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ABSTRACT

Capacitive microphones are widely being used in many
applications as high-precision instruments for measure-
ment to audio capturing microelectromechanical (MEMS)
sensors in common mobile devices, such as portable com-
puters, mobile phones, and hearing aids. The latter have
successfully replaced previous technologies such as the
electret condenser microphones (ECM) due to their lower
sensitivity to temperature variations, smaller footprint,
and lower sensitivity to vibration, having a consistent fre-
quency response. However, their widespread use has in-
creased the demand for tighter specifications, especially
in loud environments where the total harmonic distortion
(THD) and the acoustic overload point (AOP) become sig-
nificant parameters to the devices’ performance. With the
aim of providing a more detailed physical understanding
of the nonlinear dynamical behavior of double backplate
transducers a DC biased parallel plate model of such a de-
vice is developed and the effect of the nonlinear factors to
the model’s nonlinear response are discussed compared to
the ones of a single backplate model.
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1. INTRODUCTION

A microphone is an electroacoustic transducer that cap-
tures an acoustic signal and converts it into an electrical
one with proportionate characteristics. A lot of progress
has been done through the years in terms of modeling,
designing, and characterizing such a device. Initially in-
tended for the study and �transmission of speech , micro-
phones are now to be found in many every day devices
like mobile phones, portable computers, smart speakers,
and hearing aids.

Their shapes and sizes can vary as well as the phys-
ical way by which sound is converted to electricity; the
transduction principle. Taking advantage of the advances
made in silicon fabrication technology micro-electro-
mechanical (MEMS) microphones are now being mas-
sively produced. The dominating transduction principle
utilized in this type of sensors is the capacitive. MEMS
microphones utilizing this principle have successfully re-
placed the previous technology in relevant applications,
the electret condenser microphones (ECM), as they can
have lower sensitivity to temperature variations, smaller
footprint, and lower sensitivity to vibration, and a fre-
quency response with low variability from part to part [1].

Their widespread use has lead to ever tightening spec-
ifications as the demand for higher performing products
increases. High levels of acoustic signal from the audible
to the ultrasonic range can have a negative affect to the
overall electroacoustic response of the device. Ideally one
would like the device to be responding linearly to acous-
tic input meaning that the response should be analogous to
the latter. In reality though linearity is a property that can
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only be approximated in a specific dynamic and frequency
range for a given system.

A quantitative measure of the nonlinear response of
the device is the Total Harmonic Distortion (THD) which
is essentially a way to assess the importance of the re-
sponse at integer multiples of the frequency of a pure har-
monic tone (harmonics) at the input with respect to the
response at that frequency (fundamental). The Acoustic
Overload Point (AOP) is a more general measure that aims
at characterizing the dynamic range of linearity. It is the
point on which when the system is excited with a pure tone
at a certain frequency (typically at 1 kHz) the calculated
THD surpasses a certain threshold percentage (typically
within the range of 1% to 10%).

In their most simple configuration, capacitive MEMS
microphones incorporate the sensor element, along with
its packaging and analog and possibly digital circuitry that
afford signal conditioning, conversion, and read-out ca-
pability. The sensor element in many cases consists of a
number of flexible and rigid electrodes charged and placed
in such a manner so that an output signal can be obtained
when an acoustic wave is impinging.

Sources of nonlinearities in these devices can orig-
inate from the coupled electromechanical motion of the
diaphragm, the charging of the electrodes, or along the
signal path through its circuitry. Previous work on some
times also referred to as true-differential microphones
[2–5] has been completely neglecting any nonlinearities
related to the charging of the electrodes and either restrict
the analysis to one possible output stage or completely
disregard it. In this work we model such a microphone
taking into account its charging as a source of nonlinear-
ity as well as the output stage taking into consideration the
parasitic capacitances.

In an effort to come up with practical physical indi-
cators of nonlinearity at the sensor level we nondimen-
sionalize the equations that describe the dynamic behavior
of a lumped representation of the sensor together with its
charging scheme. We calculate the THD for a number of
different frequencies and compare the effect of those fac-
tors for two different configurations one with a flexible di-
aphragm opposite a perforated rigid backplate [1] and one
with a flexible diaphragm between two perforated rigid
backplates. The linear superiority of the double backplate
sensor is evident in our results.

2. THE MODELS

In this section we briefly go through the lumped represen-
tation of the single and double backplate configurations.

2.1 Single backplate

In figure 1 a sketch of the single backplate sensor system
representation is given. The mechanical and acoustical el-
ements in the system are represented as mechanical com-
ponents in the sketch and the biasing network that charges
the transducer is connected in such a way so that for a rel-
ative displacement of the electrodes a fluctuating voltage
output can be obtained across them in response.

Figure 1: Electromechanical network sketch of a
parallel plate capacitive transducer. Sound pressure
is exerted on the electrodes through the inlet and
front-chamber of the device. Elements are not drawn
at scale. The circle with the adjacent arrows repre-
sents the point-mass of the moving electrode.

Figure 3 shows that the electrodes are charged using
a resistor (Rbias) in series with the electrodes and the DC
bias voltage (Vbias). A parasitic capacitance (Cp) is in-
cluded in the model, which represents the capacitance of
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the conductive elements in the transducer that do not re-
spond to an impinging acoustic signal and the input ca-
pacitance of the following amplification stage [6]. This
capacitance is connected in parallel to the electrodes. The
moving electrode, which has a mass (m) and an area (S),
is located a distance (s) away from the stationary electrode
of the same area, and together they form the variable ca-
pacitance (Cm). The displacement of the moving electrode
is damped mostly due to energy dissipation caused by air
movement between the electrodes and through the back-
plate holes, with a viscous damping coefficient (η2), as
well as radiation of air with a viscous damping coefficient
(η1). Elastic forces on the moving electrode come from
the air in the back chamber of the transducer, with a me-
chanical stiffness (k2), and from its mechanical support,
with a mechanical stiffness (k1).

Figure 2 shows the proposed circuit equivalent lin-
ear system that models the mechanical force acting on
the moving electrode using the impedance analogy. The
mass and compliance of the volume of air between the
electrodes are omitted from the model, assuming that the
number and rate of the perforations are sufficiently large.
Since the membrane’s movement is modeled for a rigid
backplate, the velocity (v) induced by the pressure force
(Fp) that flows through all the mechanical components is
the same and therefore placed in series. The mechanical
radiation resistance is represented by Rrad, while Lrad is
the mass of the radiating air. The compliance of the mov-
ing electrode is represented by Cd, which is equal to C ′

d/ν,
where C ′

d is the compliance due to the mechanical support
of the moving electrode and ν is the spring softening fac-
tor [7]. The mass of the moving electrode is represented
by Ld. The mechanical resistance caused by air streaming
through slits and holes in the narrow air gap between the
diaphragm and the backplate is represented by Rgap, and
Lgap is the respective air mass that is considered negligi-
ble in the calculations. The compliance of the volume of
air enclosed in the back chamber of the device is repre-
sented by Cbc. It’s important to note that Cd should not
be confused with Cm, which represents the instantaneous
electrical capacitance formed by the electrodes. Finally,
the model assumes that the backplate is not compliant.

2.2 Double backplate

In figure 4 a sketch of the double backplate sensor system
representation is given. In this case as well the mechani-
cal and acoustical elements in the system are represented
as mechanical components and the biasing network that

Figure 2: Pressure force equivalent circuit of a par-
allel plate capacitive transducer.

Figure 3: Electrical charging circuit of a parallel
plate capacitive transducer.

charges the transducer is connected in such a way so that
for a relative displacement of the electrodes a fluctuating
voltage output can be obtained across them in response.

The electrodes once more charged using a resistor
(Rbias) which is shared among the capacitances formed by
the electrodes that represent the backplates and the mov-
ing electrode, with thickness hd that represents the flexi-
ble diaphragm, as in figure 6. The bias voltage is applied
to each capacitance so that a displacement of the moving
electrode can create a voltage fluctuation to the output.

The model includes a parasitic capacitance (Cp) that
can be formed by the conductive elements in an actual
transducer that do not respond to an impinging acoustic
signal as well as the input capacitance of the following
amplification stage and is placed in parallel to the volt-
age output. The moving electrode that has a mass (m)
and area (S) is at distances s1 and s2 from each of the sta-
tionary electrodes and form the variable capacitances Cm,1
and Cm,2 respectively. The damping in the displacement
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of the moving electrode is assumed to be mostly related
to the energy dissipation due to the air movement between
the electrodes and through the backplate holes and due to
radiation of air with viscous damping coefficient, repre-
sented in the figure as viscous damping η1 and η2. The
elastic forces acting on the moving electrode are due to
the air in the backchamber of the transducer with mechan-
ical stiffness and its mechanical support represented in the
figure as viscous damping k1 and k2.

Figure 4: Electromechanical network sketch of a
double backplate capacitive transducer.

Figure 5 represents the proposed circuit equivalent
linear system in the impedance analogy of the mechan-
ical force acting on the moving electrode. We omit the
mass and compliance of the volume of air between the
electrodes assuming that the number and rate of the per-
forations is large enough. Since we model the movement
of the membrane for a rigid backplate the velocity (v) in-
duced by the pressure force (Fp) that, as is the case for
the single backplate model, flows through all the mechan-
ical components is the same and thus are placed in se-
ries. Rrad is the mechanical radiation resistance. Lrad is
the mass of the radiating air. Cd is the compliance of the

moving electrode, due to the mechanical support of the
moving electrode. Ld is the mass of the moving electrode.
Rgap is the mechanical resistance caused by air streaming
through slits and holes in the narrow air gap between the
diaphragm and the backplate. Cbc is the compliance of the
volume of air enclosed in the backchamber of the device.
Finally, we assume that the backplates are not mechani-
cally compliant.

Figure 5: Pressure force equivalent circuit of a dou-
ble backplate capacitive transducer.

Figure 6: Electrical charging circuit of a double
backplate capacitive transducer.

3. NONLINEAR FACTORS

Bellow the nondimensional nonlinear factors to the dy-
namical system’s response are given. For a more detailed
description and derivation for the single backplate config-
uration the reader is referred to [7]:
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λ =
1

2
· C0 · V 2

bias

k · s20
, (1)

which is related to the nonlinearities due to the softening
of the elastic force and couples the charging to the me-
chanical behavior of the moving electrode,

cp =
Cp

C0
, (2)

which is related to the uneven distribution of charge to the
electrodes and the parasitics,

σ =
θ

1 + θ
, (3)

which acts as a factor to the nonlinear thin-film damping,

τ0 = ωn ·Rbias · C0, (4)

which acts as damping to the fluctuation of the total charge
stored in the transducer,

ρ0 =
p0 · S
k · s0

(5)

which is essentially the nondimensional impinging pres-
sure force amplitude, and

Ω =
ω

ωn
, (6)

which is the nondimensional excitation frequency when
the system is harmonically excited with a single tone.
In the preceding equations,

C0 =
ε · S
s0

where ε is the dielectric permittivity of air, and s0 the dis-
tance of the moving and the stationary electrodes at equi-
librium in the absence of the electrostatic force, ωn is the
natural frequency of the mass-spring system, N and Sh are
the number and cross-sectional area of each of the perfo-
rations in the backplate respectively,

θ = 8 · G(A)

N
.

where

G(A) =
A

2
− A2

8
− lnA

4
− 3

8
,

and k is the mechanical stiffness of the diaphragm due to
its mechanical support.

4. RESULTS

In this section we compare the precedingly described
transducer configuraions in terms of their nonlinear re-
sponse to harmonic excitation at 1kHz. We use the pa-
rameters of the fitted single backplate model to mea-
surements of microelectromechanical (MEMS) transduc-
ers and compare the nonlinear response of the two models
for a number of excitation levels.

In figure 7 we present the pressure response of the two
configurations for the first three harmonics, i.e. the fun-
damental, the 2nd, and 3rd harmonic. A voltage follower
amplification stage is assumed. A nearly complete sup-
pression of the 2nd harmonic response can be observed for
all excitation levels in the double backplate configuration.
Not only that but the third harmonic is considerably sup-
pressed compared to the single backplate configuration.

To prevent the output signal of the transducer from
being affected by the load impedance an amplifying stage
that acts as an impedance converter is necessary. If
the transducer was to be directly connected to the load
impedance of the next stage in the signal chain the read-
out could be severely and undesirably affected. To mit-
igate such an issue an amplifying stage that acts as an
impedance converter is necessary. Depending on the read-
out quantity from the transducer a charge amplifier or volt-
age amplifier can be used [7]. To take into account the
readout we assume the output stage to be linear and com-
pare the total harmonic distortion for a voltage amplifier
(THDV) and a charge amplifier (THDQ).

In figure 8 we present the time-domain response of
the two configurations in a single period when the sys-
tem is excited with 135 dB SPL. There we observe that
the voltage response of the double backplate configuration
is more symmetrical to the response of the single back-
plate. Nonetheless, the response still appears to be dis-
torted. When excited with π phase difference the same
asymmetry can be observed but this time the magnitude
of the second half-cycle becomes larger. This can be at-
tributed to the nonlinear thin film damping. Exciting ini-
tially the system from equilibrium the moving electrode
accelerates moving away or towards a backplate. The ve-
locity reaches its maximum value at equilibrium distance
as the moving electrode accelerates towards the opposite
direction inducing a high damping force. Returning to
equilibrium in the final quarter-cycle the magnitude of the
velocity is less than that in the second causing a deeper
displacement towards the initial direction, and leading to
the depicted voltage response.
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Figure 7: Pressure response of the single and double
backplate models (y-axis) with respect to the imping-
ing pressure level (x-axis) at 1 kHz. The fundamental
coincides for both single and double backplate con-
figurations.

In figure 9 we calculate the total harmonic distortion
for both configurations assuming a voltage following and
a charge amplification stage respectively. There we can
observe that in both occasions the double backplate con-
figuration is far more linear in its voltage response exhibit-
ing very low harmonic distortion for the highest excitation
levels.

To evaluate the importance of the different factors to
the nonlinear voltage response of the transducer we pro-
pose the following two dimensional vector function with
each element of the vector representing a metric associ-
ated with the amplification stage,

Gx = diag(∆THD)−1 ·∆xTHD (7)

where

THD =

(
THDV
THDQ

)
.

In the preceding equation x is one of the nonlinear factors
(λ, cp, σ, τ0, ρ0,Ω), ∆x symbolizes the change in THD
for a very small change to the the corresponding nonlinear
factor, and ∆ symbolizes the change in THD for a very

Figure 8: Voltage response of the single and double
backplate models in a period when excited at 1 kHz
with 135 dB SPL. Ω = ω/ωn, where ω is the excita-
tion frequency and ωn is the natural frequency of the
mass-spring system. t′ (s) is the dimensional time
variable.

small change to all of the nonlinear factors. The metrics
can be seen as the relative local derivative-based sensitivi-
ties of the nonlinear voltage response of such a transducer.

Using the nonlinear factors from [7] we observed that
min (Gσ) > .97, indicating that for such a transducer the
factor that mostly affects the nonlinear voltage response is
σ which relates to the nonlinear thin-film damping.

5. CONCLUSION

In this paper we went into describing two configuration
for MEMS microphones’ sensors consisting of one and
two backplates taking into account their charging through
a biasing network with DC voltage and a resistor. We
compared the voltage response of the single and double
backplate configurations for the same nonlinear factors re-
lating to the geometrical and biasing characterstics. Our
results show that the configuration of the sensor having
two backplates can be much more linear in its voltage
response when compared with the single backplate case.
By using a proposed metric we showed that the nonlinear
damping due to the thin-film of air between the electrodes
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Figure 9: Total harmonic distortion (THD) calcu-
lated for the single and double backplate configura-
tions.

contributes significantly to the nonlinear voltage response
of such a transducer.
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