A Practical Distance Measurement Improvement Tegqmnifor a
SFCWhbased Health Monitoring Radar

Marco Mercurt, Ping Jack Sdtf, Dominique Schreutsand Paul Lerou¥

KU Leuven, Div. ESATTELEMIC, Leuven, Belgium
Universiti Malaysia Perlis, School of Computer &@munication Engineering, Perlis, Malaysia
*Thomas More Kempen, Div. IBW-RELIC, Geel, Belgium
“KU Leuven, Div. ESAT-MICAS, Leuven, Belgium

Abstract — A technique in improving the distance
measurement of an indoor Stepped-Frequency Continus Wave
(SFCW) radar is proposed and presented in this workThe main
objective of this SFCW radar is to enable a non-inasive way in
measuring the location of patients in a home envimmment
without the need for a worn geo-locating tag. Theheoretical and
practical operation principle of the radar setup isfirst explained.
Due to its operation in an indoor environment usinga two-
antenna setup, reflections, multipath, backscatterig and cross-
coupling are expected to affect its localization &mation. Thus a
compensation technique based on Inverse Fast Fourie
Transform (IFFT) is used to overcome this limitation. Practical
measurements conducted in a 5 x 5 fimoom have successfully
proven that the approach is able to compensate fopractical
multipath from walls, furniture and metallic shelves, yielding a
distinct improved measurement technique in localizig a person
in a real indoor environment.

Index Terms — Calibration, distance measurement, patient
monitoring, radar measurements, remote monitoring, SFCW
radar, tag-less localization.

|. INTRODUCTION

Non-invasive indoor localization of a human subjbgt
means of radar techniques is typically challenging to the
effects of multipath and reflections existent inpeactical
indoor environment [1]. Moreover, the ultra-widedsluWB)
nature of the radar architecture combined with rergd room
setting poses design challenges. In particular, diosstalk
between transmit and receive antennas is a challevigen
attempting to arrive at a compact system size coetbivith a
semispherical antenna radiation pattern to covidlaoom.
Another important challenge is the backscatter@sgthe radar
sensor is to be fixed on the wall or ceiling.

Moreover, a radio frequency identification (RFIDagt is
involved to increase the target reflectivity. In],[4a
combination of a CW radar and a gyro sensor atththehe
target is used for indoor localization. In [5], @plex carrier-
based UWB architecture is presented for localiratitt
involves picoseconds pulses, noncoherent receimerdelling
of complex propagation channels with severe mutipa
effects, and the need for extremely high sampliatgs for
digital processing. Moreover, testing is perfornbgdracking

a robot.

In this work, a technique for Stepped-Frequencytidapus
Wave (SFCW) radars in measuring a target's distameereal
room environment is proposed and discussed. Compare
[2]-[5], it features a simple, low-cost, and comipdistance
measurement approach, avoiding the need for batigla
speed data acquisition and related bulky and comple
hardware, besides being focused on solving prddssaes.
Although the proposed approach has been tested) wsin
SFCW radar, the proposed solutions in overcomiragtial
issues in a practical room setting can be alsotaddpy other
ultra-wideband systems.

In this paper, the radar architecture and the dioera
principle are first presented. Next, the technitmeneasure
the target’'s absolute distance is discussed. Finadkults of
the measurements before and after the
implementation are shown in the experimental result

Il. RADAR WORKING PRINCIPLE

A SFCW waveform is generated by the radar, senaidsv
a human target, and its echo is collected and psackby the

To our knowledge, investigations dealing with thesegcejver. The resulting baseband signals are thgitizéd and

practical issues do not exist. In [2], multiple S¥Cadars are
used in a through-the-wall localization applicatibtowever,

the use of bulky and widely spaced horn antennssltes in

negligible crosstalk and backscattering. Moreowerpulky

vector analyzer is used for signal generation, nreasent of
the radar returns, and to calibrate any delay tjimocables
that connect the ports to the antennas. In [3]reqiency
Modulated Continuous Wave (FMCW) radar is preseifibed
indoor localization. However, large and directiveemnas are
used to limit multi-path, backscattering and crakst

sent through a serial port to a laptop to deterntimetarget's
absolute distance.

Fig. 1 shows the experimental radar set-up. It istm®f a
Fractional-N Phase-locked Loop (PLL) with a widethan
Voltage-controlled Oscillator (VCO), a wideband pow
divider, a low noise amplifier (LNA), a gain blockn In-
phase and Quadrature (IQ) mixer, baseband cir¢uatng a
microcontroller. The latter programs the synthesiak the
PLL to generate the SFCW waveform and it also aeguhe

technique’s



| and Q baseband components to be transmittedligdnaa The SFCW radar transmits a waveform that consisié ®
laptop. The system has been built using off-thdfshe 21 coherent CW pulses (callédirs) whose frequencies are
components, except for the antennas which have testom increased pulse by pulse by a fixed incremefef 25 MHz.
designed. The main antenna design challenge wagnimmize  Each pulse is aboul = 105 ps long, resulting in a burst
crosstalk as well as backscattering, while maimagina duration of aboulN-T = 2.2 ms. Its total bandwidtiN-Af =
semispherical radiation pattern. The crosstalk g tb the 525 MHz operates between 6 and 6.525 GHz enabling a
radar's compactness (antennas cannot be spacéar @art), smallest distance resolution of about 28.57 cm.

whereas the backscattering is due to the radarlsntimg on Neglecting the initial amplitudes, the SFCW wavefatan
the wall or ceiling. These two undesired effectzvehaas be expressed as:

consequence that the total receiver’s gain hastddereased

asto gvoid the saturation of both the gmplifiend ADC. As Tsrcw(t) = cos{2n(f0 *nAf )t +¢"(t)] @)

a result, the reflection of a weak target becomesdomger  for g <t < N-T, with 0< n < N. If the waveform is reflected by

perceptible by the ADC'’s resolution. This situatioocurs 4 target at a distanch, the received signal will then be
when a person is located far away from the radde T represented as:

resulting custom designed antennas based on thieneop
waveguide (CPW) bow-tie topology [6] are shown ig.R. Revey) =co{2n(f - rAf )(t_ij+¢ (t_ZDH, )
This custom design has been verified to be operalicas Few 0 c "¢
shown in Fig. 3. The use of a common ground plarangly
reduces the backscattering, while the metal watipsesses
the crosstalk between the two elementg)(Snaintaining a
satisfactory reflection coefficient {J.

The output of the IQ mixer can be modeled as tloelyet of
the received signal with a copy of the transmitsignal
followed by a lowpass filter. For a quadrature skmgp it is

given as:

e’ =1(t)+ jQ(t) (3)
with
2D

@ = 27(fo +naf )=+, + 04, (1) )

where
—al)=gl 120 5
a(t)= ¢() ¢[t cj )

is the negligible residual phase noise, whileis the

e contribution of the ca. 18(phase shift reflected at the target
Fig. 1. ~ Experimental SFCW radar set-up. Picturethef RF gyrface, plus the additional phase difference betwehe
part, microcontroller, and antennas. mixer and the antenna. Only one sample for pulsthdi has
been considered. In the case of a moving targetrahgeD
can be written as:

D, = D + (t,)nT ®)

whereDy is the range to the target at the particular tire.
Combining eq. (6) with eq. (4), the phase of theeband
signal becomes:
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Equation (7) is used to determine the target's labso

SWW’\ W distance. The first two terms represent a statioteaget since
: — : L : ‘ they are not influenced by speeg). The first term represents
45 50 55 60 65 70 75 a constant phase shift, which is practically ingigant, while
Freq (GHz) L
the second term represents the multiplication betwle rate

Fig. 3. Measured antenna S-parameters. of frequency changéf / T and the signal round-trip time
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2D / c. This frequency shift can then be converted i t

target range profile by performing an Inverse Hastirier
Transformer (IFFT) of the received signal frownfrequency-
stepped CW pulses. The third term represents thgpleo
frequency shift due to target motion, which adds the
frequency shift of the second term, resulting sht of target
distance from its true value. The fourth term exidtie to the
interaction of the frequency-varying step wavefowith the
target’s motion, resulting in a signal spread & target peak.
Compensating these effects is difficult due to timknown
instantaneous target velocity. However, they camdgected
by properly choosing the burst duratidhT such that the
target is considered static during this intervahmely

considering that the spee) is equal to 0. The burst interval

of 2.2 ms is sufficiently short to consider thisnddion to be
true. Moreover, this ensures also that the downedes
signals of the SFCW waveform consist of I/Q direatrent
(DC) levels (Fig. 4). This means that only two séesphave to
be acquired per pulse widfh The final term is frequency-
dependent and adds a fixed frequency shift to theahtarget
distance. For the proposed radar, this is appraein&5 cm.
This term is compensated using a calibration proeeduring
data processing. It should be noted that a fixeteimentAf of
25 MHz enables a 6 m coverage, of which about &l&n
be used for the desired target range and the rémye® cm is
to accommodate for the fixed shift.
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environmental range profile, characterizing the altot
contribution from crosstalk, backscattering andtehing. Its
magnitude is then subtracted from the range pofiletained
with the target in the room. Next, the range peof@ shifted
by 85 cm to compensate for the effect of the fifthm in eq.
(7). This value is obtained through calibrationcplg a flat
metal plate at a known distance from the antenhlas.value
of its corresponding peak in the range profileuibtsacted to
its calibrated distance yielding,. However, it has to be
mentioned that this operation can be only succeskfine
backscattering and crosstalk have been stronglycestl at
first.

IV. EXPERIMENTAL RESULTS

Experimental measurements have been conductecdtwith
human volunteers of similar 1.75 m height and déffe
weights, located at different radial distanceshi@ toom. The
radar has been fixed to the wall at 1.5 m of heighiniture
and metallic shelves are deliberately included riabée the
existence of clutter and reflections, mimickingypital room
setting. The results of the data processing routarebe seen
in Fig. 5. Fig. 5a represents an initial range ipeaif a person
at 3 m away from the antennas, prior to the comgtémns and
calibration process. The peak, indicating the tsgsolute
distance, is totally buried in the undesired reftats. In
particular, the crosstalk represents the most damieffect as
indicated by the strong peak at about 85 cm. Thé® a
indicates the position of the two antennas in drege profile,
which ideally should be at 0 m. As expected, iutlssshifted
in the range by the contribution of the fixed freqay shiftg,.
Applying the compensation and the calibration steihe
target’'s peak can be properly resolved as showkign5b. It
should be noted that although the person was a8ay the
antennas, he resulted located at about 2.86 madnrdahge
profile. This happens because the radar has a rasgé&ution
of about 28.57 cm. For that reason, any target'gsighl
distance will be rounded to the nearest locaticolgion

Fig. 4. Measured | and Q basebaighals of the stepped frequency
waveform. The pulse widtf is about 10fs. Each pulse reaches its
DC level after a settling time. After that timeetbkignal is acquired.

provided by the radar. This also establishes theimrman
error in localization of about 14.3 cm. Howevergrgasing the
total bandN-T it will be possible to improve the spatial

I1l. DISTANCE ESTIMATION TECHNIQUE

The digitized 1/Q baseband signals are processéag us

Matlab. They are first related as in eq. (3) arehtthe target's
range profile is determined applying the IFFT tce tN

complex samples. However, the main measuremeniecial
is to distinguish the target’'s reflection from tleéfects of
backscattering and crosstalk. The latter involveorss

reflections  that overwhelm the  much
reflected/received signal, resulting in the inapilio acquire
any meaningful target information. Moreover, th#eations
produced by furniture present in practical envirents must
also be tackled. Both factors have been elimindigda
compensation procedure that consists in determiramng

resolution.

Figs. 6a and 6b show respectively the range psofifetwo
targets at different absolute distances from theraras. In all
cases, the targets have been detected. Both fighes also
that the longer is the distance the harder is teaf¢he target.
In fact, for each range profile, the ratio betwéem first peak,
indicating the target, and the second peak, pratioaEnly by
multiple reflections, decreases with the distaridds is also

weakertrue for the range profiles with the first subjett3 and 4 m.

In fact, although the first peak at 4 m is slightiigher than
the first peak at 3 m, the ratios with their respecsecond
peaks follow the previous consideration. Fig. 7 vehiche
ratios between the first and the second peaksrasiéu of the
absolute distances and considering the targetsrontd



position and at the edge of the antenna beamwidtimely at
about 30 degrees from its line of sight (LoS). Ehealues
represent the averages among the results of three
measurements for each position. Failures in tdogetization

have occurred at some distances beyond the antenna
beamwidth. The target’s reflection becomes too weake
properly detected by the receiver. However, conmgidethat
the antenna is placed at the centre of a wall &f>xa5 nf
room, the sideways detection ability of 5 m is dedm
unnecessary. Moreover, since a multiple sensor orktus
planned to be deployed, these angles outside tlenrzen
beamwidth are expected to be covered by the adjaedar
Sensors.
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Fig. 5. Measured range profile of a target at 3 m away the

antennas before (a) and after (b) compensatioralitatation.
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Measured range profiles of target 1 (a) and ta2ggt) as
function of the absolute distances.
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V. CONCLUSION

A technique to make feasible distance measuremehts
persons in real room environment has been propesed
discussed.
measurements conducted on real
clearly indicated the feasibility of this approadfioreover,
although this approach is demonstrated to be Jiaidan
SFCW radar in this work, the proposed solutionsiéaling
with practical problems can be also adopted foeothitra-
wideband (UWB) radar architectures and applicatisnsh as
through-the-wall localization.

Experimental evaluations performed on

human volunteers hav
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