UWB Radar: Vision through a wall
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Abstract. There exist a lot of methods for vision throughapaque medium.

At present UWB (Ultra-Wideband) technology is useorenand more because
it is suitable for localization and detection dfigman body behind a wall. First
of all this paper describes known methods for vidtarough walls, which can

be divided into two general groups - imaging anch-imoaging systems.

Secondly it describes the state of the art UWB réafathis application and its

specifics. Finally it depicts our UWB radar systeeer{tre frequency 4,7GHz)
and our practical procedures relevant to the detecof a human body

presented behind a concrete wall.
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1 Introduction

Detection of persons and things behind an opaquiumeis a very interesting theme
for a wide range of industries and in following kgedhis issue will constitute a
strategic point of applicability in biomedical engering, security service, agricultural
industry, etc. For example, a through-the-wall sillance (TWS) could be utilized in
searching for people in rubble and in buildingsfiope. The military could use this
technology for bomb-disposal, neutralization of @ggors, hostage rescue, etc.
Different technologies are applicable for throupb-tvall surveillance: radio
frequency (RF) technologies (from the UHF radath® submillimeter wave imager),
acoustic, X-ray scanner. These all appear to affpartial solution. The desire to see
through a wall creates a technical conflict betwélem possibility of successfully
penetrating the wall, which implies lower frequeasiiand the possibility of obtaining
maximum resolution for the image, which implies Heg frequencies. Perhaps one
exception to this is the X-ray system which prosideth good resolution and good
penetration, but is limited to very short ranged has safety risks.

The text below elaborates on vision through wajfistem based on radio frequency.
These can be classed in two categories: low freyuran-imaging systems that have
good wall penetration capabilities but low spati@solution, and high frequency
imaging systems with limited wall penetration capads.



2 Imaging systems

The through-the-wall imaging systems (TWIS) allow inage to be obtained from
behind a wall (only the shape of the person or aibjeot an optical image). Two
categories of system exist: active millimetre waameras (AMMW), a system
functioning like a microwave radar and passive imgitre wave cameras (PMMW), a
system similar to a radiometer. The principal cbemastics of these systems
described below are given in Table 1.

2.1 AMMW camera

In the middle of 1990, Millimetrix with the consann MIRTAC developed a 94GHz
imaging radar for TWS. The latest version was dgyedl by Millivision. This system
consists of a frequency modulated continuous w&kQW) transmitter (allowing
256 range bins over a 25m range to be achievedh) avibtroad-beam antenna and a
256 element receiver array, 16 azimuth elementsl®yelevation elements (plus
acquisition system, display, etc.). The cover asgaesents 11° by 11° by 25m of
coverage. To cover larger areas, antennas carnteadriain a coverage at 33° by 33°
by 25m, but this process requires up to 3 minetlect a single image. The output
of the radar can be displayed in either 2-D or $Bnats. Software was developed
for interpreting the images.

In 1997, Hugues Adavanced Electromagnetic Techiedodeveloped a millimetre
wave radar that provides 2-D or 3-D images of ssg¢heough interior walls. The
radar operates at 50GHz with a 33cm aperture antehanically scanned over an
angular sector of up to +/- 30° to obtain an image.

In 2004, the Swedish Defence Research Agency (B®iIgloped a millimetre wave
imaging radar. This radar system is a 94GHz imaguige radar system comprising
a 32 element receiver array, 4 azimuth elements8bglevation elements. The
resulting field of view is approximately 3° by 5Typical indoor wall materials
(plasterboard and chipboard) were tested: therdistéo the person was 20m, and a
wall was placed 5m from the radar between the raddrthe person.

2.2 PMMW camera

In 1996, Thermotrex developed an original conceptpassive millimeter wave
camera for security applications. The camera coethin phase array radio receiver
with an acousto-optic processor to create a res thillimetre-wave to visible-light
converter. Then the visible-light is detected usmgtandard video camera. The
millimeter camera captures the incoming millimetagliation through a 32 channel,
0.9nf array antenna. The antenna signal is downconvémed 94GHz to 9GHz for
modulating the acousto-optic converter. For TWS liappons, they tested their
camera indoors. However to see something througlalg the scene needs to be
“backlit” by a metal mirror used to reflect extertight. Since then, this architecture
has been abandoned, because it was too expensive.



Table 1. State-of-the-art imaging system of TWS (througé-ttall surveillance technology)
Notice: ? = Unknown data

Authors Freq. | Input Spatial | Field Output | Type (power)
Company (GHz) | type/ Resol- | of Dim/
System size tion View Type
N. Currie Lens 3D AMWI
Hugues AETC 50 300mm 6cm +/-30°| Screen | Mechanic.
[1] monitor | scanned.
Huguenin 2Dor | FMCW
Millivision Lens 3D AMWI
[2] 94 300mm 12cm | 33°x33°| Screen | FPA  16x16
monitor | Mechanic.
scanned.
J. Svedin SDRA Lens 2D Impulse
(FOI) [3] 94 300mm 4cm 3°x5° Screen | AMWI
monitor | FPA 4x8
Lovberg Array 2D | PMMW
Thermotrex [4 94 5 4cm 6°x8° Screen | 32 channel
[4] 0.9x0.{m e
Huguenin Lens 2D PMMW
Millitech 95 300mm 7cm ? Screen
MAPS [5] monitor

Millitech Corporation has also developed a PMMW ging system for security
applications. A demonstration of the system’s &bitb perform through-the-wall
imaging was performed with an interior partitionunéed on an external platform. A
person behind this partition was well seen, andgtied image quality showed that he
was carrying a gun. Such a system can operatepdyt with a high radiometric
temperature difference between the person and alle w

3 Non-imaging systems

These systems allow users to detect the presencen oihdividual through an
intervening door or wall (any non-metallic wall)ing a radio frequency sensing
technique. Usually these systems use RF radardéxdias at low frequencies, from
UHF to microwaves.

3.1 FMCW radar

In 1992, Raytheon developed a monitoring systenoutin-the-wall, called the
Motion Detection Radar (MDR). This system consiefsa UHF radar using a
sensitive continuous wave (CW) phase detector (eentt the frequency of
915MHz). This radar detects motion and createsuaoaone which varies in pitch
proportional to the motion that is being deteciHuese tones fluctuate (from 60Hz to
300Hz) giving a relative indication of the distarftem the radar and the speed at
which the person is moving. The detected motiobeisveen 0.1m/s and 1.7m/s. For



the MDR, the range in the open is approximately 3Qmrough 15cm of steel
reinforced concrete this drops down to 10m. Throigh of concrete block wall it
drops to about 6m.

In 1996, a new capability was added: measuringdtiance to moving targets. The
system provides not only an indication of movenwdrthe target and its distance, but
can also indicate that several individuals are mgviThis new 2D-TWS radar
system, known as the “2D Concrete Penetration R@IMCPR)” was also
developed by Raytheon. This radar is a frequencgutated continuous wave system
(FMCW) with a 950MHz centre frequency and a swesggudency band of 700 to
1200MHz. For the 2D-CPR, the range in the operp@&imately 30m. Through a
20cm thick concrete-steel reinforcing, a target lbardetected at more than 25m from
the inside wall, with a radar set up at a distaotém from an outside wall. The
principal characteristics of these two radars avergin Table 2. Finally, in 1999 a
lightweight field portable version, called the Mwii And Ranging Sensor (MARS),
was developed by Raytheon. The key limitation esthradars is that if the target is
not moving, an object can not be differentiatedrfta person.

In 1997, the Georgia Tech Research Institute dpeel@ microwave radar, called the
RADAR Flashlight. This system was designed to detwe respiration of a
motionless human behind a wall. The laboratory imia homodyne FMCW radar
which operates on a frequency near 10.525GHz (diftefrequencies had been tested
up to 35GHz). The radar output signal displayssrised falls of the rhythmic
respiration response. The RADAR Flashlight can detiee respiration of a human
standing up to 5m away behind a 20cm hollow-corete block wall.

At the same time, SRI International developed adatory UHF TWS system built
with a network analyser, that is operated as a FM@dar. The FMCW signal is
transmitted from a centre antenna and redelby two separate spatial receiver
antennas. This particular set-up allows amawkideband differential radar to be

Table 2. State-of-the-art non imaging systems - FMCW.
* Frequency is either the centrgérency or the frequency band

Authors Freq.* Input type / | Spatial | Field Output | Type
Company (GHz) size Resolu- | of Dim/ (power)
System tion View Type
L. Frazier [6] 0.915 | 2 Antennas 0D CwW
Hugues *omnidir - +/- 45 ° | Audio RADAR
MDR-1A « 9dB tone (10mw)
L. Frazier [7] 0.95 2 Antennas 2D FMCW
Hugues 0.7-1.2 * array 15cm +/- 45 ° | Screen | RADAR
2D-CPR (9dB) monitor | (40mW)
E. Greneker 10.52 Antenna 0D FMCW
Georgia Tech « Parabolic - +-16° Bar- RADAR
Radar [8-9] (40dB) graph (30mw)
Flashlight
D. Falconer 3 Antennas 2D FMCW
SRI 10 * omnidir. Screen | diff.
InternatioLaI] 0.2-0.45 m Large | monitor | RADAR
(10mw)




obtained using a sweep-frequency and trilaterat@mhnique. The frequency sweep
provides the downrange measurement and the tataer provides the cross range
coordinate. The location accuracy of the systendetermined by the transmitted
bandwidth and the distance between the receivenaas. The radar output signal is
displayed on a screen monitor. The nominal rangberopen is approximately 25m.
Through 15cm of steel reinforced concrete this drdgwn to 12m.

3.2 UWB radar

UWB radar uses very narrow or short duration pulbed result in very large, or
wideband, transmission bandwidths. The Federal Gamication Commission (FCC)
adopted a report on using this technology with iimggystems, but with certain
frequency and power limitations: systems must berated below 960MHz or within
the frequency band 1.99-10.6GHz.

There are less than ten laboratories throughoutvibréd, which work on the UWB
radar application “detection/vision through the lal Company Time Domain
(USA) is first producer of this system. Lawrencevdrimoore National Laboratory
(LLNL) with radar MIR (Micropower Impulse Radar) &le to detect a man through
a concrete wall of 40cm. The laboratory Cambridgagtiltants (UK) evaluates their
first prototype, PRISM 200. The Moscow Aviation tiste (Russia) realized some
UWB radar prototypes that operate in different reocy (from 800MHz to 1,5GHz).
Technical specifics are mentioned at table 3.

Other companies or laboratories also work on thagest, but they separate the
communication relating to the projects. Thus, iinfation about their prototypes is

Table 3. State-of-the-art UWB technology

Authors, PE’;‘;}ZZG' Ba:sg’;gfh/ Field of view/
Laboratory/ Frequency resolution Range Power
Company (GHz)
.1 +/-60°
L. Fullerton RadarVision 3,5GHz 10m \H/Z: .+j 220
Time Domain [11] 3,85 5cm s
50uWwW
Mc Ewan MIR 1GHz
LLNL [12] 2,5 15cm 50m -
Cambridge PRISM 200 0,5GHz Hor. : +/- 70°
consultants [13] | 17-2,2 30cm 20m Ver. : +/- 60°
. Immoreev 0,8GHz
MAI [14] 1 0,5m 3m 240uW
J. Tatoian [15] IMpSAR 3,5GHz 100m )
Eureka aero 2 5cm




unavailable. For example, there can be mentioneccttmpany Camero (Israel) and
its radar system Xaver 800, then companies Satifi@ante), Akela (USA),
University of Rome (ltaly) and Defense R&D Canada.

4 UWB radar technology

4.1 Description of UWB radar

Mostly, clear picture of the watching scene is netessary, because the relevant
information: number of people, positions, speednoi/ement, etc is sufficient. UWB
radar is a very good solution for obtaining thifbrmation, because it presents a lot
of advantages compared to other systems [16]:
e A good capability to penetrate wall and floor mastis:.
e A good picture spatial resolution (approximately tentimeters). The wider
the bandwidth radar uses, the finer the resoldtiobtains.

AR:L Q)
2nAF
whereAR is the spatial resolution/ is propagation speed of impulsejs
frequency step amiF is bandwidth.
» A possibility to identify targets due to the greaimbers of emitting
frequencies.

e A noise robustness due to large bandwidth.

UWB radar is based on emitting ultra short impulfses dedicated wide bandwidth.
As its name indicates, UWB radar is a system aligwtihe transmission and then
reception of a signal, which is reflected by a éardn this case, the signals are
represented by impulses, which have the propersat@rse walls and to be reflected
back by human skin.

The radar core is based on Gaussian impulse tréasfr@ceiver modules which
allow the evaluation of the features of UWB teclogyl. These two modules permit
variable configuration. Firstly the module can benfigured as the impulse
transmitter and secondly as the impulse receivle @entre emitting frequency is
4,7GHz and its bandwidth is 3,2GHz.

These modules (initially designed for communicationUWB) have reconfigured
hardware (antennas) and software, in order to betakuse these as the radar UWB.
Our prototype is the bistatic radar type. An onmadiional antenna is mounted on the
output of a Gaussian impulses generator (tranginéted a directional antenna on the
receiver input. Then it follows ADC (analog-to-dajiconverters)correlators and the
directional antenna (gain 7 dB, field of view +5°%[17]. This disposition allows a
spatial resolution of 5cm (formula 1; n=1 and V=Br/s)



4.2 Resultsand discussion

First of all, the deformation and the delay of UWilulse as it goes through the wall
were studied.

UWB impulses were emitted in free space to verifgdrrect propagation speed in
environment was obtained (figure 1). Then the de&iion and the delay of UWB
impulses in this scene configuration were measutistince between transmitter and
receiver was 3 metres. Just in front of the receav@2cm thick wall was situated.
Figure 1 shows the observed propagation delay Wbith is caused by the wall. It is
difficult to compare this experimental value witteoretical value, because the wall
thickness is not homogenous; the structure of thk i& breeze block. In practice, if
UWB impulse is going through the 22cm thick walleththe UWB impulse is
propagated through a thickness of 11cm of conciidtis. corresponds to a theoretical

propagation delay: = (d x\/z)/c = 1Ins, whered is the thickness of the concrete

itself, & is dielectric constant of mediurg, = 10),c is the speed of light in free space
(air). The difference between the calculated angegmental value is due to
simplification of wall thickness. The deformatiofi impulse which was propagated
through the wall (see figure 1) is caused partibjhythe dispersion during propagation
inside the wall but also by the imperfect impedaadaptation of antenna situated just
near the wall.
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Fig. 1: Influence of the 22cm thick wall on the UWB impulsepagation.¢ corresponds to
impulse propagation time in free spacg, ttorresponds to impulse propagation time going
through the wall. The difference between propagatime t; and i} iS equal 1,5ns, which
indicates propagation delay caused by the wall.



Secondly, an experiment was carried out for thaatibn of our UWB radar with an
observation scene through a 15cm thick concreté Whe scene configuration, the
parameters of the measured scene such as the ggdeemot) of a human body and
the open (or closed) door, are represented indiguiOur disposition actually permits
observation of the scene in one direction only. fidld of view is associated with an
antenna pattern.

Figures 3 to 6 present the different echoes obdetiough the wall. The scene
configuration is described in figure 2. In figureaBd 4 respectively the observed
scene is shown with an open and closed door. lurdich and 6 respectively the
observed scene is shown with the absence of a hbo@nand presence of a human
body in the corridor.
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Fig. 2. Measured scene. The thickness of the concretesviicm.

=
n

[==]

=
n

;'\rrllplitude (normalised)

=
[ o

10 15 20
Time [ns]

Fig. 3. Radar echoes received through a 15cm thick conaraite Measured scene with open
door. The echo “E1” corresponds to the direct fieddeived by the receiver, the echo “E2” is
due to the reflection on the wall.



Pulses marked “E1” correspond to the direct fielceived by the receiver, the echoes
“E2" are due to the reflection on the wall. Thegaece of the echo “E3” in figure 6,
and its absence in figure 5, highlights the detectf the human body located in the
corridor. The echoes “E4” correspond to a waveeodfid by the door when it is
closed. These signals show the possibilities t@werc complementary information,
other than the presence or absence of a humanlboated behind a wall.
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Fig. 4. Radar echoes received through a 15cm thick conergte Measured scene with closed
door. The echo “E1” is due to direct field receiumdthe receiver, the echo “E2” is due to the
reflection on the wall. The echo “E4” is due to awe reflected by the closed door.
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Fig. 5. Radar echoes received through a 15cm thick conevete Measured scene with
absence of a human body. The echo “E1” corresptmdgect field received by the receiver,

the echo “E2” is due to the reflection on the waithe echo “E4” is due to a wave reflected by
the closed door.
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Fig. 6. Radar echoes received through a 15cm thick conevete Measured scene with
presence of a human body. The echo “E1” corresptind&ect field received by the receiver,
the echo “E2” is due to the reflection on the walie echo "E3" corresponds to presence of the
human body. The echo “E4” is due to a wave refttbigthe closed door.

5 Conclusion and futureimplication

The currently developed UWB radar system can deténtman body located behind
a wall and some parameters of the scene. But ysgem is limited by scene
observation in one direction. We are developingezimnic sweep system to permit
the acquisition of a scene in 2D (typically a spatd0x 10nf). This radar will be
able to give us the number of people in a spacdtaidpositions.
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