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Abstract. This paper presents the analysis of C-band cross-track interferometric data (XTT) acquired by the TOPSAR system, on-
board the NASA/JPL DC-8 aircraft, during the MAC Europe 1991 Campaign over the Matera test site (Southern Italy). The main
technical aspects of interferometric processing, from raw data compression to DEM generation, have been addressed starting from
the analysis of the collected raw data, compressed with a range-Doppler SAR processor which accounted for range migration
effects and antenna squint. The phase difference map (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
baseline time variation, necessary for the 27 ambiguity solving procedure. The +0.2 mm accuracy on the estimate of the baseline
components gave a theoretical rms error on the height of +2.5 m for distributed 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 Geografico Militare
Italiano (IGMI), in order to assess the height accuracy of the system. The rms errors on the height estimate have been found to be
+15 m for point targets, and +8 m for extended targets.

Introduction and basic principles

One of the most interesting applications of the interferometer principle combined to Synthetic Aperture Radar (SAR)
technique is the possibility of reconstructing terrain heights by means of highly precise knowledge of distance,
obtained from phase difference measurements. Radar interferometry is a promising technique which shows the
potentiality of satisfying common medium and small-scale mapping requirements (Leberl 1990), in alternative and
integration with the photogrammetric methods of topographic mapping. Besides the well-known advantages of active
microwave remote semsing over passive imaging systems. such as all-weather and day-night capability, quick
coverage, surface penetration potentiality, independence of resolution from the distance to the target, multi-
polarization facilities. cross-track SAR interferometry offers 3D mapping capabilities satisfying various scientific
requirements (Topographic Science Working Group 1988). Airborne InSAR systems have been used to create Digital
Elevation Models (DEMs, Fig. 1).
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Fig. 1. TOPSAR DEM of Mount Vesuvio, Italy (courtesy of JPL).



High-resolution terrain elevation maps have been obtained either by analysing existing spaceborne and airborne
systems, capable of producing muitipie-pass interferometric pairs (Gabriel and Goldstein 1988 for SIR-B, Prati et al.
1990 for Seasat, Gray and Farris-Manning 1993 for the CCRS SAR-580), or by means of two antennas mounted on
the same platform (Graham 1974 for Goodyear Acrospace (now Loral Defense System), Zebker and Goldstein 1986
for the NASA CV-990 radar, Madsen et al. 1993a for the NASA/JPL TOPSAR instrument).

The basic principle of one-pass airborne cross-track SAR interferometry is depicted in Fig. 2. One of the antennas is
transmitting, and both are receiving. The backscattered echo returns from both antennas are collected and coherently
added in one receiver, and a pair of conventional SAR images of the same scene is formed.

Fig. 2. Interferometric SAR geometry (flat Earth assumption).

An object point P will reradiate towards the receiving antenna pair. and the recorded signal will exhibit a phase
difference A¢ related to the slant range difference AR=R -R, as follows:

26 =2koR =“X(R, R,)

where A is the wavelength, R, and R, are the slant ranges from the two antennas to the imaged target, k=2x/\ is the
wavenumber and the factor 2 accounts for the two-way propagation path. It is possible to relate A¢ to the antenna
separauon vector (baseline), whose components in the cross-track plane are B , =Bcos§, and B =Bsing, with the
following relation:

4 .
Ad =Tw(Bysm19 B, cos )
where ¢ is the off-nadir. or look. angie and £ is the baseline tilt angle. The phase information, therefore, depends on
the baseline components, the baseline tilt angie, the slant range to the target, the look angie and the height of the
imaged point, h(y). The surface topography h(y) is simply derived by the geometry of Fig. 2, under the assumption of
flat Earth:

h(y) =H —Rcos®¢ D
where f is the aircraft altitude.

Interferometric accuracies are limited in principle by radar wavelength and speckle effects. due to the coherent nature
of the information gathered by the sensor (Li and Goldstein 1990). The phase errors also depend on the ground
topography, in particular on the terrain siope. Too large slopes induce phase aliasing, and in the presence of layover or
shadowing effects the phase information is either ambiguous or compietely lost. Consequently, effective design of
airborne and spaceborne InSAR systems requires to take into account the scene speckle correlation between the two
passes. and the different geometries invoived and the error sources affecting the phase information (see Rodriguez and
Martin 1992 for a detailed description of the main design aspects of SAR Interferometry).

Currently, the Jet Propuision Laboratory (JPL) under NASA contract. the University of Naples, Italy, and the Alenia
Spazio under contract of the Italian Space Agency (ASI) are performing feasibility studies on a spaceborne InSAR for
global topographic mapping, the Topographic Satellite (TOPSAT. Vetreila 1993). The design specifications exploit
the main advantages of a satellite operating system. for example. the use of two spacecrafts operating simuitaneously



to overcome temporal decorrelation problems, the improvement of the knowledge of the baseline by means of
differential GPS techniques, and the use of low frequencies (L-Band) and low altitudes in order to improve the SNR.

This paper presents the analysis and the main resuits obtained from an operational airborne interferometric SAR, the
Topographic Synthetic Aperture Radar (TOPSAR, Zebker et al. 1992), which has been used as an effective testbed to
assess the reliability of the single-pass approach with respect to common problems in retrieving phase information in
muitiple-pass interferometry. During the muitisensor airborne campaign MAC Europe 1991, C-Band cross-track
interferometric (XTT) data were acquired over several test-sites, in order to verify the TOPSAR capability of delivering
DEMs at great height accuracy and little spatial resolution. The authors focused their attention on Matera test-site
(Basilicata, Southern Italy), where a set of active and passive calibration devices were deployed over a flat,
homogeneous background. After a short description of the campaign, we present the main aspects of the coherent raw
data focusing and the interferometric processing applied to obtain a DEM. In particular, the co-registration technique
and the main considerations about the baseline estimation procedure and the related accuracy are outlined. The two-
dimensional phase unwrapping 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
(IGMI), 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 developments and future research

1. The Matera interferometric experiment

On June 25, 1991, the TOPSAR instrument covered the Italian Matera test-site, gathering C-band cross-track
interferometric data. The imaged area extends over about 130 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 m average). Ancillary
ground information was collected by carrying out a simuitaneous ground truth campaign, aimed at 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
targets were three Active Radar Calibrators (ARCs), jointly developed by CO.RI.S.T.A. and Polytechnic of Bari, Italy
(Ponte et al. 1993), and 23 triangular trihedral Corner Reflectors (CRs), subdivided in 15, 5 and 3 with leg lengths of
95, 180 and 70 cm respectively.

Figure 3 shows the deployment scheme of CRs and ARCs on the test site, superimposed on the 1:25,000 scale IGMI
map of the area, and the corresponding SAR image, in slant range-azimuth format. The two parallel lines of
calibrators in the horizontal (ground range) direction were at a distance of 800 m with a spacing of 200 m between two
adjacent CRs, to avoid coupling effects. The presence of calibrators allows the computation of a rectification grid
based on many control points, well identified in the images to within two pixels. The point targets were deployed on a
homogeneous background and positioned with electronic stadimeters and theodolites. The mean height of the
calibrators' area was 370 m.
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2. Raw data processing

Table 1 lists the main TOPSAR radar system parameters involved in raw data focusing (Zebker et al. 1992).

Frequency, wavelength 5.2873 GHz (C-band), 5.67 cm
Look angle, 9 from 30° to 60°
Filght altitude ~9 km
Aircraft speed 214.4 m/s

Swath width 4630 m (slant range)
Antenna length 1.6 m (along-track)
3-dB azimuth beamwidth 2°
Baseline modulus 2.583 m
Baseline tilt angle 62.77°
Slant range 11200 m (3=45°)
Chirp bandwidth 40 MHz
Sampling frequency 90 MHz
Pulse length 5.0 us
PRF 567 Hz
Ground range resolution 5.30 m (3=45°)
Slant range resolution 3.75m
Azimuth resolution 0.8 m (theoretical, 1 look)
SNR (point targets) 18 dB

Table 1. Main TOPSAR system parameters.

We have processed a frame of 16384 lines of 2700 range samples per line, centred on the calibrators' region, and the
total imaged area has an extension of about 6x4.5 km?. The data compression has been performed by means of a range-
Doppler SAR processor which includes antenna squint correction and compensates the range migration effect, that is,
the nonlinear fashion of the sensor-to-target distance during the formation of the synthetic aperture (Ulaby et al.

1982).

The channel imbalance has been removed by estimating the level of the calibration tone, injected into the receiver of
the SAR system. Successively, a range migration analysis has been conducted on the responses of the range-
compressed calibrators. The range lines of the image subset containing the visible "stripe” of the point target have
been oversampled eight times by means of FFT techniques. In Fig. 4 the amplitude of the mainlobe peak value and the
slant range to the target have been plotted as a function of the azimuth station.
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Fig. 4. Range migration analysis: (a) Position of the mainlobe peak value in the oversampled range-compressed image of a point
target, and (b) Slant range history as a tunction of the azimuth position.

In Fig. 4 the channel imbalance (about 1 dB) and the tapering effect of the antenna azimuth pattern are 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. This relative squint will lead to a



non perfect overlapping between the two images, and therefore to the need of image co-registration, as it will be
shown in § 3.1.

The range migration (two pixels, about 7 m) and range walk (6+8 m) derived from this analysis, are in agreement with
the predicted range migration (|Arl) and the theoretical range walk (r,) given respectively by (Curlander and
McDonough 1991):

2
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where p,, is the azimuth resolution, D is the azimuth antenna length, 8, is the antenna squint angle with respect to the
nominal flight path (evaluated as shown later), and R;=H/cos$ is the slant range at the closest approach.

The corner-turned range-compressed data have been azimuth-processed in the frequency domain, estimating the
Doppler centroid frequency with standard clutterlock techniques (Li et al. 1985). The squint angles of the two
antennas. 3, , and 3, ,, have been derived from the clutterlock estimate of the Doppler centroid, f;, with the equation:

Mo
9, = sin"(—m“ J i=1.2

2v

where v is the aircraft speed. The range migration correction has been performed in the frequency domain,
reallocating the complex DFT coefficients along lines parallel to the azimuth direction. The adopted algorithm is
based on 8-points cubic B-spline interpolation, and takes the Doppler frequency variation into account. The residual
phase terms due to the antennas' squint have been corrected, and a Hamming weighting has been applied to the
reference function.

In order to validate the processor performance, a set of standard image quality tests have been carried out. 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 a/. 1990, Moccia et al. 1991), finding a
mean broadening factor of 5% in ground range, and about 15% in azimuth. The mean value of the SNR for point
targets has been found to be 18 dB.

3. Interferometric post-processing
3.1 Image co-registration

The aforementioned differences in the Doppler centroid frequencies for the two antennas caused a relative azimuth
displacement in the final images. making therefore necessary the use of co-registration techniques. To this end, we
applied a simple one-dimensional cross-correlation method. The cross-correlation function of the azimuth pixel
ampiitudes was oversampled by cubic B-spline techniques up to one tenth of pixel (<5 cm. see Table 1). The position
of the peak correlation value gave the required offset for the corresponding azimuth line: 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 1986).

After resampling, we muitiplied one image by the complex conjugate of the co-registered image, to obtain the single-
look interferogram, and successively a coherent multi-look of eight pixels in the azimuth direction has been
performed. to carry out a maximum-likelihood estimate of the phase difference (Rodriguez 1992). The eight-looks
interferogram is shown in Fig. 5: 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 visible.



Fig. 5. Eight-look interferogram of the processed area.
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distance from sensor to target. Moreover, the accurate knowledge of the phase centre of the two antennas allows one to
improve the terrain height estimation accuracy. The estimation of the TOPSAR baseline components, which depend
ontheaircraﬁattimdedynamics,isacmcialpomxwhenreconsm:cmgmeoﬁ'-nadirangleﬁomthcslammngeand
the phase differences of the interferogram (phase unwrapping) and when converting the fringe map, or phase surface,
into absolute height measurements (Li and Goldstein 1990).

’I'hea!timdedatarelaﬁvetothemmedﬁamchavebeenemaaedﬁomtheh&derﬁleassodatedwtheoouected
rawdata.TheancillaryinformaﬁonwasgivenbytheDigitalAvionicDatasystem(DAD)andthcmdarmexﬁal
navigation system (LASERREF) on-board the aircraft. and it allowed us the anatysis of platform motion. Table 2
reports a statistical analysis of pitch. yaw and roll angles, recorded by the LASERREF system at a 50 Hz update rate,
with a quantization precision of 0.01 degrees. The attitude peak-to-peak variations during the analyzed frame have
been found to be about 0.25°.

Attitude an Mean value | St. devistiom
Yaw 0.408 0.063
Pitch 1.465 0.069
Roll -0.418 0.064

Table 2. StaﬁsticsofthcattimdeanglarelaﬁvetothcprmeddamaegmmL

Byusingmmeavemgewﬁmamandasmmmgayaw-pitch-mnmmﬁonseqtmweappliedaoo-ordinate
nansformaﬁontoexprssthebaseﬁnecomponemsinaright-handeddynamjcrefemnccﬁ'ame.withtheorigin
coincident with the Inertial Navigation Unit (INU) position, the z-axis coincident with the locai vertical and directed
towardstheEanh,andthey-a:dspapendimlarmtheplanedeﬁnedbytheINUvelodtyveaorandmelomlvertiml
(Moccia and Vetrella 1986). ThemrdinmeﬂansfomaﬁmmaﬁxbaweenmedynMCandthebody-ﬁxedmference
frame(origincoincidentwiththelNUandampamlleltotheaimﬂinemaprincipalaxm).Mw,isgivenby:

cosBcosy —cosasiny +sinasinBcosy  sinasiny +cosasin8cosy
M, =] cos@siny cosacosy +sinasingsiry  —sinc cos?y +cos asingsi (2)

-sing sincxcos 3 cosacosf

where o, 3 and 1y are the roll. pitch and yaw angles. respectively, and B,n(Bm,BWB&) is the baseline vector in the



body-fixed reference frame. Table 3 reports the baseline components with respect to the body-fixed reference frame,
and the estimated ones in the dynamic reference frame, whereas the two reference frames are shown in Fig. 6.

Body-fixed ref. frame I Dynamic ref. frame
|B| [m] 2.5823
B_[m] X5y7X, = 0.000 XX, = 0.0541
By [m] Yor Yo =-1.1821 ¥,7y,=1.1991
B, [mj 2,2, =—2.2969 z,2,=2.2876
E [deg] 62.77 62.34

Table 3. Baseline components in the body-fixed and dynamic reference frames.

Fig. 6. Dynamic and body-fixed reference frames, with the baseline orientation: A, and A, represent the antennas' positions.

Assuming uncorrelated fluctuations in the observations of the attitude angles, and using Eq. (2), under the hypothesis
of small angles, we derived the variances of the baseline components in the dynamic reference frame, o3 , o3 , op_,

as a function of the variances of the attitude angles. o, 53, o.. In matrix notation:

2 2 2 2
GBx 0 Bzo BYa Ca
2 |~ 2 2 2
Oy, | = BZO 0 Bxﬁ G,
2 2 2 2
GBx Bya Bxc 0 oy

where B =x,-X,, B, =y,~y, and B,=7z,-z;, are the nominal baseline components (Table 3). The variances
ol, of, o are of the order of 10® rad’. With these values, the accuracy on the baseline components estimation was

of the order of +0.2 mm.

3.3. Reconstruction of absolute phase information and DEM generation

The estimated baseline components (Table 3) 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 (Ground Control Point) of
known height and distance from the radar, the 2n 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 techniques
to locate the fringe lines in the interferogram (Lin et al. 1992), an effective method which solved satisfactorily the
phase indetermination problem. In Fig. 7 the original interferogram with the edge-enhanced fringe lines, i. e. the
boundaries of the 2x-addition on the integrated phase, is shown, and a cut of the phase surface from near to far range,
after the edge-enhancement procedure is plotted in Fig. 8.
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Fig. 8. Fringe contrast after edge enhancement.

The fringe contrast n has been evaluated as:

l M N
"'2::MN§§]¢*"—$|
where%.e[-ar,n[isthephasevalueofapixelofaninspectionmatrixwithmesandNoolumns.and¢—isthemm
valneoftheM-Noomplcxelemcmsofthematﬂx.TheselectedvalmofMandecrc9and7rmpecﬁvcly.Thme
values satisfy a symmetry criterion (an equal number of pixels on the sides of the fringe line, bounded within two
pixeis) and are well suited with respect to the estimated vertical and horizontal distances between two adjacent nuil
lines, or fringes. In correspondence of a nuil line, ¢ is close to 0, whereas the deviations ,¢,,-$| are close to =:
therefore, the fringe contrast has high values (>0.4) when crossing a phase-inversion line.

Theunwmppingalgoxithmworkedveryweu.andtherewerelitﬂeornomjslocationsoffringelimduetophase



noise. In fact, 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. At this point, by using the computed baseline
components and the unwrapped phase information, we were able to derive a DEM. The height 4 of a pixel has been
computed using Eq. (1), and the slant range to the pixel has been 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:

_2n B_iz_ (e e __13_1
Aq)—T[stm (£-9)+B,sin(§-9) R 3)

where B;, = B; + B! is the projection of the baseline vector on the y-z plane. It is worth noting that the detection of
fringe lines with edge enhancement techniques was insensitive to the effect of the strongest point targets on the
phases. 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 integration (Goldstein et a/. 1988), had shown an unacceptable error propagation in the
pixel regions located near the strong point target calibrators.

4. Estimating the height from the phase difference: theoretical error budgets

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 from the analysis of the phase difference contained in the
interferogram. The principal error-affected parameters 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. Rms height error for 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 function evaluation (Moccia and Vetrella 1992). Considering only the strong
received phasor with no decorrelation effects, if 4 is the pixel elevation, and A¢ is the estimated phase difference
between two homologous pixels (Eq. (3), applied after image co-registration), the basic equations for computing the
topographic information are (Fig. 2):

A B, . _ . B?
AR:E;Aq):ﬁsm (&—1})+Bwsm(§—ﬁ)—5k—

{h=H-Rcos?d =H—R(,/l—B2 cosé—[isiné)

(R+AR)’ -R*-B?

B=sin(§-v)= RB

where AR is the path difference. Assuming uncorrelated parameters. the height measurement uncertainty o; is given

by:
RS FREY FRES RRES RE MY PO
"loH) " \aR) * \ow) ° |eB,) * '|oB,) * (9B, ™

where o, is the aircraft altitude uncertainty, o, represents the uncertainty in the sampling time of the echo return (it is
of the order of 30 cm because it depends on the internal clock accuracy), o, is the uncertainty on the look angle, and ¢
me Opy» Opyp the baseline components uncertainties, have been derived from the aircraft attitude dynamics. Simple
algebra leads to the following expression for the derivative terms in Eq. (4):
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The uncertainty on the measured phase difference, which induces an uncertainty 6, on the measured look angle, is

related to the variance of the quantization error on A¢. Expressing cf‘ as a function of the baseline length, a quadratic
form is obtained:

&)

2
Rtan(g - 9)-Bcos(§ - ¥)
RB + B’sin(€ - 9)

c§=K+C{

where:

K =6}, +cos’ 9o + Rsin*do},

C =R’sin*doj
Eq (5) has been derived assuming B=B_, because the uncertainty on B, of the order of 10, has been neglected with
respect to the uncertainties 6, and o, of the order of 10'.

4.2. Rms height error for distributed targets

For a distributed target whose backscattering coefficient is 6%(x.y,z), viewed at ¥ radians, it can be shown (Rodriguez
and Martin 1992) that v, the correlation coefficient between the interferometric echo returns v, and v,, is given by:

i) o
il )(waf) e

where R is the system SNR. and a is given by:
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where B, and B, are the along-track and cross-track baseline components, respectively, 8 and J, are the azimuth and
range offsets between the two images, w(X,y) is the impulse response function, which has been chosen to be given by a

two-dimensional sinc function. The operator F{+} represents the Fourier transform of ¢°, evaluated in (x,y,a), where a
is equal to -Bcos(§-0)/R Asinv. The uncertainty on the phase difference, o,,, is derived by applying the Cramer-Rao

10



bound on the estimator of A$ from an N, -looks image (Rodriguez 1992):

2 1 1‘72
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mbeappliedinEq.(3)todeﬁvetheheighterrorbudgetfotdistribtnedtargas.Aplotoqu.(5)isshowninFig9,
obtainedusingavalmofiﬂlmmforthemnaimyonthebaseﬁmcompomms,ilmforthenncemimyonaircmﬁ
altimde,andwith45°incidenccang1e(midswath).Consideringabaselinclengthon.SSm,thecxpeaedheightenor
isi4.5mfmpoimtargasandﬂﬂmfordisuﬂmedtargds.TheSNRvahmadmtedm18dBforpoimtargcts(l3
dB for distributed targets), whereas the standard deviation of the quantization error, o, was set to 1.7-104v12
radians.
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Fig. 9. Theoretical error budget on the height estimate.

S. DEM validation through comparison to existing digital height maps
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DEM, in slant range-azimuth format, is shown in Fig. 10.
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Fig. 10. Radar-derived DEM of the processed area.
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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 elevation 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 fifieen CRs to carry out an analysis of the difference 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
more than 200% greater than the predicted theoretical value (see Fig. 9). Fig. 11a shows the height values in both
cases, from the radar-derived map and from the reference DEM, and Fig. 11b plots the differences between the two
heights.
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Fig. 11. (a) Height values from the radar-derived and the reference DEMs. (b) Difference between true and computed heights on
the 15 analyzed CRs.

In order to make use of extended targets in the validation of our DEM. we cut eight areas of 15x15 pixels
(representative of an area of 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 selected CRs.
but without including their responses. and they have been chosen and located on the IGMI DEM as flat areas. From
the results shown on Fig. 12. the mean rms value of the difference between true and computed heights is +8.1 m.
about 200% greater than the theoretical error budget.
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Fig. 12. Analysis on eight distributed areas surrounding some CRs. The errorbars represent the rms error on the estimated height.



The quality results on the radar DEM show that motion compensation is mandatory, in order to optimise the
performance of the end-to-end InSAR processing chain. By reconstructing the displacement history of the antenna
phase center with respect to a reference track, it is possible to calculate a slant-range dependent phase correction for
each range-compressed pixel (Madsen et al. 1993a). The compensation of spurious phase terms will enable us to
evaluate the phase information as if the antenna travelled along a straight line with constant speed. Motion
compensation is the major issue of our future work in airborne interferometric SAR processing.

Conclusions and further developments

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
interferogram of an area on which several point targets were deployed 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
algorithms 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 IGMI 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 has shown rms values of the
height accuracy less than the values found on the TOPSAR DEM.

The primary improvement to be performed in our interferometric processing is the development of motion
compensation algorithms. 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 the platform motion. In
addition, the atmospheric corrections seem to play an important role in the absolute accuracy requirements (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 underway in "de-biasing" the
on-board INU data relative to vertical accelerations and position, to obtain correct reference terms which could
improve the phase unwrapping technique, by means of a better knowledge of the aititude.

A further promising motion compensation technique that we are presently analysing consists in the determination of
the aircraft trajectory and altitude by making use of 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 availability 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 rectified interferometric DEMs, either by using arrays of corner reflectors, as
done by Madsen ef 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, target mislocation, foreshortening and layover effects, and processor-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 processing effects.
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