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RESUME

Ce document constitue le compte-rendu technique de la mission effectuée
par l'auteur, de Février 2 Juillet 1990, au sein du Jet Propulsion Laboratory (USA).
Le travail a consist¢é en une étude comparative, du point de vue de la qualité image
et de I'étalonnage, d'images obtenues, sur le site d'Oberpfaffenhofen (RFA), par
deux Radars a Ouverture Synthétique aéroportés aux caractéristiques

sensiblement différentes.

L'analyse de la qualité image a permis de mettre en évidence les propriétés
spécifiques des deux systémes, polarimétric compléte du ROS de NASA/JPL et haute
résolution multi-vues du ROS du DLR, et d'attester que les objectifs de qualité

respectifs étaient, dans I'ensemble, atteints.

Les images en bande C ont été séparément étalonnées, polarimétriquement
par l'utilisation d'un algorithme développé au JPL et radiométriquement au moyen
de coins réflecteurs triédraux disposés a cet effet sur la scéne imagée. La
comparaison effectuée ensuite sur les coefficients de rétro-diffusi~on de cibles
étendues a fourni des résultats encourageants puisque les valeurs obtenues

différent de moins de 2 dB.

Enfin, et ceci constitue l'aspect le plus original de ce travail, on a montré
qu'un inter-étalonnage effectif ¢&tait faisable entre les deux séries de données ,
notamment en ce qui concerne la correction radiométrique en site des images

ROS.
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1. Introduction

In summer 1989, the NASA/JPL DC-8 SAR took part in a series of calibration
experiments in Europe: three different sites were imaged in the UK (Feltwell), NL
(Flevoland) and FRG (Oberpfaffenhofen), and several sensors (including SAR and
SLAR) were in operation. The aims of this campaign were multiple: to check the
calibration performance of the JPL Aircraft SAR (named AIRSAR in the
following) over European sites, of quite different texture compared with those
previously used in North America; to compare, from the image quality and
calibration points of view, the images provided by the different sensors; to test
various equipment and approaches for ground calibration and to help find

candidate sites for future satellite missions such as SIR-C and ERS-I.

A detailed description and some preliminary results of these multi-sensor
experiments can be found in [1]. In this document, we will deal only with data
gathered from the German site over which both AIRSAR and the German E-SAR,
the latter on board a Domnier DO228, flew along parallel tracks, on the same day of
August 1989. Having at our disposal the whole fully polarimetric three frequency
(L-, C- and P-Band) data set from the AIRSAR and the C- and X-Band, VV polarized,
amplitude images from the E-SAR, the purpose of this work was to conduct a
comparative image analysis and calibration of these two data sets. The main
features of such a study should be: to point out the specific characteristics of each
data set, considering the very different radars which were in operation (better
spatial resolution for fhc E-SAR, quad-polarization mode of the AIRSAR...); and to
be able to perform effective cross-calibration, i. ¢. use one calibrated image to

improve the calibration process of the other one.

Thus, the plan of this study follows, logically:



- Check the image quality of the two data sets, using standard tools like
radiometric resolution, impulse response parameters.

- Perform separate calibration of each image using a subset of the
deployed devices on the airfield; for polarimetric calibration of the AIRSAR data,
some algorithms developed at the JPL will be used.

- Compare the calibrated images by checking the target responses in areas
away from the one used during the calibration process. Irﬁprovc the E-SAR
calibration process (particularly the range radiometric variation), since the
present standard product of this system does not include all the necessary
corrections, by means of the AIRSAR image, which is considered to be fairly well
calibrated because of the previously conducted calibration experiments, mainly
Goldstone in Spring 1988 [2],[3].

-  Finally, original conclusions should be drawn about the usefulness of
such cross-calibration analysis; for it is the first time, as far as we know, that SAR
imagery of the same site is performed by two different radars, under similar

conditions.

But let us first give a brief description of the two radar imaging systems

and of the experimental site at Oberpfaffenhofen.



2. Description of the experiment

2.1 The JPL multi-frequency, multi-polarization Air;:raft SAR

The principal parameters of the NASA/JPL Airbome Imaging Radar [4] are
gathered on Table 1: as an experimental tool for preparing the future SIR-C
mission, this system was designed to be multi-frequency (P-, L- and C-Band), fully
polarimetric (i. e. providing complex data in each of the four polarization
channels HH, HV, VH, VV). The important characteristics to keep in mind are that
basically the same chirp signal is used, for the three frequencies, and that the
transmitted pulse is alternatively switched on H and V polarizations within the

same pulse repetition interval.

The twelve simultaneously acquiréd coherent channels are processed using
SAR standard frequency domain compression algorithms, with Hamming
weighting function being applied in range and in azimuth, in order to reduce
sidelobes (this point is important to be noted for it will have a direct consequence

on the image quality parameters such as spatial resolution and sidelobe levels).

Among the three available standard products, high resolution single look
complex image, compressed four-look Stokes matrix format or survey mode image,
only the first one was used here. The high resolution format includes twelve
separated files, corresponding to each frequency/polarization channel,
containing 750 records of 4096 azimuth pixels; the sampling steps are 6.7 m in

slant range and 3.0 m in azimuth.
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2.2 The DLR C-Band and X-Band E-SAR

The E-SAR system allows imagery in three frequencies, L-,. C- and X-Band,
with only VV polarization [5]. Since only C- and X-Band data were obtained over
the Oberpfaffenhofen site, we report on Table 1 and 2 the radar parameters
related to these two frequencies. The important characteristics which differ from
the JPL radar are the followings (regarding C-Band) :

- The platform flies at rather low altitudes, which implies a larger aperture
beamwidth in elevation to illuminate a given swath

- The theoretical range spatial resolution is smaller than the AIRSAR one,

while both SAR azimuth spatial resolutions are of the same order of magnitude.

The raw data are range compressed on board the aircraft, by means of a
Surface Acoustic Wave correlator, and the signal is radiometrically controlled by
an AGC/STC unit, placed at the pulse compression module input, in order to fit the
system dynamic range. A motion compensation procedure is incorporated, prior to
the on-ground azimuth compression, which extracts the desired parameters from

the range compressed data [6].

The data products we have at our disposal are multi-look (4-look C-Band and

8-look X-Band) amplitude detected images in slant range coordinates.

2.3 The DLR, Oberpfaffenhofen, experimental site

The DLR site, located near Munich in Germany, is centered on the airport
area, where the calibration devices were deployed, and contains various
background areas as grasslands, forests, agricultu;al fields and suburban areas.
As shown on Figure 1, a set of 55 pieces of calibration equipment were installed,

mainly in the airfield area, including various sized trihedrals (from 0.4 m to 1.0
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m) and dihedrals (0.7 m and 1.0 m), one C-Band receiver unit and one C-Band
Polarimetric Active Radar Calibrator. The dihedrals were oriented at 0° and 45°,
with respect to the line of sight direction, by means of a DLR built, very precise
pointing system in azimuth, elevation and orientation. Most of the trihedrals were
deployed as single ones, but some of them were gathered in pairs, separated by

about 10 m, in order to test the resolution capabilities of the sensors.

On two consecutive days of August 1989, both radars, mounted on board
their respective platforms, flew several parallel ﬂights oriented at 42° (parallel to
the runway direction) and 132° (orthogonal to the runway) with respect to North,
with various incidence angles for the AIRSAR radar (about 20°, 35° and 50° over

the airfield main runway).

In Figures 2, 3 and 4 arec respectively displayed the CVV AIRSAR, CVV and
XVV E-SAR images of the test site; all of them are amplitude detected. The E-SAR
images are not radiometrically corrected; they are direct outputs from the SAR
processor. Although we could perform the range radiometric correction, by
means of vertical antenna pattern data and incidence angle knowledge, we
preferred to keep these raw images, in order to conduct the cross-calibration
analysis with the AIRSAR images. On each image, we can clearly see the airfield
areca with the comner reflector array; the calibration devices which are deployed
near the buildings, below the runway, are not so clearly visible on these prints,
with the exception of the PARC on C-Band pictures, but are more detectable on the
imaging device screen. Scales and aspects of these three images are variable to
each other because of the diff-rent values taken by the resolution and the pixel
spacing parameters. Table 2 summarizes the image parameters, from the three
data sets we will deal with in the following sections, i. e. C-Band quad-polarization
AIRSAR, C-Band and X-Band VV polarized E-SAR, all along the 42° direction flight

path.
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3. Image quality analysis

To assess the quality of one given SAR image, we usually deal with two main
concepts: the radiometric resolution, which is a measurement of the ability of
distinguishing two uniform areas of different backscattering coefficients, and
spatial resolution, which is a measurement of the ability to separate two distinct
point target scatterers. Image quality assessment is a very important step in SAR
image study because the aim of a SAR is to provide ground reflectivity images
with a much better spatial resolution (in azimuth) than a classical radar; so, it is
obviously necessary to check to what extent this goal has been achieved.
Moreover, for calibration purposes, with the aim of providing relationships
between measured pixel intensities and ground reflectivity parameters, the
radiometric resolution is a useful tool to estimate the accuracy of the obtained

calibration results.

As such analysis is to be performed within each image and deals mainly
with magnitude pixel responses, all the polarimetric quality checks, which can be
made on the AIRSAR data set, will be treated in section 5, as part of the

polarimetric calibration process.

3.1 Radiometric resolution

On SAR images, the response of uniform (also called distributed) targets is
disturbed by the well known speckle noise [7], due to the coherent addition of
numerous and independent target responses within a same resolution cell. The
power of this multiplicative noise directly affects the separability of two different

areas, as it widens each probability density function of the pixel intensities; so a

standard parameter to quantify the radiometric resolution is provided by the O/

ratio, where {1 and O are the mean and standard deviation of the pixel intensity
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distribution over selected uniform areas. G and L represent respectively the

multiplicative noise and desired signal powers, so this radiometric resolution

parameter can be seen, too, as a signal to speckle noise ratio.

A common way of expressing the radiometric resolution coefficient allows

a direct interpretation in dB:
Y=10 log(1+0/u) (1)

where ¢ and U are computed from the power (not amplitude) pixel distribution [8].

Assuming the elementary scatterer responses,. within one cell, are complex,
independent random variables with the same probability distribution, it can be
shown that the power of the resulting signal is exponentially distributed while its
phase is uniformly distributed over [0; 2®m]. So the radiometric resolution
coefficient should be 1 (3.01 in dB) when estimated from power detected single-

look uniform areas.

Considering multi-look images, which result from the superposition of N
independent power detected partial images, the mean and standard deviation of
the pixel intensity probability density are respectively multiplied by N and \/—N—,

so that the radiometric resolution coefficient becomes:

TN lOlog(l+ﬁ) (2)

Thus, in order to assess the image radiometric quality, we selected a set of

ten uniform areas (by visual inspection) in each of the three images (only CVV

was considered in the AIRSAR case) and then computed the associated Y
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coefficient. The average results are reported on Table 3, as well as the expected
values, from (2), knowing that the AIRSAR data are 1-look (since they are,
actually, complex images) and the E-SAR data are respectively 4 (C-Band) and 8 (X-

Band) look images.

Measured and expected values for the AIRSAR CVV image are in good
agreement, but, concerning the E-SAR, measured values are higher than expected
(the difference is more important for the X-Band image). This discrepancy can be
explained by the fact that the four, or eight, looks are not perfectly independent
to each other, hence a less efficient speckle noise reduction: during the multi-
look processing, the selected Doppler sub-bands, instead of being completely
disjoined, exhibited a certain amount (50%) of overlap. However, a 50% bandwidth

overlap, inducing respectively 2.5 and 4.5 equivalent number of independent

looks, should lead to even higher values of the Yy coefficient.

3.2 Spatial resolution

Spatial resolution properties of a SAR image are most conveniently studied
by means of the whole system impulse response (including the measurement
radar equipment and the image synthesis signal processor), i. e. the response
provided by an isolated point target scatterer located on an (almost) perfectly
absorbing background. Such point targets are the corner reflector devices
deployed on the calibration area; they are preferred to natural targets which are

likely to be less adequately locaied and of poorer "point-like" characteristics.

From the two-dimensional impulse response, the following parameters can
be extracted to characterize the image spatial quality:
- the spatial resolution itself, defined as the 3 dB (half power) width of the

main lobe (in the range and azimuth directions)
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- the Peak Sidelobe Ratio, measured by the level of the highest sidelobe
relatively to the main lobe level, which is relevant to the possible existence of
artifacts in the vicinity of the target

- the Integrated Sidelobe Ratio, measured by the total power lying in the
sidelobes relatively to the main lobe power, which indicates the power amount
which is dispersed outside the target actual location and could corrupt other

scatterer responses.

These three sets of parameters are directly measurable from the images,
containing many artificial point-like scatterers; summary tables of their values
as well as typical plots of the impulse response will be provided in the following

2

sub-sections.

3.21 AIRSAR C-Band images

On Figure 5 are plotted the impulse response magnitude of the 45° PARC, for
the four polarization channels; this is the calibration target for which the
sidelobes are the most apparent, since it has the best signal to noise (background)
ratio (35 dB for like-polarization and 43 dB for cross-polarization). The four
responses are pretty similar, as they must be, because of the theoretical 45° PARC

scattering matrix (see (17d)).

Azimuth cuts of the HH and VH polarization impulse responses are plotted
on Figure 6, where we can remark that the first sidelobes are only about 17 dB
below the main lobe level, whi~h is not as good a PSLR ratio as it should be
expected from the weighting function applied during the SAR processing. For
visual comparison purposes, range cuts of 45° PARC and typical trihedral impulse

responses are plotted on Figure 7: we note that the PARC response exhibits an
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improvement on the sidelobe energy (better ISLR) but not on sidelobe maximum

peak level.

Considering azimuthal corner reflector impulse responses, some trihedrals
exhibit the double peak feature shown on Figure 8-a, associated with a poor
general response behaviour. This tendency was reported previously, during the
Goldstone calibration experiment in 1988 [3], and it was thought there was some
problem due to the lack of motion compensation algorithm within the SAR
processor, so that the data could be processed with a badly estimated drift angle. Of
course, in such cases, the definition of main and side lobes should be taken with
caution, and hence the 3 dB widths and sidelobe levels should not be very

significant.

A summary of the impulse response parameters is given in Table 4: the
measured values are statistical means and standard deviati.ons among the thirteen
0.9 m trihedrals (taking into account both co-polarization channels) and averages
over the 45° PARC four channels. The expected values were estimated during pre-
flight system analysis and simulations; these calculations did not take into account
the weighting functions which were actually introduced in the processor. So, the
measured values are somewhat different from the predicted ones: greater 3 dB
widths and better PSLR (the expected effects of a weighting function). The poor
measured azimuth PSLR value from the trihedrals is to be related to the double-
peak feature reported above. Anyway, the trihedral measured values are on the
wﬁole fairly close to the ones obtained during th; Goldstone experiment [3], at
least the mean values since there are some discrepancies among the standasd
deviations, which means a good long term stability of the AIRSAR performance.
The PARC results are better than the trihedral ones as expected from the impulse

response plots.
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3.22 E-SAR C-Band and X-Band images

The same kind of quality checking plots are shown, for the E-SAR system,
on Figures 9, C-Band 45° PARC impulse response, 10 and 11, C-Band and X-Band
typical 0.9 m trihedral response. The first thing we can notice, this is particularly
clear on the PARC signature, is the discrepancy in -thc range and azimuth sidelobe
patterns: it is much higher in the range direction. This is, probably, due to the on
board range processing of the raw data, by means of an analog SAW correlator,
which is a less efficient method than numerical ones. Secondly, the PARC impulse
response is much improved, regarding the sidelobe levels, with respect to the
trihedral one; this is particularly true in the azimuth direction. Such an
improvment was not so obvious in the AIRSAR case. This feature is the result of
the multi-look processing which flattens the sidelobe pattern and makes it reach
the background level (see the range and azimuth cuts of Figure 11); so the higher

PARC signal to background ratio leads directly to a better PSLR coefficient.

On Table 5 are reported the measured impulse response parameters from
the thirteen 0.9 m trihedrals and from the C-Band PARC. The estimated resolutions
are pretty close to the predicted ones (see Table 2), except for the X-Band 3 dB
width in azimuth, where the 4.0 m expected value maybe is under-estimated

regarding the 8-look process which was applied.

When comparing with C-Band results of Table 4, the difference between the
numerical values of the PSLR and ISLR parameters confirm the sidelobe pattern
reduction brought by the multi-look processing. This is true as well for the
azimuth direction, where both system space resolutions are of the same order of
magnitude, as for the range direction, where E-SAR spatial resolution is much
smaller. Only the range ISLR improvement is less important, for the above

mentionned reason of analog range processing of the data.
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Finally, the main feature of this comparison analysis is the much lower
variability of the impulse response parameters over the C-Band trihedral data, as

pointed out by the standard deviation low values.

So, one of the most interesting conclusions we can draw from this
comparative quality analysis is that the SAR multi-look processing, while
primarily designed in order to increase the image radiometric resolution by
reducing the speckle noise power, also improves the impulse response quite well.
We must note that these good spatial resolution properties of the multi-look image
imply that there was no offset problems between the individual images (or they

were well corrected), prior to their superposition.
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4. Amplitude calibration of the E-SAR C-Band image
4.1 Model for amplitude calibration

The assumptions we will make, in order to establish the relationship
between the pixel intensities of one SAR image and the terrain backscattering
parameters, are the followings: first, point target, clutter area and noise
responses are three different processes which are statistically independent to
each other, so that the received signals add in po‘;/er to form the measured pixel
intensity; secondly, the best estimate of point target cross-section is provided by
the integrated pixel power over a sufficiently large area containing most of the

scatterer impulse response energy, as was recommanded by [9].

Thus, the radar equation, giving the measured integrated power Pr over an
area A surrounding one given point target scatterer, can be formulated as [10]:

P;G2A2¢

P'=H(41t)—3R4+ Pn (3)

where

- O0(=0Ot+ A o0 ) is the total cross-section (clutter+target) of the area A.

Pt is the transmitted power
- G is the antenna gain, in the target direction

- A is the radar wavelength

R is the slant range

H is the SAR gain, including the processing gain

- Pp is the noise power, integrated over A.

We can re-write (3), separating each contribution, as:
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Pr = CKR)O; + CKR) o0 A + Py ) (4)
Py A2 2
with C = —=— is a constant term and KR) = H Ci is the range (or
(4w)3 R

incidence angle) dependent factor.

Let us apply the previous formula to three different areas within a local
part of the image (where the noise and clutter properties are constant):
A3 where there is only noise:
P3 = Pnp = Pno A3 (5)
where PpQ is the noise power density
A2 where there is clutter and noise:
P2 = (CK(R) 0% +Pno) A2 ' (6)
A1 where the studied point target scatterer lies, which response is mixed

with the noise and clutter area:

P1 = CKR) 01+ (CK®R) 60 + Pyo ) Aj (7)

From (6) and (7), we can derive the calibration factor expression, as a
function of the measured P71 and P):
P; -P3 Aj/ Ag

CKR) = S (8)
t

and, then, from (5) and (6), we obtain an estimate of the distributed target

backscattering coefficient:

Py /Ay -P3/ As
0 -
¢" = C K(R) (9)

once the calibration factor is determined.
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The R dependence, in the previous relationships, only means that all the
integrated power calculations should be performed over areas of same slant
range;
consequently, the obtained calibration factor should be valuable only over a small

slant range interval.
4.2 Actual calibration

The same set of thirteen 0.9 m trihedrals (see Figure 1) was used to perform
amplitude calibration of both E-SAR and AIRSAR images: they constitute the only
set of identical comer reflectors in sufficient number to allow reasonable RCS
estimation by computation of their average responses; moreover, they lie on a
ground area of limited size, thus avoiding the effects of the range radiometric

variation shown by the E-SAR images.

A summary of these trihedral responses is éiven in Figure 12, where the
integrated power, minus background power, is plotted in dB versus the scatterer
location 1n range, Figure 12-a, and in azimuth, 12-b, for both frequency bands.
The integrated power minus background power is an estimate of the numerator of
(8), apart from a multiplicative constant (additive in dB) which is the pixel size

(15 x 1.5 m2 in slant range).

By examination of the C-Band plots, it can be stated that there is no
significant variatiou among the corner reflector responses, neither in range nor
in azimuth, except for a fade affecting three trihedrals located within a common
range line. This fade is to be related to a general attenuation which affects several
contiguous range lines of the C-Band image, as it can be observed from a
thorough examination of this image radiometry. So, this is an artifact, the cause of

which is not exactly known (maybe an inaccurately estimated azimuthal
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reference function during the SAR processing), and these three corner reflectors

should be removed for further studies.

Considering the X-Band plots, the corner reflector responses exhibit large
fluctuations, with a standard deviation of 1.9 dB, and a general level increase with
range location; these variations can be explained by the location of the
calibration area, near the image top edge, where the antenna pattern fall-off
effect is too much important. So, no reasonable. calibration procedure of this
image could be attempted with such features; thus, in the following of this E-SAR

calibration section, we will only deal with the C-Band data set.

Since the ten selected corner reflectors are identical 0.9 m trihedrals and

are close enough to each other to produce no range response variation, an

estimate S1 of the integrated power minus background associated with this kind of

scatterer is provided by the calculated average over these targets:

S1 = 75.6dB withs.d. = 0.2dB

The theoretical radar cross-section of a triangular trihedral of maximum

length a, at frequency f, is [11]:

41 a4 2

RCStri = — (10)

The E-SAR C-Band frequency is 5.3 GHz and a = 0.9 m, so RCS¢i = 293 dB

and the calibration correction factor for point target cross-section estimation is

-CK@®) (dB) = RCSy - S1 = -46.3 dB
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4.3 E-SAR calibration for distributed targets

From equation (9), it appears that the calibrated value of the
backscattering coefficient of any given distributed target is provided by the
difference between the mean pixel power density and the noise power density,
divided by the calibration factor C K(R). These mean power densities should be
calculated over large enough areas, in order to greatly reduce the speckle
contribution in the uniform area response. As the previously given value of Sj is
in reality the total pixel power within the integration area (i. e. the integrated
power divided by the pixel area), the calibration factor to get the backscattering

coefficient is

-CKR) (dB) - Ag (dB) or
-CK®R) (@B) - Ag (dB) + 10 log (sin 0) (11)

where Ag and Ag are respectively the ground and slant pixel size, and 0 is the

incidence angle.

In the area where the trihedrals were deployed, 6 = 40° and the pixel sizes

are 1.5 m in slant range and azimuth for C-Band data. So the calibration
correction factor for distributed target backscattering coefficient determination

is -51.7 dB.
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5. Polarimetric calibration of the AIRSAR C-Band images
5.1 Model for polarimetric calibration

The aim of a fully polarimetric SAR is to provide measurements of the

target scattering matrix:

S = Shh  Svhn (12)
Shv  Svy

The Sjj complex element of S is the target response when one i-polarized
wave is transmitted and the measurement is macie on the j-polarized receiver;
here i and j represent one of the orthogonal horizontal and vertical polarizations.
Since any given polarization state can be written as a linear combination of these
two former ones, we can derive, from the S knowledge, the target response

correspending to arbitrary transmit and receive polarizations [12].

Assuming a linear model to describe the transmitter and receiver
perturbations, the observed scattering matrix O can be written, as a function of

the desired one S:
0= Onh Ovh _ Rnh Rnv \(Shh Svh Y/ Thh Tvh .\ Nnhh Nvh Y} (13)‘
Onv Ow Ryh Ryy Shv Svv Thy Tyv Nhy Nyy

where N = {Nij} is an additive noise matrix and R = {Rij} and T = {Tij} are the
receive and transmit matrices: Tij (resp. Rjj) is the transmit (receive) j-channel
response to i-polarized incident radiation; in (13), the transposed notation in the
receiving matrix only means that the receiver is seen as a transmitter acting in

the reverse sense.
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Ignoring the noise matrix N in (13), if we want to retrieve the desired
scattering matrix S from the observed O, we have to determine the T and R
perturbation matrices (this is the purpose of polarimetric calibration). The
transmitter and receiver matrices can be split into three terms in order to

separate different effects:

Thh Tvh 1 Tyn/Tyvy ) /1 0
= = Thh ( ) (14)
and
R - Rah Rvh) R 1 Ryn/Ryv (th/va 0 ) (15
- Rhv Ryy o Rhv/Rhh 1 0 1

So the observed matrix can be re-written as:.

O0=Tw R (th/vao) 1 Rnv/Rhh S 1 Tyn/Tyv (1 0 )
= thh Fvv 0 1)\ Ryn/Ryy 1 The/Thh 1 0 Tyv/Thh

+ N (16)

where the following terms have been isolated: Rpy/Ryy, Ryh/Ryy, Thv/Thh and
Tyvh/Tyy terms produce cross-polarization contamination (so called "cross-talk"
terms); Rph/Ryy and Tyy/Thh are the channel imbalance terms between the two

orthogonal polarizations; and Thh. Ryy is the absolute calibration factor.

Several algorithms [13] [14] [15] have been developed to provide estimates
of these calibration parameters from a given polarimetric image: generally, they
use various combinations of known point targets (Polarimetric Active Radar
Calibrators, trihedrals, dihedrals,...), located in the imaged scene, the number and
configuration of which depending wupon the assumptions made on the

backscattering S and system T and R matrices. The calibration technique we have
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used in the present study [16] avoids the drawback of needing numerous man-
made corner reflectors and is based upon a minimum set of hypothesis: the
backscattering statistics of natural distributed targets within the image are used
to remove the cross-talk contamination, only assuming the scatterers are
reciprocal (i. e. Syh = Spy) and the like- and cross-polarized channels are
uncorrelated, which is theoretically assessed in the' case of azimuthally symmetric
natural targets [17]; known corner reflectors, as trihedrals, can then be used to
eliminate the channel amplitude/phase imbalance and to absolute calibrate the
data. The principal steps of this algorithm are given in the following:

- cross-talk removal: compute the covariance matrix of S from distributed
targets in the area of interest, assuming some kind of spatial ergodicity; solve
equations derived from (16), using both previously mentionned assumptions, in
the croos-talk parameter unknowns Rpvy/Ryy, Ryh/Ryy, Thyv/Thh and Tyh/Tyvy;
this resolution involves some iterative process in order to estimate the correlation
coefficients of the cross-polarization scattering terms Spy and Syp

- channel imbalance removal: the availability of a trihedral corner
reflector in the studied scene allows determination of the Rhh/Ryy and Tyvy/Thh
terms, since the HH and VV responses of a trihedral are known to be identical

- absolute calibration: knowledge of the trihedral cross-section leads
straightforwardly to the absolute calibration factor amplitude | Thyh. Ryy I. The
best way to estimate the measured cross-section of a point target scatterer, from
the data set, was adressed in the previous section dedicated to amplitude

calibration.

It is to be noted that the whole algorithm assumes that the unknown T and
R matrices are constant; so it must be applied only to small areas (in the range
direction) and repeted as many times as necessary, in order to correct an entire

image.
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5.2 Actual calibration

The algorithm we have just described above has been applied to the AIRSAR
C-Band data to provide polarimetric calibrated images. The first part of this
algorithm, i. e. the covariance matrix computations and cross-talk parameter
estimation, was performed using the first quarter of the images (most left-sided
on Figure 2), since it was the one which contained the greatest percentage of
uniform areas and which was farthest away from most of the point target
scatterers (calibration devices on the airport and urban point-like reflectors).
Then the cross-talk removal procedure was applied to the whole image with the
previously estimated parameters. The channel imbalance was removed by means
of the average measured response from the thirteen 0.9 m trihedrals:

HH/VV mean amplitude = 0.2 dB withs. d. = 0.7 dB

HH/VV mean phase = 1454° withs. d. = 3.8°

Finally, absolute calibration was obtained via the known trihedral RCS in

order to get backscattering coefficient (60) calibrated data files. From the

thirteen 0.9 m trihedrals, the mean measured amplitude response was:

HH = 345dB withs.d. = 0.7dB

VV = 343 dB withs.d. = 0.3dB

So, when comparing with the theoretical RCS of 29.3 dB, and taking into account

the pixel size (13.0 dB) to get 60 valued data, we obtained an absolute calibration

correction factor of -18.0 dB, which was applied to the whole data. ‘

Before we analyse the results of the calibration process, it is worth
recalling the scattering matrices of the various target types used in the present

experiment:
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10 10

Strihedral = (0 1) (17a) SO°di}?edral = (0 _1) (17b)
01 11

S45°dihedral = (1 0) (17¢) S45°PARC = (_1 1 ) (17d)

Results of the polarimetric calibration analysis, performed on the
uncalibrated C-Band data and on the calibrated ones, are gathered on Table 6.
HH/VV ratio is a measurement of the co-polarization channel imbalance, in
amplitude and phase; same kind of information about the cross-polarized
channels is provided by the HV/VH ratio, when estimated from rotated devices
like 45° dihedrals. Cross-talk contamination estimation is given by the HV/HH and
VH/HH amplitude ratios, from trihedrals (unsensitive to orientation), 0° dihedral

(line of sight orientation) and 45° dihedral.

From e¢xamination of these results, we can make the following main
comments:

- The uncalibrated data are already well balanced in amplitude, as well for
the co-polarized channels as for the cross-polarized ones; thus, the calibration
process did not improve so much the channel balance, except, obviously, for the
trihedrals, of which the mean HH/VV complex ratio was actually used to perform
the channel imbalance removal procedure.

- On the contrary, the raw data are not at all phase calibrated, for the
HH/VV and HV/VH phases are quite different from the expected ones. The phase
balance was achieved on the calibrated data, since the phase values are close to
the 0° or 180° expected ones, within the allowable error margin.

- Cross-talk isolation levels are not high enough in the uncalibrated data,
being at least 3 dB below the desired threshold of 30 dB; these levels reach
acceptable values in trihedral and 45° dihedral calibrated data, while the

improvement is very small in the case of the 0° dihedral. For corner reflectors
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which are sensitive to orientation, such as the 0° dihedral, maybe that kind of bad
cross-talk level can be explained by a non-perfect alignment of the comer
reflector respectively to the line of sight direction, as was suggested in [1].

- The increase of the trihedral cross-talk level standard deviations, from
uncalibrated to calibrated data, does not necessarily' mean that the results are less
relillable in the latter case; it can be explained by the fact that, with reduced
cross-polarization contamination, the cross-polarized channel responses
sometimes can be about or under the background level, thus giving rise to more
variable numerical results. Anyway, the essential result is preserved, that is to

say these responses lie under the desired cross-talk level.

To conclude this section, and to sum up the previous developments, we can
assess the polarimetric calibration of the C-Band AIRSAR data has been achieved

quite well.
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6. Cross-calibration of E-SAR and AIRSAR images

Having performed absolute calibration of the two sensor C-Band images of
the same site, by means of one set of identical trihedrals, we would like to compare
the calibrated responses associated with other targets. As the ultimate goal of
calibrating a SAR image is to provide physical values of the terrain
backscattering coefficient, we will focus our attention on the distributed target
responses provided by both images. Although the AIRSAR data set is fully
polarimetrically calibrated, we will consider, in the following, only the VV-

polarized magnitude image.

To compare the calibrated data of both radars, the first chosen approach is
a global one: the mean pixel power, computed over several lines, is taken as an
estimate of the average terrain backscattering coefficient; then, this mean pixel
power is displayed as a function of the other direction, for relative calibration
analysis purpose. Of course, the accuracy of such an estimate will be greatly
degraded in areas where there are numerous point target scatterers, giving rise
to spiky features on the curves. There is no problem when averaging whole
azimuth lines, since there is no noticeable distorsion of the pixel magnitude in
this direction (except for a few range lines in the C-Band E-SAR image). However,
when averaging range lines, we have to select previously a restricted interval
around the main trihedral set (about 2 km wide), because of the E-SAR image

global range variation.

These average backscattering coefficient curves are plotted on Figure 13,
azimuth variation of range averaged power on 13-a and range variation of
azimuth averaged power on 13-b. For easier comparison between the two data sets,
on Figure 13-b the mean power is plotted versus ground position, referred to a

common origin (one of the 0.9 m trihedrals). The selected intervals are identical
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for both images, in each direction, and the average pixel power is computed over
ten consecutive lines. The E-SAR curves exhibit more pronounced high
frequency fluctuations, because of the smaller sampling steps, and resolutions, of
this system; we can observe, too, on Figure 13-b, that the sampling steps are

varying along the curves, due to the slant range to ground range conversion.

On Figure 13-a, the AIRSAR and E-SAR curves are very close to each other;
even many spiky features are very similar, despite their point-like scatterer
origin. Particularly remarkable is the curve fit at the right-end part of the plot
where the areas are more likely to be uniform; here the curve difference absolute

value is always less than 1 dB.

From the E-SAR plot on Figure 13-b, we can easily notice the following
features: the global power variation with range is due to the lack of post-
processor range correction (propagation loss, vertical antenna pattern); and the
strong peak at the near range end is the nadir r.ctum, since the selected range
window, in the SAR processor, included distances smaller than the minimal
physical one (i. e. the aircraft altitude). But the most interesting result is the fact
that both curves are pretty similar, in an absolute sense as well as in a relative

one, over a ground range interval of more than 1 km length around the origin.

The AIRSAR image is well relatively calibrated (it is a confirmation) since
the associated curve on Figure 13-b shows no noticeable global range variation.
So this curve could be used as a reference in order to perform relative calibration
of the E-SAR image across the range swath. But this is rot a simple problem
because the two curves do not have neither the same sampling frequency nor the
same intrinsic resolution, so the calculation of the two function difference should
not be so straightforward as it could appear at first sight. In the following, a

rough attempt will be made to perform such relative cross-calibration and then to
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compare with a standard theoretical range correction procedure. To do the Ilatter,
we first need to know the incidence angle variations with range, which will help,
too, explain some discrepancies among the backscattering coefficient values
provided by the two sensors. So, on Figure 14, curves of incidence angle versus
ground range location are displayed for the two sensors. On the whole, incidence
angles are quite different, particularly for near range areas; but, for the
calibration area we are mainly interested in, around the origin, the difference is
only about 5° (about 45° for AIRSAR and 40° for E-SAR), which should not lead to
significant differences of the backscattering coefficient [18], if we assume the

airport area to be mainly composed of grasslands.

On Figure 15 is plotted, as the solid curve, the empirical correction factor
computed as the difference (in dB) between AIRSAR and E-SAR mean
backscattering coefficients, versus ground range; the E-SAR function has been
previously smoothed to fit the same sampling step as the AIRSAR one. Only the
slow variations of this curve are to be considered, since the sharp and quick
fluctuations we can observe are due to unavoidable ground range
misregistrations between the two initial functions. The dashed curve represents
the theoretical calibration function, taking into account all the range (or
incidence angle) effects: vertical antenna pattern, propagation loss and
incidence angle correction for backscattering coefficient calculation. From
equation (11) and the expression (4b) of the K(R) factor, we can derive the
formula giving, in power, the calibration correction factor relative to the

backscattering level at the ground origin:

sin (80) R§  H(R) G(R)?

= H(Ro) G(Ro)?  sin (8) R (18)
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The processor gain H(R) is proportional to the squared slant range, as in

most standard SAR processors. Thus, the previous expression finally becomes:

sin (B0) R§ __G(R)?
G(Rg)2 sin (6) R2

CAL = (19)

as it is plotted on Figure 15. The theoretical curve seems actually to be a good fit of
the empirical one, at least in an area of more than 2 km length around the origin.
Of course, both functions are zero-valued at the ground origin, by the way they

are built.

The good fit between these two curves indicates that the E-SAR image could
have been range corrected only by means of an external image of the same site,
from a sensor with rather different characteristics. As it is the first time two
sensor images are radiometrically compared this way, this is a very encouraging
rcsult, all the more because of the rather preliminary state of the present cross-
calibration study. In case of developing such kind of cross-calibration method, we
should be able to define a more elaborate and cautious strategy, by solving the
following problems: how to deal with different sensor sampling steps and
resolutions? how to filter the spiky features due to point target reflectors? what is
the best way to modelise the relative calibration function?...But this should be the

subject of future works.

The second way of comparing the AIRSAR and E-SAR calibrated images is
more natural and more precise, if performed cautiously!, than the previous one;
but it is not much emphasized here because it necessitates many tideous human
operations on the displayed images and thus cannot be developed in a systematic

manner for further automatic analysis. Some uniform areas are visually selected
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on each image, then the corresponding calibrated backscattering coefficient are

evaluated, according to (9).

On Table. 7 are gathered the comparative résults of ten scenes of various
terrain types: grasslands, fields and forests are commonly studied vegetation
terrains; the airport runway and one urban area are added only for comparisons,
as respectively representative of flat target and non-uniform distributed target
extreme cases. For sake of completeness, HH channel results are provided from
AIRSAR data. Also are given both system incidence angles and radiometric
resolution coefficients (standard deviation to mean value ratio of the pixel power
distribution) in order to check the area uniformity and to give some informations

about scene texture, as seen by the two sensors.

The given backscattering coefficient values, in the E-SAR case, are
corrected in range by the theoretical calibration -function examined above. The
obtained results are rather good, since the VV o0 difference often lies about or
within 1 dB and is never greater than 2.2 dB; but they are very much variable, in
an uninterpretable way: there is no clear correlation of the result quality neither
with the terrain type nor with the incidence angle difference. Obviously, the
urban area result is not good since it is not a uniform target (see the great values

taken by the O/p coefficient). Another and more interesting discrepancies are

exhibited by forest areas, as well from the backscattering coefficients as from the
O/W ratios: while the AIRSAR latter values are pretty close to 1, the expected value,
the E-SAR ones are quite far away from 0.5 (corresponding to four-look). Maybe
this discrepancy can be explained by the different sensor resolutions, the E-SAR
resolution being too small to be able to see forests. as uniform areas; in that case,
the scattering mechanism should have been created mainly by trunks and

branches (which are less numerous in each cell size) rather than by leaves.
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7. Conclusion

For the first time, a comparative study o.f two different airborne SAR
images of a same site has been thoroughly undertaken: image quality analysis and
external, ground target based, calibration have been performed, from the
NASA/JPL aircraft SAR C-Band and DLR E-SAR C-Band and X-Band data collected

over the Oberpfaffenhoffen airport test site in FRG.

On the whole, both system data sets met the image quality requirements
associated to their respective characteristics; the only observed discrepancies
between theoretical and measured quality parameters could be explained by mis-
estimation of some parameters during pre-flight design goal calculations:
weighting functions actually used in the AIRSAR processor were not fully taken
into account; and evaluation of the equivalent number of independent looks, in
the E-SAR image formation, should be more ex;xctly conducted. The AIRSAR
performance was found to be stable when comparing with the previous Goldstone
calibration experiment[3]; even some azimuth impulse response degradation still
remains to be éolvcd, the cause is thought to be the lack of motion compensation
algorithm in the processor. The use of a PARC, compared with trihedrals, for
spatial resolution analysis, leads to better impulse response parameter measured
values, due to its greater signal to background ratio; particularly, it allowed to
point out a discrepancy between the range and azimuth sidelobe patterns, which
scemed to be produced by the on board analog range compression scheme used to

process the E-SAR raw data.

The comparative image quality study has shown that the multi-look
processing, more than improving the radiometric resolution, as it is designed for,

produced decreased side lobe levels(PSLR and ISLR), and thus improved spatial



40

resolution, and, what is maybe the most important, more stable and reliable

impulse response parameters, over the trihedral set used in the study.

Separate calibration procedures of both system C-Band images have been
performed, using the same 0.9 m trihedral set. The radiometric calibration process
of the E-SAR image has been addressed in detail, particularly focussing on some
aspects which must be treated with care, such as point target RCS estimation
taking into account the noise and background response, range dependence of the
derived calibration factors, and point target RCS vs clutter 60 formulation. Fully
polarimetric calibration has been performed on AIRSAR C-Band images, by means
of clutter backscattering statistics [16]: cross-polarization contamination has been
markedly reduced and phase channel balance has been achieved to a high degree

of quality.

Comparison between distributed target backscattering coefficients,
evaluated from the previously calibrated C-Band images, gave rather good results,
in an absolute sense, since o0 differences always were below 2 dB, but some
variabilty, within each terrain type, was detected: and remained unexplained. A
noticeable result was that the different spatial resolutions led to some
discrepancies in the image contrast (radiometric resolution coefficient) on such

areas as forests.

Finally, we have shown that effective cross-calibration between the
different sensor images was feasible: the radiometric calibration of the E-SAR C-
Band image actually could be achieved only by reference to the co-responding
AIRSAR image, which was assumed properly calibrated, giving quite similar
correction curves as those obtained from more classical methods (i. e. range
radiometric correction and absolute calibration by means of known corner

reflectors).
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Further works in such direction of calibrating SAR images should include
the definition of a cautious strategy mainly in order to deal with sensors of very
different characteristics (spatial resolution, geometric configuration,...), since
present and future calibration campaigns may involve various kinds of sensors,

such as SARs, SLARs or scatterometers.
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Table 1.

NASA/JPL AIR SAR and DLR E-SAR Parameter

NASA/IPL AIR SAR DLR E-SAR

Erequency Band : P-Band_____;_L;ﬁand : C-Band : C-Band : X-Band
Center Frequency (MHz) : 438.75 : 1298.75 : 5298.75 : 5300 : 9600
Pulse Length (us) : 11.25 : 11.25 : 11.25 : 5 : 5
Bandwidth (MHz) : 19 : 19 : 19 : 100 : 100
El. 3 dB Beamwidth (dg) : 38 : 44 : S0 : 35 : 30
Az. 3 dB Beamwidth (dg) : 19 : 8 : 2.5 : 17 : 15
Pulse Rep. Frequency (Hz) : l0.680 xV (knotls) : 952.38 : 1240
Mode : : : Quad. Pol. : \AY : A\AY
Digital sampling rate (MHz) : : : 45 (real) : 100 : 100
No. of bits/sample : : : 8 : 6 (1/Q) : 6 (1/Q)
Processed Doppler Bandwidth : : : : :

(Hz) : : : 70 : 75 : 110

LY
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Table 2.  Parameters of the C-Band AIRSAR, C- and X-Band E-SAR Images
Over DLR Site. Resolutions are Theoretical Ones, and Pixel Spacings

are Values for the Images Displayed on Figs. 2, 3 and 4.

AIRSAR C-BAND | E-SAR C-BAND | E-SAR X-BAND
I !

|

I
Slant range resolution (m) | 8.0 | 22 i 26
Azimuth resolution (m) : 3.0 : 4.0 : 4.0
Range sampling step (m) : 6.66 : 1.5 : 1.5
Azimuth sampling step (m): 3.03 : 1.5 : 093
Range pixel spacing (m) : 6.66 : 3.0 : 3.0
Azimuth pixel spacing (m) : 12.1 : 3.0 : 3.7
Range sample number : 750 : 1700 : 2000
Azimuth sample number E 4096 E 2048 E 4096

Table 3. Measured and Expected Radiometric Resolution Coefficients on
Uniform Areas from Power Detected AIRSAR and E-SAR Images

| |
i AIRSARCVV  E-SARCVV 1 XVY
I ] |

Mcasured YN (dB) | i1 | 1.88 ! 1.59
| | |

Expected YN (dB) | 3.01 I 1.76 I 1.31
i (1-Look) | (4-Look) | (8-Look)
| | |
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Table 4. Spatial Resolution Image Quality: Summary of Impulse Response

Parameters for AIRSAR C-Band Dati. Measured Values are Averages

and Standard Deviations over 13 Trihedrals, HH and VV Polarizations,
and Averages of 450 PARC Four Channels

Measured

Design Goals 09 m Trihedrals | 45° PARC

3 dB
3 dB
PSLR
PSLR
ISLR

ISLR

width range (m)
width azimuth (m)
range (dB)
azimuth (dB)
range (dB)

|
|
I
I
I
I
I
|
!
I
I
|
|
!
azimuth (dB) |
I

|
I
I
I
8.0 i 100 (= 0.9 I 10.7
I |
3.0 I 47 (= 1.5) I 3.4
| I
-16.0 I -182 (x 1.5) I -18.0
| |
-13.0 P -125 (= 3.3) I -164
I !
-13.0 I -13.1 (& 1.8) I -173
| |
-8.0 I -88 (x24) Fo-11.2
I I

Table 5. Spatial Resolution Image Quality: Summary of Impulse Response
Parameters for E-SAR C- Band and X-Band Data, Estimated from
thirteen 0.9 m trihedrals and from the 45° PARC for C-Band

C-Band X-Band
: 0.9 m_trihedrals : 450 PARC : 0.9 m trihedrals

3 dB width range (m) : 244 (+ 0.29) : 2.62 : 2.74 (+ 0.30)

3 dB width azimuth (m) : 412 (£ 0.15) : 3.75 : 6.80 (+ 2.02)

PSLR range (dB) : -23.7  (+ 1.6) : -25.2 I -206 (= 3.9)

PSLR azimuth (dB) : 273 (= L) : -39.9 I -240 (+ 2.0

ISLR range (dB) : 126 (=1.7) : -14.2 : -1 (= 1.6)

ISLR azimuth (dB) i -150 (x 0.6) E -14.9 E -15.1 (£ 22)
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Table 6. AIRSAR C-Band Polarimetric Calibration Results from In-Scene

Corner

Reflectors

| I Measured Values | Expected

Parameter |_Reflector |__Uncalibrated | Calibrated |__Valyes
| | | |

HH/VV Ampl. (dB) | trihedrals I 019 (£ 0.68) | -0.01 (£ 069! 00 (+ 0.4)
| 450 PARC I 0.10 I -0.13 1 0.0 (£ 04)
| 09 dihedral | -0.06 I -0.22 1 0.0 (=04
| | I |

HH/VV Phase (dg) | trihedrals | 14538(+ 3.76) | -0.08 (+ 3.76) | 0.0 (+ 10)
| 450 PARC I -36.6 I 178.20 I 180 (x 10)
| 00 dihedral | -37.75 I 177.12 I 180 (£'10)
| | | !

HV/HH Ampl. (dB) | trihedrals | -26.94 (+ 3.07) | -34.87 (+ 551) 1 <-30
| 0° dihedral | -18.39 I -20.99 I <£-30
| 450 dihedral | 21.08 I 3994 I >30
| ! | |

VH/HH Ampl. (dB) | trihedrals | -26.54 (+ 2.78) | -33.27 (+ 7.34) | <-30
| 00 dihedral | -18.43 I -21.99 I <-30
| 450 dihedral | 21.29 I 39.70 I 230
! | ! !

HV/VH Ampl. (dB) | 450 dihedral | -0.21 I 024 i 00 ( 04)
I I | |

HV/VH Phase (dg) | 450 dihedral | 27.17 b-2.15 I 0.0 (+ 10)




Table 7. Radiomctric comparison of C-Band AIRSAR and E-SAR distributed target rcsponses,
from calibrated images

| |
| AIRSAR | E-SAR
| |
I | | | |

Area I HH | Vv I incidence | vV | incidence
| o0@B) o/u I o0@B) o/n | angle (dg) | o©0(@B) o/u | angle (dg)
| l [ | !
| | | | |

runway | -19.3 1.15 I -177 0.95 | 46.2 | -17.5 0.53 | 43.1
| | | | |

grass I -13.1 0.93 I -13.8 0.98 | 46.7 | -12.4 0.55 | 44.0
| ! | | |

grass I -140 1.01 I 157 0.92 | 43.6 | -13.9 0.52 | 342
I | i | |

field I -52 1.00 i -6.6 0.97 i 43.2 | -6.2 0.51 i 329
I | i | i

ficld I 95 1.14 P-122 0.95 | 4.8 | -11.0 0.51 | 383

- I i i | |

field I 97 1.02 | 9.9 1.01 I 453 ! -8.3 0.52 | 39.9
I ] ] | |

forest I -89 1.01 | 9.6 0.99 | 45.1 | -10.4 0.70 | 395
I | I | I

forest I -8.7 0.97 | -8.1 1.14 | 493 | -5.9 0.78 I 50.1
| | I | |

forest I <15 1.03 | -1.4 1.00 | 43.5 | 9.1 0.66 | 350
I | | | |

urban | 29 2.86 | -1.2 2.22 | 48.1 | -3.1 3.03 I 48.2
I | | | I

39
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Figure 1. Map of the DLR calibration site at Oberpfaffenhofen

59



55

te

i

, amplitude image of the DLR test s

1zation

Band VV polar

C

AIRSAR,

Figure 2.



57

ite

E-SAR, C-Band VYV polarization, image of the DLR test s

Figure 3.



59

Figure 4. E-SAR, X-Band VV polarization, image of the DLR test site
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