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Abstract 

In many designs of capacitive micro- 
phones or pressure sensors the electrode size 
is chosen to be equal to the diaphragm size. 
In this paper it will be discussed whether an 
electrode size or shape that differs from that 
of the diaphragm is attractive for obtaining a 
maximum value for the sensor sensitivity and 
the signal-to-noise ratio. A theoretical analy- 
sis will be given for circular diaphragms and 
electrodes, from which it can be shown that 
for maximum sensitivity the electrode should 
be located at the centre of the diaphragm, 
with a radius depending on the value of the 
amplifier input capacitance. 

1. Introduction 

The application of capacitive structures in 
pressure sensors and microphones has been 
successfully explored for several decades. A 
recent example is the silicon-based electret 
microphone, with a sensitivity of 20 mV/Pa, a 
dynamic range of 95 dB and a lower detec- 
tion level of 400 PPa [ 11. 

A capacitive microphone or pressure sen- 
sor consists of a rigid backplate, an air gap 
and a diaphragm which is exposed to the 
(sound) pressure to be detected. To realize a 
capacitor, the diaphragm and backplate are 
provided with conducting electrodes. 

Characterization and optimization of tran- 
ducer performance has been a main topic in 
various recent papers on capacitive sensors 
for the mechanical domain [l-9], taking into 
account diaphragm thickness, lateral dimen- 
sions, etc. However, in these papers hardly 
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any attention is paid to the size of the con- 
ductive electrodes, which determines the sen- 
sor capacitance. It will be obvious that there 
is no need to consider a redesign of the 
electrode shape if the diaphragm material as 
well as the support are conductive [2-51. 
However, even in sensors with an insulating 
diaphragm or substrate, it is tacitly assumed 
that the optimum electrode shape corre- 
sponds to a complete metallization of the 
diaphragm [6-91. 

In this paper it will be shown that an 
electrode size or shape not identical to that of 
the diaphragm may be very attractive. 

2. Theory of Pressure-sensitive Capacitors 

The theoretical description is focused on a 
circular diaphragm with flexural rigidity D, as 
determined by the material properties and 
diaphragm dimensions. If the diaphragm 
outer radius is written as a and the uniform 
pressure difference across it as P, the deflec- 
tion w can be written as 

W(Y) = w,(l - Y2)* (1) 

with y the radial distance, normalized to the 
outer radius a and 

w,, = Pa”/( 640) (2) 

assuming the diaphragm to operate in the 
linear region, its edge to be clamped and 
ignoring the influence of lateral stress in the 
diaphragm [lo]. 

The diaphragm is assumed to be mounted 
on a supporting structure, enclosing an air 
gap as drawn in Fig. 1. On top of the insulat- 
ing diaphragm a conductive electrode with 
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support 

Fig. 1. Schematic drawing of a pressure-sensitive ca- 
pacitor. 

radius b is deposited. The support is assumed 
to also be conductive, so that the value of the 
capacitor thus realized is determined by the 
radius of the electrode on top of the di- 
aphragm and its distance from the support. 

Introducing 1 = b/a as the normalized 
electrode radius, the capacitance C can be 

Neglecting the diaphragm thickness, the zero- 

written as 

pressure electrode distance equals the air gap 
distance 4, as shown in Fig. 1. 

C = 2moa2 s vb 
do - W(Y) 

0 

(3) 

with t0 the dielectric constant of air. Using 
eqns. (1) and (3), the following analytical 
expression can be found: 

f& ln 

C = 2dJ 

1 + r23L2 - c2 + in2 
1 + p,2 - 5” - </I’ 1 (4) 

with [’ = we/do. 
In a practical design the mechanical and 

geometrical parameters of the capacitive 
structure will be chosen in such a way that 
[’ = we/do 3 1 in the whole pressure region to 
be monitored. It will also be clear that 
O<L<l. 

Approximation of eqn. (4) by means of a 
Taylor series expansion yields 

c=c,i’[1+~(1-i2+~)] (5) 

with C,,, = ntoa2/do, the maximum zero-pres- 
sure capacitance that can be realized by a 
complete metallization of the diaphragm, and 
C,,,n2 the actual zero-pressure capacitance. 
Combination of eqns. (2) and (5) results in 

an expression that relates the applied pressure 
P and the resulting capacitance C: 

In most sensor designs the whole di- 

c=L.,,,n2+K,C,(r'i4+~)P (6) 

with KP = a”/(64Dd,,). The constants C, and 

aphragm is metallized, thus 1 = 1. It is easy 

Kp are exclusively determined by the geome- 
try of the capacitive structure as well as 

to see from eqn. (6) that this corresponds to 

the mechanical properties of the diaphragm 
material. 

the situation where the capacitance change 
6C due to an applied pressure 6P is maximal. 
However, it will be shown below that the 
maximum signal and signal-to-noise ratio re- 
quire values of 1 other than one. 

3. Theory of Capacitance-to-voltage 
Conversion 

Different types of electronic circuits have 
been developed for the detection of small 
capacitances and capacitance changes in the 
case of sensors for the mechanical domain. 
Examples of circuit configurations recently 
applied are the current-controlled oscillator 
[ 111, the switched capacitor circuit [ 121, the 
electret-biased capacitor [ 1, 131 and the a.c.- 
driven capacitive bridge circuit [ 141. Despite 
their different ways of operation, these 
configurations all have in common that the 
pressure-sensitive capacitor is biased by 
means of a voltage or current source and is 
connected to a high-impedance preamplifier. 
It can be shown that the overall performance 
of the complete system is determined by the 
pressure-sensitive capacitor and the pream- 
plifier, including its bias circuitry. 

It is impossible to discuss all the different 
types of preamplifiers. Therefore only the 
configuration shown in Fig. 2 will be dis- 
cussed, which consists of a d.c. bias voltage 
Vb, a bias resistor R,,, a pressure-sensitive 
capacitance C and a MOSFET source fol- 
lower, which is assumed to provide unity gain 
from gate to source. 
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Fig. 2. Schematic drawing of a d.c.-biased pressure- 
sensitive capacitor. 

Considering Fig. 2 in more detail, it will 
be clear that if the capacitance C is constant 
(no pressure change), the voltage across the 
capacitance C is equal to the bias voltage Vi,. 
Assuming pressure changes to be fast com- 
pared to the time constant CRb, and the 
input capacitance of the MOSFET source 
follower to be zero, a capacitance change 6C 
results in a voltage change that is equal to 
V&/C. However, in practical situations the 
input capacitance of the MOSFET source 
follower will not be zero, but will have a 
finite value C,, causing a capacitive attenua- 
tion, so that the actual small-signal output 
voltage V, at the source due to a capacitance 
change can be written as 

6C 

v” = Vb (C + CJ (7) 

4. Optimization of Capacitor Electrode 
Geometry 

Now that a simple description of the 
pressure-to-capacitance and capacitance-to- 
voltage conversion has been presented, the 
optimized capacitor electrode geometry can 
be derived for different optimization criteria. 

To avoid an over-complicated description, 
it will be assumed that the capacitance change 
6C is small compared to the actual value C of 
the capacitance, so that the value of C, as 
present in the denominator of eqn. (7), can be 
considered to be constant, independent of the 
applied pressure and equal to C,,J’. 

The sensitivity S of the sensor with its 
preamplifier will simply be defined as the 
ratio of output voltage v, and pressure P, 
thus S = v,{P. 

4.1. Optimum Output Signal 
Due to the fact that in most sensors the 

sensitivity is a critical point, a design criterion 
very often proposed is maximum output sig- 
nal. Considering eqn. (7), this means that the 
ratio SC/(C + Ci) has to be maximized. 

4.1.1. Theory 
Combination of eqns. (6) and (7) yields 

s= vbKpcm(12-P+;) 
Cmlk2 + Ci 

Considering this equation, it is to be seen 
that for a zero value of the amplifier input 

(8) 

capacitance Ci, maximum sensitivity is ob- 
tained if the normalized electrode radius A is 
very small. The maximum sensitivity is in 
that case equal to V,,K,, which is the largest 
sensitivity that can ever be obtained with this 
capacitive structure. 

If Ci is large compared to C,, a situation 
that may occur in careless designs, the maxi- 
mum sensitivity appears to be V&C,,,/(3C,) 
and is obtained when 3, = 1, corresponding to 
a completely metallized diaphragm. 

To calculate the optimal electrode radius 
for maximum sensitivity for values of Ci 
other than the limiting cases mentioned 
above, computer calculations of eqn. (8) have 
to be performed. The main results are shown 
in Figs. 3 and 4. 
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Fig. 3. Calculated normalized sensitivity as a function 
of the normalized radius A with the capacitance ratio 
CJC, as a parameter. 



Fig. 4. Calculated optimum value of I (left axis, solid 
line) and sensitivity gain (right axis, dashed line) as a 
function of the capacitance ratio C,/C,,,. 

In Fig. 3 the sensitivity, normalized to the 
maximum value V&,, is drawn as a function 
of the normalized electrode radius 1, for 
different ratios Ci/C,. If Ci = O.OlC,,,, the 
maximum sensitivity is obtained for il = 0.3 
and is equal to about 0.8V&. If for this 
Ci/C, value the complete diaphragm were 
metallized (A = l), the sensitivity would be 
equal to 0.33V&, which is 2.7 times lower 
than the maximum value. Larger values of 
C,/C, require larger optimum values of 1, 
approaching E. = 1 for values of Ci equal to 
or larger than 1 OC, . 

In Fig. 4 two curves are drawn. The solid 
line is related to the left y-axis and represents 
the optimum value of A for maximum sensi- 
tivity as a function of the ratio C,/C,,,. The 
dashed line corresponds to the right y-axis 
and represents the so-called sensitivity gain, 
defined as the maximum sensitivity achieved 
if 1 is chosen equal to its optimum value, 
normalized to the sensitivity obtained if 
A = 1. It can be observed that for very small 
values of Ci/C, the optimum value of A 
approaches zero. In this case the sensitivity is 
equal to T/b&,. If, however, for this value of 
Ci/C,, A is chosen equal to its maximum value 
of one, the sensitivity would be equal to 
0.33V,K,, which implies a sensitivity gain of 
three when A is chosen optimally. In the case 
C,/C, = 1, the optimal value of i is 0.78 and 
the associated sensitivity gain 1.17. 

Considering both Figures, it can be con- 
cluded that a significant sensitivity gain can 

be obtained in the case when the amplifier 
input capacitance C, is small compared to C,,, 
and the diaphragm is only partly metallized. 
However, if the amplifier input capacitance is 
large compared to C,,,, a complete metalliza- 
tion is required for maximum sensitivity. 

4.1.2. Experimental results 
In order to verify the theoretical descrip- 

tion, the output signal of various electret 
microphones in combination with a source- 
follower MOSFET amplifier has been mea- 
sured for different circular electrodes on top 
of square diaphragms. The deflection as a 
function of applied pressure for square di- 
aphragms differs slightly from that for circu- 
lar diaphragms, but this effect is assumed to 
be of minor importance, so that the theory of 
circular diaphragms can still be used. 

The amplifier input capacitance Ci ap- 
peared to be about 1 pF, while the maximum 
value of the microphone capacitance C, is 
about 3 pF when the complete diaphragm is 
metallized. Using the theoretical results as 
shown in Fig. 4, this implies a maximum 
output signal for 1, = 0.63 and, as compared 
to the sensitivity for a completely metallized 
diaphragm, a sensitivity gain of 1.4. 

The experimental results of microphones 
for four different values of the normalized 
electrode radius are shown in Fig. 5. Each 
result is the average of three independently 
measured microphones. The vertical axis is 

0.50 

I 

Fig. 5. Experimental results for the normalized sensitiv- 
ity as a function of 2. Each point is the average 
sensitivity of three individual microphones. The solid 
line is the theoretical curve for Ci = 0.33C,,,. 
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the amplifier output signal scaled in such a 
way that for 1 = 1 theoretical and experimen- 
tal results correspond to each other. The 
horizontal axis corresponds to the normalized 
electrode radius 1. The solid curve is calcu- 
lated by means of eqn. (8) with C,,, = 3Ci. It 
can be seen that experiments and theory are 
in good agreement and that microphones 
with I = 0.63 indeed exhibit the largest sensi- 
tivity, even more pronounced than expected 
from theory. 

4.2. Optimum Signal-to-noise Ratio 
In the previous Section the sensor perfor- 

mance has been optimized with respect to the 
maximum output signal. In practice, how- 
ever, the overall performance of a sensor is 
determined by the signal-to-noise ratio SN,. 
Assuming sufficient amplification in the 
preamplifier, it will be appropriate to con- 
sider the signal-to-noise ratio at its output. In 
this paper only some general aspects will be 
considered. A detailed paper will be pub- 
lished elsewhere [ 151. 

In summary it can be said that the signal- 
to-noise ratio Slv, of a capacitive pressure 
sensor, connected to a FET-type preamplifier, 
is mainly determined by the channel noise of 
the FET and the noise of the resistive bias 
element Rb. Denoting the constants repre- 
senting both noise terms as Nr and Nb respec- 
tively, the following approximated equation 
can be derived: 

where Cj is the physical input capacitance of 
the amplifier, as present if no local feedback 
in the preamplifier is used. Note that in Sec- 
tion 4.1. the signal amplitude has been writ- 
ten as a function of the input capacitance Ci, 
which is the virtual or electronic input capac- 
itance [ 151. In the case of a source follower, it 
can be stated that Cj > Ci. 

In order to reduce the complexity of eqn. 
(9), only the two extreme conditions in which 
the FET noise term Nr or the bias resistor 

noise term Nb dominates the signal-to-noise 
ratio will be considered. 

Assuming the FET noise to dominate, it 
can easily be shown that the signal-to-noise 
ratio SN, can be written as 

Comparing eqns. (8) and (lo), it is seen that 
in this case the conditions for maximum out- 
put signal and maximum signal-to-noise ratio 
are almost identical. The only difference is 
that the expression for the output signal is 
determined by the virtual input capacitance 
Ci and the expression for the signal-to-noise 
ratio by the physical input capacitance Cj. 
The results shown in Figs. 3 and 4 can there- 
fore also be used to determine the optimum 
electrode geometry for optimized signal-to- 
noise ratio. 

If the bias resistor noise term Nb is domi- 
nating, eqn. (9) can be simplified to 

(11) 

Considering this equation, the optimum value 
of A for a maximum value of the signal-to- 
noise ratio appears to be independent of the 
input capacitance of the preamplifier and to 
be equal to one. This means that if the bias 
resistor noise term is dominating, the maxi- 
mum signal-to-noise ratio implies a com- 
pletely metallized diaphragm. 

If the relative contributions of both noise 
terms are of the same magnitude, the com- 
plete expression of eqn. (9) has to be used to 
calculate the optimum capacitor electrode ge- 
ometry. The optimum value of J. will then be 
in between the values correponding to the 
limiting cases described in eqns. (10) and 

(11). 

5. Discussion and Conclusions 

Using a quite simple theoretical descrip- 
tion for the pressure-to-capacitance conver- 
sion of circular, stress-free diaphragms, as 
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well as the capacitance-to-voltage conversion, 
a model has been obtained by which the 
performance of pressure sensors and micro- 
phones can be calculated. 

It has been shown that when the pressure- 
sensitive capacitance is connected to a pream- 
plifier with small input capacitance, a 
sensitivity gain of about three can be ob- 
tained if only a small central part of the 
diaphragm is metallized. When the pream- 
plifier input capacitance is large compared to 
the sensor capacitance, the maximum output 
signal is obtained by metallizing the di- 
aphragm completely. 

Taking into account the noise contribution 
of the preamplifier, it can be shown that the 
conditions for maximum signal-to-noise ratio 
depend, besides the influence of the amplifier 
input capacitance already discussed, on the 
relative contributions of the FET noise and 
the bias resistor noise. If the bias resistor 
noise dominates, the complete diaphragm 
should be metallized, while if the transistor 
noise dominates, a small circular metalliza- 
tion is preferably. 
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