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I ntroduction

Whileearly devel opment of through-the-wal | detection andimaging systemswas supported by theintelli-
gence community, it isonly through the changing nature of recent regional conflictsand the advent of amore
precision method of warfarethat the military hasbegunto focuson similar systemsfor urban operations.
Technology development inthisareahas primarily been oriented toward law enforcement and peacekeeping
operationsand supported mainly by the Nationa Institute of Justice.

Thereare many situationsin both peace keeping and |aw enforcement operationswherethereisaneed to
not only determineif thereis someoneinsideabuilding structure but also to know wherethey are. These
Situationsarise during searchesfor suspects, hostage and barricadeincidents, and tactical surveillance.
Whilein many casesthe objectiveisto make contact with asuspect to defuse apotentialy violent Situation,
not all suspectsare cooperative. Thisoftenleadsto the necessity of entering abuildinginorder totakea
suspect into custody. Unfortunately, most operations concludewith aphysical search with personnel under
agreat dedl of stressand subject to ahigh possibility of physical harm. Military operationsinurbanterrain
facethissame set of issues, but greatly magnified by the scope of operations and the presence of unarmed,
noncombatant, civilians.

Thetechnology availableto military and law enforcement personnel to assst themin securing abuildingis
rapidly changing. A new generation of techniquesisbeng devel oped that will enhancethe capability tolook
into buildingsat standoff distancesand build apictureof thetactical situation. Knowing that thereissome-
oneinsgdeabuilding, wherethey areinside, and what theinterna layout of thebuildingis, will changethe
operationd tacticsused and increasethe probability that an operation will successfully concludewithout
casualties. Whilethese new systemswork, they have anumber of operational deficiencies.

High frequency motion detection systemsrequirethat the detection equipment be held steady enough that
pressing againgt awall isthe expected way to usethedevice. Thisgivesan indication of human presenceor
other moving object, but little other information. Hand heldimaging radarsgive abetter pictureof what is
behind awall but havethe samerequirement for holding against awall. They do not givereal time continu-
ousdata, and the datathat they do giveisavailableonly to the operator. Resolutionispoor for thistype of
system becauseitssmall Szelimitstheimaging resol ution and the number of targetsthat can beindividudly
resolved.

A morerobust and useful systemwould involveadistributed imaging radar. Inthistypeof system each
personinvolvedinabuilding clearing operation would carry asmall sensor. Whenthesignasfromal of the
sensorswere combined with one another, acontinuousimage of theareabeing cleared would be available
to each of theindividua saswell astheir command elements. Commanderscould then moreefficiently
control the deployment of forcesand be aware of the situationinside thebuilding being cleared. Sucha
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systemwould locate and identify both the clearing forceand hostileforces. With eachindividua carrying
only part of the sensor system, thereisno one point of failureand loss of sensor nodeswouldresultina
graceful degradation of performance. Theability to resolvetwo individuals closeto oneanother would be
improved because of the greater separation between sensorsthanin ahandheld system.

Theactivitiesperformed by AKELA under contract F30602-03-C-0085 have been designed to meet this
operational need for better tactical survelllanceinformation. We have devel oped asmall, robust, cost
effectiveradar. We have demonstrated the capability to detect both large and small motionswith theradar
at substantial standoff distancesthrough steel reinforced concretewalls. The softwarewe have devel oped
to control theradar and perform imaging hasdemonstrated the capability to performimaginginreal timeat
frameratesup to 5 framesasecond. We have characterized in detail the frequency dependent attenuation
of most commonwall types. Thesystem hasdemonstrated the ability to be used with antennasin random
locationsusingwirelesscontrol. We have made detailed measurementsand predictionsof thesystem'’s
probability of detecting individual sthrough different typesof wallsasafunction of distance. Andwehave
demonstrated the ability for sensor self location. Figure 1isapicture of the brassboard radar sensor that
wasdeveloped for thisprogram.

Thisradar was used to perform extensive static and dynamic testing. Static testswere performed with
antennas placed varying distances from thewallsto gather datathat was used to characterizethe el ectro-

Figure 1 - Independent radar sensor units.
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magnetic materia propertiesof thewalls. Statictesting in an open field environment provided datathat was
used to theoretically determinethe maximum detectability range of our imaging radar system and to deter-
minethe sensitivity of different motion detection agorithms.

Anaysisof thestatic dataresulted in the generation of frequency dependent attenuation and dielectric
constant curvesfor each of thewall types. Figure 2 showsacomparison of thefrequency dependent
attenuation characteristicsfor five different types of wallswemeasured over theband of .5to 2 GHz. It
wasalsofoundthat thereisvery littlefrequency dependence of thediel ectric constant.

Dynamic testing wasa so performed to gather datathat was used to devel op and test both large and small
motion detection a gorithmsthrough wallsand in an open field environment. 1t wasfound that both large

and sma | motions could be detected at significant rangesthrough al typesof wallsasshownin Table 1.
Openfieldtesting provided uswith datathat could be used to predict thelimitsof system detectability.
Figure 3 showscurvesof probability of detection versusdistancefor variouswall types. Asshowninthe
figure, theradar we have devel oped hasthe sengitivity to detect anindividua through 12” of steel reinforced
concrete at adistance of 20 metersand for other wall typesat distancesin excessof thisnumber. Whilethis
falsshort of our desired goal of 30 meters, itisnonethelessasignificant result.

=

Cross-Plot

I-drywall, 0 inchd

t-brick, 0 inches

I-block, 0 inches
l-adobe, 0 inched

l-concrete, 0 inch

Magnitude(dB)

30 i ; ; i
500 1000 1500 2000 2500

Frequency(MHz)

F-500.0,2036.0 #pts-1024 ; No Bky Subtraction

Figure 2 - Attenuation characteristics of wall materials.

3



Drywall: at 19" from standoff of 12°

Brick: at 21" from standoff of 14”

Concrete block: at 28" from standoff of 21°
Adobe: at 16" from standoff of 4

Reinforced concrete: at 22° from standoff of 10°

Table 1 - Distances of detection for breathing and large motion for various walls.

Finaly, we demonstrated the capability to detect large and small motionsinreal time. The softwarethat we
developed alowed usto use an Ethernet interfaceto control theradar and collect dataat itsmaximumrate
of 4.096 Mbps. Themotion detection algorithmswereimplemented in the programin amanner that
allowed usto toggle between them at any timeto allow comparison of the different al gorithmsunder differ-
ent conditions. Using thissoftware, wewere ableto demonstrate real time operation of theradar usinga

with signal processing gain
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Figure 3 - Probability of detection through various wall materials using motion detection.
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2.8 GHz computer with ahardware graphicsaccelerator card. Depending on the number of datapointsina
sweep and the areaover which animageisreconstructed, we produceimages at framerates of between 6
and 10 frames per second. On alaptop computer with the same speed processor but no graphicsaccelera-
tor, the demonstrated framerateisbetween 3 and 4 frames per second. Figure 4 showsanimage captured
from areal timedemonstration at AKEL A of aperson’sbreathing responsethrough aninterior and exterior
wall combination at adistance of 6 meters.

Whileimaging withindependent unitsin random locationswas not as clear asanticipated dueto noise
sourcesin theradar and limitationsin theimage processing algorithms, the objectives of our program have
been met. We have developed asensitive, cost effective radar sensor, demonstrated real time detection of
individual sthrough challenging wall materia's, and devel oped an understanding of theissuesthat need to be
resolved toimproveimaging with independent radar sensors. Thedevel opment performed, datacollected,
and analysis performed this program are sufficient to alow point designsfor through thewall systemsto be
made.

E3 All-Purpose Radar Display / AKELA, Inc.

Figure 4 - Breathing response of person through two walls.
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System Overview

Sensorsthat are designed to create images of theinterior of an object most often usetomographicimage
recongtruction. Whilethetype of energy used to probethe object varies, the basic method of reconstruct-
ing animage of theinside of the object consists of collecting dataover arange of orientationsand using
backward propagation algorithmsto removeambiguitiesin thelocation of objectsthat scatter the probing
radiation. Inthisway, apicture of theinside of the object showing therelativelocation of scattering objects
isformed.

Theimaging system we devel oped usestomographicimage reconstruction and hasbeen designed with three
major subsystems. They are 1) adigitally controlled, stepped frequency radar operating over the band from
500 MHz to 2 GHz, 2) an antennaarray, and 3) asystem control, processing, and display computer. The
radar isthe source of probing radiation, theantennaarray servesasthe meansof varying the probing
radiation over thefield of view of the sensor system, and the computer providesthe platform for solving the
mathematical algorithmsthat usethe scattered radiation to determinethelocation of objectsthat scatter the
probing radiation. Each playsanimportant rolein the successof theimaging system.

Radar Subsystem

Inorder to create animage of theinterior of an object, theilluminating radiation must be ableto pass
through the object with little attenuation. For throughthewall surveillance systemsthe materia propertiesof
thewall determinethe degreeto which the systemwill besuccessful. Themagjor considerationsarethe
absorption and refraction lossesfor the penetrating radiation. Datataken by Frazier® show that most
building materidsarerelatively transparent below 4 GHz. A graph that summarizesthe oneway attenuation
lossthrough different typesof materialsisshownin Figure5. For the caseof reinforced concretewalls,
Frazier made measurements at frequenciesbetween 100 MHz and 2.5 GHz, finding that attenuation was
moderate up to 2 GHz before beginning toincreaserapidly. Based on thisdata, asystem that usesfrequen-
ciesbelow 2 GHz hasthe best chance of seeing throughwalls.

The operating range of our radar, 500 MHz to 2 GHz, was sel ected on the basis of both technical and
operational considerations. Low frequency cutoff was determined primarily by the size of theantenna
needed to radiate efficiently at that frequency. A half wavelengthat 500 MHzis0.3m (= 12") and at 250
MHzis0.6 m (= 24"). A largeantennaisimpractical for asurveillance system that issupposed to be
portable. High frequency cutoff wasdetermined primarily by theavailability of modestly priced electronic
components. Selecting higher operating frequencies makesthe design much moredifficult and costly. We
get reasonably good penetration of common building materia sthen, withasystemthat isn’t too bigto be
useful, or too costly to own.
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The specific radar designisCW, bistatic, and stepped frequency. CW operation meansthat the radar
sendsand receivesat the sametime. Bistatic meansthat there are separatetransmit and receive antennas.
Stepped frequency meansthat theradar only transmitsasinglefrequency at atime, but that it hasthe ability
to transmit over awiderange of frequenciesby stepping through them oneat atime.

CW operation givestheradar certain technical advantages. Sinceeach transmitted frequency isknown
precisdly, itispossibleto use narrowband detection techniquesto improve signal to noiseratio and improve
theability torgect signasin adjacent frequency bands (jamimmunity). A sampleof thetransmitted signal is
sent to the receiver and used asa phasereferencefor thereceived signal. Thisallowstheradar to demodu-
latethereceived signal intoitsin phase and quadrature componentsand resultsin acoherent system. That
meansthat from frequency to frequency and sweep to sweep, thereceived signalsfrom al of the stationary
objectsin the scene can be added to improve system signal to noise performance.

Bidatic operation smplifiestheradar design. Itisdifficult to usethe sameantennato smultaneoudy transmit
and receive because of |eakage between thetransmitter and receiver. Receiver sensitivity isset by thelevel
of thetransmitted signal that getsdirectly intothereceiver. Itseffect isnot unlikethat of having someone
standing next to you talking loudly whileyou aretrying to hear what someone el seissaying acrossthe room.
Providing sufficient e ectronicisolation over awide bandwidthisvery difficult, sotheeasiest method (asis
also the casefor the conversation situation above) isto separate thetransmit and recelve antennas.
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Figure 5 - Attenuation of common building materials.®”

1. L. Frazier,“MDRfor Law Enforcement”, |EEE Potentials, Vol. 16, No. 5, pp. 23 - 26, 1998
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Stepped frequency operation also providestechnical advantages. Being ableto select frequenciesgivesthe
radar theflexibility to changeitsrangeresol ution, avoid transmitting on critical communication or navigation
frequencies, and to optimizeitswaveform to enhance the performance of signal processing algorithms. For
astepped frequency waveform, range resol ution is determined by the bandwidth of thewaveformand
followsthereation AR = c/2nAf, where cisthe speed of light, nthe number of frequency stepsinthe
waveform, and Af isthefrequency step size. Aswith pulsed radar waveforms, thereisrange ambiguity
associ ated with astepped frequency waveform. TheunambiguousrangelimitR = c/2Af. Fourier trans-
forming the collected spectra information producesarangeprofile. Unfortunately, scatterersat ranges
greater than therangelimit will fold over and appear intherangeprofile.

For our radar system, thetota bandwidthis 1.5 GHz, making thesize of aresolvablerangecell 0.1 meters
(3.9inches). Theunambiguousrangelimit for awaveform of 1024 pointsat thisbandwidthis102.4
meters. Reducing the number of pointsover the same bandwidth decreasestherangelimit. Reducing the
bandwidth but keeping the same number of pointsincreasestherangelimit, but alsoincreasesthesizeof a
resolvablerangecell.

Antenna Array Subsystem
To achievetwo dimensiona image reconstruction requiresbeing ableto resol ve scattering objectsin the
crossrangedirection aswell. Resolutioninthecrossrangedirection canonly beachieved by varyingthe

illumination over thefield of view of the sensor system. Figure 6 showsthe situation of asensor systemwith
awide beamwidth. Thesensor seescontributionsfromal crossrangeelementsthat areat thesamedis-

I
o5 ~T
%

Figure 6 - Each cross range cell contributes to the signal collected at the sensor.
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tancefromthesensor. Itispossibleto resolveobjectsvery precisely intherangedirection. However,
because the beamwidth of the antennaislarge, the crossrangelocation of the object can be anywhereaong
the constant range arc shown inthefigure.

Toimproveresolutioninthecrossrangedirectionit isnecessary to produceaset of linearly independent
observationsinthe crossrange direction sufficient to mathematically solvefor thesignal contribution of each
crossrangecell.

Asshowninthefiguretherectangular elements, , lie at aconstant rangefrom the sensor. For thecase
shown, these pointsareall on an arc whose width isthewidth of the sensor beam pattern. 1nastepped
frequency radar system, when wetransform the frequency sweep to thetime domain, each pointintime
representsaspecific distancefrom theantenna. Thesignal sensed by theradar isthe sum of thesignal
reflectionsfrom each point aong the constant distance arc.

Thepreferred method of improving the crossrangeresolutionisby use of avery narrow antennabeam that
can be swept over thefield of view. At thefrequenciesof operation wherethereisgood penetration of
building materials, antennaswith very narrow beam widthsaretoo largeto be practica. Thecommon
practicefor radar image reconstructionin caseswhereincreasing thesize of theantennaisimpractica, isto
movetheradar taking dataat variousintervals, and then to synthes ze an antennaaperture to obtain cross
rangeresolution.

Rather than movetheradar, itisa so possibleto keep theradar at asinglelocation and synthesizean
aperturefroman array of antennas. Anarray whereall antennasreceives multaneoudy and theillumination
isprovided by asingleantennaiscalled ared array. Anarray that isscanned from end to end, transmitting
withonly asingleantennaat atime, iscalled asynthetic array. Figure 7 showsacomparison of theantenna
patternsfor asingle antenna, four antennasused asared array, and four antennasused asasynthetic array.
Thearray is made up of antennaswith patternsthat are the same asthat of thesingleantenna. Thede-
creasein beamwidth achieved by scanning thearray isnoticeable, anditimprovestheability of the system
to resolve scatterersin the crossrangedirection.

Whileresolutionisconstant in therangedirection, it degradeswith distancein the crossrangedirection.
Thisisbecausethewidth of the antennabeam naturally divergeswith distance. Thecrossrangeresolutionis
afunction of thewavelength at the lowest operating frequency of theradar, thelength of the physical antenna
aperture, and thedistanceto thetarget beingimaged. Figure 8 showsschematically the system parameters
that determine crossrangeresolution of aradar system that scansan antennaarray to synthesize an aper-
ture. Figure9 showsaset of chartsthat illustrate the system dependence of crossrangeresolution. The
crossrange resol ution shown isameasure of how closetwo targets can beto one another and still be
resolved astwo targetsby theradar.
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Control, Processing, and Display Subsystem

Thissubsystem control sthe operating parameters of theradar, conditionsthereceived data, performsthe
image reconstruction, and displaystheresuilts.

Image reconstruction isaccomplished by either of two methods - Fourier transform or backward propaga-
tion. Figure 10 showsschematically the Fourier transform method. Taking the Fourier transform of the
stepped frequency datafor anindividua transmit/receive antennapair createsarange profilefor al of the
scatterersin theantennafield of view. Thebistatic rangeto each pixel intheimagemapisusedtoindex into
therange profileto find the value of thein phase and quadrature components of the scattered field from that
range. For adifferent antennapair, the bistatic rangeto the same pixel will bedifferent. Thevauesfromall
of theantennapairsfrom the scanned array are summed for each pixel intheimagemap. Wherethereare
objectsintheimagethat result in scattering, theindividua observationsfrom the antennaswill bein phase
and sumtoalargevalue. Wherethereareno objects, theindividua observationswill be out of phaseand
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Figure 10 - Image reconstruction using the FFT.

tend to sum toward zero. The magnitude of the summation depends on the radar cross section of the
scattering obj ect and the distance from the antennaarray. Figure 11 showsaschematic view of therecon-
struction of asinglepoint intheimage map for a4 element array.

The FFT method hasthe advantage of being relatively fast computationally. Distanceweighting can be
applied to theresult to account for the distance dependence of the magnitude of the eectric field, however,
frequency dependent effects such asantenna pattern variations can not be accounted for.

In the backward propagation method shownin Figure 12, for each pixel intheimage, thedatais phase
adjusted asinglefrequency at atimeto account for the changein phase associated with the bistatic distance
between thetransmitter and receiver. During phase adjustment, the effects of range attenuation and fre-
guency dependent antenna patterns can beeasily included. Asinthe FFT method, the contributionsat each
pixel from each antennapair are summed to create asubimage at each frequency. Thefina imageisformed
by summing all of the subimages. In addition to the ease with which correctionsfor antennapattern effects
can be made, the backward propagation method avoidsthe necessity of using interpolation asthe FFT must
dowhenthebistatic rangeto apixel and the FFT rangeindex are not exactly the same. Themajor disad-
vantage of the backward propagation method isthat it ismore computationally intensive.
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Figure 11 - Reconstruction of a point in the image map.

For caseswherethere are many objectsthat scatter energy withinthefield of view of theantennaarray,
therewill be placesin theimage map wheretherewill be ghost targets. Thesetargetsshow up at places
wheretherangeprofilesof asubset of theantennapairsintersect. Anexampleisthecombination of a
multi path return from oneantennapair, coinciding with thedirect path return from another scatterer inthe
imageplane. Inthesecases, thesigna contributionssum, but generally to alower valuethan for actua

targets. Thedifference betweenreal and ghost targetsbecomeslarger asthesignal to noiseratio of the
imageimproves.

Increasing signal to noiseratio can be accomplished by averagingimageframes. If Y (n) isthe updated full
spectrumimage, and X (n) isthen™ full spectrumimage, then'Y (n) = (/n)X(n) + (n-1/n)Y (n-1). Animpor-
tant assumption in applying thisschemeisthat there are not significant changesfromimagetoimage. This
updating processis stable and the sensitivity to target motion isnot high becausethemost current imageis
not weighted heavily. If therearemoving targets, they will leaveatrall intheimage.

Another method for reducing the effect of ghostsisto use additional processing withinindividual images.
Two common techniquesaremoving averagefiltering and medianfiltering. Moving averagefiltersarelow
passfiltersand result in trade-offs between resol ution and smoothness of theimage. A medianfilter applies
aweighting function that variesinversely asthe standard deviation of theindividua antennaobservationsat
pixelsassociated with potentid targets. Observationsfor direct path scattererstend to have very small
standard deviationswhilethosefor ghostshave amuch wider variation. Themedianfilterisnot alinear
agorithmandisreatively complicated toimplement for complex valueimages.
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Figure 12 - Image reconstruction using backward propagation.

Motion detectionis performed using completeimageframes. Initssmplestimplementation, thisisaccom-
plished by subtraction of adjacent imagesinasequence. If X(n) isthefull-spectrumimage sequence, then
the 1% order motion detectionimage Z(n) = X(n) - X(n-1). Higher order detectorsare more stablewith
better signal to noiseratio, but they areless sensitive. The 2™ order motion detection image can be ex-
pressed asZ(n) = (0.5)X(n) - X(n-1) + (0.5)X(n-2).

Itispossibleto superimpose motion profileson the underlyingimage. Thecommon approachistoformthe
display image D(n) = (e)abgZ(n)] + (1-a)abg Y (n)] where aisthe parameter, bounded between 0 and 1,
that controlsthethresholdfor visualization. Larger aemphasizesthe changesdueto motionwithrelatively
light background profiles. Whena=1, only motionisdisplayed. Inorder to reduce confusion, itisoften
the casethat color isused to represent the motion term Z(n), and grey scaleis used to represent the back-
groundimageY (n).

Program Point of Departure

Testing of our first generation brassboard imaging system devel oped on contract F30602-00-C-0205
showed several areaswheretherewere performance weaknesses. The major weakness of theradar
subsystem wasthe frequency stepping speed of theradar. Thisweaknessshowsup primarily intheability
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of the system to account for movement. Sincewe use acoherent addition processto formimages, anything
that movesduring the acquisition of animaging frame addsnoiseto theimage. Thismakessigna averaging
to achieveabetter signal to noiseratio much lesseffective. 1t aso makesit difficult to detect fast moving
targets.

For theantennaarray subsystem, wefound that thefixed, linear configuration limited crossrangeresolution
and exacerbated the effectsof ghostsintheimages. Figure 13 showsthislimitation. Theimagetotheleftin
thefigureisof astudwall. Thewall isparald totheboresite of theimaging radar array and lined up
approximately with theleft edge of thearray. Each of thestudsisclearly evident intheimage. However,
notethat thereare a so three other smilar patternsintheimage. A simulation of theimage reconstruction
technique showsthat the ghosts are associated only with the geometry of thelinear array and the spacing of
thestudsinthewall. Theresultsof thesmulation areshowntotherightinthefigure. Thereareghost
intersectionsin the samelocations asthose that show up in the experimenta dataand thereare no frequency
dependent effects.

Asindicated earlier, onemethod of reducing the effect of ghostsisto use additional processingwithin
individual images. An easer method isto usearandom spacing for thearray of antennas. Theimage
recongtruction algorithmsdo not requirean even spacing. Figure 14 showsanimagereconstruction smula
tion that demongtratesthe effect of random spacing withinan array. Thetop leftimagein thefigure shows
theregularly spaced array of Figure 14. Theremainder of theimages show different random | ocations of
thefour eement array and theresulting reconstructions.

Thebest solutionisto alow theantennasto move periodically thusproviding varying viewsof theimage
gpace and avariableaperturethat alsoimprovescrossrangeresolution. Inthistypeof schemeitisneces-
sary to beableto determinethe positions of theindividual antennasin order for theimage reconstruction to
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Figure 13 - Image ghosts are due to regular spacing of antennas and wall studs.
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Figure 14 - Random placement of antennas reduces the effect of ghost images.

be successful. Inabistatic system, thedirect path signal between thetransmitter and receiver isthestron-
gest and can be used to determinethe distance between antennas.

Program Development Concept

Our program was designed to addressthe performance weaknessesjust listed. The devel opment concept
issummarizedin Figure 15. Themajor elementsof thesystem are 1) small, portableradar sensorscarried
by individuals, deployed on vehicles, and/or setin place, 2) aprocessing and fusion network, and 3)
command and display compuiter.

Theradar usesdirect digital synthesis. I1tiscompletely digitally controlled, hopsat 10 psec per frequency
point, and can generate any frequency arbitrarily between 500 and 2000 MHz. Thisprovidesalow prob-
ability of intercept waveform, good jam immunity, user sel ectablerange resol ution, and aspeed sufficient to
generate coherent imagessuitablefor using signa averaging toimprove staticimaging capability, and for
detecting fast movement by coherent scene subtraction. Each radar sensor can both transmit and receive,
but not both at the sametime.
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Figure 15 - Distributed, through-the-wall sensor network elements.

All of the sensor, processing, and display el ementsare connected through awirelessnetwork. Thisnetwork
isused to providetiming and control to the radarsto preserve coherent detection, to allow sensor move-
ment, to transmit datato the processing units, and to receive processed imageinformation. Using wireless
network technology allows sensorsto be added or removed from the network making this sensor useful for
both largeand smdll unit operations. If you view the moving sensorsasmoving antennas, it iseasy to see
that weremovetherestrictionsimposed by alinear, fixed array, alowing for different viewing geometries
that reducethe effect of ghosts. With the sensorsmoving with individuass, theresolution of theimaging
system staysbest whereitismost needed.

Processing isperformed by specialized nodesthat determine sensor location, fuse sensor datainto coherent
images, and perform other signal processing functions. Asfusion points, these nodes havetheinformation
necessary to enable command el ementsto reconfigure the sensor network, generate sel ectableviewsof the
operations space, and deal with lost or unavailable sensor nodes. For thisprogram, thereisjust asingle
nodethat doesthe sensor control, processing, and display tasks.

Theway the sensor worksisvery similar to theoriginal brassboard system. The control node decides
which sensor will transmit and broadcastsamessageto the sensor network with that information. Those
sensorsthat are not designated asthe transmitter preparethemselvestoreceive. The control nodethen
sendsamessageto the network that tell sthe transmitter to start asweep.
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In our brassboard system we had only asingletransmitter and receiver so they had to be shared by all of
theantennas. Consequently, wecould only useasingle pair of antennasat atime, stepping sequentialy
through all of thevalid combinationsin order to generate acompleteimageframe.

Inour current system, each antennahasaradar sensor associated withit so al the sensorsexcept theone
transmitting can receive at the sametime. Thisspeedsup the processof acquiring acompleteimageframe
over themethod used by the brassboard, but puts more of aburden on the processing sincethedatarateis
much higher.

The processisrepeated until each of the sensors has been the transmitter, and then startsover again. A
completeimageframe cons stsof the coherent addition of the subimagesfromal of the combinations of
transmittersand receivers- (N,) X (N -1). Asthe number of sensorsincreases, it ispossibleto get good
imageresultswith only asubset of the sensors. For example, in an 8 sensor system after thefirst frequency
sweep, thereare 7 independent subimagesthat can be used to formanimage. Thisimage can beimmedi-
ately displayed whilethe next sweepisbeing made. Asadditional sweepsareadded to theimage, thesignal
to noiseratioimproves.

In order to maintain coherence, however, itisnecessary for each receiver to have aphasereferencefrom
thetransmitter. Thisisaccomplished by using oneof the sensorsto transmit abeacon signal whichisused
to synchronizetheinterna processing clocksof theindividual radars, using bidirectiona scansto removethe
resdua uncertainty intheclocksin different sensor units, and then monitoring thedrift in thehigh stability
oscillatorsin each unit and correcting for the phase difference caused by thedrift.

Thecontrol and processing node hasalarge computational burden put onit. Unlikethe brassboard system
withthefixed linear array, the physical location of each of the sensorsin the networked systemisnot
predetermined. However, in order to form imagesfrom the sensor data, it isessential that we know where
each of the sensorsisinrelationship to oneanother. Fortunately, we have an advantage since astepped
frequency radar isa so known asahigh rangeresol ution radar.

Thelargest signal at eachreceiver isthedirect path signal from thetransmitter. The Fourier transform of
each frequency sweep generatesaplot of amplitudevs. time. Using thetimeto thefirst peak inthetrans-
form and the speed of light allowsusto cal culate adistance from thetransmitter to thereceiver. Oncea
complete set of sweepsismadethrough all of thetransmitter and recelver combinations, thereisenough
information to determinethe position of each sensor relativeto theothers. Inorder to smplify the devel op-
ment effort on thisprogram, the ability to formimageswhiletheindividual s sensorswere moving wasnot
included. Sensor movementisstill allowed, but image processing issuspended during movement.
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Thefinal eement of thesystemisthewirelessnetwork. Thereistwo way traffic over the network with
commands sent to the sensors, and datareturned from the sensorsto the control and display node. This
network communication isimplemented with off the shelf commercia |EEE 802.11g wirelessbridges
manufactured by the DLink Corporation.

Har dwar e Development

Figure 16 showstheradar hardware we have developed. It consistsof aset of circuit boardsthat are4” in
diameter assembled into astack that, including spacefor abattery capable of sustaining operationfor 4
hours, isabout 8” tall and weighs 2.5 poundswith batteriesand packaging. Asshowninthefigure, we
have designed theradar sothat it ismodular, isolating the radar to asingle board and providing power
conditioning and control interfacesseparately. The particular control interfacethat isshownwasfor devel-
opment testing and wired applications. It recelvescommandsand sendsback dataover aseria link at a
rate of 4.096 Mbps. A special interfaceto thisboard has been devel oped to allow wireless operation with
an |EEE 802.11g radio providing the necessary communication channel. Figure 17 showstheinterfacewith
acommercially availablewirelessbridgethat provideswirel essconnectivity for theradar sensor.

Antennasare connected directly to theradar board through the connectorsprovided. For theindependent
radar sensor node configuration, aseparate antennainterface board hasbeen developed. It providesthe
connection to theradar board and actsasthe ground planefor an inverted discone antennaas shown in
Figure18.

Antennasare connected directly to the radar board through the connectors provided, or for specia applica-
tions, aseparate antennainterface board can be developed. To support testing, we devel oped an interface
board with an antennaswitch that allowsasingleradar to scan an array of up to 8 antennas.

= Power
! imriconditioner
N

Control

Figure 16 - Radar sensor node elements.
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Figure 17 - Wireless sensor interface.

Figure 18 - Inverted dicsonce antenna
interface.

Figure 19 showsasmplified block diagram for thetransmitter portion of theradar. Thetransmitter usesa
direct digital synthesizer (DDS) asareferencefrequency generator that isused to control the output of a
voltage controlled oscillator (V CO) operating over therange of 1to 2 GHz. Theoutput of theVCOis
divided and fed into aphase/frequency detector along with the output of the DDS. Thisphaselocksthe
VCOtotheDDS. For frequenciesbetween 500 and 1000 MHz, the VCO output isdivided by 2. By
usingaDDSwe have precise control over transmitter frequency and can arbitrarily select frequencies. A
field programmable gatearray (FPGA) isused to decode commandsfrom theradar interface board to set
up the DDSto generate afrequency scan.

Thereceive section of thetransmit/receive board mirrorsthetransmit design on thefront end, usngaDDS
to generateafrequency that isoffset by 10.7 MHz from thetransmit frequency, fed into amixer with the
received signal, and filtered to produce theintermediate frequency (IF). However, to obtain the design goal
sengitivity for therecelver, it was necessary to eliminate asecond down conversionto alower IF asis
commoninmost designs. A digital demodulation technique going directly fromthefirst IFto basebandis
used. Inthistechnique, thelFisdigitized at four timesthe | F and the samples are mani pul ated to recon-
struct theinphase and quadrature portions of thereceived signal. Thisrecongtructionisperformedinthe
FPGA.

With both the frequency generation and demodulation portions of the radar being controlled by the FPGA,
theradar hasbecomewhat iscommonly called” softwaredefined”. All of itsessential operating parameters
arecontrolled by softwaregivingit theability to be reconfigured to meet operational requirements. This
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Figure 19 - Simplified transmitter block diagram.

approach hasalowed usto simplify the hardware portion of theradar but at the cost of more complex
firmwarethat must be devel oped for the FPGA.

Theheaviest element of theradar systemiscurrently the battery. Itisa48Waitt Lithium lon Polymer
rechargeabl e pack that was sized to provide 4 hours of continuous operation. Theradar currently con-
sumes 13 Wattswhile sweeping, 8 Wattsin standby, and 3 Wattsin sleep modewith thelargest power
consumption being the DDS chipsand the high speed A/D. A second generation of lower power DDS
chipshasrecently beenintroduced and new A/D converters have appeared that are more power efficient.
I ncorporation of these new electronic elementswould reducetotal radar power consumption to about 5
Watts saving additional sizeand weight associated with the battery.

Software Development

Threedifferent types of software programswere devel oped during the program to support hardware
checkout and debugging, a gorithm development, and field testing. Thefirst programwasdesigned asa
standal one program that would allow usto check the communication protocol that had been set up for
controlling theradar operating parametersand allow usto useit during the hardware checkout and debug-
ging process. The DDSoperationiscontrolled by setting valuesin aseries of registersthat determinewhat
frequency isgenerated, thetype of frequency sweep, whether the DDSis powered up or down, the sweep
rate, and the status of control linesthat are used for | F gain and antenna settings.

The program was devel oped asawindowed interface allowing the user to select preset commandsand
values, build commandsfor debugging purposes, view the contents of the DDSregisters, and receive data
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from the FPGA that arbitrates the communication between the PC and theradar board. Figure 20 shows
the program user interface.

Thisprogram usesaset of TCP/IP softwarethat implementsthe UDP protocol. Thisalowsusto useeither
awired or wirelessEthernet interfaceto theradar. Asshowninthefigure, theradar being tested isidentified
by anIPaddress. Connectivity isfirst determined by sending acommand using the Quit button towhichthe
radar respondswith aquestion mark and carriagereturn. Thetwo largewindowsto theright intheinter-
face show the sent and recel ved command sequencesin both ASCII and Hex. Totheleft sideof the
interfaceareaset of fill inboxesand buttonsthat allow individua sweep parametersto be sent to the radar
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Figure 20 - Standalone radar test program user interface.

2

N


goodelle
Text Box
22


and thevariousregistersof theradar to be read to determine whether the sweep parameterswere success-
fully implemented. To the bottom right of theinterface areaset of fill in boxesthat can be used to send
individual commandsto theradar. Thisinterfacewasused extensively during system development to
identify the source of unexpected radar behavior, assst infinding radar setup problemswith the other
software programs devel oped to perform datacollection and imaging, and to identify the source of commu-
nication problemsin the sensor network.

Theprogram used for dl of the control and processing functionswas based on the oneoriginaly devel oped
for our precursor brassboard imaging system. All of thetest development software created for the

standal one program wasincorporated into acopy of the program and used asabasisfor further devel op-
ment. Thenew version of softwareimplementsthe command structurefor theradar and addsthe ability to
haveantennasin arbitrary locations.

Our control programisimplemented using Visual C++ and the Microsoft Foundation Class (MFC) library.
TheMultiple Document Interface(MDI) enablesthe s multaneous display of results(plots, tables, etc.) from
morethan onedatasource (files, datastreams, user input, etc.) and employsaDocument/View architecture.
A Document isan object that istypically responsiblefor collecting, manipulating, and storing data. Each
Document object type may have one or more View object typesassociated withit, and these objectsmay
bedisplayed asthe program seesfit. Each View object embodiesavisua presentation (plots, tables,
forms, etc.) of someor all of the datafrom the associated Document object, i.e. it typically controlsa
window whose contents are arepresentation of the data.

Figure 21 showstheresulting user interface. Themagjor functionsof the program are accessed fromthe
File, Edit, View, and Toolsmenusat thetop of themain window. Thesefunctionsenableacquisition of
sngleimageframesor setsof image framesfrom both single and multiple unit configurations of the radar
system. Setsof imageframesare used for motion detection studies. Singleframesareused to help define
low level signa processing parametersthat are applied to theimage and motion detection algorithms. When
thedesired function is selected from one of the menus, the program launchesaformthat allowstheuser to
specify the appropriate control parametersand then start the sel ected task.

System and processing configurationinformation isentered in theAnalysis Parametersform shownin Figure
22. Ithaseight tabsthat allow the user to specify antennalocation and cable delays, theareaover which an
imageisreconstructed, the number of FFT pointsto usefor signal analysis, filesto usefor background
subtraction and signal normalization, and thevaluesto usefor various correction factorsthat account for
gpecia hardware configurations. Itisused primarily for singleunit parameter configuration.

Other parametersthat may be selected arethe number of sweepsto averagewhiletaking data(to buildup a
higher signal to noiseratio dataset), whether to display thedatagraphically asit isbeing collected, thename
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Figure 21 - Radar control and analysis program user interface.

to givetheresulting datafile, the directory path wherethedatafileisto be stored, whether to automatically
increment thefile namefor subsequent tests, and which I Paddressto usefor communication. Maximum
sweep speed (samples per second) isdetermined by the settling time of the hardware frequency generation
circuitwithintheradar.

Figure 23 showsthesingle unit dataacquisition function selectionform. Thisformiswherethe operating
parameters of theradar are specified before the beginning of any test series. The user can select the start
and stop frequencies of each sweep, the number of frequency pointsfor each sweep, and the samplerate
per frequency point. Whilethe user may select arbitrary frequency rangesand numbersof points, the
physical limitsof theradar impose somerestrictions. Because of memory limitations, the radar can not
support frequency sweepswith morethan 4096 points. Perhapsthe most significant part of thisformisthe
portion of theradar settingstab that allow the user to excludefrequency rangesduring afrequency sweep.
Thisbehavior ispossiblebecauseall of theradar operating parametersare software defined. Itisimportant
because usersare often worried about theinterference that wideband systems create when passing through
communication, navigation, and other important operationa frequency bands. Thefrequency exclusion
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Figure 22 - Single unit analysis parameters form.

bandsshowninthefigurearetypica of thosethat military frequency spectrum managersrequireomitting
when granting permission to operate on military installations. Thisgenerally causes problemsfor wideband
systemsthat do not havethe capability to selectively control emissions. Figure 24 showsan example
frequency sweep wherethese bands have been excluded. Omission of selected frequenciesdoesnot
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Figure 23 - Single unit data acquisition form.
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Figure 24 - Selective frequency omission during radar operation.

changetherangeresolution which isset by the bandwidth. It reducesthesignal to noiseratio sincethereare
fewer data pointstaken over the sametime span.

Image acquisitionfor singleradar unitsiscontrolled by theform shownin Figure 25. Aswith thedata
acquisitionform, the user controlsall radar sweep parametersthrough thisform. Inaddition, thereareuser
defined parametersthat control the areaover which theimageisreconstructed, distance correctionsthat can
be made independently to the stati ¢ background image and the moving target image, thetype of motion
detection algorithm that isused for displaying the data, and other signal processing operationsthat can be
used to manipulatetheimage data. Sincedataisautomatically saved eachtimethe systemisused, thisform
allowstheuser torecal previoudy saved imagefilesto play through the software and to explorethe effects
of thedifferent signal processing operationsonimageresults.

Asisthecasefor singleunits, thereisaset of formsthat allow the user to set up the radar sensor network
and configureit to collect and produceimagesfrom single or multipleframesof data. Figure 26 showsthe
form for multiple unit parameter configuration. It haseleven tabsthat allow the user to specify radar operat-
ing frequency range, number of points, gain, frequency exclusion ranges, and specific sensor physical
configurationinformation. Animportant part of thisformisthe network configuration information. We have
allowed for mixed sensor combinationsto allow both fixed and mobile sensorsto be used together for
formingimages. Fixed sensorsmay ether be standal one single units, or singleunitswithamultipleantenna
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Figure 25 - Single unit image acquisition form.

switch. Thetab settingsallow for 4 fixed unitswith multiple antennasfor which al of theantennapostion,
cablede ay, and antennaswitch delaysare specified. For caseswherethereare no multiple antennaunits,
theuser can enter setup information for up to sevenindividua unitsinthemulti unit tab forms.
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Figure 26 - Multi unit parameter configuration.
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The communication linkstab alowsthe user to specify the network address of each sensor inthe system.
We haveassigned all radar hardware unitsindividual | Paddresseswith the base address starting at
192.168.1.192. Inthisscheme unit zero hasthe base | P addresswhile unit 5 would have an address of
192.168.1.197.

Asshownin Figures27 and 28, themultipleunit dataand image acquisition formsarevery smilar tothose
for thesingleunit. Themajor exceptionisthemillisecond and oscillator synchronization buttons. These
buttonsgivethe control softwaretheability to synchronize theindependent radar unit clocksso that they can
collect data, and to periodically adjust the phase of the clocksto correct for drift of theindependent clock
oscillatorsineach unit.

Becausetheradarsare operated in abistatic mode where one transmitsand the othersreceive, it isneces-
sary that each radar be on the samefrequency at the sametimein order for successful operationto take
place. Atthehighest hopping rate of theradar, each frequency istransmitted for only 11 usecondsso the
timewindow availablefor receptionissmall. To solvethisproblem weimplemented atechniquewherea
singlefrequency beacon signal istransmitted from asingleradar unit toal of the othersand thenisturned
off. Eachreceiveunit monitorsthelevel of thebeacon signa and whenit falsto haf of itsmaximum average
value, setsitsinternal program clock. Inthat way, we are ensured that each radar isexecuting the same
instruction at the sametimewithin the uncertainty of theclock synchronization. Figure29 showsaset of
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Figure 27 - Multi unit data acquisition form.

Figure 28 - Multi unit data
acquisition form.
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oscilloscopetracesthat illustrate this process. Becausetherearephysical delaysintheradar hardware,
thereisaresidua uncertainty inthestart timesof theindividua clocksof plusor minus60nsec. The
millisecond sync button on themulti unit dataand image acquisition formsimplementsthe commands neces-
sary todigntheseinterna clocks.

Oscillator synchronization isalsoimportant. Thereareindependent clock oscillatorsin each of theradar
unitswhich areused asareferencefor dl timing functionsin theradar units. They arehigh stability clock
ostillatorsmanufactured by MT1 Milliren. All oscillatorswill drift over timewith differencesbetween unitsin
not only rateof drift, but a'so direction. Thefrequency drift differencesbetween unitscause phase differ-
encesthat accumulate over timeand ultimately destroy the phase coherence between theradar unitsand,
therefore, their ability to performimaging. Theeffect of thisdriftisshowninFigure30for adrift rateof 1
partin 10°. Thefirst pand of thefigure showstherangeprofilefor aset of radarswith no phase differences
intheir clocks. Theremaining three panelsshow theresult of clock drift after 0.1, 1, and 10 seconds
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respectively. Asseeninthelast panel of thefigure, asthe phase error accumulates, the sharpnessof the
peak isdestroyed, with theresult that theradarswill ultimately loselock with oneanother. By monitoring
thedrift of theradar unitsand periodicaly correctingit, theimaging capability of the sensor systemis
preserved. Theoscillator sync buttoninthe control softwareinterfaceimplementsthiscorrection process.

Thethird software program that was devel oped on this program was designed to explore thefeasibility of
using modern graphics processorsthat are designed for video gaming to render theimagesfor our system.
We succeeded in creating aninterfacethat collectsdatafrom the radar, performsall of the calculations
needed to create an image, and then displaysit using the graphicsprocessor. Thisprocessallowstheuser
to movearbitrarily around theimage whilethe dataisbeing displayed, tointeractively changethefrequency
band of the databeing displayed, changethethreshold for theimage color map being displayed, and move
theportion of theimagebeing displayed. In addition to pan, tilt, and zoom functions, we created afly
through visualization modethat hasan identical mouse and keyboard interfaceto the currently popular first
person shooter video games. With thisinterface we have been ableto processand display imagesat 10
framesper second on a 1.4 GHz desktop computer. It hasbeen used extensively during our experimental
testing to view and render image datain real time and hasthe ability to change the type of motion detection
algorithm used. Figure 31 showsthe user interfacefrom thisprogram that has beenimplemented using
Open GL graphics.
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Figure 30 - Effect of oscillator clock drift of 1 partin 10°.
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Figure 31 - Imaging using Open GL graphics.

Experimental Program

Extensive datacollection was performed on thisprogram. In order to get dataearly inthe program with
whichto verify radar operation and enable algorithm devel opment, aspecia antennainterface board was
constructed. Thisinterface board, shownin Figure 32, enabled usto useasingleradar with an array of up
toeight antennas. Inthisconfiguration, the antennaswereused asinglepair a atimewith thedatafromall
pairscombined toformasingleimageframe. To maketesting at different locationseasy to perform, we
constructed acollapsiblearray with four antennas. Thisconfigurationwassimilar totheoriginal brassboard
imaging array of our precursor program, and enabled usto gather smilar datafor performance comparison.
Figure 33 showsthearray in the collapsed position, and Figure 34 in the open position.

To take advantage of theradar’ s capability to sweep frequenciesat ahigh rate, acommunication interface
board with ahigh speed RS-422 serial port was devel oped and used withacommercially available RS-422
seria board onthe PC side. Thisallowed theradar to send dataat 4.096 M bps and permitted the collec-
tion of dataat arate sufficient to perform motion detectioninreal time. Figure 35 showsthe setup for
testing the motion detection a gorithms and astatic image that was extracted from thedata. Asshowninthe
figure, theradar isat zero rangewith an 8' x 8' stud wall faced with asingle sheet of drywall at adistance of
2.5meters(8.2') fromtheradar. Inthetest, apersonwalked from behind theradar around theleft side of
thewall, circled around the chair at 5.8 meters (19" and then sat down attempting to stay asmotionlessas
possible. After aperiod of time, the person got up out of the chair and walked back toward the radar and
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Figure 32 - Eight antenna test configuration. Figure 33 - Collapsible array.

Figure 34 - Array in deployed configuration.
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Figure 35 - Test geometry for breathing detection and static image.
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Reinforced concrete

Figure 36 - Continued.

around theleft sideof thewall. The person was detected whilesitting motionless, and thiswasthefirst
demongtration that our radar was sensitive enough to detect breathing.

Thefirst extensive set of testing with the radar was performed in cooperation withtheArmy at the |2WD
wall facility at Fort Monmouth, NJ. Thistest facility hasfivedifferent wals, asshownin Figure 36, made of
drywall, brick, unfilled concrete block, adobe, and steel reinforced concrete. Eachwall is12” thick, 8
high, and 10" widewith the exception of the stedl reinforced concretewall whichisonly 8 wideto stay
withinfloor loading limitations of thetest facility. Thedrywall wall ishollow insideand faced on both sides
with sheetrock. Thebrick wall hasabrick facing on one side and drywall on the other.

Testing was conducted over aperiod of two daysto test the high speed data collection capabilities of the
radar, and to gather aset of datato usefor algorithm devel opment and for determining the el ectromagnetic
material propertiesof relevant wall types. We used two different radar configurationswith wired connec-
tionsto aset of antennas. Figure 37 showsthefield testsradar hardware used. Ineach enclosureisa
command interface board, power supply board, radar board, and antennaswitch board - onewith provi-
sionfor eight antennas and the other provision for two. Each radar enclosure containsabattery capabl e of
operating theradar continuoudy for 4 hoursand provides ahigh speed serid interface that allowsacontrol
computer to configureradar operating parametersand receiveradar data. Sincethe eight antennaswitching
board reducesthetransmitted signal, especialy at the higher frequencies of operation, we used thetwo
antennaconfiguration for static testing wherewedesired higher signal to noiseratio data.

Both thewideband attenuation and the frequency dependence of the diel ectric constant of each wall materia
was measured using the sametest setup. To measurethe attenuation, two antennaswere used in abistatic
configuration, separated by afixed distance but pointed directly at oneanother without awall present. In
thisconfiguration, thefirst signal received isthedirect path between thetwo antennas. Applying anarrow
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Figure 37 - Radar field test enclosures.
window tothisdirect path signa and then Fourier transforming to thefrequency domain, givesthefrequency

dependent response of theradar system. Performing the same measurement, but with awall betweenthe
two antennas, givesaresult that isthe response of theradar convolved with theresponse of thewall. Using
the sametimewindow asonthe clear path and transforming to thefrequency domain, then dividing thewall
plusradar databy theradar alone data, removesthe effect of theradar system response and leavesthe
normalized frequency dependent attenuati on response of thewall.

Thebulk dielectric constant was measured with the same configuration. Inthiscase, it wasnecessary to
measure the distance between the two antennas and the thickness of thewall. Becausethedirect path
between the antennasisthefirst and strongest signal, comparing thetimesat which the peaksin theradar
only and radar pluswall dataoccur isadirect measure of thetimedelay introduced by the presence of the
wall. By knowingtheactua distance between the antennas, thethickness of thewall, and thetimediffer-
ence between the peak responseg, it ispossibleto cal culate the path length difference and, therefore, the bulk
didlectric constant inthewall material. Thelast photo of Figure 36 showsaphotograph of thetest setup for
measuring thematerial propertiesof the concretewall.

Wetook ten setsof datafor each wall for avariety of radar, antennaplacement, and software correction
conditions. Our control and analysi s software had been previously modified to alow usto select correc-
tionsfor different type of antennas, cablelengths, and radar antennaswitch configuration sowe could
perform preliminary analysisat thetest siteand adjust our testing plan accordingly. For each wall we ended
up with aconsistent set of measurementswith antennas placed right at thewall, and at 30", 48", and 72”
away fromthewall.

All motion detection data coll ection was performed with the eight antennaswitch configuration and an array
of four antennas. We performed three motion testson the adobewall, seven on the concretewall, and two
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each ontheblock, brick, and drywall walls. The antennaseparation and orientation of theantennaarray
with respect to thewallswaslimited by thelengths of our antennaand power cables. Thisresultedina
range of standoff distancesfor the motion dataof between 4 and 20feet. Inaddition, we performed two
long rangetestson the concretewall wherethe antennaarray was40 feet fromthewall. For eachwall we
collected dataof aperson walking around behind thewall for testing the large motion algorithms, and of a
person Sitting quietly inachair for testing the small motion agorithms.

Sincethetest wallswere mounted on elevated platforms, we placed radar absorber both infront of and
behind the platform basein order to reduce the chance that radar energy would bounce underneath the
platform and give usafalseindication of movement. Figure 38 showsatypical breathing test setup. The
flat sheetsof radar absorber for preventing multipath from thefloor of thetest facility can beseen clearly on
thefront sdeof thewall.

Thelaptop computer used for testing had aspecial high speed seria interfacefor communicating with the
radar. Because of limitationsin the operation of the specid interface, our motion testing waslimitedtoa
samplerate of 30,000 samples per second - about 1/3 the maximum radar rate. This caused theresulting
movement datato be more coarse than with the highest radar samplerate, but increased thesignal to noise
ratio of thedata.

Attenuation properties of thewallswasmeasured directly from the wide band frequency response of the
wall. Becausetheradar hasafrequency dependent response, it isnecessary to removeit fromthedatain

|
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Figure 38 - Test setup for collecting small motion data.
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order to get thetruefrequency response of thewall. Figure 39illustratesthisdependencegraphically. The
graph on theleft showscurvesfor the through transmission response of drywall and for theantennato
antennaresponse of theradar with nointerveningwall. Ascan beseeninthefiguretheresponsesarenearly
identical sincedrywall hasvery littleattenuation. Thegraph ontheright showsasimilar set of curvesfor the
reinforced concretewall. Inthiscasetheeffect of attenuation through the concreteisevident inthelower
magnitude of itsresponse curve, however, itsoverall frequency responsefollowsthat of theradar response
withnowall intervening. Theresponse of theradar isconvolved with the actua frequency response of the
wal.

In order to removethefrequency response of theradar it must be deconvolved fromthewall plusradar
responsedata. Inthefrequency domainthisisperformed by dividing thefrequency response of the combi-
nation by thefrequency response of theradar lone. Theresult isthe normalized frequency response of the
wall. By ensuring the gain settings of theradar for both the antennato antennaradar response measurement
and the through transmission wall measurement are the same, the normalization processresultsin acurve of
the absoluteresponse of thewal | versusfrequency.

For each of thewalls, wetook the antennato antenna, no wall radar measurementsand the through wall
transmission measurements and placed a 10 nsec window around the peak response. Thisallowed usto
reducethe effects of multipath on theresult. The deconvolution processwas applied and the resulting wall
response versusfrequency wasplotted. Figure40 showsacomparison of thefrequency response of each
of thewallsplotted on the same graph. Ascan be seenfromthegraph drywall isvirtualy transparent, brick
shows some attenuation at the higher frequencies, the response of adobe and block wallsisvery smilar, and
concrete showsthemost attenuation of all.

Thebulk dielectric response of each wall wasalso determined by using the static test data. Inthiscasewe
used thetrangit time difference between the through wall transmission measurement and the antennato

MR fp BRI | e iy s MR fp BRI | e iy s

Figure 39 - The frequency response of a wall contains the frequency response of the radar.

38


goodelle
Text Box
38


antennaradar measurement plusthethickness of thewall to calculatethedielectric constant. Asshownin
Equation (1)

e=(cxAt/d , + 1) )

thedielectric constant is cal cul ated from thetime difference of arrival between thewall and nowall case, the
thicknessof thewall, and the speed of light. Figure41 showsagraph comparing thetransit timedifference
between air and concretefor thewall.

Equation 1 wasused to calcul ate the average diel ectric constant of each materia over theentirefrequency
band. Table2 showstheresultsof the calculations. Additional calculationsusing portions of thefrequency
band showed that thereis only aweak dependence with frequency so the average valuefor the band of
frequenciestested isagood approximation.

M otion detection performance was determined by reading the motion detection datacollected into our
Open GL radar control display program and using itsfeaturesto change the motion detection dgorithmsas
theimage reconstruction proceeded. Asaresult of our testing we had 18 different setsof datato usefor

verification purposes.
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Figure 40 - Attenuation characteristics of wall materials.
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Figure 41 - The transit time through concrete is greater than through air.

Table 3summarizestheresultsof the verificationtesting for the datataken at Ft. Monmouth. Asshownin
thetablewewere ableto detect both large and small motionsthrough each of thetest wallsfrom significant
standoff distances. Figure42 showsaframefrom concrete motion detection verificationtest wherea
personwassittinginachair 12' behind the concretewall with the antennas at astandoff distance of 10 feet.
Even though the person was sitting as till aspossiblethey aretill clearly detected. Theseresultswere

Drywall - antennas at wall

Brick - antennas at wall

Brick - antennas 30” from wall
Adobe - antennas at wall

Block - antennas at wall

Block - antennas 27” from wall
Concrete - antennas at wall
Concrete - antennas 28” from wall

e=1.04
€= 2.43
e=1.95
€= 452
€= 4.48
e=4.12
€= /.85
€= 6.83

Table 2 - Average dielectric constant of wall materials.
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Drywall: at 19" from standoff of 12

Brick: at 21" from standoff of 14°

Concrete block: at 28" from standoff of 21°
Adobe: at 16" from standoff of 4

Reinforced concrete: at 22° from standoff of 10°

Table 3 - Distances of detection for breathing and large motion for test walls.

EZ All-Purpose Radar Display / AKELA, Inc.

A

: frame 23 :
9 dispay T8 086, 152597 ms

Figure 42 - A person sitting 12" behind a concrete wall.
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sgnificant sincethey showed that the sensitivity of the radar and motion detection algorithmswas sufficient
to detect breathing at sgnificant standoff distancesthrough steel reinforced concrete.

Additional testing was performed in Santa Barbarato gather static and dynamic datafor determining radar
detectability, motion agorithm sengtivity, and to get material property dataon stucco and reinforced con-
cretewalls. Aswiththetesting at Ft. Monmouth, we used the two antennaradar configuration for the static
testing and the eight antennaconfiguration for the dynamic testing. To make data collection easier, we used
two different fixed antennaconfigurations. One collgpsi ble configuration cons sted of four antennas spaced
equally over aspan of 2.9 meters(8'4”) and the other over aspan of 4.9 meters(16’). Figure 43 shows
thesedifferent configurations.

Figures44 and 45 show theresults of thewall testing. In Figure44 aretwo graphsof the attenuation versus
frequency for stedl reinforced concrete. Ontheleft inthefigureistheresult obtained fromthewall tested at
Ft. Monmouth. Ontheright istheresult of asimilar measurement madeonal2’ reinforced concretewall
fromabuilding at the University of California, SantaBarbaracampus. Asshowninthefigure, the attenua
tionisvirtualy identical tothe Ft. Monmouth test wall. Thissuggestswalls madewith standard construction
techniquesshould exhibit Smilar attenuation response.

Static testson two different stucco wallswereal so performed in SantaBarbara. The stuccoineachwall
consisted of chickenwire over atar paper base ontop of whichwasal” stuccofinish. Onewall hada
standard drywall face on theinterior portion of thewall whilethe other wasadouble sided stuccowall.
Figure 45 show the comparison of the attenuation response of thesetwowalls. Ascan beseeninthefigure,
stuccowallsarerelatively transparent above about 900 MHz and exhibit dightly lessattenuation than a
block wall. However, especially inthe case of thedoublesided wall, thelow frequencies exhibit too much
attenuationto beuseful.

Static testing in support of our simulation activitiescons sted of making measurementsof aperson at various
distancesfromtheradar in an openfield test environment. Thegoal of thesetestswasto reduce the amount
of environmental noise present in the data so that we could get abest case estimate of therangelimitsof the
radar under low clutter conditions. Testsusing thetwo antennaconfiguration were conducted at distances
between 5 and 30 metersat 5 meter intervals. Testsusing afour element array were performed to deter-
minetheadditional range benefit gained by staticimaging. Thesetestswere performed with different radar
sampleratesand different antennaseparationsat distancesout to 100 meters.

Becausewewereunableto find asuitabletest Sitein SantaBarbarawherewe could achieve significant
standoff distancestowallsof varioustypes, our motion testing was confined to an open field environment.
Testswere performed with both antennaarraysover arange of radar sampleratesin order to get datafor
determining the maximum range a which we could see motion using our motion detection algorithms. Using
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Figure 43 - Antenna array setups for static and dynamic testing.

thismaximum range datawith the attenuation characteristics of thewallswe measured enables usto deter-
minethe maximum likely motion detection range of our imaging radar throughthevariouswall materials.

The openfield static test datawas used to determinetherangelimit of our radar hardware. To analyzethis
data, we Fourier transformed each data set to get atimedomain range profile. Thetarget waslocatedin
each datatrace and its magnitude compared to the magnitude of the quiet background. Thisallowed usto
caculateasignd to noiseratio for thetarget return at each distance. Thelog of thesignal to noiseratiowas
plotted agai nst distance and compared to thelevel of the environmenta background. Figure46 showsplots
of thedatafor aperson for both front and side aspect angles. For distancesbeyond 30 feet, the sl ope of
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Figure 44 - Comparison of attenuation response of two 12" reinforced concrete walls.

left: Ft. Monmouth, right: UCSB

thelinefitting thedatapointsisinversaly proportiona to rangeto thefourth power, which the expected
result for far field scattering. Extrapolating thelineuntil it intersectsthe noisefloor givesthetheoretical
distanceat which thetarget returnisindistinguishablefromthenoise. Asshowninthefigure, thisvaueis
between 250 and 300 feet.

Thisdatawas also used to determinethe sengitivity of the motion detection algorithms. Inthiscase, the
static datawas modifiedinaMATLAB program to simulate movement. Each dataset wasoffset by aset
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Figure 45 - The attenuation response of single and double sided stucco walls.
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of predetermined distancesto create aseries of dataframesthat were then used in the motion detection
algorithmsto show theway inwhich signa to noiseratio changeswith the degree of movement for each
algorithm. Figure47 showstheresultsof thesesmulations. Asshowninthefigure, thesmall motion
algorithmisthemost sensitiveof al. Thefirst order motion detection algorithmismoresensitiveto small
motionsthan the second order algorithm.

Sincethe sengitivity of theagorithm to movement isafunction of signa to noiseratio, theamount of motion
that isdetectablefor any imaging situation will be determined by target Size, distance, and wall thickness.
Thismakes sensitivity of theimaging radar avery important parameter. For standoff rangesthat are short
andwallsthat arerelatively transparent, even thelarge motion algorithmshavethe ability to detect small
motions. We have seen thisbehavior in some of the motion detection dataanalysiswe have done onthe
datathroughthetest walls.
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Figure 46 - Detection limit of radar determined from experimental data.
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Figure 47 - Motion detection algorithm sensitivity.

Analysisof themotion datataken in the open field at SantaBarbarawas performed by reading the motion
detection datacollected into our Open GL radar control display program and using itsfeaturesto change
themotion detection algorithmsastheimage reconstruction proceeded. Onthebasisof our earlier static
test analysisour expectation wasthat wewould be ableto see motion out to adistance of 300 feet.
Achieving thisrangewould be equival ent to seeing motion through a12” thick concretewall at adistance of
100feet. Unfortunately, the results showed that we could see motion reliably out to only about 200 feet as
showninFigure48.

Subsequent anaysis pointed to severa reasonsfor theshortfall. Thefirst wasthedifferencein samplerate.
Whiletaking dataat the highest samplerate of theradar isadvantageousfrom the point of view of capturing
fast movement, the noisetheradar addsto the dataa so varieslinearly with the samplerate. Sincethe

samplerate of the open field testswasthreetimesthat of thetestsat Ft. Monmouth, the subsequent datais
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Figure 48 - Image of motion detected at 200 feet in open field.

concretewall. Internal sourcesof noiseintheradar contributed to the poorer than anticipated performance

much noisier so the ultimate range performanceisabout the samefor thetwo setsof data. Asindicated
aswell.

earlier, a200foot rangeinthe openfield isroughly equivalent to a50 foot rangethrough al2” thick
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Figure 50 - Single sweep probability of detection for person through various wall materials.

48


goodelle
Text Box
48


with signal processing gain
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Figure 51 - Probability of detection through various wall materials using motion detection.

We decided to perform amorerigorousanaysisusing the static datato make predi ctions of the probability
of detecting motionthroughthevariouswall types. Detection of signasinnoiseisawell studied problemin
theradar literature. Onemethod of cal culating the probability of detectingasigna asafunction of noiseis
Parl’smethod. Figure49 showsaplot of the probability of detection versussignal to noiseratio for aset of
fixed faseadarmratesca culated for asingleradar sweep using thismethod.

Our experimental dataallowsusto plot signal to noiseratio asafunction of distancefor aperson. We used
alinear fit of the datato generate asmooth curve of probability of detection versusdistance. By addingin
theattenuation dueto awall, it ispossibleto generate the single sweep probability of detecting aperson
throughthat wall. Figure50 showstheresult for thewallswetested at Ft. Monmouth. The calculations
performed arefor afalsealarm rate of 1%.

Signd processing adds gain to the system sinceit uses multiple sweeps. Figure 51 showsthe probability of
detection versusdistancefor the same conditionsbut adding in the extragain provided by first order motion
detection. Ascan beseeninthefigure, thereiscons derableimprovement. These predictionsare consistent
with the open field dataof Figure 48.
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Testing wasa so performed in support of location agorithm devel opment. I|magereconstruction using high
resol ution range profilesrelies on knowing thelocation of both thetransmitting and recelving sensors.
Movement of either sensor trandatestherange profileaong thetime (range) axis. Theresultissubimage
(theimage created from asingle sensor pair) misregistration and subsequent blurring of theoverall image.
The operating characteristics of our sensor system provideinformation that isused to determine sensor
location directly from thedata.

Thedirect path signal between thetransmitter and receiver of the sensor pair will dwaysbethefirst and
largest peak intherangeprofile. Determining wherethe peak occursin timeand then using the speed of
light givesthe absol ute distance between the transmit and receive antennas. Thisdistanceismeasured for
each of theantennapairsand then the positions of each of the sensorsissolved for using techniqueswidely
used for emitter location.

Therequirement for any of these techniquesisthat there be one more observation than the number of
dimensionsfor whichthepositionisdesired. Inour case, wewish to know the positionin 2 dimensions
since our program objectivesdid not include situationswherethereisvertical antennaaperture. For a4
sensor system all of the combinations of transmittersand receiversgiveus(N,) X (N -1) = 12 observations
whichisgreater than the minimum needed to locateal 4 sensorsintwo dimensions.

Theaccuracy of position |ocation depends on the distance measurementsfor each sensor pair.  Our sensor
system bandwidth setsthe fundamental distanceresolution at 0.1 meter. However, itispossibleto usethe
Fourier transformation processto accurately interpol ate between datapoints. Thisisaccomplished by
selecting alarger length FFT, placing the sensor dataat the correct starting positionin thelonger input data
set, and thenfilling with zeros on either end before doing thetransformation. For example, a512 point data
set using an FFT length of 8192 points givesan effective distance resol ution between range profile points of
0.1/16 =0.00625 mor about 0.25in. Figure 52 showsan exampleof thistechniquefor providing “ super
resolution” comparing a1024 and 8192 point FFT of thesamedata. Notethat thereisashift in position of
the peak of thewaveform. Using a16384 point FFT would theoretically improvetheresolution by an
additional factor of two.

For radarsthat haveindependent clocks, finding the peak iscomplicated by the phasevariationsinthe
different clocksasindicated earlier. We used independent unitsto test the peak finding and location ago-
rithms. Figure 53 shows photographsof asingleindependent radar sensor consisting of theradar, interface
board, discone antenna, and wirelessradio. Ascan be seeninthefigure, thereisaprovisonfor usinga
wired Ethernet interface that was used extensively to improve robustness of communi cationsduring devel -
opment testing.
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Figure 52 - FFT interpolation can improve distance measurement.

Figure 53 - Independent radar sensor units.
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Sincetheclocksarenotinitially aligned, theradar control softwareisfirst used to performaclock synchro-
nization. Oncetheradar clocksare synchronized, theradarswill communicate and sweep datacan be
Fourier transformed to obtain therange profilesbetween radar sensor units. However, thereisaresidual
uncertainty intheindependent clocksthat must be removed beforethelocation algorithm can beused. If
theclock inthetransmitting sensor isdlightly ahead of the clock inthereceiving sensor, it will appear tothe
receiving sensor that thetransmitter iscloser thanit actually is. If thereceiving clock isfaster thanthe
transmitter clock, it will appear that thetransmitter isfarther away thanit actualy is. Tofindthecorrect
distance between thetransmitter and receiver, it isnecessary to do bidirectional scans. Comparing the
distance differences between the scanswhen the sensors switch roles allows usto correct for the clock
mismatch and find the actua distance between the sensors.

Figures54 and 55 show datatracesfrom an array of four independent radar units. Figure 54 showsthe
result of performing acomplete set of sweepson aset of four independent radar unitsafter theinitial clock
synchronization hasbeen completed. Thegraph at the bottom of thefigureisthefrequency sweep data
from each unit and thetop traceisthe Fourier transform of thefrequency data. Thetwo sided Fourier
transformisplotted heresinceitispossibleafter initial clock synchronizationfor atraceto show upin
negativetime. Ascanbeseeninthefigure, the peaksaredistributed widely. For example, the separation
between unit 6 and unit 8isof the order of 50 nsec or about 50 feet wherein actudity the unitswereless
than 4 feet apart. Thisdifferenceisduetotheclock misalignment.

Thedatafrom each pair of scansisused to perform theaignment correction. Inorder to find the correct
distance between each pair of sensors, weuseacrosscorre ation technique. Thisconsistsof multiplying the
frequency datafromthefirst scan with the complex conjugate of the frequency dataof the complementary
bidirectional scan, and thentaking the Fourier transform. The peak intheresulting transformisat twicethe
timedifference between thetwo units. Thisvalueisthen used to phase adjust the origina frequency data
beforefurther processingisdone.

Figure 55 show theresultsof theaignment process. The phase adjusted frequency dataare showninthe
bottom graph of the figure and the Fourier transform of the datais shown in thetop graph. Ascan beseen
inthegraph, thepeaksof al of therange profilesare clustered and spread over several nanosecondswhich
representsthe actual separation between theindependent units.

Oncethealignment process has been compl eted, the distance between the units can be determined by the
same correlation processasfor theorigina alignment. We have been ableto demonstrate that the corrected
independent unit data.can be used to determinethelocations of theindividua sensorsand haveincorporated
theagorithminto the system control and image processing software.
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Figure 54 - Independent unit data traces before clock correction.
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Figure 55 - Independent unit data traces after clock correction.
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Theimage processing software workswith theindependent units but the results have not been asgood as
with thesingleradar fixed array system. Objectsappear intheimagebut arenot asclearly defined. The
reasonsfor thisappear to bethat thereismore noisein theindependent unit imaging system sincethe noise
fromtheindividua clocksareuncorrelated, and that thereisalarger impact on frequency drift thanwe
anticipated. Toimproveimaging performancewill requireadditiona effort onthe hardware sideto reduce
theradar noise, and on the software side to implement more compl ex data correction and image processing
methods.

Conclusion

Virtualy all of our origina program goashave been met. We have developed asmall, robust, cost effective
radar. We have demonstrated the capability to detect both large and small motionswith theradar at
substantial standoff distancesthrough steel reinforced concretewalls. The softwarewe have developedto
control theradar and perform imaging has demonstrated the capability to performimaginginred timeat
frameratesup to 5framesasecond. We have characterized in detail the frequency dependent attenuation
of most commonwall types. The system hasdemonstrated the ability to be used with antennasin random
locationsusing wirelesscontrol. We have made detailed measurementsand predictionsof thesystem’s
probability of detectingindividua sthrough different typesof wallsasafunction of distanceand shown that it
ispossibleto detect aperson through 12" of steel reinforced concrete at arange of 20 meters. Andwe
have demonstrated the ability for sensor self location. Whileimaging with therandom sensor systemwas
not asgood as anticipated, we understand what must be changed to improve system performance.
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