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Abstract

Wireless sensors market is growing very fast these last years tanks to the availability of cheap, small and efficient
micro-sensors, batteries, analog and RF circuits, and to the presence of standardized communication protocols. Even
if these active sensors are very attractive for a lot of applications, they suffer from weak energy autonomy and they
are not compatible with harsh environment. In order to overcome these problems, we have developed a new kind of
wireless sensors using electromagnetic transducers and radar interrogation. These passive sensors (battery-less and
without electronic components) have been studied for pressure, temperature, gas and stress applications
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1. Introduction

Since the late 1990s, the "Ambient Intelligence" (also called "Internet of Things") is the subject of
intense research in the world with the goal of interconnecting a large number of objects as intelligent
sensors, tags, mobile phones, ... [1-2]. These new smart objects will be able to produce information about
their environment and share it with Internet through wireless communications.

In this context, wireless sensor networks emerge as a key technology for numerous applications
(domestic, health, environmental, industrial, military, ...) [3-6].

Wireless communication between the sensors and the base station can use different modes of
propagation, such as acoustic waves [7-8]. But more often communication uses radio waves (a few tens of
MHz to several GHz) because most applications are spread in the air. This type of wave makes it possible
to send query distances up to several kilometers and is less sensitive to the obstacles than the optical link.
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Technologies solutions for the realization of electronic transmitters and receivers are also very well
developed in these frequency ranges.

There are three main categories of wireless sensors using radio waves:

Actives sensors using a transmitter unit integrated with the transducer. This kind of sensors
works most often with a battery related to the high consumption of the transmitter. The
interrogation distance can be very high (up to several km) but the key limiting factor is sensor
autonomy. Another drawback is the low resistance to harsh environments.

RFID passive sensors [9]. In this case, the transmitter unit is removed from the sensing part and
the communication with the base station is performed through backscattering mode. Generally,
these sensors function without batteries to take advantage of reduced weight, space and cost. The
main advantage compared to active sensors is the very high autonomy as the electronic units are
powered through RF link. In return, the interrogation distance is generally lower than 5Sm.

SAW passive sensors [10-11]. In this case, all the electronic circuits are removed from the
sensing part. The operating principle is based on the generation of an acoustic wave on the
surface of a piezoelectric material through an antenna. The backscatter signal is then analyzed in
time or frequency domain to extract transducer information as the speed of propagation of the
acoustic wave in the piezoelectric material is dependent on several factors (stress, temperature,
....). The two main advantages compared to RFID passive sensors are the fully autonomous
nature of theses sensors (no need of energy for electronic or transducer part) and the high
resistance to harsh environments. But the interrogation distance is generally lower than 10m.

In order to overcome the low interrogation distance of acoustic passive sensors, new kind of
electromagnetic transducers are studied since the mid-2000s. The first publications on this topic
concerning different kind of sensors are given in Table 1. There is three kind of principle used : the
variation of physical or electrical length of a resonator, the modification of coupling between a resonator
and a microstructure, the variation of a resonator permittivity. In this paper we present an overview on
electromagnetic transducers using the two last principles we developed in our lab since 2005.

Table 1. List of first publications on different passive sensors with electromagnetic transduction

Year Reference | Laboratory Kind of sensor Transducer principle

2004 [12] California Univ. - USA Gas Variation of resonator permittivity

2005 [13] Manitoba Univ. - Canada Stress Variation of air cavity length

2007 [14] LAAS/CNRS - France Prossure Yarlatlon of coupling between planar resonator and
Si membrane

2007 [15] Perdue Univ. — USA Temperature Varl.atlon of coupling between air cavity and
cantilevers

2008 [16] Georgia Inst. Of Tech. - USA Flux Variation of coupling between air cavity and
membrane

2009 [17] Tokyo Inst. Tech. - Japan Crack Variation of effective length of dipole antenna
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2. Pressure sensor

We started this study in 2005 and details about obtained results can be found in [18]. The sensor we
developed is based on a planar half-wavelength resonator coupled with a high resistivity silicon
membrane (Fig. 1). When the silicon membrane is far away from the resonator, the electromagnetic
propagation medium of the resonator is only built by Pyrex (underneath resonator) and air (above
resonator). From a given air gap between the silicon membrane and the resonator, evanescent waves start
to couple with silicon membrane modifying strongly the resonant frequency of the resonator (Fig. 2.a).
The sensor has been fabricated using classical micro-technology process and characterized with a specific
pressure probe module allowing on wafer S21 parameters. The sensor exhibits a very high sensitivity
close to 0.37GHz/bar (Fig. 2.b). More recently, passive pressure sensors with other resonator types have
been published with comparable sensitivity using coupling principle [19] but also very low sensitivity
using the modification of resonator dimension [20].
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Fig. 1 : Pressure sensor topology
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Fig. 2 : Resonant frequency versus (a) air gap (with 300pum thick silicon membrane and uniform membrane
displacement) ; (b) pressure (with 45um thick silicon membrane).
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3. Gas sensor

This study started in 2007 and more details can be found in [21]. The gas transducer consists of two Coplanar Wave
Guide (CPW) coupled with a cylindrical Dielectric Resonator (DR) (Fig. 3), allowing the excitation of whispering
galleries modes inside the dielectric resonator. The spacer, located in the center part of the DR, allows adjusting the
vertical coupling between CPW and DR. The sensor principle is based on the dielectric relaxation effect (that
corresponds to the dielectric resonator permittivity modification with gas absorption), which leads to the change of
the resonance frequency. Simulations performed with a TiO2 DR have shown that resonant frequency of whispering
galleries modes are very sensitive to the modification of the dielectric resonator permittivity (Fig. 4). A prototype has
been fabricated using CPW on a micro-machined silicon substrate, in order to reduce the silicon losses, and a DR in
BaSmTiOx. TiO2 DR sensitive to gas are under fabrication in order to validate the sensor response.
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4. Temperature MEMS sensor

We started this study in 2009 in collaboration with Georgia Institute of Technology and more details
are given in [22-23]. The temperature transducer consists of split ring resonators fabricated on top side of
substrate and excited by a coplanar transmission line located on wafer back side (Fig. 5). The slits of the
rings are covered with bimorph micro-cantilevers whose layers are made from two different materials. A
temperature shift induces the cantilever deflection and then a modification of the coupling capacitance
between the two arms of the ring, which leads to the change of the resonant frequency. The principle has
been validated at 30GHz by simulation with a 500um-thick Pyrex substrate and with uniform
displacement of a purely metallic cantilever. The sensor exhibits a very high sensitivity close to
2.6GHz/um. To overcome technological problems, a demonstrator has been first fabricated at 3GHz using
classical technology. The rings and the coplanar line are deposited on a 787um-thick Neltec substrate
(Fig. 6.a). The bilayers cantilever is obtained by the lamination of a 100um thick aluminum sheet and a
50um thick polyethylene (PET) sheet. Two different temperatures are simulated by two different

anchorage thicknesses using PET sheet. The S21 parameter obtained with these two configurations shows
a relative resonant frequency shift around 0.2%/um (Fig. 6.b).
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Fig. 5 : (a) Temperature sensor topology. Ring resonators on substrate front side and CPW on back side ; (b) Zoom
on bilayer cantilever forming coupling capacitance with ring resonator.
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Fig. 6 : 3GHz temperature sensor prototype on 787um thick Neltec substrate (a) Sensor view (rint=2.5mm, c=1mm,
d=0.5mm, s=1mm) ; (b) S21 magnitude versus frequency for uniform cantilever displacement.
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5. Temperature fluidic sensor

We started this study in 2010 in collaboration with Georgia Institute of Technology and more details

are given in [24]. They relate to a temperature sensor whose principle is based on the change in length of
an A/2 dipole antenna obtained by short-circuiting the two strands of the dipole with a conductive fluid.
Each dipole consists of two metal strands of 1mm x 1.5mm. A tank volume and 1mm’ located above one
of the two metal strands of the dipole, is filled with conductive liquid. Under the effect of temperature, the
liquid expands and moves in a micro-channel (100 microns x 100 microns) which connects the two
strands of the dipole. Using Galinstan as conductive liquid, calculations show that one can obtain a fluid
propagation inside the channel close to 12um/°C. For a certain temperature depending on the distance
between the two strands, a short circuit between the two strands is established which leads to a drastically
change of the Radar Cross Section (RCS) of the sensor. By making a dipole array with different distance
between the dipole strands, one can obtain an indication of the temperature value.
Devices operating around 30GHz were fabricated on Kapton with an array of 5 dipoles (Fig. 7). Short
circuits were achieved by depositing Galinstan drop between the dipole strands. RCS characterizations,
performed using a FMCW RADAR, have shown that one can obtain a RCS shift close to 12dBsm for the
full scale (Fig. 8). Technological developments are underway to manufacture the devices including
microfluidic part. The main difficulty comes from the oxidation of Galinstan even under very low oxygen
concentration (5 ppm) which transforms Galinstan into a viscous liquid. Micro-fluidic structures based on
SUS8 have been manufactured and successfully filled with Galinstan using a controlled atmosphere in a
glove box.

(@) (b)
Fig. 7 : (a) Array of 5 A/2 dipole antenna with different number of short circuit ; (b) Zoom on short circuit using
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6. Stress sensor

We started this study in 2010 in collaboration with Georgia Institute of Technology and more details
are given in [25]. The sensor is based on two coupled planar resonators (a patch antenna and an open
loop) whose resonant frequencies are close to 2.4 GHz. The loop is closed by a variable capacitor which
changes with the deformation (Fig. 9). This variable capacitor is formed by a metal cantilever and the free
metal of the loop, separated by an insulator of 15um thick. Deformation of the support (100 microns thick
Kapton) then causes a displacement of the anchor point of the cantilever. The surface of the capacitor is
then modified with sensitivity dependent on the length of the cantilever. The total size of the sensor is
40mm x 25mm. Simulation results show a maximum sensitivity of 4.5ppm/pe. Demonstrators were
manufactured with conventional technologies to fabricate the resonators and the cantilever. Then the
assembly was performed more or less manually which failed to achieve accurate positioning of the
cantilever. However a measured sensitivity of 1.3ppm/ue was obtained, that is as large as what has been
published to date (Fig 9).
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Fig. 9 : Topology of stress sensor
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Fig. 9 : (a) View of stress sensor under test ; (b) Stress sensor response
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7. Radar interrogation

The interrogation system is based on the FMCW (Frequency Modulated Continuous Wave) Radar.
From the measured Radar Cross Section (electromagnetic echo) of the sensors, the physical quantity can
be remotely and wirelessly derived and the identification of the sensor can also be performed [26-27].

The simplified block diagram of the interrogation unit, operating in homodyne principle, is shown in Fig.
10. The Voltage Control Oscillator generates a frequency signal which increases linearly for a frequency
sweep period. This signal propagates from the transmission horn antenna to the sensor target that is
composed by an antenna loaded by the sensor die. This signal is then reflected back by the target,
recovered by the receiving antenna of the reader and mixed with the input signal to obtain the
intermediate frequency. The analysis of this frequency beat level permits then to detect the variation of
the sensor load (that is linked to the shift of the sensor resonant frequency and then to the measured
value).

A Radar, operating between 26GHz and 31GHz has been designed and fabricated (Fig 11). The
interrogation principle up to 30m has been first validated using 1 cm’® passive target and few mW for
Radar emission. The sensor die was connected via RF probes to an external horn antenna, placed at 3m
from the Radar (Fig. 12). An example of Radar response is given in Fig. 13 for the pressure sensor.

Wave form Tx Horn
generator Antenna

e e

LP Filter Rx Horn
Mixer Antenna

Fig. 10 : : Simplified block diagram of the interrogation unit

Fig. 11 : Photographies of the fabricated Radar prototype
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Fig. 12 : Set up used for pressure sensor interrogation by Radar
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