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Abstract

We investigate in this paper the wireless interrogation of chipless and
passive mechanical sensors using a range-Doppler imaging algorithm. As
an example, a Crookes radiometer illuminated by a light of controlled
illuminance is interrogated by using a 24GHz FM-CW radar. A remote
detection algorithm is proposed to estimate the reading range and Doppler
harmonics embedded in the electromagnetic signal backscattered by the
radiometer. From these harmonics the accurate estimation of illuminance
is achieved for long reading ranges of at least 3.5m in a cluttered environ-
ment.

keywords : chipless sensor, mechanical sensor, radar imagery, range-Doppler,
remote sensing, wireless sensor, zero-power sensor.

1 Introduction

Wireless and chipless sensors are a relevant solution for remotely interrogating
and sensing physical quantities, especially when batteries cannot be replaced
easily, such as for structural health monitoring applications, or where using elec-
tronic devices is critical, for example in harsh environments. To achieve the wire-
less interrogation of such sensors, various technologies can be considered using
Radio Frequency Identification (RFID) tags (see e.g.,[1]) or fully-passive sensing
devices remotely interrogated by radar readers [2]. Beside short interrogation
range of typically few ten centimeters, RFID tags often require an increased
coding capacity to be efficient [3]. Longer reading range can be achieved from
using harmonic radars [4], but this technology requires high power-consuming
frequency transposition by using a nonlinear device in the tag. Other tech-
nologies include useful Surface Acoustic Wave tags for the remote sensing in
extreme conditions [5]. However, achieving reading range of more than few me-
ters remains very challenging from using this well-documented technology. The
authors of the present study investigated an alternative solution. It consists



of using of millimeter-wave radar imagery technique for the long-range inter-
rogation of chipless and passive (or zero-power) sensors. This approach allows
remotely identifying and reading sensors at a range of tenth of meters in clut-
tered environments [6]. However, it requires the use of delay lines for mitigating
the electromagnetic clutter, and it needs the challenging design and fabrication
of electromagnetic transducers operating in the millimeter-wave frequency band.

In this paper, we investigate the feasability of another solution for chipless
sensors based on mechanical transduction. Such mechanical sensor consists of
mobile sensing structures with no integrated circuit and no power supply. Sen-
sors based on sub-wavelength displacement of matter [7] or fluid [8] have been
proposed as an alternative solution to the electromagnetic transduction. In this
paper, using a range-Doppler imaging technique, we propose to use mechanical
sensors with much larger mobile constitutive parts for the remote detection and
wireless reading of physical quantities in stationary cluttered environments. The
very first example of such sensor studied here is a Crookes radiometer with 4
pans, which rotate thanks to the so-called thermal diffusion effect [9]. This phys-
ical effect is still of scientific interest today [10]. A 24GHz Frequency-Modulated
Continuous-Wave (FM-CW) radar interrogates the rotating structure of few cen-
timeters size. We show that the range-Doppler frequencies derived from radar
images allows remotely estimating the reading range of the Crookes radiometer
and the rotation speed of the pans when illuminated by a light. From the remote
measurement of this rotation speed, the illuminance is derived. Detection of ro-
tating targets from radar imaging technique is generally used in aeronautics and
defence applications [11]. We extend it to the long-range wireless interrogation
of the Crookes mechanical sensor for the remote measurement of the illuminance
in cluttered environments. Application to the long-range reading of other kind
of chipless mechanical sensors could be investigated.

The paper is divided in two sections. The first section describes the mea-
surement principle. The FM-CW signal backscattered by a stationary rotating
target and its Doppler harmonics specifically generated by the metallic pans
rotation are rigorously simulated for various incident linearly polarized plane
wave. Next, a range-Doppler imaging algorithm is applied for estimating from
a range-Doppler imaging algorithm both the radar-to-sensor distance and the
rotation speed of the pans for multiple controlled light illuminances. Material
and methods are exposed in the second section. The reading range as well as the
illuminance of light are finally derived from measured radar data in an anechoic
chamber and in a cluttered environment.

2 Measurement Principle

2.1 Basics on Signal Processing of FM-CW Radar Data

A FM-CW radar is used for remotely interrogating a stationary mechanical
chipless sensor. The FM-CW radar transmits a frequency modulated signal, so
called chirp, at the carrier frequency f. and with the modulation bandwidth



B. The shape of the frequency modulation is here a saw-tooth signal with the
up-ramp duration T,,. Successive chirps are transmitted with the repetition
time (or pulse repetition interval) denoted by Tyep (> Typ). Let o = % be
the frequency sweep rate. The radar-to-sensor distance is denoted by R and the
round trip duration 7 of the electromagnetic signal backscattered by the sensor
is given by 7 = %, where ¢ designates the vacuum speed of light. From the
mixing and filtering of the transmitted and received signals, the radar delivers
the following signal s(t) at time ¢ (see e.g., [12]):

s(t) = K.exp{2jm(fe + aclT — %0467'2)} +N(t) (1)

where K designates the signal magnitude and N (¢) models eventual additive
noise. The sampled version s(n) of this signal is then given by:

s(n) = K.exp{2jm(for + QC%TUPT - %OZCT2)} +N(n) (2)
where NN is the number of signal samples during the period T}, and the natural
number n (0 < n < N) represents the so-called fast time index. Let o(t) be
the Radar Cross Section (RCS) of the mechanical chipless sensor at time ¢. We
assume here that slow variations over time of the RCS occur during the radar
up-ramp duration T,,. The signal magnitude K defined in eq. (2) is then
no more constant and varies slowly over time. Based on the linear simplified
model, the magnitude K(t) of the signal s(¢) delivered by the radar can be
approximated as follows:

PthU(t)Aeff
K1) = Koy [ <100 3)
where P is the transmitted power, Gy is the gain of the (impedance matched)
transmitting radar antenna, Ky is a constant (which depends on the power gain
of the radar receiver channel) and A.¢s denotes the effective area of the radar
receiving antenna. If the radar transmits M consecutive chirps, the sampled
signal can be rewritten in the following matrix form:

S(m,n) = K(mTrep).f(n) + N(m,n) (4)

where the natural number m (0 < m < M) represents the slow time index and,
according to eq. (1), f(n) = exp{2jm(fer+ e TupT—50c7?)} With0 < n < N.
To estimate the reading range of the chipless mechanical sensor, the Discrete
Fourier Transform (DFT) of size N is applied on the fast time dimension of
S(m,n) as follows:

Sprr(m,ns) = DFT{S(m,n)} (5)

where the natural number ny (0 < np < &) denotes the range index. As the
theoretical depth resolution d is given by d = 5% [13], the predicted maximal
readable range is then given by R4, = %. To derive the range-Doppler image



from the radar measurement [14], the DFT of size M is applied to the slow time
dimension of Sppr(m,nz), that is:

SQ,DFT(m%ng) = DFT{SDFT(m7TL2)} (6)

where the natural number mo (—M/2 < my < M/2) denotes the Doppler fre-

quency index. The Doppler frequency resolution d is given by ¢ = and

1 1
ey © TTey-

1
M Trep
the measurable Doppler frequency f,, ranges from —

2.2 Electromagnetic Simulation of the Rotating Mechan-
ical Sensor

We simulate in this section the range-Doppler response of a mechanical sensor
composed of four metallic pans that rotate around a stationary axis. This
sensor is derived from the Crookes radiometer. Each pan is a square of size
a=2cm separated from each other by the angle of 7 around the z-axis. The
azimuth angular speed is denoted by w (=0.5 rad/s). The shortest distance b
between two opposite pans is of 0.5cm. The rotating pans are located at the
radar-to-sensor distance R of 4m. The radar transmits M=1024 chirps with the
repetition time 7;..,=30ms. The carrier frequency f. of the chirp is of 24GHz
and the modulation bandwidth B is of 1GHz. The theoretical depth resolution
d is then of 15cm. The duration Ty, of the up-ramp is 50us and the number of
signal samples N is 256. N (t) is assumed to be a white Gaussian noise with the
standard deviation of 0.1V and zero mean. The transmitted power P; is set to
100mW while G;=8dBi and A.f=1m?.

The RCS of the rotating structure has been rigorously simulated by using
the Finite Element Method solver HF'SS. In this simulation, the time-harmonic
vertically polarized (V-polarized) incident plane wave at 24GHz is generated
in the elevation plane #=0° for an azimuth angle ranging from 0 to 27 with a
resolution of 1°. Two configurations are simulated:

e In the first configuration, the four pans are tangential to the V-polarized
incident electric field, as illustrated in Fig. 2.2. The simulated RCS is
displayed in Fig. 2.2 between 0 and 27 in the elevation plane. As expected
the RCS pattern has a Z-rotational symmetry. The half-power beamwidth
of the main lobes at ¢ = 0[F] is of 3° and we observe two high amplitude
sidelobes. These lobes are apparent when two opposite pans are normal
to the wavenumber direction of the incident electric field. The half-power

s

beamwidth of the main lobes at ¢ = 7 [7] is of 22° and are generated by

the dihedral corners formed by two tangential metallic pans;

e In the second configuration, the four pans are inclined by the angle A§=>5°
to the incident electric field polarization, as shown in Fig. 2.2. However,
the axis of rotation is still tangential to the incident electric field. The
simulated RCS is displayed in Fig. 2.2. Compared with the first configu-
ration, the Z-rotational symmetry of the RCS pattern is replaced by the
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Figure 1: Schematic of the mechanical chipless sensor composed of 4 rotating
metallic pans (a) tangential or (c¢) inclined to the incident electric field polariza-
tion (e=2cm and b=0.5cm). Simulated RCS of (b) tangential or (d) inclined 4
metallic pans for the incident V-polarized electric field at 24GHz in the elevation
plane 6=0°.

m-rotational symmetry. Magnitudes of two of the first main lobes (=0
and 6=m) decrease by 2.5dB due to the 5° inclination of the normal pans.

In order to simulate the rotation of the four metallic pans, the computed
RCS patterns presented above are sampled into M =1024 samples with angular
resolution Aw = mwT,., [2m]. The rotational frequency of modes are given
by fk:];—:, where fi=3~ is the fundamental rotational frequency of the pans.
The range-Doppler signal is then computed according to the equations reported
in Section 2.1. In Fig. 2 are displayed the range-Doppler signal at the range
index mo=27, which corresponds approximately to the sensor location. Re-
sults are given when four pans are tangential to the incident electric field (first
configuration) and when the four pans are inclined by 5° to the electric field
polarization (second configuration). The frequency resolution of these spec-
tra is 6,=3.2E-2Hz. In the first configuration, the two lower frequency peaks
are f4:27“’20.31Hz and f8:47“’:0.62Hz. Because of the §-rotational symmetry
of the pans, f; and f; do not correspond to peaks in the simulated spectra.
However the highest peak is fs (magnitude of -32.5dB) due to the T angle be-
tween each main lobes. In the second configuration, the first frequency peak
is fo=2=0.18Hz with the magnitude of -42.8dB because of the 7-rotational
symmetry of the rotating structure. Moreover, the magnitude of the fs peak
decreases (-37.0dB) and the peak at frequency fy is very low (-54.3dB). In both
cases, peaks at frequency fg are not easily distinguishable. Therefore, the me-
chanical sensor generates specific Doppler harmonics that directly depend on

the inclination angle A#f.
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Figure 2: Simulated Doppler spectrum of the rotating metallic pans at the range
index my=27 and angular speed w=0.5 rad/s for the 4 rotating metallic pans:
(a) first configuration and (b) second configuration with the inclination angle of
5°.

2.3 Range-Doppler Algorithm

We propose an algorithm to estimate the range of the interrogated mechan-
ical sensor presented in Section 2.2, and to remotely determine the Doppler
harmonics. The algorithm is decomposed into the following 8 steps (see Fig. 3):

(i) Raw data are first recorded. The signal s(t) given in eq. (2) is the average
of successive mixed signals that are sampled during four up-ramps of duration
T.p=>50us. This average is performed with the repetition time 7}..,=30ms for
M=2000 successive signals s(t);

(#) and (ii7) The matrix S(m,n) defined in eq. (4) is built and the singular
value decomposition is performed on matrix S along the fast time axis. The
0Hz-frequency peak generated by the stationary target is removed by replacing
the first singular value o7 of the matrix ¥ by zero. Removing the OHz-frequency
peak might be necessary when computing the mean Doppler echo level (see step
(v);

(iv) As described in eq. (5) and (6), the range-Doppler transform is applied
on the matrix S’'(m,n). Positive range indexes ny > 0 are selected. The the-
oretical depth resolution is d=15cm and the frequency resolution is d=3.2E-2
Hz;
(v) For each range index ngy, a peak detection algorithm is applied to pos-
itive Doppler frequencies (0 < mg). The minimal frequency distance between
two peaks i8 0, =0.1Hz. The minimal threshold level for detecting peaks is
Ay =(S2, prr(n2)) + 10dB, where (S2 ppr(ns2)) is the mean value of Se prr at
the range index ny for positive indexes 0 < mo < % Because the 0Hz-frequency
peak is removed in step (%), it has no influence on the computed mean value;
(vi) We select harmonics among the detected peaks for each range index ns and
we define a selection criterion G(f, n,) representing the number of harmonics of
the frequency f, », at the range index ng;

(vii) We assume that the Doppler spectrum obtained at the estimated radar-
to-sensor distance contains the maximal number of detected harmonics. The
radar-to-sensor distance is finally determined at the range where the maximal
number of harmonics has been detected;

(viii) Once the radar-to-sensor distance is estimated, harmonics in the signal
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Figure 3: The different steps of the proposed range-Doppler imaging algorithm.

So. DFT (M2, Nsensor) are derived. The detected harmonics fp ..., ... are used to
determine the illuminance of the light that illuminates the mechanical sensor.

3 Material and Method

3.1 Experimental Setup

The schematic of the experimental setup is displayed in Fig. 4a. The radar
used in the experiment is a 24GHz FM-CW radar manufactured by Silicon
Radar (SiRad Fasy, see [15]). Parameters of the transmitted signal are similar
to those described in Section 2.2. The maximal input power is 6dBm (around
4W) and transmitting and receiving antennas are V-polarized patch antenna
arrays. The power gain of the radar receiver amplifier is set to 56dB. The
passive mechanical sensor is a Crookes radiometer illuminated by a light source.
A second variable and identical light source, called here the reference light,
illuminates the probe of a luxmeter (model CA1110). The distance between
the probe of the luxmeter and the reference light is 5cm. The 2x2cm? pans of
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Figure 4: (a) Schematic of the experimental setup. (b) Second scenario where
the Crookes radiometer is at a distance of 3.5m from the radar in a room of our
Laboratory.

the Crookes radiometer are inclined by few degrees as described in Section 2.2.
The sensor is interrogated by the radar for two different scenarios:

(i) the first measurement is performed in an anechoic chamber and the radar-
to-sensor distance R is set to 2.1m;

(#) the second measurement is performed in the room of our Laboratory
and the radar-to-sensor distance R is set to 3.5m, as depicted in Fig. 4b. Mea-
surements are finally performed for various controlled light illuminances. For
each measurement, minimal, maximal and averaged illuminances are recorded.

3.2 Measurement Results

Measurements are performed for the two scenarii and the range-Doppler imaging
algorithm described in Section 2.3 is applied on the measured radar data. In
order to refine the estimation of the radar-to-sensor distance R, the matrix
S(m,n) is averaged with a window of varying size n,, (from n,=1 to n,=10)
along the slow time axis. The final estimated radar-to-sensor distance is derived
from the highest occurrence among 10 estimations. In Fig. 5 is displayed
the typical range-Doppler image obtained after applying the step (iv) of the
algorithm. In this measurement, the Crookes radiometer is illuminated with an
illuminance of about 15001lx in the room of our Laboratory. Black to white colors
represent low (-80dB) to high (-20dB) echo levels. Blue crosses are frequency
peaks detected after applying the step (v) of the algorithm. Green crosses are
harmonics detected among all the frequency peaks (step (vi) of the algorithm).
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Figure 5: Range-Doppler image obtained when the Crookes radiometer is illumi-
nated by a light source of illuminance about 1500Ix in a room of our Laboratory
at 3.5m. Final detected harmonics are represented by the red crosses.

Red crosses are the three first harmonics fo, f4 and fg detected after estimating
the distance of the Crookes radiometer (step (vii) of the algorithm). For both
scenarii, the distance R is estimated with a precision of +2d. The performance
of the detection depends on the harmonics selection described in step (vi) as
well as the signal-to-noise ratio of range-Doppler images.

After estimating the radar-to-sensor distance, we apply the step (wviii) of the
algorithm on the Doppler spectrum So ppr (M2, Nsensor). Harmonics are mea-
sured and plotted in Fig. 6 for various illuminances obtained in the anechoic
chamber and in the room of our Laboratory. Black, blue and green markers rep-
resent respectively the first, second and third detected harmonics. Up and down
triangles are minimal and maximal measured illuminances, whereas crosses are
averaged measured illuminances. As expected, the frequency of the detected
harmonics increases as the illuminance increases. We note that most of the fre-
quencies are found to be f3, f4 and fg since the pans of the Crookes radiometer
do not have a perfect J-rotational symmetry (see Section 2.2). A linear model
based on the measurements of the first detected harmonic f5 in the anechoic
chamber as a function of the averaged illuminance is now proposed (see black
dashed line in Fig. 6a). We obtain the correlation coefficient R?=0.973, the
sensitivity a=108071x/Hz and the intercept 5=-1013lx. We extend the validity
of the linear model for different harmonics, as follows:

o 2afk
ok

where I}, denotes the illuminance and k=1,2,... is the rank of the corresponding
harmonic. The linear model is plotted in Fig. 6 for harmonics f; (blue dashed
line), fs (green dashed line) and fs (red dashed line). Most of the detected
harmonics match to the linear model for the two scenarii. We note that some
harmonics expected to follow the fg model correspond in fact to the fg model,
because fg peaks might have not been detected (see explanations in Section
2.2).

Iy, +0 (7)
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Figure 6: Measured illuminance as a function of the frequency of detected har-
monics (a) in anechoic chamber with a Crookes radiometer located at 2.1m from
the radar and (b) in room of our Laboratory with a Crookes radiometer located
at 3.5m from the radar.

Resolution of the measurement depends on the resolution frequency 6 y=3.2E-
2Hz. If we consider the linear model of eq. (7), the illuminance is given with
a resolution 0 = 2095 For harmonics f2, fa and fg, we have respectively
61,=3461x, 61,=172Ix and §Ig=1161x. We observe a small offset between linear
models and measurements in Fig. 6b. It is explained by variations of the dis-
tance between the reference light and the probe of the luxmeter. Measurements
of the irradiance (in W/m?) instead of illuminance (in 1x) may remove this off-
set. We also observe that the gap between minimal and maximal values (down
and up triangles) of the illuminance increases with the averaged illuminance.
This effect is caused by the variability of the used light source. Anyway, these
primarily measurement results are very encouraging. They pave the way to the
design of new class of wireless passive sensor solutions for the remote sensing
in cluttered stationnary environments based on the mechanical transduction
principle.

4 Conclusion

In this paper, we showed that the long-range interrogation of mechanical sensors
embedded in cluttered environments is possible from using a range-Doppler
imaging algorithm. As they use mechanical transduction, such sensors do not
require electronic chip and/or power supply, and do not need the challenging
design and fabrication of electromagnetic transducers. We estimated wirelessly
the reading range and the rotation speed of centimeter-size pans at radar-to-
sensor distance of 3.5m in a cluttered environment. The proposed range-Doppler
imaging technique may be applied to remotely measure other physical quantities,

10



such as pressure of temperature, in cluttered stationary environments by taking
advantage of the mechanical transduction principle.
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