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Sammanfattning

Rapporten beskriver det fransk-svenska bilaterala forskningsprojektet “Gemensamt test
av bistatisk lagfrekvent flygburen radar” och sammanfattar de viktigaste resultaten.
Projektet har utvecklat, testat och demonstrerat bistatisk syntetisk apertur radar (SAR)
for VHF/UHF-bandet (222-460 MHz) med séndare och mottagare pa tva flygplan.
Konceptet testades forsta gangen i Frankrike 2009 and sedan genomfordes en
omfattande datainsamling i Sverige 2010.

Datainsamlingen 2010 demonstrerade for forsta gangen att bistatiska SAR-bilder kan
produceras med liknande kvalité som monostatiska SAR-bilder pa VHF/UHF-bandet.
Teknikerna som utvecklats for att synkronisera systemen fungerade tillfredsstallande
och den uppnadda bilduppl6sningen blev enligt forvantan. Den geometriska
noggrannheten av de bistatiska bilderna var nagot samre an i de monostatiska bilderna
vilket forsvarade forandringsdetektion. Orsaken till problemet &r inte helt klarlagt men
beror formodligen pa kvarvarande fasdrift mellan systemen.

De flesta flygningarna genomférdes med de tva flygplanen sida-vid-sida och med
samma fart utefter parallellforflyttade banor. Den bistatiska elevationsvinkeln
varierades mellan 0° (“kvasi-monostatisk’) och 10°. Ytterligare nagra geometrier
studerades sasom cirkelbanor, kombination av cirkular och rak bana, samt parallella
banor med olika fart.

Det primara forsoksomradet var markstridskolan i Kvarn dar mal arrangerades pa
oppna falt och dolda i skogen. Forsoket inkluderade ocksa ett omrade med byggnader
som var under uppforande. Ett andra férsoksomrade var Remningstorp, strax vaster om
Skovde i Véstra Gotaland, som &r en skoglig forsokspark med en omfattande databas
av skogliga parametrar.

Resultaten fran bade Kvarn och Remningstorp visar att klotternivan éver skogen
minskar i de bistatiska bilderna (horisontell polarisation). Undertryckningen av klotter
ar upp till 10 dB och 6kar nar den bistatiska elevationsvinkeln 6kar. De dolda malen
paverkas i mindre omfattning vilket innebéar att mal-bakgrund-kontrasten i allménhet
Okar och dérmed detektionsprestanda.

Resultat fran bebyggelsen i Kvarn visar att penetration genom icke-metalliska tak och
avbildning av interiorer ar mojliga med SAR pa VHF/UHF-bandet.

Nyckelord: Radar, bistatisk, SAR, VHF-band, UHF-band
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Summary

The French-Swedish bilateral research project “Joint Bistatic Low Frequency Airborne
Radar Experiments” is described and the main results summarised. The project has
developed, tested and demonstrated bistatic synthetic aperture radar (SAR) operating in
the VHF/UHF-band (222-460 MHz) with transmitter and receiver on two airborne
platforms. The concept was first tested in France 2009 and then an extensive data
collection was performed in Sweden 2010.

The data collection in 2010 demonstrated for the first time that bistatic SAR images
can be generated with similar quality as monostatic SAR images in the VHF/UHF-
band. The techniques developed to synchronise the radar systems worked successfully
and images with nominal resolution were obtained. The geometrical accuracy of the
bistatic images is slightly inferior compared to the monostatic images which reduces
change detection performance. The cause of this problem is not fully understood but it
is likely due to residual phase drift between the radar systems.

Most of the flights were conducted with the two aircraft flying side-by-side with the
same velocity along parallel but offset tracks. Bistatic elevation angles between 0°
(“quasi-monostatic”) and 10° were realised in this manner. A few other geometries
were also used, i.e. circular tracks, combinations of circular and straight tracks as well
as parallel tracks with different speeds.

The main test site of the experiment was the Swedish Army Combat School at Kvarn
where targets were deployed in the open and concealed in forests. The site also
included an area with buildings under construction. The second test site used was
Remningstorp, west of the city of Skdvde in Véstra Gotaland, which is a forest
research park with an extensive data base of forest parameters.

Results from both Kvarn and Remningstorp show that the bistatic images (horizontal
polarisation) show a decrease of the forest clutter. The effect is more pronounced when
the bistatic elevation angle increases and a suppression of up to 10 dB is observed. The
concealed targets are less affected which means that the target-to-clutter ratio generally
increases and hence detection performance.

Results from the building complex in Kvarn show that penetration through non-
metallic roofs of buildings and imaging of building interiors are possible using
VHF/UHF-band SAR.

Keywords: Radar, bistatic, SAR, VHF-band, UHF-band
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1 Introduction

The report summarizes the research collaboration “Joint Bistatic Low Frequency Airborne
Radar Experiments” between DGA and ONERA in France and FOI in Sweden [1]. The
objective has been to evaluate the performance of bistatic low-frequency airborne
synthetic aperture radar (SAR) for foliage penetration and urban applications. The research
has investigated detection of targets concealed in dense forests as well as penetration into
buildings using two cooperating radars, i.e. the French SETHI and the Swedish LORA.

A bistatic radar is based on using transmit and receive antennas at separated locations as
opposed to a monostatic radar where the two antennas are co-located or a single antenna is
used for transmit and receive. Bistatic radar has been studied since the earliest days of
radar development in the 1930’s. However, there are still few bistatic radars in comparison
with the total number of operational radar systems, most likely due to technical challenges
concerning synchronization. More details on both historical and contemporary bistatic
radar developments can be found in [2][3]. Examples of bistatic SAR at X-band using two
airborne platforms or a mix of spaceborne and airborne platforms are given in [4][5].

Bistatic radar offers several advantages compared to monostatic radar. For defence
purposes, the most important one is the possibility to obtain radar data using a passive
sensor. By separating the transmitting and receiving parts onto different platforms it is
possible to move the former to a position at a longer distance (sanctuary) from a hostile
threat. The platform with the receiving part is passive and does not radiate signals which
can be intercepted. It can therefore be operated at a closer range to a hostile threat.

The term low-frequency radar is used in this report to describe systems with operating
frequency below the traditional microwave band, i.e. below 1 GHz. It is known from past
research that low-frequency SAR provides significant penetration into forests and enables
detection of concealed vehicle-sized targets using change detection techniques [6][7]. A
review of foliage penetration radar (FOPEN) is available in a recent book [8].

Several tests with monostatic low-frequency SAR have been performed in the past to
quantify the performance of detecting concealed targets [6][7][9][10][11][12][13]. The
conclusion is that the band 25-85 MHz gives the overall best detection performance for
truck-sized targets but that detection performance decreases for larger incidence angles
since the target radar-cross section (RCS) is reduced by ground-reflection interference.
Detection results for the higher band 200-500 MHz are generally inferior due to higher
clutter levels and target fading with aspect angle. The higher band, however, provides
comparatively better performance for larger incidence angles and smaller targets.

In contrast to the FOPEN application, little is known about the capability of a low-
frequency SAR to penetrate and image targets inside buildings. Only limited results are
available in the open literature, e.g. attenuation through different materials or results
obtained from SAR simulations [14][15][16][17]. The results given here based on real
SAR data for this application will consequently be exploratory in nature.

Combining bistatic geometries with low-frequency SAR opens a possibility to increase
target-to-clutter-ratio and improve detection. Monostatic HH-polarised clutter is often
dominated by double-bounce reflection between horizontal ground and large vertical
structures like tree stems or building walls. The mechanism decreases for bistatic
geometries with elevation angle separation [18]. A target is less affected due to its lower
height and target-to-clutter ratio as well as detection performance is expected to increase.
A first verification of this idea was performed in 2007 using an airborne transmitter and a
ground-based receiver in the band 28-73 MHz [19]. Results showed that target-to-clutter
ratio increased up to 10 dB but image quality was far from optimum. The present research
aims to demonstrate increased target-to-clutter ratio and evaluate the concept of operations
in a bistatic geometry using two aircraft. The common frequency band was chosen to be
within 200-500 MHz since LORA already operated in this band and SETHI was planned
to be upgraded. Results from the first flight tests in 2009 have been reported in [20].
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2 Airborne bistatic SAR

The concept of operating a bistatic SAR is illustrated in Figure 1, i.e. two cooperating
radar systems which are located on separate airborne platforms. The illustration shows the
transmitting part on-board an aircraft at large distance and the receiving part on-board a
small UAV at close range. This configuration improves system survival by moving the
vulnerable transmitter away from the imaged area.

Transmitter (active) —l

Bistatic SAR Jp———_

I

Receiver (passive)

Figure 1. Example of bistatic SAR operation. The transmitter is located on a large platform at a long
distance from the imaged area, whereas the receiver is located on a small platform at close range.

To the author’s knowledge, it is the first time that a bistatic SAR system at low
frequencies has been developed and operated. It is based on the French radar SETHI
integrated on a Falcon 20 and the Swedish radar LORA integrated on a Saberliner, see
Figure 2. They operate as a coherent bistatic system and cover 220-460 MHz. The lower
limit is defined by the lowest useable frequency of the LORA antenna whereas the upper
limit was selected to avoid transmitting into the digital TV broadcasting band starting at
470 MHz.

ONERA (French Aerospace Laboratory) has developed the SETHI airborne SAR system
[21]. It uses two wing pods which are able to carry different payloads, i.e. radar antennas
operating from the VHF- to X-band and/or optical sensors, and provides a wide range of
acquisition geometries. The pod-based concept allows easy integration and testing using a
single airworthiness certification. The antenna of the VHF/UHF-band radar developed for
the bistatic experiments consists of a fully polarimetric antenna which is integrated into
the left pod.

FOI (Swedish Defence Research Agency) has developed the LORA radar system [22].
LORA is designed to cover the band 200-800 MHz. The antenna system is integrated into
two push booms located in front of the Saberliner nose. Each boom houses a left-looking
five-element array covering 220-435 MHz and 435-800 MHz in the left and right booms,
respectively. Only two elements - one for transmission and one for reception - are active in
each boom during SAR operation. The antenna elements are bicones oriented along the
axis of the booms and with a directive reflector behind. The polarization of this
configuration is mainly horizontal but some vertical component is also generated which
increases for larger Doppler frequency and depression angle.

In principle, the combined antenna polarization used for bistatic operation can be either
horizontal-horizontal or vertical-horizontal since SETHI has a fully polarimetric antenna
whereas LORA’s antenna provides essentially horizontal polarization. The polarization
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was chosen to be horizontal-horizontal during LORAMbis 2010 since simulations and
experience showed that it would be more favourable. Vertical-horizontal was used in 2009
which indicated poor target-to-clutter contrasts [20].

(a) (b)

Figure 2. The two aircraft used in the bistatic experiments: (a) Falcon 20 with the SETHI radar where
the antennas are mounted inside wing pods; (b) Sabreliner with the LORA radar and two push-boom
antennas. (Photo to the right: Pia Ericson, FMV).

One of the main challenges for bistatic radar is to enable synchronization and maintain
coherence between the two systems since they are not physically connected to each other.
An important development during the project has therefore been to upgrade both systems
with a GPS-disciplined oscillator. The latter uses the GPS 1-PPS (pulse-per-second) signal
to control the master oscillator frequency of each system. This removes most of the
oscillator drift between the two systems but a final correction is needed during signal
processing. This correction can be estimated by recording the received direct signal of the
transmitted pulse. Another important upgrade has been to enable fully coherent operation
of LORA based on an oscillator bank instead of a frequency synthesizer as used in the
past. The synchronization between the two systems is further complicated by the fact that
LORA uses a stepped-frequency waveform to cover the full bandwidth. The developed
solution is to define the waveform sequence with the same starting frequency for each 1-
PPS pulse.

The formation of bistatic SAR images presents an additional challenge compared to
monostatic data. The signal processing has therefore been upgraded to take into account
two antenna positions and two master oscillators instead of a single one as in a monostatic
system.
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3 Development and initial testing

Measurements with the two radar systems SETHI and LORA were performed at two
occasions in preparation for the main bistatic flight campaign in 2010.

In November 2008 tests of the proposed solution for time and frequency synchronization
were performed in the laboratory at ONERA in Salon de Provence, France. The
requirements of synchronicity between the two radar systems are imposed by several
factors:

o Stepped-frequency waveform. The receiving radar unit has to be tuned to the same
sub-band that was used for the latest radar pulse emitted by the transmitter.

e Time synchronization. During an imaging pass the drift between the trigger that
positions the sampling window in the receiving system and the pulse repetition
frequency (PRF) of the transmitter must be sufficiently low.

e Phase synchronization. The SETHI and LORA signals have to be in phase during
each imaging pass to preserve a coherent registration and enable focusing in the
bistatic SAR image formation.

For the laboratory tests SETHI and LORA had been equipped with an electronic board
where a master oscillator of 10 MHz is controlled through a feedback loop by a 1-PPS
signal retrieved and provided through a high quality GPS receiver available in both
systems. This hardware implementation had been used earlier by FOI with good results
during the bistatic SAR measurements at VHF-band [19]. The tests showed that a
sufficient stability could be achieved but required a warming-up period of the board,
preferably in the order of 15 to 30 minutes. The maximum drift between the 1-PPS system
triggers was found to be 150 ns during 3 hours of measurements, see Figure 3. With a
pulse length of 5 us and a sampling window of 35 us planned for the airborne
measurements this value was acceptable. The defined stepped-frequency waveform was
also verified to work properly during the tests with both SETHI and LORA acting
transmitter or receiver. The waveform consists of four overlapping sub-bands that cover
222-460 MHz. A more detailed description of the laboratory tests is available in [23].

5 min warm up

- 3h >

Figure 3. The commercially available board (EB03) integrated in both SETHI and LORA that contains
the 10 MHz reference oscillator disciplined by the 1-PPS signal (left). Three hours of measurements
of the drift between the two 1-PPS signals provided by the GPS receiver in each radar system (right).

The first airborne proof-of-concept and verification tests (LORAMbis 2009) were
undertaken during one week in December 2009 [20]. The primary campaign objectives
were to evaluate the implemented synchronization principle based on the experiences
gained from the laboratory tests the year before and to examine the image quality obtained
with the acquired bistatic VHF/UHF SAR data.

10
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A test site close to Mende in southern France was selected. It is located about 1000 m
above sea level and was used during an earlier common SAR experiment in 1998 [24].
Mende is quite close to Nimes-Garons airport where the LORA and SETHI aircraft were
based during the campaign. One of the reasons for selecting this area was to minimise
radio-frequency interference (RFI). Another reason was the availability of ground truth
information.

System checks were made on ground before the first flight. The transmitted waveform
generated by SETHI was injected using a cable into the receiving system of LORA where
it was digitized and stored on disk as a reference and calibration signal to be used in the
bistatic SAR processing, see Figure 4. The same procedure was repeated but shifting the
transmitting and receiving radar system. The flight program consisted of two identical
missions with eight imaging passes in each. The bistatic geometry was limited to parallel
tracks with a realization of four different bistatic elevation angles, i.e. 0° (“quasi-
monostatic”), 3°, 6° and 10°. The imaging was repeated twice with SETHI as transmitter
and LORA passive receiver during one pass and vice versa in the other.

The raw data set acquired over Mende could successfully be processed into bistatic SAR
images and proved that the synchronization solution was good enough to work properly.
Figure 4 shows a geo-referenced bistatic SAR image example registered over Mende and
presented as an overlay on a map of the area.

Figure 4. System calibration measurements with SETHI and LORA at Nimes-Garons airport in
preparation of the first flight mission during the campaign LORAMbis 2009 (left). Bistatic data
acquired by SETHI with a bistatic elevation angle of 0° (“quasi-monostatic”) and formed into a SAR
image which is visualized on top of a map covering the area (right). The significant topographic relief
of the test size is clearly visible. Three of the four different sub-bands in the stepped-frequency
waveform have in this case been processed separately instead of the fully reconstructed signal
bandwidth. The colour coding based on the three sub-bands is 222-305 MHz (red), 272-355 MHz
(green) and 400-460 MHz (blue).

11
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4 Data collection LORAMbis 2010

The bistatic SAR experiment LORAMbis 2010 took place in southern Sweden during
approximately two weeks, i.e. 20-30 September 2010. The main experiment objective was
to study bistatic VHF/UHF SAR from an operational point of view with the application of
target detection in forest concealment or urban environments in focus. Two different test
sites were mapped by SETHI and LORA, i.e. Kvarn and Remningstorp.

4.1 Kvarn test site

Kvarn is part of the training range Présttomta and located about 30 km northwest of the
military airfield Malmen where the two aircraft were based during the bistatic SAR
campaign in Sweden. Présttomta is about 7400 ha large with open fields, meadows,
marshes, forests and several small lakes. The forest stands exhibit a wide range of ages
and are dominated by coniferous species. The ground elevation varies from 50 m to 120 m
above sea level. Deployments of vehicle-sized targets under foliage were carried out at this
test site. The forest area used for this was the same as one of three used during the French-
Swedish SAR campaign LORAM conducted in 2004 [25]. It is marked in the aerial photo
of Figure 5. During the first week of LORAMbis 2010 two bistatic flight missions were
made with deployment A in place on ground and during the second week the same flight
program was repeated but now with deployment B. The schematic map in Figure 5 shows
the approximate locations for the sixteen terrain vehicles and one personal car used in the
deployments with two symbol colours to distinguish A from B. The imaged area also
covers a ground segment with a variety of building types which enables studies on bistatic
clutter characteristics for this kind of environment.

Deployment A: OTGB20  #WTGB11M3 @Volvo V70
Deployment B: @ * o

Figure 5. The coverage of the optical image (left) corresponds to the monostatic and bistatic SAR
images in Figure 9 and is 2 km x 2 km large. The forest area used for the target deployment A and B
during the campaign is marked by the yellow square. The schematic map (right) shows approximately
the different locations used for the deployed targets with different symbols representing vehicle types
and the gray and red symbol colour corresponds to deployment A and B, respectively. (Optical image:
©2011 Google - Imagery ©2011 DigitalGlobe, Cnes/Spot Image, GeoEye, Lantméateriet/Metria).

Two terrain vehicles of a model type known as TGB11 in the Swedish Army were used
and can be recognized as a small target class. The TGB11 has jeep-like dimensions but
squeezed into a more cubic shape, i.e. 4.4 m long, 1.9 m wide and 2.2 m high. The primary
use of the TGB11 is transportation of military personnel. Another vehicle type in the small
target class is TGB13. It has the same basic design as TGB11 but is extended in length
about one meter and equipped with a third axle in the rear. Six units of this type were
included. The third terrain vehicle model type used was TGB30 with a truck-like design.

12
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This vehicle has a length of 6.8 m, a width of 2.5 m and a height of 2.9 m. It comprises a
medium target class. Eight TGB30 were available during the campaign. Different versions
of the TGB30 exist depending upon the configuration of its truck bed but was similar for
all eight in this case. Finally, the personal car was a Volvo station wagon and thus a small
target class. Figure 6 shows photos of all four types captured during deployment B. The
majority of locations were the same as during the earlier campaign LORAM in 2004 with
positions accurately measured by a land surveyor. The positions of the new locations
introduced have been retrieved from LIiDAR measurements conducted for both
deployment A and B using a helicopterborne laser scanner.

b i o LA T L r T

Figure 6. The target types used in the LORAMbis 2010 deployments, i.e. TGB30 (top, left), TGB13
(top, right), TGB11 (bottom, left) and Volvo station wagon (bottom, right).

4.2 Remningstorp test site

The second test site Remningstorp covers about 1200 ha of productive forest land divided
into over 300 stands. The dominating tree species are Norway spruce (Picea abies (L.)
Karst.), Scots pine (Pinus sylvestris L.) and birch (Betula spp.). It is mainly a production
forest with stem volume varying up to 600 m*/ha on stand level. The variability of forest
characteristics is well documented in terms of different forest parameters. The area is
overall rather flat with a topographic elevation range of about 20 m. Remningstorp was
mapped during one bistatic flight mission with the objective to collect a data set where
forest clutter characteristics can be studied in detail with access to detailed ground truth.

4.3 Bistatic flight geometries

Four different types of flight geometries were used during LORAMbis 2010 and are
shown in Figure 7. In most cases, the flight altitude for the transmitting aircraft was 10000
ft and 11000 ft for the receiving aircraft. The majority of the imaging passes were devoted
to parallel and offset tracks within visual range and all of the results presented in this
report are from this geometry, i.e. a bistatic elevation angle of 0° (“quasi-monostatic™), 3°,
6° or 10°. The defined elevation angles are valid at the radar aim point in the centre of the
imaged ground scene and will vary across the swath width, see Figure 8.

13
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In general, the geometries were flown with SETHI as transmitter and LORA as receiver,
as well as vice versa. In Remningstorp with one flight mission only the imaging
geometries were limited to the two found to the left in Figure 7. The number of imaging
passes conducted in one flight mission was about ten. Only a few of all monostatic and
bistatic data registrations planned could not be completed successfully.

Elevation offset

RX @ FL110 ‘“\\'QQ

TX @ FL100

© =[0°, 3°, 6°, 10°]

Offset along circular flight paths

RX

TX, v,

RX, v,

Azimuth offset, same or different velocities

3
-

— ¥
L
r

Long stand-off

TX and RX beyond visual range from each other

RX
¥ ir

™
RX

r *

Figure 7. The four types of bistatic flight geometries used during LORAMbis 2010. For the imaging
passes with variations the in bistatic elevation angle the same figures were used as in the first bistatic
airborne tests conducted in France the year before, i.e. 0° (“quasi-monostatic”), 3°, 6° and 10°.
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Figure 8. The bistatic elevation angle varies across the imaged swath. It is equal to the nominal value
only when the ground range is the same as the ground range at the aim point. The four curves

correspond to the angles defined for the LORAMbis 2010 bistatic SAR acquisition geometries, i.e. 0°
(“quasi-monostatic”), 3°, 6° and 10° at the aim point.
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5 Results

In this section we include both mono- and bistatic results from the LORAMbis 2010 data
collection in the form of image examples and some quality measures. The latter is,
however, only given for data recorded by the LORA system in this report.

5.1 FOI LORA image examples

Processing of bistatic SAR data is much more challenging than monostatic data but we
will, based on data registered by LORA, demonstrate that the resulting quality of the
bistatic images is in parity to the monostatic images. Besides the theoretical challenge of
inverting bistatic data and formulating an efficient image formation algorithm, bistatic
SAR processing needs information on antenna position of both systems and to properly
deal with time synchronization and correct for oscillator drift between the systems. The
latter can be done in different ways but the preferred method is to transfer the transmit
phase information to the receiving system. A data link was not available in the LORAMbis
2010 data collection but the LORA system received and recorded the transmitted (direct)
signal by SETHI which enabled the relative transmit phase to be retrieved. The quality of
retrieval varied since the amplitude of the direct signal varied due to antenna gain
variations during a data collection. The image formation is performed using the fast
factorized backprojection algorithm developed for monostatic SAR but generalized to the
bistatic case [26][27].

The first example in Figure 9 shows a comparison between a monostatic and two bistatic
SAR images which cover the same area as shown in Figure 5. The left (monostatic) and
middle (bistatic elevation angle 0°) images are similar and both show strong clutter over
most of the forested areas as well as the buildings due to double-bounce scattering
between the ground and the vertical structures. The clutter is particularly strong in areas
where the ground is flat and horizontal. The bistatic image on the right, on the other hand,
has a bistatic elevation angle of 10° and the corresponding clutter statistics has changed
with the largest reduction in the areas with strong clutter. The observation is explained by
the bistatic geometry which reduces the double-bounce scattering [28]. Only a small
fraction of the forested areas have unchanged or slightly stronger clutter, most likely due
to weak double-bounce in the monostatic image. Images corresponding to bistatic
elevation angles of 3° and 6° (not shown) show clutter suppression in between the results
for 0° and 10°. The results demonstrate that the clutter is reduced for these bistatic SAR
geometries.

i -

(a) Mission 1 Pass 2 (b) Mission 1 Pass 4 (c) Mission 2 Pass 6
Figure 9. (a) Monostatic LORA image. (b)-(c) Bistatic image with LORA as receiver and SETHI as

transmitter. Bistatic elevation angle is 0° in (b) and 10° in (c). Kvarn test site, flight heading 225° and
radar antenna is left looking. The image size is 2 km x 2 km.
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The second example in Figure 10 is from the second test site Remningstorp: (a) is a
monostatic image and (b) is a bistatic image with bistatic elevation angle of 6°. Again,
significant clutter suppression is observed due to reduction of double-bounce scattering
between the ground and the trees. The clutter suppression is even more pronounced
compared to the examples from Kvarn in Figure 9. The reason is that Remningstorp has
less topography than Kvarn. However, ground slopes can locally be steep which also is
reflected in the images.

(a) Mission 5 Pass 2 (b) Mission 5 Pass 6

Figure 10. (a) Monostatic LORA image of Remningstorp. (b) Bistatic image with LORA as receiver
and SETHI as transmitter. Bistatic elevation angle is 6° in (b). Flight heading 268° and radar is left
looking. The image size is 3.6 km x 3.5 km.

5.2 ONERA SETHI image examples

Examples of mono- and bistatic images with SETHI as receiver and LORA as transmitter
for the test site Kvarn are given in Figure 11. The left image (a) is a monostatic image,
whereas (b) and (c) correspond to 6° and 10° bistatic elevation angle.

The images have been formed with a SAR processor based on the range migration
algorithm (RMA) for monostatic images and with an existing bistatic processor, originally
used for bistatic experiments at X band, but here adapted to UHF band [29].

Although not clearly visible in Figure 11 due to the gray-scale coding applied, clutter
suppression is observed when comparing forest clutter statistics between the mono- and
bistatic images. It can also noticed that the signature of the vehicles in the open area (red
circles) are very similar when comparing the mono- and bistatic results. This is in
agreement with the expected behaviour of bistatic signatures at UHF-band for objects
having a fairly low extent in the vertical direction and found on a horizontal ground.
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Mission 3 Pass 4 Mission 3 Pass 8 Mission 4 Pass 8

(@) Deployment 2 (b) ©

Deployment 2 Deployment 2

Figure 11. (a) Monostatic SETHI image of Kvarn. (b) and (c) are bistatic images (6° and 10°) with
SETHI as receiver and LORA as transmitter. Flight heading 225° and radar is left looking. The image
size is 1.4 km x 1.4 km.

5.3 Direct signal characteristics

The transmitted (direct) signal by SETHI was recorded in imaging passes where LORA
was receiver. Together with platform position data, it is possible to track the phase drift
between the systems and use it as a correction in the image formation process. Several
tracking methods have been evaluated. All methods depend on good signal-to-noise ratio
(SNR) and problems occur when the signal becomes weak due to signal fading. SNR
variations are observed, see examples in Figure 12, and it is recommended for future
experiments that measures are taken to minimise the signal fluctuations.

40

snr (dB]

261

24
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5 80 % 10 20 30 40 50 60 70 80
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Figure 12. The plots show the signal-to-noise ratio (SNR) of the direct signal during two passes
(bistatic elevation angle 0° and flight heading 315°). The left plot is from deployment A whereas the
right plot is from deployment B. The plots show that SNR varies during a single pass due to fading
through the antenna backlobe. The right plot also shows low values intermittently which may indicate
system problems.

5.4 Image quality

The image examples in Section 5.1 indicate that the mono- and bistatic images have
similar quality in terms of sensitivity and dynamic range. The image quality has also been
assessed by measuring the response to trihedral radar reflectors. The side length of the
reflectors is 5 m, i.e. much larger than the wavelength implying that they are essentially
point targets close to the direction of maximum radar cross section. Representative
examples of trihedral responses are shown in Figure 13. The main conclusion from the
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analysis is that all monostatic images show similar image quality in terms of resolution
and sidelobes. For the bistatic images, image quality shows more variability with the best
image quality obtained for deployment A. It is presently not clear why the image quality
for deployment B is worse but a possible explanation is uncompensated phase drift.

i G O
g0 2

g1

3

Azimuth resolution (m)

B o 1
Ground range (m)

@) (b) ©

Figure 13. Examples of trihedral responses. Contour levels are -3dB (red), -6dB (yellow), -10dB (light
blue), -15dB (dark blue) and -20dB (black). (a) is a monostatic example and (b) and (c) are bistatic
examples. (a)-(b) is from deployment A and (c) is from deployment B, see Figure 5. The -3 dB width is
approximately the same in all examples.

5.5 Detection of vehicles concealed in forest

The concealed vehicles were deployed in a moderately topographic forest terrain of about
600 m x 600 m, i.e. the area confined by the yellow square in Figure 5. The range of the
ground height undulations is 22 m and the selected area contains both sloping and flat
conditions.

The forest clutter suppression, obtained by using a bistatic separation in elevation angle, is
expected to be most pronounced when the tree trunks are standing on a flat surface, i.e.
when the angle between the ground and trunk is close to 90°. An example of this is shown
in Figure 14 with two TGB30 terrain vehicles located in the middle part of the forested
area. The two vehicles are more visible with increasing bistatic angle both in the colour
coded image chips and in the corresponding change images generated by the change
detection algorithm [7]. The colour coded images have been generated by modulating the
red channel with the SAR images acquired during deployment A, and the green and blue
channels with the same registrations but from deployment B. Consequently, targets from
deployment A are expected to become red while targets from deployment B will become
turquoise. Clutter signals present in both deployments are assigned to all three colours and
will thus appear as gray. The dynamic range is automatically set by the minimum and
maximum pixel values present in each overview scene and the brightness of the images is
hereby equalized. Hence, the results show that the forest clutter levels are reduced in
favour of detecting the two TGB30 vehicles.

Another example is given in Figure 15 where a TGB30 vehicle is equally visible
independent of the bistatic elevation angle. The local terrain is sloping in this example and
the clutter levels in fact become stronger with increasing angles. The result for this
specific target signature could be explained by the fact that the target radar cross section is
also enhanced due to the bistatic angle and the sloping terrain.

When comparing the monostatic and “quasi-monostatic” results in Figure 14 and Figure
15 we observe that the monostatic images appear more gray compared to the “quasi-
monostatic” images. This indicates better image matching for the monostatic images and
that the bistatic performance could be enhanced in the future.
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Figure 14. Example of two TGB30 imaged in the forested area. Red colour represents deployment A
whereas the combination of green and blue (turquoise) corresponds to deployment B. The flight
heading is 225°. From left to right; a) geo-referenced overview of the 600 m x 600 m forested area, b)
zoom in of the area marked by the red square, c) resulting change image generated from the
corresponding image pair. Images from top to bottom; I) true monostatic, Il) “quasi-monostatic”
(bistatic angle 0°), Ill) bistatic angle 3°, IV) bistatic angle 6° and V) bistatic angle 10°.
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Figure 15. Example of one TGB30 imaged in the forested area. Red colour represents deployment A
whereas the combination of green and blue (turquoise) corresponds to deployment B. Flight heading
is 225°. From left to right; a) geo-referenced overview of the 600 m x 600 m forested area, b) zoom in
of the area marked by the turqoise square, c) resulting change image generated from the
corresponding image pair. Images from top to bottom; I) true monostatic, Il) “quasi-monostatic”
(bistatic angle 0°), Ill) bistatic angle 3°, V) bistatic angle 6° and V) bistatic angle 10°.
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Although a significant forest clutter reduction (mainly from ground-trunk scattering) is
observed in the bistatic images, direct target detection performance based on a single
image only remains poor. This is due to a high residual false alarms rate. Using change
detection techniques, target detection performance is markedly improved in the monostatic
case. However, less improvement was observed for the bistatic cases compared to the
monostatic case and is probably related to the insufficient matching of the image pairs.

5.6 Imaging of buildings

In this section we include examples of imaging buildings in an urban area. The area is
from the MOUT (military operation in urban terrain) under construction in Kvarn. The
buildings are in different stages of being completed, i.e some have only been partly erected
and lack a roof whereas others are close to completion. Figure 16a-b shows an example of
one monostatic and one bistatic SAR image. Photos of the buildings are also shown in
Figure 16¢ and Figure 17. The SAR images indicate that the radar wave is able to
penetrate through the roof since a bright double-bounce signature is located both in the
front and the back of that building. The latter indicates that penetration inside the building
is significant since no other structure is visible in Figure 17 which could explain the strong
double-bounce. Interior structures are also visible of this building, in particular in the
bistatic SAR image where the metallic structure shown in Figure 16b is clearly delineated
as a linear structure in the centre of the building. The surrounding smaller buildings do not
show a corresponding signature and they do not contain any structures inside. Further
work is needed to fully understand the building signatures.

(a) Mission 1 Pass 2 (b) Mission 2 Pass 4 (c) Helicopter photo

Figure 16. Kvarn test site. The building in the centre of each image has a non-metallic roof. (a)
Monostatic LORA image. (b) Bistatic image with elevation angle difference 3°. LORA is receiver and
SETHI is transmitter. Flight heading is 225° and radar antenna is left looking for both images. (c)
Helicopter photo. The image size is 0.1 km x 0.1 km. Note that the metallic interior structure of the
building in Figure 17b is more clearly visible in the bistatic image.

(@) (b) (©)

Figure 17. (a)-(b) are ground photos of the building with non-metallic roof in the centre of the images
in Figure 16. (c) is a photo of one of the surrounding buildings under construction.
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5] Conclusions

The report summarises the highlights from the four-year research collaboration (2008-
2011) on “Joint Bistatic Low Frequency Airborne Radar Experiments” between DGA and
ONERA in France and FOI in Sweden.

An important outcome of the research project is that it is the first time that bistatic SAR
images have been produced in the VHF/UHF-band (222-460 MHZz) using two airborne
platforms. This was accomplished during the preliminary flight tests in France 2009.
Synchronization was established using a combination of system upgrades, including GPS-
disciplined oscillators and phase drift corrections based on recording of the direct signal.

The main flight campaign was conducted in Sweden 2010 including an extensive target
deployment. 17 vehicle targets ranging from personal car to truck-sized terrain vehicles
were deployed at the Swedish Army Combat School Kvarn for the FOPEN experiment.
Most vehicles were hidden under foliage but a few were positioned in open fields. Two
deployments were used with target relocation in between in order to enable change
detection analysis. Four flight missions were completed over Kvarn, i.e. two for each
deployment.

Most of the bistatic imaging was conducted using parallel but offset tracks of the two
aircraft. The two aircraft were in most cases flying side-by-side with the same speed and
with one of the radars transmitting while both receiving the returned signal. Different
bistatic elevation angles were obtained by offsetting the tracks from each other. In this
manner, bistatic angles between 0° (“quasi-monostatic”) and 10° were realised. A few
other geometries were also used including circular tracks, combinations of circular and
straight tracks as well as parallel tracks with different speeds, but results have not yet been
completed for these cases.

A second test site Remningstorp was also covered in one flight mission although no target
deployment was prepared at this site. The reason for including Remningstorp was that
there exits extensive ground truth to facilitate image interpretation of forest clutter.

The main result from processing and analysing the bistatic SAR images at horizontal
polarization from Kvarn and Remningstorp is a significant decrease of the strong forest
clutter levels due to reduced double-bounce scattering. The effect is more pronounced
when the bistatic elevation angle increases and results show a suppression of up to 10 dB.
The target radar cross section is less sensitive to the bistatic elevation angle due to its
lower height which means that the target-to-clutter ratio is expected to increase. The latter
is true in most cases but sometimes the opposite is observed which is caused by a sloping
ground surface which locally may cause the double-bounce forest scattering to increase.
Image examples from the two target deployments generally show increased visibility of
the larger concealed vehicles in the bistatic SAR geometries but the smaller concealed
vehicles were not possible to discriminate.

It has not been possible to complete the receiver-operating-characteristic (ROC) analysis
as planned due to residual image geometrical distortions which limits change detection
performance. The cause of this problem is not fully understood at present but is likely due
to uncompensated phase drift between the two systems. The direct signal is used to
measures the phase drift but is limited by fading of the signal through the antenna
backlobe. For future bistatic experiments, it is recommended to develop means to
minimise the direct signal fluctuations.

It was originally planned that some targets would be deployed inside a MOUT training site
but this turned out not to be possible since construction activities were still going on. The
MOUT area was nevertheless covered by the SAR images and provides an opportunity to
study imaging of buildings. Results show that penetration through buildings and imaging
of building interior structures is possible using VHF/UHF-band SAR, but requires that the
roofing is non-metallic.
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