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First Demonstration of Airborne SAR Tomography
Using Multibaseline L-Band Data

Andreas Reigber and Alberto Morejr&enior Member, IEEE

Abstract—in synthetic aperture radar (SAR) interferometry, Polarimetric SAR interferometry was a first step in the abate-
the phase differences between two different sensor positions arement of the scattering ambiguity problem in the height direction.
used to estimate the terrain topography. Although it is possible in By combining interferometric and polarimetric techniques, it
this way to find a three-dimensional (3-D) surface representation, . . . . o
the distribution of the different scatterers in the height direction enables t.he separation ofd|fferent§catter|ng m.echgnlsms within
at a fixed range and azimuth position remains unknown. Contrary & resolution cell and at the same time, the estimation of the as-
to this, tomographic techniques enable a real geometric resolution sociated heights. The phase decomposition performed in po-
capability in the height direction and introduce new possibilities |arimetric SAR interferometry uses the full polarimetric data
for many applications and inversion problems. Even misinterpre- 554 estimates for each image pixel three orthogonal scattering
tations in SAR images caused by layover and foreshortening effects hani 3161, F le f tated the th
can be solved by the tomographic processing. mec anisms [ ]_ [6]. orexa_mp e loravege a_e area_ e ree

In this paper, the successful experimental realization of po- different scattering mechanisms can be described as (in a sim-
larimetric airborne SAR tomography is demonstrated for the plified model): 1) a single bounce contribution from the ground;
first time. We present the concept of aperture synthesis for 2) a double bounce contribution from the trunks; and 3) a dif-
tomographic imaging for the case of a multibaseline imaging f,se (volume) contribution from the tree leaves and branches.
geometry and discuss the constraints arising from the limited H it i t ibl ith this techni ¢ te th
number of flight tracks. We propose a method for reduction of the ~OWEVET, 1L1S NOL POSSIDIE with this technique to separale the
he|ght ambiguities associated to the irregu|ar and undersamp|ed Contr|but|0ns Of the same Scatte”ng meChar“Sm d|Str|bUted over
spatial distribution of the imaging positions. Finally, we address different heights.

;he expefri]ment? rf]eqUireme[ﬂtS f(t)rl DO|aﬁitmetr.iC airbOfE% SAIR Tomography is a well known technique in several scientific

omography and show experimental results using a multibaseline & : ; ; ot

data set acquired in L-band by DLR's experimental SAR (E-SAR) fields as WQII as an established tool in medical appllcatlong.

of a test-site near Oberpfaffenhofen, Germany. Computer-aided X-ray tomography (C_ZT) and nuglear magn_etlc
resonance tomography (NMR) are widely used in the medical

field. In the first case a narrow X-ray beam is transmitted for a

set of angle positions 36@round the object [7]. As depicted

in Fig. 1, the attenuation occurred by passing the object is mea-

sured by a set of sensors positioned at opposite side to the trans-

. INTRODUCTION mitters. For each angle position the received signal corresponds

HE STANDARD product of a single-channel SAR sensd & projection of the object attenuation in the transmitting direc-
T is a two-dimensional (2-D) image of the scene reﬂecﬂvityon. The projection-sli.ce the.orem [8] postulates that the Fourier
with high resolution in the slant range and azimuth direction ugr,ansform of the received signal corresponds to a slice of the
[2]. This image in principal represents a projection of the threé-D Fourier transform of the attenuation function for a given
dimensionally (3-D) distributed backscattering amplitudes onfé'dle position. The CT processing consists of performing first
a 2-D plane. SAR interferometry additionally performs a me& one-dimensional (1-D) FFT, which leads to a 2-D represen-
surement of the terrain topography in the direction perpendi@ion of the attenuation distribution in a polar format. Next a
ular to azimuth and to the line-of-sight by analyzing the phagg,terpolation step from polar to Cartesian format is performed.
differences between two images obtained from slightly differefinally; a 2-D inverse FFT leads to the final image, which gives
positions. These phase differences are used to determine dh€x2-D object attenuation map at each position.
pixel by pixel basis the off-nadir angle and by this, the corre- It has been shown in several papers [9]-[11] that the spot-
sponding height information. The resulting height is associatb@ht SAR azimuth processing can be formulated in a similar
to the effective phase center of all scatterers within the resoltfay to the CT technique. Also, the azimuth SAR processing in
tion cell. With interferometry it is possible to generate a 3-StriPmap mode is analogous to the described tomographic pro-
height surface, but the distribution of scatterers in height is uf€SSing. Due to the small angle variation associated with the

derdetermined and cannot be resolved by a single baseline meaR processing, it was possible to develop very effective al-
surement. gorithms that avoid the 2-D interpolation step [12]-[18]. The
formation of the synthetic aperture in SAR generally has to be
considered as a tomographic technique.
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The authors are with the German Aerospace Center (DLR), Institute f@fith a 2-D SAR. In the case of the X-ray tomography the third
Radio Frequency Technology, D-82234 Oberpfaffenhofen, Germany (e-mail; . . L . . .
Andreas.Reigber@dlr.de). imaging dimension is not achieved by tomographic principles at

Publisher Item Identifier S 0196-2892(00)08903-8. all. Instead, the same 2-D processing is repeated in several po-

Index Terms—Ambiguity suppression, polarimetry and interfer-
ometry, SAR processing, synthetic aperture radar (SAR), three-di-
mensional (3-D) imaging, tomography.

0196-2892/00$10.00 © 2000 IEEE



REIGBER AND MOREIRA: FIRST DEMONSTRATION OF AIRBORNE SAR TOMOGRAPHY 2143

v 77 ,///”’//,
s
> Tl

i
7

\ N

X~-ray Fig. 2. Multibaseline imaging geometry for tomographic SAR. Synthetic

Sensors aperture in azimuth (flight path) provides a high azimuth resolution
(z-direction), and the aperture indirection allows a geometric resolution in

height.
Fig. 1. Imaging geometry for computer-aided X-ray tomography. Transmitter
and receiver positions are rotated around the object.

sitions across the object, i.e. by carrying out in small steps par-
allel translations of the transmitter and receiver set. This trans-
lational operation as by the CT technique cannot be applied here
due to the wide elevation beam of a SAR system and the variety
of objects which have to be imaged. The basic idea is there-
fore to form a second synthetic aperture in the direction of the
translational movement (see Fig. 2). This direction, denoted as
normal directionz, is perpendicular to the line-of-sight (range |
or across-tracky and azimuth (flight) directions. k,
Assuming a fixed azimuth position,, the received SAR ' ' _ _
signals() under a given oft-nacir angle s a convoluton of [, % Shect reserater o mulioesen SR mages, e SaF
the complex reflectivitya(y, ) with the transmitted signal refiectivity spectrum in the range-height frequency domain. Tomographic
p(t), where 1. denotes the height ang the ground range processing then can achieve a spatial resolution in the height direction.
coordinates. Therefore, its spectrum can be expressed in terms

of the Fourier transforms of the signB(w) and the reflectivity [20] flight paths, whereas the latter is the technique adopted in

Ay, Fn) our experiment. Fig. 2 depicts the imaging geometry with the
synthetic aperture in azimuth and height directions.
S(w) =P(w)A(ky, ki, . . — :
() (w)A( y’zwl ) We introduce the following definitions, which have not been
with k, = — sin 0 clearly defined in the SAR literature so far.
C

) 1) Tomographic SARSystem configurations forming an ad-
ki = o " 4 ) ditional synthetic aperture in the normal direction. The
) ) synthetic aperture in azimuth direction is associated with
whereasw is denoting the radar angular frequency anthe a variation of the so-called squint angle, while the syn-
speed of light. _ thetic aperture in the normal direction is associated with
main, i.e., in the range and height frequency domaitle see also be interpreted as a multibaseline interferometry with

that the spectra of images acquired from different positions (i.e.,  the number of tracks being much greater than two.
with different off-nadir angle®) contain different slices of the 2) 3-D SAR System configuration using a circular flight
spectrum of the reflectivityd(k,, k..). By using a series of path around the object, i.e., the imaging capabilities are
flight tracks, we can derive in this way a knowledge abouta2-D  primarily associated to a variation of the squint angle and
area of the reflect|V|'ty spectrum. By tomographm processing of ot the off-nadir angle. For example, the object located in
these data, the spatial reflectivity functiey, ) can be recon- the focal point of the circular path has no off-nadir angle
structed. _ _ o variation, and it is not possible to solve for this object the
In order to obtain several slices of the reflectivity spectrum, scattering contributions at different heights as by SAR to-
various imaging geometries are possible. For the case of air-  mography.
In SAR processing, the wavenumber £ k) domain is often related to the two tracks (_Or two antgnnas) tha.t measgre the topography
range and azimuth (Doppler) frequency domain. of the terrain. The height associated with the topography
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is related to the position of the phase center of all x
backscattering contributions within each resolution cell.

The basic idea of radar tomography has already been men
tioned in the literature [20]-[22], but until now, experiments
have only been done under laboratory conditions [23], [24] or
in the spaceborne case with limited imaging capabilities [25],
[26]. This paper is concerned with the first practical demon-
stration of airborne SAR tomography using high resolution po-
larimetric L-band data. In Section Il, we review the basic SAR
tomographic processing formulation. We propose a processing
procedure for the image formation that accounts for the mo-
tion compensation step required in the airborne case. Further wi I
pr_esent anew p_rocedure f_or suppr_essing the ambiguities Whi(i:h 4. Simplified tomographic imaging geometd £ ). The SAR sensor
arlses from the irregular distance intervals between the _tr_acﬁgrﬁiﬁates avolumé’ at different positions on the-axis. The total height of
Simulation results are presented to demonstrate the efficiefigyvolume isH, the baseline between the several illumination position is
of the proposed approacheS. In Section |||, the |mag|ng reSLmy the maximum length of the tomographic illumination path.is
obtained with 14 parallel tracks over the test site of Oberpfaf-
fenhofen over Germany, acquired with the E-SAR system of
DLR [27] are presented and discussed. Section IV concludes
the paper, giving some suggestions for further research work.

7

_

H

N

R

3

s

Il. MULTIBASELINE TOMOGRAPHIC SAR PROCESSING
A. Basic Principle

The basic principle of tomographic SAR focusing is to per-
form an aperture synthesis in thedirection out of the different
flight tracks. As the distances between the tracks can stay small @
for a reasonable resolution in height, we do not follow the di-
rect wavenumber-domain reconstruction. Instead, a more effi- Ar 2
cient approach using only one FFT is made. The necessary pro- 0
cessing steps for this and the occurring signal properties can be 0
explained best by using first a simplified geometry. n <0

As shown in Fig. 4, we assume in the following equally
spaced baselines and neglect all projections related to the
off-nadir angled, i.e., 7 is considered to have the same di- ()
rection asz (6 = 90°). In the real side-looking cas€,would Fig. 5. Frequency dependency of the tomographic signal ir:#ie -plane
correspond to the baseline perpendicular to the line-of-sigltiteight/height frequency domain) for different scatterer positions. (a) Received
andn to a height ofh = n sin(9). The path length (two-way) tomographic signas.. and (b) tomographic signal after deramping
between the sensor at positienand a scattering element at
heightno and a minimum range distancesefcan be expressed  For processing ScanSAR data, which is already range com-
as pressed, the so-called spectral analysis (SPECAN) algorithm

9 has been widely adopted [29] and will be used in a slightly mod-
(2, no) = 24 /Tg + (2 — n0)2 ~ 2ro + (zjﬂ (2) ified version for the tomographic processing proposed in this
0 paper.
The SPECAN algorithm has two basic assumptions. The
first approximation is related to the approximation made in (2),
ik 9 i.e. the received signal has a quadratic phase modulation. The
sr (2, o) = a(ro, no) * exp <_E (z = n0) ) () second assumption is that the range migration is very small, i.e.
the variation ofr(z) for —L/2 < z < +L/2 is smaller than
wherea(rg, no) denotes the complex reflectivity in the distancéalf the slant range resolution cell. In our simulations and image
ro at heightny andk the wavenumber2\. The received signal processing with real SAR data, we have corrected the phase
consists of the complex reflectivity convolved with a quadratizariation without any approximation and performed the range
phase function. This chirp signal is a function of thdirection cell migration correction exactly. In the following, however, we
and has a zero frequency offsetif = 0. It shows positive fre- keep these two approximations for better understanding of the
quency offsets if the height of the target is positive (see Fig. 3mographic imaging mechanism and properties.
s, is similar to the signal of a burst mode SAR like ScanSAR The first step in the SPECAN algorithm is to compensate the
[28]. In the ScanSAR case, the Doppler centroid is varying aguadratic phase variation by multiplying the received sighal
cording to the target azimuth position. by a complex conjugate quadratic phase function. This oper-

and the received signa). can be modeled as
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ation is denoted as deramping and is illustrated in Fig. 5. By Interestingly, (7) contains a phase term proportionak3o
multiplying the received signal with a deramping function  This term corrupts the image phase, which should ideally be in-
. dependent from the position of the target. For simple imaging,
u(z) = exp <+ﬁz2> (4) Where only the amplitudes are of interest, this is irrelevant. But
To for polarimetric and other applications that require a phase-pre-
serving image reconstruction, it is necessary to remove this term
by multiplying an inverse phase term after the final image has
ik ) (5) been generated. A similar multiplicative step is necessary in the

— o PE— 2 J—
sa(z, no) = a(rg, ng) * exp < p (ng — 22n0) SPECAN approach to achieve phase preserving processing [14].

a demodulated signal, can be obtained

The spatial frequency. of deramped signasé, is no longer B. Airborne Case
dependent on the z-position [see Fig. 5(b)]. It depends only o, ever under realistic conditions, it is not possible to ob-

the heightzo of the occurring scattering processes tain equally spaced baselines, and the real tracks show devia-
9 arg(sq)  2kno tions from the nominal positions in both tlgeand>-directions.
= . (6) Because of practical constraints, we are also limited to a rela-
tively small amount of flown tracks. The result is that our syn-
The final step in the SPECAN algorithm is to perform ahetic aperture in the-direction is always unevenly sampled,

spectral analysis by means of a fast Fourier transform (FFRhd even worse, in some parts normally strongly undersampled
According to (6), thek.-domain (height frequency domain) iswith respect to the examined volume height (i.e. the condition
equivalent to the spatiat-domain. The desired image resulif (9) is violated).

v(n, no), therefore, is equal to the Fourier transform of the The first step in processing real SAR data obtained ff§m

kz (ﬂo) =

1571 )

deramped signal in the-direction Su(k., no) different tracks is to correct the data samples for a constant slant-
range distance. This can be achieved by replacing the deramping
v (1, no) function of (4) by a phase correction term of the form
= Sy (k., no) .
e e us = exp(ik (r; - (r))) (10)
= a(ro, no) e~ (ik/ro)ng / exp(— (no —n) z) dz
/2 o where

- Gk froynE kL 4 denotes the range distance betweentieensor posi-

=a(ro,no) - L-e ! -sine <E (no — ”)> ) tion p; and a reference point in the middle of the focus;
<7‘> 1/N Ez Ti

where sinc(x) stands for thesin(z)/z—function. From the After this phase correction, the data samples appear like they

width of the sinc-function, the geometric resolution in théave been acquired from positions on a reference circular arc

z-direction results as around the reference point as depicted in Fig. 6. This step is
Mo similar to the line-of-sight phase correction in stripmap SAR
6. = 5L (8) motion compensation. Thi¢h data sample now has a form sim-
ilar to (5)

For example, a L-band SAR system with 5000 m range distance )
o achiev_e; a he.ight. resolution of approximately 2 m,.vx_/ith ato- g (ng) = a(ro, no) * exp <_£ (n2 - 2[in0)> (11)
mographic illumination pattf of 300 m. Furthermore, it is im- {r)

portant that the illumination path is properly sampled in order {ghere/; denotes theth distance along thedirection (Fig. 6).
avoid height ambiguities. This means that the sampling d'Starl&ﬁalogous to (7), a focusing can be achieved by transforming

d must be sufficiently small to fulfill the Nyquist criterion for i, deramped signal to thg-domain corresponding to the spa-
the spatial bandwidth of;. If this cannot be fulfilled, high side- 5 n-domain.k;, denoting the wavenumber in tiirection,
lobes and ambiguities will occur in the image, as in the case @f, pe derived as in (6)

azimuth ambiguities for 2-D SAR imaging. The sampling dis-

tanced, which is necessary for unambiguous imaging, depends N )
on the total heigh# of the examined volume v(n, no) =1/N Z si exp(—ikili)
=1
darg(sa)\ | Ao ol 2ik
<1/B,, = |-2x [ /=22 = = < il ).
d<1/B,, ‘ 7T< e ¥l (9) 1/N ; S; exp<<7)> nl,) 12)

In our example, a maximum baseline separatior:@0 m has The shape of the resulting impulse response now depends on the
to be held for a volume height of 30 m. The total number dafistribution of the sensor positions and cannot be described in an
required tracks of 15 is obtained by dividing the illuminatiorasy way. Due to the uneven sampling of the aperture, the result
path of 300 m by the baseline separation of 20 m. Increasing teealways a disturbed response that does not show a main am-
volume height to 60 m means to decrease the baseline separdbignity in the distancé\n = A\rq/2d but a generally increased

to 10 m and to increase the number of tracks to 30 if the heigdrhbiguity level starting next to the main lobe. A closer sam-
resolution of 2 m is to be kept. pling would reduce the ambiguity problems, but with a limited
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number of tracks for a practical realization it will also deterio: 1
rate then-resolution.

If the Nyquist criterion is fulfilled for all data samples, a re-
sampling operation to a regular sampling alongsthdirection
followed by spectral analysis (FFT-operation) will lead to the
samesinc-function as in the previous section (7). In practice
however, this is not the case and the resampling operation w
undersampled data strongly deteriorates the image quality. Tl
problem will be assessed in the next section and a solution w
be proposed and validated with simulated data.

C. Ambiguity Suppression

As is well known in azimuth SAR imagery, the ambiguity
level caused by undersampling is one limiting factor for the
image quality in the azimuth direction. In the azimuth SAR caseig. 6. Deramping operation of a tomographic data set obtained from
an ambiguity suppression greater thaB5 dB is required for non-ideal positiong; as a result of unevenly distributed flight tracks. This
hieving hiahi i hi lue is obtained b | . operation is precisely performed by applying a phase correction proportional
ac IE\_llhg 19 !mage quality. T _'S Va_ue 'S_O taine ys_e ect| the distances between the real positipngnd an ideal (circular) imaging
a sufficiently high PRF for a given imaging mode. This PREeometry around a reference point in the middle of the focus.ITieection
value ensures the correct sampling of the Doppler bandwidthparalle! to the-direction.

while the azimuth antenna diagram suppresses the ambiguous

higher Doppler frequencies. In the tomographic case, the elevaTo find a remedy for this problem, the integer interferogram
tion antenna diagram is very wide, leading to the different propombination technique [35], [36] can be applied to fill up the
erties when compared with the azimuth SAR case longer gaps of the irregular tomographic sampling. Under the

1) The ambiguities are not suppressed by the elevatigiinplifying assumption that a single backscattering contribution
antenna diagram for the entire swath width. The heigit dominant in the examined volume, the tomographic signal
ambiguities therefore appear periodically in intervalgan be modeled by a dominant spatial frequency. In this sase,
of \ro/2d. This means that the total heigltf of the behaves autoregressive, and it is possible to estimate in a simple

examined layer cannot go beyond this limit. In outay its function values at some synthetic track positions. Under

example in Section 11.B, the ambiguity height separatiotiiis model, the interferogram between two adjacent tracks for a
of 30 m is achieved for a baseline separation/cf 20 scatterer at positiony can be written as
m. This constraint defines the tomographic geometry for
a given application. ) 5 ik
2) Inapractical case (air- and spaceborne), it will not be pos-Ii:i+1 = sisip1 = a (0, no) eXP(‘@ (2Ali7i+1”0)> .
sible to hold a constant baseline separation for all tracks. (13)
Additionally, very possibly the distance between som@iith this interferogram, it is possible to add to every sensor
tracks will violate the maximum allowed baseline sepgosition/; two new simulated tracks at the positidpsAl; ;41
ration. This irregularity increases the sidelobes of the to-
mog_rap.hlc mpulse response and deteriorates the helgpt: s 1|1
ambiguity ratio. J J .
. The first it'em mentioneq previously QOes not necessarily — g (r,, ng) eXP(‘i (ng —2(l; + Ali,i+1)”0)> (14)
imply a deterioration of the image quality if the imaged volume (r)
has a sufficient small height. Our concern here is to findsa =s; x I*/|I]
solution for the problems listed in the second point. It turns ik,
out the question how these sidelobes caused by the under- and® @ (7o: 70) eXP(‘m (ng —2(; — Al it1) ”0)> -(15)
irregular sampling can be reduced during processing of the
data. We can see that these new synthetic signals are identical to
In the case of only an irregular baseline separation, the datgnals that would have been received from the positipnrs
can be transformed to a regular grid before processing by A% ;11 andl; — Al; ;4. As noted before, this is only valid
oversampling and resampling step. But this presumes that threler the assumption of one single dominant scatterer within
distances between all sampling positions are clearly below ttihe considered volume. For multiple scatterers, it can be shown
limit given in (9). In practice, it can happen that this condition iésee appendix) that the newly derived signals can still be consid-
missed for at least some intervals. Backscattering contributiom®d as a valid approximation of the real signals, as long as only
far from the central position of the examined volume are asswack combinations with small baselines are selected in (13). To
ciated with higher spatial frequencies. The undersampling aminimize errors, we used for the estimation of new signals only
the resulting frequency aliasing of these components preveniat@rferograms obtained from baselines smaller than half of the
proper interpolation of the data. actual gap to be filled up. After the generation of the synthetic
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signals, the data is still unevenly sampled, but due to the mu
denser sampling, which satisfies the Nyquist-criterion, an inte
polation to a regular grid is now possible.

To check the applicability of this method, it was tested on & -
simulated data set. In Fig. 7(a), a simulated scatterer distrib §8&
tion |a(r, n)| in the azimuth/height-plane is shown. It consists
of athree-layer volume target (two of them having a random dis
tribution) on the left side of Fig. 7(a), two separated scatterel
in different heights in the middle and a single scatterer place
over the whole height range on the right side of this figure. Th
system parameters used in the simulation correspond to our ¢
perimental conditions, the focused volume has a height exte &
sion of H = 40 m. In Fig. 7(b), we see the direct tomographic
processing of the described scatterer distribution by a sufficie § M
amount of equally distributed tracks. A resolution of approxi- ll" Wi
mately 3 m is achieved in the height direction. Contrary to this
we observe in Fig. 7(c) that a tomographic processing using
smaller amount of nonuniformly and undersampled track pcj#
sitions shows a high ambiguity level, leading to a poor imag !
contrast. The result obtained from the same data as in Fig. 7(
but with the proposed ambiguity suppression method applied o
ShOV\_/ﬂ In Flg. 7(d) Here, the single d|agqnal line of Scatterers_l%. 7. Tomographic processing of simulated data. (a) Simulated scatterer
the right side is perfectly reconstructed independently from iéitribution |a(r, n)| in the azimuth(horizontal)/height(vertical)-plane, (b)
position in the focused height. The sidelobes were Suppresseﬁst:gnstruct@on us?ng 25 _equally spacgd tracks of 10 m horizontal baselin_e, (c)
~15 dB (no weighting was applied). But also for the distribute Cﬁq”f;r#é t{S;‘ r‘fc'gﬁsm{ii%“'uiﬁndg',sfﬂi’“sfgqter?fgfkvﬂf)hnﬁgﬁﬁZiggsbﬁsfc“)ngncg
targets on the left side where only an approximate generationa@flying the proposed ambiguity suppression method
synthetical samples is possible, we can observe a clear improve-
ment in the quality of the reconstruction. case, the position, velocity, and the position angles of the air-

In addition to the Fourier transform, several other spectrgfaft are recorded by a CCNS4/Aerocontrol navigation system,
estimation techniques [30] can be applied to further reduggich uses a combination of D-GPS receivers and an LTR-81
the ambiguity problem. Especially higher order autoregressiygertial navigation system for the measurement of the platform
techniques are very promising since already with the presenigskition and position angles, respectively. The absolute position
simple method, it is possible to achieve good results. Accuracy of the CCNS system is specified to 0.2 m, the relative
reduction of the ambiguity problems might also reduce thgcuracy to 0.05 m. The position angles are specified with an ac-
experimental effort, as a lower number of tracks would b&uracy better than 0.03The CCNS system additionally gives
necessary to achieve the desired image quality. the pilot an online feedback about the flight path during data ac-
quisition by using a real-time D-GPS position processing with
an accuracy of a few meters. This facilitates considerably the
compliance of the planned flight tracks for the pilot and the de-

The experimental realization of the presented concept is ndditions from the nominal setup are minimized to an acceptable
a trivial task, especially not for the airborne case, where a rédvel.
atively unstable sensor platform is used. But as a long wave-As discussed in Section Il, a track distribution with a long dis-
length with high penetration capabilities like the L- or P-banthnce between the furthermost tracks is needed for higgs-
is necessary for the imaging of a volumetric scatterers, spao&ition, and at the same time a small distance between adja-
borne sensors drop out from the outset because of an actual leeht tracks to avoid image ambiguities. Because of the limited
of these frequencies. On the other hand, airborne sensors haamaunt of tracks that can be recorded during a mission it is nec-
much higher flexibility in the realization of special experimentadssary to find a good compromise here. For a first demonstration
needs. of airborne SAR-tomography a suitable L-band data set was ac-

As a platform, we used DLR’s experimental SAR systemuired in May 1998 on the test site of Oberpfaffenhofen, Ger-
(E-SAR). The E-SAR is a multifrequency SAR system, that oprany. During this campaign, fully polarimetric data sets with a
erates polarimetric in X- and C-band, and fully polarimetric iprocessed spacial resolution=efL.0 m in azimuth and 2.3 min
L- and P-band [27]. The airplane used by the E-SAR is a smadinge were recorded from 13 parallel flight tracks. We planned
DO 228 turboprop aircraft operating at a typical height of 10 0G®respective distance of approximately 20 m between the tracks.
ft. In order to produce a tomographic image with such an aifor this configuration, a resolution of 2.9 m in thedirection
borne platform, a couple of requirements must be fulfilled. loan be expected for midrange, the height ambiguity would be
particular, an extremely good measurement of the imaging gdout 35 m. Additionally, we tried to repeat the first track after
ometry, as well as the technical equipment for the realization ofampletion of the other 13 tracks to be able to check for eventual
relatively complicated track configuration, are necessary. In oi@mporal decorrelation. To facilitate the setup for the pilot, all

S

I1l. EXPERIMENTAL RESULTS
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tracks were specified to be flown at the same height. Of cours 5[~ T ' T
it was not possible to achieve the ideal planned geometry in tt :
experiment, the real flight paths are shown in Fig. 8. Altogethe =~ "%°T
approx. 300 MB of raw data have been collected per square kil . ]
meter of imaged area, considering all the 14 flight tracks. N 1

The errors arising from the aircraft movements are comper £ F _\//
sated by a two step motion compensation during the SAR pr(igz 0
cessing [31]. Additionally, a very precise velocity and rangeg 1
delay variation compensation have been carried out. There§ -sof ___~ — ——— "~~~ 4
erence tracks for motion compensation of each track are calc © o
lated to be parallel, having the effect that, except of the know  _,pof ——4—m————————
deviations due to different slant-range projections, the resultin :
SAR images would be already coregistered in an ideal cas -isol._.. .. el e bt
Small inaccuracies in the order of few millimeters in the rela- 0 1000 naireotn o] 3000 000
tive positioning within each track are leading to a residual mis-
registration in azimuth of the processed images with a standaigl 8. Achieved horizontal baselines over azimuth during data acquisition.
deviation of about 25 cm. The nominal baseline was specified to 20 m and could only be satisfactorily

The absolute positioning inaccuracy in space is larger and |f8iZiied for the eight furthermost tracks (four at each side).
in the order of centimeters. The analysis of the echoes of sev-
eral corner reflectors clarified that this error is a kind of offsetis
which is constant over the duration of one track. To minimize the
influence of this error on the tomographic processing, a calibra
tion of the imaging geometry was performed using the positiofgs
and phase of one single corner-reflector in the scene. FinaII ¢
we checked for temporal effects by forming the interferogranfg
between the first and the last track, which have a difference if]
acquisition time of 3.5 h. The coherence of this interferogranff
shows clearly that temporal effects are negligible in our case,
the coherence even over forest exceeds the value of 0.9.

To generate the 3-D SAR image out of the acquired raw datz
first normal 2-D SAR processing was performed, using an exgs
tended chirp scaling processor [14]. In the following, the re{
sulting SAR images must be precisely coregistrated to eliminate
residual mis-registrations due to uncompensated motion errang, 9. Photo of the spruce forest. This forest type shows two dominant
This was done by applying a refined procedure for estimatigharacteristic scattering mechanisms: double bounce scattering via ground and
of the misregistration followed by a resampling step of the SAEE™S nd random volume scattering in the crown.
images. Then the actual tomographic processing according to
Section Il can be performed. It starts with the deramping stepbiguity suppression method. We can see that after applying
(10), followed by the synthesis of additional tracks (14) anghe ambiguity suppression method the sidelobe level is very low
(15). This extended data set is next resampled to a regular ggiel. — 25 dB) for this single dominant target. The 3 dB width
Finally a Fourier-transform leads to the final image result. Adf the main lobe is 3.1 m, which demonstrates that the theoret-
ditionally, we applied a Hamming weighting: (= 0.75) for a ical resolution of 2.9 m can nearly be achieved with real tomo-
better suppression of the sidelobes. One slice (azimuth line)gpéphic data.
the result in the height/azimuth plane is shown in Fig. 10(a)—(c) Some of the scene contents described earlier are visible in
for HH, VV, and HV polarization, respectively. the tomographic slice. In the right part of the image in Fig. 10,

As it can be seen in the corresponding amplitude image Fipe flat meadow appears as a nearly horizontal line. Its real to-
10(d), the right part of the image consists of nearly flat grag®graphic height is equivalent to the measured height. Slightly
land with a corner reflector placed on it. In the middle of thabove the ground level, the strong echo of a corner reflector is
image, we find a row of parked cars followed by a buildingisible in the right middle of the image. A little bit more to the
(left middle). After the building, the azimuth slice crosses someft appears the roof of the building several meters above the
bushes, a street, and then enters a dense spruce forest wighoand level. From the difference between the height of sur-
height between 15 and 20 m (see also Fig. 9). rounding ground level and the height of the roof the height of

As the result of the height ambiguity, the image contrast ovére building can be estimated and validated with the real one
the volumetric targets is reduced. On the other hand, the am{zi13 m). Of special interest is the spruce forest. Here, the crown
guities of point and surface scatterers are well suppressed, and the underlying ground appears bright in the slices obtained
the tomographic processing shows much better results in thidHH and VV polarization. In the cross-polar channel, only the
case. In Fig. 11 the impulse response, in thdirection of the crown is visible. This is a result of the different scattering mech-
corner reflector is shown both with and without the proposezhism contributions occurring in this kind of volumetric target.

ne [m]
I
|

R




REIGBER AND MOREIRA: FIRST DEMONSTRATION OF AIRBORNE SAR TOMOGRAPHY 2149

spruce ; comer
forest buildings cars reflector

Fig. 10. Slices in the height(vertical)/azimuth(horizontal)-direction of the tomographic processingwésutt)|. (a) HH-polarization, (b) VV-polarization, (c)
HV-polarization, and (d) SAR amplitude image with marked position of the tomographic slice in the azimuth direction. Image dimensions &ar&Z5m

(heightx azimuth). The main sensor and processing parameters are L-Band, mean velocity 90 m/s, middle range distance 4500 m, azimuth and range resolution
1 mx 2 m, resolution in height direction 2.9 m.

If we compare the azimuth slices obtained in different polar-
izations, we can already observe several differences. But addi-
tionally to these amplitude images also the phase relations be-
tween the polarizations contain valuable information about the
backscattering process. From the azimuth slices presented in
Fig. 10, the polarimetric scattering matrices can be calculated.
These scattering matrices are obtained in the HH/VV-basis and
can be transformed to the Pauli-basis by a target decomposi-
tion [3]. The advantage of the Pauli-basis lies in the strong re-
lationship between the elements of the polarimetric scattering

: matrix in this basis to three basic scattering mechanisms. The
800 B0 mptic et O . first scattering mechanism of Pauli-matrix contains the echo of
isotropic odd-bounce scatterers, like flat surfaces or trihedral
corner reflectors. The second is related to isotropic even-bounce
Fig. 11. Impulse response of the comer reflector. Dashed line: withogbattering, especially double bounce. The third one corresponds
amblgwty suppression, so_I|d ||n_e. ther apply!ng the proposed amblgwt iSotroDi b tteri ith ientati tated
suppression method and with weighting (Hammings= 0.75). pic even-bounce scattering with an orientation rotate
by 74, normally occurring in the case of random volume scat-
] ] o tering and on double bounce targets whose axis is rotated to the

1) Double BounceThis backscattering contribution appearfine.of.sight direction (e.g., dihedral corner reflectors with a ro-

due to the double bounce scattering mechanism betwggfion of 45).

the tree trunks and ground level. This contribution has its The result of the Pauli-decomposition is shown in Fig. 12.
scattering phase center on the ground and is not presgifemonstrates that the proposed tomographic processing with
in the cross-polar channels. _ ~_ambiguity suppression preserves the full polarimetric informa-

2) Volume ScatterA second backscattering contribution igjon present in amplitude and phase of the data. The corner re-

observed in all channels from the randomly oriented negaior on the right side appears in blue coming from the triple-
dles in the crown. The apparently stronger contributiog,nce scattering occurring here. A little bit more to the left,
in the HV polarization is just caused by an amplitude dyye fing a red spot at ground level related to double-bounce scat-
namic adjustment carried out for optimizing the contragking coming from the cars parked in this area. The roof of the
of the image. building produces a mixture of odd and even bounce scattering,

The differences in height between these two different scdigt have nearly no cross-polar echo except of a bright spot in
tering mechanisms allow us to estimate the height of the foretste middle of the building that is strong and almost equal in all
Comparing the forest height visible in the tomographic slicgmlarizations. In the spruce forest, we can now clearly identify
with hypsometric ground truth measurements, [34], a godle type of the different scattering mechanisms in the height di-
agreement between both heights can be observed. rection. The red color of the ground level indicates that the echo

normalised amplitude
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building comer;
reflector

Fig. 12. Upper image: Polarimetric color composite in the {\sc Pauli}-basis of a tomographic slice in the height/azimuth-directiea.Hblue VV, red =
HH — VV, and green= 2*HV). Lower image: Schematic representation of the imaged area.

coming from here is due to a double bounce scattering from theer and foreshortening effects may be solved by tomographic
trunks. The crown now appears in green which is characterisBAR imaging due to the capability to have a height resolution.
for random volume scattering. It must be mentioned that SAR tomography for topographic
mapping is affected in a different way than in traditional SAR
interferometry by the errors caused by an imprecise tilt angle
value, i.e., inaccurate knowledge of the roll angle. This means
In this paper, we have described the concept and signal préipat SAR tomography can also be used for accurate terrain topo-
erties of multibaseline SAR tomography and demonstrated thephic mapping. In our case, the achieved terrain height resolu-
principal technical feasibility using an airborne platform. Théon was=~3 m. Also, a comparative accuracy analysis between
results presented here are only a first step into a new topic t8#R interferometry and tomographic for topographic measure-
shows a great potential in respect to several applications. Thent will be performed in a follow-on work.
inversion of geophysical parameters of a volumetric target fromin the case of digital elevation models of forestry areas, it is
conventional 2-D SAR images leads in several cases to anormally desired to estimate the ground topography and not the
biguous classification results. Because several different scaip of the vegetation layer. As we have seen, even in a longer
tering effects from different heights are mixed in the resolutiowavelength like the L-band, a significant contribution of the
cell, areliable inversion is not always possible, even using mulbackscattering is occurring in the crown. Since for the tradi-
frequency and polarimetric data. The capability of SAR tomogional SAR interferometry only the total phase center of all scat-
raphy to resolve the backscattering contributions coming frotmring effects is relevant, the estimated height would be clearly
different heights can be used to improve the inversion of geabove the ground level. With SAR tomography, it is possible to
physical parameters in SAR imaging. For surface and point sceg¢parate the ground backscattering in the forest and to estimate
terers having no height distribution, the tomographic imagiragheight only from signal contributions related to it.
leads to the same results as conventional interferometric SARAs far as the measurement of the biomass or the stem volume
imaging. over forestry areas is concerned, a strong correlation between
In the scope of future activities, the potential for many applthe backscattering amplitude and the present biomass has been
cations will be assessed like the estimation of the ground topadpown in the case of conventional 2-D SAR remote sensing.
raphy, the biomass, vitality, and the height of vegetated arddewever there exist the problem, that for L- and P-band a sat-
and also the detection and positioning of covered objects. Furation is already reached for a relatively small biomass. This
thermore, SAR tomography can contribute to solve with an ins due to strong backscattering contributions in the crown of the
proved reliability several inversion problems like the estimatiaimees, which are not related to the biomass, but are still signifi-
of the soil roughness and humidity, ice thickness and humiditantly strong (even in P-band). Until now, only VHF-SAR has
and many other classical applications requiring an image cladsten suitable to do reasonable measurements over forest with
fication. Even misinterpretations in SAR images caused by lag-density greater than 200 tons/ha [33]. On the other hand, the

IV. DIscussIONS CONCLUSIONS ANDFUTURE ACTIVITIES
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VHF frequency range has the disadvantage of being inaccurkte nonvanishing baseline lengthd, the synthesized signals

in the estimation of biomass values lower than 100 tons/ha. SARrived by the proposed method are corrupted by the influence
tomography allows us to estimate the backscatter contributiohthe error term in (20). In practice, the usage of baselines up
of the crown and to separate it from the other scattering comgo-half of the actual gap to be filled up is a necessity. But as
nents. The crown contribution can be used to calculate the attbmg as the gap is below the Nyquist-criterion or only slightly
uation occurred in the crown and to correct the double-boungelates it, the derived signals can still be considered as valid
contribution from the stems. In this way, it should be possiblpproximations of the correct signals.

to circumvent the saturation problem in wavelengths like L- and
P-band. This will be considered in our future experiments.
Further work will also include the development of improved
algorithms for a better suppression of ambiguities of volume
targets and optimization of the computational efficiency of the (1]
tomographic processing algorithms. Furthermore, the comparyy
ison of the results with those of longer wavelengths using the
polarimetric P-Band mode of the E-SAR system will be very (3]
interesting as well as a model-based polarimetric analysis and
decomposition of the tomographic images. (4]

APPENDIX
AMBIGUITY SUPPRESSION

(5]

6
In case of multiple scatterers in the examined volume, the
deramped signals, ands» from two track positiord; andl; +
Al can be expressed as

s1 = Z eXp(—Ii (nf - 2llni)) ,

D

s2= 3 exp(—n (n? =2l + Al)ny))

J

(7]
(8]

(16) [9]

where x stands forik/(r) and amplitudes:(rg, no) are as- [10]
sumed to be constant for simplification. The interferogram be[ll]
tweens; ands, results as

I = 5185 =51 - Z exp(/{ (nf — ZZlnj)) exp(—2rAln;) .
J

[12]

17

[13]
From this, a new synthetic data sample at positio# Al can
be derived
[14]
3;)' =s3x 1o = Z exp(—/«a (ni - 212?%)) * 12 (18)

k
= Z Z exp(—rs (nz - 212nk)) exp(—2xAln;) [15]
koo

[16]

-exp(/i (nf — 211nj)) .81, (19)

IntroducingAn ;. = n; — n, this expression can be written as [17)
st = Z Z exp(—r (nf — 2(lo + Al) ny))
koo

-exp(—2kAlAN 1)) exp(/i (nf — 2llnj)) -s51. (20)

(18]

[29]

Anyy, is always smaller than the total volume height Exam-

ining the middle exponential term, it can be easily found that it[zo]
always has a phase close to zero in the caseXhat A\(r) /2H

[see also (9)]. The expression then reduces to the correct resiat!
of a signal acquired from positida + Al

[22]
sg' ~ Z exp(—/i (ni —2(ls + Al) nk)) .
k

(21)
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