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ABSTRACT

This paper presents the analysis of the C-band cross-track
interferometric data (X TI) acquired during the MAC Europe
1991 Campaign over the Matera test site (Southern Italy).
Passive and active calibrators were deployed over a homo-
geneous background, and a ground truth data collection
campaign was carricd out simultancous with the flight. The
raw data, gathered by the TOPSAR instrument on-board the
NASA/IPL DC-8 aircraft, have been compressed with a
range-Doppler SAR processor which takes range migration
and antenna squint into account. The resulting interferogram
has been obtained after co-registration performed by using
1D cross-correlation techniques. The airplane attitude
angles, recorded by the navigation system, have been used
to derive the bascline time variation, necessary for the 2
phase un\\wapping procedure. Assuming unperturbed aicralt
translational motion, the £ 0.2 nun accuracy on the estimate
of the baseline components gave a theoretical rms error on
the estimate of the height of cach imaged pixel of £ 2.5 m
for extended targets, and £ 4.5 m for point targets. Finally,
the computed terrain elevation has been compared with the
1:25,000 scale digitised contour levels of the Istituto Geo-
erafico Militare Itahano (IGM1D), in order to assess the height
accuracy of the system. The root-mean-square errors on the
height estimate have been found to be £ 15 m for point

targets, and = 8 m for extended targets.

INTRODUCTION

The extraction of topographic data by means of SAR inter-
ferometry has been successtully demonstrated in recent
years. High-resolution terrain elevation maps have been
obtained ecither by analysing existing spaceborne and air-
borne systems, capable of producing multiple-pass interfe-

rometric pairs (Gabriel and Goldstein 1988 for SIR-B, Prati
et al. 1990 for Scasat, Gray and Farris-Manning 1993 for
the CCRS SAR-580), or by means of two antennas mounted
on the same platform (Graham 1974 for the Goodycear
mstrument, Zebker and Goldstein 1986 for the NASA CV-
990 radar, Madsen er al. 1993a for TOPSAR). The TOPSAR
instrument (Zebker ef al. 1992), which is the interferometric
addition to the NASA DC-8 Airborne SAR (AIRSAR), uses
the single-pass approach, in order (o overcome surlace
temporal decorrelation, which is a common phenomenon
observed in multiple-track spaceborne SAR interferometry.
In this case, the knowledge of the aircraft attitude is manda-
tory to optimise the overall performance and keep the sys-
ten below the project specifications on the accuracy of the
height estimate.

During the MAC Europe 1991 multisensor airborne cam-
paign, sponsored by NASA| ESA, CEC, DLR, ASI, CNES,
BNSC and ASA, cross-track interferometric (XTI data
were acquired over several testsites, in order to verify the
TOPSAR capability of delivering Digital Elevation Models
(DEMs) at great height accuracy and little spatial resolution.
The authors focused their attention on Matera test-site (Ba-
silicata, Southern ltaly), where a sct of active and passive
calibration devices were deployed over a flat, homogeneous
background, and an extensive ground truth campaign was
pertormed in conjunction with the {light date (June 25th,
1991). This paper presents the data analysis and the main
results obtatned from the interferometric processing de-
veloped by the Italian Consortium of Research on Advanced
Remote Sensors (CO.RLS.T.A)), in co-operation with the
University of Naples, Italy. After a short description of the
campaign, we present the main aspects of the coherent raw
data focusing and the interfcrometric processing applied to
obtain a DEM. In particular, the co-registration technique
and the main considerations about the bascline estimation
procedure and the related accuracy on the bascline compo-
nents are outlined. The two-dimensional phase unwrapping
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Fig. I - Deplovment scheme of active and passive calibrators.

algorithm is summarised, and a thorough error budget on the
height estimate for both point and extended targets is carried
out. Successively, the topographic mapping technique is
verified by comparing the radar-derived DEM with the
1:25,000 scale digitised height points of the Italian Military
Geographic Institute (1GMI), and characterising the rms
difference between the heights for some deployed point
targets as well as for some known extended targets in the
imaged scene. Finally, some considerations on further de-
velopments and future rescarch activity are presented.

. 1991 CAMPAIGN

On June 25, 1991, the TOPSAR instrument covered five
times, with three descending and two ascending (lights, the
Italian Matera test-site, gathering C-band cross-track inter-
ferometric data. The imaged area extends over about 120
km”, and consists of prevailingly bare soil, well suited for
sensor system evaluation, with slight changes of terrain
height (50 m peak-to-peak, 15 maverage). Ancillary ground
information was collected by carrying out a simultaneous
ground truth campaign, consisting of the classification of 50
sample areas and to the evaluation of texture, soil moisture
content and surface roughness on sample points close to the

location of 26 calibration devices with different Radar

Cross-Sections (RCS) (CO.RLS.T.A. 1991). The point tar-
gets were three Active Radar Calibrators (ARCs), jointly
developed by CO.RLS.T.A. and Polytechnic of Bari, ltaly,
and 23 triangular trihedral Corner Reflectors (CRs). sub-
divided in 15, 5 and 3 with leg lengths of 95, 180 and 70 cm
respectively. Figure | shows the deployment scheme of CRs

and ARCs on the test site, superimposed on the IGMI map
of the area (1:25,000 scale). The calibration devices are
positioned on two parallel hines in the horizontal (ground
range) direction at a distance of 800 m with a spacing of 200
m between two successive CRs, to avoid coupling effects.
All the point targets were deployed on a homogencous
background and positioned with electronic stadimeters and
theodolites. The mean height of the calibrators’ arca was
390 m.

2. DATA ANALYSIS AND IMAGE PROCESSING

Table 1 lists the main TOPSAR radar system parameters
involved in raw data focusing (Zebker ef al. 1992). We
processed a frame of 16384 lines of 1350 complex range
samples per line, centred on the calibrators’ region, and the
total imaged area extends over about 6x4.5 km?. The data
compression has been performed by means of a range-Dop-
pler SAR processor which includes range migration com-
pcusation and antenna squint correction. In the
pre-processing phase, preliminary to the range compression,
we have estimated Irom the raw data the amplitude of the
calibration tone (commonly referred (o as caltone) injected
into the receiver chain and located just beyond the upper
band edge of the chirp bandwidth, in order to remove the
channel imbalance. Fig. 2 depicts the range spectrum ol a
line with its caltone: for the XTI operation mode, the cali-
bration frequency is 5266.40025 MHz, and after down-con-
version, i. e. subtraction of the 5310.0 MHz reference
frequency, itis located at 43.59375 MHz. The caltone level
was estimated from the range spedtrum of cach line, by
extracting the amplitude of the Discrete Fourier Transform
(DFT) coefficient corresponding to the caltone level, and

successively subtracting the out-of-band noise level,

Table 1 - TOPSAR main radar system parameters.

Frequency 5.2873 GHz (C-band)
Wavelength, A 5.67 cm

Antenna length 1.6m

Baseline length, B 2.583 m

Baseline tilt angle, & 62.77°

Aircraft speed, v 214.4 m/s
Side-looking angles, 3 5° (nominal); 30°-60°
Nominal altitude, ¥ 9km

Swath width
Slant range

4630 m (slant range)
11200 m (8=45°

Ground range resolution, p.. |5.30m

Slant range resolution, p 3.756 m
Azimuth resolution, p,, 0.8 m (1 look)
Chirp bandwidth 40 MHz
Pulse length 5.0 ps
Sampling frequency 90 M1z
SNR (distributed targets) 13 dB

SNR (point targets) 18 dB

PRF

567 Hz
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Fig. 2 - Range spectrwm of the transmitting/receiving channel. On the upper side of the chirp band, the caltone level is visible.

derived from the amplitude-averaging of several adjacent
frequency samples on the upper band side of the caltone
position. After pre-processing, the range compression of the
raw data has been obtained by applying a reference function
which emulates the Digital Chirp Generator (DCG) im-
plemented in the SAR system, that is, with a stair-step
approximation of the linear frequency sweep and, conse-
quently, with alocally lincar synthesis of the quadratic phase
of the FM chirp. A Hamming weighting has been used to
reduce range sidelobes.

A range migration analysis has been conducted on the
responses of the range-compressed calibrators. After 64-
umes oversampling by FFT techniques the range lines of the
image subsct containing the visible “stripe” of the CR (or
ARC), the amplitude and position of the mainlobe peak
value have been plotted as a function of the azimuth station
(Fig. 3). In Fig. 3 the effect of the antenna azimuth pattern
is clearly visible. A forward squint of the two antennas can
be observed, whereas the slightly different shape of the
range history of the same CR as seen by the antennas
indicates the existence of a relative squint as well. The total
change of range during the synthetic-aperture formation
time, i. ¢. the range migration DR, has been found from the

above analysis to be two pixels, after normalisation with
respect to the slant range resolution ry, and the range walk
DR (that is, the lincar term of the Taylor’s expansion of
R(1) around Ry, the slant range at the closest approach) has
been 68 m, depending on the slant range. These values are
in agreement with the theoretical ones, given respectively
by (Curlander and McDonough 1991):

IARI
—*:L(IARMH-AR,F):
Psr Psr
AR
= —}\ Ro Isin O+ L ARy = ¢ sindy
4})(:: P.\r 4 puz 3 4 puz

where A R, is the quadratic term of the Taylor’s expansion
(the range curvature), A is the wavelength, p, is the theore-
tical azimuth resolution, 9, is the antenna squint angle with
respect Lo the nominal flight path, evaluated as it will be
shown later.

The corner-turned range-compressed data have been azi-
muth-processed in the frequency domain, estimating the
Doppler centroid frequency with standard clutterlock tech-
niques (Li er al. 1985). Fig. 4 shows the azimuth spectra for
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the two channels. The squint angles of the two antennas,
V5.1 and Uy.2, have been derived from the clutterlock estimate
of the Doppler centroid, fpe, with the formula:

V= sin’ '[&%) Li=1.2
V]

where v is the aircraft speed. The estimated relative squint
of the antennas is below 0.2 degrees. Due to the different
values of fpe, we applied different azimuth reference func-
tions for the two channels, updating the filter parameters
each processed line. In order to account for the Doppler
centroid variation from near to far range, a linear least-
squares approximation has been used to calculate the correct
azimuth filter parameters. In Fig. 5, fpcas a function of range
bin is shown for both channels, together with the approxi-
mating line.

The range migration correction has been performed in the
frequency domain, reallocating the complex DFT coeffi-
cients along lines parallel to the azimuth direction. The
adopted algorithm is based on an 8-points cubic B-spline
interpolation, and takes the aforementioned Doppler [re-
quency variation into account. Due to the antennas’ squint,
the Doppler frequency variation is different in the two
images (see Fig. 5). Since the processor does not create the
images in the zero Doppler geometry, it is necessary to
“realign” geometrically the contributions of the antennas
and to correct the residual phase term. This is performed
during the next step of the processing, simultancously with
the geomeltric registration of the images lorming the inter-
ferometric pair. A Hamming weighting has been applied to
the reference function. No multi-look algorithm has been
performed before forming the interferogram.

A sct of standard image quality tests have been carried out in
order to validate the processor performance. We evaluated the
one-dimensional ground range and azimuth resolutions, the
Integrated Sidelobe Ratio (ISLR) and the Peak Sidelobe Ratio
(PSLR) on the point target responses (JPL SIR-C Team et al.
1990, Moccia et al. 1991), finding a mean broadening factor
of 5% in ground range, and about 15% in azimuth. We plan
to improve the resolution values by implementing motion
compensation algorithms. The mean value of the SNR for
point targets has been found to be 18 dB.

3. INTERFEROMETRIC PROCESSING: CO-REG-
ISTRATION, BASELINE ESTIMATION AND
PHASE UNWRAPPING

3.1 Geometric registration

The aforementioned differences of the Doppler centroid
frequencies for the two antennas caused a relative azimuth

displacement in the final images, making therefore necess-
ary the use of co-registration techniques. To this end, we
applied a one-dimensional cross-correlation method. The
cross-correlation function of the azimuth pixel amplitudes
was oversampled by cubic B-spline techniques up to one
tenth of pixel. The correlation peak has been identified with
the accuracy of £ 1 oversampled pixel (< 5 c¢m, see Table 1)
and its position has given the relative offset between the
corresponding azimuth lines. On the basis of this offset, each
line of one of the two images has been resampled by using
an 8-points cubic B-spline interpolation function, which
minimises the least-square error of the function value
(Strang 19806). An analysis of the techniques for oversamp-
ling SAR images and their effects on the phases can be found
in Moccia et al. 1993.
Iig. 6 shows the maximum of the cross-correlation as a
function of range pixels. The quadratic shape is explained
by observing that the azimuth shift is proportional to the
difference between the two antennas “deskew times” #4 and
ta, 1. €. the geometrical correction necessary after having
processed the raw data at fpe # 0, and varying from near to
far range, given by

Soci

Ly = ’

i=1,2
20,

where fpc is the linear approximation of the Doppler cen-
troid frequency as a function of the n-th range bin (Fig. 5),
and o, =1"/A Ro; is the azimuth chirp rate. The deskew
times allow us to derive also the residual phase terms
between the two images, that have to be removed before
forming the interferogram.

After resampling, we multiplied one image by the complex
conjugate of the co-registered image, to obtain the single-
look interferogram, and successively a coherent multi-look
of cight pixels in the azimuth direction was performed, in
order to carry out a maximum-likelihood estimate of the
phase difference (Rodriguez 1992). The eight-looks inter-
ferogram is shown in Fig. 7. The fringes are quite parallel
due to the flatness of the area, and the effects on the phases
of the point targets with the strongest echo returns (CRs No.
21, 23,29, 31, with leg length of 180 cm and RCS of 41.4
dBm’; ARC No. 1, with RCS of 44.3 dBm") are clearly

visible.
3.2 Bascline components estimation and error budget

The next step was the estimation ol the TOPSAR baseline
components, which depend on the aircraft attitude dy-
namics. This is a crucial point when unwrapping the phases
and converting the fringe map into absolute height measure-
ments (Li and Goldstein 1990). The attitude data relative to
the processed frame have been extracted from the header file
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Fig. 7 - Eight-look interferogram of the processed area.
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assoctated to the collected raw data. The ancillary informa-
tion was given by the Digital Avionic Data system (DAD)
and the radar inertial navigation system (LASERREF) on-
board the aircraft, and it allowed us the analysis of platform
motion. Fig. 8 shows the pitch, yaw and roll angles, recorded
by the LASERREF system at a 50 Hz update rate, with a
quantization precision of 0.01°. The yaw angle has been
cvaluated as the difference between the true heading and the
track angle. The peak-to-peak variations of 0.25° indicate a
stable flight, as also shown by the mean values and standard
deviations (10) reported in Fig. 8. By using these average
estimates, and assuming a yaw-pitch-roll rotation sequence,
we applied a co-ordinate transformation to express the ba-
seline components in a right-handed dynamic reference
frame, with the origin coincident with the Inertial Naviga-
tion Unil‘(lNU) position, the z-axis coincident with the local
vertical and directed towards the Earth, and the y-axis
perpendicular to the plane defined by the INU velocity
vector and the local vertical (Moccia and Vetrella 1986).
The reference frames are shown on Fig. 9. The transformed
bascline vector (B) is given, in matrix notation, by My, By,
where M, is the co-ordinate transformation matrix between
the dynamic and the body-fixed reference frame (origin
coincident with the INU and axes parallel to the aircraft
inertia principal axes xy , Yo, 20), given by:

M ypr =
cospP cosy —cosasiny + sina sinfcosy
= | cosPsiny

sinosiny+cosasinPeosy
cosacosy+sinasinfsiny  —sinacosy+cosasinsiny

—sinf} sinacos b cosocosf

(N

where o, [} and y are the roll, pitch and yaw angles, respec-
tively, and By = (Boy , Boy , Bo:) is the baseline vector in the
body-fixed reference frame. Table 2a reports the lever arms,
i. e. the nominal antennas’ positions with respect to the
body-fixed reference frame.
Assuming uncorrelated fluctuations in the observations of
the attitude angles, and using Eq. (1), under the hypothesis
of small angles, we obtained the following expression for
the variances of the baseline components in the dynamic
reference frame, o, , Og, , 0%1, as a function of the variances
of the estimate of the attitude angles, o7, , 6 , 67, which
depend on the LASERREF quantization error:

2 2
| |0 8 m|l |
2 — 2
Op, | = Bzo 0 Bzu Op
2 2 2 2
OB, B.\'u BJ‘n 0 Oy
where B = x02 — x01, Byo=yo2 — yor and By =zm — zo1,

are the nominal baseline components (see Table 2). The

variances Gé s (5[25 R 0% are due to the LASERREF quantiza-

AIRCRAFT ATTITUDE DYNAMICS
2 I I I I I I T T T
Pitch [1.465 +/- 0.069 dedg]
1.9 /f-‘\_/ 7
1 F .
1]
@
C Yaw [0.408 +/- 0.063 deg]
o
) 0.5 _
i J
0
Roll [-0.4418 +/- 0.064 deg]
0.5 - M N
1 | | | | | | | |
14000 16000 28000 30000 32000

18000 20000 22000 24000 26000

34000

Range lines

Fig. 8 - Aircraft attitude angles relative to the processed frame.
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tion precision and are of the order of 10™ rad®. With these
values, the accuracy of the baseline components estimation
was of the order of + 0.2 mm. As it will be shown in 4, these
uncertainties give a major contribution to the height meas-
urement accuracy.

3.3 Two-dimensional phase unwrapping and dem
generation

The estimated baseline components (Table 2b) have been
used to extract from the interferogram the information on
terrain elevation. After having chosen one of the deployed
calibrators (CR No. 2) as a GCP of known height, the 2r
ambiguity has been solved, and the integration of the phase
difference (phase unwrapping) has been carried out. We
implemented a procedure based on edge detection tech-
niques to locate the fringe lines in the interferogram (Lin ef
al. 1992), an effective method which solved satisfactorily
the phase indetermination problem. In Fig. 10 the original
interferogram with the edge-enhanced fringe lines, i. e. the
boundaries of the 2m-addition on the integrated phase, is
shown. The original fringe amplitudes and the edge-en-
hanced fringe contrast from near 1o far range are plotted in
Fig. I'l. As the 2mt-crossing lines passed only a few nonedge
points, that is, the wrong identifications of the 2m-to-0
crossings were very limited because the fringes were well

Fig. 10 - Edge-enhanced fringe lines.
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Table 2 - Antenna lever arms in the INU-fixed reference frame
(a) and estimated baseline components in the dynamic refer-
ence frame, compared to the nominal components (b).

x, [m] ¥, [m] z, [m]
2.032 -0.0785 0.6558
2.032 -1.2606 | -1.6411
(@
Nominal Estimated
IBI 2.5823 m
B, X05°X5,=0.000 m x,-x,=0.0541 m
B, Yor¥or=1.1821m [ y,y=-1.1991m
B, Ty, 7, ==2.2060 m | z,-z,=-2.2876 m
Tilt angle (£) 62.77° 62.34°
)

defined, the unwrapping algorithim has worked very well,
and there were little or no mislocations of fringe lines due
to phase noise. In addition, the degree of coherence between
the two images and the SNR were very high, and the number
of residue regions (areas of inconsistent phase unwrapping)
was negligible. Atthis point, by using the computed baseline
components and the unwrapped phase information, we were
able to derive a DEM. The height h of a pixel has been
computed with the following equation (derived assuming a
local flat Earth model):

h=H-Rcos?

where R is the slant range to the pixel, evaluated with respect
to the slant range of the GCP. The look angle was evaluated
from the estimated phase difference A ¢ and the baseline tilt

angle § by inverting the following equation:

o= Br e gy ipanc-n-2]
=501 2k sin ) vz SIn ( IR

where B, = B_,Z. + B is the projection of the baseline vector
on the y-z plane. The residual phase term correction, de-
scribed in 3.1, allows us to consider a broadside system, and

to use Eq. (2) as a suitable approximation of the general
cquation:

2n 2n 2R, -B- B’
Ap="—(Ri-Ry)="—"7 7
b= Ri-R) = Ri + R

where R, R; are the moduli of the distances from the two
antennas to the target.

Itis worth noting that the detection of fringe lines with edge
enhancement techniques was insensitive to the effect on the
phases of the strongest point targets. The null line detection
and the consequent unwrapping were correctly performed,
whereas a first attempt of solving the 2 ambiguity, based
on the identification of residues and the creation of branch
cuts to identify areas of inconsistency of the phase integra-
tion (Goldstein et al. 1988), had shown an unacceptable
error propagation in the pixel regions located near the strong
point target calibrators.

As a final remark, we observe that a refinement in height
evaluation can be obtained by using the INU co-ordinates:
by double integration of along-track, cross-track and Earth
vertical accelerations as functions of time, it is possible to
compute the INU state vector with respect to an Earth-fixed
right-handed reference frame. At this stage of the rescarch
activity, this technique has not been applied, because the
INU vertical acceleration is invalid: further work is required
lo subtract the bias term from this value, and to derive the
correct altitude by correlating GPS-derived data and/or ba-
rometric altitude with the “raw” vertical position given by
the integrated INU data (Madsen er al. 1993a).

4. THEORETICAL ERROR BUDGETS ON THE
HEIGHT ESTIMATE

This section briefly outlines the approach followed for a
theoretical evaluation of the contributions of various error
sources in the estimation of the pixel elevation. The princi-
pal error-affected parameters identified in this theoretical
analysis are the aircraft altitude, the slant range knowledge,
the estimated look angle, and the baseline components.
Further details can be found in Li and Goldstein 1990.

4.1 Point targets

Deriving an error budget of the height estimate when the
imaged pixel is representative of the echo return of a point
target is useful for system transfer [unction evaluation
(Moccia and Vetrella 1992). Fig. 12 depicts the geometry of
airborne SAR Interferometry under the assumption of a flat.
Earth. Considering only the strong received phasor with no
decorrelation effects, if /1 is the pixel elevation, and A ¢ is
the estimated phase difference between two homologous
pixels (Eq. (2), the basic equations for computing the topo-

graphic information are (broadside Interferometric SAR
system):
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A Bi. . 5 . B’
AR—ZT[AQ)—?R sin (E)—G)+B,;sm(§—ﬂ)—2R

h=H-Rcos®=H-R (V1 =B cost - Bsink)

(R+AR) - R - B
2RB

B=sin(§-0)=

where AR is the path difference. Assuming uncorrelated

parameters, the height measurement uncertainty o is (Li
and Goldstein 1990):

91202+ _8_11203+ QL'ZG?'%— oh 2UZ+
o O R | OF 90 |0 el |

2 2

I ol

2
On=

where:
o _,

oH

doh
——=—cost}

JR

ol
ZL_ Rsind

a0

ol '
RN 1 Bysint
dB, q

[ e A T T AT

Fig. 12 - Interferometric SAR geometry (flat Earth assumption).

ok =L Bysind
0By, q

oh =L B_sin®}
JB. 4

pzﬁsin{a—m—cosz -0

q:Bchos(E_,—ﬁ)[l+%§—zsin(ﬁ—ﬁ)}

Gy is the aircraft altitude uncertainty, Gg represents the
uncertainty in the sampling time of the echo return (it is of
centimetric order because it depends on the SAR internal
reference clock accuracy; in fact in SAR Interferometry R
is not the range to be estimated, as in conventional al-
timeters, but it represents the sampling time of the com-
pressed return signal), Gy is the uncertainty on the look
angle, and Gy , Opy , Op; are the baseline components un-
certainties, derived from the aircraft attitude dynamics. The
uncertainty on the measured phase difference, which in-
duces an uncertainty o, on the measured look angle, is equal

toNSNR™ ' + &2 , where G2 is the variance of the quantization
q q q

error on A ¢. Expressing o7 as a function of the baseline
length, we derived a quadratic form:

Rtan(§—9)—Bcos(E— 1) ’
R B+ B*sin (§-10)

Uﬁ:K+C[ 4)

where:
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K = o}, + cos” ¥ ok + R sin” 0 o3

C=Rsin’ ¥ (7:7’;

and the height measurement uncertainty due to the uncer-
tainty on By, of the order of 10, has been neglected with
respect to the contribution due to the uncertainties Gy and

0. (O( 10"). Consequently, Eq (4) has been derived assum-

ing B = B,.. Itmust be pointed out that this error budget does
not take the aircraft trajectory into account. In other words,
we suppose that the platform centre of mass moved along a
- straight line, and no phase errors were induced by deviations

of the flight trajectory from the linear and constant velocity
motion.

4.2 Distribut targets

For a distributed target of backscattering coefficient
o (x, v, 2),viewed atan incidence angle 0, it can be shown
(Rodriguez and Martin 1992) that v, the correlation coeffi-
cient between the interferometric echo returns vy and va, is
given by:

B Iy va) | ol
Tt ant 1k

where:

o sint) - Psr Pa-
N

Pa: By Psr By
lol=| 1= Pelo PB4
¢ L Ro A ) [ Ry A sin® ]
5,\ pfr: Bl 8!‘ pxr B)‘
cw|l | = = .
Paz Ry A Psr Ry A sind

F [0”1!\,\ (!l
o’ (v,v.,2)

Rsn=A

Bcos (§—10)
Ro A sint

a =

Ry 1s the system signal-to-noise ratio, N is the noise power
(in Watts), A is a coefficient which depends on the system
parameters, By and B, arc the along-track and cross-track
baseline components, respectively, 6, and 8, are the azimuth
and range offsets between the two images, w (v, v) is the
impulse response function, which has been chosen to be
given by a two-dimensional sinc function. The operator

{ . 0 .
I ®; represents the Fourier transform of ¢, evaluated in

(x,y,a). The uncertainty on the phase difference, Gag, 1S

derived by applying the Cramer-Rao bound on the estimator

of A ¢ from an Ni-looks image (Rodriguez 1992):

RN I s
AT INL Y

to be applied in Eq. (3) to derive the height error budget for
distributed targets. A plot of Eq. (4) is shown in Fig. 13,
obtained using a value of £0.2 mm for the uncertainty on
the baseline components, = 1 m for the uncertainty on air-
craft altitude, and with 45% incidence angle (mid swath).
Considering our baseline length of 2.58 m, and without
motion compensation, the expected height error is £ 4.5 m

for point targets and = 2.7 m for extended targets. The SNR
values adopted are 18 dB for point targets, and 13 dB for
extended targets, whereas the standard deviation of the

quantization error, G, was setto 1.7 - 107 12 radians.

5. DEM VALIDATION

The DEM of the area under study, after the removal of
systematic errors by using the known GCP’s height, was
evaluated by performing a comparison with the digitised
scattered height-points sampled by IGMI. The IGMI height
points have an accuracy of £ 3 m at 1:25,000 scale. The
DEM in raster format was obtained from the original elev-
ation points by means of a computer code (Vetrella and
Moccia 1988). Currently, no rectification of the radar-
derived height map has been implemented, and studies on
co-registration between radar DEMs and reference DEMs
are being performed. Nevertheless, it has been possible to
verify the quality of the height map obtained by means of
interferometry, on the basis of the knowledge of elevation
and position of the CRs and ARCs deployed on the test-site.
We chose fifteen CRs to carry out an analysis of the dif-
ference between the true height value and the computed
elevation: the root-mean-square value of this difference has
been found to be about 15 m, which is about 200% greater
than the predicted theoretical value (see Fig. 13). Table 3
shows the height values in both cases, from the radar-
derived map and from the reference DEM.

In order to make use of extended targets in the validation of
our DEM, we cut eight areas of 15x15 pixels (i. e., about
2,000 m%), large enough to be considered representative of
a distributed target, and sufficiently small to assume the
incidence angle constant over the whole region. The analysis
of the rms difference gave us an estimate of the rms height
error for uniform areas. The cuts were close to the positions
of the sclected CRs, but without including their responses,
and they have been chosen and located on the IGMI DEM
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Fig. 13 - Theoretical error budget on the height estimate.

as flat areas. From the results shown on Table 4, the mean
rms value of the difference between true and computed

Table 3 - Rms height difference for 15 point targets.

heights is £ 8.1 m, about 200% greater than the theoretical
error budget.

CR # True height [m] | Computed height [m]
2 394.22 403.09
5 385.19 399.04
8 377.56 390.29
9 376.67 384.81 Table 4 - Rms error for eight homogeneous areas (extended
10 378.18 391.51 targets).
11 379.49 384.24
12 3717.51 359.56 Area#| Mean altitude [m] rmse [m]
13 378.96 386.57 15x 15 pixel avg 15x15 pixel avg
ic 38553 20991 > 392 .4
1 e R 80
21 401.80 403.38 m 587 7'7
23 - 400.16 379.86 :
31 389.08 391.568 12 386 8.1
40 393.19 368.74 15 390 8.3
31 391 7.8
| Root mean square error [m] | 14.7 | 40 397 8.8
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CONCLUSIONS AND FUTURE ACTIVITIES

We have presented the analysis and the main results of the
TOPSAR experiments conducted in 1991 in Southern Italy,
devoted to assess the TOPSAR capability to produce high-
quality DEMs. By using a SAR processor developed by
CO.RLS.T.A., the interferometric raw data collected by the
two channels have been focused separately, and an interfero-
gram of an area on which several point targets were de-
ployed has been derived. After co-registration of the images,
which had a relative squint angle of 0.2, we estimated the
baseline time-varying components from the header data
relative to the processed frame, and we performed a fringe-
enhancement procedure by means of edge detection algo-
rithms to correctly unwrap the phase information. The DEM
obtained from the XTI SAR data has been validated by
computing the height rms error with respect to the 1IGMI
digitised elevation points of the test site. This procedure has
been applied to a set of homogeneous areas, as well as to a
set of 15 point targets, which height was known after a
ground truth campaign. The theoretical error analysis for
both point and extended targets have shown rms values of
the height accuracy less than the values found on the TOP-
SAR DEM. ‘ :
The primary improvement to be performed in our interfe-
rometric processing is the development of a more sophisti-
cated motion compensation algorithm. With a very accurate
knowledge of aircraft position, velocity and attitude, it will
be possible to estimate and remove the additional error
contributions to the interferometric phase due to motion of
the platform. In addition, the atmospheric corrections seem
to play an important role in the absolute accuracy require-
ments (Madsen et al. 1993b), together with the need of
state-of-the-art reference DEMs, in order to perform the
phase calibration of a SAR interferometer, and to validate
motion compensation algorithms. Work is currently under-
way in “de-biasing™ the on-board INU data relative to ver-
tical accelerations and position. to obtain correct reference
terms which could improve the phase unwrapping tech-
nique, by means of a better knowledge of the altitude. As a
by-product, it will be possible to refine the evaluation of the
baseline components, as outlined in § 3.2.

A further promising motion compensation technique that we
are presently analysing consists in the determination of the
aircraft trajectory and altitude by making use ol the phase
histories of the point targets. In this case, the time-varying
antenna-target distances allow one to compute the antenna
position and velocity vector components in an Earth-fixed
reference frame, by using least squares approximations. Of
course, this technique has its major limitation in the availa-
bility of strong and precisely located point targets within the
area under study. Nevertheless, it can be used to validate

and/or integrate on-board ancillary data, giving results
which can be extrapolated to the whole trajectory.

Finally, further activity is required in order to implement
co-registration techniques between available reference
DEMs, converted to raster format, and interferometric
DEMs, either by using arrays of corner reflectors, as done
by Madsen et al. 1993 with the TOPSAR data sets gathered
during the 1992 experiments at Ft. Irwin, or by estimating
geometric distortions such as misalignment, skew or slope
errors. An airborne interferometric SAR simulator, which is
currently being developed and tested, could be a useful tool
in studying, evaluating and simulating sensor errors, targel
mislocation, foreshortening and layover effects, and proces-
sor-induced geometric distortions. The main objective is an
automated procedure to map the SAR image into a rectified,
ground-range format, compensated for terrain and process-
ing eflects.
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