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[0033] Fig. 2A shows an example of a bloc diagram showing the sensor 10 having an
antenna 26 connected to the microwave resonator, the antenna 26 enabling remote
interrogation of the sensor 10 or wireless communication with, for instance, an electrical
spectrum analyser (ESA) 27 having a display 29. In this detection system, a broad
microwave signal can be propagated to be received by the antenna 26 of the sensor 10.
When the microwave signal is propagated through the microwave resonator of the sensor
10, a portion of the microwave signal can resonate in the resonator. Henceforth, the ESA
can detect a reflected broad microwave signal having a dip representative of the portion of
the microwave signal still resonating (to be subsequently attenuated) in the microwave
resonator. Thus, sensing can be achieved by monitoring a spectral position of the frequency
dip as a function of a physical property. Fig. 2B shows an alternate example of a detection
system. In this embodiment, the sensor 10 has an input end 28 and an output end 30, where
an input microwave signal can be provided to the input end 28, then transformed into an
output microwave signal that can be measured with the output end 30. In another
embodiment, the sensor 10 can have an amplifier 32 (or radio-frequency amplifier, RF

amplifier) to form an amplification stage 34 (or loop of amplification).

[0034] Fig. 3 shows examples of detection systems which can be used to sense a
physical property of an environment using one or more SIW sensors. Fig. 3A shows a
detection system including a sensing oscillator 36A in which an active component such as a
microwave amplifier 32A can be used as a seed to provide a base microwave signal. Since
the microwave amplifier 32A of the sensing oscillator 36A is connected to a functionalized
sensor 38A (sensor having a second dielectric material filing the sensing portions therein),
microwave frequencies can be oscillated in the sensing oscillator 36A. A microwave power
splitter 40A is used to propagate a portion of the microwave signal oscillating in the sensing
oscillator 36A out of the oscillator to form an output signal. The output 'signal is then
amplified using an output amplifier 41A and filtered using a high pass filter 42A. The output
signal can later be analysed using a peak detector, a data processing computer and a

display.

[0035] Fig. 3B shows an example of a detection system including a sensing oscillator

36B, and a reference oscillator 44B. The sensing oscillator has a functionalized sensor 38B,
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a microwave amplifier 32B, a microwave power splitter 40B, while the reference oscillator
44B has an unfunctionalized sensor 46B (or a sensor only functionalized with air), a
microwave amplifier 32B, and a microwave power splitter 40B. Output signals of both the
sensing oscillator 36B and of the reference oscillator 44B are then mixed using a mixer 48B.
When the two output signals have a different frequency spectrum, a frequency beat can be
generated. This beat generally has higher frequency components and lower frequency
components (difference of the frequencies of the two oscillators), the higher frequency
components can be filtered using a low pass filter 50B. Afterwards, the lower frequency
components can be amplified using a microwave output amplifier 41B, hence allowing the
resulting signal to be analysed using a peak detector, a data processing computer and a

display.

[0036] Fig. 3C shows an example of a detection system including a reference oscillator
44C having an unfunctionalized sensor 44C, a microwave amplifier 32C, a microwave power
splitter 40C. In this detection system, a microwave signal can be amplified in the reference
oscillator 44C. The microwave signal directed out of the reference oscillator 44C by the
microwave power splitter 40C can be amplified using a microwave output amplifier 41C,
which can then be filtered using a high pass filter 42C made using a functionalized sensor
38C. The resulting signal being subsequently analysed using a peak detector, a data
processing computer and a display. A characteristic of the high pass filter 42C, such as a cut
off frequency, can change due to a change of the physical property, which affects the

amplitude of the output signal thus indicating the change of physical property.

[0037] These detection systems allow easy integration of the above-mentioned
microwave components directly on the PCB in which the substrate-integrated waveguide
sensor is integrated, henceforth providing a monitoring circuit that does not require additional
packaging and assembly. It can be noted that the SIW sensors can be manufactured in
many other common planar technologies such as low temperature co-fired ceramic (LTCC),

thick film, thick paper printing, and the like.

[0038] The substrate-integrated waveguide sensor is designed using an electromagnetic
simulation software which allows to shape the three-dimensional structure of the microwave

resonator and to perform a full-wave three-dimensional analysis. Based on given
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parameters, the software can estimate a signature resonance frequency, a phase thereof,
and a distribution of the electric field inside the substrate-integrated microwave resonator.
The effect of sensing portions inside the microwave resonator has been investigated with the
software. For instance, perfect conductive material are assumed for the top conductive layer,
the bottom conductive layer and the conductive material electrically connecting the top
conductive layer to the bottom conductive layer in the via holes of the fence. In addition,
absorbing boundary conditions were applied along the edges of the rectangular body
(boundary walls of the body of the microwave resonator). For the simulation, the substrate
chosen was the Roger substrate RO3004C having parameters such as an electric
permittivity of €, = 3.55, tan 6 = 0.002, a thickness of 1.524 mm and a copper thickness of
17 ym. The dimensions of the microwave resonator can be 31 mm x 31 mm, which fixes the
signature resonance frequency around 3.56 GHz for a resonance of first order (fundamental
frequency mode TE,). This embodiment is shown in Fig 1, and the parameters s, f, b, Wex
and /¢ are listed in Table 1. It is readily understood by one skilled in the art that the shape
and the dimensions of the substrate-integrated waveguide sensor and microwave resonator
thereof can be modified to obtain resonance frequencies other than frequencies around
3.56 GHz. The dimensions shown in Table 1 are exemplary only. Indeed, dimensions
facilitating the manufacturing process (using PBC techniques) can be suitable for the sensor
presented herein. For instance, common diameter for via holes can range from 0.3 mm to

1.0 mm.

Table 1 — Values for parameters used to simulate the microwave cavity using the software

Parameter Werr logr s t via hole sensing b
diameter portion
[mm] | [mm] | [mm] | [mm] diameter | [mmI
[mm]
[mm]
Value* 31 31 0.37 9.7 0.4 0.8 1.5

*Values given to the PCB prototyping machine used. The machine has a resolution of 0.5 pm and a
repeatability of 0.001 mm. However, the resolution and the repeatability can vary from one prototyping
machine to another.
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[0039] As mentioned above, the substrate-integrated waveguide sensor described herein
can have sensing portions in order to be particularly sensitive to a physical property to
detect. Accordingly, Tables 2 and 3 list, respectively, sensitive dielectric materials associated
to a gas to be detected and sensitive dielectric materials associated to humidity and
temperature sensing. Also, it has to be noted that functionalized polymers can be used to
facilitate the integration of sensitive materials in the microwave resonator using industrial

PCB fabrication processes.

Table 2 — List of sensitive dielectric material that can be used for sensing the presence of a

given gas
Gas to be detected Sensitive dielectric material therefore

CO, Hp, CH, SN0, (tin dioxide)

NO,, O3, H,S, SO, WO,

0,, CO Ga,0,

03’ Nox In203

NHs, NO, MoO,

0,, CO, 80O, Tio,

CH4| C4H10! 03, NOX Zno

H,S, NH3, CO, volatile CrTiox

organic compounds

Alcohol, CH,4, NO, Fe,0,

Formaldehyde Perovskite oxide structure: La;,SrkFeO; (x =0, 0.2, 0.5);
Conductive polymer PPy/EBSA

CO, Type electrolytic solid: Na;.Zr;SiyPs.4012 (1.8 < x <2.4);
Nach3-BaCO3, Nach3-CaCO3, Li2C03-BaCO3, et
LizCO3-CaCO3.

NO, WO;, Zn0O,
SnOz, |n203, T|02

CcO WOg, In203, MOO3, V205

NH; nanofibres WO,
polypyrrole (PPy)/ZnSnO;

H.S SnO, doped by Ag
ZnO nano-wires
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Table 3 — List of sensitive dielectric material that can be used for sensing a given physical
property

Physical property to be sensed Sensitive dielectric material therefore
Humidity Kapton 500HN polymer
Temperature Epoxy/BaTiO; Composite

[0040] As listed in Table 2, tin dioxide can be used as a sensitive dielectric material to
sense a presence of hydrogen in an environment. To integrate the tin dioxide into sensing
portions of a given pattern of sensing portions, a tin dioxide powder having a grain size in the
range of the nanometer can be used. Moreover, the grain size of the nano powder can be
optimized in order to enhance the sensitivity of the material. Fig. 4A shows the relative
variation of the relative permittivity of a nano powder of tin dioxide that has been grinded for
60 minutes when under a controlled environment in which hydrogen has been introduced. It
is seen that the relative permittivity of the tin dioxide changes (see arrow 54) in the presence
of hydrogen, which makes the tin dioxide a suitable dielectric material for sensing a
presence of hydrogen in an environment. It was shown that among a nano powder that have
not been grinded, a nano powder that have been grinded for 15 minutes, a nano powder that
have been grinded for 30 minutes, a nano powder that have been grinded for 45 minutes
and a nano powder that have been grinded for 60 minutes, the latter was the one exhibiting
the largest relative variation of the relative permittivity in a given frequency range. As
mentioned above, the tin dioxide tested was provided in a matrix of polymer polyvinyl alcohol
(PVA), for instance, to form a composite matrix. The composite matrix facilitates the
incorporation of the nano powder in the sensing portions (holes) of the resonance cavity of
the substrate-integrated waveguide sensor. It is understood that other polymer matrices can

be used to form a composite matrix for the dielectric material proposed in Tables 2 and 3.

[0041] Fig. 4B is a graph showing the results of an experiment using a SIW sensor
functionalized with a tin dioxide nano powder grinded for 60 minutes. The experiment

consisted of placing the functionalized SIW sensor in a chamber in which a constant gas



10

15

20

25

-14 -

flow of hydrogen was provided while measuring the resonant frequency of the SIW sensor.
Hydrogen was provided in the chamber at time zero, while it was removed around the tenth
minute. It can be seen that a shift in the resonant frequency of the SIW sensor can be
observed, indeed, a shift of 40 MHz was measured on the resonance of first order (first
mode of resonance). All the measurements were made using an ESA. It was previously
demonstrated that the frequency shift can be due to the change in the dielectric constant of
the tin dioxide sensing portions of the SIW sensor. Since the resonance frequency of the
microwave resonator is related to the dielectric constant of the microwave resonator by the

relation f, « eeff‘l/ 2 where gerr Is the effective permittivity of the substrate, the variation of
e Can introduce a change in the resonance frequency of the microwave resonator, as

discussed above, which can be attributed to a presence of hydrogen.

[0042] In another embodiment of the sensor, air can be used as the sensitive dielectric
material filing sensing portions of a sensor in order to measure a humidity level in an
environment. In this embodiment, the dielectric variation enabling a shift of resonance
frequency can be due to the difference between the dielectric constant of air and the
dielectric constant of moist air. Therefore, sensing portions having air therein can be used in
order to sense the humidity level of the environment. It has been shown that the electric
permittivity of air changes as a function of the relative humidity according to the equation:

211 48P —6.
= RH) x 1076 (3)

() =1+22 (P +

[0043] where ¢, is the relative permittivity, T is the absolute temperature (in K), P is the
pressure of moist air (in mmHg), Ps is the pressure of saturated water vapor (in mmHg), RH
is the relative humidity (in %). Equation (3) shows that the dielectric constant of moist air is
proportional to the relative humidity RH. Since the resonance frequency of the microwave

resonator is inversely proportional to the effective dielectric constant such as f, « eeff‘l/z,

changing the relative humidity RH due to vapor, for instance, can consequently change the
resonant frequency of the microwave resonator. Henceforth, a shift of resonance frequency
can be exploited as an indication of the presence of moisture in the air surrounding the

microwave resonator of the SIW sensor.
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[0044] Fig. 5 shows graphs presenting the simulated and measured resonance
frequencies as a function of relative humidity RH. In this experiment, the relative humidity
RH was increased from 20% to 100%, and the resonance frequencies were measured using
a vector network analyser (VNA). As shown in Fig. 5A, the first mode of resonance 56 of the
microwave resonator, i.e. around 4.16 GHz, exhibits a maximum shift of resonance
frequency of 5 MHz from a relative humidity of 20% to a relative humidity of 100%. The
measured sensitivity S=|AfARH] was found to be 65 kHz/RH, where Af is the shift of
resonance frequency measured, and ARH is the range of relative humidity on which the shift
Af was measured. The same measurement was performed on the second mode of
resonance 58, i.e. around 6.58 GHz, and the results are shown in Fig. 5B. The resonance
frequency of the second order of resonance exhibits a maximum shift of resonance
frequency of 20 MHz at a relative humidity of 100%, and a sensitivity of 261 kHz/RH is
obtained. It is noticed that the sensitivity of the second mode of resonance is higher than the
sensitivity of the first order of resonance, perhaps due to the larger area of the electric field
interacting with the sensing portions of the resonator in the case of the second mode of
resonance. Accordingly, one can position the sensing portions of the resonance cavities at
high intensity areas 56 and 58, thus increasing the interaction between the electric field (as
shown in insets of Figs. 5A and 5B) of the resonance modes and the dielectric material

within those strategically positioned sensing portions.

[0045] wherein the at least one sensing portion of each of the at least one resonance
cavity are located on at least a given high intensity area, the at least a given high intensity

area being indicative of a high electric field therearound.

[0046] In another embodiment, the substrate-integrated waveguide sensor can have more
than one resonance cavity on the top conductive surface. As shown in Fig. 6A, the SIW
sensor can have three resonance cavities, for instance, each having sensing portions being
functionalized with a different sensitive dielectric material. Accordingly, one sensor can be
used to sense three different properties of an environment by monitoring the associated
signature resonance frequencies corresponding to each of the resonance cavities. For
instance, the resonance cavities 60, 62 and 64 can have the resonance frequencies

(simulated) 66, 68 and 70. Such an embodiment can be used as a multi gas sensor made
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out of a monolithic fabrication process. It has to be noticed that to enhance the resonan
phenomenon, each resonance cavity can be enclosed partially by the electrically conducting

fence, as shown in Fig. 6A.

[0047] In another embodiment, the substrate-integrated waveguide sensor 10 can have a
given pattern of sensing portions on the top reflective surface of the microwave resonator.
Since the resonance frequency is dependent on an effective dielectric constant of the SIW
sensor 10 and on a geometry of the microwave resonator, a first SIW sensor having a first
given pattern 72 of sensing portions can have a different signature resonance frequency
than a second SIW sensor having a second given pattern 74 of sensing portions. Therefore,
the four different patterns (72, 74, 76 and 78) of sensing portions shown in Fig. 7A can have
four distinct signature resonance frequencies (80, 82, 84 and 86), which can enable to
distinguish a SIW sensor from another SIW sensor only by a value of its resonance
frequency. For instance, as shown in Figs. 7B and 7C, the four different patterns of sensing
portions presented in Fig. 7A each has a distinct simulated and measured value for their

signature resonance frequency.

[0048] In another embodiment, the substrate-integrated waveguide sensor 10 can be
used in a wireless interrogation system using an antenna 26 as illustrated in the substrate-
integrated waveguide sensor shown in Fig. 8. In this embodiment, a broad microwave signal
is propagated to the SIW sensor having a given pattern of sensing portions in a resonance
cavity of the microwave resonator. Each sensor reflects a portion of the broad microwave
signal to form a reflected microwave signal. Accordingly, a VNA can be used to monitor the
reflected signal in order to sense a shift of a resonance frequency dip in the reflected signal.
The graph shown in Fig. 8 shows an example of a microwave signal of an antenna (black
dotted line) along with the microwave signals reflected by SIW sensor having the pattern of
sensing portions of the SIW sensor illustrated in Fig. 7A. For each of these four SIW
sensors, a different signature resonant frequency can be observed directly on the reflected
microwave signal. Indeed, the four curves shown in Fig. 8 each has a particular resonance
frequency that can be associated to the corresponding pattern of sensing portions 74. In
other words, substrate-integrated waveguide sensors can be remotely interrogated and

remotely identifiable based only on their resonance frequencies. Therefore, if a particular
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SIW sensor is known to have sensing portions being filed with a nano powder of tin dioxide
and that its signature resonance frequency is 10.6 GHz and another SIW sensor is known to
have sensing portions being filed with air and that its signature resonance frequency is 10.9
GHz. One can send a broad microwave signal towards the two SIW sensors and measure
the reflected microwave spectrum. Doing so, one can establish a shift in the resonance
frequency around 10.6 GHz and another shift in the resonance frequency around 10.9 GHz
in order to determine a change in one or another of the physical properties. For instance, in
this situation, the resonance at 10.6 GHz can be associated to the presence of hydrogen
while the resonance at 10.9 GHz can be associated with a relative humidity level. Moreover,
a substrate-integrated waveguide sensor having a plurality of resonance cavities being filed
each with a different dielectric material could have a different pattern (or address) of sensing
portions for each of the resonance cavity. In this embodiment, a simple measurement of a
reflected microwave signal can indicate a change in the physical property associated to each
of the resonance cavities. Furthermore, due to the fact that the sensor structure is
functioning in the microwave frequency band, this invention facilitate the possibility of

wireless operation addressing applications in harsh environments.

[0049] Fig. 9 shows a bloc diagram of an example of a detection system for substrate-
integrated waveguide sensors 10 having antennas mounted thereto. In this embodiment, a
broad microwave generator 88 can generate a first portion of a reference microwave signal
to be propagated to a data processing computer. In a parallel manner, the broad microwave
generator 88 can propagate a second portion of the reference microwave signal to a
microwave mixer 48D mixing the second portion of the reference microwave signal to a local
oscillator signal generated by a local oscillator 92. The mixed signal is subsequently filtered
with a high pass filter 42D that is amplified using a microwave amplifier 32D. This amplified
signal is passed through a microwave circulator 90 having a port connected to an antenna
26 in order to communicate the signal to the substrate-integrated waveguide sensors 10.
The SIW sensor 10 reflects to the antenna 26 an output microwave signal, which is
propagated to a second high pass filter 42E, then to a second microwave amplifier 32E, to
be subsequently mixed with the local oscillator signal by a second mixer 48E. The resulting
signal can be filtered using a low pass filter 50E to form a microwave sensing signal. The

data processing computer receives the first portion of the reference microwave signal and
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the microwave sensing signal in order to compare the two signals to monitor a shift of
resonance frequency. Therefore, sensing a physical property of the environment. It is readily
understood that other detections schemes incorporating the substrate-integrated waveguide

sensors can be used.

[0050] The typical sensors for detecting hydrogen, for instance, can cost from $100 to up
to $1000 each. The expansiveness of these sensors limits their use where they can be
needed most. However, the microwave sensor presented herein can be made using straight-
forward manufacturing processes and known techniques such as PCB. Henceforth, one can
make such a sensor by first placing a substrate layer made of a first dielectric material.
Then, one can incorporate a layer of conductive material on the top of the substrate and a
layer of conductive material on the bottom of the substrate and then process at least one
sensing portion through the three layers thus forming a fence of through-holes enclosing at
least one resonance cavity of the three layers, an input channel on the layer of conductive
material on the top of the substrate, the input channel protruding to one of the at least one
resonance cavity of the three layers, and, on the at least one resonance cavity, a given
configuration of holes through at least the layer of conductive material on the top of the
substrate and the substrate layer. Subsequently, one can apply a melted layer of conductive
material on an interior surface of the through-holes thereby making an electrical link between
the two layers of conductive material and finally insert a dielectric material inside the holes of
at least an associated resonance cavity. With such straight-forward steps, cheap sensors for

sensing physical properties of an environment can be made.

[0051] As can be seen therefore, the examples described above and illustrated are
intended to be exemplary only. It is readily understood that the sensor can be used in
industrial applications, in residential applications, in air quality monitoring applications, in
vehicular applications, in energy applications, and in emerging applications. Moreover, it is
understood that a width and a length of a resonance cavity having no sensing portions can
be sufficient to provide a signature resonance frequency of a SIW sensor. The number of
resonance cavities having no sensing portions can be one, or more, depending on the
allocated bandwidth of the SIW. Also, the number of resonance cavities to be used can

influence the resonance frequency and its bandwidth. Furthermore, it is understood that the
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fence of via holes enclosing the resonance cavities can be replaced by a fence of conductive
material thereby reflecting the microwave input signal within the microwave resonator. In
addition, it is also understood that the sensor described herein can also be used with signal
having radio frequencies (RF). The scope is indicated by the appended claims.
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WHAT IS CLAIMED IS:

1. A sensor for sensing at least a physical property of an environment, the sensor
comprising a microwave resonator having a top conductive layer, a bottom conductive
layer and a substrate layer therebetween, the substrate layer being made of a first
dielectric material, a fence electrically connecting the top conductive layer to the bottom
conductive layer across the substrate layer, and enclosing at least one resonance cavity,
at least one microwave signal port across the fence, at least one sensing portion of a
second dielectric material functionalized to the physical property of the environment,
extending in the at least one resonance cavity and being exposed to the environment by at
least one of the top conductive layer and the bottom conductive layer, the microwave
resonator having at least one resonance frequency being dependent of the exposure of the
second dielectric material with the environment to affect a microwave signal resonating

therein.

2. The sensor of claim 1, wherein the at least one sensing portion includes an array of
sensing portions, each provided in the form of a hole filled by the second dielectric

material.

3. The sensor of claim 1, wherein the fence comprises a plurality of via holes electrically

connecting the top conductive layer to the bottom conductive layer.

4. The sensor of claim 1, wherein the dielectric material associated to each of the at least

one resonance cavity is sensitive to a physical property to sense.

5. The sensor of claim 2, wherein the resonance frequency associated to each of the at
least one resonance cavity is dependent on a signature pattern in which the array of

sensing portions is disposed.

6. The sensor of claim 1, wherein the fence partially encloses each of the at least one
resonance cavity individually thereby forming resonance subcavities being connected in

series along the microwave resonator.

7. The sensor of claim 1, wherein the at least one microwave signal port is used as a

microwave output port.
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8. The sensor of claim 1, wherein the at least one microwave signal port is electrically

connected to at least one of the top conductive layer and the bottom conductive layer.

9. The sensor of claim 1, wherein the at least one microwave signal port is connected to an

antenna for receiving the signal in a wireless communication link.

10. The sensor of claim 9, wherein the antenna is made integral to the top conductive layer

of the microwave resonator.

11. The sensor of claim 1, wherein the physical property of the environment is a presence

of a gas, a relative humidity, a temperature or a dust level.

12. The sensor of claim 1, wherein the conductive layers are made of a metallic material

such as copper.

13. The sensor of claim 1, wherein the second dielectric material for sensing presence of

hydrogen is tin dioxide.

14. The sensor of claim 1, wherein the second dielectric material for sensing humidity is

air.
15. The sensor of claim 1, where the microwave resonator has a rectangular body.

16. The sensor of claim 15, wherein the at least one microwave signal port of the

microwave resonator is located in the middle of an edge of the rectangular body.

17. The sensor of claim 1 further comprising a microwave output port for at least

transmitting the signal.

18. The sensor of claim 1, wherein the at least a sensing portion of each of the at least one
resonance cavity are located on at least a given high intensity area, the at least a given

high intensity area being indicative of a high electric field therearound.

19. A method for sensing at least a physical property of an environment, the method

comprising:

providing a path having an input and an output; and a microwave resonator

therebetween, the microwave resonator having a top conductive layer, a
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bottom conductive layer and a substrate layer therebetween, the top
conductive layer being electrically connected to the bottom conductive layer
by a conductive fence across the substrate layer, the fence enclosing at least
one resonance cavity, the input being connected to the at least one
resonance cavity across the fence, each of the at least one resonance cavity
having at least one sensing portion of a second dielectric material
functionalized to the physical property of the environment, extending in the at
least one resonance cavity and being exposed to the environment across at
least one of the top conductive layer and the bottom conductive layer, the

microwave resonator having at least one resonance frequency;

propagating an input microwave signal into the input of the path, the microwave
resonator transforming the input microwave signal into an output microwave
signal being characterized by the at least one resonance frequency, the at
least one resonance frequency being dependent of the exposure of the
second dielectric material with the environment to affect a microwave signal

resonating therein;

measuring the resonance frequency in the output microwave signal from the output

of the path; and
sensing the at least a physical property based on the resonance frequency.

20. The method of claim 19, wherein said providing further comprises providing a two-
dimensional pattern of sensing portions in at least one resonance cavity of the microwave
resonator, each of the two-dimensional pattern of sensing portions imparting a signature

resonance frequency to the microwave resonator.

21. The method of claim 20 further comprising associating the signature resonance

frequency to a corresponding resonance cavity.

22. The method of claim 20, wherein the resonance frequency of each of the at least one
resonance cavity is recognizable based on the two-dimensional pattern of sensing

portions.
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23. The method of claim 19, wherein said propagating further comprises receiving the

‘input microwave signal via an antenna connected to the input.

24. The method of claim 23, wherein said propagating further comprises transmitting the

output microwave signal using an antenna connected to the output.

25. A method of making a sensor for sensing at least a physical property of an

environment, the method comprising:
placing a substrate layer made of a first dielectric material;

incorporating a layer of conductive material on the top of the substrate and a layer

of conductive material on the bottom of the substrate;

processing at least one sensing portion through the three layers thus forming a
fence of through-holes enclosing at least one resonance cavity of the three

layers;

processing an input channel on the layer of conductive material on the top of the
substrate, the input channel protruding to one of the at least one resonance

cavity of the three layers;

processing, on the at least one resonance cavity, a given configuration of holes
through at least the layer of conductive material on the top of the substrate

and the substrate layer;

applying a melted layer of conductive material on an interior surface of the through-
holes thereby making an electrical link between the two layers of conductive

material; and

inserting a dielectric material inside the holes of at least an associated resonance

cavity.



Abstract

The sensor for sensing at least a physical property of an environment generally has a
microwave resonator having a top conductive layer, a bottom conductive layer and a
substrate layer therebetween, the substrate layer being made of a first dielectric material, a
fence electrically connecting the top conductive layer to the bottom conductive layer across
the substrate layer, and enclosing at least one resonance cavity, at least one microwave
signal port across the fence, at least one sensing portion of a second dielectric material
functionalized to the physical property of the environment, extending in the at least one
resonance cavity and being exposed to the environment across at least one of the top
conductive layer and the bottom conductive layer, the microwave resonator having at least
one resonance frequency being dependent of the exposure of the second dielectric

material with the environment to affect a microwave signal resonating therein.

Fig. 1 10
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5.6 Contribution VI revue conference: «Modeling and Characterization of a

Substrate Integrated Chip-less Tag Communication System»

Dans ce travail, un canal de communication pour les tags SIW est modélisé et
caractéris€. Les tags sont basés sur un résonateur intégré au substrat ou chaque résonateur
est connecté a4 une antenne. Une adresse est attribuée a chaque variable en changeant la
permittivité effective de la cavité du résonateur & substrat intégré sur la base de la présence

d’un nombre variable de trous d'air a l'intérieur de la cavité.

Afin d'étudier la propagation du signal dans le canal entre les tags et l'interrogateur, la
communication avec les tags est modélisée en utilisant un modele de matrice & deux ports
constitué d'un résonateur et d’une antenne. Les tags sont prototypés et testés
expérimentalement; les résultats sont comparés au modele. Des parametres tels que la
distance entre les tags et l'interrogateur, le diameétre des trous d'air et le type d'antenne de
l'interrogateur ont été étudiés. De méme, I’effet de tels parametres sur la bande passante de
I'interrogateur ainsi que le systéme de codage a été présenté. Enfin, I’architecture du circuit

de I’interrogateur pour les tags SIW a été proposée.
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Summary

In this work a communication channel for substrate-integrated RFID tags is modeled and characterized
The tags are based on a substrate integrated cavity resonators where each resonator is connected to an antenna.
An address is given to each tag based on different effective permittivity of the substrate-integrated cavity
resonator. In order to study the signal propagation between the tag and the reader, the communication with the
tags is modeled using a two-port matrix model consisting of a resonator and antennas matrix representations.
The tags are fabricated and tested experimentally; the results are compared to the model. Parameters such as
the distance between the tags and the reader and the reader’s antenna have been studied and their effect on the
interrogation has been recorded. Finally, interrogation circuit architecture for substrate-integrated tags is
proposed.

1. INTRODUCTION

Substrate integrated waveguide (SIW) structures are a promising candidate for implementing high
performance and low cost communication platforms [1]. Advantages such as high quality factor, low insertion
loss, and high power capability; enable the SIW microwave components to be integrated with other planar circuit
as well as active circuitry components to form a compact millimeter wireless system [2-3]. In addition, SIW can
be transferred to different types of substrate as paper-based substrate using ink-jet printer [4-5] as well as on
flexible plastic (PET) substrates [6].

The first chip-less RFID tag structure based on a single substrate integrated cavity resonator was proposed
[7]. This novel tag encodes data into the magnitude of the frequency spectrum of the interrogation signal using
various configurations of the cavity resonator structure affecting the effective dielectric constant changes giving
a different frequency signature [7].

In this paper a two-ports matrix representation of substrate-integrated RFID tag [7] as well as the
communication between the tag and the reader is presented. The model estimates the S-parameters of the channel
including the resonator and the antennas. The system is tested experimentally taken in consideration variable
interrogation distances and different interrogation antennas. Based on the aforementioned characterizations of
the substrate-integrated tags and their communication channel, reader circuit architecture is proposed for this
new tag,

2. THEORITICAL AND EXPERIMENTAL RESULTS

The operation principle of the substrate-integrated tag is presented in Fig. 1 a. The reader sends a
broadband signal to the tag through the antenna. The reflected signal will have all the transmitted frequencies
except the resonance frequency of the tag which represents the signature [7].

The RFID tag communication system (Fig. 1 a) is modeled using a two-port matrix representation for
each of its component as shown in Fig.1 b [6]. In this model the antenna and the resonator are modeled as a
parallel RLC resonator with admittance Yyyenna and Yiesonaor Tespectively [8]. The two admittances are coupled by
an ABCD coupling matrix where its elements (4.B.C.D,) are calculated based on the measured signature of each
tag. The tag is represented by a variable admittance Yiesonao{C,) Since its resonance frequency is different for
each tag. The reason the resonator admittance dependence on the capacity C, is due to the fact that the resonance
frequency is determined by different effective dielectric permittivity in the resonator. The model assumes that

R4=R,=50Q for the antenna and the resonator while the capacity and the inductance are given by ¢ = 1

Q@nfy)'L
, Where f; is the resonance frequency and Q is the quality factor [8]. Fig 3 (a) show four different

and J - R

[§)=4
addresses generated by changing the resonator capacitance (C,) in the ABCD matrix model of the tag. The
channel loss is modeled using the Free Space Path Loss (FSPL) [9]. An experimental test has been conducted



using the fabricated interrogation antenna at different distances (1-5 cm). The antenna design presented in [7]
has been modified to include a matching circuit to a transmission line which results in better quality factor
(O=81). The proposed antenna has a directivity of 6.3dB and a gain of 4.2dB. Fig 2 shows the fabricated
communication antenna and its radiation pattern. The measured loss is averaged out in the tag’s interrogation
frequency band at each distance. The experimental results are compared to the theoretical FSPL (see Fig 3 b).
The difference between the theoretical and experimental losses results is due the fact that the theoretical FSPL
does not include the effect of impedance miss match, polarization or loss due to propagation effect [ 10]. Based
on these results, the S-parameters of the channel can be represented by (S;,=S,,=0, S5,=S,,=(FSPL)™®?). This
representation does not take reflections (S;,=S;,=0) into account and assumes 50Q2 channel impedance. To
construct the two ports matrix representation of the channel the S-parameters are transformed into ABCD matrix.

! 1 (a)
Reader ! SIW |
1
1
Y, L+ ne '-“‘-l»w C li ! . !
aemna ™ g Jwl Jde oupling | A EHMC, _JI

Antenna Resonator
representation representation

Fig 1. (a) The SIW tag communication system. (b) The two-port mode] of the RFID tag.

The resonators and the antennas are fabricated on RO3010 Rogers substrate (e,=11.2, A=1.28, tan ¢ =
0.0022). The choice of high dielectric substrate enables to shift the tag’s interrogation band to a lower frequency
while keeping a small tag dimensions.

Fig 2. (a) The fabricated interrogation antenna. (b) The radiation pattern of the proposed antenna.

To verify the presented matrix model the tags are interrogated using a wide-band reference antenna. Fig 3
shows the interrogation results of the tag compared to the matrix model for the distances d of 1 and 5 cm.
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Fig 3. (a) Results of the tag matrix representation model (b) Experimental and theoretical FSPL
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Fig. 3 Comparison between the model and the measurement for the RFID tag (a) at 1cm (b) at 5cm.

The block diagram of the reader system for the tags is shown in Fig 4. The system is composed of
transmitter and receiver with data processing unit to compare the generated signal to the signal reflected from the
tags. It is responsible to localize the minimums in the frequency spectrum and identify the addresses. The local
oscillator frequency is chosen to be the central frequency of the tags interrogation band.
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The tag’s reader system was implemented using National Instrument PX[-1075 with different modules. To
construct the bock diagram of the reader system, the required modules (see Fig 4) have been programmed using
Labview. A user interface has been developed by which the transmitted signal power level, the central frequency
and the transmitted frequency band can be adjusted. Fig 5 shows the reader system implementation and its user
interface.
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Fig. 5 The reader system implementation using National Instrument PXI-1075 with user interface.



3. CONCLUSION

In this paper a model of a SIW tag communication is presented. The tag components (antenna, resonator and
coupling) are represented using ABCD matrixes. The channel between the reader’s antenna and the tag’s antenna
is modeled using the Free Space Path Loss (FSPL). To verify the proposed model, tags prototypes have been
fabricated and tested, the interrogated results matched the matrix model proposed. Based on the model and
characterizations results of the substrate-integrated tags, reader circuit architecture is proposed and realized for
this new tag. The modified antenna design has the advantage of increasing tag interrogation distance and
improves the antenna’s quality factor in comparison to earlier work [7]. Even though improving antenna’s Q-
factor improves the interrogation distance, the interrogation frequency band is reduced and hence limits the
number of addresses that can be used in the band. This leads to the fewer number of tags that can be operated. In
future work more antenna parameters such as the directivity and gain can be in cooperated in the channel matrix
model as well as antenna orientation and/or miss match affect as other channel models [11-12] can be studied.
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Chapitre 6 - Conclusion

Aujourd’hui, il existe un besoin croissant en réseau de capteurs autonomes et aux
communications sans fil. Le travail présenté dans cette theése porte sur cette dynamique en
se focalisant sur la conéeption, la réalisation et la caractérisation d’un nouveau capteur de
gaz passif et a transduction RF. L’approche du capteur environnemental a base d’un
résonateur micro-ondes intégré au substrat (SIW) est particuliérement innovante, par

rapport aux technologies existantes.

Dans cette theése, nous avons présenté notre travail en faisant tout d’abord une revue de
littérature sur les technologies actuelles de détections de gaz. Ensuite, nous avons proposé
une solution originale d’une transduction RF pour la détection de gaz qui est basée sur la
fonctionnalisation d’un résonateur SIW avec un matériau di€lectrique sensible aux gaz. Le
changement de la permittivité du diélectrique dans la région fonctionnalisée en présence de

gaz se traduit par un décalage de la fréquence de résonance.

Ensuite, pour concevoir le capteur a base de résonateur SIW et déterminer la région
fonctionnalisée, un modele analytique basé sur la méthode de perturbation de cavité
résonante a €té développé en s’appuyant sur le principe d’introduction de région
fonctionnalisée dans un résonateur. Ce modele permet d’étudier ’effet de la taille de la
région fonctionnalisée sur la sensibilité. Le mode d’excitation choisi est TE101 ou le champ

électrique est maximum au centre du résonateur.
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Avant toute conception, le modéle numérique du dispositif a été simulé sur un outil de
simulation électromagnétique 3D (EMPro) afin de déterminer la fréquence de résonance
simulée de ce dernier qui dépend particuliérement des dimensions de la structure. Dans un
premier temps, 1’effet de I’introduction des tous d’air a été simulé pour trouver I’influence
d’une région fonctionnalisée sur la fréquence de résonance du capteur et le couplage avec
une ligne micro-ruban. Dans le cas ou le résonateur SIW présenté est un tag RFID ’effet de
la variation de nombre de trous d’air sur ’adressage a été simulé pour déterminer la bande

de fréquence d’opération des tags.

Une fois le dispositif réalisé, des tests ont été réalisés avec deux types de gaz
(’humidité et I’hydrogéne). Tout d’abord, deux résonateurs SIW ont été réalisés avec deux
différentes régions fonctionnalisées (tailles différentes) pour la détection de 1’humidité.
Cela permet d’étudier I’impact de la taille de la région fonctionnalisée sur la sensibilité du
dispositif ainsi que confronter les résultats au modele théorique fondé sur la méthode des
perturbations. Dans le cas de la détection de 1’humidité, I’introduction d’un matériau
sensible n’était pas nécessaire parce que [’air pouvant étre considéré comme un
diélectrique, la variation de I’humidité ambiante affecte la valeur de la constante
diélectrique de ce dernier. Des évaluations visant a déterminer la performance du capteur
SIW en fonction des variations de la température, du taux d’humidité et de la pression ont

été effectuées. Aussi leurs effets sur la sensibilité ont été étudiés.
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Pour la détection de I’hydrogene une étude bibliographique a été faite sur les matériaux
potentiels qui pourraient étre intégrés dans la structure du résonateur SIW en s’intéressant a
leurs propriétés diélectriques et les techniques utilisées pour leur élaboration. Le dioxyde
d’étain SnO2 a été choisi pour fonétionnaliser les trous dans le résonateur et le rendre
sensible & la présence de ’hydrogéne. Le SnO2 étant un oxyde métallique, il apporte des
pertes diélectriques qui diminuent le facteur de qualité du résonateur SIW ainsi que ses
performances. Ainsi, la région sensible a été choisie la plus petite possible pour le capteur
de I’hydrogéne afin de réduire I’effet des pertes et ainsi permettre une validation préalable
de la détection de I’hydrogene. La technique de broyage a été utilisée pour amener les
grains de la poudre SnO2 a des tailles nano métriques, ce qui a augmenté leur adsorption de
’hydrogeéne et ainsi la sensibilité de détection. L’effet de dopage de SnO2 avec la nano
poudre de Palladium qui est un bon catalyseur a 1’adsorption de ’hydrogene a été étudié,
les résultats montrent qu’en mélangeant la nano poudre de SnO2 avec 1% (pourcentage
massique) de nano poudre de Palladium le décalage fréquentiel dii a la présence de
I’hydrogéne augmente d’un facteur dix. Par contre, l’introduction de nano poudre
métallique augmente davantage les pertes, ce qui affecte le facteur de qualité du résonateur

SIW.

Un travail futur sur la méme structure de capteur proposée dans cette these peut étre
poursuivi dans le but d’amener le capteur proposé a la maturité industrielle. D’autres idées
et tests peuvent étre explorées et effectués pour améliorer la performance du capteur; par
exemple, I’incorporation d’autres matériaux sensibles afin de fonctionnaliser le résonateur

SIW pour la détection d’autres gaz ou méme d’autres grandeurs physiques ou chimiques.
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Les tests effectués dans cette thése montrent que le résonateur SIW fonctionnalisé peut
fonctionner comme un capteur. Comme mentionné dans les sections (5.1 et 5.2) le
résonateur a été testé pour la détection de I’humidité et de ’hydrogéne. La technique de
broyage pour la nano poudre (SnO2) peut étre exploitée pour d’autres types d’oxydes
métalliques capables de détecter des gaz autres que I’hydrogéne. La production de
matériaux composites pour les applications variées (a base de nano poudre ou polymére)
sera investiguée. Différentes concentrations de nano poudre sensible dans le polymére

seront testées pour la sensibilité aux gaz selon la poudre choisie pour la détection.

D’autres types de structure a technologie SIW peuvent étre étudiés afin de réaliser des
capteurs. Par exemple, on peut étudier des guides SIW diélectriques ou SIW coplanaire
grace a ’exploitation de leur principe de fonctionnement électronique. L’évaluation des
métriques standardisées de performance de capteur peut étre ajoutée aux tests actuels
(SIW). Des protocoles de tests analogues a ceux qui sont recommandés dans les normes
internationales [6, 39-41] comme, la réponse des capteurs t(90) et des mesures de temps de
recouvrement t(10) pourraient étre effectuées en utilisant une méthode d'essai dédiée aux
tests et validations de performances [42]. Au cours de ces tests, 'impact du débit de gaz sur
la performance du capteur serait également évalué. Finalement, une optimisation portant
sur les matériaux sensibles et la géométrie de la structu;e SIW choisie peut étre envisagée.
Les résultats d’évaluation approfondie effectuée (voir contribution I'V) ainsi que des tests
sur d’autres matériaux sensibles peuvent étre utilisés pour optimiser la performance du
capteur SIW proposé. Etant donné que chaque matériau sensible a une constante

diélectrique et des pertes qui lui sont propres, la structure de résonateur SIW et la région
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fonctionnalisée doivent étre congues pour minimiser I’effet négatif de 1’insertion d’un
diélectrique sur la qualité du résonateur (substrat hdte de propriétés diélectriques
différentes). Les points suivants résument les travaux futurs proposés pour améliorer la

performance, par exemple le seuil de détection du capteur SIW proposé :

» Optimisation de la poudre dans une matrice de polymere. Les paramétres comme la
concentration de la poudre intégrée dans la matrice de polymére seront optimisés pour
assurer la détection du dispositif tout en facilitant les techniques d’intégration

industrielles...

» Optimisation de la structure géométrique du capteur SIW. L’adaptation
électromagnétique du dispositif SIW pour minimiser la dégradation du facteur de qualité
due au remplacement d’une région de substrat par un autre diélectrique, sera investiguée.
D’autres types de substrats comme les LTCC peuvent étre utilisés pour atteindre des
fréquences d’opération plus élevées ou avoir une meilleure intégration avec les

diélectriques sensibles.

* Optimisation du processus d’intégration applicable a 1’échelle industrielle. Ce
processus a pour but de faciliter la fonctionnalisation de résonateur STW. Etant donné que
la forme actuelle du matériau diélectrique sensible (poudre) ne permet pas d’avoir un
dispositif robuste, la matrice de nano poudre dans un polymere perméable aux gaz sera
utilisée dans un processus de fabrication avec une méthode de sérigraphie. Cela nécessite la

fabrication d’un masque additionnel pour I’intégrer dans le processus de sérigraphie.
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