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Design of a MEMS speaker driver
M. Hänsler, D. Strle, M. Auer OVE

Microelectromechanical systems (MEMS) have already found widespread use in highly integrated audio applications. Currently, they
are used for microphones where their small size has enabled the use of multiple microphones in a single device to improve noise
cancellation. Nowaday, even loudspeakers realized as MEMS structures are possible, which brings up new challenges in circuit design
that are the focus of this paper.

Starting with an overview of current research activities of MEMS speakers, their advantages and disadvantages, as well as the
peculiarities of the driver design are discussed. Compared to electrodynamic speakers, MEMS speakers have a different physical
structure which needs to be accounted for when designing the driving circuitry. Possible driver concepts are presented and compared
with special consideration of their efficiency and audio quality. Existing concepts are shown and new concepts are proposed.
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Design eines Treibers für MEMS-Lautsprecher.

Mikroelektromechanische Systeme (MEMS) haben bereits eine weite Verbreitung in hoch integrierten Audioanwendungen gefunden.
Aktuell werden sie für Mikrofone verwendet, wo durch ihre geringe Bauform die Möglichkeit geschaffen wurde, mehrere Mikrofone
in einem einzelnen Gerät zu verbauen und dadurch die Geräuschunterdrückung zu verbessern. Heutzutage sind jedoch auch schon
Lautsprecher als MEMS-Strukturen realisierbar. Dies hat neue Herausforderungen im Bereich der Schaltungstechnik zur Folge, welche
den Kern dieses Artikels bilden.

Beginnend mit einem Überblick über aktuelle Forschungsaktivitäten von MEMS-Lautsprechern werden deren Vor- und Nachteile so-
wie im Speziellen deren Eigenschaften bezüglich des benötigten Treibers diskutiert. Verglichen mit elektrodynamischen Lautsprechern
haben MEMS-Lautsprecher eine unterschiedliche physikalische Struktur, auf welche beim Schaltungsdesign geachtet werden muss.
In dieser Arbeit werden mögliche Treiberkonzepte präsentiert und speziell in Bezug auf deren Effizienz und Audioqualität verglichen.
Bereits vorhanden Konzepte werden erläutert sowie ein neues Konzept vorgestellt.

Schlüsselwörter: MEMS-Lautsprecher; MEMS-Treiber; Audioverstärker; hocheffizient; Energierückgewinnung
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1. Introduction
Microelectromechanical systems (MEMS) are becoming increasingly
important in various industrial areas, were they are used in a wide
range of applications like sensors, oscillators or microphones [1]. The
improvements in MEMS technologies open up new application areas
where MEMS devices can be used. One of these new possibilities are
miniaturized MEMS speakers.

In the following the most important fundamentals of MEMS
speakers, their requirements on the driving circuitry as well as an
overview about existing speaker amplifier architectures and their
advantages/disadvantages together with MEMS speakers is given.
Commonly used driving architectures for mobile applications are dis-
cussed with the focus on driving capacitive loads. A New architec-
ture for MEMS speaker drivers is introduced and first simulation as
well as measurement results of the first prototypes are presented.

2. MEMS speaker fundamentals
The principle of a MEMS based speaker is shown in Fig. 1. An elec-
tric field is applied to a piezoelectric cantilever, that consists of two
layers. One side is fixed which results in a displacement of �XOut of
the opposite side. This mechanical movement can be used to con-
trol an attached membrane to generate the acoustic output of the
speaker. The movement depends on the polarization of the material
as well as the applied voltage. As depicted in Fig. 1, the top and
bottom plates have different polarizations which causes one layer

Fig. 1. Piezoelectric actuator before (dashed) and after (solid) apply-
ing a voltage. The left side of the actuator is fixed and the right side
deflects by �Xout

to expand and the other layer to contract. The advantage of such
a multi layer piezoelectric cantilever is the reduction of the required
voltage [2].
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Fig. 2. Comparison between measurement results of the piezoelec-
tric device and the second order capacitance model. The applied sig-
nal amplitude was 1 V peak to peak AC with varying DC offset volt-
ages from 1 V to 30 V at a frequency of 10 kHz

One of the biggest advantages of MEMS speakers compared to
electrodynamic speakers is the fact that the electrical equivalent cir-
cuit of a MEMS speaker can be modelled in a first approximation as a
capacitor. This allows different driving architectures but on the other
hand results also in new challenges for the driver circuit. The most
important considerations will be discussed in the following chapters.

2.1 Non-linearity
One of the biggest challenges for MEMS speaker drivers is the non-
linear behavior of the speaker’s capacitance. Piezoelectric materials
have a non-linear dielectric constant which results in a capacitance
of the speaker that depends on the voltage as well as the displace-
ment of the membrane. This behavior is already well known and for
example described in [3, 4]. The results of these investigations can
be used for a polynomial approximation of this behavior. A second
order polynomial is used to model the capacitance as a function of
the applied voltage

CSpeaker = 1
Cn

(
P0,n + P1,n · VDC + P2,n · V2

DC

)
(1)

where CSpeaker is the non-linear speaker capacitance, Cn is the nom-
inal capacitance of the speaker, Pi,n are the non-linear coefficients
and VDC is the DC voltage at the speaker. The difference between
the measured non-linearity and the approximation can be seen in-
side Fig. 2 for a 1 V peak-to-peak AC signal and different DC offset
voltages at 10 kHz. It can be seen that the slope is approximately
constant and only drops at low DC offset voltages. To avoid that the
polarity of the voltage across the piezoelectric material changes, the
speaker requires a constant DC offset which will be set to the middle
of the maximum required output voltage. To achieve 30 VPP at the
speaker, a minimum DC offset of 15 V is required.

It can be seen, that the non-linearity is not only depending on the
DC voltage, but is also varying over the audio frequency range. Fig-
ure 3 shows this effect based on measurements results. Compared
to the voltage depending non-linearity, this effect is considered to
be small and won’t be considered for first driver designs.

2.2 Power factor
The fact that a MEMS speakers present a capacitive load to the driver
results in a difference in the power factor cos(φ) compared to con-

Fig. 3. Frequency dependency of the non linear capacitance of the
speaker. The applied signal had an amplitude of 1 V peak to peak
AC with varying DC offset voltages from 1 V to 30 V and varying
frequencies from 5 kHz to 20 kHz

Fig. 4. Comparison of the self-heating for different speaker types.
Sp1 is a traditional electrodynamic speaker and Sp3 a MEMS based
speaker. Measurement point Sp2 is the temperature of the environ-
ment for comparison

ventional electrodynamic speakers. The power factor describes the
ratio of real power P to apparent power S

cos(φ) = P
|S| (2)

where φ is the phase shift between the voltage and current. This fac-
tor can be in the range of 0◦ to 45◦ for electrodynamic or balanced
armature speakers. This results in a considerable amount of real
power which causes a temperature increase at the speaker. Com-
pared to this value, the power factor for MEMS speakers is in the
range of 80◦ to 90◦ which shows that the real power losses inside
the speaker are very low compared to electrodynamic speakers. This
results in a much lower temperature increase of the speaker which
can be seen in Fig. 4. Compared to the electrodynamic speaker
which reaches 40.1 ◦C at the membrane and 50.9 ◦C at the coil,
the temperature of the MEMS speaker is with 29.4 ◦C only slightly
higher than the desk on which they were placed.

2.3 Hysteresis
A third important parameter of MEMS speakers is the hysteresis ef-
fect of the speaker. Figure 5 shows the hysteresis of the speaker as
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a function of the applied voltage and the resulting current into the
speaker. This effect is dependent on the type of driving architecture
used, as described in [5, 6] and is considered inside for the driving
concept as well.

3. State of the art audio amplifiers
Currently many designs for mobile applications are based on either
Class D or Class H amplifiers. Therefore their key parameters were
analyzed and a comparison was made regarding their capabilities
for driving electrodynamic and piezoelectric MEMS speakers.

3.1 Class D amplifier
Class D amplifiers are very often used inside low power applications.
To analyze the impact of the capacitive load on the amplifier, only
the output stage will be considered. Figure 6 shows the block dia-
gram of a typical Class D amplifier architecture.

A key parameter for mobile audio applications is the efficiency of
the used amplifier. This is also a point where the biggest impact of
the different load can be seen and new considerations have to be
taken. The efficiency of audio amplifiers for electrodynamic speaker
is often calculated based on the average power at the output [7].

PAverage = 1
T

∫ T

0
u(t) · i(t) dt = VRMS · IRMS · cos(Φ), (3)

where PAverage is the average active power, T the period of the sig-
nal, u(t) the current value of the voltage, i(t) the current value of the

Fig. 5. Hysteresis effect of the speaker as a function of the applied
voltage and the resulting current into the speaker. Measurement was
done with different DC offset voltages an input signal of 9 V at 8 kHz

current, VRMS the root mean square (RMS) value of the voltage and
IRMS the RMS value of the current. As shown above, the power fac-
tor for MEMS speakers is approaching zero which would result in a
very low efficiency. For this reason the apparent power will be used
to calculate the efficiency of amplifiers with capacitive loads [7].

η = Pout

Pout + Pdiss
, (4)

where Pout is the apparent output power and Pdiss the amplifier dis-
sipation. The losses of the amplifier can be separated into following
parts [7]:

Pdiss = PQ + PCL + PSW + PBD + PFilt, (5)

where PQ is the quiescent power loss of the amplifier, PCL the con-
duction losses of the output drivers, PSW the switching losses, PBD

the bulk diode of the driving transistors and PFilt the losses inside
the output filter and load. Considering the four parts of the power
losses [7] calculated in (6) to (10)

PCL = I2out,rms · Rds,on (6)

PSW =
∑

i

FSW · V2
CP · CP,i (7)

PBD = VSD · FSW · (Ipk · tdt + Irrm · trr) (8)

PFILT = I2out,rms · |ZL| · cos(Φ) (9)

+ Cload · V2
out,rms · 2 · π · f · df , (10)

where Iout,rms is the output RMS current, Rds,on is the drain source on
resistance of the output transistor, FSW the switching frequency, V2

CP
the voltage at each parasitic capacitance at the output, CP,i the par-
asitic capacitances at the output, VSD the body diode voltage drop,
Ipk the peak output current, tdt the dead time, Irrm the body diode
reverse recovery current, trr the reverse recovery time, |ZL| · cos(Φ)
the resistive part of the output filter, Cload the load capacitance and
f the applied frequency at the output, two major drawbacks of a
Class D amplifier together with capacitive loads for ultra low power
applications can be seen. First the conduction losses and the body
diode losses are related to the output current (either rms or peak).
Especially at high frequencies this current will be considerable high
which causes high losses inside the output switches.

Second, the size of the inductor can be a critical parameter, espe-
cially for a small load capacitance as it is the case for MEMS speak-
ers. Considering a load of 100 nF and a cutoff frequency of 29 kHz
would results in an inductor value of approximately 300 µH for the
output filter.

Fig. 6. Block diagram of a typical Class D amplifier
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3.2 Class H amplifier
Class H amplifiers are a good alternative compared to Class D am-
plifiers in low power applications. Figure 7 shows the block diagram
for a typical Class H amplifier. This type of amplifier is basically a class
AB architecture where the supply voltage of the output stage will be
regulated based on the required output swing. The way the supply
voltage is regulated is the main difference between a Class G and
a Class H amplifier. Figure 8 shows both supply voltage regulation
topologies. Compared to Class G amplifiers, the supply voltage fol-
lows the signal continuously for a Class H Amplifiers whereas there
are discrete supply voltages levels inside Class G amplifiers.

The efficiency of Class H amplifiers will be typically calculated in
two different operating areas. The first area is where the input signal
is small so that the adaptive supply voltage regulation is not work-
ing. In this region the Class H amplifier works like an Class AB am-
plifier. For simplifications only this operating region will be analyzed
for the efficiency calculations.

Considering a resistive load the maximum possible efficiency of a
Class AB amplifier can be calculated as

ηR = PIn

POut
= π

4
= 78.5% (11)

Considering a capacitive load, the resulting maximum possible ef-
ficiency reduces to

ηC = POut

POut + PLoss
= π

π + 4
= 44.0% (12)

according to [8]. It can be seen that the efficiency will be dramati-
cally reduced. Although power amplifiers with energy recovery func-
tionality were proposed [9], they still require a charge pump which
generates the high output voltage. Moreover, high voltage devices
are required which increase the chip area and complexity of the de-
sign. Therefore, circuit architectures are required that work with a

minimum number of high voltage devices and keep the chip area
and the number of required external components at a minimum.

4. Driver concepts
One of the main challenges for MEMS speaker amplifiers is the re-
quired high voltage at the speaker. For the currently analyzed speak-
ers the required voltage can go up to 30 Vpp maximum. To be able
to drive such types of speakers, typically a charge pump is required
to supply the audio amplifier. It is therefore advantagous to com-
bine those two circuit blocks to increase performance and efficiency
of audio amplifiers for MEMS speakers.

One additional benefit of the MEMS speaker technology is the
fact that the speaker mainly consumes reactive power. With proper
system architecture this energy can be recovered to significantly in-
crease the efficiency of the overall system. Energy transfer from or
to a capacitor can be done either using a capacitive approach or
based on an LC resonant circuit. Both of these architectures will be
explored in the following sections. The energy transfer should be
done in a way to generate an output voltage that is higher than
the input voltage, i.e. to boost the voltage. The minimum ratio of
10 should be achieved since the speaker will be driven with a signal
amplitude of 30 Vpp.

4.1 Capacitive based
One of the most basic circuits for capacitive energy transfer is the
switched capacitor voltage doubler [10]. The basic circuit diagram
of a switched capacitor voltage doubler can be found in Fig. 9. Four
stages are required to generate an input voltage to output voltage
ratio of at least 10. The efficiency of the circuit is one of the most
important parameters. For this reason the energy loss caused by con-
necting two capacitors in parallel is calculated.

Fig. 7. Block diagram for a Class H amplifier showing the signal amplifier, the Boost converter and the output stage

Fig. 8. Output signals and supply voltages for Class H and Class G amplifiers
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Fig. 9. Basic circuit for a switched capacitor voltage doubler includ-
ing the four switches as well as the sampling capacitor CSampling and
the storage capacitor CStorage

Connecting two capacitors in parallel results in a common voltage
Vcommon which can be calculated as

Qges = C1 · V1 + C2 · V2 (13)

(C1 + C2) · Vcommon = C1 · V1 + C2 · V2 (14)

Vcommon = C1 · V1 + C2 · V2

C1 + C2
, (15)

where Qges is the total charge inside the system, C1 is the first capac-
itor, V1 the voltage at the first capacitor, C2 is the second capacitor
and V2 the voltage at the second capacitor, which results in an en-
ergy Ecommon inside the system after charge transfer of

Ecommon = Cges · V2
common

2
(16)

= 1
2

(C1 + C2)
(

C1 · V1 + C2 · V2

C1 + C2

)2

. (17)

Based on this, the energy loss �E during the charge transfer can
be calculated. The initial energy E0 inside the system can be written
as

E0 = 1
2

C1 · V2
1 + 1

2
C2 · V2

2 , (18)

which results in an energy loss off

�E = E0 − Ecommon (19)

= 1
2

C1 · V2
1 + 1

2
C2 · V2

2

− 1
2

(C1 + C2)
(

C1 · V1 + C2 · V2

C1 + C2

)2

(20)

= 1
2

C1 · C2

C1 + C2
(V1 − V2)2. (21)

It can be seen that there is always an energy loss once charge is
transferred from one capacitor to another. Assuming two identical
capacitors this results in the fact that the output voltage will be half
of the input voltage and output energy which is only a quarter of
the input energy. This is a major drawback of a capacitive based
solution. Nevertheless it is also important to notice that the energy
loss is not depending on the switch on resistance.

The second major drawback of this solution will become obvious
once charge recovery structures will be considered. In a typical volt-
age doubler or any charge pump circuit, the energy transfer goes
from the input to the output of the voltage doubler. This is not the
case if energy recovery will be considered. The basic block diagram
of such an architecture is shown inside Fig. 10.

Fig. 10. Basic circuit block diagram for a capacitive based architec-
ture including four switched capacitor voltage doubler stages and
the main recovery stage for charge recovery

In such an architecture, the current inside the output stages (at
least in the third and fourth stage) is bidirectional and can flow to-
wards the load but also from the load towards the internal stor-
age capacitor. This requires symmetrical high voltage switches inside
these stages, which limits the number of available process technolo-
gies. Also the capacitors required for the voltage doublers can be
in the range of up to 100 nF for the first stages (due to the high
reactive power which is required at the output) which would require
either a big silicon area or additional external components.

4.2 Inductor based
An alternative approach to the capacitor based solutions are in-
ductor based architectures. The first applications for such architec-
tures were plasma panels where the fundamentals of inductor based
charge recovery were developed and patented [11]. The basic struc-
ture of such an energy recovery system can be seen in Fig. 11.

These architectures work on the principle where energy will be
transferred either from the supply or a storage capacitor to the load
(typically a capacitor or device with capacitive behavior) using an
inductor.

Nowadays these types of architectures are again becoming im-
portant especially for applications like piezoelectric actuators where
also high voltages are required and the load can be considered as a
capacitive load [13]. Figure 12 shows such a circuit which is used to
drive a piezoelectric actuator.

Most of the circuits which include energy recovery as well are used
to generate rectangular output signals. These types of applications
are working typically with very high voltages and the requirements
on the signal quality are usually lower.

4.3 Proposed architecture
One disadvantage of all previously discussed architectures is the fact
that they need a separate boost converter to generate the high out-
put voltage at the driver stage, where also the generation of the
additional required DC offset has to be considered. New solutions
should be aimed at the development of new driver architectures,
that combine the amplifier and the boost converter stage in an ef-
ficient way and to use energy recovery concepts without having a
significant impact on the signal quality.

Based on solutions for the generation of rectangular output sig-
nals, the transition to high quality audio signals with low THD has
to be made. Because of the high output voltage, also large signal
parameters like the slew rate have to be observed.

The voltage at the load can be expressed as

vload = VDC + VP · sin(2 · π · fmax · t), (22)

where vload is the voltage at the speaker, VDC is the DC voltage at
the speaker, VP is the peak AC voltage at the speaker and fmax the
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Fig. 11. Full bridge inverter [12] based on Weber circuit. The dedicated switching signals for each transistor are not drawn explicitly

maximum possible output signal frequency. This results in a required
slew rate of

∂vload

∂t
= VP · 2 · π · fmax · cos(2 · π · fmax · t), (23)

which is for an audio frequency up to 20 kHz with maximum am-
plitudes of 30 V peak to peak in the range of 1.885 V/µs. This high
slew rate is also the reason why currently available audio amplifiers
for ceramic speakers are limiting the output voltage swing for fre-
quencies higher than approximately 10 kHz.

Figure 13 shows the basic block diagram of the proposed solution.
The core of the circuit is the HV driver stage which is similar to

the one shown inside Fig. 12. The advantage of this architecture
is the fact that no additional boost converter is required and the
high output voltage is directly generated at the load. Therefore, with
small modifications on the output stage, only two devices have to
be high voltage devices.

Fig. 12. Inductor based driver for piezoelectric actuator. The dedi-
cated switching signals for each transistor are not drawn explicitly

Since the high voltage is generated directly at the load, this node
is very sensitive related to currents drawn from the load. Therefore
special considerations have to be taken into account to design the
voltage divider, which is required to keep the voltage of the ADC
input stage in the allowed range for low voltage devices.

Another important design aspect is the switching of the output
driver. This has to be done in a way to keep on one side the output
transistors on resistance as low as possible and on the other hand to
avoid any unwanted oscillation on the output which would decrease
the system efficiency.

To be able to generate a sine wave output signal, a feedback loop
is introduced including a voltage divider and analog to digital con-
verter. This feedback provides the information for the digital con-
troller to be able to drive the boost energy-recovery stage and at the
same time eliminating non-linear effects from the speaker.

To be able to control the HV stage, an accurate PWM signal is re-
quired to control the driver switches. Based on this PWM signal, the
voltage steps at the output of the amplifier can be controlled which
allows an accurate control of the output voltage and therefore an
increased signal quality. The control of the system should also be
able to support the high dynamic range of the audio signals. A hu-
man ear has a dynamic range of 130 dB which should be considered
during the design of the control loop. Therefore a trade off between
speed (required for high frequency signals with high amplitude) and
signal quality at lower amplitudes has to be found.

4.4 Simulation and measurement results
The simulations were done based on a MATLAB/Simulink model of
the whole system including non linear effects of the speaker. Fig-
ure 14 shows the first results based on a 5 kHz input signal. A to-
tal harmonic distortion of −78 dB and a SNR of 86 dB could be
achieved at 15 Vp output amplitude.

Fig. 13. Proposed inductor based driver for piezoelectric MEMS speakers
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Fig. 14. Matlab simulation results for the proposed circuit including
main losses (like switching losses or diodes). Simulation done with
15 V and a frequency of 5 kHz at the speaker. An SNR of 86 dB and
harmonic distortion of −78 dB could be achieved

Fig. 15. First measurements based on an 0.18 XFAB SOI HV driving
stage and FPGA for control loop

Also the energy recovery efficiency was analyzed using simula-
tions. The energy consumed by the amplifier could be reduced by
67% including energy recovery compared to the same driving cir-
cuit but without energy recovery.

The first measurement results based on an HV driver fabricated in
a 0.18 µm XFAB SOI HV process and FPGA for the control loop. The
results of the measurement can be seen in Fig. 15.

The currently maximum achievable SNR based on measurements
is approximately 60 dB. The low SNR is mainly related to the used
analog circuitry on the PCB to divide the high output voltage to a
lower level for the ADC input. This currently limits the overall accu-
racy of the ADC to approx. 8 bit and needs to be improved.

5. Summary and conclusion
Piezoelectric actuators are becoming increasingly important which
brings again systems including energy recovery into the focus of re-
search activities. Compared to actuators and plasma display panels,

where up to now most of the research activities in terms of en-
ergy recovery were done, the signal quality for audio applications is
one of the most important parameters. Nevertheless, the efficiency
should still be considered. The proposed solution shows already
good results for the energy recovery efficiency and also demon-
strated the ability of the system to generate sinusoidal output sig-
nals. Future improvements have to be done to further increase the
signal quality of the output signal as well as the efficiency of the
energy recovery.

One major drawback of the inductor based energy recovery cir-
cuits is the strong dependency on the load capacitance and the in-
ductance of the connection to the load. This results in ringing of the
output signal during switching activities and an increase of THD. This
impact has to be analyzed as well as optimized to be less sensitive
on load variations and load conditions.
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