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The Danish SAR System: Design and Initial Tests

Sgren Ngrvang Madsen, Member, IEEE, Erik Lintz Christensen, Niels Skou, Member, IEEE, and Jgrgen Dall

Abstract—In January 1986 the design of a high-resolution air-
borne C-band Synthetic Aperture Radar (SAR) started at the
Electromagnetics Institute of the Technical University of Den-
mark. The initial system test flights took place in November
and December 1989. The purpose of this paper is to describe
the design of the system, its implementation, and performance.
The paper will show how digital technology has been utilized
to realize a very flexible radar with variable resolution, swath-
width, and imaging geometry. The motion-compensation algo-
rithms implemented to obtain the high resolution will be out-
lined, as well as the special features built into the system to
ensure proper internal calibration. The data processing sys-
tem, developed for the image generation and quality assurance,
will be sketched, with special emphasis on the flexibility of the
system. Sample images and a preliminary performance evalu-
ation will be presented, demonstrating that the design goals
have been met. Finally, the on-going system upgrades and the
planned scientific utilization of the C-band SAR will be de-
scribed.

Keywords—High-resolution airborne SAR, SAR system de-
sign, SAR calibration.

I. INTRODUCTION

HE principle of Synthetic Aperture Radar (SAR) was

discovered nearly 40 years ago, and the first unclas-
sified papers were published 20 years ago [1]. For many
years SAR was mainly of military interest, primarily due
to the fact that civilian applications could not justify the
development of the costly SAR systems. Therefore the
development of SAR’s focused on military needs such as
high resolution and long range. Today, the benefits of
SAR for remote sensing is widely recognized and a num-
ber of SAR’s have been built not only for research but
also for operational applications such as sea-ice surveil-
lance.

In the spring of 1986 the Electromagnetics Institute of
the Technical University of Denmark initiated a project
to develop a high-resolution airborne SAR. The project,
sponsored by the Thomas B. Thriges Foundation, has also
benefitted extensively by the aircraft support from the
Royal Danish Air Force.

The KRAS (Coherent Radar and Advanced Signal pro-
cessing) system which is described in this paper is a re-
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search radar which serves the dual purpose of being: (i)
A testbed for coherent radar technology; and (ii) a facility
for underflights in support of the European ERS-1 SAR
satellite.

Since the study of advanced digital technology is an
important part of the project, the radar is based on digital
electronics to the highest possible degree. All units are
controlled and monitored by the radar control computer.
All signals are generated, recorded, and processed digi-
tally. This approach has resulted in a very flexible radar
which supports different mapping geometries, resolu-
tions, swaths, and calibration modes.

Section II describes the design requirements, followed
by the implementation details in Section III. Section IV
outlines the motion compensation approach, and Section
V focuses on the calibration features built into the system
as well as some accuracy and stability measurements. The
data processing system is discussed in Section VI. Section
VII describes the first tests of the radar and the evaluation
of the first results, and finally, Section VIII discusses on-
going activities and future plans.

II. KRAS DESIGN REQUIREMENTS

The system parameters corresponding to the present
configuration are listed in Table I.

A. Frequency and Polarization

The system’s frequency and polarization were deter-
mined to be suitable for underflight campaigns for the
European ERS-1 SAR satellite [2], now scheduled for
launch in early 1991. This fixed the frequency to 5.3 GHz
and the polarization to V'V,

B. Mapping, Modes, Geometry

The ERS-1 satellite SAR acquires data at steep angles
of incidence (23 + 3°), necessitating operation at very
high altitudes (since useful ‘‘simulation swath’’ at the rel-
evant incidence angle interval is proportional to altitude).
Accordingly, the design was optimized for operation at
altitudes in the range 30 000 to 45 000 ft. The potential
applications of the Danish SAR range widely from geo-
physical mapping, sea ice monitoring, and fishery inspec-
tion, all requiring wide swath and moderate resolution
(i.e., 10 m), to cartographic mapping and reconnaissance,
where high resolution is a primary concern. The wide
range of applications requires incidence angles from 20°
to 80°, leading to a requirement for a steerable antenna
depression (tilt) angle.

0196-2892/91/0500-0417$01.00 © 1991 IEEE

[T

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on November 6, 2009 at 07:54 from IEEE Xplore. Restrictions apply.



418 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING. VOL. 29, NO. 3, MAY 1991

TABLE 1
KRAS SYSTEM PARAMETERS

Frequency 5.3 GHz
Transmitter peak power 2 kW
Receiver noise figure 2.5dB
System loss (estimate) 3dB
Pulse length from 0.64 to 20 us
Maximum bandwidth 100 MHz
Antenna gain 26.8 dB

azimuth 3-dB beamwidth 2.7°

elevation pattern width 30°

polarization vv
Resolution

range variable 2,4, 8 m

azimuth variable 2, 4, 8 m

Slant-range swath (raw data)
Maximum range

variable 12, 24, 48 km
80 km

C. Resolution and Swath

The multipurpose emphasis mentioned above pre-
scribed a requirement for a variety of resolutions (from 2
by 2 m) and variable swath widths. The nominal range of
the system was set at 80 km and the maximum slant range
swath width (after pulse-compression) ranges from 9 km
(at 2-m resolution) to 48 km (at 8-m resolution). The
swath is limited by the maximum number of complex
range cells (8192). This also establishes the requirement
for the elevation beamwidth of 30° to ensure a swath not
constrained by the antenna characteristics (however, in
the nadir-looking mode the swath is beam limited). A pro-
grammable data window off-set is also essential. Three
typical mapping set-ups are shown in Fig. 1.

D. Sensitivity

The system sensitivity requirement is to map distrib-
uted targets with a characteristic backscatter coefficient of
6° = —30 dB (m’/m?) at an incidence angle of § = 65°
(altitude 12.5 km, slant range = 30 km) with a 10 dB
SNR (—40 dB NE¢® = noise-equivalent-sigma-zero),
which again corresponds to a point-target sensitivity of 10
dB SNR for a point target with 0 = 0.1 m? at a range of
80 km. (A simple calculation based on the parameters in
Table I, using 2-m resolution, 20 us pulse length, and a
PRF of 1 pulse per 0.1875 m gives NE¢® = —42.5 dB,
and o = 0.043 m’.)

E. Calibration

System calibration was a primary consideration, al-
though vaguely defined due to uncertainties regarding the
(stability) performance of available components. The goal
was set at +1 dB absolute calibration, and extensive cal-
ibration features are part of the baseline system.

F. Aircraft and Installation

It was required that the radar should fit in a rather small
(executive type) jet aircraft. The radar should support true
ground speeds up to 580 kn (290 m/s) and operation up
to 45 000 ft (13 720 m). Also, a requirement was that it
could be mounted or dismounted in 2 h.

ERS-1 Underflight
Beam limited swath

12500 m

H=

<4—— 15000 Mm——>»

—

High resolution far range mapping
Range cell limited

80000 m

12500 m

H=

69700 m

- 79000 m —>

"Low" resolution mapping
Range cell limited

80000 m
68.4°

12500 m

H=

31500 m )
< 79000 m >

Fig. 1. Examples showing some possible mapping configurations for the
KRAS SAR.

III. SySTEM IMPLEMENTATION
A. Radar Electronics

The system is based on a conventional heterodyne ap-
proach (although a homodyne design was considered [3])
using a 300-MHz IF frequency and a 5-GHz RF local os-
cillator. All timing signals in the radar front-end are
phase-locked to the IF frequency. The system block dia-
gram is shown in Fig. 2.

The required flexibility with respect to resolution and
swath is obtained by digital signal generation in the trans-
mitter and digital preprocessing in the receiver. The trans-
mitted waveform is generated by the control computer in-
flight in accordance with the bandwidth, pulse duration,
and coding type selected by the operator. From the con-
trol computer it is down-loaded in a fast buffer memory.
This approach provides maximum flexibility and also al-
lows predistortion of the signal, enabling corrections of
system errors such as the lack of quadrature or balance in
the modulator, transfer function errors, etc., resulting in
improved range sidelobes. The price paid for this flexi-
bility is that a large, fast buffer memory is required; 4096
complex code words are stored in the RAM buffer, sup-
porting pulses of lengths up to 20.48 us. The signal is
read out to two DA converters running at a 200-MHz sam-
pling rate, low-pass filtered with a cut-off frequency of
150 MHz, and then I /Q modulated to 300 MHz. The per-
formance of the predistortion system is described in more
detail by Netterstrgm, [4].

The I /Q modulator and the up-converter transforms the
baseband signal into a 5.3-GHz RF signal (variable) that
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is amplified to +23 dBm by a solid-state driver, which is
input to the traveling wave tube (TWT). As described
later, both the driver and TWT signals are connected to
the calibration system. The 2-kW output of the TWT is
then routed to the antenna via a T /R switch. The received
echoes are routed from the antenna, via the T /R switch
to a low-noise amplifier (LNA) and a calibration switch
module into the receiver. The dynamic range of the sys-
tem is optimized by use of a variable attenuator (40 dB
variation range) at the RF level. This attenuator is used
both for constant gain setting and sensitivity time control
(STC). The received signal is bandlimited at the IF and
converted to baseband using a quadrature demodulator.
The I and Q baseband signals are converted to digital sig-
nals by two 8-b, 100 MHz AD-converters [5].

B. Digital On-Line Preprocessing

The output of the AD-converters passes through a line
of real-time modules labeled range filter, data buffer,
MoComp 1, and azimuth prefilter, [6]. The range filters
(I1&Q) are 100-MHz, finite impulse response filters which
can be programmed to low-pass filter and subsample the
received signal. In the low-resolution modes, the SNR is
improved by low-pass filtering the I and Q signals before
they are subsampled. The range filter can subsample by
factors of 1, 2, or 4, thereby reducing the data rate and
widening the swath by the same factors. The range filter
is followed by a buffer memory, which in its simplest
modes, suits the purpose of converting the high data
rate /low duty cycle to a lower data rate at a duty cycle
of 80 to 95%. A first-order motion compensation (range-
independent phase shifts) is applied by the Mocomp 1
module. It also down-converts the signal azimuth spec-
trum to zero Doppler offset and thereby preconditions the
signal for the programmable azimuth prefilter, which low-
pass filters and subsamples the signal in azimuth. The
KRAS SAR operates at PRF’s higher than needed to sam-

Fig. 2. Radar block diagram.

ple the signal properly and achieve the desired resolution.
In combination with the azimuth prefiltering, the over-
sampling of the Doppler spectrum improves the SNR. The
subsample factors are 1, 2, 4, 8, and 16. The azimuth
prefilter is followed by another buffer memory imple-
menting the data rate reduction /duty cycle increase that
is enabled by the subsampling.

In addition to the active systems in the signal path, a
Doppler estimation system based on the sign Doppler al-
gorithm is included [7]. The system can be configured
such that this board either precedes or follows Mocomp
1. The function of this subsystem is described in more
detail in the section on motion compensation.

C. Antenna

The antenna is a 1.2-m-long, slotted, waveguide
phased-array antenna with an elevation pattern resem-
bling a modified cosec square pattern (G(y) ~ cosec ¥

vcos ¥). The antenna consists of four separate panels to
maximize the available bandwidth. For further details see
[8].

To assist planning the system performance, a number
of plots showing the received power as a function of al-
titude, antenna tilt angle, and ground range have been
generated, and an example is shown in Fig. 3. The plots
assume a constant backscatter coefficient, ¢® = —20 dB
(m? / m?), and are based on the measured antenna pattern,
a 3-dB system loss, and a 20-us transmitted pulse. The
noise floor using a 100-MHz receive bandwidth is at
—91.5 dBm. Due to signal oversampling (especially in
azimuth ), the SNR of the processed image is improved,
as mentioned earlier.

D. Antenna Installation
The antenna is mounted in a modified fuel pod from a

Draken fighter. The center part of the pod is replaced by
a A\/4 matched A-sandwich radome (two layers of fiber-
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Fig. 3. Plot showing the return power from a ¢° = —20 dB target as a
function of look angle for a flight altitude of 41 000 ft.

glass separated by a low density foam) which gives a re-
flection coefficient below —17 dB over the full range of
incidence angles [9]. The attitude of the antenna is con-
trolled by a 3 degree of freedom drive. The antenna is
attached to the pod by a ball pivot. Three linear actuators
control the antenna pointing, based on aircraft motion in-
formation from an INU (Inertial Navigation Unit) which
is mounted in the pod next to the antenna to minimize
lever-arm corrections [10].

The dimensions of the antenna and pod limit the an-
tenna pitch, yaw, roll, and tilt /depression angles to: P
= 43.3% 0y = +10° 6z = £5°; and 8, = 15°-55°.
For the Gulfstream G-3 aircraft this satisfies nearly all
flight conditions.

E. Control Computer

The entire radar is controlled by a multiprocessor VME-
bus-based control computer system, CC [11]. The oper-
ation of the SAR is assisted by ‘‘automap’’ software.
Combining the great circle flight path (known from INU
measurements) and the scene center entered by the oper-
ator, the automap software calculates the slant-range off-
set and the antenna depression angle. Likewise, it auto-
matically starts and stops the mapping based on the aircraft
position and scene size. The CC initializes all radar units
and controls them automatically or by operator input. The
operator communication can be via a menu-driven touch
screen or by key board. It generates codes for the digital
pulse generator and calculates STC tables as well as filter
coefficients for the range filter and azimuth prefilter. The
CC communicates with the radar INU and controls the
PRF and the antenna pointing based on INU measure-
ments. It combines INU and Doppler-tracker measure-
ments and provides real-time motion compensation pa-
rameters. Also, it includes numerous BITE (Built-In Test
Equipment) facilities and software to analyze acquired
data.

F. Aircraft

The radar is presently installed on a Gulfstream G-3
aircraft (owned and operated by the Royal Danish Air
Force). This provides a stable platform that operates at a
nominal airspeed of 240 m/s. It is especially well suited

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 29, NO. 3, MAY 1991
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Fig. 4. Gulfstream G-3 with the SAR pod mounted below the fuselage.

for satellite underflights, since it can operate at high al-
titudes (up to 45 000 ft). The antenna installation was
placed under the fuselage near the wings (see Fig. 4).

IV. MotioN COMPENSATION

In general, formation of the synthetic aperture requires
the radar to move along a smooth known trajectory, in the
aircraft case a straight line. For aircraft high-resolution
systems, such smooth uniform motion is not feasible and
some type of motion compensation is essential. In this
section, mocomp problems in general, and those specific
to the KRAS SAR implementation will be outlined. The
problem essentially is that the antenna does not follow the
required straight displacement pattern. Additionally, it
will exhibit a time-dependent pointing .in response to the
aircraft yaw, pitch, and roll.

The first problem is to measure where the radar is rel-
ative to the nominal aperture location. This is usually done
by an INU, which uses gyros (mechanical or laser) to
measure angles, and accelerometers to measure displace-
ments. However, the practical problems in these mea-
surements are significant. They include quantization er-
rors, insufficient sampling frequencies, time delays on
output, sensor drift, etc. These problems have been de-
scribed in [12). A second problem is to find the line-of-
sight (LOS) vector from the radar to the target, since the
slant-range displacement that needs to be determined is
given by:

- - -
AR = Hpos * Aram = IAranll

D

where according to Fig. 5, 7 s is a unit vector in the
LOS direction, A7, is the antenna displacement vector,
and 6,,,-0; os is the angle between the LOS and radar dis-
placement (angles are measured relative to vertical). The
LOS angle is not known; only the slant range (R) and a
platform altitude relative to average terrain are available.
It is easily shown that an altitude error of Ah will give
rise to an angle error A§ given by:

Ah
sin OLOS'

* €08 (O — O10s)

Al =

= )

It is seen that for satellite simulation underflights where
the angle of incidence is small (20°~30°), it is extremely
difficult to determine the LOS angle accurately. At 20°
incidence angle and 12-km altitude, even a 50-m height

I m

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on November 6, 2009 at 07:54 from IEEE Xplore. Restrictions apply.



N@RVANG MADSEN et al.: THE DANISH SAR SYSTEM: DESIGN AND INITIAL TESTS

-

Fig. 5. The motion compensation geometry.

uncertainty will give 0.6° uncertainty on the LOS angle
corresponding to a residual error of 1% on the motion-
correction factor. (Obviously a stable platform is always
preferable.)

The implementation of a computationally efficient sys-
tem is also difficult. In principle, all received echoes
should be range-compressed to obtain an accurate slant-
range measurement before motion compensation. By per-
forming the range compression after the azimuth prefil-
tering, the computational load, which is especially im-
portant in relation to a real-time implementation, is
significantly reduced. As the azimuth prefilter is a Dop-
pler low-pass filter equivalent to a short first-order beam
forming, data should ideally be motion-compensated be-
fore the prefilter. Still, an analysis has shown that in the
KRAS case, the apertures formed by the prefilter are so
short that it is only required to phase-compensate the data
before the prefilter, with a range-migration correction per-
formed later. Secondly, it has been found that the signal
will not be significantly attenuated ( <0.3 dB) in the pre-
filter, even if the same phase correction is used for the
entire range line. The processing algorithm is therefore:

1) Perform first-order motion compensation on the raw
range line consisting of a common phase shift of the entire
range line

2) Prefilter the data in azimuth (usually reducing the
PRF by 4 or 8)

3) Range compress the data

4) Perform the second-order motion compensation,
which is residual phase correction, and the range migra-
tion correction, both being functions of range (the already
performed phase shift must be subtracted)

5) Continue the ‘‘standard processing.’’

A major problem is that INU velocities tends to drift
with time. Since the antenna pointing is controlled by the
INU, the drift results in a misorientation of the antenna
relative to the synthetic array cross track. It also causes
errors in the along-track velocity estimate, leading to fo-
cus problems. A Doppler tracker has been implemented
to enable updates of the INU velocities. It provides a

421

number of Doppler estimates as a function of slant range.
Defining the flight direction as the x-axis, the
z-axis pointing down, and y completing a right-hand co-
ordinate system, it is found for the left-looking KRAS
system (Fig. 5) that the Doppler shift is given by the cross-
track velocities as:

o= % (vy sin O0s — v; cos B0s). 3)
The estimates cover 64 (or 128 programmable) range in-
tervals from near to far range and therefore correspond to
different angles of incidence. The observations can be
modeled as:

o1 - ki ki v 5 v
. .. y 'y
=21 0 =<k 4
) x ’ ’ <UZ> X <vl> ( )
fDn knl kn2
where k;; = sin 6,, and k;, = —cos ;. It can be shown

that the minimum square estimator for the transversal ve-
locities is given by:

<f"'> =2 WKy

v,

®)

where k7 is the transposition of k. In some mapping ge-
ometries the elevation angle interval is so narrow that the
uncertainty on the cross-line-of-sight component is un-
acceptable. Therefore the actual implementation of the al-
gorithm is slightly more complex using LOS /cross-LOS
velocities instead of », and v, so that only the LOS ve-
locity estimates are used for up-dating the INU velocity
biases in these cases. '

The v, velocity is the most critical parameter for long-
range, high-resolution mapping. The tolerance on v, cor-
responding to 45° quadratic phase error is:

v (pa)’ _
AR

U.\'
2TB,,m

Ay, = Q)

where p, is the azimuth resolution, and TB,,,, is the azi-
muth time bandwidth product. To achieve a 2-m resolu-
tion at 80-km range requires an accuracy of 0.2 m/s on
the along-track velocity. Also, a tilt error on the acceler-
ometer platform leads to errors in the correction for grav-
itation, resulting in horizontal acceleration errors. Both
the velocity drift and tilt problem are, however, slowly
varying. It has been found that if the autofocus is per-
formed after the ‘‘raw’’ INU mocomp has been applied,
autofocus on one single subwindow suffices to focus an
entire strip.

V. SYSTEM CALIBRATION

Calibration is an important issue in modern remote
sensing radars, and thus the EMI SAR are designed to
facilitate system calibration. The stability of the system
was ensured by applying design techniques usually ap-
plied in radiometer systems; e.g., all analog components,

[

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on November 6, 2009 at 07:54 from IEEE Xplore. Restrictions apply.



422 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 29, NO. 3, MAY 1991

from from
TX UPC
Calibration :_ 3 R3 ]
switch ] coax
| | relay
from |
TR | step

Receiver
front-end

P IN , down-
v switch | converter

Fig. 6. Calibration switch.

including the TWT, are temperature stabilized to 40°C +
1°C. Careful measurements of the type described in [13]
on the combined receiver and up-converter (excluding the
transmitter) have shown an amplitude stability of +£0.10
dB and a phase stability of +0.14° over this temperature
range for several hours. Another important feature of ra-
diometers is frequent automatic calibration. The KRAS
radar has a number of internal calibration loops. Samples
of the driver signal and TWT high-power output (sampled
via a —50 dB coupler) are injected into the calibration
switch (see Fig. 6). The calibration switch includes a pulse
peak power monitor, an integrated pulse energy detector,
and a programmable precision attenuator. The drive sig-
nal or the attenuated high-power output can be injected
into the receiver either before or after the low-noise am-
plifier. In general, coax relays are used due to their low
loss and high isolation properties, but after the LNA, a
fast (100 ns) PIN switch enables switching from the cal-
ibration mode to the reception mode between pulse trans-
mission and echo reception (and vice versa). The system
thus holds the capability of routing each transmitted pulse
through the calibration switch and the complete receiver
chain for digitization and recording along with the re-
ceived echo signal. This mode, however, requires that a
significant portion of the record window be used for cal-
ibration; e.g., 2048 out of 8192 range cells when 20-us
pulses are transmitted in the high-resolution mode. The
standard operation is therefore to record samples of the
transmitted pulse just before each mapping track. The cal-
ibration loop, including the TWT, has an accuracy of 0.2
dB, and stability measurements have shown that this level
of accuracy persists for hours after the calibration.

It is recognized that calibration requires characteriza-
tion of the antenna and radome. A significant uncertainty
in backscatter measurements can be attributed to insuffi-
cient knowledge of the antenna pattern. Accurate mea-
surements of the SAR antenna were therefore undertaken

in the spherical near-field antenna measurement facility of
the Electromagnetics Institute, which has a measurement
accuracy of better than 0.1 dB. During the measurements,
the antenna was installed in the 4.6-m-long pod and the
radome was mounted. The measurements showed that the
mainbeam changed less than 0.1 dB as a function of the
pointing angles set by the motion-compensation system.
Based on these measurements, the effect of multipath
propagation due to reflections from the wings are ex-
pected to be negligible, which is supported by the fact that
it has not been possible to detect interference fringes in
the data recorded so far.

A major calibration uncertainty in the system is due to
errors in the antenna pointing. The errors can be separated
into errors due to limited accuracy of the INU attitude
measurement, and errors caused by the antenna-pointing
system. Azimuth errors are of minor concern, since the
antenna pointing is easily estimated by Doppler tracking.
Elevation pointing errors are, however, not easily cor-
rected, and especially at the edges of the swath, far away
from the antenna boresight, the radiation pattern changes
rapidly with angle. The pointing error due to the antenna
gimbal is limited to 0.2°, and the INU attitude uncertainty
contributes 0.1°. At steep incidence angles an important
contribution comes from uncertainty in the altitude deter-
mination. As previously mentioned, a 50-m altitude error
will give a 0.6° incidence-angle for a 12-km altitude and
20° incidence angle. At the edges of the mainlobe the
two-way gain error amounts to approximately 1 dB per
degree.

The processor calibration is presently in progress. Once
measured, the antenna pattern in the azimuth direction is
easily taken into account in the calibration of the proces-
sor. The Doppler tracker ensures that the processed part
of the Doppler spectrum has been received from the azi-
muth direction with maximum antenna gain. If STC is
applied, it is neutralized in the data processor before range
compression, thereby avoiding distortion of the dispersed
pulse. Radiometric corrections for the antenna elevation
pattern and range attenuation are applied after the range
compression.

Despite the potential system stability of 1 dB including
sensor, pointing, and processor contributions, the system
calibration will be supplemented with external measure-
ments using corner reflectors. For operational mapping
missions it is planned to map the corner reflectors de-
ployed at and near the Technical University before and
after the flights.

VI. DATA PROCESSOR

During mapping, the data from the digital preprocessor
are recorded on high-density digital tapes (HDDT). Sub-
sequently, data are processed in the laboratory on an
Apollo DN 10000 (extended RISC) equipped with 16
megabyte of main memory, one 330 megabyte system disk
and two 660 megabyte data disks. Data are transferred
from the HDDT to the Apollo via an IEEE 488 bus.
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The SAR processing software is based on the range-
Doppler algorithm, which corrects for the range curvature
by interpolating range shifts in the range-doppler domain
[14]. The performance of the FFT transform plays an im-
portant role in this algorithm, and potential advantages of
using alternative fast transform or convolution algorithms
were therefore studied [15]. The FFT was selected as the
most suitable, primarily because some of its alternatives
call for special-purpose hardware.

The first version of the off-line processor was intended
to support the radar development and design of the real-
time processor. Accordingly, flexibility was the primary
concern, not processing speed. This processor has now
been upgraded to one that is more operationally suitable
with a better human interface. Without sacrificing much
of the flexibility, a somewhat faster version has been de-
veloped.

The processor is divided into three processing modules.
The range module operates on data in range-sequential
order. It offers one or more of the options: Doppler cen-
troid estimation, first-order motion compensation, azi-
muth prefiltering, range walk correction, range compres-
sion, second-order motion compensation, and unfocussed
SAR processing. The sequence of these options can be
selected as desired. The output from the range module is
typically (but not necessarily) scaled, converted to 16-b I
and 16-b Q and stored on disk. Following the corner turn-
ing module, the azimuth module offers azimuth compres-
sion (including range-curvature correction), slant-to-
ground-range resampling, detection, multilooking, and
intensity transformation.

The processor also holds an analysis module, including
histogram analyzer, spectrum analyzer, Doppler rate es-
timator (autofocus module), and INU data analyzer.

The off-line processor takes about 3 h to process a 9 by
6 km image into 2-m resolution. Recently, the disk or-
ganization has been changed so that 9 by 24 km scenes
can be processed, and using the airborne real-time azi-
muth prefilter, the maximum scene size is 9 by 48 km at
2-m resolution, or 36 by 48 km at 8-m resolution.

VII. PERFORMANCE EVALUATION

In November and December 1989 the first flight tests
of the Danish airborne SAR were performed. The first
flight demonstrated that the system generated quality im-
agery, albeit at a reduced resolution (8 by 8 m) due to a
sampling rate error and lack of INU data. On the second
mission, Copenhagen and the Technical University of
Denmark were mapped with a resolution of 2 by 2 m (see
Fig. 7). The data (which included the Technical Univer-
sity of Denmark and central Copenhagen) were acquired
at an altitude of 41 000 ft ( = 12 500 m), a slant range of
22 000 to 31 200 m, transmitting an 80-MHz linear FM
signal and using an antenna tilt-angle of 65°. Since no
STC was applied, it is seen from Fig. 3 that the power
returned for a constant ¢ ° will vary approximately 1.5 dB
from near-range to far-range, which is supported by the
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fact that the processed images are very well balanced ra-
diometrically. The equalization of the radiometric re-
sponse across the swath is entirely due to the antenna
shaping, combined with the appropriate scaling of refer-
ence functions in the SAR correlator, effectively keeping
the noise gain constant. It is noted that there are no inter-
ference fringes indicating reflections from the wing, and
there is no ‘‘banding’’ effect in the along-track direction
indicating motion-compensation problems.

A. Resolution

By using three-corner reflectors located on a soccer field
at the University (Fig. 7(b) and 8), a resolution of 2.0 +
0.02 m in range and 2.1 + 0.04 m in azimuth was mea-
sured, showing that the 2 by 2 m design goal for the res-
olution has been met.

B. Sidelobes

The peak sidelobes were measured to be —22 + 1 dB
in range and —20.5 + 1 dB in azimuth, which is to be
compared with the theoretical value of —22 dB for the
applied filter weighting. Considering that the clutter was
only 30 dB below the corner reflector peaks, a better cor-
respondence is not to be expected.

In 1990 the tests were continued. The testing has in-
cluded operating the system in all of the three mapping
configurations shown in Fig. 1; i.e., the ERS-1 undér-
flight configuration and the 80-km range fine and course-
resolution configurations. The latter involved testing the
real-time range filters. The real-time Doppler tracker,
Mocomp 1, and the azimuth prefilter have been tested
also. Finally, the ‘‘automap’’ control software assisting
the SAR operator has been tested.

VIII. PRESENT ACTIVITIES AND FUTURE PLANS

The system test and verification is an on-going activity,
with focus especially on the system calibration. The pro-
cessor calibration is in progress and the absolute calibra-
tion accuracy of the system is still to be measured.

In parallel with the above activities, the development
of a real-time on-board processor and display system is
being undertaken. This processor will have the capability
of producing single-look imagery from one SAR channel,
full swath and full resolution real-time in-flight. It is ex-
pected that the real-time processor will be available by
early 1992.

Funding has been approved for developing a prototype
of a dual-polarized microstrip antenna, and it is antici-
pated that this work will lead to an update of the system
to full polarimetric capability.

The primary objective of the presented work is research
in coherent radar technology and data processing algo-
rithms, but the scientific utilization of the SAR is an ob-
vious extension. The European Space Agency’s ERS-1
C-band satellite is expected to be launched in 1991 and
this will lead to a major increase in SAR-related activities
in Europe. Also, the Joint Research Center, of the Euro-
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(b)

Fig. 7. (a) The Technical University of Denmark mapped on December 6, 1989, in the Danish SAR's sccond test flight. (b)
Subwindow showing the soccer field (right above center) where the three corner reflectors are located.

— . e

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on November 6, 2009 at 07:54 from IEEE Xplore. Restrictions apply.



NO@RVANG MADSEN er al.: THE DANISH SAR SYSTEM: DESIGN AND INITIAL TESTS

AR
NN
e

oS,
LIN G N
SN

N

\/ X
) VR | § 20058
\ ,,A\_’ 7 AV
AN
R AR
“i «,‘Q/A\‘oﬁﬁ\ v
O

250+ 4

Pixel value
3

50+ 4

0 10 20 30 40 50 60 70
Azimuth (0.1875 m per unit)
300 T v

250+ 1

150 4

Pixel value

50F —

[] 10 20 30 40 50 60 70
Slant range (0.1875 m per unit)
(b)

Fig. 8. (a) Three-dimensional plot of the response of corner reflectors on
the soccer field (linear amplitude scale). (b) Azimuth (top) and range (bot-
tom) cuts through one corner reflector.

pean Economic Community, has decided to improve the
possibilities for the acquisition of remote sensing data and
to support the establishment of an operational source for
airborne optical and microwave remote sensing measure-
ments. As a result of this initiative the European Airborne
Remote Sensing Facility (EARSEF EEIG) has been es-
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tablished. The Danish SAR is the main microwave sensor
of EARSEF, in addition to being a testbed for radar re-
search at the Technical University of Denmark. The goal
of EARSEF is to have an operational SAR available in
Europe on request, and such a system may emerge during
the next few years.
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