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MEMS-Based AC Voltage Reference
Anu Kärkkäinen, Nadine Pesonen, Mika Suhonen, Aarne S. Oja, Antti Manninen, Nikolai Tisnek, and Heikki Seppä

Abstract—An ac root-mean-square (RMS) voltage reference
based on a microelectromechanical system (MEMS) component
is presented. The device stability is investigated in various ex-
periments. A time stability at a level of a few � � in 24 h
was measured using an accelerometer MEMS component at an
operating frequency of 100 kHz.

Index Terms—AC voltage reference, capacitive sensors, micro-
electromechanical systems.

I. INTRODUCTION

PROPOSALS for an ac voltage reference based on a capac-
itive microelectromechanical system (MEMS) were first

published in 1998 [1], [2]. The MEMS ac voltage reference is
based on the characteristic pull-in point of the MEMS compo-
nent. This pull-in point depends only on the component geom-
etry and material properties of single crystal silicon. The ben-
efits of MEMS components in reference applications are good
stability [3], low noise, large operation voltage range, small
size, and low power consumption.

The electronics of a stable ac voltage reference is easier to re-
alize than the electronics of a dc voltage reference. Indeed, while
the dc reference requires a feedback circuit [3], only an ac cur-
rent drive is needed for the ac voltage reference to bias the com-
ponent to the pull-in position. In addition, electrode charging
effects are negligible when using an ac signal for the actuation
of the moving electrode [4].

II. PRINCIPLE OF OPERATION

If a sinusoidal current with an RMS amplitude and an-
gular frequency is driven through a spring suspended moving
plate capacitor, the amplitude of the ac voltage across the plates
is given by

(1)
where is the capacitance at zero voltage, is the spring
constant, and the gap between the plates. describes the
second-order terms due to mechanical movement of the plate
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Fig. 1. (a) Photograph of the component and (b) a schematic diagram of the
structure of the component.

and is the plate deflection from the rest position . The pull-in
voltage is

(2)
where describes all external mechanical forces effecting the
component such as vibrations, tensions, and ambient gravity.
Again, describes second-order terms, which depend on par-
asitic capacitance , component mechanical value, parallel
resistance , etc. The device is operated at a frequency higher
than its resonant frequency, , to minimize the influ-
ence of the mechanical forces.

The amplitude has a maximum , which can
be used as an ac voltage reference since a small change
in the current near the pull-in point has only a minor effect on

.

III. COMPONENT STABILITY

If the external mechanical forces exerting on the MEMS com-
ponent are small, the stability of the component depends only on
the material, the geometry and the manufacturing process selec-
tions, which are discussed below.

A. Material and Geometry

Fundamental factors affecting the pull-in voltage stability,
according to [2], are the spring constant , the gap , the
permittivity , and the electrode area of the component. A
stable spring constant is achieved by using single crystal silicon
springs. Although single crystal silicon is mechanically an
extremely stable material, the spring constant has a temperature
coefficient arising mainly from the temperature coefficient of
the modulus of elasticity, on the order of [5].
However, the temperature coefficient of the device, usually
10–20 times higher, is dominated by the component mounting.
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Fig. 2. Readout electronic used in MEMS component characterization.

Consequently, the device needs to be stabilized for temperature
or temperature compensated.

Mechanical deformations of the electrode plates can change
the distance between the plates. Residual stress, inherent for
epi-poly process [6], strongly influences time and temperature
stability of the component. Hence stress-free substrate material,
such as silicon-on-insulator (SOI), is essential. Rigid mounting
of components can also cause stress and, hence, should be
avoided.

B. Mechanics

When the component is operated close to the mechanical res-
onance frequency, mechanical forces, related to the inertia of
the moving plate, will also influence the stability of the pull-in
value. In addition, second-order forces due to temperature, hu-
midity, or any dc voltage that may exist across the component,
can also effect the device stability.

C. Electrical Charging

Various electrode surface phenomena are potential sources of
instability. Charging can be reduced by metallizing the electrode
surfaces. But, also, metal electrode surfaces can oxidize. The
charged oxide can be observed as an effective gap reduction.

IV. COMPONENT CHARACTERISTICS

All the measurements were performed using bulk micro-
machined accelerometers. The accelerometer is a cantilever

attached at one end as shown in Fig. 1(a). A single component
comprises of two identical capacitors, i.e., between the moving
mass and the side electrodes. Only one capacitor was monitored
at a time while the other one was grounded. The component
was either flip-chipped on a printed circuit board or attached
to a TO-8 can with bond wires. The component was enclosed
in gas atmosphere and was over damped. A photograph of
the component is shown in Fig. 1(b). The component was
sensitive to inclination changes, which is characteristic for an
accelerometer, and it had an influence on the repeatability of
the measurements.

V. ELECTRONICS

The requirements for the ac voltage reference electronics are
high slew rate and high open loop gain. A schematic of the
experimental set-up is shown in Fig. 2. An ac voltage is fed
to the inverting input of the main operational amplifier OA2,
which acts as a voltage to current converter to drive the cur-
rent through the MEMS capacitor. The output of OA2 is the
ac reference voltage. The output of the unity gain buffer am-
plifier OA3 corresponds to the voltage at the inverting input of
OA2. Monitoring this voltage gives information about any vari-
ations of the gain of the operational amplifier OA2. The actual
error depends also on the phase shift between the output and
input signal. The instrumentation amplifier OA1 isolates the ac
source from the electronics. Filtering of the power supply and
also input and output voltages suppresses EM interference. In
addition, shielding techniques are employed to prevent changes
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Fig. 3. AC reference voltage curves for stray capacitance values 0, 0.67,
and 1.5 pF. AC RMS voltage value change was 143 ���� and 122 ����,
accordingly.

in stray capacitances. The MEMS capacitor is measured in a
four terminal configuration (not shown in Fig. 2).

VI. MEASUREMENT RESULTS

The ac voltage reference was characterized in various ex-
periments. First, we examined the device as an ideal voltage
source, which is immune to stray capacitance and to parallel re-
sistance changes. Then, we studied the frequency response, and
the sensitivity to environmental parameters such as temperature
and humidity. Finally, the stability of the ac voltage amplitude
was studied over time. All the measurements were performed at
room temperature, which varied from 21 C to 24 C, and at
a 100 kHz frequency unless otherwise mentioned.

A. The Device as a Voltage Source

1) Stray Capacitance: The effect of stray capacitance was
experimentally analyzed by inserting a discrete capacitor in par-
allel with the MEMS component. For each capacitor being in-
serted, the signal generator voltage was scanned near the pull-in
point and the RMS value of the reference output voltage was
measured using a multimeter. The pull-in point, about 4.65 V,
was determined from the maximum of the curve. The nominal
capacitance of the component was 10 pF. The parallel capaci-
tance values were 0.67 pF and 1.5 pF, about 10% of the nom-
inal value and well above the expected stray capacitance values.
The results are shown in Fig. 3. The voltage maximum change
for the 0.67 pF capacitor was 143 and for the 1.5 pF ca-
pacitor 122 . However, these changes are due to compo-
nent inclination change, which was inevitable when applying a
capacitor to the electronics, rather than due to capacitor value
changes. This was demonstrated by inserting and removing the
same capacitor into the electronics. We could not observe an
ac reference voltage change due to stray capacitance within the
measurement repeatability.

2) Parallel Resistance: Similarly, a resistor was added in
parallel with the MEMS component and the voltage-current
curves were recorded in an identical measurement setup as
previously. A 90 additional resistance in parallel with the 1

resistance changed the ac reference voltage by 7.9 .

Fig. 4. Dependence of the ac voltage reference with the operating frequency.

The same order of magnitude change was also observed with
a parallel resistance of 300 .

3) Conclusion: The stray capacitance and parallel resis-
tance variations were not observed to effect the value of the ac
voltage reference within the measurement accuracy. However,
they do effect the input current at which the pull-in point
is reached. Therefore, the electronics driving the ac voltage
reference should be able to track the maximum of the voltage
amplitude even if the stray capacitance and parallel resistance
change.

B. Frequency Dependence

The frequency dependence of the ac voltage amplitude was
measured by varying the frequency of the input current near
the component mechanical resonance frequency (about 10
kHz). The results are plotted in Fig. 4. The results show two
phenomena. For frequencies higher than 10 kHz, the voltage
exhibits a frequency behavior. This effect was also
verified by simulating a current driven and viscously damped
moving plate capacitor, which had a resistor and a capacitor
in parallel, using the Runge-Kutta method. The simulation
agrees well with the measured data. Below the resonance fre-
quency, the frequency behavior is different because mechanical
damping due to residual gas pressure is frequency dependent.
The device should be operated at frequencies well above the
component mechanical resonance frequency in order to mini-
mize the influence of the mechanical forces.

C. Environmental Changes

1) Temperature Coefficient: The temperature coefficient of
the ac voltage reference was measured by cycling the temper-
ature of the component between and

in approximately two hour periods. The mechanical
stress arising from the component mounting was minimized by
attaching the component only from the bond wires in a TO-8
can. Two 390 resistors were attached in parallel on top of the
TO-8 can lid and the temperature was controlled by changing
the voltage across the resistors. The temperature was monitored
with a Pt100 thermometer, which was attached on the side of the
TO-8 can. The ac RMS voltage values were determined from
the maxima of the curves when the signal generator amplitude
was scanned near the pull-in point as in previous measurements.
Fig. 5 shows the ac reference voltage as a function of time during
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Fig. 5. Variations of the pull-in voltage as a function of temperature.

Fig. 6. AC voltage reference response to relative humidity change.

the temperature cycling. The temperature coefficient of the de-
vice was measured to be 240 , which is about four
times higher that the temperature coefficient of the modulus of
elasticity. Since the mechanical stress arising from the compo-
nent mounting was minimized, it is assumed that the tempera-
ture coefficient is dominated by the component bending due to
different temperature expansion coefficients of silicon and glass.
In addition, a transient of about 200 min was observed in the be-
ginning of the measurement. A similar transient is also present
in the time stability experiment.

2) Humidity: The ac voltage reference sensitivity to hu-
midity was measured by inserting a moist cotton pad in a cup
inside the electronics enclosure. Relative humidity inside the
enclosure progressively increased from about 60% to about
85%. As previously, the ac RMS voltage was determined from
the maxima of the voltage curves, when the input voltage was
scanned near the pull-in point. The results are shown in Fig. 6.
A 25% change in relative humidity resulted in a 700-
increase in the ac RMS voltage. Since neither stray capacitance
nor parallel resistance have an effect on the ac voltage, it is as-
sumed that humidity is absorbed by the glue and/or the ceramic
printed circuit board where the component was mounted and,
hence, caused the component inclination change.

D. Stability With Time

Preliminary time stability measurement of the ac voltage ref-
erence is shown in Fig. 7. The device was closed in a temper-

Fig. 7. Time stability of the ac voltage reference.

ature-stabilized chamber, which was mounted on a stone table.
The temperature was during the 18 h mea-
surement. The amplitude of the excitation voltage was varied
near the pull-in point, and the RMS value of the reference output
voltage was measured using a multimeter. A second-order poly-
nomial fit was made to the parabolas similar to those of Fig. 3,
and the voltage at the maximum was determined. The values are
plotted in Fig. 7. After a transient of about 200 min, the refer-
ence output voltage stays constant within the scatter of the data
with a standard deviation of about 8 (1.7 ). The scatter
is mainly caused by the multimeter, which is not an ideal device
for voltage measurements at 100 kHz.

VII. CONCLUSION

We have demonstrated that a moving plate MEMS capacitor
can be used as an ac RMS voltage reference. The voltage refer-
ence should be operated well above the mechanical resonance
frequency. Ac voltage amplitude stability of a few in 24 h
has been measured using a MEMS accelerometer as a test com-
ponent. VTT has designed and manufactured a MEMS compo-
nent optimized for the ac voltage reference use and it is currently
being evaluated. Temperature control or compensation for the
ac voltage reference is needed as well as a hermetic package,
which should eliminate effects of humidity and pressure on the
stability of the ac voltage reference.

ACKNOWLEDGMENT

A. Kärkkäinen and the EMMA team wish to thank H.
Kuisma from VTI Technologies for providing test components
and useful discussions. J. Penttilä is acknowledged for his
excellent technical assistance in the project.

REFERENCES

[1] M. Suhonen, H. Seppä, A. S. Oja, M. Heinilä, and I. Näkki, “AC and
DC voltage standards based on silicon micromechanics,” in CPEM’98
Conf. Dig., 1998, pp. 23–24.

[2] H. Seppä, A. S. Oja, and M. Suhonen, “Micromechanical AC and
DC Voltage Reference System,” W.O. Patent, PCT/FI99/00553, WO
00/02 110, 1999.

[3] H. Seppä, J. Kyynäräinen, and A. S. Oja, “Microelectromechanical sys-
tems in electrical metrology,” IEEE Trans. Instrum. Meas., vol. 50, no.
2, pp. 440–444, Apr. 2001.

III/4



KÄRKKÄINEN et al.: MEMS BASED AC VOLTAGE REFERENCE 599

[4] A. Kärkkäinen, A. S. Oja, J. Kyynäräinen, H. Kuisma, and H. Seppä,
“Stability of electrostatic actuation of MEMS,” Physica Scripta T, vol.
T, pp. 193–194, 2004.

[5] C. Bourgeois, E. Steinland, N. Blanc, and N. F. de Rooij, “Design of res-
onators for the determination of the tempeprature coefficients of elastic
constants of monocrystalline silicon,” in Proc. IEEE Int. Frequency Con-
trol Symp., 1997, p. 791.

[6] L. A. Rocha, E. Cretu, and R. F. Wolffenbuttel, “Analysis and analytical
modeling of static pull-in with application to MEMS-based voltage ref-
erence and process monitoring,” J. Microelectromech. Syst., vol. 13, pp.
342–354, 2004.

III/5

III/5



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




