here we would navigate
the two spacecraft in “parallel” orbits, identical except
in node crossing, to form any desired baseline length.
The baseline attitude knowledge requirement is still at
the 1 arc-second level, but differential Global Positioning
Satellite (GPS) techniques promise to determine the relative
positions of the spacecraft to a precision of about 3 mm in
all directions [21]. If the baseline length is nominally 1000
m, this translates to 0.62 second of arc, well within the
requirements.

Successful measurement of the relative position of the
interferometric antennas to an accuracy of 3 mm relies
on extrapolation of current GPS system performance using
knowledge of error sources gained from the TOPEX GPS
precision orbit determination experiment. This experiment
resulted in absolute position knowledge to the several cen-
timeters level [22]. The total error was found to have four
main sources: i) receiver thermal noise, ii) multipath effects,
iii) satellite orbit knowledge limitations, and iv) ionospheric
propagation effects. Since TOPSAT will require only the
relative spacecraft positions at the very high precision,
and since the spacecraft are identical in configuration and
separated by only 1-2 km, the contributions of the last three
error sources are reduced from the centimeter level to the
millimeter level.

In the twin-spacecraft case, navigational complexity as-
sociated with two spacecraft orbiting within 1 km of each
other, not to mention the additional cost of a second space-
craft, are the principal challenges. Spacecraft-to-spacecraft
communications and synchronization are required and the
data downlink problem may be more difficult. All of these
problems can be solved with existing technologies, and
the ultimate arbiter in the choice between one and two
spacecraft will likely be the cost issue.
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Parameter TOPSAR ERS-1
(dB/dBW) (dB/dBW)

Peak power 28.8 320
Antenna directional gain 49.9 384
Antenna efficiency -3 -3
1/(47) —11 —11
1/R? —114.1 —116.3
Illuminated area 75.8 84.2
sigma® -13 -20
1/(4x) —11 —11
1/R? —114.1 -116.3
Antenna area 53 15
Antenna efficiency -3 -3
System losses -3 -3
Oversampling gain 2.1 2.1
Total —110.3 —111.9
Thermal noise (kKTB) —125.2 —126.9
Signal-to-noise ratio 14.8 15.0

Table 5 TOPSAT Error Budgets (All values in meters.)

K u-Band L-Band
Flat Sloped Flat Sloped
Parameter Terrain Terrain Terrain Terrain
Height errors, m
Phase noise error 3.26 5.32 1.94 3.17
Baseline error 0.00 0.00 0.71 1.15
Attitude error 1.23 2.01 0.98 1.59
Orbit height error 0.10 0.10 0.10 0.10
Other 0.10 0.16 0.10 0.16
RSS total 3.48 5.68 2.29 373
Across-track
position errors, m
Phase noise error 5.65 3.36
Baseline error 0.00 1.22
Attitude error 2.13 1.69
Navigation error 3.00 3.00
Other 0.10 0.10
RSS total 6.74 497
Along-track position
errors, m
Orbit timing error 0.01 0.01
Navigation error 3.00 3.00

A complete error budget [19] for both implementations
is shown in Table 5. Here we break down the total error
into many components, only two of which (denoted height
phase noise error and height attitude error) were described
previously (4) and (5). Details of this procedure are beyond
the scope of this paper, please consult the reference for
more information.

Orbit Characteristics: Advantages accrue for both con-
cepts if a sun-synchronous orbit operating near the termi-
nator is utilized, as solar illumination remains constant for
many months. The main advantages realized by this orbit
choice are constant availability of power from the solar
panels and few thermal shocks to the spacecraft. The twin
satellites operate at an altitude of 565 km and inclination of
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97.6° while the single satellite with dual antennas operates
at an altitude of 440 km and inclination of 97.6°. The
lower altitude is required by the single satellite with dual
antennas to maintain adequate height resolution, since the
height resolution is a function of antenna spacing and radar
signal-to-noise ratio.

Navigation issues for the single-satellite implementation
are straightforward and the major concern is to cover the
entire Earth with a minimum of gaps. The twin-satellite
mission design is more complex, involving two spacecraft;
it has been described in detail [22] and will be summarized
here. For the dual-satellite mission, the satellites are injected
together into the 565-km orbit. After the correct orbit has
been attained, the satellites are separated into two different
orbit planes and at slightly different altitudes (a few meters).
A good understanding of the satellite’s flight properties
will first be determined when the satellites are at a large
lag distance. The differential drag experienced by the two
satellites will be measured, after which the satellites will be
set at the operational lag distance. After a radar calibration
period, the mapping phase will begin. A map of the land
masses between £70° latitude is obtained after about 84
days. By launching at the proper time of the year, two global
maps can be obtained before entering solar occultation, the
time when Earth shadows disrupt the sun’s illumination of
the spacecraft solar panels. The baseline mission is defined
as the completion of 60 days of in-orbit checkout followed
by two complete 84-day surveys for a total mission duration
of approximately 8 months.

Both implementations would be planned to conduct dual
complete ground surveys. The second survey would fill in
any gaps in the first. Data would be acquired only on the
ascending pass in the first survey because of limitations
of on-board storage and downlink data rate. In the second
survey, data could be taken on the descending pass also
so that the ground would be seen from the opposite look
angle. This would help to locate errors in the data that are
caused by high surface slope.

Twin-Satellite Orbit Configuration. A baseline distance
(the distance between the two satellites measured perpen-
dicular to the velocity vector) of 800 to 2000 m is required
for proper single-pass interferometric results. Figure 7
shows that the two orbits are identical except for a 2020-m
difference in the locations of the node crossings giving a
baseline separation of 2000 m at the equator and 800 m at
65° latitude. Because the ground tracks are denser at the
higher latitudes, good results can be obtained up to about
70° latitude despite the short relative separation. Coverage
between +70° includes almost all the land areas of topo-
graphic interest. By increasing the equatorial separation to
6 km, higher latitudes (about 80°) could be covered in an
extended mission.

Data Storage and Downlink: The L-band radar design
presented above produces data at a rate of 51.4 Mb/s
per spacecraft, and the Kwu-band radar at a rate of 64
Mby/s. These data must be stored on-board the spacecraft
for transmission to the ground. Ideally, the data storage
device would have a capacity of 100’s of gigabits to
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Fig. 7. Dual-satellite trajectory for mid latitude and upper latitude
coverage. Note that the track separation is greatly exaggerated for
clarity—the actual separation of 2 km at the equator would be too
small to see at this scale.

provide ground station scheduling flexibility and backup
for missed passes and on-board failures. It would also
be possible to read out any desired random block of
data in the same order as it was recorded. Presently, no
recording device meets the TOPSAT required data rate and
volume performance parameters. Although 100-Gb tape
recorders are expected to be available in the next few
years, they have the disadvantages of moving parts, reverse
playback, and difficulty in randomly addressing recorded
data. Solid-state recorders, which are being developed for
the EOS-AM platform, would better meet the needs of
TOPSAT. Because SAR’s are such prodigious producers
of data, there is almost no point where the amount of
storage 1s considered enough. Any future developments in
data storage technology will provide real value to TOPSAT
and other future SAR missions.

There are two main options possible for data return. One
option involves the use of 10-m, X-band ground stations
located in Alaska and McMurdo, Antarctica, which have
frequent opportunities to see the spacecraft as well as
additional coverage by 11-m DSN stations. The downlink
radar and altimeter data rate would be at 85 Mb/s. Downlink
of GPS and spacecraft engineering data would be at a rate
of 512 kb/s by S-band to either the DSN 26-m network or
the McMurdo station. Uplink would be at 2 kb/s from the
DSN 26-m stations. The second data return option would
use the TDRSS satellite system in a K-band single-access
mode and employ high-gain antenna on the spacecraft. Even
in this case, a large on-board recorder would be needed as
TDRSS is run as a facility shared by many users, and is not
always available. Normal uplink would also use TDRSS.

Other Mission Issues: The single-spacecraft approach
relies on precise position and attitude knowledge and con-
trol of two radar antennas separated by a long struc-
ture. Occultation-induced thermal changes could disrupt the
pointing control as well as causing lower orbit-averaged
power availability. The orbit would be designed to min-
imize occultations but when they occur data collection
may be interrupted. When the occultation periods end
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Fig. 8. Single-spacecraft configuration in launch vehicle shroud (left), and deployed (right).

the spacecraft is orbiting over a different set of ground
tracks on the Earth, creating a gore in the map, and data
acquisition could not be completed until the unmeasured
regions become visible once again.

The overall mission could be enhanced, providing ad-
ditional capabilities to a topographic mission, if a laser
profiling instrument were included in the payload to enable
polar ice volume studies. A practical design [24] has a
swath width of 150 m and so cannot obtain a complete map
except near the poles where the coverage is dense. Away
from the poles the laser obtains a contiguous line of points
for comparison with the radar data, both for validation and,
if necessary, ground control point information. The lines of
laser data from successive orbits in this approach are about
32 km apart at the equator.

In addition to providing surface height from measurement
of the time of flight of the laser pulse, analysis of the
return pulse waveform can provide information to help
constrain measurements of surface slope, surface roughness,
vegetation height, and surface reflectance at 1.06 pm.

VI. FLIGHT SYSTEM CHARACTERISTIC SUMMARIES

We present here brief descriptions of the complete flight
systems as driven by our radar implementation options
above. While not strictly descriptive of the radar system
itself, it is useful to examine the demand on spacecraft
resources from any proposed implementation approach.
The major characteristics of both the Ku-band and the
L-band system are summarized in Table 6. Finally, we
show possible spacecraft configurations for each option
in Figs. 8 and 9. The single-satellite launch and on-orbit
configurations are depicted in Fig. 8. For the case of the
twin satellites, both spacecraft can be launched on a single
Delta II class vehicle. A possible configuration of the two
spacecraft in the Delta shroud and on-orbit is shown in
Fig. 9.

In the case of the single spacecraft, the solar array would
deploy once and then be fixed in position. There would
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Table 6 Flight System Characteristics

Single sfc Twin s/c
Radar data rate 64 Mb/s 51 Mb/s (each s/c)
Radar power 922 W 694 W (each s/c)
Radar mass 250 kg 300 kg (each s/c)
Total flight system mass 1460 kg 2315 kg (both s/c)
Launch vehicle capability 3580 3420 kg
Launch vehicle margin 2120 1105 kg

also be a one-time deployment of the outboard antenna
boom. The star tracking system would be located on the
spacecraft near the radar antenna and a laser metrology
system would be used to measure the position of the
second antenna realtive to the spacecraft body. The twin-
spacecraft implementation also is designed to have a one-
time deployment of the radar antenna and solar array. The
sun synchronous orbit allows the solar array to be fixed in
position, decreasing cost, and increasing reliability.

VII. CONCLUSION

Global-scale topographic data are of fundamental im-
portance to many Earth science studies, and obtaining
these data are a priority for the Earth science community.
Several groups have considered the requirements for such
a data set, and a consensus assessment is that many critical
studies would be enabled by the availability of a digital
global topographic model with accuracies of 2 and 30 m
in the vertical and horizontal directions, respectively. The
necessity to acquire data globally in a time period of a year
or less suggests that active microwave techniques, which
are much less susceptible to atmospheric effects such as
cloud cover than conventional optical techniques, are the
preferred technology.

Radar interferometric techniques have been used to pro-
duce digital elevation models at these accuracies and are
technologically feasible as the centerpiece of a spaceborne

PROCEEDINGS OF THE IEEE, VOL. 82. NO. 12, DECEMBER 19%4



——

\\
~

\\\ LASER ALTIMETER
y

~4——— 10 FT DIAMETER FAIRING

SIC BUS

L / § M RADAR ANTENNA

5M RADAR ANTENNA

LAUNCH VEHICLE SEPARATION PLANE

SOLAR ARRAY

VELOCITY VECTOR ~—

LASER ALTIMETER

DEPLOYABLE BOOM

5 M RADAR ANTENNA

RADAR BORESIGHT

Fig. 9. Twin-spacecraft configuration in launch vehicle shroud (left), and deployed (right).

satellite mission designed to map the world’s land masses.
A radar interferometer is formed by combining the radar
echoes received at a pair of antennas displaced across-track,
and specialized data processing results in the elevation data.
Two demonstration instruments, the TOPSAR airborne pro-
totype and repeat track analysis of ERS-1 satellite data show
that achieving the needed accuracies is feasible at modest
cost. The accuracies of the prototype instruments depend
mainly on signal-to-noise ratio of the radar echo and to
knowledge of the precise imaging geometry

Two alternative implementations, one using a 2-cm-A
radar, and one using a 24-cm-A radar, are technologically
feasible. The former requires an interferometer baseline
length of about 15 m to achieve the required accuracy,
and thus could be built on a single spacecraft with a
long extendable boom. The latter necessitates a kilometers-
long baseline, and would thus be best implemented using
two spacecraft flying in formation. Measurement errors
are dominated by phase noise, due largely to signal-to-
noise ratio considerations, and attitude errors in determining
the baseline orientation. For the 2-m accuracy required by
TOPSAT, the orientation must be known to 1 arc-second.
For the single-spacecraft approach, where attitude would
be determined by star tracking systems, this performance is
just beyond the several arc-second range of existing instru-
ments. For the dual-spacecraft systems, though, differential
global positioning satellite measurements possess sufficient
accuracy. Studies indicate that similar performance can be
realized with either satellite system.

We have presented here preliminary mission concepts
which have the potential to produce a global topographic
data set in the near future at modest cost. The realization of

a TOPSAT mission requires selection of an implementation
approach and its detailed design and construction. There
are, however, significant open issues with respect to end-
to-end mission design. Therefore, ongoing work emphasizes
refining the system error budgets and system requirements,
defining the mission implementation approach, and technol-
ogy requirements, as well as examining efficient methods of
ground data processing. None of these are technologically
infeasible and it is quite likely that a mature concept can
be selected in the near future.
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Remote Sensing of Ocean Currents

R. M. GoLDsTEIN, T. P. BARNETT, H. A. ZEBKER

A method of remotely measuring near-surface ocean currents with a synthetic aperture
radar (SAR) is described. The apparatus consists of a single SAR transmitter and two
receiving antennas. The phase difference between SAR image scenes obtained from the
antennas forms an interferogram that is directly proportional to the surface current.
The first field test of this technique against conventional measurements gives estimates
of mean currents accurate to order 20 percent, that is, root-mean-square errors of 5 to
10 centimeters per second in mean flows of 27 to 56 centimeters per second. If the full
potential of the method could be realized with spacecraft, then it might be possible to
routinely monitor the surface currents of the world’s oceans.

EASURING NEAR-SURFACE OCEAN
currents is a difficult task under
any circumstances. Conventional

current meters give point values whose spa-
tial representativeness is unknown. Ship-
board acoustic systems give spatial informa-
tion, but the data contain time lags and the
very near-surface layer is not observed.
Drifting buoys can be used to solve the latter
problem but the observations obtained from
them also can be hard to interpret. We have
found that an SAR can be used to provide
virtually  instantaneous  high-resolution
snapshots of near-surface currents over large
ocean regions (1). The basic idea is to use
dual antennas to receive the SAR signal and

R. M. Goldstein and H. A. Zebker, Jet Propulsion
Laboratory, California Institute of Technology, Pasade-
na, CA 91109.

T. P. Barnett, Climate Research Group, Scripps Institu-
tion of Oceanography, La Jolla, CA 92093.
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Fig. 1. Scatter diagram for observed versus radar-
derived surface currents. The statistics of the data
pairs are given in the lower right corner. ‘M’ and
‘PL’ refer to data taken off Mission Bay and Point
Loma, respectively; the numbers that follow (251
and 341) refer to the current component direction
(degrees from true north).
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then from the phase difference between the
image scenes from the antennas to obtain an
interferogram, which is directly proportion-
al to the velocity field of the ocean surface.
The method is distinctly different from earli-
er attempts to use SAR as a remote current
meter (2) and is an extension of a two-
antenna, stationary target—canceling scheme
by Raney (3).

The main result of our work (Fig. 1)
shows the radar-derived estimates of near-
surface ocean currents off San Diego, Cali-
fornia, compared with more conventional
estimates derived from freely drifting

Fig. 2. (A) Radar interfero-
gram of the Mission Bay
arca. Brightness represents
echo strength, and hue rep-
resents surface motion. The
aircraft flight path is from
right to left along the top of
the figure (toward 161°T).
The light blue color of the
land represents no motion.
The predominantly yellow
hue is associated with Bragg
waves generated by the pre-
vailing southwest winds that
are traveling away from the
aircraft. The deep blue
streak extending out from
the jetties is the outgoing
tidal flow (see Fig. 3) and is
directed toward the aircraft.
The long shore striations are
associated with wind wave—
induced orbital motions.
(B) Same as in (A) but for a
flight path of 251°T. (C)
Radar interferogram for
Point Loma. The complex
surface wave field diffraction

Handout 40

“buoys” for approximately the same space-
time locations. The two different estimates
of surface current are linearly related with a
slope of 1.12 + 0.18 (95% confidence lim-
its), have little bias (2.2 cm/s), and have a
root-mean-square (rms) error of 12 cm/s.
Well over one-half of the rms error is intro-
duced by just 3 of the 20 data points. Given
the experimental limitations discussed be-
low, we believe the agreement between the
currents estimated from the SAR interfer-
ometer and the buoy observations is quite
encouraging.

In our experiment, the interferogram was
formed with image scenes from two SAR
receivers with their antennas located 19.3 m
apart on the National Aeronautics and Space
Administration (NASA) DC-8 radar air-
craft. Ideally, one antenna should follow
collinearly behind the other. If the reflecting
elements of the scene were stationary, then
the images from the two antennas would be
identical except for a displacement along the
track. Surface motion, however, produces a
phase shift between corresponding picture
clements (pixels) of the two images. The
phase shift (Ad) is proportional to the
change in distance of the resolution element
that occurs in the time it takes for the rear
antenna to move to a place of symmetry
with respect to the front antenna, that is,

2B u

A W

where B is the distance between antennas
(19.3 m), u is the line-of-sight component

around Point Loma is particularly clear in the interferogram but scarcely visible in the conventional
SAR image (not shown). (D) Same as (B) but for Point Loma. The tidal flow out of San Diego Bay, the
yellowest band, is clearly seen, as is the wind wave field and onshore flow (magenta) to the south (right)

of Zuniga jetty (see Fig. 4).
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of the ocean current velocity, v is the aircraft
velocity (220 m/s), and A is the radar wave-
length (0.24 m).

Currents associated with larger gravity
waves, internal waves, and other oceanic
phenomena are visible to conventional mi-
crowave radar only in their ability to modu-
late the surface Bragg waves (4) imaged by
the radar. In contrast, our interferometric
technique measures the algebraic sum of
small displacements of the Bragg waves: the
phase velocity of the Bragg waves them-
selves, the orbital velocity associated with
the swell upon which they ride, and any
underlying current. Only the line-of-sight
component of these velocities is observed.

Our experiment consisted of a flight of
the NASA DC-8 radar aircraft from its
home base at Moffett Field, California, to
the San Diego area and rerurn. The flight
reached San Diego at the time of maximum
expected outgoing tidal current, near 1230
local daylight time, on 16 April 1988. Radar
data were gathered over the outlets of Mis-
sion Bay and San Diego Bay from two flight
directions each. The directions were chosen
to be nearly parallel, and nearly perpendicu-
lar, to the expected current directions.

The resulting interferograms are shown in
Fig. 2. The first two images (Fig. 2, A and
B) are of Mission Bay, as seen from flight
directions of 161° (south-southeast) and
251° (west-southwest), respectively. The
second two (Fig. 2, C and D) are of Point
Loma along the same two flight paths. In
these images, radar echo power is portrayed
as brightness and phase (Eq. 1) as color.
Thus the interferogram is presented coregis-
tered with the conventional SAR image.

The color cyan represents a phase shift of
0° (zero line-of-sight velocity). Motion to-
ward the radar is represented by shades from
cyan through violet to magenta, motion
away by shades from cyan through green to
yellow. In all cases the aircraft flight line is
across the top of the figure, toward the left.
Most of the surface winds (less than 6 m/s)
were from the southwest, producing the
yellow bias observed in Fig. 2, A and C, and
the violet bias in Fig. 2, B and D. This bias is
the result of the phase velocity of the wind-
driven Bragg waves.

An extensive wave system can be seen
easily in these images, including consider-
able diffraction around Point Loma. This
system is not so easily seen (if at all) in the
conventional SAR images. The largest line-
of-sight velocity associated with the wave
system was 1.5 m/s. In addition to the Bragg
wave phase velocity and the larger gravity
wave orbital velocity, the outflowing tidal
currents can be seen clearly, particularly in
Fig. 2, A and D.

We made estimates of the in situ current

8 DECEMBER 1989

simultaneously with the radar estimates by
observing the motion of the freely drifting
buoys (5). The buoys were deployed at 15-
min intervals in and around the narrowest

parts of the entrances to San Diego Bay and
Mission Bay (Figs. 3 and 4); this position-
ing guaranteed that the buoys would likely
“see” the largest current signals in the SAR
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Fig. 3. Observed surface currents around the entrance to Mission Bay, California. The arrows point in
the direction of the current, and the length of each arrow is proportional to the observed speed. The
letters Ry, Ry, and R; designate reference areas for independent estimartion of the Bragg wave speed.
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images, thus giving the largest signal-to-
noise ratio for both current estimates.

The buoys were positioned by Loran-C
(long-range navigation) approximately ev-
ery 15 min. The lorans were on two swift
boats and allowed full coverage of the (even-
tually) extensive buoy arrays at both Point
Loma and Mission Bay. Tests of the lorans
showed an estimated accuracy for repeat
positions to within approximately + 20 m
of a fixed reference, say, a navigation buoy.
Typical buoy displacements between posi-
tionings were of order 500 m, so current
estimates should be accurate to about 4 to
5% or better.

The currents observed by the drifters and
radar are tabulated in Table 1. The result of
the experiment (the last two columns of
Table 1) are shown in Fig. 1. This illustra-
tion, Fig. 2, and the associated numerics
suggest a number of conclusions:

1) The method is most reliable when one
is looking along the direction of strongest
flow (Mission Bay, 251°, and Point Loma,
161°).

2) The method seems to be more accu-
rate when one is looking upwind or down-
wind. In these cases, the Bragg waves respon-
sible for the radar signal are less ambiguous.

3) The estimates of the reference velocity
are in relatively good accord with those
expected theoretically.

4) The interferograms contain a wealth
of information on the ocean wave field and
numerous other features in the flow field. We
have largely neglected, or processed out, this
information in the present study, but the
potential of the technique for determination
of the surface wave field appears promising.

Using the SAR in the interferometer
mode did introduce a problem in our experi-
ment. The collinear condition for the dual
antennas was not quite met because of air-
craft motion. For example, yaw will cause an
effective sideways motion of the antennas,
thereby inducing a phase shift and hence
making the image scene appear to move
even when it is stationary. During the flight
over San Diego, the aircraft experienced a
good deal of turbulence and so the motion
errors were prominent in our data. We
corrected for such influences by making use
of the aircraft inertial navigation system
(INS), which provided frequent readings of
pitch, yaw, pitch and yaw rates, horizontal
and vertical velocity, and other flight param-
eters. With the INS data we were able to
calculate the expected phase shifts from a
stationary field of view and to compensate
the measurements accordingly.

We mitigated the effects of the swell first
by averaging (filtering) the phase images
over a square of 9 by 9 pixels (110 by 110
m on the sea surface). We then averaged the

1284

phase over the observed paths of the drifters
to make the radar-estimated currents as spa-
tially similar in nature as possible to the
directly observed currents. The bias intro-
duced by the Bragg wave phase velocity was
estimated for a nearby calm location for
which there was little or no tidal current.
Theoretically, the value should be 52 cm/s
for Bragg waves traveling directly along the
line of sight, whereas our calibrated values
varied between 50 and 64 cm/s for “look”™
directions more or less aligned with the
wind direction. The modest difference (2 to

12 cmV/s) between these values and the theo-
retical value are measures of the errors inher-
ent in using the INS to correct for plane
motion.

The method we have described offers an
opportunity for estimating the large-scale
ocean surface current field due to the com-
bined effects of tides, wind, and waves on a
resolution (12 m) never before obtained.
Velocity fields associated with surface
waves, internal waves, and Langmuir cells all
seem amenable to study with the interfero-
metric technique. On these smaller scales,

Table 1. Radar-derived and observed surface currents (in centimeters per second). Minimum and
maximum velocities refer to the 81-pixel averages along the observed path of the drifters. The first
column lists the drifter numbers (see Figs. 3 and 4). Average velocities are the grand average over the
drifter path. The reference number indicates which area was used to calibrate the Bragg wave phase
velocity effect (see Figs. 3 and 4). The resultant radar velocity is the horizontal current velocity near the
sea surface in the direction given in the heading. The buoy measurements of the same component are

the in situ velocity measurements.

Location Velocity Reference Radar In situ
number Min. Max. Average number velocity velocity
Mission Bay 251° component
13,17, 19 -27 -9 -14 1,2 40 40
21,22, 23 -32 2 -9 1,2 44 4
18 -32 2 -12 1,2 42 33
20 =21 23 -10 1,2 4“4 48
5,6 —64 11 -28 1 29 2 14
1,7,11 -58 -33 -40 1,2 14 11
2 ’ —88 -53 -73 2 -23 13
(Ry) -57
(Ry) ~50
Average 27 25
Bias 2
ms 8
Mission Bay 341° component
20 -5 23 6 1 9 12
2 6 34 21 3 14 28
(Ry) -3
(Ry) 7
Average 12 20
Bias -8
ms
Point Loma 251° component
9,16, 17 -55 —40 -50 1 14 2
6, 14 —46 -25 -35 1 29 -2
4,7,12, 15 —47 -40 -44 2 17 3
3,5,10, 13 —49 —46 —47 2 14 4
11 —42 -32 -37 2 21 10
2 -56 —46 -53 2 8 -5
(Ry) ~64
(Ra) -6l
Average 17 2
Bias 15
ms 7
Point Loma 341° component
9, 16, 17 —38 -14 -29 1 -74 -57
6, 14 -33 -10 -18 1 -63 —45
4,7,12, 15 -23 -12 -17 2 =51 —48
3,5,10,13 -23 -9 -14 2 —48 -40
11 -13 -10 -12 2 —46 —48
(Ry) 45
(R); 34
Average -56 —48
Bias -8
ms 8
Grand average 1.7 -0.5
Grand bias 2.2
Grand rms 12
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the problems of aircraft motion will likely be
less important than in the present study.
This SAR device, if rigged on an orbiting
platform, might be subject to fewer prob-
lems than experienced on the aircraft. If this
were done, the interferometer technique
might make feasible the remote sensing of
the surface current field for the world
oceans.
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Magnitude of Late Quaternary Left-Lateral
Displacements Along the North Edge of Tibet

GILLES PELTZER,* PAUL TAPPONNIER, ROLANDO ARMIJO

Images taken by the earth observation satellite SPOT of the Quaternary morphology
at 18 sites on the 2000-kilometer-long Altyn Tagh fault at the north edge of Tibet
demonstrate that it is outstandingly active. Long-term, left-lateral strike-slip offsets of
stream channels, alluvial terrace edges, and glacial moraines along the fault cluster
between 100 and 400 meters. The high elevation of the sites, mostly above 4000
meters in the periglacial zone, suggests that most offsets resulted from slip on the fault
since the beginning of the Holocene. These data imply that slip rates are 2 to 3
centimeters per year along much of the fault length and support the hypothesis that the
continuing penetration of India into Asia forces Tibet rapidly toward the east.

OR NEARLY 2000 KM, THE ALTYN
F Tagh fault follows the northwestern

edge of the Tibet-Qinghai highlands
(Fig. 1). From studies of Landsat images,
the fault has been inferred to be active, left-
lateral (7, 2), and to absorb an important
fraction of the present-day convergence be-
tween India and Asia by allowing the Tibet-
Qinghai plateau to move northeastward rel-
ative to the Tarim basin (7). Little else is
known of this fault, however. The historical
seismic record in its vicinity is scanty (3).
Strike-slip surface breaks have been found in
the field only at two localities, near 90° and
96°E (4). Estimates of the rate of horizontal
slip on the fault vary widely (5). Thus,
although the length and morphology of the
Altyn Tagh fault (6) imply that it may be the
largest Quaternary strike-slip fault of Asia,

Laboratoire de Tectonique, Mécanique de la Litho-
sphere, Insttut de Physique du Globe de Paris, 4, place
Jussieu, 75252 Paris, Cedex 05, France.

*Now at Jet ProIEulsion Laboratory, California Institute
of Technology, Pasadena, CA 91109.
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further constraints on the amount and his-
tory of recent movement are required for a
quantitative understanding of recent tecton-
ics north of the Himalayas.

With a pixel size of 10 m in the panchro-
matic mode, images taken by the satellite
SPOT (7) allow identification of cumulative
Holocene offsets (that is, of features
~10,000 years old) on all faults moving at
rates faster than 1 mm per year. In order to
measure long-term offsets of late Quaternary
morphological features and deposits along
the Altyn Tagh fault, we studied seven
scenes selected on the basis of earlier work
with Landsat (1). In these scenes, late Qua-
ternary deformation is spectacular at 18 sites
(Fig. 1), 11 of which allow unambiguous
estimates of recent left-lateral offsets (Table
1). We describe some of these sites below.

At site 1, the fault trace is marked in
abundant, hummocky glacial till. It cuts the
valley of a glacier and offsets its lateral
moraines (Fig. 2, A and B). The left-lateral
offset of the eastern, well-preserved, mo-
raine ridge is 100 = 20 m. The tip of the

present glacier tongue in the valley lies only
1750 m upstream from the fault trace, thus
only a few hundred meters above it if the
valley slope is 10 to 20% (Fig. 2, A and B).

Between 78° and 79°E, the fault trace lies
in the Karakax He valley, for the most part
above 4000 m (Fig. 1). Here this valley is a
gently west-sloping trough, several kilome-
ters wide, flanked on either side by high
mountains, which have been dissected by
numerous, mostly extinct valley glaciers (8).
Streams now flowing down such valleys
north of the Karakax have built large alluvial
fans. On the SPOT images, the fan deposits
appear to form three major terraces, which
are cut by the fault trace (Fig. 2, Cto F). At
site 3 (Fig. 2, C and D), for instance, the
edges of the upper and middle terraces on
the east bank of the stream are offset left-
laterally by 185 = 20 m. At sites 5 and 6
(Fig. 1 and 2, E and F), two ancient fans are
offset 210 = 20 m and 240 = 20 m, respec-
tively, in a left-lateral sense. The upper
surfaces of these fans are incised by small
channels and are no longer depositional
surfaces (Fig. 2, E and F). The height of the
fan surfaces above the Karakax flood plain
and their degree of erosion suggest that they
correspond to the middle terrace level at site
3 (Fig. 2, B and D). Close examination of
the SPOT image reveals that the fault scarp
in the fan surface at site 5 (Fig. 2E) faces
toward the north across the eastern half of
the fan and toward the south across the
western half of this fan (9). This geometry,
which is also clear across the fan at site 6
and across the terraces at site 3, attests to

Table 1. Values of 15 late Quaternary offsets
measured along the Altyn Tagh fault. Errors are
taken to be +2 pixels [pixel sizes are 10 m and 20
m for panchromatic and multispectral (XS) im-
ages, respectively] for offsets of sharp, fossil mor-
phological fearures (for example terrace or mo-
raine edges), and standard deviations for average
offsets of stream channels. Approximate eleva-
tions of sites, from (6), and inferred ages of offsets
are also indicated.

si Offset Elevation Agc3
ite (m) (m) (10
years)
1 100 * 20 5000 <8
2 175 = 20 4000 102
3 185 + 20 4000 102
185 + 20
5 210 = 20 4000 102
6 240 = 20 4000 102
7 ~120 4000 <12
~250
~120
10 250 = 80 4600 ?
11 195 + 95 3600 1022
13 ~400 4400 1022
15 125 = 40 3500 <8?
125 + 40
18 60 + 40 3300 102
REPORTS 128§
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Figure 1. Radar imaging geometry. The solid lines show e ———
that radar signal paths for the first interferogram pair formed
by antennas at Al and A2. Dashed lines show signal path for

second interferogram acquired over the same site but with
antennas located at Al and A2'.
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On the derivation of coseismic displacement fields using
differential radar interferometry: The Landers earthquake

Howard A. Zebker, Paul A. Rosen, Richard M. Goldstein,

Andrew Gabriel, and Charles L. Werner

Jet Propulsion Laboratory, California Institute of Technology, Pasadena

Abstract.

We present a map of the coseismic displacement field resulting from the

Landers, California, June 28, 1992, earthquake derived using data acquired from an
orbiting high-resolution radar system. We achieve results more accurate than previous
space studies and similar in accuracy to those obtained by conventional field survey
techniques. Data from the ERS 1 synthetic aperture radar instrument acquired in April,
July, and August 1992 are used to generate a high-resolution, wide area map of the
displacements. The data represent the motion in the direction of the radar line of sight
to centimeter level precision of each 30-m resolution element in a 113 km by 90 km
image. Our coseismic displacement contour map gives a lobed pattern consistent with
theoretical models of the displacement field from the earthquake. Fine structure
observed as displacement tiling in regions several kilometers from the fault appears to
be the result of local surface fracturing. Comparison of these data with Global
Positioning System and electronic distance measurement survey data yield a correlation
of 0.96; thus the radar measurements are a means to extend the point measurements
acquired by traditional techniques to an area map format. The technique we use is (1)
more automatic, (2) more precise, and (3) better validated than previous similar
applications of differential radar interferometry. Since we require only remotely sensed
satellite data with no additional requirements for ancillary information, the technique is

well suited for global seismic monitoring and analysis.

Introduction

Interferometric radar techniques for the generation of
highly accurate digital elevation models (DEMs) by now
have been well documented in the literature [Zebker and
Goldstein, 1986; Goldstein et al., 1988; Prati et al., 1990;
Zebker et al., 1992; Evans et al., 1992; Madsen et al., 1993,
also personal communication, 1993; H. A. Zebker et al.,
personal communication, 1993]. A related application of
such techniques allows the measurement of the motion of all
resolved points in a remotely sensed image [Goldstein and
Zebker, 1987; Goldstein et al., 1989]. These similar tech-
niques both follow from analysis and interpretation of inter-
ferograms, which consist of the phase differences between
two radar images of the same scene acquired at separate
locations or times: a sensor location change gives sensitivity
to topography and a sensor temporal change gives motion
sensitivity. A combination of the two approaches, denoted
differential radar interferometry since the phase measure-
ments of interest result from the difference of two interfer-
ograms, has previously been used by Gabriel et al. [1989] to
map the changes in surface elevation of agricultural fields
over a large area to centimeter-level sensitivities.

More recently, there has been activity by at least two
groups applying the capabilities of radar interferometry to
the study of seismic phenomena. Massonet et al. [1993] of
Centre National d’Etudes Spatiales (CNES) in Toulouse,
France, used an interferometric digital elevation model
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derived from the European Space Agency (ESA) ERS 1
satellite data for analysis of the magnitude 7.3 earthquake
centered near Landers, California, on June 28, 1992. In this
study a single interferogram which contained phase signals
from the local topography and from the earthquake displace-
ments was subtracted from a manipulated U.S. Geological
Survey (USGS) 15 arc min DEM of the area. The residual
phases were interpreted as ground displacements from the
event. The interferogram, when corrected for topographic
effects, shows a displaced dual-lobed pattern of fringes
emanating from the fault zone, where each fringe represents
about 2.8 cm of motion in the radar line of sight direction.
They also derive a theoretical fringe pattern from a model of
the earthquake motion which matches the observations
fairly closely.

Despite its success, there are several important limitations
in the technique used for the above study. Although a USGS
90-m spacing DEM was available for this site, for many sites
in the world, no DEM exists. In addition, an existing DEM
may not be sufficiently accurate to yield the desired preci-
sion. DEMs typically contain errors and distortions of the
order of the phenomena being investigated. The CNES team
estimates a precision in their measurements of about 2.8 cm
in the radar line of sight motion, limited mainly by impreci-
sion in the USGS DEM plus radar system noise. Also, the
DEM must be precisely coregistered to the radar image,
which itself may be a difficult task. (S. N. Madsen et al.
(personal communication, 1993) provide more on errors
induced by DEM misregistration.) Finally, since the inter-
ferogram phases are all measured modulo 27, the absolute,
or even relative, phase relationship between arbitrary points
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in the scene is difficult to determine. Thus it is virtually
impossible to fit continuous two-dimensional models of the
displacement field to the observations.

These limitations aside, it is important to realize that the
phase displacements due to motion in an interferometric
DEM can be hundreds of times more sensitive than simply
differencing the actual height measurements before and after
an event (see below). More complete use of phase informa-
tion allows the interferometric approach to map centimeter
scale distortions over a region many tens of kilometers in
size at a resolution of a few meters.

In this paper, we approach the Landers analysis differ-
ently from Massonet et al. by utilizing only data acquired by
the ERS 1 satellite. Our approach overcomes the aforemen-
tioned limitations and hence is more readily quantifiable
given the radar system parameters, and the quality of the
result can be measured ‘‘up front.’’ Specifically, imprecision
introduced by the USGS DEM in the CNES study is not
present, coregistration occurs automatically in forming the
interferograms, and the entire usable phase field is ‘‘un-
wrapped,”’ meaning that the displacement at each point is
known digitally in an absolute sense. Unwrapping renders
the displacement field more amenable to computer modeling
and analysis and permits the precision of the technique to be
increased from the 2.8-cm radar line of sight reported by
Massonet et al. to about 0.2 cm obtained here. Further, we
verify the accuracy of the measurements by comparing to a
displacement field derived from conventional surveying
techniques. These survey data were derived from a combi-
nation of electronic distance measurement (EDM) lines and
Global Positioning System (GPS) satellite receivers. The
methods and results presented here can serve as a baseline
for the design of a seismic monitoring program.

The structure of the paper is as follows. We begin by
summarizing the theory of radar interferometry and differ-
ential interferometry, error sources, and expectations of
performance for seismic studies. Next, we present the set of
differential radar interferometric observations of the
Landers earthquake and discuss their accuracy. Finally, we
compare our results with those of the earlier study and with
the in situ measurements made by GPS techniques.

Summary of Theory

In this section we derive the equations needed for calcu-
lating ground displacement fields from interferometric syn-
thetic aperture radar measurements. Here we assume that
the reader has a general knowledge of radar remote sensing
systems. The interested reader may consult a general text on
radar remote sensing such as that by Elachi [1988] or by
Curlander and McDonough [1991] for questions on radar
system operation and processing. As for information on the
technique of radar interferometry, much of the work is still
too new for general textbooks, and thus the technical liter-
ature is the only source available. We cite the major relevant
papers in this text, and the reader may consult these when
appropriate.

A side-looking spaceborne synthetic aperture radar sys-
tem may map a continuous swath many tens of kilometers in
width as the satellite progresses along its orbit track, yielding
measurements of the amplitude and phase of radar echoes
associated with independent patches on the ground perhaps
10 m in size: this size is the resolution of the radar. We first
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examine the case where no ground movement between radar
observations occurs. Consider two radar systems observing
the same ground swath from two positions Al and A2,
respectively, as illustrated in Figure 1. The measured phase
at each point in each of the two radar images may be taken
as equal to the sum of a propagation part proportional to the
round-trip distance traveled and a scattering part due to the
interaction of the wave with the ground. If each resolution
element on the ground behaves the same for each observa-
tion (see more on this important condition below), then
calculating the difference in the phases removes dependence
on the scattering mechanism and gives a quantity dependent
only on geometry. If the two path lengths are taken to be p
and p + 8p, the measured phase difference ¢ will be

4 5 a
¢ = 0P )
or 27 times the round-trip distance difference in wave-
lengths. The law of cosines permits solution for 8p in terms
of the imaging geometry as follows. Then

(p+8p)%=p*+B*—2pB sin (0 — a) )

where the baseline length is B, the range to a point on the
ground is p, the look angle is 6, and the angle of the baseline
with respect to horizontal at the sensor is «. Neglecting the
term of order (8p)? yields

B2

8p=Bsin (6 — a) + —. 3)
2p

For simplicity in describing the approach we used, we can

make a second approximation, although it is not necessary

for the analyses presented below. In the case of spaceborne

geometries we can ignore the second term on the right-hand

side of (3) and obtain

8p =B sin (0 — a) 4
or
A2 s Q e
R
Al
z
e
Figure 1. Radar imaging geometry. The solid lines show

that radar signal paths for the first interferogram pair formed
by antennas at Al and A2. Dashed lines show signal path for
second interferogram acquired over the same site but with
antennas located at Al and A2'.
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B = B sin (8 — a) is simply the component of the baseline
parallel to the look direction. This is the parallel-ray approx-
imation used by Zebker and Goldstein [1986] in their initial
paper on topographic mapping.

Equations (1) and (4) show that the measured phase of an
interferometer is the component of the interferometer base-
line parallel to the look direction to a given point on the
surface measured in wavelengths, multiplied by two for
round-trip travel. We note that the height sensitivity of the
instrument enters through the dependence of the exact look
angle 8 on the altitude z = h — p cos 6, where h is the height
of the sensor above the reference surface.

If a second (denoted by a prime) interferogram is acquired
over the same area, sharing one orbit with the previous pair
so that p and 8 are unchanged (dashed lines in Figure 1), we
can compare the interferogram phases with each other. This
second interferogram is acquired with a different baseline B’
and baseline orientation «', thus a different B’" . Combining
(1) and (4) above, we obtain

,_477 , 6
¢ _TB"' ()]

Examination of the ratio of the two phases yields
¢/¢' = B|/Bj. @)

In other words, the ratio of the phases is equal to the ratio of
the parallel components of the baseline, independent of the
topography.

Now consider the situation of two interferograms acquired
over the same region as before but in this case an earthquake
has displaced each resolution element between observations
for the primed interferogram. The displacements are as-
sumed small with respect to a resolution cell so that the radar
echoes remain correlated. Here in addition to the phase
dependence on topography there is a phase change due to
the radar line of sight component of the displacement Ap. In
this interferogram the phase ¢’ will be given by

47
¢'=T(B'||+AP)- (®

The displacement term Ap adds to the topographic phase
term, creating confusion in the interpretation of the result.
However, if the data from the initial unprimed interferogram
are scaled by the ratio of the parallel components of the
baseline and subtracted from the primed interferogram, we
can obtain a solution dependent only on the displacement of
the surface, as follows

, B 47 A ©
¢ B, ¢ = L Ar
Since the quantity on the left is determined entirely by the
phases of the interferograms and the orbit geometries, the
line of sight component of the displacement Ap, is measur-
able for each point in the scene.
The ratio

Bj B’sin (8- «a’)

B" B sin (0—(1) (10)
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is a function of the angle 6, which depends both on the
illumination geometry and also the topography at each point
in the radar image. To evaluate (9) via (10) directly, we must
solve for the topographic map of the area of interest from the
interferometric data or obtain the elevation data from an-
other source. In the interests of simplicity and accuracy, we
have devised an indirect approach for which it is not
necessary to implement the step of either topographic solu-
tion or registration of dissimilar data sets.

We remove from the interferogram phase a term that
would exist even in the absence of topography on a spherical
Earth. The phase corrected for the ‘‘curved Earth’ effect,
denoted ¢y,;, is given by

47
¢ﬂal=T[B sin (0 — a) — B sin (8, — a)], an

where 6, is the look angle to each point in the image
assuming zero local height. The interferogram phase after
this correction represents the distortion of the interference
grating pattern due to topographic variation relative to a
spherical surface and displacements due to motion in the
scene. The interferograms shown throughout this paper have
been ‘‘flattened’’ according to (11).

Noting that the deviation of the exact 6 from 6, is small,
we can expand the first term on the right-hand side of (11),
leading to

47
(bﬁa[:TaeB cos (6 — a), (12)

where 66 = 0 — 6,. Numerically, ¢p,, is equal to the product
of the perpendicular component of the baseline B | , assum-
ing no topography is present on the surface, and the topo-
graphic angular distortion 86. Thus the ratio ¢q,/®f,, is now
in terms of 6, rather than # and depends only on the viewing
geometry and the baseline. If we now restate the differential
phase equation (9) above in terms of the flattened phase ¢qy,,
we obtain

, B ! 1 4 o
d’ﬂat B_J_ ¢ﬂat_ A AP- (13)
With this function, we can now solve directly for the
displacement Ap without requiring the exact values of 8, and
hence the topographic information, at an intermediate step.
We have used this procedure (equation (13)) for the reduc-
tion of the data presented in this paper.

We note that if the baseline used in the flattening operation
(equation (11)) is not exactly the true baseline value, (12) will
contain error terms and the subsequent displacement maps
will be distorted. This condition is described in detail in the
appendix; for the rest of this paper we will assume that the
correct baseline values are used.

We have shown that the phase in radar interferograms
depends both on the local topography and on any motion
that may occur between viewing instances. We may com-
pare the sensitivity of the phase measurement to the phe-
nomena of topography and displacement, which may be
derived by differentiating (8) with respect to height through
B) and displacement. In the first case, using dz = p sin 8 d6,
obtained from the dependence of height on angle described
above, we find
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47
d¢’=TB cos (8 — a) d@ (14)
and
d¢' 4 Bcos (8 — a)
—_——_— (15)
dz A p sin @
For the displacement case we have
do¢' 4xw
d_Ap = T (16)

Since the distance p typically is very much greater than the
baseline distance B, it is evident from (15) and (16) that a
much more sensitive dependence of phase results from
displacements than from topographic variation. In other
words, the system is more sensitive in an absolute sense to
surficial change than to the topography itself. Comparing the
two results numerically, for the April-August ERS 1 case
described here (see next section), 1 m of topography gives a
phase signature of 4.3°, while for the same pass pair a 1-m
surface displacement yields a phase signature of 12800°, or
nearly 3000 times greater sensitivity. Thus, while radar
interferometry can be used to measure topography to an
accuracy of meters, displacements may be determined to the
centimeter or millimeter level.

This ratio of sensitivities illustrates the power of the
interferometric technique to detect small changes. If, for
example, we chose to map seismic displacements by differ-
encing DEMs, whether acquired interferometrically or by
conventional stereo photogrammetry, changes would only
be visible if they were significant in size compared to the
uncertainty of the DEM measurement, which is typically
meters. For the interferometric case in the previous para-
graph, for example, system noise limits the useful signatures
to those causing a phase shift greater than about 20°, or 4.6
m. While thus permitting topographic mapping with a verti-
cal precision of 4.6 m (H. A. Zebker et al. (personal
communication, 1993) give a discussion of ERS 1 DEMs
with this precision), a worthwhile result for many applica-
tions, it is not particularly useful for the study of earth-
quakes. In contrast, if data are acquired with an interfero-
metric pair that spans the seismic event, even 1 cm of line of
sight displacement results in a signature of 64°, easily detect-
able in ERS 1 data.

There are, however, two very important limitations to the
interferometric technique. First, radar echoes acquired on
the three passes must correlate with each other; that is, the
signals must be substantially similar over a significant period
of time. Physically, this translates to a requirement that the
ground scattering surface be relatively undisturbed at the
radar wavelength scale between measurements. Several
studies have addressed this phenomenon, both theoretically
[e.g., Li and Goldstein, 1990], and experimentally [e.g.,
Gray et al., 1993]. Zebker and Villasenor [1992] were able to
model and quantify the temporal decorrelation process and
found that different surfaces decorrelate at different rates.
This limits the applicability of the approach to areas that do
not change much with time. Some regions, such as desert
areas, may exhibit very little decorrelation over long peri-
ods. In the data presented here, correlation was usably high
even after 105 days, the longest time period examined. From
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this we conclude that the radar properties of the desert
surface change little over months if weather and other
environmental factors are not altering the condition of the
ground significantly.

The second limitation, more important for this study, is
that the phases must be ‘‘unwrapped’’ before data from one
interferogram may be used to correct the second interfero-
gram (equation (9)) to estimate the displacement phases. The
measurements of each phase are known only modulo 24, and
various techniques exist [Goldstein et al., 1988; Ghiglia and
Romero, 1993; A. Hiramatsu, personal communication,
1992] to determine the absolute phase relationship between
all arbitrary points in a data set (that is, unwrapping). While
not fully characterized in any of the existing literature, it is
apparent that the ability tc unwrap arbitrary phase fields
depends on two factors: the noise level in the system and the
interferometric fringe spacing. For the July—August pair
described here in particular, the interferometric baseline is
quite large, being 40% of the critical baseline at which no
correlation between signals is possible. (For a more com-
plete discussion on baseline decorrelation, see Zebker and
Villasenor [1992]). Since the fringe rate depends on local
surface slope, typically it is more difficult to estimate phases
reliably in rough terrain than in flat terrain if the fringe rate
is high to begin with. The result of this is that we were unable
to obtain reliable phase estimates in the rougher regions, as
will be seen in the data presented below.

ERS 1 Interferograms of the Landers
Earthquake

The ERS | radar system, operating at a wavelength of 5.67
cm, images Earth from an altitude of about 790 km and
produces radar backscatter maps of 100-km-wide swaths at a
resolution of about 25 m across track and 6 m along track.
We obtained raw ERS 1 radar signal samples acquired over
the Landers region on April 24, July 3, and August 7, 1992.
We combined these to form two interferograms, one from
the April-August pair and one from the July—August pair.
The April-August pair spans the June 28 earthquake and was
chosen over the April-July pair which exhibited an excep-
tionally large baseline. No data were acquired on May 29
when the satellite again passed over the site. Orbit recon-
structions provided by the European Space Agency (ESA)
enabled us to determine the geometrical parameters for the
pairs chosen as given in Table 1. The parallel baseline
components given in Table 1 are for a look angle of 21°.
Since the radar swath is quite wide, the actual look angle
varies from about 17° to 23° and the parallel components
vary somewhat.

The Landers area is shown in Figures 2a and 2b, where the
faults shown, illustrated by heavy lines, are those affected by
the Landers earthquake and imaged by the ERS 1 radar.

Table 1. ERS 1 Landers Interferometer Baseline
Parameters
Parallel  Perpendicular
Baseline Orientation Component Component
Pair B, m a, deg B|, m B,,m
April-August  146.1 152 110.3 95.8
July-August 503.1 175 220.5 452.2
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Figure 2a. Shaded relief map derived from USGS DEM with geographic features shown for reference.

The inset rectangle is the region of the ERS 1 radar swath analyzed here. Also noted are the approximate
position of the Camp Rock-Emerson and Homestead Valley faults. The cities of Barstow, Victorville, and

also Lucerne Valley area are shown for reference.

Figure 2a is a shaded relief representation of the region:
limits of the ERS 1 data we analyzed are indicated by the
rectangle. Figure 2b is the radar backscatter image with two
further areas denoted in addition to the faults. It represents
an area roughly 113 km by 90 km. These data, as well as the
radar images below, are in a radar slant range and along-
track direction coordinate system. Radar slant range, de-
noted by p in Figure 1, here means that the across-track
distances given are in terms of line of sight distance of each
point to the radar rather than that distance projected on the
ground. That is, the data have not been geocoded, or placed
in map coordinates. We have preserved the ‘‘natural’’ spac-
ing of the data points in order to maintain the highest
possible signal fidelity throughout the processing procedure.
However, we do apply a geocoding transformation before
comparison with the field survey results described in the
following section.

We processed the radar signal samples at the Jet Propul-

sion Laboratory (JPL) using a software processor con-
structed specifically by us for ERS 1 interferometric appli-
cations. The data were processed using a range-Doppler
algorithm, but the range-compressed signals were filtered for
the July-August pair using the method suggested by F.
Gatelli et al. (personal communication, 1993) to reduce
baseline decorrelation. We found that this approach yielded
about 5-10% greater correlation in some regions at the
expense of a slight reduction in range resolution. More
information on radar processing approaches can be found in
the general radar textbooks described previously.

The interferograms obtained in this process are shown in
Plate 1, with the corresponding correlation coefficient maps
shown in Plate 2. The top image in each case represents the
April-August interferogram, while the bottom image shows
data from the July—August pair. The June 28 earthquake
effects are found in the April-August pair. In these plots the
fringe signature of a curved Earth surface, as described in
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Figure 2b. Radar image of the Landers area, where the fault locations are illustrated by the heavy lines.
The radar image covers an area on the ground approximately 113 km by 90 km. Insets of an irrigated region
as well as a fault zone are shown for later reference. These data, as well as the radar images in the
remaining figures, are in a radar slant range and along track direction coordinate system.

the section on theory above, has been removed from the
interferograms for clearer display. Note that the very high
fringe rates, and corresponding loss of correlation, in the
mountainous regions for the July-August pair, lead to our
inability to unwrap the phase in these regions. Also note in
the April-August pair a similar loss of correlation in the fault
zone, presumably due to (1) very high fringe rates of greater
than one cycle per resolution element, (2) large ground shifts
resulting in lack of precision alignment of the pixels from
pass to pass, and (3) rearrangement of the surface at the
wavelength scale from the earthquake itself.

These interferograms were filtered using a spatially vari-
able bandpass filter that selected the optimal fringe rate
passband in each 32 by 32 pixel subregion in the interfero-
gram. In this process we also identified areas of low fringe
visibility to serve as a mask in the final product, eliminating
regions where we felt we could not trust the phase estimates.
The data were then unwrapped using the method of A.
Hiramatsu (personal communication, 1992), which is an

extension of the method first presented by Goldstein et al.
[1988].

Finally, the differential interferogram was calculated by
scaling the July-August measurement by the ratio of the
parallel baseline components for each look angle and sub-
tracting that value from the corresponding value in the
April-August pair. The result is a map of the displacements
of the ground in the radar line of sight direction (equation
(9)), shown in Plate 3, where the shift is coded by color and
the brightness at each point is the radar image brightness. In
addition, contour lines representing line of sight displace-
ments spaced every 5 cm are shown.

It must be noted that the earthquake is not the only
process affecting the phase measurements in this region of
the Mojave. Plate 4 is an enlargement of the April-August
interferogram plus the correlation coefficients for the region
east of Barstow indicated in Figure 2 where center pivot
irrigation has been employed. The irrigated circles, and
some other agricultural fields, show a clear loss of correla-
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PHASE O/ 2n

Plate 1. Interferograms of the Landers area. (top) April-August interferogram; (bottom) July—August
pair. The June 28 earthquake effects are found in the April-August pair. The fringe signature of a curved
Earth surface has been removed from the interferograms for clearer display. Note the very high fringe
rates in the mountainous regions for the July—August pair, leading to our inability to unwrap the phase in
these regions.
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CORRELATION o[/ 1.0

Plate 2. Corresponding correlation coefficient maps to interferograms of Plate 1. (top) April-August;
(bottom) July—August. Note in the April-August pair a loss of correlation in the fault zone, presumably
due to (1) very high fringe rates of greater than one cycle per resolution element, (2) large ground shifts
resulting in lack of precision alignment of the pixels from pass to pass, and (3) stirring up of the surface
at the wavelength scale from the earthquake itself.
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Plate 3. Differential interferogram of the Landers earthquake region. Radar line of sight displacements
are coded in color, ranging from —70 to 70 cm, while the radar reflectivity of the surface is shown as
brightness. Contours indicating each 5 cm of displacement are drawn in black.

tion presumably due to crop growth and phase shifts which
are due to motion, not topography (it is a flat area). Gabriel
et al. [1989] found similar surface displacements of several
centimeters in fields that had been irrigated over a 9-day
period. The motions observed in this image as well could be
caused by changes in the surface elevations from pumping
underground water or other hydrologic effects.

Since one of the strengths of this technique is its intrinsic
high spatial resolution, we also show in Plate 5 an enlarge-
ment in the April-August interferogram of the region around
the fault zone shown in Figure 2b. The phases in an
interferogram are not unwrapped and so should not exhibit
discontinuities except in regions of severe layover (where
the surface slopes are greater than or equal to the radar
incidence angle, resulting in severe image distortion) unless
spatially discontinuous motions (breaks) occurred during the
period spanned by the interferogram pair. Nevertheless,
Plate 5 shows clear discontinuities in relatively flat areas.
For example, the region denoted A in Plate 5 shows a clear
break in the phase measurements. A similar break does not

occur in the July—August pair, and therefore the April-
August discontinuity must be due to a displacement of the
surface where one piece moved more than the other. This
cracking effect is more pronounced in the region denoted B,
shown enlarged again in Plate 6, where the cracking is so
extensive that it seems the ground has been broken into
many tiles each several hundred meters across. These data
are shown in unwrapped form. The phase unwrapping algo-
rithm we use must identify phase discontinuities before
calculating the absolute phase values; the locations of cuts
determined automatically by our algorithm are shown in
black. Presumably, these phase discontinuities are represen-
tations of centimeter-scale displacement discontinuities on
the surface resulting from the earthquake. It would be an
interesting field exercise to compare the computer generated
cuts with any visible surface scars.

We also present in Plate 7 a perspective view of the entire
area shown in Figure 2b where the vertical scale is propor-
tional to the displacement in the radar line of sight of the
surface. As usual, the brightness at each point is related to
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Plate 5. Enlargement in the April-August interferogram of a region around the fault zone. The region
denoted A shows a clear break in the phase measurements, which must be due to a displacement of the
surface where one piece was displaced more than the other. More extensive cracking is found in region B
(see Plate 6).

Plate 4. (opposite) Enlargement of the April-August inter-
ferogram plus the correlation coefficients for a region east of
Barstow where center pivot irrigation has been employed.
(top) Radar reflectivity, (middle) correlation coefficient, and
(bottom) unwrapped interferogram. Black spots in the lower
image are where correlation was insufficient for reliable
phase estimates. The irrigated circles show a clear loss of
correlation, presumably due to crop growth, and phase shifts
which are due to motion, not topography. Examination of
the mountains at the top left of the image shows that a
topographic change of over 150 m is necessary to cause a one
cycle change in phase, and the area in question shows less
than 30 m topographic variation. These phase changes could
be caused by changes in the surface elevations from pumping
underground water or other hydrologic effects.

radar reflectivity, while the color is the displacement
mapped into a repeating color table to accentuate the visi-
bility of the changes to produce a contour-like map. From
this view one can see that the displacement increases as the
fault is approached at which point there is an abrupt break in
the surface; from this point hence the surface displacement
is of opposite sign.

We assess the internal consistency and accuracy of the
measurements presented here by three separate calcula-
tions. First, we calculate the expected errors due to statis-
tical variation of the phase estimates. Assuming a radar
signal to noise ratio of 6 dB for the flat desert surfaces, our
20 equivalent look processing (20 resolution elements are
spatially averaged to reduce statistical noise) yields a stan-
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Plate 6. Region B from Plate 5, showing phase data in unwrapped form. The phase unwrapping algorithm
we use identifies phase discontinuities before calculating the absolute phase values, and the locations of
cuts determined automatically by our algorithm are shown in black. These phase jumps likely correspond
to ground discontinuities at the cm level that appeared between April and July 1992, probably coincident
in time with the earthquake. Cracking is so extensive that it seems the ground has been broken into many
tiles each several hundred meters across.

dard deviation of 9.5° in the phase for the geometry of the
April-August interferogram and 14.5° for the July-August
interferogram; these values follow from using a target radar
cross section of —17 dB and accounting for losses accruing
from illuminating the ground off the boresight of the antenna.
Combining these yields an expected phase error of 10° rms
for the differential interferogram, equivalent to a horizontal
displacement noise due to finite signal to noise ratio and
baseline decorrelation of 0.2 cm. We would expect this value

to be an underestimate as it does not take into account any
temporal decorrelation due to surface disturbances or addi-
tional processing artifacts such as misregistration or other
sampling and interpolation errors.

Second, we empirically determined statistical variations
by measuring the observed phase standard deviations and
converting the result to horizontal displacement errors.
Choosing boxes corresponding to about 400 m by 400 m of
the surface in areas of little seismic variation yielded an
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Table 2. Comparison of Radar and GPS Motion Estimates
Horizontal GPS
Displacement Vector in
for Observed Radar
Latitude, Longitude, Radar Direction, Difference,
Site deg deg Motion, cm cm cm

6052 34.52 ~116.84 47.8 33.2 14.6
6056 34.37 -116.65 18.1 21.9 -338
7000 34.68 -116.72 36.8 91.1 ~54.3
7001 34.56 -116.47 -37.1 -70.2 33.1
HECT 34.79 -116.42 9.7 =52 14.9
LAZY 34.34 —116.51 62.9 49.4 13.5
LUCS 34.44 —116.88 26.4 20.7 57
POIN 34.45 -117.07 13.4 9.5 3.9
SOAP 34.90 -116.98 12.3 1.7 10.6
STIM 34.54 -117.24 7.8 7.4 0.4
FLASH 34.82 -117.02 14.1 12.1 2.0
HARVARD 34.94 -116.67 7.5 -0.4 7.9
BOULDER 34.51 -116.56 176.1 210.8 =347
FRY 34.50 -116.72 66.0 74.6 -8.6
MEANS 34.41 —116.55 82.2 69.8 12.4
OLD WOMN 34.39 -116.75 25.0 17.1 7.9
ORD 34.68 -116.81 4.4 48.3 -39
ROCK 34.54 -116.77 63.9 69.1 -5.2

average horizontal displacement of 0.4 cm rms for the
high-frequency component of variations.

Finally, we attempted to address larger-scale variations by
measuring the displacement at 10 widely separated locations
far from the fault, and we determined their standard devia-
tion. In this case the boxes were separated by 10 km or so,
so that sensitivity to larger-scale variations would dominate.
This calculation gave a horizontal displacement error com-
ponent of 0.6 cm rms for these medium frequency variations,
where medium frequency here refers to irregularities occur-
ring with a spatial frequency of several cycles across the
radar image.

Comparison With Field Measurements

In this section we discuss the accuracy of our measure-
ments and compare the results to those obtained in the field
using Global Positioning Satellite (GPS) and electronic dis-
tance measurement (EDM) survey data. As a basis of
comparison we will use the coseismic displacement field
solution as derived by J. Freymueller et al. (personal com-
munication, 1993), data which were compiled by K. W.
Hudnut et al. (personal communication, 1993). Hudnut et al.
also analyzed these data and obtained a slightly different, but
consistent solution. These calculated displacements were
derived from a combination of GPS data from several
sources and EDM line lengths obtained by the USGS (please
see the above references for a more detailed description of
the data sources and techniques).

The area of overlap between the field survey and our
image contains 18 points at which both field data and radar
estimates of the motion are available. Three additional site
measurements of field data exist in the overlap region, but
we were not able to obtain reliable radar phase estimates for
them (they occur in the gray regions of Plate 3). As can be
seen from Plate 3, however, the radar data are generally
valid over a wide area and should future surveys or analyses
produce additional field points, they may be easily compared
with the present analysis.

As stated previously, the radar technique is sensitive to
the line of sight component of motion. We therefore calcu-
lated the component of the GPS motion vectors in the
direction of the projection on the ground of the radar sensor
boresight, the vector from the sensor to a point on the
Earth’s surface. As for the radar measurements, since the
line of sight direction is not in the plane defined by the local
Earth surface, we derived the equivalent horizontal surface
motion to yield the observed slant range displacement using

A
Ay =— a
sin 6

17

which relates the horizontal displacement Ay to slant range
displacement Ap and the incidence angle 6;,.. This angle is
equal to the look angle (denoted @ in Figure 1) for a flat Earth
approximation, and is approximately equal for a curved
Earth model. We use a curved Earth model for its improved
accuracy. The results of both of these calculations are shown
in Table 2 and Figures 3 and 4.

Because the orbit of the ERS 1 satellite is known only
approximately, as discussed above there are residual tilts in
the derived radar displacement field. Therefore we have
removed this distortion by solving, in a least squares sense,
for the planar tilt that minimizes disagreement between the
radar and GPS/EDM measurements. This nicely illustrates
one aspect of the complementary nature of the two tech-
niques for analyzing ground motions: the radar measures a
widespread displacement field while the GPS/EDM data
provide accurate point measurements which are used to
refine the radar estimates.

The mean value of the differences in Table 2 is 0.9 cm, and
the rms difference is 18.9 cm. The formal correlation of the
data is 0.96, which we illustrate in Figure 3, a scatter plot
comparing the radar and GPS/EDM measurements. Note
that the best fit through the data evidences a slight bias.

Figure 4 shows the same data of Table 2 presented
graphically. For each survey site, denoted by a triangle, we
illustrate vectors corresponding to motion as determined by



ZEBKER ET AL.: COSEISMIC DISPLACEMENT FROM RADAR

L 250 r
X
4
@
d 200} .
Q
w
=
- 1s0} .
[ 4
<
[~}
<
T 100} J
z
c
o s0f .
=
[}
a
3
g of i
E CORRELATION = 0.958
Y wo} -
/2]
0.
9

-100 1 L L L 'l

100 50 0 50 100 150 200 250

HORIZONTAL DISPLACEMENT FOR OBSERVED RADAR MOTION

Figure 3. Scatter plot of displacement measurements with
GPS/EDM data on vertical axis and radar measurements on
horizontal axis. The correlation of the data sets is 0.96,
however a slight bias is observed as the slope of the line is
not 1.
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survey techniques (diamond-headed arrows) and as deter-
mined by the radar (cross-headed arrows). Note that the
radar vectors are all parallel to the edge of the radar image,
as only the component of motion in the line of sight is
measured.

From each of these presentations it is apparent that at
most sites, with significant exception of sites 7000 and 7001,
the measurements are in rough agreement. The absolute
disagreement is also large at BOULDER, but the motion
here is quite large, and on a relative scale the agreement is
comparable to the values for the remaining sites. It is
interesting to note that in the deviant cases a large motion is
observed by the GPS technique, while a smaller displace-
ment is visible by the radar technique. In each case where a
small motion is detected by the field survey, a small motion
is measured by the radar interferometer. Figure 4 also
suggests that there is a degree of spatial correlation in the
regions of agreement, that is, the amount of agreement is
spatially dependent.

There are several possible causes for the disagreements in
the measurements. First, the radar technique is highly sen-
sitive to vertical motions which are not expressed in the GPS
displacement field. While this is likely to affect the differ-
ences on the centimeter scale, it is probably not a significant
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Figure 4. Displacement vectors as measured by GPS/EDM data and by radar interferometry. Each GPS
or EDM site is denoted by a triangle, and a vector ending with a square (GPS/EDM measurement) and a
vector ending with a cross (radar measurement) are shown in the direction of motion. Note that for the
radar case only the component in the radar line of sight direction is determined and thus all measurements
are parallel. Vectors are correlated at 0.96 level and show that radar and field surveys are measuring

similar phenomena.
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factor in the radar underestimation of the motions. This
follows from the unlikelihood that vertical motions would
just happen to be in the direction with respect to the radar to
cancel out any horizontal shifts.

The GPS sites, particularly the dual-frequency sites, in
fact yield vertical components to the displacement. The rms
vertical displacement for the GPS sites is 17.2 cm, but most
of this is associated with site 7000; when this site is removed,
the remaining rms displacement is only 5.1 cm. Ignoring
vertical displacements, as was done in our analysis, results
in a misinterpretation of lateral shift of magnitude equal to
the true vertical movement divided by the tangent of the
incidence angle. The errors in the above cases then become
40.5 cm and 12.0 cm, respectively. However, we must note
that for nine of the 10 sites the 1 — o error in the vertical
displacement is larger than that of the measurement itself, so
these data must not be overly interpreted.

The second cause for disagreement is error in the mea-
surements. As discussed above, the radar data exhibit sta-
tistical errors less than 1 cm rms on both small and medium
scales and thus would be insignificant for this comparison.
However, large-scale warping of the radar image remains a
possibility. We were able to remove most of these effects by
minimizing the errors with the least squares removal of
planar tilts as described previously. That this correction was
approximately correct may be verified by examining the
residual motion in the upper and left hand portions of the
radar image, those portions farthest from the fault. The
observed motion here is very small, as we would expect. If
the ERS 1 coverage had been such that the fault was
positioned in the center of the radar swath, we could have
verified the lack of displacement more accurately all the way
around the image. The possibility of a long-scale error thus
still exists and may to some degree explain the observed
spatial correlation of the errors.

The errors in the GPS/EDM data themselves account for
part of the disagreement. The 18 sites listed in Table 2
exhibit an rms error of 9.1 cm in the Stanford analysis, while
the 10 GPS-only sites have a 7.7-cm rms error of J. W.
Hudnut et al. (personal communication, 1993).

A third possibility is the existence of phase unwrapping
errors in the radar data. As each unwrap error results in a
one cycle phase error in one interferogram, these errors
would appear as A/2 errors in Ap, or 8 cm in horizontal shift
if it occurred in the April-August pair or 2 cm in the
July-August pair. However, we have examined the data for
signs of unwrapping errors and believe that the regions near
the GPS sites are unwrapped correctly. In addition, it is
unlikely again that phase unwrapping mistakes would nearly
correct for GPS-observed displacements.

Finally, the locations of the GPS sites are known only to a
few tens of meters in the radar image as the radar data are
not accurately geocoded, thus leading to estimates at the
wrong places. However, we have analyzed the regions
around the sites in the radar data and have determined that
the displacement does not change rapidly in those areas.
Thus even a slight positional shift would not result in a
significant error.

Discussion

We have shown that it is possible to map a coseismic
displacement field resulting from a major earthquake using

ZEBKER ET AL.: COSEISMIC DISPLACEMENT FROM RADAR

only data acquired from an orbiting high-resolution radar
system and to achieve results comparable in magnitude to
those obtained by conventional field survey techniques.
Data from the ERS 1 synthetic aperture radar instrument
acquired at three separate instances of time are sufficient to
generate a high-resolution, wide area map of the displace-
ments. Comparison of these data with GPS and EDM survey
data indicates a high degree of confidence in the radar
measurements. We are confident that the differences be-
tween the radar and GPS measurements are reconcilable and
do not point to a fundamental limitation in the radar tech-
nique. Further work is needed along these lines however.

The power of the differential interferometry technique for
seismological applications lies in its centimeter-scale mea-
surement sensitivity of line of site displacements over a wide
area. The derived displacement fields can be used as a tight
constraint in the modeling of earthquake motion. The fine
accuracy, fine spatial resolution, and large areal coverage
will likely allow increasingly detailed models to be explored,
on both large and small spatial scales. The promise of a
system to map small-scale fractures in the Earth’s surface
over a wide region automatically with a remote sensing
system will greatly facilitate field activities by permitting
concentration in the most important areas.

What of earthquake prediction? Current understanding of
the behavior of earthquakes suggests that differential inter-
ferometry may not have the accuracy required to detect
precursory seismic motions necessary for prediction. Calcu-
lations based on theoretical seismic deformation models
show small but steady deformation rates in fault zones with
a change in the rates occurring within a period of months to
years prior to a seismic event [Lorenzetti and Tullis, 1989;
Stuart et al., 1985]. While the steady deformations have
been observed and are well studied, no precursory rate
changes have been measured. Furthermore, the steady rates
themselves are probably at or below the limits of detectabil-
ity by differential interferometry, perhaps 10 mm/yr, while
the precursory signal is expected to be smaller. Wide area
mapping of the surface distribution of these small deforma-
tion rates afforded by differential interferometry may pro-
vide new insights into local accumulation of strain close to
and along a fault, but the possibility that radar interferome-
try can be used as a predictive tool now appears to be
remote. This is not to say that likely future technological
advances in spaceborne radar such as higher-resolution,
increased signal to noise ratio, and multiple frequency oper-
ation will not close this gap and permit the sensitivities
required for millimeter-level surface characterization. None-
theless, in addition to after the fact seismic event modeling,
currently radar interferometry can aid in monitoring, fore-
casting, and in some cases predicting a range of hazardous
events. For example, volcanoes are known to bulge prior to
eruption at a scale suitable for radar interferometry.

In the short run, existing and planned radar missions such
NASA'’s Shuttle Imaging Radar, the European Space Agen-
cy’s ERS 2, Canada’s Radarsat, and the Japanese JERS 1
system could be operated to emphasize repeat-pass obser-
vations at the largest acceptable incidence angles, providing
a very large suite of instruments collecting data that may be
processed for change detection analysis. For the future one
can envision a global seismic satellite mission designed to
detect and forecast earthquakes and other natural hazards: a
single satellite in a short repeat period orbit similar in design
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to that proposed by H. A. Zebker et al. (personal commu-
nication, 1993) for global topographic mapping. The repeat
cycle of the orbit should be short, of the order of 1 day, to
minimize the effects of temporal decorrelation. Precise sat-
ellite ephemeris from GPS measurements can ensure auto-
matic construction of interferograms and displacement
fields. Only three repeat periods of data need to be stored at
any time; the processing can proceed in real time, and results
can be perused automatically for evidence of anomalous
displacements. Detailed design of the radar system and
orbital scenario plus the establishment of detection and false
alarm thresholds, must await interest by the global commu-
nity. Given the enormous cost in lives and resources inflicted
by earthquakes, interest is sure to follow any evidence that
radar interferometry can be used predictively in assessing
natural hazards such as earthquakes.

Appendix: Baseline-Induced Displacement Errors

Equation (13) is the displacement determined from the
flattened interferometric phase assuming perfect knowledge
of the baselines. Reiterating,

A
Ap = 4_ [d”ﬂat - 7¢ﬂat]’ (Al)
ks
where
A .
yy P5a=B sin (6 — a) -~ B sin (6 — a), (A2)
ko
B’ cos (8g— a’)
Y= (A3)

h Bcos (8g— a)

With imperfect knowledge of the baselines B and &, errors
are introduced in both the phase, denoted ¢g,,, and the scale
factor, denoted %. Defining

B=B+ 8B (A%)
d=a+da, (AS)
we have to first order
A A
E¢ﬂm=3 sin (§ — a) - B sin(ao—a:)=‘;¢ﬂat
— 6B sin (0 — a) — 8aB cos (05 ~ a) (A6)

and

B’ cos (65— a&’)
Y= B cos (8o — &)

B'cos(8p— a’)+ 8B’ cos (8, —a') + a’B’ sin (¢ — a’)
Bcos (g~ a)+ 8Bcos(8g— a) + 8aBsin (8 — a)

(A7)

Note that for %, baseline length error and angle error are
complementary: baseline length error is weighted highly
when the baseline is orthogonal to the look direction (8, —
a; = 0), whereas angle error is weighted highly with the
baseline aligned with the look direction. For baselines that
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are not nearly aligned with the look direction, the ratio in
(A7) may be expanded to give

A 5B’
Yy=v 1+7—?+ da’ tan (00—(1’)

— 8a tan (0 — a)]. (A8)

Using (A6) and (A8) to evaluate the displacement gives
A A 5 A A
Ap = 4_ [¢Iﬂat - 7¢ﬂat]
mw
=Ap — 8B’ sin (63— a') + 8a’B’ cos (6p— a’)

— y[—8B' sin (6y—a’)+8a’'B’ cos (6y—a’)]

A
Y 4 ® flat

8B’ 6B
7—?+ Sa’ tan (g — a')

— 8a tan (g — a) (A9)

Equation (A9) shows that in addition to the desired term Ap,
there are slowly varying (fraction of a cycle) sinusoidal
artifacts across the displacement field and topographic resid-
uals dependent on baseline length and angle errors. Even if
the slowly varying artifacts are removed empirically, accu-
rate estimates of the displacements, to fractions of a cycle,
require fairly accurate baseline knowledge. We can estimate
the scale of the topographic term as follows. Assume B =~ B’
and likewise for the uncertainties 8B and da. Then the final
term in (A9) becomes

Ap A 2B e A10
P topo an ¢ﬂal Bnet ( )
where we have assumed a worse case vy = 1 and an

equivalent net baseline error 8B, including 8B and éaB.
Expanding ¢g,,(6) about 6,

Apiopo ~ 8Bpetd 0,

where 86 = z/p is the angular deviation of the look direction
due to topography. Thus, to limit displacement errors due to
residual topography, Ap,gp,, to say 1/4 wavelength, the error
in 8B, must satisfy the inequality

8B et < 0.25A p/z2ax

where z,,,, is the maximum topographic extent over the
scene. For p = 800,000 m, A = 0.0566 m, z,,x = 5000 m,
8B e < 2.3 m.
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Displacement Vector in
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Motion compensation InSAR
processing



Historical motivation for motion
compensation

Flight track ideally straight line

_.9® Point to be imaged

" r(t): quadratic with time or x distance



Need for motion compensation

Actual flight track is not a single linear translation

. ® Point to be imaged

B r(t) : no longer quadratic with
time or x distance




The motion compensation
correction

Actual flight track is not a single linear translation

_.»® Point to be imaged

r(t) : apply a correction phase
and delay term so that range is
again quadratic with time or x
distance




Computing motion compensation
correction

Actual radar position

Virtual radar position _
', . r,y(t) : actual range at time t

r(t) : virtual range at time t

Ao Point to be imaged



Motion compensation phase and

delay
* Motion compensation baseline and time delay
* b=raer
o T=2Db/C

* Motion compensation phase shift

* (I)baseline=4n/7\ (ract'r)



Application for INSAR

e Can use motion compensation approach to
coregister slcs by processing to single
reference track

* Define perfectly spherical reference orbit to
processing geometry equations simple

* Avoid coregistration problems



Definitions for orbital geometry

Spacecraft

Reference orbit _-Instantaneous squint angle

Orbit track projected
on reference sphere

p Point to be imaged

Coordinate origin at center of
sphere with local Earth radius
of curvature



Remember range/Doppler basics

Phase and range Doppler relations
relations
4 2
¢(l)=—71’(1) fD =—;I’
2 ..
2J—l:7(‘(t)=_47jrr(t) -ﬁute =_Er



Focus and position equations in
our geometry

fp = —Hr((hﬂf )cosy sin Bf3

27  .cosB -
.frate = . ﬁ /3
Al r sin f3




SCH coordinate system

r. —local radius of curvature,
not Earth radius

s —along track distance
on local sphere from reference

point

c — across-track distance on
local sphere

h — height above local sphere

Reference orbit
projected onto surface

(s,c,h)



Geometry for motion compensation

So-S

Satellite position on
reference orbit at —-. ()
same squint

direction
Reference
orbit

distance and phase

[ ]
(s0.Co)

' Actual satellite position

/ Actual orbit
/
/

/
(Figure is projection of imaging

geometry onto the reference sphere)




Finding the position on the reference orbit
for an actual spacecraft location

(cosy —cosBcosa)

SINO = _ .
sin f sino

. c
§=8,—r.sin 1(tanc‘itan—())

rC



Motion compensation distance calculation

Reference Actual
spacecraft spacecraft
location location
(5,0,h) (sa.caho) Motion compensation baseline is

difference between actual range r’ and
reference orbit range r

Imaged point
P

Planet
surface




Motion compensation algorithm

Derivation of reference distance r:

d So—S _ Cp
COS— = COS COS—
r(' rC rC
ood .. d
cosa = cosa'cos— —sino'sin—
rC rC

r= \/(1; + h)2 +1.° —Z(r(, + h)rc cos
Mocomp distance and phase corrections:
b=r'(r)-r

quase[ine = 4.TJ.L’(F'(F) - I’)



Phase history for mocomped scatterer

1
/ Actual orbit

Compare phase histories
for r.(t) and r(t)

/ Fact )

/ r(t)

/ Scatterer

Y

Reference orbit /




Focus corrections

Quadratic phase correction from processing at wrong distance:
1 v b(t))

o

Fomoc omp (t) =

Frequency domain phase term from range-varying motion
compensation phase:

0

4
¢Correcti()n = Vmigration” 5(7(” '(I” )= T ))

I’=7‘0

— 4 . 2 a —




Topographic correction

Reference
spacecraft
location
,0,h)
o * Processor computes SLCs
assuming perfectly spherical

Earth

Imaged point

Planet
surface

* No easy closed form solution
for position so use iterative
method to find pixel location in
3-space

* Apply phase correction based
on pixel elevation




Iterative topography correction

- 2

(h+r) +(r+2) —p
2n+r)(r.+2)

2 COS U =

§=3S +r.tan

satellite

v(r?+(h+r)* =r?)

COS

1( f(r.+ h)Ar

-1
c =—71.C08 (

e h=7

Topographic phase correction:

4'77: elevation zero height

¢elevati0n = A (uline—()f—sighr - uline—qf—sight) ° b(t)



Impulse response

Impulse resolution:
5.3 mrange, 4.0 m azimuth

Figure for mocomp
baseline of 1500 m
(InSAR baseline 3km)

Relative
intensity,
dB

| ,}ﬂﬂ' A
-10 o ”
A
/,.‘i\ ‘ B
T > ) .
N : Il“"[' l’“ ‘ ‘““ o
1 ';2':'2?:'//‘/ f ’l “‘ ““""*"”Ifff'o \‘:‘
—20 - "//”0':"" " /;"”:‘““ “&\(""‘d‘
4
'u ”'020‘ i .
7 M‘;o 4
Azimuth O %
position, 0 Range
pixels position,

pixels



image of SFO

Single look complex




Geodetic accuracy — Pinon Flat Corner
Reflector Locations

Latitude Longitude Latitude Longitude
Measurement (deg) (deg) error (m) error (m)
Reflector aligned with ascending orbit
InSAR location, 33.61233 -116.4570 9 -18
unregistered image
INSAR location, 33.61215 -116.4567 -11 9
registered image
Ground GPS 33.61225 -116.4568 - -
survey
Reflectors aligned with descending orbit
INSAR location, 33.61215 -116.4579 -11 0
unregistered image
INSAR location, 33.61213 -116.4577 -13 18
registered image
Ground GPS 33.61225 -116.4579 - -
Survey
InSAR location, 33.60729 -116.4517 -9 9
unregistered image
INSAR location, 33.60727 -116.4516 -11 18
registered image
Ground GPS 33.60737 -116.4518 - -

survey



Geodetic accuracy — Image offsets from

Range offset Azimuth offset Additional stretch
Scene at center (m) at center (m) Range (m) Azimuth (m)
Ventura -15.8 18.2 9.4 15.2
Hawaii -21.5 24.0 14.1 254

Iceland 2.0 2.9 44.0 29.4



Ventura, CA — Atmospheric phases




Hawaii — deformation plus atmosphere




Iceland — significant ionospheric artifact




Correlation images

.8

o

0.6

0.4

0.2

Correlation

Iceland

Hawa

Ventura
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Geodetically Accurate InSAR Data Processor

Howard A. Zebker, Fellow, IEEE, Scott Hensley, Piyush Shanker, and Cody Wortham

Abstract—We present a new interferometric synthetic aperture
radar (InSAR) processing approach that capitalizes on the pre-
cise orbit tracking that is available with modern radar satel-
lites. Our method uses an accurate orbit information along with
motion-compensation techniques to propagate the radar echoes
to positions along a noninertial virtual orbit frame in which
the location and focusing equations are particularly simple, so
that images are focused without requiring autofocus techniques
and are computed efficiently. Motion compensation requires two
additional focus correction phase terms that are implemented
in the frequency domain. If the images from an interferometric
pair or stack are all computed along the same reference orbit,
flat-Earth topographic correction is not needed, and image coreg-
istration is simplified, obviating many difficulties that are often
encountered in InSAR processing. We process several data sets
collected by the ALOS PALSAR instrument and find that the
geodetic accuracy of the radar images is 10-20 m, with up to
20 m of additional image distortion needed to align 100 km X
100 km scenes with reference digital elevation models. We vali-
dated the accuracy by using both known radar corner reflector
locations and by the registration of the interferograms with digital
maps. The topography-corrected interferograms are free from
all geometric phase terms, and they clearly show the geophysi-
cal observables of crustal deformation, atmospheric phase, and
ionospheric phase.

Index Terms—Interferometric synthetic aperture radar
(InSAR), motion compensation, radar interferometry, SAR
processing, synthetic aperture radar (SAR).

I. INTRODUCTION

NTERFEROMETRIC synthetic aperture radar (InSAR) has

evolved into a common tool for analysis of crustal deforma-
tion [1]-[8], ice motion and structure [9]-[14], hydrologic mod-
eling [15]-[17], vegetation canopy characterization [18]-[20],
and generation of topographic data [21]-[24]. The InSAR
technique is defined by computing the phase difference of
complex radar echoes at each resolution element in a radar
image, resulting in millimeter-scale displacement images at
meter-level postings over wide areas (typically 100-km scales).
Recent developments in satellite tracking and radar signal
processing now permit the generation of InSAR images or
interferograms that are, in addition, geodetically quite accurate.
The geodetic accuracy not only provides data products in
better known coordinate systems but also facilitates routine
processing by avoiding many of the image registration and
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resampling steps incorporated into existing processing systems.
The algorithms presented here are computationally efficient
and more robust than many traditional processing approaches,
enabling advanced approaches to data interpretation such as
time series analysis of surface change.

The continuing advances in the accuracy of orbit determina-
tion now routinely produce spacecraft position estimates with
submeter uncertainties. Satellites such as the European ERS-1
and ERS-2, Envisat, and Japanese ALOS produce operational
products with standard errors of tens of centimeters or less
[25]-[28]. We have designed a new software radar processing
system based on these accurate orbit measurements so that the
radar pixels may be located on the surface with accuracies of
tens of meters or less. In our approach, we use radar motion-
compensation techniques to propagate radar echoes from their
actual acquisition locations to ideal orbits in which the focusing
and positioning equations are particularly simple. Thus, when
processing multiple images, for a case that is as simple as two
scenes to be formed into a single interferogram or as complex
as hundreds of scenes to form a persistent scattering estimate
of temporal evolution of crustal deformation, all of the data
passes may be processed to a common coordinate system. This
facilitates the resampling of the individual single-look complex
scenes to common locations, which is a step that is often
problematic in geodetically inaccurate processing methods. The
accuracy of the orbits is such that autofocus or other image
refinement steps are not necessary, significantly increasing both
the efficiency of the processor and the accuracy to which pixels
may be located on the surface. Another advantage to motion-
compensated processing using a common reference orbit is
that the “curved-Earth” range phase term is not present in the
interferograms as the effective InSAR baseline, as regards Earth
curvature, is zero.

Here, we describe our processing method, starting with the
definition of our reference orbit and the equations needed for
radar image focusing and pixel location. We then summarize
our motion-compensation approach and show that two focus
correction phase histories must be added to the radar echo
to properly focus the image. We then describe an iterative
algorithm for mapping the interferograms, as expressed in radar
coordinates, to evenly spaced and known geodetic coordinates
so that the images may be readily combined with other data
types. We assess the geodetic accuracy of the system by ana-
lyzing the data acquired over a set of GPS-surveyed radar cor-
ner reflectors. Finally, we present several interferograms from
L-band ALOS PALSAR data in order to demonstrate applica-
bility to a variety of applications.

We note that our method is not necessarily more geodetically
accurate than other InSAR software that has been similarly
motivated. We have attempted to design a processing system

0196-2892/$26.00 © 2010 IEEE
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with geodetic accuracy as a fundamental design consideration.
Hence, a major emphasis in this paper is on useful coordinate
systems to facilitate geodetic accuracy in both the SAR process-
ing and the derivation of InSAR products. Geodetic accuracy
is not only important for many applications but also readily
feasible in today’s precise-orbit world, as we demonstrate in
the succeeding discussion.

Previous presentations of geodetically accurate radar
processing [29], [30] also show accuracies that are roughly
the size of a 10-m radar resolution cell. The work at Scripps
Institution of Oceanography [30] has already shown that orbit
accuracy for the ALOS satellite is fine enough to obviate the
need for autofocus modules in the software. We find similarly
that this code is unneeded. In addition, several groups [31]—[34]
have experimented with aligning time sequences of images
precisely during processing to a single master image. In our
approach, we do the same, but the coordinate system used is
not a physically realizable system for a satellite in an inertial
orbit. In essence, we use a virtual coordinate system to sim-
plify postprocessing codes that implement the InSAR product
generation.

It is worth noting that the motion-compensation approach
that we present here is a critical aspect for processing SAR
data from airborne platforms, where interactions with the at-
mosphere lead to turbulent flight trajectories that defocus SAR
images and lead to InSAR phase errors. These short-period
orbit errors are usually less significant for spaceborne platforms
that generally orbit well above the atmosphere, although they
can be present for certain system configurations or imaging
geometries. In this paper, we meet precise geometrical stan-
dards using an approach that can work even with very irregular
orbits, such as those that might arise from low-altitude satellites
or from platforms with extremely long synthetic apertures, as
required for long-wavelength radar systems.

II. PHASE HISTORY FOR SPACECRAFT
IN PERFECT CIRCULAR ORBIT

We begin by developing the equations needed to properly
locate and focus a SAR image from an orbiting radar sensor.
Assume that we have a satellite in a perfect circular orbit above
a nonrotating planet. Since all known planets rotate, such an
orbital is noninertial, it cannot exist in a physical sense without
continuous accelerations applied to the spacecraft, and, thus, it
is not feasible for satellites in use today. Nonetheless, we can
define such an orbit and translate the actual radar echoes to the
ideal reference trajectory using motion-compensation methods.
We define the geometry of the spacecraft radar observing a
point P as shown in Fig. 1.

Here, the spacecraft travels along an orbit path at a constant
velocity v, at a constant height h, and above a spherical planet
with a radius of curvature r.. The range to the imaged point r
varies as a function of time ¢. The usual relations for radar phase
history ¢ and instantaneous frequency f hold

p(t) = — —r(t) (1)
Imf(t) = — —7(t). 2)

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 48, NO. 12, DECEMBER 2010

Spacecraft

Fig. 1. Definitions of angles and distances for the reference orbit. The planet
is assumed to be locally spherical with a radius of curvature ., and note that
T is not necessarily equal to the local distance from the surface to the center
of mass of the Earth. The spacecraft flies at an altitude h above the surface
and on a perfect circular path about a point 7. below the surface. The point P
that is to be imaged lies at an origin-centered angle v from the satellite orbit
at the closest approach. The distance along the orbit is equal to the spacecraft
velocity v multiplied by time ¢, so that at any given time, the satellite-origin-
closest approach point angle is 8. The origin-centered angle « is formed by the
point to be imaged, the origin, and the satellite location. Angle ¢ is the squint
angle from the satellite to the imaged point.

The Doppler frequency fp and the Doppler rate fra¢e, respec-
tively, can be written as

2

Ip=— Xf‘ (3)
2

fratc = - XT (4)

We now relate these general expressions to the geometry of
Fig. 1. From the law of cosines

2 = (h+7r.)% 4712 = 2r.(h +r.)cos . 5)

The spherical law of cosines considering the right angle shown
in the figure is equal to

cos a = cos 3 cos . (6)
Let us rewrite this as
12 = (h+7r.)* 472 = 2r.(h+r.)cos fcos . @)

By noting that vt/(h + r.) = 3, and § = v/(h + r.) is a con-
stant, we can differentiate (7) with respect to time

217 = —2r¢(h + 1) cos y(— sin §) 8. ®)
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Thus

. rc(h+rc);0s7sinﬁ6 )

or it is expressed as fp as a function of the along-track angle 3

fp = ,%rc(thrc) cosysin 30. (10)

To determine the SAR focusing parameter f;,t., we start with
(8) and again differentiate with respect to time, obtaining

i+ 52 =1+ o) confcos 33

—ro(h+ o) cosysin 3 - 20 5
sin 3
-y (11)
sin 3
Then
rit =S50 2 (12)
sin 3
. '2
ALY R (13)
sin 3 r
finally yielding
2 [#2  cosf -
frate - X |:7" - TSinﬂﬁ:| . (14)

The expressions for fp and fyate, which are (10) and (14), re-
spectively, supply the information that is necessary for locating
the along-track position and the optimal chirp rate to image
point P, as in many range Doppler processing implementations
(see, for example, [35]).

III. MOTION-COMPENSATION APPROACH AND GEOMETRY

Thus, if the spacecraft was flying in the above ideal orbit,
we can readily construct the matched filter for an along-track
location, as given by the Doppler centroid fp and azimuth
chirp rate fiato. However, it would be very wasteful of fuel to
force a satellite into this noninertial orbit, and existing sensors
do not follow such an orbital trajectory. We therefore apply a
motion-compensation algorithm to the received echoes so that
the data are similar to what the sensor would have recorded if
it had flown along the reference track. In addition to allowing
ready focusing and identifying the location of the image using
the equations of the previous section, the motion-compensation
step allows us to process multiple acquisitions to the same
coordinate system.

We introduce here a coordinate system that is defined with
respect to the projected ground track of the ideal satellite orbit.
This coordinate system, referred to as sch, was developed and
used for the NASA Shuttle Radar Topography Mission at the
Jet Propulsion Laboratory [36]. In this coordinate system, s is
the along-track coordinate along the surface projection of the
satellite path, c is the cross-track coordinate along the surface
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Reference orbit

- (s,c,h)
projected onto surface

(0,0,0)

Origin

Fig. 2. Definition of the sch coordinate system. A reference point along the
reference orbit has coordinates (0,0,0), and the local Earth radius of curvature
is rc. An arbitrary point in space (s, ¢, h) is located at a height h above the
spherical surface and at a surface distance c from the projection of the reference
orbit and is displaced along track by s. The reference orbit is assumed to be
perfectly circular and centered about the origin shown.

(50.0)

)

(5,0) ¢

Reference /
orbit /
/ Actual orbit
/
/
/

Fig. 3. Motion-compensation geometry and position definitions. The projec-
tion of the actual satellite orbit on the planet surface is the dashed line, and
the desired reference orbit projects as the solid line. The spacecraft observes
a point P when it is located above (so,co). The squint angle § is defined
by the Doppler centroid. The virtual position of the spacecraft after motion
compensation is at point (s, 0), and distance d is the surface projection of the
amount where the echo must be propagated to represent what the sensor would
have measured if it had indeed been located at (s, 0).

to the projection of a point, and h is the height of the point
above the surface (Fig. 2).

Consider a top-down view of the motion-compensation refer-
ence orbit and the actual ground track of the satellite projected
on a spherical planet, as shown in Fig. 3.

Here, the actual location of the satellite is (so,co, ho); P
is the point to be imaged; 0 is the squint angle, given the
Doppler centroid of the point; the desired position of the
motion-compensated satellite is (s,0,h); and cg, s — sg, and
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d are all distances along great circles on the planet sur-
face. Once again, starting with the spherical law of cosines,
we see

d _
cos — = cosMcosc—0 (15)
Te Te Te
while the law of sines yields
Sin(?/i_d) _ siT17r/2. (16)
sin 70 sin Ti

In addition, we can also write using the spherical law of cosines

- d - d
cos(m/2—19) sin %0 " 5 sin L teos 20" % cos L =cos 2.
c rC rC TC TC
A7)
By using (15) earlier
_ d _
cos(m/2—0) sin 5075 gin < tcos? 207 cos L = cos 2
c TC TC TC /rC
(18)

or

_ d _
cos(m/2—0) sin 5075 6in & = cos 2 <10052 %0 8)

Te Te Te Te
= cos o sin? Rl (19)
Tec Te
and thus
. d co . So— S
cos(m/2 — §) sin — = cos — sin ——. (20)
c TC rC
Moreover, from (16)
co
Te co . So— S
25— e — — 21
cos(m/ )Sil’l(ﬂ'/2 =5 cos . sin - (1)
from which
tan d sin o _ cos € sin %0~ S. (22)
Te Te Tec
Finally
tan d tan o _ sin U s. (23)
Te Te
Now, we can solve for the desired spacecraft position s
§=80g—resin! (tanétan CO) . 24)
Te

The desired cross-track position and height are 0 and
h, respectively, so now, we know both the actual and
motion-compensated spacecraft locations. The solution for the
composite squint angle 4 can be found from the aforemen-
tioned «, [, and ~ since (again from the spherical law of
cosines)

s — (cosy — cos B cos )

(25)

sin ('sin «v
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Reference Actual
spacecraft spacecraft
location location

(s,0,h) (sp.cohp)

Imaged point

Planet p

surface

Fig. 4. Motion-compensation distances. The echo must be propagated from
an actual distance r’ to a desired distance r. The shift corresponds to a change
in angle o — o that is relevant to the surface shift d in Fig. 3.

IV. MOTION-COMPENSATION ALGORITHM

The equations in the previous section provide the relationship
between the actual spacecraft locations and the desired imaging
locations along the reference orbit. The satellite is not flying
in this ideal orbit, of course, so we propagate the radar echoes
from the actual satellite position to the ideal reference track to
make it appear as if the radar had flown the perfect circular
path described earlier, which is a procedure known as motion
compensation (a good description is found in [37]).

We use an approximate form for motion compensation by
assuming that the appropriate displacement for a scatterer is
the one that is associated with its location at the point where
the scatterer passes through the antenna boresight. This ap-
proximation is most valid for systems with a narrow antenna
beam. In other words, we assume that most of the backscattered
energy comes from a direction that corresponds to the Doppler
centroid of the echo. This approximation is quite good for
many existing spaceborne radar systems, although it leads to a
focusing error because echoes from the scatterer that are away
from the boresight are slightly shifted in phase. This phase error
is corrected in the azimuth focusing step, which we explain in
the following focusing section.

We apply the motion-compensation resampling to the mea-
sured data by adding to the echo the appropriate phase and
by shifting its position in time according to the motion-
compensation distance. The distance where the echo must be
shifted is readily seen in the following (Fig. 4).

For the motion-compensation algorithm, we use the actual
distance from the spacecraft (sg,co, ho) to the point P (de-
noted as r’) as measured by the radar and the calculated
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distance (denoted as r in Figs. 1 and 4) from the motion-
compensated reference track (s, 0, h). We determine the origin-
centered angles « and o for the reference and actual positions
starting with

cosa = (re+ ho)® +re — 1"
o 2rc(ho +1¢)

(26)

and by using the difference o — o (which is equal to d/r.),
we find that the cosine of the origin-centered angle a for the
reference location is

d
cosa = cosa’ cos — — sina’ sin — 27
Tec Tec
so that
7= \/(rc + h)2+1r2 —=2(r.+ h)r.cos a. (28)

We then shift the position of the return echo by 7' — r and its
phase by (47/A)(r" — r). Since ' is a function of r, we can
express the motion-compensation baseline distance and phase,
respectively, as

b=r'(r)—r (29)
4
Poaseline = 7” ' (r)—r). (30)

V. Focus CORRECTIONS

Two phase correction terms are needed to properly focus
the motion-compensated SAR images. The first correction is
a change in the Doppler frequency rate fyat. resulting from
the motion-compensation shift in the scatterer distance from
the radar. The second correction is a phase term added to the
phase history to account for range dependence of the motion-
compensation phase shift.

The echo signal after motion compensation is moved to
a different range if the motion-compensation baseline (the
difference between the actual spacecraft position and the po-
sition projected onto the reference orbit as described earlier)
is nonzero. The phase history of a scatterer, which depends
on actual imaging geometry, is thus located at a different
range than its original position, and it differs from the history
that is expected at its motion-compensated range. While mo-
tion compensation adequately corrects the constant and linear
terms for the phase history, the second order term requires an
additional correction. The first correction factor changes the
frequency rate of the matched filter by the ratio of the motion-
compensation baseline (the distance that the echo moved in the
motion-compensation step) to the scatterer range. Consider the
following (Fig. 5).

This figure shows a simplified motion-compensation geome-
try that is constrained so that the reference orbit, the actual orbit,
and the scattering point are all coplanar, and we assume that
we are processing the echo that is centered at the zero Doppler
point. The distance b(t) is the motion-compensation baseline.
The range history for the scatterer with respect to the reference
orbit satisfies

r2(t) = rg + v?t? (31)
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1
/ Actual orbit

b(t)

X=vt

Scatterer

-
&
Y

Reference orbit /

Fig. 5. Geometric construction to understand the Doppler rate correction
required after motion compensation. In this simplified geometry, the reference
orbit, the actual orbit, and the scatterer all lie in the plane of the page. The
actual distance from the spacecraft to the scatterer is ract(t), and the distance
of the motion-compensated spacecraft along the reference orbit to the scatterer
is 7(¢). The distance from the reference spacecraft to the scatterer at the closest
approach is g, and b(t) is the motion-compensation baseline as a function of
time.

which, under the wusual SAR approximation, can be
written as
10?2
t) ~ - 32
r(t) =ro+ 5 o (32)

leading to a Doppler rate frato = —(20%/Arg).
The range history of the actual return from the scatterer,
again under the SAR approximation, is
1 0?2
2 (ro = b(t))

1v%t? b(t)
~rg—b(t) - —— (14 =2 ).
0 ( ) 2 To < To )
Next, note that, in the motion-compensation step, we add the

value of the baseline to this to form the motion-compensated
range history, resulting in

1 v2t? b(t)
mocomp (t) = -—— |1 - |-
r p( ) ro + 2 ( + o )

Tact (t) ~NTo — b(t) +

(33)

(34)

Comparing with the reference range history earlier shows that
the Doppler rate that is needed to focus the echo is the same
as the reference rate, scaled by a factor that depends on the
ratio of the motion-compensation baseline to the range. In other
words, since the scatterer is moved to a different range than
its original location, the focus must be corrected to account for
this distortion. The correction factor does depend on the varying
baseline with time, but in practice, we find that using a constant
value for each processed patch of data is sufficiently precise for
many radar satellites.

To calculate the change in fi,, for the full geometry
rather than the simplified case of Fig. 5, note that we
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can write

frate =

72 .cosf3 -
[Trsinﬁﬂ}

:[Azf}%+A fo ﬁ-]

NN >N

A Ar 2 tan 16}

AR 202,
=—= - — ——cosa.

2r Ar (h+71e) (35)

Thus, the difference in f,te for the scatterer at its origi-
nal position (primed coordinates) and its motion-compensated
position is

frate — 1! :i@,l_l 20 re
rate rate 2 r r! A (h+7’c)

cosa  cosa’
x - /
r r
A (r’—r) 2% 1,

2 rr! A (h+7e)

1’ cosa — rcosa’
X !
rr

N AEB(t) 20 1. b(t)
N T e ) S

b(t)

= fratei
r

(36)

which is the same relation that we had in the simplified case
for r = r¢ and which holds under the same approximation of
slowly changing b(¢) for each patch and for h =~ h'.

A second focus correction factor is required as well to
compensate for the phase added to each radar echo during
motion compensation. Recall that each echo has been altered by
a range-varying phase of the form given in (30). Due to range
migration, this phase varies as a function of the range migration
distance for each scatterer, so that every scatterer has a range-
dependent phase added to its phase history. When the phase
history is reconstructed during processing to form the matched
filter, this range-dependent term is still present. Thus, we must
remove this phase term in order to focus the image properly.

This additional phase is introduced in the motion-
compensation step because each echo is repositioned in range
by a distance defined by the actual and reference orbit locations.
In the motion-compensation step, the phase is advanced by
an amount that corresponds to the distance of the scatterer at
the location defined by the antenna boresight. Of course, for
most of the range history, the scatterer is at a different distance
from the antenna. Thus, the phase that is applied in motion
compensation is only approximately correct over the phase
history. Since we can calculate how much extra phase is added
to the radar echoes at each position in the synthetic aperture,
we remove that extra phase in this step by applying the second
focus correction factor.

The magnitude of the phase correction depends on the
amount of range migration for each scatterer at each point
in time, and in the time-domain signal, echoes from many
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scatterers at differing azimuth locations are present at each
azimuth position. Thus, we cannot apply a single correction
term to the time-domain signal. However, if we consider, in-
stead, range migration as a function of frequency after applying
a Fourier transform in the azimuth direction, we can apply a
single correction to all scatterers at the same reference range
simultaneously, which is analogous to the range migration
resampling needed for range-Doppler processing. Since in the
frequency domain we can represent the range migration as

A 1

Tmigration — 7 70 *
4 frate

we can apply the correction based on the idea that the range
history is a function of the Doppler frequency. The required
correction phase is the product of the migration distance and
the gradient in the range of the motion-compensation phase

f? (37)
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(38)

These two phase corrections suffice to focus the image properly.

VI. SUMMARY OF THE PROCESSING STEPS

In summary, our radar image generation steps include the
following: Select a circular reference orbit, range compress
each echo, apply motion compensation to move each echo to
the reference track, Fourier transform the data in the azimuth
direction, form the azimuth matched filter whose quadratic term
reflects the motion-compensation baseline, remove the resid-
ual azimuth phase that results from the motion-compensation
step, and inverse Fourier transform the data in azimuth. This
produces the single-look complex data set that is needed for
subsequent analysis.

VII. LIMITATIONS

Our approach for focusing the radar images will be less
accurate under several different conditions, which must be
assessed for each radar system configuration. These are the
following.

1) If the motion-compensation baseline varies significantly
over a single patch of raw data, the motion-compensation
focus correction will not be correct everywhere. In our
implementation, we assume that a single baseline is rep-
resentative for the entire patch for the focus correction.
While each echo is shifted in position for the instanta-
neous value of the baseline, focus correction is applied
to the entire patch at once, which is a consequence of
its frequency-domain implementation. If the variation in
baseline is such that the chirp rate varies by more than
about one part in the azimuth time-bandwidth product
over the patch, some defocusing will occur.
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2) If the baseline is not measured accurately enough, i.e., the
trajectory is not known well enough, then the resulting
interferogram will exhibit phase artifacts that are related
to the error in position. For spaceborne sensors, which
tend to be quite stable, this is not a significant problem
unless the errors are very large. However, for airborne
systems where there is a great deal of platform motion on
short time scales, the phase artifacts will be quite visible
and may mask the underlying desired phase signature.

3) Finally, if the orbit trajectory is such that there are very
large velocities in the ¢ or h direction, our estimates of
the Doppler frequency will differ significantly for the
actual and reference orbit cases. Processing the data at
the incorrect Doppler centroid leads to defocusing and
loss of signal. In our current implementation, we simply
use the Doppler centroid as estimated from the raw data.
Future implementations could include a refined Doppler
estimation using the orbit data to avoid this problem.

Despite these known limitations, our method works quite

well for existing spaceborne radar systems over the range of
wavelengths and resolutions used in today’s environmental
radars.

VIII. INTERFEROGRAM FORMATION

The aforementioned steps lead to well-focused single-look
complex SAR images with known coordinates for each point.
The next step in most InSAR processors is the formation of
the interferogram from a pair of these images. Interferogram
formation is particularly simple if the coordinates of the two
single-look images coincide, eliminating the difficult and time-
consuming resampling step. Since we are free to choose any
reference orbit for each image, selecting the same reference
for both images of the InSAR pair leads directly to coincident
images. Typically, we choose, as a reference, an orbit at the
average height of the two scenes, with the average heading of
the two scenes, and an along-track spacing set by the average
velocity of the two scenes.

The processing equations as presented earlier locate the pix-
els, assuming that the planet surface is a perfect sphere with no
topography. Thus, the images do not quite align perfectly, and
offsets of up to a pixel are common. In addition, propagation
delays through the ionosphere and troposphere are not yet
accounted, leading to additional errors in pixel location. Thus,
we apply a resampling based on image cross correlation to align
the images optimally. However, because the misposition error
is small, typically a pixel or two, this step is efficient, and the
interferogram formation may be implemented without detailed
topographic or propagation medium delay knowledge.

For more advanced processing methods, such as time series
analysis, persistent scatterers [32], [33], [38]-[42], or small
baseline analysis [34], [43], many images are required, rather
than a single interferogram pair. In these cases, we still choose
a single reference orbit based on the collection of scenes to be
combined. Selection of an orbit that approximates an average
of all of the orbits used is somewhat arbitrary but straightfor-
ward. For many applications, the exact reference orbit used is
unimportant as long as the same orbit is used for all scenes.
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Planet
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Fig. 6. Geometric construction for topographic correction. Imaged point P
actually lies at an elevation z above the reference surface of a sphere of radius
re. The Earth-centered angle o and the spacecraft height A are the same as
defined in Fig. 1.

IX. TOPOGRAPHIC CORRECTION

The interferogram formed, as described in the previous sec-
tion, does not contain the background phase pattern due to
the general curvature of the Earth surface, since the motion-
compensation method generates an effective InSAR baseline of
zero for scatterers located on the surface. However, since the
imaged area generally has topographic relief, the topographic
phase contribution is still present. Therefore, for deformation
applications, we must compensate for this phase term so that
the “flattened” interferogram has only signals that are related to
surface or propagation medium change.

Because the digital topographic data are often available for
our study areas, we use the two-pass [1], [2] method for topo-
graphic phase compensation. In this method, we compute the
latitude and longitude for each radar pixel, retrieve the elevation
for that location from a digital elevation model (DEM), and
compute and subtract the phase associated with a pixel at that
elevation.

There is no closed-form solution to yield latitude, longitude,
and elevation from range and azimuth radar coordinates, so we
have developed an iterative approach that converges quickly to
compute the elevation and location for each pixel. Consider the
geometric construction of Fig. 6 in the following.

We initially let the scatterer height z be equal to zero,
although another initial estimate will suffice as well. Given the
reference orbit height, we can solve for the Earth-centered angle
o as

(R4 7o)+ (re + 2)2 — p?
2(h+r)(re + 2)

cosa = 39)
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We next compute the sch coordinates of the pixel. The along-
track coordinate s is related to the s coordinate of the satellite
Ssatellite 11 the reference orbit coordinates by

fa(re + h)Ar
2 (htro)? = ﬂ)) (40)

where the second term on the right is the along-track distance
for a pixel of the Doppler shift f;. In our implementation,
we compute the single-look complex images in a “skewed”
geometry, so a range line of data corresponds to a constant
squint direction so that only a single InSAR baseline vector
is needed at each range line. This simplifies the bookkeeping
requirements for topographic correction, but one could use
deskewed images in which case the second term in (40) is not
needed. The ¢ and / coordinates follow from

1 [cosa
€= —T.CO8
cos

h=z

-1
§ = Ssatellite T Tc tan (U (

(41)
(42)

where [ is the same as that defined in Fig. 1. Given an
estimate of the pixel coordinates in the sch system, we convert
the location to latitude/longitude/height coordinates. With this
estimate of latitude and longitude, we then retrieve the elevation
of the location from the DEM. This becomes our new estimate
of z, and we repeat the process (39)—(42) to refine the estimate.
We can iterate until the sequence converges, which typically
takes two or three iterations. At the convergence of the iterative
loop, we have the latitude, longitude, and elevation for each
point in the image.

Finally, given the elevation of the pixel, we evaluate the phase
expected from moving a scatterer from the reference sphere to
its true elevation as

elevation
line-of-sight

zero height

¢clcvation - 4771— (U - uline—of—sight) ° b(t) (43)
where the u’s are the unit vectors to the pixel at elevation and
on the reference sphere, respectively, and b(t) is the InSAR
baseline vector. Subtracting this phase from the interferogram
at each point removes the topographic signature, leaving only
the deformation and propagation variation phases.

Errors in orbit determination, plus unmodeled delays in
the propagation medium, can lead to slight distortions in the
topographically corrected interferograms. Thus, we further cor-
rect the images by registering them to the DEM transformed
into radar coordinates. This registration corrects for additional
pixel-scale shifts in the interferograms to yield a more geodet-
ically precise result. Typical final registration shifts observed
here are on the order of one pixel in the range direction and
one to three pixels in the azimuth direction. The results for the
sample ALOS data sets are tabulated in the following geodetic
accuracy section (Table II).

X. GEOCODING

The final step that we apply in data processing is a resampling
of the terrain-corrected interferogram onto an orthorectified
grid. The interferogram before this stage is still sampled in
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Fig. 7. Impulse response of the SAR processing module for the simulated

ALOS data in a nominal geometry with an incidence angle of 34°. We
computed the theoretical echoes for a point target corresponding to a 1500-m
motion-compensation baseline and an InSAR baseline of about 3000 m. The
half-power widths are 5.3 and 4.0 m in the slant range and in azimuth,
respectively.

a uniform radar sensor coordinate system. It is essentially
a range-Doppler coordinate system image where the along-
track distance is expressed in meters rather than the Doppler
frequency. The coordinates for each pixel are known in absolute
position, as the transformation between the sch and absolute
coordinates in an Earth-fixed rotating frame (which we refer
to as the xyz coordinates) is well characterized once the topo-
graphic correction is applied. It is nonetheless more useful to
resample the images to uniformly sampled latitude—longitude
or Universal Transverse Mercator coordinates so that the data
are more easily related to other data types. Our algorithms
are not unusual; however, we are currently using a nearest
neighbor interpolation during this step to avoid amplitude arti-
facts that follow from nonband-limited multilook interferogram
data. This is an implementation choice, and if desired, the full
single-look complex images may be resampled using the steps
outlined earlier. We have chosen to work with multilook data to
minimize disk and memory requirements.

XI. GEODETIC ACCURACY AND EXAMPLES

In this section, we present several images from our new
processing system to illustrate its performance, especially as
regards geodetic accuracy. Fig. 7 shows the impulse response
of the SAR compression module for a simulated ALOS echo,
where we have assumed an InSAR baseline of 3000 m, cor-
responding a motion-compensation baseline for each image
of about 1500 m. The measured widths at half-power of the
impulse response are roughly 5.3 m in the range dimension and
4.0 m in the azimuth dimension; theoretically, we would expect
5.35 m in the slant range and around 5 m (half the antenna
length) in azimuth. The azimuth resolution is finer than we
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Fig. 8. Single-look complex image of the San Francisco airport as seen in
the ALOS satellite data. The L-band wavelength leads to very dark runways at
the right-hand side of the image, while the terminal structures stand out well.
The slant range and azimuth pixel spacings of the image are 4.7 and 3.2 m,
respectively. The image is well focused at this scale. Range (across) artifacts
include sidelobes from the bright reflectors in the terminal area and interfering
L-band signals that are visible over the darker parts of the image.

might expect as our simulator computes a phase history over
a longer interval than the antenna illuminates.

In Fig. 8, we display a portion of a single-look complex
image of the San Francisco airport from the ALOS satellite
data acquired on February 28, 2008. The orbit and frame
designators for this scene are 11162 and 740. The slant range
(across) and azimuth (vertical) pixel spacings are 4.7 and 3.2 m,
respectively. The resolution of the processed image is roughly
one pixel, i.e., the image shows no appreciable blurring at this
scale. Range sidelobes are visible from the strong reflectors on
the airport terminal buildings. The horizontal artifacts that are
visible mainly over the darker regions of the image are due to
the L-band interference signals, which are many in the region.
We have not filtered these interfering signals in this processing.

We assess the geodetic accuracy of our system in two ways:
by processing an image containing known survey markers and
by evaluating the shift in position between our images and
reference data from existing DEMs. Three corner reflectors
were installed in the Pifion Flat area in southern California
by investigators at the Scripps Institution of Oceanography,
University of California, San Diego, La Jolla [44]. One of
these was aligned to return echoes in the direction of the
ALOS satellite on its orbit track 213 in frame 660, which is
an ascending orbit. We processed an interferogram on this track
from orbits 7588 and 8259, acquired on June 28 and August 13,
2007. Two other reflectors were aligned with the descending
orbit track, and we processed data from orbits 9360 and 10031,
October 27 and December 12, 2007, track 534, and frame 2940.
For all of these reflectors, we measured the inferred location
from the interferograms and compared the results to a GPS
ground survey done by scientists at Scripps. In Table I, we
summarize our corner reflector location measurements from the
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TABLE 1
PINON FLAT CORNER REFLECTOR LOCATIONS
Latitude Longitude Latitude Longitude
Measurement de de error (m) _error (m
Reflector aligned with ascending orbit
InSAR location, 33.61233 -116.4570 9 -18
unregistered image
InSAR location, 33.61215 -116.4567 -11 9
registered image
Ground GPS 33.61225 -116.4568 -- -
survey
Reflectors aligned with descending orbit
InSAR location, 33.61215 -116.4579 -11 0
unregistered image
InSAR location, 33.61213 -116.4577 -13 18
registered image
Ground GPS 33.61225 -116.4579 -- -
survey
InSAR location, 33.60729 -116.4517 -9 9
unregistered image
InSAR location, 33.60727 -116.4516 -11 18
registered image
Ground GPS 33.60737 -116.4518 -- -
survey

ALOS data and from the Scripps ground survey. The top line in
each section of the table gives the observed location from our
processor before alignment with a DEM, which is the “dead-
reckoning” result. The middle line gives the location after a
cross-correlation registration with a DEM, while the third line
gives the location as determined from the ground geodetic
survey. The disagreements here are on the order of 10-15 m,
and the corner reflector is imaged with similar accuracy with
and without registration to the DEM. Note that these results
are quantized to the pixel spacing, though, because we use
the nearest neighbor interpolation algorithm in this step of the
implementation. We believe that this result is better than our
typical accuracy across the entire image, however, as we discuss
further in the following.

We present several processed interferogram data sets from
ALOS measurements in Figs. 9-12. Fig. 9 shows an interfero-
gram formed from the data acquired over southern California,
centered over the town of Ventura. The image center latitude
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Fig. 9. ALOS interferogram of the Ventura area from the data acquired on
June 22 and September 21, 2007. The phase signature is likely the variability
of the atmosphere on the two days. The InSAR baseline is 100 m, and the
illumination is from the left. The spacecraft motion is from south to north.

-t
Phase
(rad)

Fig. 10. ALOS interferogram from May 5 to June 20, 2007, over the Kilauea
region of the island of Hawaii. An intrusion occurred in June 17-19 along the
East Rift of the Kilauea Volcano 19° 25’ N, 155° 18’ W) and produced the
clear crustal deformation phase signal. Additional phase variation, which is
visible at the top portion and elsewhere on Mauna Loa, plus some signals along
the coast, most likely results from atmospheric change. Illumination is from the
left. The InSAR baseline is about 200 m.

and longitude are roughly 34° N, 119° 15" W, and the data
were acquired on June 22, 2007 (orbit 7486 and frame 670)
and September 21, 2007 (orbit 8828). In this interferogram,
we see that there is a phase signature that is locally correlated
with topography. However, globally, the phase does not depend
on elevation, so we speculate that this is predominantly an
atmospheric signature. The magnitude of the phase is compara-
ble to previous reports of tropospheric phase in interferograms

Fig. 11. ALOS interferogram of an area in Iceland, showing two glaciers and
strong ionospheric artifacts. The change in the total electron content in the
ionosphere is directly proportional to the phase delay and is visible as phase
“bars.” The gradient in electron content is higher at the north than in the south.
Data were acquired on September 2 and October 18, 2007, on orbits 8561 and
9232 (frame 1290). The InSAR baseline is about 300 m, and again, illumination
is from the left.

[45]-[49]. The spacecraft moves from south to north, and the
illumination is from the left.

In Fig. 10, we present an ALOS interferogram from orbits
6802 and 7473 (May 5 and June 20, 2007) over the Kilauea
region of the island of Hawaii. [llumination again is from the
left. In this image, there is a clear crustal deformation signal
from an intrusion in June 17-19 along the East Rift of the
Kilauea Volcano. The intrusion along the rift is accompanied
by a deflation at the Kilauea Caldera. Additional phase signals,
such as at the topmost portion of Mauna Loa and elsewhere
on this volcano, plus some signals along the coast, most likely
result from atmospheric change.

A different sort of artifact is visible in Fig. 11, which is an
ALOS interferogram of glaciated terrain in Iceland (image cen-
ter is approximately 64° 40’ N, 18° 30 W). The illumination is
again from the left. This image shows the phase “bars” that are
aligned roughly with the range direction, mainly in the top part
of the image, but are also visible in the southern third of the im-
age. The northern artifacts are narrower than those in the south.
We speculate that these phase patterns are due to the variations
in the ionosphere rather than the troposphere, because they are
also associated with the azimuth pixel shifts that would result
from the gradients in the ionospheric electron content. The
pixel shifts are most easily seen in the correlation image (see
Fig. 12), where they cause similar bars of decorrelation as the
two single look complex images do not align well. Tropospheric
phase patterns would not be significant here because the surface
temperature is low, so that the partial pressure of water vapor,
which is responsible for most of the variable atmospheric signal
[48], is very low. The interferogram decorrelates significantly
over the glaciers near the image center and the southeast corner
of the image, likely due to surface melt or motion.
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Correlation

Fig. 12. Correlation images for the three scenes shown in Figs. 9-11. The Ventura image is at the left, Hawaii is at the center, and Iceland is at the right.
Correlations range from near unity to essentially uncorrelated; hence, they are a representative of surface effects. The decorrelation band running across the
Iceland image over the upper glacier is probably from pixel misposition due to electron density gradients in the ionosphere.

TABLE 1I
IMAGE REGISTRATION OFFSETS

Range offset Azimuth offset Additional stretch

Scene at center (m) at center (m Range (m Azimuth (m
Ventura -15.8 18.2 9.4 15.2
Hawaii -21.5 24.0 14.1 25.4
Iceland 2.0 2.9 44.0 29.4

The correlation images for all three scenes of Figs. 9—11 are
shown in Fig. 12. The correlations are generally high, except
over water and over the glaciers in the Iceland image. The
correlation drops over the vegetated area in the Hawaii image
due to surface change as the vegetation changes over time. The
Iceland image, in addition, shows a significant band of decor-
relation near the northern glacier where there is the greatest
shift in azimuth position due to electron content gradients in
the ionosphere.

We can further characterize the geodetic accuracy of the
processing system by examining the image registration shift
needed to align the processed interferograms with the DEM that
is used to correct the interferogram for elevation. In Table II,
we list the offsets in range and azimuth (in meters), which
are required to align the image with the DEM. We also list in
the right-hand columns the additional amount of stretch that is
required to align the remainder of the points with the DEM.
This extra stretch tends to be great at the image corners. We
can see that the image-center offset ranges from —22 to 24 m,
and the additional image distortion that is needed to align with
a reference DEM can be up to 44 m at one corner of the Iceland
image.

XII. CONCLUSION

Modern satellite orbit determination produces trajectories
that are extremely accurate. A precise knowledge of the satellite
position enables processing of the InSAR images that are

accurate in position at the 10-m level and are focused to the
pixel level without requiring autofocus procedures. We have
developed a processing approach that capitalizes on accurate
orbit information to implement an efficient and robust InSAR
processing package of software.

We have used the motion-compensation algorithms to prop-
agate the raw radar echoes from their initial locations to a
reference orbit that is chosen to simplify the pixel location
and to focus equations, so that the implementation is both
accurate and efficient. By choosing a single reference orbit for
a collection of radar passes, pairs of scenes for interferogram
formation or stacks of scenes as needed for persistent scattering
or small baseline subset analysis are all produced in the same
coordinate system so that the coregistration of the scenes is
very easy, and it does not require the detailed image matching
that haunts many InSAR processing runs. Motion compensation
introduces two phase terms in the scatterer phase histories,
which require correction in the processor, but these are easily
applied using frequency-domain methods. The resulting single-
look complex radar images are very well focused using only the
orbit information for the radar satellite.

We have processed several radar images from the data ac-
quired by the ALOS PALSAR instrument and L-band radar
satellite. We have first assessed the geodetic accuracy by com-
paring the observed locations of a set of radar corner reflectors
located in the Pifion Flat area in California. Corner reflector
positions were accurate at the 10-20-m level in our images. We
have also processed interferograms from California, Hawaii,
and Iceland and calculated the image location error by coregis-
tering the images with DEMs. These images also showed 10-m
errors in position. We have also found out that the images had
to be stretched up to 40 m so that all points in the radar scene
matched the locations in the elevation model data. We speculate
that these offsets are mainly due to unmodeled ionospheric
and tropospheric effects or other unknown instrumental errors.
Nonetheless, the data products are sufficiently accurate for
many geophysical surface studies.

The overall set of processing equations may be implemented
efficiently on modern multicore desktop computers so that,
combined with the robustness of the approach, a reliable desk-
top generation of interferograms on cheap hardware is realized.
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User-friendly InSAR Data Products: Fast and
Simple Timeseries (FAST) Processing

Howard A. Zebker, Fellow, IEEE

Abstract— Interferometric Synthetic Aperture Radar (InSAR)
methods provide high resolution maps of surface deformation
applicable to many scientific, engineering and management
studies. Despite its utility, the specialized skills and computer
resources required for InSAR analysis remain as barriers for truly
widespread use of the technique. Reduction of radar scenes to
maps of temporal deformation evolution requires not only detailed
metadata describing the exact radar and surface acquisition
geometries, but also a software package that can combine these for
the specific scenes of interest. Furthermore, the range-Doppler
reference frame and radar coordinate system itself are confusing,
so that many users find it hard to incorporate even useful products
in their customary analyses. Finally, the sheer data volume needed
for interferogram time series makes InSAR analysis challenging
for many analysis systems. We show here that it is possible to
deliver radar data products to users that address all of these
difficulties, so that the data acquired by large, modern satellite
systems are ready to use in more natural coordinates, without
requiring further processing, and in as small volume as possible.

Index Terms—InSAR, Synthetic Aperture Radar, Data

Products, Geodesy

I. NEED FOR USER-FRIENDLY PRODUCTS

U sing InNSAR we can measure mm-cm level surface
deformation over large areas at fine resolution, and it has
been extensively applied in studies such as earthquake and
volcano modeling [1-4], glacier mechanics [5,6], hydrology
[7,8], and topographic mapping [9,10]. Modern spaceborne
satellites, for example Sentinel-1A/B, provide long sequences
of observations that produce very many interferograms, which
in turn provide the deformation histories of many points on the
surface. The InSAR technique combines interferometry and
conventional synthetic aperture radar (SAR) to compute the
phase differences between two single look complex (SLC) SAR
images. Since the resulting interferometric phase is
proportional to the change in range between two observations
at different sensor locations and times and a given point on the
surface, a single interferogram contains phase signals from 1)
the local topography due to the spatial separation of the two
satellite locations and ii) any radar line of sight displacements
of the point occurring between the two SAR acquisition times.

Yet preparation of InSAR data for analysis remains difficult
for the non-specialist, requiring InSAR data users to be
considerably familiar with the detailed SAR imaging geometry
for each acquisition, and also experienced in InSAR processing
techniques. In addition, differential interferometric SAR
techniques for investigating temporal evolution of surface
deformation, such as the small baseline subset (SBAS) [11] and

persistent scatterer [12,13] approaches use a large number of
SAR acquisitions and an even larger number of pairwise
interferograms. The sheer data volume needed makes InSAR
analysis challenging: a sequence of 100 radar acquisitions
yields 4950 interferograms, and it is much easier to download
the 100 SLCs rather than transfer the huge volume of all of
those interferograms. Recognizing these restrictions, applying
topographic corrections to all interferograms in a given analysis
can require not only sophisticated software but also significant
computational resources. Finally, for many would-be users of
deformation time series, for example professional
hydrogeologists mapping the extent and storage of underground
reservoirs or engineers assessing degradation of soil underlying
critical infrastructure, the range-Doppler radar coordinate
system is perplexing, so that many users find it hard to ingest
even useful products in their own customary analyses.
Nonetheless InSAR data are valuable in the assessment of these
systems. Our goal here is to make access to InSAR methods
and data easy for most users, relieving them of the burden of
understanding the processing details and the need for large
computational resources. Supplying the products in regularly
gridded coordinates removes one more barrier to the use of the
radar observations.

Here we advocate delivering semi-reduced SLC data directly
to users, so that those who can benefit greatly from the
analytical methods can readily use data in well-defined
coordinate and reference systems such as latitude/longitude or
UTM. In some cases, e.g. when the surface moves greatly over
time as in a glacier or near a plate boundary, a local coordinate
system may be warranted. Single look complex images, if
precorrected for imaging geometry, make formation of
hundreds of interferograms from an observation sequence both
reliable and efficient. In our approach, enabled by the 10°s of
cm-level accuracy of orbit solutions of today’s platforms, we
begin with SLC images in a zero-Doppler geometry. If the data
are delivered as raw measurements, we first process them to
SLC form. Whether products are delivered as unfocused data
or in SLC format, such as Sentinel-1 TOPS images, the orbit
accuracy supports resampling of products directly to a well-
defined grid with automatic viewpoint and topographic
compensation. In both cases we fully correct for the
topographic phase terms so that simple cross multiplication
yields the needed interferograms directly in map coordinates.

Note that there is no technical case to be made for analyzing
data on a regular grid rather than range-Doppler coordinates.
And there will always be those who need to process data in
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other formats for particular studies. Our proposed method is no
more accurate than existing implementations, and realizes
similar errors from uncertainty in the orbit control and its
solution, poorly characterized satellite sensors, and signal to
noise limitations. Rather we are resampling the data to a
different set of coordinates that facilitates ease of use and allows
geocoding plus elevation and orbit phase compensations in the
SLC product generation, so that the InSAR experts at the
processing facilities for each sensor, and not the end users,
apply the corrections.

While the main motivation for this work is to expand the use
of InSAR to those less familiar with radar processing and
analysis, even sophisticated users can benefit from the
geocoded and compensated data products. In fact, those
requiring very long time series and hence 1000’s of
interferograms can save the most computational time and
tedious correction burden that requires many ancillary data sets.
The availability of reduced SLCs enables these scientists, as
well as more casual InSAR users, to readily generate temporal
change images through a much lessened data volume and
simplified processing flow.

II. TECHNICAL DETAILS

A. SAR processing algorithms

Focusing a synthetic aperture radar (SAR) image requires an
azimuth-direction matched filter. There are many ways to
implement this, but each addresses the phase history of an
imaged scatterer as the radar sensor flies along its track. The
phase history quantifies the time dependence of range to the
point of interest, forming the signal basis of the matched filter.
A general form of the phase history is

o(6) = =47/, r(0) @)

where r(2) is the distance from sensor along its orbit to the
scatterer as a function of time, ¢(?) is the propagation part of the
received signal phase, and A is the radar wavelength. While the
principles of SAR were initially developed from an antenna
theory perspective [14], early mathematical models of the
characteristics of the radar echo [15] and eventually digital
implementations [16] thereof recognized that the matched filter
could be parameterized by the Doppler frequency f; and
Doppler rate f,:

fa= =2/37 @)

fr= =2/ 3)

Expanding the phase history (eq. 1) in a Taylor series about a
reference point #,, generally either the point of closest approach
or the peak of the antenna response, yields

B(6) = =4/, [r(te) + 7 (t = to) + 1/, #(t — to)? + -]
(4)

showing that the matched filter can be computed from the
Doppler and Doppler rate values. Differentiating the phase
history to obtain f; and f, loses the constant phase term, so under
this approximation the matched filter does not compensate for

. 4
the propagation phase constant —THr(to), and each output

pixel is tagged with this reference phase. Furthermore, the
phase history is usually computed as if the imaged point lies on
a reference elevation surface, a necessary approximation for a
convolutional processing algorithm. Hence the SLC image
contains, in addition to any displacement phase, terms due to
signal propagation from orbit location to the scatterer at its
topographic elevation.  Consequently, the interferograms
formed from these images must contain corrections for both of
these distortions. Here we compute each SLC with these
corrections applied, so that the end user does not need either the
orbit location or topographic elevation knowledge in order to
study the deformation history of a scene.

B. Commonly implemented InSAR algorithms

Once we have focused the images to form the SLCs, we
pairwise combine them to form interferograms. In fig. 1 we
depict the geometric definitions for the various corrections
needed to produce an interferogram, whose phase in the lack
of any deformation is simply the projection of the InSAR
baseline B in the direction of the line of sight of the point
imaged u,,, scaled by wavelength:

Povs = — 47-[//1 Ueey * B )

Most zero Doppler SLC images are focused to a reference
elevation surface (7, in fig. 1), so that the interferogram
requires corrections for the ‘flat-Earth’ interference pattern and
for the difference phase due to elevation changes. Assuming
the flat-Earth correction has been applied to each interferogram
either explicitly or implicitly through motion compensation
processing [17], we next subtract the expected phase from an
elevated point on the surface. This is the topographic correction
term that ‘flattens’ the interferogram:

¢topo = - 47-[/1 (Uerer— uref) *B (6)
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Figure 1. InSAR imaging geometry highlighting key parameters
needed to create a deformation interferogram. The inner product of
InSAR baseline vector B for an observation point P, the midpoint of
the two satellite locations at the time of observation for a point 7, at
elevation z, compared to the same for the point on the reference
elevation, yields the interferogram topographic correction.



GRSL-00795-2017.R1

After interferogram flattening, the observation reflects only the
deformation signal plus phases due to atmospheric propagation
and any changes in the electrical properties of the surface.
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Figure 2. Left (a), an algorithm similar to those used in many common
InSAR processors. Right (b), proposed data flow showing increased
complexity on supplier data system but simplified steps by end user. In
both figures the steps contained within the dotted box represent the
operations typically carried out by the end user. In the proposed algorithm,
the only InSAR expertise required is cross multiplication.

We illustrate data flow in a typical InSAR processor in fig. 2a.
Data from two satellite passes, often in SLC format, are
delivered to the end-user. The user’s responsibility is to
coregister them accurately, cross multiply the results to form an
initial interferogram, correct the interferogram for topographic
elevation and specific imaging geometry for each scene, and
only then proceed to analyze the residual phases geophysically.
These steps necessitate knowledge of the precise interferogram
baseline and a digital elevation model (DEM) of the surface.
This is both considerable work and requires processing
expertise to produce accurate phase images.

In contrast, our proposed approach (fig. 2b) moves most of the
work from the dotted box of fig. 2a upstream to the data
producer, where the real expertise in InNSAR product resides.
Thus the user is relieved of this duty and can proceed directly
with straight-forward cross-multiplication and the analysis for
the investigation. Others have discussed correcting SLC phases
individually and not as interferograms, for tomographic
applications [18] and for general InSAR analysis [19]. Here we
use that basic idea and show that it is particularly simple to
apply if it is combined with the geocoding step in producing
understandable radar products (see below).

The critical items for phase compensation are usually the orbit
solutions and the elevation of each point on the surface as
recorded in a DEM. Other factors affecting the observed
phases, such as drift in the sensor electronics or flexure of the
radar antenna, are generally small and can be removed through
accurate calibration of the radar system. Thus traditional cal/val
activities, along with attention to these system parameters, are
still necessary to enable our approach to efficient processing.
Other limitations of radar imaging, such as layover from the
mapping of a 3D surface into 2 dimensions, are not eliminated

in this approach. Rather, the data still possess features that
require an understanding of the basic imaging process.

Summarizing, it is incumbent on the user to obtain the needed
ancillary data sets, and understand the software package used
well enough to apply the corrections properly.

C. Proposed algorithm and data flow

When the orbit is very well known, we can directly resample
the natural-coordinate SLCs to a regular grid, simultaneously
applying a phase correction that compensates for both the
specific viewing geometry and the topographic elevation of the
surface. Since we need to align images to a small fraction of a
pixel in order to maintain high InSAR correlation, this method
is most effective when the orbit is accurate to a few 10°s of cm.
Many if not most modern systems achieve this regularly.

The high-level data flow has been illustrated in fig. 2b above.
The detail is straight-forward and easily implemented in most
processing environments, hence we denote it FAST (fast and
simple time series) processing. In our case the steps are

1. Create a zero-Doppler SLC for each scene using its
particular orbit solution

2. Extract a DEM covering the region at desired postings

3. For each point in the DEM, find the corresponding zero-
Doppler satellite observation location along the orbit

4. Resample the SLC to that DEM point, applying a phase
correction for the propagation distance from the sensor
zero-Doppler point to the elevated surface point

Steps 1 and 2 are self-explanatory. Step 3 in our system uses
orbit state vectors and Newton-Raphson iteration to find the
zero-Doppler orbit location for each output image point,
following Agram [20]. Our code returns the satellite position
Vector S,ero(X,Y,2), the radar range ry and azimuth time t,, for the
point located at Earth fixed coordinates p(x’,y’,z’). For step 4
we apply the propagation phase for distance ry according to

¢prop = —47'[//1 ' |Szero(x: Y, Z) — p(x'.}",Z'N 7

to adjust the phase of the interpolated SLC image. This
removes all propagation phase, with both the imaging geometry
and elevation distortions compensated. Since all SLCs are
resampled to the same grid, they are coregistered in position.
Thus formation of interferograms is accomplished using point
by point cross multiplication of the geocoded SLCs.

Sentinel 1 data pose a secondary challenge resulting from the
TOPS scanning that minimizes amplitude scalloping in the
images. Each Sentinel-1 SLC contains not only the propagation
phase, but also the TOPS scanning phase. Thus we first subtract
this phase from each burst in each image so that the data can be
resampled with a low-pass interpolator, apply steps 1-4 above,
and finally reinsert the scanning phase after resampling to the
desired output grid. At this point cross multiplication results in
interferograms as with other systems.
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Slight inaccuracies in burst positioning cause additional phase
artifacts as the Doppler centroid of pass to pass matched pixels
can vary. The very fine accuracy needed (about 0.001 pixel)
can require a secondary phase compensation generally referred
to as an enhanced spectral diversity correction [21], which in
some cases is already known to be unnecessary [22]. Whether
or not this is applied, regularly gridded SLC images allow
interferogram formation by simple cross multiplication. Our
experience is that often the magnitude of the enhanced spectral
diversity correction is small, so that considering atmospheric
phase variations of ~2 cm rms from water vapor irregularities it
is often not needed.

The resampling may be chosen to account for Sentinel’s
anisotropic resolution to best preserve the data quality, and care
must be taken to ensure that the burst used for points near the
seams is consistent between scenes. In addition, if there is a
need for split-spectral analysis such as ionospheric correction
then each subband may be processed independently as per our
procedure, the correction applied, and then recombined in the
regridded image domain.

D. Effects of DEM errors

The phase corrections above rely on knowledge of the
topography of the Earth’s surface. Several good DEMs with
fairly wide coverage exist, including the NASA SRTM DEM,
and the Tandem-X DEM that is somewhat more accurate. The
effect of a DEM error translates directly into a mispositioning
of SLC pixels, and an unwanted elevation-dependent phase
error. We calculate the phase error expressed as deformation
error as a function of DEM uncertainty and InSAR baseline:

1/41_[ A¢topo = 1/T sin 8 BperpAZ ()

and find that even the modest accuracy of SRTM suffices for
InSAR reduction if baselines can be maintained within a few
hundred meters. Extreme precision requirements can be met
either through use of the higher quality Tandem-X DEM, by
better orbit control, or both.
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Figure 3. Line of sight deformation error as a function of baseline for several
levels of DEM accuracy, for nominal radar parameters of 750 km range and
30° incidence. The inset is an expanded view of the curves for small baselines.
Sentinel 1 satellites, e.g., rarely produce interferograms with baselines greater
than 150 m, so that even a 10 m error in a DEM leads to a deformation error
of 4.0 mm. If the DEM error averages 2 m, the same precise orbit control
yields 0.8 mm error.

In fig. 3 we plot the left hand side of eq. 8, the error in
deformation, where r is range, 0 is the incidence angle, B, is
the perpendicular baseline, and Az is the DEM elevation error;

in this case for a nominal radar geometry of 750 km range and
30° incidence angle. The artifacts resulting from DEM errors
can be further corrected using methods developed for persistent
scatterer analysis [12], where the residual phases from a time
series are scaled by the interferogram baselines and the DEM
error is compensated.

III. EXAMPLES

» 4 ¢
Figure 4. (a) ALOS range-Doppler image of Kilauea region of Hawaii,
frame 380, path 287, acquired Jan. 14, 2008, (b) same in geocoded, phase
corrected SLC format, (c) interferogram formed by cross multiplication
with data from same region acquired on March 6, 2010. Deformation is
seen at Kilauea caldera and along chain of craters area, while significant

decorrelation occurs in vegetated areas.

In this section we show example interferograms produced from
compensated, geocoded SLC images of the Kilauea region of
Hawaii. In each case we compute a series of SLCs, and form
interferograms by cross-multiplication, with no added
coregistration or phase removal operations. Fig. 4 shows
ALOS-1 L-band data (path 287 and frame 380) processed to
range-Doppler images (fig. 4a), and with phase compensation
and geocoding as described above (fig. 4b). We formed an
interferogram by straight cross multiplication of scenes
acquired on 1/14/2008 and 3/06/2010 (fig. 4c). The data lie on
a regular latitude/longitude grid, ready for ingestion and easy
manipulation in a GIS system. It is worth noting that some
ALOS passes exhibit timing errors, which must be corrected
before the pixels can be properly geolocated.

Figure 5. Subset of the 194 interferograms we formed from 30 Sentinel-
1 acquisitions over Hawaii from May 2016 — June 2017, with elevation-
dependent atmospheric phase removed through regression. Some residual
fringes persist due to variations in atmospheric water vapor.
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Our next example, using 30 Sentinel-1A/B acquisitions from
May 2016 through June 2017, creates 194 interferograms with
temporal baselines less than 100 days and spatial baselines less
than 200 m. Several interferograms are shown in fig. 5. All
exhibit high correlation over the less vegetated areas, and some
atmospheric water vapor related residual fringes persist. These
interferograms are now ready for time series analysis.

IV. DISCUSSION

The significant barrier posed by i) the need for InNSAR expertise
by the end user and ii) unfamiliar coordinates, to widespread
adoption of InNSAR methods for many different studies can be
addressed by delivery of user-friendly data products. Here we
have shown that the needed phase compensations for both
InSAR baseline and surface topography can be applied in a
single step during resampling to a regular output grid, thanks to
the availability of precise orbit solutions and moderate quality
digital elevation models. The approach also enables the
delivery of data in SLC rather than interferogram format,
greatly reducing the requirements on network transfer of large
data sets. As such the method promises to make life easier even
for sophisticated users.

The processing flow we propose not only addresses these
concerns, but makes it possible to process each scene
essentially independently of others, so that it is not necessary to
recompute the set of interferograms each time a new scene is
added. There is no master scene or orbit needed, as the output
coordinate grid defines the common master coordinate system.
This approach also facilitates rapid, quick look analysis of a
data set, by permitting an initial set of output products on a
coarse grid defined by subsampling the DEM and its SLCs.
This means that data sets can be ‘pyramided,” a common
technique in optical remote sensing product delivery so that
users may select the scenes of greatest interest for further study.

We have demonstrated the approach using data supplied by the
sensor in both raw (ALOS-1) and focused (Sentinel 1) format.
Adoption of the geocoded, phase compensated data format as a
standard product implies that InSAR expertise need reside
almost entirely in the data provider, so that users from many
familiarities and experiences can concentrate on their specific
study needs, democratizing the widespread use on this powerful
remote sensing technique.
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Background: User-friendly products

* Standard data products should be user-friendly
* Geocoded to common coordinates
* InSAR phase corrections applied
* InSAR version of “Analysis ready data”

* SLCs consistent with these allow analysis by non-
specialists

 Note: above needs never mention data in radar
coordinate format, i.e. no range-Doppler

»How can we provide products efficiently to many
different users who have varying needs?



Modern system considerations

* Today’s constellations produce huge data volumes
 All data need to be available but few are studied

 Computing is cheap
* Storage is expensive

v’ On-demand system has
many advantages

N radar
images in
time

sequence



What is today’s usual approach?

* Generally some sort of convolutional processing
applies the matched filter
 Computationally efficient due to FFT
* Robust for poorly known orbits

e But applies same filter everywhere so phase corrections
needed

e Data are produced in range-Doppler space and
need phase compensation

* InSAR analysis requires precise coregistration and
viewing/topographic corrections



Processor flow satisfying user needs

* One possible implementation with on-demand generation
* Cost driver likely the storage of range-Doppler SLCs
* Needed for every imaged scene

e Larger than raw

data files
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Backprojection SLC formation

* One of the earliest algorithms proposed for SAR
Imaging

* Was impractical due to computational inefficiency
and lack of accurate platform knowledge

* Modern computers and orbit tracking enable
approach

v'Forms ideal matched filter
v’ Automatically applies phase corrections if DEM used
v'SLCs produced in lat/lon or other desired geometry



Calculating the SLC

* Algorithm: add all echoes illuminating a point in
phase

* Automatically compensates phase if DEM included

kth pulse illuminating point X
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ERNEEEEEEEEEEEE > track
Transmit pulses
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Processor flow - backprojection

* Backprojection avoids creating/storing range-Doppler
intermediate products
* Greatly reduces archive costs

Orbit state External
vectors DEM

. User-
Back t —
Raw data ackprojec el S — To user

Store in cloud Archive if desired

P » o N
) Ll u Ll

For every scene Could be on-demand
collected




Let’s look at practical cases

* Examples using ALOS strip map and Sentinel burst
processing for wide swaths

* In both cases we avoid storing intermediate
products

* Added image formation processing burden eased
through GPU architecture (cheap if not competing
with currency miners)

e Data products more amenable to InSAR analysis



ALOS: A simple example

* L-band, strip mode, 20 km aperture
* GPU pipelined implementation

Geocoded amplitude image, Kilauea

Interferograms 1
from simple
cross 5N
multiplication @&\

pe3
[l,"y




Sentinel 1A/B - TOPS imaging

* Sentinel 1 TOPS mode permits large and frequent
coverage but products complex

e Standard product hard to use due to carrier phase
* \ery precise coregistration needed

* Products can be resampled to common coordinates
but phase compensation requires expertise



LO SLC processing
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TOPS integration window
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Interferogram formation — by user

Standard (Yague-Martinez et al.,2016)  Backprojection

orbit state External
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Sentinel 1B backprojection products

e Standardized, geocoded, phase corrected InSAR
enables huge potential community

Island of Hawaii

Geocoded SLCs

Backprojected phase
corrected Sentinel-1B data
facilitate easy
interferogram analysis

§ User-friendly
interferograms




User-friendly products

- Simplified time series view of Kilauea eruption




Product comparison

* End products are very similar
* Choice based on efficiency and ease of use

B
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Some timing considerations - Sentinel

* These are highly code- and architecture-dependent

* Values here desktop system
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Conclusions

* Product generation from range-Doppler SLCs
difficult for both producer and end user

* Backprojection
* Generates user-friendly products directly
* Simplified SLC processing stream

* Simplified interferogram generation
 Computationally efficient with GPU implementation

-> No need to create/store range-Doppler products
-> Feasible on demand delivery system
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