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Abstract—This paper reports a new technique for detecting
and remotely analysing zero-power (or fully passive) and wireless
sensors. It consists of segmenting with isolines three-dimensional
radar images provided by Frequency-Modulated Continuous-
Wave radars. An isoline refers here to a line along which the
radar echo amplitude is the same. Recent applications of this
technique on temperature and humidity zero-power sensors are
reported.

Index Terms—passive sensors, chipless sensors, radar imaging,
millimeter-wave, clutter mitigation techniques

I. INTRODUCTION

Zero-power (or passive, battery-less), wireless and chipless
sensors are very good candidates for remotely measuring
physical quantities in harsh environment (e.g., in high radiation
or extreme temperature conditions) and/or for applications
requiring sensing devices with low-cost of fabrication, small
size and long-term measurement stability [1]. These devices
convert usually the variation of a physical quantity (such as,
e.g., pressure or temperature) into the measurable variation
of an electromagnetic wave descriptor, such as, the radar
echo level of sensors [2]. In 2008 [3], we proposed to use
well-known FMCW (Frequency-Modulated Continuous-Wave)
radars for remotely interrogating fully passive and wireless
sensors and since that date, the use of such radars to passive
sensors interrogation has grown steadily. Over the last decade,
the increasing development of easy-to-use millimetre-wave
(mm-wave) FMCW radars has intensified their application
in Wireless Sensor Network and Internet of Things related
applications. At first reserved for automotive applications,
these radars are now commercialized for industrial applications
in ISM (Industrial, Scientific and Medical) frequency bands
[4]. High frequencies of operation allow designing large mod-
ulation bandwidth (and consequently, high depth resolution
[5]) and compact antennas for integrated MIMO (Multiple In-
puts Multiple Outputs) front-ends [6]. Commercially available
mm-wave radars offer new opportunities, such as, the intra-
parcel radar imaging in precision viticulture [7], [8] and the
monitoring of livestock behavior [9].

In this paper, we report a new technique for detecting and
remotely analyzing fully passive wireless sensors. It consists
of segmenting with isolines (or iso-echo lines) the three-
dimensional images provided by mm-wave FMCW radars.
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An isoline refers here to a line along which the radar echo
amplitude is the same. Recent applications to temperature and
humidity zero-power sensors are reported and discussed here.

II. 3D RADAR IMAGING TECHNIQUE FOR WIRELESS
SENSORS : PRINCIPLE

A. Passive and wireless sensors

A fully passive (or zero-power), wireless and chipless sensor
may be modeled as an antenna of input impedance Zanr
loaded by a so-called sensing impedance Z(®), whose value
is assumed to be dependent on the physical quantity &
of interest. Examples of such sensing devices are provided
by, e.g., pressure [10]-[12] nuclear radiation [13], gas [14],
temperature [15]-[19] and strain [20] sensors. The remote
measurement of the physical quantity ® from the analysis of
the radar echo variability of sensors was originally proposed
in [3], while the proof-of-concept was demonstrated for the
first time in [21] by using a mm-wave FMCW radar.

As displayed in Fig. 1(a), a transmission line of electrical
length L characteristic impedance Z; can be eventually added
between the antenna and the sensing impedance Z in order to:
() discriminate between the sensing (or antenna) scattering
modes and the structural scattering mode [22], (4#¢) enhance
the mitigation of radar clutter [23] and/or (7i7) identify passive
and chipless sensors in wireless network applications [24] (the
identification of such sensors can also be performed without
adding transmission lines, but from using reconfigurable multi-
band scatterers [25], [26]).

Let P.(Z) be the electromagnetic power reflected by the
impedance Z(®) when the fixed power P;,. is injected in the
impedance through a transmission line. When Z is close to
the matched impedance, the reflected power P i, is very
small, and when Z is very small or very large compared with
the matched impedance, the reflected power takes its maximal
value P ... Maximal achievable full-scale range A, for
the reflected power is defined by Py a0 — Promin. Next, let
Z 4 = Z(®P4) be the impedance for which the reflected power
takes its smallest value P, 4 and let Zp = Z(®p) be the
impedance for which the reflected power takes its maximal
value P, g . The full-scale range A is then given by P, p —
P, 4. As illustrated in Fig. 1(b), one could target the design of
the so-called ideal sensing device for which (4) the reflected



power varies linearly with respect to the physical quantity ®,
and (77) the full-scale range A reaches the maximal achievable
full-scale range A,,... With such ideal sensing device, the
relationship between the reflected power P, and the physical
quantity & would be bijective for &5 < & < ®4 (assuming
®p < &4 ), and the full-scale measurement range would be as
high as possible. However, the design of such sensing device
is very challenging and in practice, due to the lack of a generic
design methodology, efforts are still undertaken on a case-by-
case basis for both increasing the full-scale measurement range
A and enhancing the sensor linearity of passive sensors.
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Fig. 1. (a) Schematic of passive and wireless sensors loaded by sensing
impedance Z(®), (b) Power reflected by the sensing impedance as a function
of the physical quantity & when the fixed power P;,. is injected in the
impedance for the ideal (in green) and non ideal (in blue) sensor designs.

B. Wireless reading of passive sensors from the beat frequency
spectrum provided by FMCW radar

The signal or chirp transmitted by the FMCW radar in
the sensor direction has typically a linear sawtooth variation
of frequency over time. The chirp with carrier frequency
fc , bandwidth (or excursion frequency) B, and sawtooth
modulation period T'r is then backscattered by the sensor
and next, it is received by the radar Rx-antenna. The Fast
Fourier Transform of the signal resulting from the mixing of
the received and transmitted chirps, is called the beat frequency
spectrum [27]. From this spectrum, which gives radar echo
magnitudes along the direction of the sensor as a function
of the distance from the radar, the radar-to-sensor separation
distance can be derived, with a theoretical depth resolution
given by 5% where c is the speed of light. In the beat frequency
spectrum, the so-called structural and the sensing (or antenna)

scattering modes generated by the illuminated passive sensor
can be detected [28], [29]. Inserting the optional electrical
length L of transmission line between the antenna and the
sensing impedance Z(®) allows controlling the separation
distance between these two scattering modes in the beat
frequency spectrum.
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Fig. 2. Simulated beat frequency spectra of a passive sensor located at distance
of 4.0m in front of the radar for ® = ® 4 (green curve) and & = g (blue
curve).

Fig. 2 displays the beat frequency spectrum of a simulated
passive sensor with L=1.2m placed at a distance of 4.0m in
front of a FMCW radar and for two different values of the
physical quantity: & = ® 4 (in green) and ¢ = ®p (in blue).
As expected, the magnitude of the structural scattering mode
(detected at 4.0m) does not depend on @, while the magnitude
of the sensing scattering mode (detected at 5.2m) varies when
® changes : for ® = ®, , the power P, 4 reflected by
the impedance Z4 is low and the corresponding echo level
detected at 5.2m is small (-25dB), while for ® = ®p , the
reflected power P, p is larger and it is then associated with a
significantly higher echo level (-7dB). For narrow bandwidth
B, it has been recently shown that the full-scale range Accpo
for the echo level is linearly dependent on the full-scale range
A for the reflected power [30]. Moreover, the lower the signal-
to-noise ratio, the narrower the full-scale range A..p,. Last
but not least, large full-scale range A..p, may be obtained
when the main lobe of the directive Tx-antenna of the radar
points into the direction of the sensor. However, when this
lobe slightly deviates from the sensor direction, an abrupt
reduction of the full-scale range Ay, is observed. This
lack of robustness is a major issue when analyzing the beat
frequency spectrum obtained in the sensor direction only. To
solve this problem, a solution based on three-dimensional (3D)
radar imaging approach was proposed for the first time in 2015
[31]-[33] and is described in the next section.

C. Wireless reading of passive sensors from 3D radar images

The full-scale range A, for the echo level of passive
sensors reported in Section II-B was obtained from the anal-
ysis of the beat frequency spectrum obtained in the sensor
direction, and only in this direction. However, this range is
not guaranteed in practice, because the main lobe of the radar
Tx-antenna may not point in the sensor direction. To overcome
this problem, we propose to perform a 3D beamscanning of



the scene in order to analyze multiple beat frequency spectra
in different directions in space. Each beat frequency spectrum
is associated to a specific angular direction (6, ), where
0 denotes the elevation angle and ¢ denotes the azimuth
angle. Thus, the radar provides three-dimensional images with
elevation, azimuth and range coordinates.
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Fig. 3. (a) Simulated 3D radar echoes from a passive sensor located at 4.0m
in front of the radar and for & = ®p . The echoes are represented by
using isosurfaces, i.e., surfaces of same echo level in azimuth/elevation/range
coordinates; (b) Computed isolines for the echo level threshold ¢;,,;+ = —-10dB.

For the sake of illustration, the simulation of a 3D radar
beamscanning is performed here with the passive sensor used
in Section II-B. The Tx-antenna of the radar (beamwidth of
4°) is swept from -10° to 10° in azimuth and elevation. The
3D radar echo associated with the sensing scattering mode
can then be visualized by using isosurfaces [34]. Isosurfaces
are surfaces of same echo level in azimuth/elevation/range
coordinates. The 3D radar echoes of the simulated passive
sensor are displayed in Fig. 3(a) for & = ®p. Red colors
indicate isosurfaces for higher echo level, while blue colors
show isosurfaces for lower echo level. Isosurfaces associated
with the structural scattering mode are detected at 4.0m with
a strong echo level; isosurfaces associated with the sensing
scattering mode are detected at 5.2m. These 3D radar echoes
are segmented by so-called isolines in each plane (6, ). The
isolines are generated by an algorithm described in [8] starting
with an echo threshold ¢;,;; . Inside each specific isoline
is included one unique local maximum of echo level. Such
isolines are displayed in Fig. 3(b) for ¢;,;; = —10dB. Three
isolines can be isolated: the two isolines at 4.0m (bottom of
the graph) are associated with the structural scattering mode,
while the isoline at 5.2m (top of the graph) is associated with
the sensing scattering mode for & = ® . Statistical estimators
can be defined from this isoline in order to derive the value of
the physical quantity ®. The isolines of the sensing scattering
mode at 5.2m are simulated and displayed in Fig. 4(a) for
physical quantity ® varying between ® 4 and 5. We define
the statistical estimator e, as the maximal echo level inside
the isoline. ey, is displayed in Fig. 4(b) for various values of
®. Each point in the graph represents ey, of each isoline of
Fig. 4(a) and for the same value of ®. Using this estimator, we
obtain a large full-scale range Ac.p, of 23.7dB. Several other
estimators may be defined from isolines [35], each having
its specific characteristics in terms of linearity and full-scale
range.
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Fig. 4. (a) Simulated isolines in the plane (6, ) associated with the sensing
scattering mode of a passive sensor, and for a physical quantity ¢ varying
from & 4 to P ; (b) Statistical estimator e, defined as the maximal echo
level inside each isoline from ® 4 to P .

ITII. APPLICATION TO ZERO-POWER MM-WAVE SENSORS

We use here the commercially available FMCW radar DK-
sR-1030e from IMST GmbH [36]. The carrier frequency f¢ is
of 23.8GHz and the bandwidth B is of 2GHz. The theoretical
depth resolution 5% is then of 7.5cm. The output power is of
20dBm (100mW), and the Tx antenna is highly directive, with
a beamwidth lower than 4°. The beamscanning is achieved
here from mechanically scanning the Tx- and Rx-antennas in
azimuth ¢ and elevation 6 by using a pan-tilt. To illustrate the
3D radar imaging approach described in Section II, we first
consider a passive target composed of (¢) a horn antenna, (%) a
coaxial cable of electrical length L=1.2m, and (7i¢) a variable
resistance. The echo level of this passive electromagnetic
scatterer is expected to be dependent on the resistance value.
The scatterer is located at 5.5m in front of the radar antennas.
The resulting isolines are generated and displayed in Fig. 5(a)
in the plane (6, ¢) for loading resistance ranging from 2.6 to
50€2. The statistical estimator ep;,, of each isoline is shown
in Fig. 5(b). The large full-scale range A..,, of 17.8dB is
measured. When the resistance takes values between 44€) and
5082, the signal-to-noise-ratio is too low for remotely deriving
the impedance value for the estimator e, and no isoline
is generated. As reported in [35], other statistical estimators
can be defined for enlarging the full-scale dynamic range, if
required.
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Fig. 5. (a) Isolines in the plane (6, ¢) associated with the sensing scattering
mode of a passive scatterer (antenna loaded by a variable resistance) located at
5.5m in front of the radar and for different loading resistances; (b) Statistical
estimator ejps,, defined as the maximal echo level inside each isoline for
resistances between 2.6{2 to 5092 (matched impedance).

In a second experiment to perform the remote measurement



of a physical quantity from a 3D radar imaging approach,
we used a fully passive on-the-shelf thermistor originally
designed to work below 10 GHz [37]. A simple impedance
matching circuit was added to obtain a passive temperature
sensor working at 24GHz. This sensor was connected to a horn
antenna through a transmission line, and finally illuminated
by the radar imager at distance of 2.4m at five different
temperatures. Isolines (see Fig. 6(a)) and the corresponding
statistical estimator epsq, (see Fig. 6(b)) were computed at
each temperature. The full-scale range A..p, of 4.4dB was
obtained between 25.2°C to 55.2°C. This led to the sensitivity
of 0.15dB/°C. The temperature resolution was of 1.3°C, that
is, only 4.5% of the full-scale range.
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Fig. 6. (a) Isolines in the plane (6, ¢) associated with the sensing scattering
mode of a passive scatterer (antenna loaded by a variable resistance) located at
5.5m in front of the radar and for different loading resistances; (b) Statistical
estimator €., defined as the maximal echo level inside each isoline for
resistances between 2.6€2 to 502 (matched impedance).

In the experiment reported in [18], [19], a fully passive
microfluidic temperature sensor was placed at distance of 2.5m
in front of the radar imager. The sensing scattering mode was
located at 4.3m. The microfluidic channel crossed a Imm-
width microstrip line loaded by a 50{2-matched impedance,
and this channel was connected to a small tank filled with
water. Due to the dilatation coefficient of the liquid, the water
meniscus moved in the channel when temperature changed.
For an empty gap (meniscus position at Omm for low temper-
ature), no transmission occurred through the gap and the echo
level of the microfluidic sensor was high. For a completely
filled gap (meniscus position at Imm for higher temperatures),
the transmission through the gap capacitance was generated,
and the electromagnetic power was dissipated in the 5082-
matched impedance. As a result, the echo level of the sensor
was very small. Isolines of the sensing scattering mode for
variable meniscus positions in the fluidic channel are displayed
in Fig. 7(a). The statistical estimator ey, for each isoline is
displayed in Fig. 7(b). The large full-scale range Ay, of
6.3dB was obtained. This first result was very encouraging,
even if the variation of the estimator eps,, with respect to
the meniscus position deviated from a linear variation (the
coefficient of determination R? of the linear regression was
of 0.93 only). Since the echo level resolution was of 0.2dB,
the minimal detectable displacement of the meniscus was
of 40pum. The fact that it is possible to remotely measure
such sub-millimeter fluid displacement by using a 24GHz

(A=1.25cm) FMCW radar reader is actually an interesting
result.
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Fig. 7. (a) Isolines in the plane (6, @) computed from the sensing scattering
mode of the passive microfluidic sensor located at 2.5m in front of the radar,
and for five meniscus positions in the micro-channel; (b) Statistical estimator
eMaz computed from isolines shown in Fig. 7(a).

In the next experiment [38], the passive humidity sensor
reported in [39] was used. It consists of a 24GHz Van-
Atta (retrodirective) and depolarizing patch antenna array. The
sensor was printed on a Kapton substrate. The dielectric per-
mittivity of this substrate is sensitive to the relative humidity
and consequently, the resonant frequency of the patch antennas
printed on the substrate surface changes as the humidity varies.
When the resonant frequency belongs to the radar bandwidth,
the echo level of the patch antenna array is high, while it is
low when this frequency is outside the radar bandwidth. In
order to mitigate the radar clutter, we measured the cross-
polarized field backscattered by the humidity sensor when
a co-polarized electromagnetic field was incident. The Tx-
antenna of the radar was then co-polarized, while the Rx-
antenna was cross-polarized. The passive humidity sensor
was placed inside a closed Rohacell®box with a controlled
relative humidity. The humidity sensor was located at 1.7m in
front of the radar. In Fig. 8(a) are displayed isolines of the
sensing scattering mode for variable relative humidity ranging
from 38% to 69%. These isolines are computed only from
the cross-polarized electromagnetic field backscattered by the
sensor. The corresponding statistical estimator ey, is shown
in Fig. 8(b). The large full-scale range A, of 12.0dB was
measured. We have shown in [40] that this passive sensor
can be interrogated in an indoor environment (corridor) at the
distance of 58m.

The last illustrative application reported here concerns the
passive pressure sensor [23]. The sensor is composed of
millimeter-wave microstrip resonator placed inside a cavity.
The top of the cavity is a silicon membrane which deflects
when a pressure is applied on its surface. This deflection
causes the variation of the resonant frequency of the planar
resonator. When the resonant frequency belongs to the radar
bandwidth, the echo level of the sensor is low, while it is
high when this frequency is outside the radar bandwidth. The
passive pressure sensor is interrogated at a distance of 4.2m.
By using a transmission line, the sensing scattering mode is
placed at 5.4m. In Fig. 9(a) are displayed the isolines of the
sensing scattering mode for applied pressure ranging from
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Fig. 8. (a) Isolines in the plane (6, ) computed from the sensing scattering
mode of the passive humidity sensor located at 1.7m in front of the radar and
for a relative humidity ranging from 38% to 69%; (b) Statistical estimator
eMaz computed from isolines shown in Fig. 8(a).

Obar to 3bars. The statistical estimator €., of each isoline is
displayed in Fig. 9(b) as a function of the pressure applied on
the sensor membrane. We obtain a measured full-scale range
of 9.2dB. This range is of 8.7dB between Obar and 2bars for
the sensitivity of 4.3dB/bar. Since the echo level resolution
was of 0.2dB, the minimal detectable applied pressure is of
50mbars, that is, only 2.5% of the full-scale range. We have
shown in [22] that this sensor can be interrogated in a highly
reflective indoor environment at distances of few meters.
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Fig. 9. (a) Isolines in the plane (6, ) computed from the sensing scattering
mode of the passive pressure sensor located at 5.4m in front of the radar and
for an applied pressure ranging from Obar to 3bars; (b) Statistical estimator
eMaz computed from isolines shown in Fig. 9(a).

IV. CONCLUSION

We have reported here a new radar technique for detecting
and remotely analyzing passive, chipless and wireless sensors.
Isolines have been computed from 3D radar images to derive
physical quantities of interest. The technique can be used for
on-fly measurement of moving passive sensors, as recently
demonstrated in [40], and for reading passive sensors in
reverberant environments from using dual-polarized passive
repeaters [41].
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