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Decorrelation in Interferometric Radar Echoes 
Howard A. Zebker, Senior Member, IEEE, 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 ( S A R )  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 most closely 
describes surficial change. We then examine the application of this 
approach to topographic 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. 

I. INTRODUCTION 
NTERFEROMETRIC radar has been been proposed and I successfully demonstrated as a topographic mapping tech- 

nique by Graham [l], 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 [SI, 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 fur 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" 
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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 [lo] or 
Goldstein et al. [ll] 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. 

11. 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. 

111. 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 s1 and s2 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 c common to the signal at both antennas and 
also of thermal noise parts n1 and n2, such as 

s1 = c + n1 

s2 = c + n2 

then we may evaluate the correlation Pthermal between them 
as a function of noise in the usual manner: 

(1) 

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

(3) lCl2 

lCl2 + ln12 
Pthermal = 

Noting that the thermal signal-to-noise ratio (SNR) is /$, (3) 
may be equivalently written 

1 
1 + SNR-1 Pthermal = (4) 

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 

SI = c + di + 721 

s2 = c + d2 + n2 (5 )  

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 pspatza l  
in the infinite SNR case: 

(6) lC l2  

lc12 + Idl2 
Pspatzal = 

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

(7) 
Id2 

lcI2 + ldI2 + 1nI2 Pspatzal+thermal = 

Since the signal itself consists of both the correlated and 
decorrelated components, the SNR is w, thus (7) may 
be written 

l C l 2  . Id2 + ldI2 
lcI2 + ldI2 lcI2 + ldI2 + lnI2 

)cI2 + ldI2 1 + SNR-1  

Pspataal+thermal = 

- - lCl2  . 1 (8) 

- - Pspataal . 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 ’ Pspatzal ’ 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 pto ta l ,  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 pspat ia l ,  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 

A1 

Center of Resolution Element 

Fig. 1.  Interferometer imaging geometry. Radar antennas A1 and A2 both 
illuminate the same patch of ground centered at y = 0. Incidence angles 6’1 
and 6’2 result in phase offsets for all points P displaced by distance y of 
y sin 6’1 and y sin 6’2,  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 A1 and A2 illuminate a patch on the surface at 
incidence angles 81 and 02, respectively. The along-track 
(azimuth) distance is 2 and the across-track (ground range) 
distance is y; the distance from the sensor itself to the center 
of a resolution element is T .  Then the signal SI, measured in 
the final processed image at position (zo.y0), from a radar 
antenna A1 may be represented as 

S I =  J’J ’ i (2 - 2 0 ,  y - Yo) exp{-j-(r + y sin 01)) 
47T 
x 

’ W ( 2 ,  y)dzdy + 711 (10) 

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

’ W ( 2 ,  y)dzdy + n2 (11) 

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

S l 4  = SJ’ J’ J’ f(. - 20,  Y - YO)f*(2’ - 2 0 ,  Y’ - Yo) 

47T 
x exp{-j-g(sin& - sin&)}W(z,  y)W*(d, y’)dzdydz’dy’ 

(12) 

If the interferometer is arranged such that the range T 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 
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where u0 is the average radar cross section, (12) reduces to 

6 8 } ( W ( ~ , y ) 1 ~ d z d y  

(14) 
where 8 is the average look angle and SB = 81 - 82.  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(2.  y) = sinc(z/R,)sinc(y/R,) (15) 

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

(16) 
2cosH ISOlR, 

x Pspa t ta l  = 1 - 

The correlation function, which from (14) is simply the Fourier 
transform of the impulse response intensity, falls off linearly as 
SO, 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 

The minimum value of B for which for which pspatial  
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, 

AT 

2R, cos2 t3 
B, = 

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 ( b , 4 )  rotates to position 
(6, + + d4). Transformation to rectangular coordinates r = 
S C O S ~ .  y = Ss in4  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 T + S sin H sin 41, the distance after 
a small rotation d4 = 41 - 4 2  is T + bsinHsin42. As the 
patch is rotated slightly, the range to and hence phase of each 

___) 

Radar 
look 
direction 

n 6y = p sin$ 
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Fig. 2. Rotation of a resolution element by angle 0 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 s1 and 5-2, 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 

s1s; = .I’ 1 J’ .I’ f (2  - 2 0 .  y - yo)f*(z’ - 20, Y’ - Y O )  

47r . 
x exp{ - j - 6  sin t3(sin 41 - sin &)}W(z ,  y) 

W * ( d ,  y’)dxdydx’dy’ (19) 

and we obtain 

d $ } l ~ ( x , y ) ] ~ d z d y  

(20) 
This second Fourier transform relation leads to the following 
expression for the rotation-induced decorrelation for % 
azimuth impulse response: 

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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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 O  
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 s1 and s2 (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 by and change in height Sz 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 ,  (Sy ) 
and p ,  ( S z ) ,  (22) reduces to (23) below.If the probability 
distributions are Gaussian, then after normalization the integral 

yields 

1 47r 
2 x  ptemporal = exp{ --( -)'(ai sin2 6' + U: cos2 6')) (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 (Sy 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 [SI, although they did not consider the additional 
noise due to temporal decorrelation. Using the approximate 
formula given by Rodriguez and Martin [5, eq. 311, we can 
relate the phase standard deviations to height errors as follows: 

47r 
x exp{-j-(Sysin 6' + Szcos6'))W(z,  y)W*(z', y')dzdydzdz'dy'dz' (22) 



ZEBKER AND VILLASENOR: DECORRELATION IN INTERFEROMETRIC RADAR ECHOES 

RMS motion, m 

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. 

loo, 1 

TABLE I 
SEASAT ORBIT PARAMETERS 

Orbit Number Date Long. Asc. Node Inclination 
108.0202 1226 Sept. 20 255.9989 

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 

01 " " " " " 
0.0 0.2 0.4 0.6 0.8 1.0 

Correlation, p 

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, B is the look angle, B is the interferometer 
baseline, A is the radar wavelength, and o h  and 04 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 is 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 

a t  
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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 US. 

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 ps 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 pthrrmal 

term in (9). More importantly, changes in the surface on a time 
scale of days or weeks are negligible, minimizing ptemporal  
as a possible source of decorrelation. As a result, the observed 
correlation ptotal is in effect a direct measure of pspat lal  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(.c)/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 Cottonball 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 (= pspa t za l )  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 
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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 ptotal and removed the contributions 
due to Pthermal and pspataal. 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 ptemporal = 1 indicates no change, while 
surface changes alter the exact complex backscatter axid cause 
decorrelation, reducing ptempoTal. By plotting PtempoTal 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 ptemporal = 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 5000 
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 OC 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 pspatzal from (17) at approximately 
0.85, and since the time separation was 3 days, from Fig. 8 
we would expect approximately to observe ptemporal of 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 ptotal for the two types of 
targets are then 0.82 and 0.68. Examination of Fig. 5 yields 
phase standard deviations of 7 and 12O, 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 ValIey 
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 

(b) 
Fig. 10. Radar image (a) and interferometrically derived topographic map 
(b) of Oregon forested area. Height contour levels are 6 micolor, 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

CORRELATION 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 InSAR, 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

(1)

where is the correlation, and 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

(2)

where subscript denotes the th pixel of 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

and

(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

(4)

1545-598X/$20.00 © 2005 IEEE
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where 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

(5)

where for simplicity we have modeled a one-dimensional signal,
is the pixel index, and is the fringe rate in fringes per pixel.
Note that when we evaluate the correlation according to (2),

for the numerator we obtain

(6)

Equation (6) shows both of the estimation bias effects dis-
cussed above. The first term will be less than the desired
because of the sinusoidal factor, and the difference in magni-
tude will be dependent on the fringe rate . 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 8 or 16 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 48 pixel image extracted from an interferogram
of a part of Antarctica. The subset size for fringe removal in this

(a) (b) (c)

Fig. 1. Sample measured interferogram consists of a 48 48 pixel matrix
extracted from a larger interferogram acquired over Antarctica. The image
matrix (a) is divided into 8 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 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 208 208 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 8 and 16 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 8 box as compared to a 16 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 8
filter boxes. (Bottom right) Results for for 16 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

valid over the range . 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

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 , but exceed significantly for lower values. Dashed line derived
from defringed measurements using an 8 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].

(a) (b)

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 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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(a) (b) (c)

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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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 airbome prototype of the space instrument, 
and also by repeat track analysis of data acquired by the 
ERS-I radar satellite. Next. we present two possible designs 
of a spacebome 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. 

11. 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 spacebome 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. I (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 IO’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 

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 
northem 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 1 M O  m may be achieved [ 141, [ 151. 

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 stereo-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 ( f 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-moming, 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. 

111. 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 [SI, [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], 1121. 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]-[ 181. A third 
implementation, proposed for one possible implementation 
of the global spacebome 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 [ 181 investigated temporal decorrelation 
phenomena for the SEASAT 24 cm-X (L-band) radar and 
were able to determine rates of decorrelation for several 
types of surfaces. A similar analysis of ERS-I 6 cm-X (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 161, [ 191. 
[2O]-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 
'-1'2 both illuminate the same patch of ground centered at y = 0. 
Incidence angles 01 and HP result in phase offsets for all points 
I' displaced by distance y of y sin 01 and y sin #2, 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 A1 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 c ) ,  
and the angle of the baseline with respect to horizontal a,  
a radar signal transmitted from antenna A1 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 S. The measured phase of the interferometer is 
directly proportional to this distance, with the constant of 
proportionality 27r/X. Using the law of cosines we can 
determine the following equations for height as a function 
of these parameters: 

(7.  + 6)' - 1.' - B2 
2rB 

sin(o: - 0)  = 

z(y) = h - rcostJ  (3 )  

where 4 is the measured phase, and X 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 4 yields the 
error in height estimate as a function of the error in phase 
estimate 

X7. 

47rB 8, = - tando, (4) 

where crz and a b  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 Q yields 

Note that the error is independent of baseline length and 
depends only on attitude and range. This is a stringent 
constraint for spacebome 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 I 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 
control 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 [ 181. 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 

A'/. 
2R, cos20 

B, = 

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 04 as a function of thermal signal-to- 
noise ratio, processing parameters, and baseline parameters, 
as [I91 

d1- Y2 
Y&m 

= ____ (7) 
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Table 1 TOPSAR and ERS-1 Radar System Parameters Table 2 Design Control Tables 

Parameter TOPSAR ERS-1 Parameter 

Wavelength, m 
Peak power, W 
Pulse rate, Hz 
Pulse length, p s  
Antenna length, m 
Antenna width, m 
Antenna gain, dB 
Range bandwidth, MHz 
Receiver noise temperature, 
Antenna baseline, m 
Baseline angle (a). deg 
Slant range resolution, m 
Azimuth resolution, m 
Platform altitude, km 
Look angle, deg 
Repeat interval, days 

0.0566 
1000 

600 nominal 
5.0 
1.6 
0.11 
25 
40 

K 2100 
2.58 
62.77 
3.75 
1.2 
8 

2 M 5  
NIA 

0.0566 
4800 

1679 nominal 
37.1 

I O  
1 

43.2 
15.55 
3700 

variable 
variable 
9.6 
6.5 
790 
23 

3, 35, 165 

TOPSAR ERS-I 
(dB/dBW) (dB/dBW) 

Peak power 
Antenna directional gain 
Antenna efficiency 
;$&) 

Illuminated area 
s i g m  n O 

1 /R2  
Antenna area 
Antenna efficiency 
System losses 
Oversampling gain 

1 ~ 4 4  

30 
28 
-5 
-11  
- 80 
53 
- I5 
- 1 1  
- 80 
-8 
-5 
-8 
5 

36.8 
45.9 
-3 

- 1 1  
- 118.6 
78.4 
-15 
- 1 1  
-118.6 
10 
-3 
-3 
1.8 

Total - IO6 - 110.3 
Thermal noise (kTB) -119 - 120.0 

where NL is the number of radar “looks” Signal-to-noise ratio 13 9.7 

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 /JPL 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 
the 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 

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 
thc surface. For ERS-1 the critical baseline from (6) is 
1100 m, and best performance is realized for a baseline 
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 studies, 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 

ZEBKER ef U/ . :  MAPPING THE WORLD’S TOPOGRAPHY USING RADAR INTERFEROMETRY I779 



Fig. 3. TOPSAR image of Walnut Gulchnombstone, 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- ih\ 
I", 

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 [ 131 where TOPSAR data were compared with 
a very accurate DEM produced by the U S .  Army Topo- 
graphic Engineering Center (TEC). The stated I -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 

(c) 
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 area in (a). (c) Error map 
of the difference between the TEC DbM and that from TOPSAR. 
Although peak errors approach I O  in, in an niis sense the agreement 
is to the meter level in the Hat region5 and 2-3 in 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 Femandina, 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- 
bome 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-I 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 [ 121 indicates that 5-m vertical 
precision at 40-m spatial resolution may be achieved if five 
ground control points are identitied withinhhe 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 altematives 
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 pan 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 
I 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 ( K u -  
band) or less. The effective boom length, however, can be 
doubled by “ping-ponging,” or altemately 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 1 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 intemal 
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 I<IC- and L-Band Radar System Parameters 

Parameter I<[(-band L-band 

Wavelength, m 
Peak power, W 
Pulse rate, Hz 
Pulse length, p s  
Antenna length, m 
Antenna width, m 
Antenna gain, dB 
Range bandwidth, MHz 
Receiver noise temperature, 
Antenna baseline, m 
Baseline angle (o) ,  deg 
Slant range resolution, m 
Azimuth resolution, m 
Orbit altitude, km 
Look angle, 
Orbit repeat interval, days 

0.02 
750 
3800 
60 
5 

0.65 
49.9 
20 

K 700 
25 
30 
7.5 
3.3 
440 
30 

24 1 

0.24 
1600 
2100 
50 
9 

3.5 
38.4 
20 
600 

800-2000 (variable) 
0 

7.5 
5.9 
564 
30 
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-I 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 1221. 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. 

Table 4 TOPSAT Design Control Tables 

Parameter TOPSAR ERS-I 
(dB/dBW) (dB/dB W) 

Peak power 
Antenna directional gain 
Antenna efficiency 

1 / R 2  
Illuminated area 

l / ( d r )  

.sry7,1a0 
1 / ( 4 r )  
1/R2 
Antenna area 
Antenna efficiency 
System losses 
Oversampling gain 

28.8 
49.9 
-3 

-11 
-114.1 

75.8 
-13 
-11 

-114.1 
5.3 
-3 
-3 
2.1 

32.0 
38.4 
-3 

-11 
-116.3 

84.2 
- 20 
-11 
- 116.3 

15 
-3 
-3 
2.1 

Total - 110.3 -111.9 
Thermal noise (kTB) - 125.2 - 126.9 

Signal-to-noise ratio 14.8 15.0 

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

I< 11 -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 

1.23 2.01 0.98 1.59 Attitude error 

Other 0.10 0.16 0.10 0.16 

RSS total 3.48 5.68 2.29 3.73 

Orbit height error 0.10 0.10 0.10 0.10 

Across-track 
position errors, m 

Phase noise error 5.65 
Baseline error 0.00 
Attitude error 2.13 
Navigation error 3.00 

Other 0.10 

3.36 
1.22 
1.69 
3.00 
0.10 

RSS total 6.74 4.97 

Along-track position 
errors, m 

Orbit timing error 0.01 
Navigation error 3.00 

0.0 1 
3.00 

A complete error budget [I91 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 term- 
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 1221 and will be summarized 
here. For the dual-satellite mission, the satellites are injected 
together into the 565-kin 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 niap of the land 
masses between f 7 0 "  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 till 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. 

Thiri-Sutellite Orbit Conjigurution: 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 670" 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. 

Dutu Stor-uge und Dmwlink: The L-band radar design 
presented above produces data at a rate of 51.4 Mb/s 
per spacecraft, and the Ku-band radar at a rate of 64 
Mb/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 

-. UPPER LATITUDE MAPPING 

70 DEG LATITUDE 

MID LATITUDE 

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 is 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 retum. 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 1 I-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 SI2 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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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 
retum pulse waveform can provide information to help 
constrain measurements of surface slope, surface roughness, 
vegetation height, and surface reflectance at 1.06 pm. 

3.5 m x 9 m RADAR ANTENNA 

Fig. 8. Single-spacecraft configuration in launch vehicle shroud (left), and deployed (right). 

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 Kwband 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 I1 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 

\ RADAR BORESIGHT 

Table 6 Flight System Characteristics 

Twin s/c Single 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 spacebome 
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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-I 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-X 
radar, and one using a 24-cm-X 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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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. 

examine the case where no ground movement between radar 
observations occurs. Consider two radar systems observing 
the same ground swath from two positions A1 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 4' will be 

or 2,r 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)2= p 2 + B 2 - 2pB sin (0 - a) (2) 
where the baseline length is B, the range to a point on the 
ground is p, the look angle is 0, and the angle of the baseline 
with respect to horizontal at the sensor is a. Neglecting the 
term of order (Sp) 2 yields 

B 2 
8p • B sin (0- 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 fight-hand 
side of (3) and obtain 

8p • B sin (0 - a) (4) 

or 

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 

Figure 1. Radar imaging geometry. The solid lines show 
that radar signal paths for the first interferogram pair formed 
by antennas at A1 and A2. Dashed lines show signal path for 
second interferogram acquired over the same site but with 
antennas located at A1 and A2'. 
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3p • Bii. (5) 

B II - B sin (0 - 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 0 on the altitude z - h - p cos 0, 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 0 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 a', thus a different B il. Combining 
(1) and (4) above, we obtain 

4rr 
' = • Bil. (6) 

Examination of the ratio of the two phases yields 

0/0' = Bll/Bil. (7) 
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 0' will be given by 

0' = --•- (eil+ Ap). (8) 
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 

471- Bil O =-•'- AP. ill 
(9) 

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 

Bil B' sin (0 - ,') 
Bii B sin (0- a) 

(10) 

is a function of the angle 0, 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 &nat, is given by 

471- 

0flat = T [B sin (0 - ,) - B sin (00 - -)], (11) 

where 00 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 0 from 00 is small, 
we can expand the first term on the right-hand side of (11), 
leading to 

471- 
Offat = • 80B cos (0o- a), (12) 

where 30 = 0 - 00. Numerically, t•fla t is equal to the product 
of the perpendicular component of the baseline B ñ, assum- 
ing no topography is present on the surface, and the topo- 
graphic angular distortion 30. Thus the ratio 0nat/0hat is now 
in terms of 00 rather than 0 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 &nat, 
we obtain 

t• •at -- • d ) flat = TAp. (13) 
With this function, we can now solve directly for the 
displacement Ap without requiring the exact values of 0, 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 II and displacement. In the first case, using dz - p sin 0 dO, 
obtained from the dependence of height on angle described 
above, we find 
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47/' 
dab '= • B cos (0 - a) dO (14) 

and 

dab' 4•r B cos (0 - a) 
• - . 
dz A p sin 0 

For the displacement case we have 

dab' 4 •r 
• - . (16) 
dAp 

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 ø, while for the same pass pair a 1-m 
surface displacement yields a phase signature of 12800 ø, 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 ø, 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 ø, 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 

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 2•r, 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 to 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 1 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 ø. 
Since the radar swath is quite wide, the actual look angle 
varies from about 17 ø to 23 ø 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 

Pair 

Parallel 
Baseline Orientation Component 

B, m a, deg Bll, m 

Perpendicular 
Component 

B•_,m 

April-August 146.1 
July-August 503.1 

152 110.3 95.8 
175 220.5 452.2 
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Figure 2•. Shaded relief map delved 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. 

-116 ø 

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 

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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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 $ 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 $ shows clear discontinuities in relatively flat areas. 
For example, the region denoted A in Plate $ 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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2 km 
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 ø in the phase for the geometry of the 
April-August interferogram and 14.5 ø 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 ø 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 

Latitude, Longitude, 
Site deg deg 

Horizontal GPS 
Displacement Vector in 
for Observed Radar 

Radar Direction, 
Motion, cm cm 

6052 34.52 - 116.84 
6056 34.37 - 116.65 
7000 34.68 - 116.72 
7001 34.56 - 116.47 
HECT 34.79 - 116.42 
LAZY 34.34 - 116.51 
LUCS 34.44 - 116.88 
POIN 34.45 -117.07 
SOAP 34.90 - 116.98 
STIM 34.54 - 117.24 
FLASH 34.82 - 117.02 
HARVARD 34.94 - 116.67 
BOULDER 34.51 - 116.56 
FRY 34.50 - 116.72 
MEANS 34.41 -116.55 
OLD WOMN 34.39 -116.75 
ORD 34.68 -116.81 
ROCK 34.54 - 116.77 

Difference, 
cm 

47.8 33.2 14.6 
18.1 21.9 -3.8 
36.8 91.1 -54.3 

-37.1 -70.2 33.1 
9.7 -5.2 14.9 

62.9 49.4 13.5 
26.4 20.7 5.7 
13.4 9.5 3.9 
12.3 1.7 10.6 

7.8 7.4 0.4 
14.1 12.1 2.0 

7.5 -0.4 7.9 
176.1 210.8 -34.7 

66.0 74.6 -8.6 
82.2 69.8 12.4 
25.0 17.1 7.9 
44.4 48.3 -3.9 
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 wc 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- 
tancc 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 

Ap 
Ay = (17) 

sin Oinc 

which relates the horizontal displacement Ay to slant range 
displacement Ap and the incidence angle 0in c. This angle is 
equal to the look angle (denoted 0 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 
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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. 

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 - rr 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 

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. 

are not nearly aligned with the look direction, the ratio in 
(A7) may be expanded to give 

8B' 8B 
1 q + 8a' tan(Oo-a') B' B 

-/5a tan (0o- a) . (A8) 

Using (A6) and (A8) to evaluate the displacement gives 

A 

A/• -- • [ • hat -- • •> fiat] 
= Ap - /SB' sin (0o- a') + /sa'B' cos (00- a') 

- y[-/SB' sin (0o-a')+/5a'B' cos (00-a')] 

Appendix: Baseline-Induced Displacement Errors 
Equation (13) is the displacement determined from the 

flattened interferometric phase assuming perfect knowledge 
of the baselines. Reiterating, 

A 

--'Y •--• qbflat B' B 

-/sa tan (00- a) 

+/sa' tan (00-a') 

(A9) 

A 

Ap = • [• hat- Tr•fiat], (A1) 
where 

A 
{bna t --B sin (0- a)- B sin (00- a), (A2) 4z' 

B' cos (00- a') 
•' = . (A3) 

B cos (00-a) 

With imperfect knowledge of the baselines i9 and &, errors 
are introduced in both the phase, denoted •fiat, and the scale 
factor, denoted •. Defining 

• = B + /SB (A4) 

& = a + /s a, (A5) 

we have to first order 

A 

4w 

A 

•flat = B sin (0 - a) - i9 sin (00 - &) = • qbflat 

and 

-/SB sin (0 - a)- /saB cos (00- a) (A6) 

cos (0o- &') 
cos (00- &) 

B' cos (00- a') +/SB' cos (0o- a') +/sa'B' sin (00- a') 
B cos (00 - a) +/SB cos (0o - a) +/saB sin (00 - 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 (00 - 
ai = 0), whereas angle error is weighted highly with the 
baseline aligned with the look direction. For baselines that 

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/SB and/sa. Then the final 
term in (A9) becomes 

A /sBne t 
AbtøPø 4•r qbfiat Bne- •- (A10) 

where we have assumed a worse case •, = 1 and an 
equivalent net baseline error /sBne t including /SB and /saB. 
Expanding ½•fiat(0)about 00, 

Aktop o --•/sBnet/5 0, 

where/50 = z/p is the angular deviation of the look direction 
due to topography. Thus, to limit displacement errors due to 
residual topography, Abtop o, to say 1/4 wavelength, the error 
in /sBne t must satisfy the inequality 

/sBne t < 0.25A P/Zmax 

where Zmax is the maximum topographic extent over the 
scene. For p = 800,000 m, A = 0.0566 m, Zmax -- 5000 m, 
/sBne t < 2.3 m. 

Acknowledgments. We would like to acknowledge Paul Segall 
for supplying the GPS/EDM measurements and for several useful 
discussions regarding the intercomparison of the data sets. We 
would also like to acknowledge discussions with Ken Hudnut for 
discussions prompting a reexamination of the comparison of our 
results with the GPS/EDM data. The research described in this 
paper was carried out by the Jet Propulsion Laboratory, California 
Institute of Technology, under a contract with the National Aero- 
nautics and Space Administration. 



19,634 ZEBKER ET AL.: COSEISMIC DISPLACEMENT FROM RADAR 

References 
Curlander, J. C., and R. N. McDonough, Synthetic Aperture Radar, 

Wiley-Interscience, New York, 1991. 
Elachi, C., Spaceborne Radar Remote Sensing: Applications and 

Techniques, IEEE Press, New York, 1987. 
Evans, D. L., T. G. Farr, H. A. Zebker, J. J. van Zyl, and P. J. 

Mouginis-Mark, Radar interferometric studies of the Earth's 
topography, Eos Trans. AGU, 73, 553,557-558, 1992. 

Gabriel, A. G., R. M. Goldstein, and H. A. Zebker, Mapping small 
elevation changes over large areas: Differential radar interferom- 
etry, J. Geophys. Res., 94, 9183-9191, 1989. 

Ghiglia, D.C., and L. Romero, Robust two-dimensional weighted 
and unweighted phase unwrapping using fast transforms and 
iterative methods, J. Opt. Soc. Am., 11, 107-117, 1993. 

Goldstein, R. M., and H. A. Zebker, Interferometric radar measure- 
ment of ocean surface currents, Nature, 328, 707-709, 1987. 

Goldstein, R. M., H. A. Zebker, and C. L. Werner, Satellite radar 
interferometry: two dimensional phase unwrapping, Radio Sci., 
23, 713-720, 1988. 

Goldstein, R. M., T. P. Barnett, and H. A. Zebker, Remote sensing 
of ocean currents, Science, 246, 1282-1285, 1989. 

Gray, A. Laurence, and P. J. Farils-Manning, Two-pass interferom- 
etry with airborne synthetic aperture radar, IEEE Trans. Geosci. 
Remote Sens., 31, 180-191, 1993. 

Li, F., and R. M. Goldstein, Studies of multi-baseline spaceborne 
interferometric synthetic aperture radars, IEEE Trans. Geosci. 
Remote Sens., 28, 88-97, 1990. 

Lorenzetti, E., and T. E. Tullis, Geodetic predictions of a strike- 
slip fault model: Implications for intermediate and short- 
term earthquake prediction, J. Geophys. Res., 94, 12,343-12,361, 
1989. 

Madsen, S. N., H. A. Zebker, and J. Martin, Topographic mapping 
using radar interferometry: Processing techniques, IEEE Trans. 
Geosci. Remote Sens., 31,246-256, 1993. 

Massonnet, D., M. Rossi, C. Carmona, F. Adragna, G. Peltzer, K. 
Feigl, and T. Rabaute, The displacement field of the Landers 
earthquake mapped by radar interferometry, Nature, 364, 138- 
142, 1993. 

Prati, C., F. Rocca, A. Monti Guarnieri, and E. Damonti, Seismic 
migration for SAR focusing: Interferometrical applications, IEEE 
Trans. Geosci. Rem. Sens., 28, 627-640, 1990. 

Stuart, W. D., R. J. Archuleta, and A. G. Lindh, Forecast model for 
moderate earthquakes near Parkfield, California, J. Geophys. 
Res., 90, 592-604, 1985. 

Zebker, H. A., and R. M. Goldstein, Topographic mapping derived 
from synthetic aperture radar measurements, J. Geophys. Res., 
91, 4993-4999, 1986. 

Zebker, H. A., and J. Villasenor, Decorrelation in interferometric 
radar echoes, IEEE Trans. Geosci. Remote $ens., 30, 950-959, 
1992. 

Zebker, H. A., S. N. Madsen, J. Martin, K. B. Wheeler, T. Miller, 
Y. Lou, G. Alberti, S. Vetrella, and A. Cucci, The TOPSAR 
interferometric radar topographic mapping instrument, IEEE 
Trans. Geosci. Rein. $ens., 30, 933-940, 1992. 

A. Gabriel, R. M. Goldstein, P. Rosen, C. L. Werner, and H. A. 
Zebker, MS 300-227, Jet Propulsion Laboratory, 4800 Oak Grove 
Drive, Pasadena, CA 91109. 

(Received December 6, 1993; revised April 21, 1994; 
accepted April 29, 1994.) 























Mo#on	compensa#on	InSAR	
processing	

	
	

EE355/GP265        Handout #45 



Historical	mo#va#on	for	mo#on	
compensa#on	

Point to be imaged 

Flight track ideally straight line 

• 

r(t) :  quadratic with time or x distance 



Need	for	mo#on	compensa#on	

Point to be imaged 

Actual flight track is not a single linear translation 

• 

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



The	mo#on	compensa#on	
correc#on	

Point to be imaged 

Actual flight track is not a single linear translation 

• 

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



Compu#ng	mo#on	compensa#on	
correc#on	

Point to be imaged 

Actual radar position 

• 

ract(t) :  actual range at time t 
Virtual radar position 

r (t) :  virtual range at time t 



Mo#on	compensa#on	phase	and	
delay	

•  Motion compensation baseline and time delay 

•  b=ract-r 
  
•  τ=2b/c 

•  Motion compensation phase shift 

•  φbaseline=4π/λ (ract-r) 



Applica#on	for	InSAR	

•  Can	use	mo#on	compensa#on	approach	to	
coregister	slcs	by	processing	to	single	
reference	track	

•  Define	perfectly	spherical	reference	orbit	to	
processing	geometry	equa#ons	simple	

•  Avoid	coregistra#on	problems	



Defini#ons	for	orbital	geometry	

Reference orbit 

Orbit track projected 
on reference sphere 

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

Point to be imaged 

Instantaneous squint angle 



Remember	range/Doppler	basics	

Phase	and	range		
rela#ons	

Doppler	rela#ons	



Focus	and	posi#on	equa#ons	in	
our	geometry	



SCH	coordinate	system	

rc	–	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	



Geometry	for	mo#on	compensa#on	
distance	and	phase	

Actual satellite position Satellite position on 
reference orbit at 
same squint 
direction 

(Figure is projection of imaging 
geometry onto the reference sphere) 



Finding	the	posi#on	on	the	reference	orbit	
for	an	actual	spacecraL	loca#on	



Mo#on	compensa#on	distance	calcula#on	

Motion compensation baseline is 
difference between actual range r� and 
reference orbit range r 



Mo#on	compensa#on	algorithm	

Deriva#on	of	reference	distance	r:	

Mocomp	distance	and	phase	correc#ons:	



Phase	history	for	mocomped	scaNerer	

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



Focus	correc#ons	

Quadra#c	phase	correc#on	from	processing	at	wrong	distance:	

Frequency	domain	phase	term	from	range-varying	mo#on		
compensa#on	phase:	



Topographic	correc#on	

•  Processor computes SLCs 
assuming perfectly spherical 
Earth 

•  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 



Itera#ve	topography	correc#on	

Topographic	phase	correc#on:	



Impulse	response	

Impulse	resolu#on:	
		5.3	m	range,	4.0	m	azimuth	
	
Figure	for	mocomp	
baseline	of	1500	m	
(InSAR	baseline	3km)	
	
	



Single	look	complex	image	of	SFO	



Geode#c	accuracy	–	Pinon	Flat	Corner	
Reflector	Loca#ons	

	 	 	 	La#tude 	Longitude 	La#tude 	Longitude	
Measurement	 	(deg) 	 	(deg) 	 	error	(m) 	error	(m)	
		

Reflector	aligned	with	ascending	orbit	
		

InSAR	loca#on, 	33.61233 	-116.4570 	9 	 	-18	
unregistered		image	
	

InSAR	loca#on, 	33.61215 	-116.4567 	-11 	 	9	
registered	image	
		

Ground	GPS 	 	33.61225 	-116.4568 	-- 	 	--	
survey	

		
Reflectors	aligned	with	descending	orbit	

		
InSAR	loca#on, 	33.61215 	-116.4579 	-11 	 	0	
unregistered		image	
	

InSAR	loca#on, 	33.61213 	-116.4577 	-13 	 	18	

registered	image	
	

Ground	GPS 	 	33.61225 	-116.4579 	-- 	 	--	

Survey	
	

InSAR	loca#on, 	33.60729 	-116.4517 	-9 	 	9	
unregistered		image	
	

InSAR	loca#on, 	33.60727 	-116.4516 	-11 	 	18	
registered	image	
	

Ground	GPS 	 	33.60737 	-116.4518 	-- 	 	--	
survey	
	



Geode#c	accuracy	–	Image	offsets	from	
SRTM	DEM	

		 	 	Range	offset 	 	Azimuth	offset 	 	Addi#onal	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	



Ventura,	CA	–	Atmospheric	phases	



Hawaii	–	deforma#on	plus	atmosphere	



Iceland	–	significant	ionospheric	ar#fact	



Correla#on	images	

Ventura 	 	 	 	 	Hawaii 	 	 	 	 	Iceland 		
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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 ×
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

INTERFEROMETRIC synthetic aperture radar (InSAR) hasevolved 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

Manuscript received October 23, 2009; revised March 18, 2010. Date of
publication July 15, 2010; date of current version November 24, 2010.
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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 rc. The range to the imaged point r
varies as a function of time t. The usual relations for radar phase
history φ and instantaneous frequency f hold

φ(t) = − 4π

λ
r(t) (1)

2πf(t) = − 4π

λ
ṙ(t). (2)

Fig. 1. Definitions of angles and distances for the reference orbit. The planet
is assumed to be locally spherical with a radius of curvature rc, and note that
rc 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 rc below the surface. The point P
that is to be imaged lies at an origin-centered angle γ from the satellite orbit
at the closest approach. The distance along the orbit is equal to the spacecraft
velocity v multiplied by time t, so that at any given time, the satellite-origin-
closest approach point angle is β. The origin-centered angle α is formed by the
point to be imaged, the origin, and the satellite location. Angle δ is the squint
angle from the satellite to the imaged point.

The Doppler frequency fD and the Doppler rate frate, respec-
tively, can be written as

fD = − 2
λ

ṙ (3)

frate = − 2
λ

r̈. (4)

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

r2 = (h + rc)2 + r2
c − 2rc(h + rc) cos α. (5)

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

cos α = cos β cos γ. (6)

Let us rewrite this as

r2 = (h + rc)2 + r2
c − 2rc(h + rc) cos β cos γ. (7)

By noting that vt/(h + rc) = β, and β̇ = v/(h + rc) is a con-
stant, we can differentiate (7) with respect to time

2rṙ = −2rc(h + rc) cos γ(− sin β)β̇. (8)
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Thus

ṙ =
rc(h + rc) cos γ sinββ̇

r
(9)

or it is expressed as fD as a function of the along-track angle β

fD = − 2
rλ

rc(h + rc) cos γ sin ββ̇. (10)

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

rr̈ + ṙ2 = rc(h + rc) cos γβ̇ cos ββ̇

= rc(h + rc) cos γ sinββ̇ · cos β

sin β
β̇

= rṙ
cos β

sin β
β̇. (11)

Then

rr̈ = rṙ
cos β

sin β
β̇ − ṙ2 (12)

r̈ = ṙ
cos β

sin β
β̇ − ṙ2

r
(13)

finally yielding

frate =
2
λ

[
ṙ2

r
− ṙ

cos β

sin β
β̇

]
. (14)

The expressions for fD and frate, 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 fD and azimuth
chirp rate frate. 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

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, c, 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.

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 (s0, c0). The squint angle δ 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 (s0, c0, h0); P
is the point to be imaged; δ is the squint angle, given the
Doppler centroid of the point; the desired position of the
motion-compensated satellite is (s, 0, h); and c0, s − s0, and



4312 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 48, NO. 12, DECEMBER 2010

d are all distances along great circles on the planet sur-
face. Once again, starting with the spherical law of cosines,
we see

cos
d

rc
= cos

s0 − s

rc
cos

c0

rc
(15)

while the law of sines yields

sin(π/2 − δ)
sin c0

rc

=
sinπ/2
sin d

rc

. (16)

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

cos(π/2−δ) sin
s0 − s

rc
sin

d

rc
+cos

s0 − s

rc
cos

d

rc
=cos

c0

rc
.

(17)

By using (15) earlier

cos(π/2−δ) sin
s0−s

rc
sin

d

rc
+cos2

s0−s

rc
cos

c0

rc
=cos

c0

rc
(18)

or

cos(π/2−δ) sin
s0−s

rc
sin

d

rc
= cos

c0

rc

(
1−cos2

s0−s

rc

)

= cos
c0

rc
sin2 s0−s

rc
(19)

and thus

cos(π/2 − δ) sin
d

rc
= cos

c0

rc
sin

s0 − s

rc
. (20)

Moreover, from (16)

cos(π/2 − δ)
sin c0

rc

sin(π/2 − δ)
= cos

c0

rc
sin

s0 − s

rc
(21)

from which

tan δ sin
c0

rc
= cos

c0

rc
sin

s0 − s

rc
. (22)

Finally

tan δ tan
c0

rc
= sin

s0 − s

rc
. (23)

Now, we can solve for the desired spacecraft position s

s = s0 − rc sin−1

(
tan δ tan

c0

rc

)
. (24)

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 δ can be found from the aforemen-
tioned α, β, and γ since (again from the spherical law of
cosines)

sin δ =
(cos γ − cos β cos α)

sin β sinα
. (25)

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 α − α′ 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 (s0, c0, h0) 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 α and α′ for the reference and actual positions
starting with

cos α′ =
(rc + h0)2 + r2

c − r′2

2rc(h0 + rc)
(26)

and by using the difference α − α′ (which is equal to d/rc),
we find that the cosine of the origin-centered angle α for the
reference location is

cos α = cos α′ cos
d

rc
− sin α′ sin

d

rc
(27)

so that

r =
√

(rc + h)2 + r2
c − 2(rc + h)rc cos α. (28)

We then shift the position of the return echo by r′ − r and its
phase by (4π/λ)(r′ − r). Since r′ is a function of r, we can
express the motion-compensation baseline distance and phase,
respectively, as

b = r′(r) − r (29)

φbaseline =
4π

λ
(r′(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 frate 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) = r2
0 + v2t2 (31)

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 r(t). The distance from the reference spacecraft to the scatterer at the closest
approach is r0, and b(t) is the motion-compensation baseline as a function of
time.

which, under the usual SAR approximation, can be
written as

r(t) ≈ r0 +
1
2

v2t2

r0
(32)

leading to a Doppler rate frate = −(2v2/λr0).
The range history of the actual return from the scatterer,

again under the SAR approximation, is

ract(t) ≈ r0 − b(t) +
1
2

v2t2

(r0 − b(t))

≈ r0 − b(t) +
1
2

v2t2

r0

(
1 +

b(t)
r0

)
. (33)

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

rmocomp(t) = r0 +
1
2

v2t2

r0

(
1 +

b(t)
r0

)
. (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 frate for the full geometry
rather than the simplified case of Fig. 5, note that we
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can write

frate =
2
λ

[
ṙ2

r
− ṙ

cos β

sin β
β̇

]

=
2
λ

[
λ2f2

D

4r
+

λ

2
fD

tan β
β̇

]

=
λf2

D

2r
− 2v2

λr

rc

(h + rc)
cos α. (35)

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

frate − f ′
rate =

λf2
D

2

(
1
r
− 1

r′

)
− 2v2

λ

rc

(h + rc)

×
(

cos α

r
− cos α′

r′

)

=
λf2

D

2

(
r′ − r

rr′

)
− 2v2

λ

rc

(h + rc)

×
(

r′ cos α − r cos α′

rr′

)

≈ λf2
D

2r

b(t)
r

− 2v2

λr

rc

(h + rc)
cos α

b(t)
r

= frate
b(t)
r

(36)

which is the same relation that we had in the simplified case
for r = r0 and which holds under the same approximation of
slowly changing b(t) 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

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

rmigration =
λ

4π
· π · 1

frate
f2 (37)

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

φcorrection = rmigration · ∂

∂r

(
4π

λ
(r′(r) − r)

)∣∣∣∣
r=r0

=
λ

4 · frate
· f2 · ∂

∂r

(
4π

λ
(r′(r) − r)

)∣∣∣∣
r=r0

.

(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 c 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.

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
rc. The Earth-centered angle α and the spacecraft height h 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
α as

cos α =
(h + rc)2 + (rc + z)2 − ρ2

2(h + rc)(rc + z)
. (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 in the reference orbit coordinates by

s = ssatellite + rc tan−1

(
fd(rc + h)λr

v (r2
c + (h + rc)2 − r2)

)
(40)

where the second term on the right is the along-track distance
for a pixel of the Doppler shift fd. 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 c and h coordinates follow from

c = − rc cos−1

(
cos α

cos β

)
(41)

h = z (42)

where β 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

φelevation =
4π

λ

(
uelevation

line-of-sight − uzeroheight
line-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

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 Piñon 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

TABLE I
PIÑON FLAT CORNER REFLECTOR LOCATIONS

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.

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. Illumination 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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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 II
IMAGE REGISTRATION OFFSETS

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 Piñon 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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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 
 sing InSAR 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 i) 
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 

User-friendly InSAR Data Products: Fast and 
Simple Timeseries (FAST) Processing  

Howard A. Zebker, Fellow, IEEE 
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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  

 
 ! " = 	− 4' ( 	) "           (1) 

 
where r(t) is the distance from sensor along its orbit to the 
scatterer as a function of time, f(t) is the propagation part of the 
received signal phase, and l 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 fd and 
Doppler rate fr: 
 
 *+ = 	−

2
( )             (2) 
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Expanding the phase history (eq. 1) in a Taylor series about a 
reference point t0, generally either the point of closest approach 
or the peak of the antenna response, yields 
 

 ! " = 	− 4' (	 ) ". + )	 " − ". + 	1 2 ) " − ".
1 + ⋯

                    (4) 
 

showing that the matched filter can be computed from the 
Doppler and Doppler rate values.  Differentiating the phase 
history to obtain fd and fr loses the constant phase term, so under 
this approximation the matched filter does not compensate for 
the propagation phase constant  − 34

5
)(".), 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 uelev, scaled by wavelength: 
 
 !89: = 	−	

4'
( 	;<=<> 	 • @        (5)  

 
Most zero Doppler SLC images are focused to a reference 
elevation surface (Tref 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:   
 
 !A8B8 = 	−	

4'
( 	(	;<=<>−	;-<C) 	 • @     (6) 

 

 
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 Telev at 
elevation z, compared to the same for the point on the reference 
elevation, yields the interferogram topographic correction. 
 

B
P

z

ûelev

Telev

Tref

ûref



GRSL-00795-2017.R1  3 

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. 
 

 
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 InSAR 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 szero(x,y,z), the radar range r0 and azimuth time taz for the 
point located at Earth fixed coordinates p(x’,y’,z’).  For step 4 
we apply the propagation phase for distance r0 according to 
 
 !B-8B = 	

−4'
( 	 ∙ EF<-8(G, I, J) − K G′, I′, J′   (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:  
 
 (

4' Δ!A8B8 = 	
1
) sin Q @B<-BΔJ      (8) 

 
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. 

 
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, q is the incidence angle, Bperp is 
the perpendicular baseline, and Dz 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 
 

 
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 InSAR expertise 
by the end user and ii) unfamiliar coordinates, to widespread 
adoption of InSAR 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

ØHow	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

N	radar	
images	in	
time	
sequence

• Computing	is	cheap
• Storage	is	expensive

üOn-demand	system	has	
many	advantages



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
• But	applies	same	filter	everywhere	so	phase	corrections	
needed

• 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
• Larger	than	raw	data	files

Raw data

Store in cloud

Range-
Doppler SLC

Store in cloud

Focus image User-
friendly SLC

Archive if desired

Geocode
Phase correct To user

Orbit state
vectors

External
DEM

For every scene collected Could be on-demand



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

üForms	ideal	matched	filter
üAutomatically	applies	phase	corrections	if	DEM	used
üSLCs	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
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track

r(x,k)

X

Transmit pulses

kth pulse illuminating point X

Ground to be imaged

!(#) = ∑ ' ( #, * 	e-.	/ 0,1 •
34
5�

1



Processor	flow	- backprojection
• Backprojection avoids	creating/storing	range-Doppler	
intermediate	products

• Greatly	reduces	archive	costs

Raw data

Store in cloud

User-
friendly SLC

Archive if desired

Backproject To user

Orbit state
vectors

External
DEM

For every scene
collected

Could be on-demand



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)

• 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
from	simple	
cross	
multiplication



Sentinel	1A/B	- TOPS	imaging

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

• Standard	product	hard	to	use	due	to	carrier	phase	
• Very	precise	coregistration needed
• Products	can	be	resampled	to	common	coordinates	
but	phase	compensation	requires	expertise



L0	SLC	processing

• Dealiasing
computationally	
expensive	and	very	
intricate	though	
elegant

• Backprojection
same	for	all	modes

• Short	integration	
time	makes	
backprojection
efficient
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TOPS	integration	window
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Interferogram formation	– by	user
Standard	(Yague-Martinez	et	al.,2016)							Backprojection

SLC SLC



Sentinel	1B	backprojection products
• Standardized,	geocoded,	phase	corrected	InSAR
enables	huge	potential	community

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

Geocoded	SLCs

User-friendly
interferograms

Island	of	Hawaii



User-friendly	products
- Simplified	time	series	view	of	Kilauea	eruption



Product	comparison

From	L1	SLC From	L0	Raw Cross-interferogram

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



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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