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Abstract

Pressure is a key unit of measure in aerospace industries. Spontaneous precise measurement of pressure has to be com-
passed at locations where it is futile and impractical to couple the pressure responsive constituent to the conditional elec-
tronics or computational circuit by practicing standard cables and measurements prone to harsh environment. This paper
introduces the design of a wireless pressure-monitoring system for aerospace applications in harsh environment.
Traditionally, applied pressure deflects a delicate silicon diaphragm, altering the capacitance developed between it and
metal electrode firm on a substrate. The LC circuit translates the pressure variation into the LC resonant frequency shift.
This change is sensed remotely by virtue of inductance coupling, expelling the compulsion for wire connection rooted
telemetry circuits. Novelty of our work rests in the fact that contrary to examining shift in the resonant frequency due to
the applied pressure, we have put in effort to maintain resonant shifting equal to zero by varying the capacitance at the
observer unit. This will allow pressure variations to be measured directly in terms of the capacitance variation at a fixed
resonant frequency, which is 7.92 MHz in our context. According to the application domain (avionics), the proposed sen-
sor structure is designed for functioning in the pressure range between (100 and |140) mbar. The choice of design values
for sensor parameters has been validated. The sensitivity is measured to be |.746e— |7 F/Pa over specified linear range
which is shown to match a theoretical estimate realized by mathematical model. An in-depth, step by step derivation of
performance parameters to achieve above-stated objective is shown for sensor under study. The results generated are
modelled and examined using MATLAB. The analysis conducted dovetail perfectly with the modelled results.
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applications.® One of the elementary varieties of wire-
less passive sensors is an inductive coupling resorted
LC resonator.”® Standard quality factor Q of this type
of resonators is around 40.° By the reason that an LC
passive pressure sensor does not require an internal
power supply and a wire link, they have been exten-
sively employed in some specialized applications.'® Few
of the industrial applications of the LC resonator—
based sensor involve the systems for non-contact struc-
tural monitoring of concrete structures, sensing of
intra-ocular pressure, pH monitoring, measurement of
humidity, patient health monitoring, bio-potential mea-
surement and strain monitoring of automobile tyre.” A
conventional wireless passive LC sensor system has two
magnetically coupled coils. One of the coils, named as
sensor coil, is allied to a capacitive sensor and forms an
LC tank circuit, whereas the second coil, called as
observer coil, is electrically linked to a measurement
circuit. The resonance frequency of the tank circuit is a
function of variation in capacitance of the capacitive
sensor. The external pressure results in the change of
capacitance, so the sensor’s resonant frequency alters.
The value of applied pressure can be estimated from
the frequency that can be remotely detected by another
inductively coupled coil that is connected to the mea-
surement circuitry.!’ Most of the existing methodology
identifies the corresponding shift in resonance fre-
quency utilizing suitable readout electronics and an
impedance analyser.

Micro-clectromechanical system (MEMS) capacitive
pressure sensors are favoured for less weight, low cost,
more reliability, smart functions, occupies very less
space, low-power and telemetric applications since they
never draw DC power and efficiently form passive
inductor-capacitor (L-C) tank circuits for frequency-
based measurement of pressure. Micromachined capa-
citive pressure sensors typically use an elastic dia-
phragm with fixed edges and a sealed cavity in between
the diaphragm and the substrate below.'> '

This research explores a capacitive pressure sensor
that consists of two micro machined metal plates with
a gap depth. The capacitance change on application of
pressure can be interrogated by varying the capacitance
at the observer unit, keeping resonant shift constant.
As always, the tank can be formed by coupling an
inductor coil with the sensor separately, or it can be
done by winding an insulated wire directly on the

sensor. The wireless interrogation can be implemented
using an inductor that is magnetically coupled with the
L-C tank device. This paper is constituted as follows.
Section ‘Transduction mechanism of capacitive pres-
sure sensor’ describes the transduction mechanism of
capacitive pressure sensor. The details of the design of
sensing unit are presented in section ‘Design of sensing
unit’. Section ‘Circuit design for Si wireless module at
observer unit’ deals with circuit design for silicon wire-
less module at observer unit. The simulation results are
evaluated in conjunction with the theoretical analysis
in sections ‘Sensitivity — major performance parameter’
and ‘Design specifications and considerations,” fol-
lowed by discussion in section ‘Preliminary investiga-
tions by simulations and interpretations’. Section
‘Conclusion and future work’ concludes the overall
effort.

Transduction mechanism of capacitive
pressure sensor

The sensor depends upon the applied pressure which
alters the distance separating the two electrodes, resulting
in change of capacitance as shown in Figure 1. The
clamped edge circular diaphragm used here operates as a
capacitor with air as dielectric between them. Typically,
bottom electrode is fixed and upper electrode is movable.
The fundamental design comprises one silicon'>!'® mem-
brane acting as movable electrode and another thin film
electrode glass plate acting as a fixed electrode.'” !
Electrodes are distant by a small gap which admits mem-
brane deflection. Even in harsh environment,** the capa-
citance variation is sensed precisely and is allowed
wireless transmission using an inductively coupled tank
circuit having inherent resistance due to the inductor.
According to the application field (avionics), the pro-
posed sensor structures are designed for operating in the
pressure range of (100-1140)mbar. This capacitance-
based pressure sensor shows high linear pressure measure-
ments which are important for avionics applications.*

Design of sensing unit

The overall pressure sensing unit primarily has two
aspects. First is pressure to deflection measurement and
then deflection to capacitance measurement.

Pcav

Closed Cavity

Electrode

Closed Cavity

Electrode

Figure 1. Clamped edge circular diaphragms with thickness 5 um each and air gap of 10 um working as a capacitor (left) under no

pressure (right) under pressure.
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Figure 2. Mechanical capacitive principle of variable capacitor.

Pressure to displacement variation

Under consideration is diaphragm as a uniformly
loaded circular plate with thickness 4. Young’s modu-
lus E and Poisson’s ratio v are the mechanical proper-
ties of the plate (Figure 2).

The geometry of the structure and the material prop-
erties of the MEMS capacitive pressure sensor for the
deflection w(r) of an edge-clamped deflectable dia-
phragm under an applied pressure as a function of
radius for (0 < r < a) is given by equation (1)'*

P(a2 — r2)2

w(r) = = (1)

where P is the applied pressure, a is the radius of the
plate and r is the radial distance from the centre. At
centre point of the plate the maximum centre deflection
wo occurs, that is, at (- = 0) and is given as follows'*

Pa*
w0) = e1p (2)
where D is the flexural rigidity of the plate
ER®
pD=__"-
12(1 — »2) 3)

Analytical capacitance modelling and calculations

Next to deflection of diaphragm is measure of equiva-
lent capacitance variation between the two electrodes of
the sensor. We know that the basic equation for capaci-
tance of a parallel plate capacitor is given as>>

Aegye,
4
; )

where A is the area of circular parallel plates, d is the
separation gap between the plates, ¢, is the relative per-
mittivity of dielectric material between the plates and ¢,
is the permittivity of free space.

On application of pressure, deflection is produced
on the upper plate, which in turn decreases the gap
between the clamped diaphragms. The capacitance
change is proportional to the variation in the applied
pressure which directly is a measure of change in the

C =

gap from d to d — w(r,0), where w(r,0) is the deflection
in the upper diaphragm due to applied pressure. Small
portion of area of diaphragm for small centre deflec-
tion can be obtained as follows

dA = rdrd6

The total capacitance due to the applied pressure can
be calculated by integrating the area from r equal to 0
to radius and R and 0 equal to 0 to 27 which is

a7 ¢ d—w(r (5)

Oh':})

R
J’ rdrdﬂ
0

Since the deflection on the diaphragm does not affect
by the angle changes, w(r,0) can be replaced by w(r).
Finally, equation (5) can be obtained as follows

27 R ddg
rar
—sjjd (6)
00

which can be further solved to get the following

expression
C 8me Dtanh*1 r P (7)
= Qe | - =
« \ Pd 8 ' Dd

Equation (7) shows the deflection to capacitance rela-
tion in terms of applied pressure, separation gap and
flexural rigidity. The challenge here is the calculation of
relative capacitance change, that is, changes in the
capacitance relative to the capacitance obtained at zero
applied pressure condition. With the mathematical for-
mulation above, the obtained capacitance for the above
clamped diaphragm geometry at zero pressure is
0.174 pF.

Circuit design for Si wireless module at
observer unit

An LC sensor is typically designed from a spiral induc-
tor linked with a sensing capacitor, forming a resonant
LC tank. The capacitor changes in response to the para-
meter of interest, resulting in a shift in its resonant fre-
quency. As an extension to the well-known literature, a
new concept has been formulated, simulated and inter-
preted for pressure sensing. The sensor is modelled with
an inductor L and a series resistance of the inductor R
and a variable capacitance C. The resonance frequency
of the sensor is given as follows’

1
27V LC

Equivalent impedance for circuit leads to the induc-
tance value of L = CR*. A schematic representation of
the typical LC sensor is exhibited in Figure 3 (left), and
the corresponding equivalent impedance circuit is
shown in Figure 3 (right).

(8)
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Figure 4. Electrical representation of the wireless
measurement set-up with the L-C tank device illustrating both

Figure 3. (Left) Simple LC circuit containing pressure sensing
capacitor. (Right) Equivalent impedance of circuit leads to
simulation of inductor-gyrator.

Instead of single tank circuit, inductively coupled
tank circuit is used for wireless operation of the pro-
posed design at the observer unit. The change in the
resonant frequency occurring due to fractional change
in capacitance in response to applied pressure is
detected remotely by use of external coupled circuit
called the observer unit. Using inductive coupling, the
external coil energizes the sensor circuit which supplies
load impedance that is reflected back to the impedance
coil. Reflected impedance of coupled circuit is used for
the wireless transfer of impedance of sensor unit to
observer unit. Since there is no pre requisite of power
source and wire connection in the sensing unit, the pro-
posed design can be used in harsh environment with
high reliability.

Working principle and mathematical analysis

The practical method to sense the capacitance change
due to applied pressure through inductively coupled
arrangement is shown in Figure 4. Let C; be the capaci-
tance of the prime sensor on zero applied pressure. The
air gap between the upper and lower diaphragm plate
is 10 wm. At zero applied pressure, no deflection occurs
and sensors initial capacitance is 0.174 pF. Theoretical
resonant frequency of sensor at zero pressure is
7.92 MHz. Traditionally, when the sensor is under pres-
sure, the capacitance changes and thus the sensor’s
resonant frequency also changes which can be regis-
tered with the reader unit. Researcher here has pro-
posed the idea — what if we make shifting of resonant
frequency equal to zero by varying capacitance at the
observer unit? By and large the sensing unit experiences
change in capacitance as soon as pressure is applied on
upper plate of sensing capacitor. This induces a change
in capacitance resulting in shift in of resonant fre-
quency from 7.92 MHz. We have tried to work out a
strategy to get back this change in resonant frequency
to 7.92MHz by varying capacitance at the observer
unit. This allows us to directly sense the applied pres-
sure in terms of capacitance at primary observer unit-
wirelessly. The proposed methodology is in complete
agreement for sensing of applied pressure in range of

sensor and observer unit with inductively coupled coils Lo and L
and ‘M’ as mutual inductance.

(100-1140)mbar used for avionic applications.
Simulation results in section ‘Preliminary investigations
by simulations and interpretations’ aid to novelty
above.

For the design in Figure 4, the integral differential
equations are as follows

t

Vi = Lodlzigt) + Rolo(1) + Cio J Io(7)dr + Mdl;igt)
9)
dI 0 4
0= 1,80 4 r)+ & [ s+ 0
(10)

Manipulating the above two equations in frequency
domain and on proceeding with Fourier transform with
initial conditions to be zero is given by

V(w) = Lyjowly(w) + Rolp(w) + - ! Ih(w) + Mjwl(w)

jwCo
(11)
0 = Lol (w) + R (w) + ijCS L(w) + Mjwl)(o)
(12)

Conversely

V(w) = (joLo + Ro + ——)Iy(@) + joMI,(o)
w JoLg 0 JwCo olw) T JoMI;(w

= Zo(w)ly(0) + joMI(w)

(13)
1
0= (joL; + Ry + — | [(w) + joMI)(w
( ) ) o)
= Zy(w)I(w) t joMI)(w)
In general
1
Z,‘ = Ji L,' + Ri + - 15
(@) = jo e (15)

for i = ‘0’ and ‘s’, that is, observer and sensing units,
respectively
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Further solution for /y(w) and I(w) leads to

_ Z(w) ©
) = SV ()
I(w) = - sl Vw)  (17)

Zy(0)Zo(w) — (joM)*

From equations (16) and (17), one can state that reso-
nance occurs at two frequencies.
Ly=Li=1L,

For zero pressure condition;
Ry=R,=R and Cy=C,=C" which leads to
Zy(w) = Zo(w).

For getting resonant frequencies by accrediting the
denominator equal to zero in equations (16) and (17),
we obtain

1

2 _
Yre- 1
1
2 =
CT ot ) (19)
M
= _ 2
K= (20)

where equation (20) is the coupling coefficient.”*

In contrast to simple tank circuit, here we achieve
two resonant frequencies shifted by a measure of
1/1*xk. The equivalent primary impedance Z., is
obtained by solving equations (9) and (10)

_Zy
Z,

Zeqp = =2y

I—IZ (21)

where Zy; = joM

Sensitivity — major performance
parameter

Capacitive sensitivity

Capacitive sensitivity of the capacitive pressure sensor
can be defined as the ratio of change in capacitance to
the fractional change in the applied pressure, numeri-
cally defined as

9Ceq
Scap = a_lg (22)
This ultimately leads to
1 — 2\ ,.6
Seap = 0.2410°0L=7)" (23)

Ed’I?

For the proposed design, capacitive sensitivity is cal-
culated to be 1.746e—17 F/Pa which is desirable for
MEMS design for application under consideration.

Mechanical sensitivity

Mechanical sensitivity is defined as the ratio of deflec-
tion of diaphragm obtained with respect to applied
pressure, that is

w
Smec = 35

: (24)

Using the parameters and working out the expression
lead to

_ 018751 (1 = »?)

Design specifications and considerations

First, the outline dimensions are defined. Within the
given frame, the cavity supporting structure is con-
structed. The geometry confided upon the necessary
pressure range to be sensed and provided assembling
settings. In most cases, a sensor for high-pressure sen-
sing necessitates rigid supporting structure. When the
membrane size is decided, the gap is figured out first
from the mathematics of capacitor calculation, and
then a simulation is performed using the proposed geo-
metry. The design is optimized using simulations. To
mention, an MEMS capacitive pressure sensor (as
shown in Figure 2) with 10-pm air gap, 250-pm mem-
brane radius and 5-pm electrodes/membrane thickness
has been selected for primary sensing.

The tank is built by coupling an inductor coil with
the sensor independently; else, it can be formed by
winding an insulated wire precisely on the sensor as
shown in Figure 5. The wireless interrogation can be
realized utilizing an inductor that is magnetically
coupled with the L-C tank. Specification for design of
sensor is summarized in Table 1.

Preliminary investigations by simulations
and interpretations

In Figure 6, variation of surface deflection with radius
of circular diaphragm is investigated at a pressure of
0.5bar. Equations (1)-(3) are used to simulate this
result. Performance is investigated for P = 0.5bar,
r=180pum, E= 170X 10°N/m* and »=0.28. It is
observed that diaphragm deflection is maximum at the

Table I. Structural parameters for the sensor.

Parameters Design value
Young'’s modulus, E 170 X 10° N/m?
Thickness, h 5pm

Gap depth, d 10 um
Poisson’s ratio for silicon, v 0.28

Radius of diaphragm, a 250 wm
Applied pressure range, P (100-1140) mbar
Sensor nominal capacitance at 0.174 pF

zero applied pressure, Cg

Observer inductance, Ly 4.35mH

Sensor inductance, L 4.35mH
Observer resistance, Ry 4kQ

Sensor resistance, Rg 4kQ
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Figure 5. MEMS capacitive pressure sensor with L-C tank arrangement for capacitance-based pressure detection. (Left) Cross-
sectional view of the sensor coupled with a separate inductor. (Right) Device with an inductor wound on the sensor.
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Figure 6. Variation of surface deflection with radius of circular diaphragm at a pressure of 0.5 bar.

centre and is equal to 0.2 pm and it decreases as radius
increases. The data belong to the sensor side. The var-
iation of surface deflection with radius of circular dia-
phragm is compared with work done in Jindal et al.'*
The comparison of proposed design with stated cross-
reference is valid since the value of structural para-
meters has been taken from previous works.'®?!
Deflection of the diaphragm in both the schemes
increases initially till it reaches a peak and then settles
down gradually as radius of diaphragm increases.

In Figure 7, relative capacitance change for the des-
ignated pressure range, that is, 0.1-1.14bar is under
investigation. Equation (7) is used to simulate this
result. Performance is investigated for P = (100-
1140)mbar, r=180pm, E = 170x 10°N/m*> and
v = 0.28. Zero pressure capacitance is observed to be
0.174 pF. It is evident that capacitance variation is near
about linear. Hence, it can be interpreted that proposed
methodology can precisely measure pressure to
1.14bars satisfying crucial obligations for avionics

applications. The data belong to the sensor side. The
relative capacitance change is compared with work
done in Jindal and colleagues.'*?? Here, since the pres-
sure range is low, the simulated graph shows a linear
response throughout. In Jindal and colleagues,'**
pressure range in normal mode is (0-0.2) MPa and
hence we received a non-linear response.

In Figure 8, resonant frequency points are under dis-
cussion. At resonance, the output is reduced due to the
resistive reflected impedance, which tries to lower the
quality factor of the primary. To enhance the perfor-
mance of the output, the coupling must be compen-
sated. We get inductive reflected impedance at
frequencies lower than the exact resonance point, which
produces a peak at the output and we get capacitive
reflected impedance at frequencies higher than exact
resonance point, which results in another peak in the
output. Performance is investigated for P = (100
1140) mbar, r = 180 um, E = 170 X 10° N/m?, v = 0.28,
Lo=4.35mH, L, = 4.35mH, Ry = 4kQ and R, = 4kQ.
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Figure 7. Relative capacitance variation with respect to zero pressure condition.

Magnitude (dB)

System: TF1
Frequency (radis): 4.58e+07
Magnitude (B): 77.9

80

75 :

System: TF1
Frequency (radis): 5538407

| Magnitude (dB): 781

L]

Angular Frequency in (rad/s)

Figure 8. Resonant frequency points at two angular frequencies for proposed design at 4.55 X 107 rad/s and 5.53 X 10 rad/s.
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Figure 9. Final capacitance variation at primary observer unit to sense the applied pressure range.

Figure 8 is a result of simulating equations (13) and (14).
Resonant frequency points at two angular frequencies
for proposed design are 4.55 X 107 rad/s and 5.53 X 10’
rad/s. The data belong to the observer side.

As a solution to above, if we make capacitance at
observer unit variable (wireless control) and vary it to
such a degree that even under pressure resonant

frequency doesn’t shift, then we can sense applied pres-
sure in terms of capacitance for the desired range of
(100-1140) mbar. In Figure 9, capacitance variation at
primary observer unit to sense the applied pressure
range is investigated. Figure 9 is a result of simulating
equation (2) with applied pressure against obtained
capacitance. Performance is investigated for P = (100—
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Figure 10. Variation of capacitive sensitivity with the variation in the diaphragm radius at a fixed thickness and pressure.
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Figure | 1. Variation of mechanical sensitivity with the variation in the diaphragm thickness at a fixed radius and pressure.

1140) mbar, r = 180 um, @ = 250 um, £ = 170 X 10° N/
m? and v = 0.28. It can be observed that minimum
capacitance at 100mbar is 0.174pF and maximum
obtained capacitance is 0.196 pF at 1140 mbar. The
data belong to the observer side. The capacitance varia-
tion at primary observer unit to sense the applied pres-
sure range is compared with work done in previous
works."*?! Here, since the pressure range is low, the
simulated graph shows a linear response throughout.
In Jindal and colleagues'*?!, pressure range in normal
mode is (0-0.2) MPa and hence we received a non-
linear response. Moreover, response in Jindal and col-
leagues'*?! is extended to touch mode of the sensor for
pressure range of (0.2-2)MPa. Highly non-linear
response can be observed since the pressure range is
very high.

Figure 10 shows the variation of the capacitive sensi-
tivity with respect to the variation in the radius of the
circular diaphragm. Figure 10 is a result of simulating
equation (23) with radius of diaphragm against capaci-
tive sensitivity of proposed sensor. Performance is
investigated for d= 10pm, 4= S5pm, r = 180um,
a =250 pum, E =170 X 10° N/m? and v = 0.28. It illus-
trates that with the increase in the radius of diaphragm
at a fixed thickness and uniform pressure, the deflec-
tion on the circular diaphragm increases. Validating a

design consideration from Figure 10, we can justify the
choice of having radius for our sensor design to be
250 pm. At this geometry of diaphragm radius at a
fixed thickness of 5 wm, the variation in the above plot
is almost constant. The data belong to the sensor side.
The variation of the capacitive sensitivity with respect
to the variation in the radius of the circular diaphragm
is compared with the work done in Jindal et al.'"* The
response curve and inference in both the cases are
same, but the magnitude of capacitive sensitivity is dif-
ferent because value of gap depth chosen is different.

In Figure 11, variation of the mechanical sensitivity
analogous to the variation in the diaphragm thickness
is investigated. Figure 11 is a result of simulating equa-
tion (25) with thickness of diaphragm with mechanical
sensitivity. Performance is investigated for # = 5 um,
r=180pum, E =170 X 10°N/m? and v = 0.28. It can
be concluded from Figure 11 that with the increase in
diaphragm thickness, the mechanical sensitivity
decreases. This is because with the increase in dia-
phragm thickness, deflection decreases. The data belong
to the sensor side. Another claim to validation of cho-
sen geometry is the choice of diaphragm thickness.
Beyond 5 pm if the thickness is further increased, the
mechanical sensitivity drops by a considerable amount
which is inadmissible. The variation of mechanical
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sensitivity analogous to the variation in the diaphragm
thickness is compared with the work done in Jindal et
al."* The response curve and inference in both the cases
are same, but the magnitude of mechanical sensitivity is
different because the value of radius of diaphragm cho-
sen is different.

Conclusion and future work

This research has explored a unique methodology for
LC tank circuit-based wireless MEMS capacitive pres-
sure sensor which can measure applied pressure by
changing the capacitance and keeping frequency shift
constant. Sections ‘Introduction’ and ‘Transduction
mechanism of capacitive pressure sensor’ introduced
the concept of wireless sensing using LC tank circuit
with proper insight to literature review. Since capacitive
pressure sensor is a vital member of the design, the
transduction mechanism for this sensor has been eluci-
dated in ample capacity. Next, two sections delineate in
depth the step-by-step theoretical evaluation of crucial
parameters. Section ‘Preliminary investigations by
simulations and interpretations’ delved into depth gra-
phically analysing the methodology for the refined
model and comparing the results with intuitive predic-
tions. It was observed that the resulting capacitance
variation on keeping frequency shift constant can also
be used for passive measurement of applied pressure.
The performance in sensitivity was also observed to be
as per fondness and validity of avionic applications.
The maximum sensitivity was observed to be
1.746e—17 F/Pa. The comparison between the simula-
tion result and theoretical response obtained revealed
the effectiveness of the model in predicting the sensor
response. The presented methodology-based wireless Si
MEMS is the first building block of a platform for
autonomous industrial sensors and has all the essential
characteristics necessary for integration into harsh
industrial environments. The compact, single-substrate
design leaves plenty of room for replacement of Si
with SiC, operation of sensor in touch mode, as a
future work for even better performance of target
application.
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