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Abstract: Based on the electromagnetic transduction principle, a passive and wireless pressure sensor with a high sensitivity is
designed. In the passive and wireless pressure sensor, the applied pressure generates a displacement of a thin membrane located
above a planar millimeter-wave resonator. However, in previous works, the real membrane deflection has not been incorporated in
the electromagnetic simulations and a uniform membrane deflection was assumed instead. In order to have a functional estimation of
the real measurement unit, multiphysic simulations have to be performed with consideration of the electromagnetic and mechanical
properties of the sensor. Therefore, this paper presents a progressive approach to derive an accurate functional approximation of the
sensor under the real working condition and to take into account the realdeflection of the membrane when applying a pressure.
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1 Introduction

Pressure sensors play an important role in the fields of
environment monitoring, automotive, biomedical and
industrial applications [1-3]. Nowadays the development
of wireless technology and silicon micromachining
allows the realization of wireless micro-systems for
remote sensing applications [4-5].

In previous works, a wireless pressure sensor based
on the electromagnetic (EM) transduction has been
proposed, analyzed and designed [6-8]. Such wireless EM
pressure sensor is composed of four parts: a substrate, a
coplanar resonator, an air cavity and a membrane. The 3D
view of the sensor structure is shown in Fig. 1.1. The
resonator is placed in the cavity which is sealed to a high
resistivity silicon membrane. If a pressure is applied on
the membrane surface, a deflection of the membrane can
be observed. Such deflection causes the modification of
the electromagnetic field distribution around the
resonator, and a shift in the resonant frequency also
occurs [9]. From the measurement of this frequency shift,
the applied pressure can be derived. In previous work,
electromagnetic simulations were presented with
assuming a uniform membrane displacement. This

approximation makes the design of the pressure sensor
easier and more rapid, but it does not reflect the real
working status of the sensor. Furthermore, based on this
approximation, pressure cells with a 50µ m high
resistivity silicon (HRSi) membrane were fabricated and a
sensitivity of 370MHz/bar was measured.

(a) 3D view

(b) Cross sectional view

Fig. 1 Wireless pressure sensor structure
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For a better and more accurate understanding of the
operating mode of the multiphysic (mechanical and
electromagnetic) passive sensor, this paper incorporates
the real deflection of the membrane in the simulation.
Preliminary results of this work have been reported in
[10]. The impact of the sensors characteristic
parameters—such as the membrane shape, the membrane
deflection and the membrane thickness — on
performance of the pressure measurement cell is also
presented and discussed.

2 EM Simulation Results with a Cylindrical
Membrane Profile

In previous design, the sensor HRSi membrane is
modeled as a rectangular box. In this section, another
membrane shape is investigated. As shown in Fig. 2.1, a
cylindrical shape is chosen to replace the box. By
changing the geometrical parameters of the cylinder, one
can monitor the effect of the membrane shape on the
sensor functioning, and the change of the cylinder
position can be used to indicate the thickness of air gap
‘h’.

Fig. 2 Cross sectional view of the sensor structure with
cylindrical membrane shape (dashed line indicates the real
membrane deflection)

EM simulations are performed by using Ansoft HFSS
(High Frequency Structure Simulator). This commercial
software is a 3D volumetric Full-Wave field solver in
frequency domain based on the finite elements method
(FEM). The resonant frequency of the structure versus the
air gap thickness ‘h’ with different cylinder radius ‘R’ is
shown in Fig. 2.2.

It can be observed in Fig. 2.2, by increasing the
cylinder radius, the frequency value drops at the same
thickness of air gap. The air gap is between the cylinder
and the CPW, r1 and r2 are the radius of the two
cylindrical membranes respectively (r2¿r1), shown in Fig.
2.3. Assume that the maximal air gap thickness is 6µ m,
and a certain pressure is applied on the surface of the
cylindrical membrane, which produces the same
deflection (h=2µ m). If there is no deflection, the

Fig. 3 Sensor resonant frequency with the cylindrical membrane
shape versus air gap thickness

effective permittivity of the air cavity (ξr) is unaffected
andξr = 1. If there is a deflection caused by the pressure,
ξr will not be a constant and increases. Under the same
deflection, from Fig. 2.3, the cylinder of r2 has larger
interaction with the resonator than that of r1, then the
ξr (r2) is larger thanξr (r1). The frequency response of the
structure is conversely proportional toξr . So that is why
under the same deflection, the cylindrical structure with
larger radius has smaller frequency response.

Fig. 4 Illustration of the structure with cylindrical membrane
shape having different radius values

3 EM Simulation Results with real
Membrane Deflection

Based on the sensor structure, the shape and the thickness
of the silicone membrane, a certain range of pressure can
be defined. The deflectionW(r) of the membrane can be
established as follows

W(r) =W0 ·WN(r), (1)

whereW0is the maximum deflection in the center of the
membrane;WN(r) is a pressure independent function. For
a circular membrane, if the radius is dented identified byR
and the uniform thickness ise,W0andWN(r) can be written
as follows

W0 =
12R4(1−v2)

64Ee3 P; WN(r) = (1−
r2

R2 )
2
, (2)
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whereP is the pressure,E is the Young modulus andv is
Poisson’s ratio. Here,E =168.9 GPa,v=0.0625,e=50µ
m, R=1400µ m andr =1000µ m.

Fig. 3.1 shows the real membrane deflection given by
Eq.(1)-(2). Fig. 3.2 depicts the deflection model done on
HFSS in the former work.

Fig. 5 Real membrane deflection realized by ANSYS.

wrong acting point

Fig. 6 Wrong membrane deflection.

In the electromagnetic simulation, a modeling
difficulty is observed. It can be seen in Fig.3.2 that, when
a pressure is acted on the membrane, the acting point is
not in the center of the membrane. This kind of deflection
does not match the actual membrane deflection. Some
difficulties were also observed when importing the
membrane profile, obtained on mechanical simulator, on
the EM simulator. In this section, a method is proposed to
solve this problem: the membrane is split into four parts,
and then, each quarter of the membrane is used to reform
the whole membrane as shown in Fig. 3.3.

After getting the correct membrane deflection profile,
the pressure sensor cell simulation is done. For the
simulations, the membrane thickness is assumed to be
equal to 50µ m. The air gap thickness ‘h’ is ranged from
0 to 60µ m. Fig. 3.4 shows the simulation results.

Fig. 3.4 shows the frequency response in case of
uniform membrane displacement and real membrane
deflection. Comparing them, it can be seen that the
resonant frequency value becomes larger after splitting
the membrane. The curves tendencies are similar: by
increasing the air gap thickness, the frequency tends to
increase. One can notice that by increasing the air gap
thickness, the resonant frequencies in the two situations
converge to the same 4 value (around 55GHz). That is
because for big air gap thickness value, the membrane is

Fig. 7 Split membrane profile.

Fig. 8 Frequency responses versus air gap thickness:
Comparison between uniform membrane displacement and
real membrane deflection.

far from the resonator. From the sensitivity point of view,
it is obvious that the former structure with uniform
membrane deflection has larger sensitivity. This is due to
the fact that in this condition, the EM field surrounding
the coplanar resonator has larger interaction area with the
High Resistivity silicon membrane than the structure of
with real membrane deflection for an equivalent applied
pressure.

Fig. 9 Sensor sensitivity versus the membrane radius.
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Another parameter to take into account: the circular
membrane radius ‘R’. Fig. 3.5 exhibits the sensor
sensitivity versus the membrane radius. Due to the
structure size, the largest radius ‘R’ which can be
modeled is about 1800µ m.

From Fig. 3.5, it can be seen that by increasing the
radius ‘R’, the sensitivity tends to increase. When
R=900µ m, the sensitivity is 0.37GHz/bar. This
sensitivity value is very close to the measured one6. In the
experiment, the radius of the pressure probe module
(PPM) nozzle, used to apply pressure, is 700µ m. In the
experiment, the membrane is not sealed and that’s why
when using a PPM nozzle of 700µ m, it seems that we
have an applied pressure on a 900µ m membrane radius.

Fig. 3.6 presents the resonant frequency versus the air
gap variation for different membrane thickness values.

(a) Real membrane deflection

(b) Uniform membrane displacement

Fig. 10 Simulated sensor sensitivities for real membrane
deflection and uniform membrane displacement.

From Fig. 3.6, one can notice that by increasing the
membrane thickness, a decrease of the resonant frequency
is obtained for the same air gap value. By increasing the
membrane thickness, the sensitivity tends to drop. In the
case of real membrane deflection, the sensitivity is slightly
smaller than that of the uniform membrane.

Fig. 3.7 presents the simulated sensitivities, under real
membrane deflection, for two pressure cell with different
radius ‘R’ (1400µ m and 900µ m).

When ‘R’=1400µ m, the curve displays a peak value
(Sensitivity=4.25GHz/bar) for a membrane thickness of

Fig. 11 Sensitivity curve versus the membrane thickness.

20µ m. When the membrane thickness increases, the
sensitivity is reduced significantly. By decreasing the
thickness values from 20µ m, the sensitivity also tends to
decrease. Obviously, at the membrane thickness of 20µ
m, which is the best choice for the membrane, the sensor
has the maximal sensitivity.

4 EM Simulation Results with Real
Membrane Deflection and Metalized HRSI

Fig. 12 Sensor structure with PEC (real membrane deflection)

PEC (Perfectly Electric Conducting) materials are those
that exhibit infinite conductivity and do not produce
losses. Comparing to real material, PEC is an idealized
material and it is much more suitable for simulating than
real material with finite conductivity. We hope to through
the simulation, find out the sensitivity change comparing
with the structure without PEC. In this simulation work,
the two deflections (uniform membrane displacement and
real membrane deflection) are considered respectively.
Fig. 4.1 shows the sensor structure with PEC (on the top),
which has the thickness of 10µ m and covers the
membrane.

Fig. 4.2 depicts the frequency response of the sensor
structure with PEC under the uniform membrane
displacement and the real membrane deflection
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(a) Uniform membrane displacement

(b) Real membrane deflection

Fig. 13 Frequency response of the sensor structure with PEC

respectively. Looking to Fig. 14(a), it can be found that,
with PEC, at the same thickness of air gap, the frequency
value is a slightly smaller than that without PEC. The
phenomenon is due to PEC which makes the effective
permittivity of the media larger, so the frequency
response of the structure drops. Comparing the sensitivity,
the structure with PEC has a close sensitivity to that
without PEC. A slightly larger sensitivity (S=1.9 GHz/µ
m) can be acquired under the structure with PEC. The
similar results can be acquired in Fig. 14(b), which is
based on the structure of real membrane deflection
without PEC. The simulation results indicate that the
sensor structure with PEC can decrease the frequency
response and make a slight enhancement to the sensitivity
for measuring the pressure.

5 Conclusions

In this paper, a functional estimation based on
multiphysic simulations approach is presented. Because
of its structural complexity, a progressive simulation
approach is applied to take into account the
electromagnetic and the mechanical properties of the
sensor. A comparison between the simulation and the
measurement results becomes more relevant than before.
From measurement point of view, a sensitivity of 370
MHz/bar is observed for a 50µ m HRSi circular

membrane. The fabricated membrane radius is 1400µ m
and the dimensions of the PPM’s nozzle used for applying
pressure are 700µm× 700µm. From simulation point of
view, the real membrane deflection is modeled on HFSS.
Based on the sensor geometric parameters, investigations
were performed and permitted a better functional
explanation of the EM pressure sensor. Good agreement
with measurement is obtained for a simulated radius
‘R’=900µ m.
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