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Abstract— Undesired wall reflections in through-the-walldaging can mask the return from actual targets
and saturate and block the receiver. We proposgiérecy modulated interrupted continuous wave (FM)CW
signals as a novel wall removal technique and a#didts effectiveness through numerical simulatiand
experiments performed using a radar system builthi® purpose. FMICW waveforms appear to mitigaadl w

reflections and benefit the through-wall detectmfnstationary targets and of people moving or lmeat

behind different kinds of wall.
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[-INTRODUCTION
THROUGH-THE-WALL-DETECTION (TTWD) techniques haveén investigated in the past few years as a

way to support police and soldiers operating inaarbreas (e.g. when breaking in a room occupidubbtile
agents) and to help first responders in searchrascle operations (e.g. when looking for peoplpped
inside buildings on fire or buried under rubble)trd) wide band (UWB) microwave signals proved toae
mature technology for TTWD, since they can prowsdéable through-wall penetration and range resmiut
for imaging purposes, provided that the frequeranyge of the waveform is appropriate [1]. Wide baiadkiwv
is indeed required to achieve fine down-range el and low operational frequency is desiredetduce
through-wall propagation losses, even if this implbulkier antennas which may be inappropriatertdield
applications. An effective compromise in the chaa¢ehe bandwidth must be sought when designingrrad
systems for TTWD, as well as taking into accoumstrints like weight, size, and power consumptibthe

system.



Many radar systems have been presented in thatliter and successfully validated for a variety of
applications such as through-wall detection ofictatry targets, tracking people while walking behwalls,
and detection of people through their breathindgteDent UWB waveforms have been used in these sste
including short impulses [2-4], noise [5] and psewmbise waveforms based on M-sequences [6], steppe
frequency continuous wave (SFCW) signals [7-9], &mdjuency modulated continuous wave (FMCW)

signals [10-15].

Wall reflections compromise the through-wall deimttof possible targets in active radar systemgebding

on the dielectric permittivity contrast, the presenof the air/wall interface scatters back mostthe
transmitted signal and drastically reduces the arhai power available to sense the area under test.
Therefore at the receiver wall reflections appearstronger than the backscattered signals frooabtdrgets,
especially from targets with low radar cross sectfRCS) such as human beings, which are masked ant
difficult to detect. Walls with air gaps or hollostructures are especially challenging, since tleed to trap

the electromagnetic waves as if in resonant cayitieaking the duration of the wall reflection silgntar
longer than the physical thickness, thus overshauptargets close to the interior wall [11, 16].€Tjpresence

of strong undesired signals limits the dynamic eanf the TTWD system and increase the possibility o
saturating and blocking the receiver [12]. Furthemnit has been observed that this prevents thikcappn

of compressive sensing (CS) techniques, which aipraducing radar images of same quality and réisolu

using far fewer data, thus allowing faster measergs[17].

Several wall removal techniques have been presentdtie literature to deal with the aforementioned
problem. Subspace projection techniques aim atra@pg the clutter sub-space (including antennas:talk
and wall reflections) from the target sub-spaceufh suitable decomposition methods applied todtte;
the clutter sub-space is then discarded when gemgreadar images [18-19]. Spatial filtering approa
considers an array of receivers parallel to thel watl assumes that wall reflections are similae\ary
receiver along the array, whereas the contributbachoes from the targets changes. Signals retatéue
wall can be separated from those related to theahtargets by applying a spatial frequency tramsfto

convert the data into the new spatial frequency aloma filter is then applied to the data to remaeuedl



reflections [16]. An alternative method isolatesllwaflections from the received signal and extsattie
required parameters to compute analytically thpaese of the wall, which is then subtracted from dltual

measured data [20].

Change detection (CD) techniques can be appliethaf radar system aims at motion detection. The
assumption is that stationary clutter, includingllwmeflections, does not change while performing
measurements with moving targets; undesired sigraistherefore be removed by simply subtracting dat
referring to different measurement instants. Thistiaction can be performed either on raw data gt
subtraction) [4-5], or on images after the appiaaibf beam-forming algorithms (non-coherent sutitca)
[9]. The stationary background to be subtractethftbe data can be estimated with more refined nastHor
instance averaging the previous received signl®f2vith suitable weights to cope with targetatthtop for

a while during the measurement [3].

Another wall removal technique for radar systemagi&MCW waveforms is based on band-pass filtering
the beat-note signal before digitization; this signontains information on the distance of the détsgn
frequency components proportional to the distanselfi Since the wall is physically closer to thedar
system in comparison with the targets, its contrdsuappears at lower frequency components, whaih ¢
therefore be filtered out with a suitable band-fdts integrated at the receiver [10-15j.[15] for instance,
coherent change detection and band-pass filterag@mbined on a vehicle-mounted system. This gyste
able to detect the presence of human targets siqrstiil and holding breath behind a variety offefiént

walls, like 10 cm thick solid concrete and cindkrdks.

Results from numerical simulations show that reéftexs from walls and from people could be distirsipgd
by their polarization, the former being mostly calgrized with the transmitted signal, the lattersthocross-
polarized because of the irregular shape of hunwalieb [21]. However the practical exploitation obss-
polarized components is limited because they are/éaker than co-polarized components and the ggaer

and reception of pure polarizations through typastennas for through-wall detection is challend2j.



In this paper we present an alternative wall rerhta@hnique for through-wall detection based omjdiency
modulated interrupted continuous wave (FMICW) wawets; although used in the past for ocean sensing
radar systems and ionospheric channel soundingge thignals have not been used yet in TTWD scentrios
the best of our knowledge. FMICW waveforms are cwatl on and off at the transmitter providing ligten
intervals at the receiver, which is switched witbcaplementary pattern; using suitable switchintjgpas it

is possible to ensure that these listening intendd not include undesired wall reflections, whate

therefore attenuated or removed at the receiver.

A detailed description of the proposed wall remaeghnique is provided in this paper, with an esien
validation through results from numerical simulagoand different experiments. This paper is orgahias
follows. In section Il FMICW signals are analytilyatiescribed and potential advantages and disadgast
discussed in relation with other existing wall remlotechniques. In section Il results from numatkic
simulations performed to validate FMICW signalS'ilWD scenarios are presented, comparing radarlesofi
and images obtained using normal FMCW waveforms @ogosed FMICW waveforms. In section IV the
experimental validation of the proposed techniqueerlistic scenarios is provided with results frarback-
to-back test and from tests aiming at through-wiallection of stationary targets and detection afpfe
through their movement and breathirigore information when comparing FMICW approach asttier
hardware wall removal methods is also providedetiogr with the description of the radar system bgesl

for the measurementBinally section V concludes this paper.

[1-FMICW WAVEFORMS

FMICW signals date back to the eighties for appioces such as ionospheric channel sounding andnocea
surface sensing, for which monostatic approach with single antenna operating at the same timbeat t
transmitter and at the receiver would be prefergp8. A recent survey of existing oceanographidara

networks across the Pacific coastal area showsévatral systems are still based on FMICW sigriads |

FMICW signals are generated by switching on andadtii complementary sequences the transmitter laad t

receiver of a normal FMCW radar system to ensuat they are not simultaneously active. These gating



sequences can be mathematically modelled througdrypfunctions with bit duratiofig which multiply the
transmitted and received FMCW signals; the trartemiieceiver is off when the value of the binargdtions

is 0 and on when the value is 1. The effect ofube of these gating sequences can be investigatadyh the
mean received signal (MRS), which is the crossetation between the sequence g(t) applied at the
transmitter and the complementary 1-g(t) appliedhat receiver, as in (1) whefg denotes the overall
duration of the sequence:

Ts
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The MRS is therefore a property of the gating segegdepending on its bit duration and number t«, bi
beingTs equal toTg multiplied by the number of bifd. The MRS depends also on the round-trip dejae.
the time for the transmitted signal to reach thrgets in the area under test and be backscatterdaet
receiver; this time is related to the spatial distaof the targets. Therefore the MRS can be ceraida sort
of distance dependent weight applied to the redep@aver. For some values of distances the MRS rpatte
provides additional attenuation (when the receigenot listening), for other values there is no iaddal
attenuation (when the receiver is listening). Byebally designing the sequences, it is possiblgeb MRS
patterns suitable for wall removal in TTWD applioast, i.e. patterns which provide attenuation atatices
corresponding to wall reflections and do not ather received power at distances correspondingdaatha

under test.

The MRS is zero when the round-trip detag multiple of the sequence duratidg generating blind ranges
where the received power is zero. The duratiorhefdating sequence should therefore be longer ttiean
round-trip delay related to the farther target etpe in the scenario under teghx; this ensures that there are

no blind ranges within the area of interest. Tlsdition can be written as in (2):

Ts = NTg > Tyax (2)



The multiplication of FMCW signals and gating seoges to generate FMICW waveforms corresponds to
spectral convolution in the frequency domain. Bgyegodic signals, the spectrum of the gating segeg is

a train of impulse functions placed at every migtipf the reciprocal of the sequence durafignwhich we
can callfs. The spectrum of the original FMCW signal is repted at the positions of these impulse functions
as an effect of the convolution. The sequence &rqufs should therefore be higher than twice the highest
expected frequency component of the beat-note Ismnthe receivefguax in order to avoid aliasing and
distortion of the spectrum. This condition can béten as in (3), where the maximum beat-note fezmy is
expressed in terms of bandwidshand durationT of the FMCW signal, and of the maximum distancehef

targetRyax (assuming monostatic approach for simplicity):

cT

ABNRyax ®
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Equations (2) and (3) set a constraint on the ehofcdhe gating sequence parameters, namely nuof s
N and their duratiofg, given bandwidth and duration of the FMCW signad $he maximum expected target

distance.

When using FMICW waveforms, the off-time at thensmaitter and at the receiver reduces the systenalsig
to-noise ratio (SNR) in comparison with normal FMGVaveforms. It has been shown that gating sequence:
with 50% duty cycle provide maximum power efficigndhus minimizing the reduction of SNR [25].
However gating sequences with lower duty cyclehat teceiver may be useful in TTWD applications to

extend the blind ranges in the MRS patterns, tlawslg more effective wall removal.

Fig. 1 and 2 show the gating sequences used osirthdated and experimental data presented latérisn
paper, a square wave and a 3 bit M-sequence, tesggcFig. 3 shows the corresponding MRS patterns
Two additional delaysrx; andzrx, are used to change the duty cycle of the sequagpyiéed at the receiver,
thus extending the blind ranges in the MRS. In Bigwo blind ranges can be seen for both MRSfitbeat

the beginning of the pattern and depending on #narpeterrx,, and the second at the end of the first period

of the sequence (bit 2 for the square wave and fot the M-sequence), depending on bg$h andzrx.. As



mentioned, longekrx: and zrx wWould produce longer blind ranges for more effectremoval of wall

reflections but would also reduce the system SNierdfore a compromise must be sought.

We believe that FMICW waveforms can be an intengstvall removal technique, presenting some potentia
advantages compared with other existing methodsk&Jsubspace projection and spatial filtering, EW
waveforms remove wall reflections before the dmgition of the beat-note signal, thus avoiding #ghiction

of the system dynamic range and the possibilitiplo€king the receiver. FMICW waveforms are not sabj

to estimation or modelling errors in comparisonhwiite approach of extracting the wall response ftoen
data and then subtracting it. Change detectionoagpes are not suitable for detection of statiomanyets
and are applied after digitization of the signalis not addressing the reduction of dynamic rariginea

receiver.

Therefore only hardware approaches like FMICW tgtothe MRS of the gating sequences, or band-pass
filtering can solve the dynamic range issue, asuad-trip delay dependent attenuation is providecimove

the undesired components. However, these approaichest address the problem of ringing generated by
some types of walls with cavities and internal dwlistructures. In these cases, part of the latereféction

or its multiple copies, are overlapped with the tedreturn from targets close to the wall. The iapibn of
hardware methods would attenuate both wall andetargeturn without addressing the problem of
discriminating between them. Hardware methods HFMECW waveforms can also be combined with other
aforementioned wall removal techniques, such aspade projection, spatial filtering, and changect&in,

in order to remove residual wall reflections, timgroving the overall performance of the system.

[11- NUMERICAL SIMULATIONSOF FMICW WAVEFORMS

Numerical simulations of realistic TTWD scenariaavé been performed using CST Microwave Studio to
validate the proposed FMICW waveforms as wall reahdgchnique; the method finite integration in time
domain (FIT) has been chosen as it is the bestcehfuir electrically large, non-resonant, and dethil
structures. Simulated scenarios include tridimeraioooms with potential targets inside, namely etattic

cabinet and a human phantom. The rooms have fealise of about 4-5 fceiling and floor have been also



simulated for increased realism and to avoid atsfacaused by the waveform diffraction at the tod a
bottom edges of the wall [26]. The human phantorm@&leled with a uniform material reproducing the
electrical parameters of human skin, as it has lodserved that at the frequency range relevanT WD
applications most of the electromagnetic powereidected by the skin without penetration into thady
Therefore there is no need to model internal tisstireis reducing the computational burden of theukitions

in terms of memory and CPU time [27]. The transenits modeled for simplicity as a plane wave, whsre
the receivers are modeled as probes which samgdlecaonrd electromagnetic fields; the images showthis
paper are created using 9 probes, which are p&edn apart, thus forming a 2 m long array. Thealidas

1.5 GHz bandwidth in the range 0.5-2 GHz, corredpanto range resolution 10 cm.

Three imaging algorithms are used to create tharrawages shown in this paper. They are the wedlakm
back projection (BP) algorithm [28], and the detayn-integration (DSI) or the delay-multiply-sum-
integration (DMSI), which were originally proposém medical imaging [29-30]. An incorrect estimatiof
the round-trip delay for the transmitter-pixel-reee path when applying these algorithms would |¢ad
blurring and displacement in the radar images. ddtaal values of round-trip delay depend on thegtlemf
the propagation path within the wall, where thepagation speed of the signal is reduced proportioia
the permittivity of the wall material. Accurate iesations of the through-wall propagation path haeen
presented in the literature [31], but in this paper adopt a simplified approach which avoids s@vin
transcendental equations. This approach does keirito account the refraction at the interfaceMeen wall
and air, thus considering straight-ray trajectof@sthe through-wall propagation of the waveforniie
round-trip delay can be written as the sum of thg pelated to the transmitter-pixel patfy and the pixel-

receiver pathpx.

Since the transmitter is modelled by a plane wiaveur numerical simulations, the excitation wawetris
uniform for every pixel in the area under test @hd wave impinges perpendicularly to the wall. The
estimation ofrrxis therefore easy as the actual through-wall prapag path is the thickness of the wRllas

in (4):
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Rrx is the transmitter-pixel distance, which in caselaihe wave excitation is the distance from thespig
the boundary of the simulated volume where theglaave ideally starts to propagate. It should hedthat
the first term in (4) refers to the free space casth the second term correcting for the presesfade wall.
Equation (5) shows the estimation @k where the first term refers to the free space dédaythe pixel-
receiver path, and the second term corrects foptesence of the wall assuming straight-ray appmakon,
with L through-wall propagation path afidhe angle between the pixel-receiver path angbénpendicular to
the wall. This angle can be computed from the coatds of pixel and receiver as in (6), with refeeto the

simplified geometry shown in Fig. 4.
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Results from two different simulated scenarios presented in this paper. A view of the first scenas
shown in Fig. 5, where the points with arrows om lft are the probes which model the receivers. Sibe of
the room is 235 cm x 200 cm and the stand-off destaof the probes from the exterior wall is 250 cm,
corresponding to 16.67 ns round-trip delay in space. The material used for walls, ceiling, aonorflis 1
year old solid concrete, with permittivity 5.657taé centre frequency 1.25 GHz. The wall is sofid &5 cm
thick. The duration of the simulated waveform i98Ms, so that the maximum allowed bit duratiom¥rite
anti-aliasing condition in (3) is 25/N ns, assumangating sequence with N bits and maximum dist&ce
The distance from the probes is 440 cm for thermdtand 370 cm for the human phantom, corresportding
free space round-trip delay 29.33 ns and 24.6#%espectively.The values of these round-trip delays are
actually higher if the slower propagation speecdinithe wall is taken into account. Given the pdtimty
and the thickness of the wall in this simulatednhse®, the actual values of delays are 30.7 ns2&nd4 ns,

for the cabinet and the phantom, respectively.



In Fig. 6 two radar profiles from the first simwddt scenario are presented, using FMCW and FMICW
waveforms respectively. Both profiles refer to siignals recorded at a probe facing the metallicnedharget
and are normalized to the maximum of the FMCW peofivhich is the reflection from the outer air-wall
interface.The gating sequence used for FMICW waveforms is3tbé& M-sequence shown in Fig. 2 and with
MRS shown in Fig. 3. The bit duration is 5.75 nd #me delaysgrx; andtrxz areequal to 1.5 ns. The second
blind range of the MRS is used for wall removaltas centred at 17.25 ns and 3 ns long, with thend-trip
delay corresponding to the wall equal to 16.67Ti reflection from the human phantom (at 26.04i$1%)
the flat area of the MRS where no additional atéion is given, whereas the reflection from theimab(at
30.7 ns) is on the slope of the MRS, but the aoldliti attenuation does not compromise the detectidhis
target, which has higher RCS compared with the muptentomlIn the FMCW profile the return from the
cabinet target is about 14 dB below the reflectrom the outer wall interface and 7 dB below thiteition
from the inner wall. In the FMICW profile the outerall interface is completely blanked by the gating
sequence, and the target reflection is the stramgtgn in this profile, being roughly 6 dB abawe residual

of the inner wall interface. In absolute terms, tegnitude of the FMICW profile is lower compareithathe
FMCW profile because of the attenuation of the iree power due to switching sequence, as previously
mentioned in section Il. For the gating sequenadus this scenario, the receiver on-time is onlgs2ns
over 17.25 ns, which corresponds to 16 dB additiattanuation on the flat part of the MRS. Thishs value

of magnitude attenuation for the cabinet targetrretn the FMICW profile compared with the FMCW
profile, as it can be seen in Fig. 6, bearing imanihat the actual attenuation is slightly highecduse the
target reflection is on the slope of the MRS. Wherforming actual experiments, this additionatmdiation
can be compensated at the receif#gy. 7 compares radar images obtained from the dirsulated scenario
using normal FMCW waveforms and the proposed FMI@&veforms; both BP and DMSI imaging
algorithms have been usdélg. 7a confirms that using FMCW waveforms walll@efions are the strongest
contribution in the radar image, even if it is pbksto locate the targets with a sufficiently lardynamic
range of the colour scale. With the applicationtlod gating sequences as in Fig. 7b, the wall rediec
contribution can be strongly attenuated so thahagnitude is lower or comparable with the targéections

magnitude. Therefore the targets appear brighteomparison with the wall residual in the FMICW igea

10



compared with the FMCW image. Comparing the FMICAutts from the two imaging algorithms, we can
see that DMSI attenuates the artefacts in yellaselto the human phantom and produces coloure@ spot

which are better focused on the actual positiotneftargets.

In the second simulated scenario the stand-ofédes is reduced to 25 cm and the material for ywedlging,
and floor is 40 years old concrete, with permityivd.642 at the centre frequency 1.25 GHz. The sfzbe
room is 290 cm x 170 cm and the wall is solid aidh thick as in the previous scenario. The targetswo
human phantoms, one facing the array of probes thdhchest and one with the back, placed at roug60y
and 240 cm from the probes. The duration of theukited waveform is increased to 5000 ns, thus Igavin
maximum allowed bit duration 50/N ns from (3), asgug N bits for the gating sequence and maximum

expected distance of the target 5 m. Fig. 8 showewa of this scenario.

The free space round-trip delay correspondingecsthnd-off distance and to the distance of thetangets is
1.67 ns, 10.67 ns, and 16 ns respectively. Twaedfft gating sequences have been tested in tmarsze
namely the square wave with bit duration 16 nsthed3 bit M-sequence with bit duration 8.75 ns; MRS

of these sequences can be seen in Fig. 3 whedethgstrx: andtrx2 areassumed to be zero . The MRS of
the M-sequence provides no attenuation at the sadfieound-trip delay related to the two targetbereas
wall reflections are mitigated by the first blindnge at the beginning of the MRS. The MRS of theasg
wave has a maximum with no attenuation at the rdtipddelay corresponding to the far target, 16 ns,
whereas both wall reflections and the echo fromcthee target are attenuated by the slope of th& MRe

overall effect is an enhancement of the reflectioos the far target to compensate for its gredistance.

Fig. 9 shows radar images obtained from the secamdilated scenario using different waveforms and
different algorithms. Fig. 9a and 9b compare rasuding normal FMCW and FMICW waveforms gated with
the M-sequence; in both cases the images are fousiad BP algorithmAs in the previous scenario, in the
FMCW case the contribution from the wall is theosgest return in the image, whereas in the FMIC¥&ca
the targets contributions have larger or comparatagnitude with respect to the residual wall reftets, and
therefore they appear brighter in the imageFig. 9b and 9c the same FMICW waveforms is usadwith

different imaging algorithms, BP and DMSI respeelyv We can see that DMSI produces coloured spots

11



much better focused on the actual position of #rgets and attenuates the residual wall reflectsnit is
weaker than the echoes from the targétsFig. 9c the echo from the far target appearberatveak in
comparison with the close target. In Fig. 9d theliaption of the square wave as gating sequenceNdCW
waveforms enhances the detection of the far tatgetto the maximum MRS at its corresponding rourmd-t

delay.

These results from simulated data validate thect¥keness of the proposed FMICW waveforms as wall
removal technique. The second blind range in theSMR suitable gating sequences can be exploited tc
mitigate wall reflections in case of long stand-@i§tances as in the first scenario, or the filistdorange for
shorter distances as in the second scenario. bées also shown how square waves with suitablgubpition

can be applied to enhance the detection of faetangith low RCS.

V- EXPERIMENTAL VALIDATION OF FMICW WAVEFORMS

A radar system has been built to validate the pedd=MICW waveforms through experiments in realisti
scenarios. An initial back-to-back test has beeaop®ed to characterize the system. Then an expeertah
campaign was carried out in various environmentthatSchool of Engineering and Computing Sciences,

Durham University.

A. Proposed Radar System

Fig. 10 shows the block diagram of the proposedraystem. The system combines off-the-shelf RF
components from Mini-Circuits with components whidwve been designed and manufactured ad hoc to me
the requirements. The arbitrary waveform generafdi&/G) are the most important components as they
generate the FMCW-FMICW signal at the transmittedt &s replica to drive the mixer at the receivdiey

are commercial modules Euvis AWG801, capable oegaing waveforms with frequency up to 4 GHz. The
AWG are programmed by a PC through an interfaceldped in MATLAB and C++ to select the waveform
parameters. The FPGA board provides trigger sigioalse AWG, ensuring the synchronization of theolgh
system by locking these signals to the common clbhk output of the AWG is fed into a low passfiltvith
pass-band up to 3.5 GHz (LPF1) in order to attentla residual clock of the AWG and the alias image

high frequency. These filters have been designet manufactured using the facilities at the Schdol o

12



Engineering and Computing Sciences, Durham Unityer3ihey consist of a distributed design based on
microstrip lines and printed on a substrate Rog@®@3. At the transmitter side the signal is fedittie
amplifier ZHL-4240 (POW AMP), thus achieving ab@® dBm transmitted power. At the receiver the digna
from the antenna is fed into the low noise ampliiX60-3011 (LNA) and the output multiplied by gliea

of the transmitted signal. The multiplication isrfoemed by the mixer ZEM-4300MH, and the amplifier
ZKL-2R7 (AMP1) is used to drive the LO port of thaxer with the required power level, 13 dBm. The
resulting beat-note signal is filtered to get thw frequency components carrying information ondlstance

of the targets. The filter has been manufacturetth Wimped components to get a cut-off frequencyL®f
MHz. After filtering this signal is fed into the goiifier ZHL-6A (AMP2) and recorded by the 14 bit
analogue-to-digital converter (ADC) Signatec PX1340The system operates in bistatic approach wnig o
antenna at the transmitter and one at the recélven. different models of antennas have been dedigne
manufactured to work across the desired frequeaaghwidth (0.7-2.2 GHz) and have a directional raoie
pattern, so that the energy can be focused towtelsvall and the targets to be detected, avoidimgy t
reception of clutter and undesired signals fronoedary lobes. These antennas are Antipodal Vivahdi

rectangular patch [32].

As mentioned, the frequency range of the wavefarsesl in the experimental campaign is 0.7-2.2 Ghizs t
providing 10 cm range resolution and sufficienbtigh-wall penetration for common construction matexs
bricks or concrete [1]. The duration of the FMCW-FIW waveform is 40Qus. Higher values would give
higher time-bandwidth product for the waveform, buty would increase the time to modify and loagl th
waveform into the AWG; therefore this value is agaompromise to perform experiments. The minimum
allowed sampling frequency of the ADC is 20 MHz)gshthe maximum alias-free beat-note frequency is 10
MHz. The distance of the target corresponding éontfaximum beat-note frequency would be 400 m viéh t
aforementioned bandwidth and duration of the wawefolherefore the beat-note components related to

targets a few meters away from the radar systenbearcorded with the parameters presented above.

Motion and breathing detection are performed thhodiguble FFT processing aimed at extracting theplop

shifts caused by the movement [33]. Given the twmadvf the FMCW-FMICW waveforms, the maximum

13



Doppler shift without ambiguity is 1250 Hz, which far higher than the shift produced by movements
breathing of people. The Doppler resolution depanrdthe number of FMCW-FMICW waveforms which are
processed to extract Doppler information, thus loe dverall length of the data which are recorded in
measurement. For motion detection we recorded fdatd0 s, corresponding to 0.1 Hz Doppler resohytio
whereas for breathing detection we aimed at fiespolution to analyze the small movement of the tchs
recording 20 s of data, corresponding to 0.05 Hsoltgion. With the aforementioned parameters and
assuming maximum distance of the target 5 m, thieaiasing condition in (3) yields maximum bit rddion
4us/N for a N-bit gating sequence, more than enough dur experiments where relevant beat-note

components are at tens of nanoseconds.

B. Comparison with other hardware approaches

As mentioned in section I, only hardware wall remlotechniques like FMICW or band-pass filteringhca

solve the dynamic range issue.

The band-pass filtering approach employed in FMGWar systems requires a filter centered at a deitab
intermediate frequency and with high Q to haveegttransition between the stop and the pass hagfls
An additional oscillator is then required to adty# frequency of the beat-note signal to the fizadd of the
band-pass filter, in case of changes due to difteseand-off distances or different duration or dhaialth of

the transmitted FMCW waveform.

In our system the AWG replaces the aforementioedponents, as it can generate both FMCW and FMICW
waveforms through a simple software interface. gteat advantage of the AWG is its flexibility inastging

the parameters of the waveforms, namely bandwidthduration which impact on the beat-note frequency
associated with a certain range of round-trip delalpes. These parameters can take any value wittlein
limit given by the particular model of AWG (in ouase 4 GHz bandwidth and 1 ms duration), whereas th
chirp duration provided by analogue methods of gatien of FMCW signals such as Yttrium Garnet Iron
(YIG) oscillators may be limited to a set of valukgpending on the controlling voltage ramp. Thepeters

of the gating sequence for FMICW waveforms, likpetyof sequence, bit duration, and additional detays

and trxe, can also be flexibly changed using the AWG. Tpvigvides gating sequences and MRS patterns

14



which can be adapted to different scenarios ureigr for instance providing wider notches of the 3/
attenuate wall reflections from particularly chaligng walls, or using a notch to attenuate a pantitvall
placed in the middle of the area under test, oaraing the contributions from a far target or frarportion
of the area under test by using a suitable squaneevgequence (as shown in section Il for the skcon
simulated scenario). This flexibility provided dyet AWG justifies its cost, although a comparisothvather
approaches in terms of cost strongly depends omtidels of AWG and the oscillators, high lineasitltage

ramp source, and band-pass filter chosen for thepkr radar system.

Another possible approach is using gated SFCW Egaa shown in the system presented in [34] tcoxvem
the reflection from the air/ground interface foognd penetrating radar (GPR) applications. In flystem,
switches and delay circuits controlled by a digiahthesizer are used to gate the waveforms by ssimple
square waves as on-off patterns. Another synthearz phase-locked-loops are used to generateRG&VS
waveform and convert it to the desired frequencygea In our system the AWG replaces the aforemeatio
components, allowing the flexible generation of FMCand FMICW waveforms gated with different
sequences. Furthermore, the required time for gplaimtrace in the SFCW system is around 75 msuseca
of the PLL setup and lock time. Although this ixegtable for GPR applications, it would result mop
Doppler resolution for movement detection, whereas system provides suitable values and allows the

exploitation of Doppler shifts recording for movemh@nd breathing detection, as shown later ingédion.

Even a time-gating device at the front-end of #eeiver could tackle this issue, but, apart freesrhérdware
complexity and related costs, it would be applieatrily to pulse-based systems and not to systesesl i
frequency modulated waveforms. Our focus is ondlsgstems as they generally require less expeAfNE

at the receiver and lower transmitted peak pow2}. [1

C. Back-to-back Test

In back-to-back tests the transmitter is directhnmected to the receiver through cables givingedzift
propagation delays and attenuation, without usimtgranas. The different propagation delays and adit@m
simulate the presence of targets placed at diffatistances and with different RCS. We presentlmaek-to-

back test performed to characterize the systemshéev the methodology used to design suitable FMICW
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waveforms for wall removal during the experimem@inpaign. Compared with the diagram shown in Fig. 1
the antennas have been removed and the transsigteal is split and fed into two propagation pahd then
combined and fed into the receiver. The valueshefdttenuators for the two paths are 50 and 66ptB,

additional attenuation caused by the cables.

Normal FMCW waveforms are initially used to ideptthe various frequency components in the beat-note
spectrum, which is called range profile as the degy is related to the delay and therefore toréinge in
FMCW based radar systems. In through-wall experiméime wall return is expected to be the strongest
component and located at lower frequency, as theiswaloser to the radar system compared withtéingets.
In this back-to-back test two components are exgueaine for each propagation path. Fig. 11 showsahge
profile using FMCW and FMICW waveforms, with thetter presenting two components at values of delay
21.17 ns and 33.78 ns. These delays include teenedtdelay inside the hardware components of ddarr

system.

Assuming that the first component would be the girdd return from the wall in a realistic experirhesm
suitable gating sequence can be designed to reinthweugh FMICW waveforms. The gating sequendbés

3 bit M-sequence with bit duration 30 ns, detay: equal to 0 ns, and delayx2 equal to 21.125 ns. The
MRS of this sequence is shown in Fig. 3. The filgtd range mitigates the first component in thegel
profile, whereas the second component is locatdddrflat area of the MRS where no additional atétion

is provided. As a result, in the FMICW range pm&hown in Fig. 11 the second component is thegast.
When using normal FMCW waveforms the first compdnisnabout 12 dB higher than the second one,
whereas when using the proposed FMICW waveformsdicend component is about 20 dB higher than the

residual of the first one.

D. Detection of Stationary Targets

The effectiveness of the proposed FMICW waveforangtie through-wall detection of stationary tardeds
been tested with several objects. In this papdreaektinguisher is used as target. Fig. 12 shdwesfire
extinguisher placed inside a meeting room contgirlso office-like pieces of furniture such as chand

tables. The radar system is placed outside the rbetnind the wall shown on the right-hand side igf E2.
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The wall is made of plastered plywood panels withrdernal honeycomb structure made of cardboahe. T
wall is 8 cm thick and its permittivity is assunmtedbe 1.6, a sort of average between the valuleeoplywood

and the value of air.

Fig. 13 presents two radar profiles for this expemtal scenario, using FMCW and FMICW waveforms
respectively. In both cases the signals have beearded at a position in line with the target ame a
normalized to the maximum of the FMCW profile, whnis the reflection from the wall located at rounig-
delay 20.8 ns. The gating sequence used for th&€C¥¥vaveforms is the 3 bit M-sequence with bit diorat

7 ns and delayssxi andtrxz equal to 0.75 ns. These values produce the MR8&rpaghown in Fig. 3, with
the second blind range which is centered at 21nds1a5 ns long, thus suitable to attenuate the oteda
component at 20.8 ns so that the reflection froeténget is the strongest component in the FMICWfilpr
Unlike the simulated profiles in Fig. 6, in the exinents the FMICW profile has been properly anmgdif
with the full dynamic range of the digitizer appli¢o the area under test behind the wall. Thiswalo

compensating for the additional attenuation dutheooff-time at the receiver.

Fig. 14 shows radar images created for this soensing FMCW and FMICW waveforms and different
imaging algorithms. The data have been collecteslirthetic aperture radar (SAR) approach while mgvi
the antennas along an array of 7 positions lochfecn apart. For each position the distance betweetwo
antennas is 20 cm and the stand-off distance ftemwall about 1 cm. In the FMCW case (Fig. 14a)l wal
reflections are the strongest return in the imagegthe target contribution appears not easily mijstishable
from the clutter, as it could be expected lookitgpat the FMCW profile in Fig. 13. In the FMICWssathe
reflection from the fire extinguisher is the stresgand brightest contribution in the image, wtik tall
residual at least 25 dB below it. Comparing Figb Ivth 14c and 14d we can see how DSI and even more
DMSI algorithms help to focus the coloured spotslm actual positions of the target. In this camey talso
strongly attenuate (in case of DSI) or remove @secof DMSI) the artefact at roughly 50 cm downgean

which is present in Fig. 14b when using BP algaonith
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E. Detection of Movement: Walking and Breathing

FMICW waveforms have been validated in experimémigetect the presence of people behind walls girou
their movements or breathing. The experiments teen performed in two environments at the School of
Engineering and Computing Science, Durham Uniwer€ine environment is an open landing separatea by
16 cm brick wall from a corridor, the other is adhing room with 25 cm concrete walls. The presesfce
movement is detected through Doppler shifts, whach extracted from the data through double FFT

processing and shown in Delay-Doppler patterns.

Fig. 15 shows Delay-Doppler patterns for a persatkiwg with fast pace behind the brick wall on diah
trajectory when FMCW (sub-figure 15a) and FMICWHsdigure 15b) waveforms are used. Fig. 16 presents
the same comparison for the case when the persstanging and swinging armshe color scales are the
same in every sub-figure in Fig. 15 and 16, withximaim magnitude value assigned to the wall reftetiin
the FMCW caseThe gating sequence used for FMICW waveforms id# Bl-sequence with bit duration 26
ns and delayrx, equal to 21.5ns, which is the round-trip delayteslato the undesired reflection from the
wall. This reflection appears in both figures 15a 46a as an orange bright spot at 21.5 ns andDdgpler
when FMCW waveforms are usedompared with FMCW, the effectiveness of the FMI@eforms can
be seen as they improve the detection of the Domgbits produced by both types of movemaffalking
produces Doppler shifts up to roughly £15 Hz auealof delay in the interval 25-35 ns. This coroes}s to a
walking speed of about 3 m/s and at distances enirtterval 70-220 cm from the radar system, whih i
compatible with the performed experiment. The mosehof arms produces a Doppler shift more localined
terms of delay, as the person is standing, anctiiigy of the shift is smaller compared with walias the

movement of arms is a bit slower.

Fig. 17 and 18 show Delay-Doppler patterns fromedkperiments performed in the scenario with comcret
walls. In this case only FMICW waveforms have besed,as the aim is presenting the Doppler patterns of
different kinds of movements in the same scenatioer than comparing FMCW-FMICW waveforms. These

sub-figures in Fig. 17 and 18 are plotted usingstime color scale with normalization to the wdlleion in
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case of FMCW signal, so that the residual wall metand static clutter appear at around -20 dB, thed

Doppler shifts at about —40 dB.

The gating sequence is the 3 bit M-sequence witlddration 34 ns and delasx, equal to 28 ns. In
comparison with the brick wall scenario it is nesa@y to increase the delayx,, thus extending the blind
range of the MRS for more effective wall removancs the reflection from the concrete wall is spraaross
a longer interval, as the concrete wall is thicked with higher permittivity. Fig. 17a shows theldde
Doppler pattern for an empty scenario and as egpeahly stationary components at 0 Hz are pre$egt.
17b refers to the scenario where a person is stgradid moving hands, as if during an animate caaien.
As expected the Doppler shift is localized in teroigound-trip delay (at roughly 32 ns) as the perss
standing at a fixed distance from the radar, amdethtity of the Doppler is small (roughly +3 Hz) the
movement speed is small. In Fig. 18 the patternsfoerson walking on two different trajectoriesiswn.
In Fig. 18a the trajectory is radial, thus geneathe highest Doppler shift, whereas in Fig. 1&bttajectory
is diagonal and as expected the value of the Dojpkmaller (around £10 Hz against £20 Hz in thevpus

case).

FMICW waveforms have been also used for experimaimsng at detecting the presence of people behind
walls through the Doppler shift caused by the chestement while breathing. This shift is far smatlean
those seen for walking or for limbs movements, adb0.2-0.33 Hz for normal respiration rates in &lahd
depending on the physical condition of the pers2#].[Fig. 19 shows Delay-Doppler patterns referriag
tests where the person is standing behind the lradkand breathing at fast (figures 19a and 19ig) @ormal
pace (figures 19c and 19d). For both situationspghterns using normal FMCW and proposed FMICW
waveforms are shown. Only the contribution from stegtionary background can be seen in the formse,ca
including wall reflections which appear as a yellovight spot at delay 21.5 ns. FMICW waveforms are
effective in mitigating the stationary contributjahus allowing the detection of the Doppler shdtsed by
breathing. As expected this shift is higher (royglp to +1 Hz) for faster breathing rate in figur@b and
lower for normal rate (around +0.5 Hz) as in figl!@d. In both cases the shift is located at rou@dyns

delay, as the person is standing at a fixed distémoen the radar while breathing.
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Fig. 20 presents Delay-Doppler patterns with refeeeto the scenario with concrete walls and noranal
slow breathing rate. Fig. 20a and 20b comparesp#itern for the normal rate when using FMCW and
FMICW waveforms, respectively. The breathing Dopmhift can be detected only when using FMICW
waveforms, otherwise only the contribution of thatisnary background and wall is detected. Fig. 20d
20d shows the same comparison referring to the ahsw breathing rate; the Doppler shift can bers
only when FMICW waveforms are used. As expectedibppler shift for the slow rate is smaller thae th

case of fast rate, roughly 0.2 Hz against £0.5 Hz.

V- CONCLUSIONS

In this paper we have presented FMICW waveforms amvel wall removal technique for through-wall
detection. Wall reflections can be mitigated anel dletection of targets improved by choosing sugtgaiting
sequences to generate the proposed FMICW wavefdralglation has been provided through numerical
simulations and experimental results obtained usingudar system built for the purpose and capable o
flexibly generating FMICW waveforms through AWGsedilts for through-wall detection of stationary

targets and of people through their movement aedtbing have been presented.

Further work could be carried out to upgrade theetu bistatic system with an array of antennasrafated
switching and control units which would provide teascreation of images in comparison with the SAR
approach, and also the possibility to locate aadktimoving targets. The possibility of combining W
waveforms with other wall removal techniques, sashsubspace projection, spatial filtering, and gkan

detection, could be also investigated.
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Fig. 12 View of the experimental setup with statipntarget inside the room behind plastered plywoat

FMCW-FMICW radar profile - Experimental scenario
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Fig. 19 Delay-Doppler for breathing detection Imehbrick wall: (a) fast breathing rate using FMC{l), fast

breathing rate using FMICW, (c) normal breathintg nasing FMCW, and (d) normal breathing rate using

FMICW
(a) {b)
2 : : : 0 2 : 0
wall : : .
ﬁ 1 . . , ............. ﬁ
< 20z -20
8B (e = b
g i i : g
A gl 40 a 40
20 25 30 35 a0 90 20 25 30 35 a0 0
Delay (ns) Delay (ns)
(c) (d)
2 H : 0 2 H H 0
wall
A e e o A e
T -20 T -20
5 5
g g
A gl 40 A gl 40
%0 25 30 35 ag o0 %0 25 30 35 a0 o0
Delay (ns) Delay (ns)

Fig. 20 Delay-Doppler for breathing detection Imehconcrete wall: (a) normal breathing rate usinvCRV,
(b) normal breathing rate using FMICW, (c) slowdiheng rate using FMCW, and (d) slow breathing rate
using FMICW
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FIGURE CAPTIONS

Fig. 12 Bit pattern of the square wave

Fig. 13 Bit pattern of the 3 bit M-sequence

Fig. 14 MRS of the square wave (a) and of thet B/bsequence (b)

Fig. 15 Simplified geometry of the through-walegario forf estimation
Fig. 16 First simulated scenario with probes amngdts inside the room
Fig. 17 FMCW and FMICW range profiles for the fissmulated scenario

Fig. 18 Radar images for the first simulated soen&) using FMCW and BP algorithm, (b) using FWC
and DMSI algorithm, (c) using FMICW and BP algonithand (d) using FMICW and DMSI algorithm.

Fig. 19 Second simulated scenario with probestarg®ts inside the room

Fig. 20 Radar images for the second simulatedasimen(a) using FMCW and BP algorithm, (b) using
FMICW with M-sequence and BP algorithm, (c) usindlEW with M-sequence and DMSI algorithm, and
(d) using FMICW with square wave and DMSI algorithm

Fig. 21 Block diagram of the proposed radar system

Fig. 22 FMCW and FMICW range profiles for the bdokback test

Fig. 12 View of the experimental setup with stasigntarget inside the room behind plastered plywoat
Fig. 13 FMCW and FMICW range profiles for the expental scenario

Fig. 14 Radar images for detection of the statipriarget: (a) using FMCW and BP algorithm, (b)ngsi
FMICW and BP algorithm, (c) using FMICW and DSI@lighm, and (d) using FMICW and DMSI algorithm

Fig. 15 Delay-Doppler for detection of a persorikivey behind brick wall: (a) using FMCW, and (b)ing

FMICW waveforms

Fig. 16 Delay-Doppler for detection of a persoansging and swinging arms behind brick wall: (a)ngsi
FMCW, and (b) using FMICW waveforms

Fig. 17 Delay-Doppler for movement detection behooncrete wall using FMICW waveforms: (a) empty

scenario, and (b) person standing and moving hands

Fig. 18 Delay-Doppler for movement detection bedhtoncrete wall using FMICW waveforms: (a) person

walking on radial trajectory, and (b) person watkon diagonal trajectory
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Fig. 19 Delay-Doppler for breathing detection Imehbrick wall: (a) fast breathing rate using FMC{), fast
breathing rate using FMICW, (c) normal breathinge rasing FMCW, and (d) normal breathing rate using
FMICW

Fig. 20 Delay-Doppler for breathing detection Imehconcrete wall: (a) normal breathing rate usiMCRV,
(b) normal breathing rate using FMICW, (c) slowdileng rate using FMCW, and (d) slow breathing rate
using FMICW
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