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Abstract—Micro-electro-mechanical systems (MEMS) are
widely utilized in various devices ranging from consumer electronics and medical devices to modern industrial equipment.
Their fabrication with the help of semiconductor technology leads
to very low-cost devices. However, the fabrication test systems
need to be extended to cover the mechanical domain of MEMS
devices. Therefore, this paper presents a new concept that is
able to evaluate the stiffness of silicon membranes in MEMS
microphones. Due to the use of electromagnetic waves in the
millimeter wave spectrum an optical line-of-sight is not necessary.
The test set-up can be parallelized to improve the throughput and
it can gain important feedback information to tune operating
parameters of the production process.
Index Terms—MEMS characterization, contactless testing, mechanical sensitivity, millimeter wave metrology, pull-in

I. I NTRODUCTION
ICRO-Electro-Mechanical Systems (MEMS) are nowadays employed as innovative, miniaturized sensors for
a huge variety of applications ranging from industrial sensors [1], [2] to consumer electronics [3], [4] and medical
devices [5]. Shrinking electro-mechanical components down to
micrometer scale with the help of sophisticated semiconductor
technology involves three main advantages: integration of
MEMS components into systems with electronic integrated
circuits and improved sensor characteristics while reducing the
costs due to high-volume production [3].
Consumer electronics like mp3-players or video cameras and communication devices like mobile phones employ
MEMS microphones because of their compact size, little
weight and high audio signal quality. To further improve sound
quality by means of noise cancellation techniques, several
microphones are integrated in one device leading to an even
higher demand of MEMS microphones. Although classical
electret condenser microphones are still available at a lower
price than MEMS microphones, the latter ones obtain more
and more market shares due to their reliability and sound
quality.
For the optimization of the industrial fabrication process
and reduction of manufacturing costs, well-established test
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methods of classical semiconductor production, for instance
dedicated test structures to control process parameters and
their local variation over the wafer, are employed. However,
additionally, an evaluation of the mechanical characteristics of
MEMS devices is necessary. Therefore, a test method for the
mechanical characteristics will be presented in this work. It
is based on a contactless millimeter wave measurement set-up
that evaluates the movement of the microphone’s membrane by
detecting the reflected electromagnetic wave. An experimental
verification of the measurement concept in upper millimeter
wave spectrum including results is presented in this paper
for the first time. The phase information of the wave needs
to be extracted and therefore the system incorporates a new
dedicated calibration procedure in the complex I/Q plane.
In the following section, the currently known or available
methods for the characterization of MEMS microphones during the production process will be analyzed. In Sec. III the
theory on MEMS microphones and interference in millimeter
wave measurements will be presented, followed by the description and the evaluation of the new test method (Sec. IV)
as well as the dedicated calibration procedure (Sec. V).
II. S TATE OF THE A RT
To detect out-of-specification sensors at the end of the
manufacturing process, a final test of packaged sensors has
to be conducted. Parallel testing is preferred because test
time is crucial: the longer the test the more expensive the
manufacturing process. Parallelized test set-ups are commercially available for different sensor types, for instance the
InPhone MEMS strip test module from multitest for MEMS
microphones.
Nevertheless, also fast on-wafer test methods are required
to sort out defective dies prior to further production steps and
packaging in order to avoid spending resources for faulty sensors. Moreover, an early detection of malfunctions can be used
to readjust process parameters. A measurement directly after
the wafer dicing may be preferable since the dicing changes
the mechanical stress and therefore the sound sensitivity. The
aim of the test is to measure the transfer function of the device,
i.e., the ratio between the actuating force and the static or
dynamic deflection. This is an indication for the mechanical
stiffness and therefore for the sensitivity of the microphone.
To evaluate the deflection of a microphone’s membrane, two
methods are known: Contact-based measurement of electrical
changes due to geometrical variations and contactless optical
techniques.
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TABLE I
PARAMETERS OF MEMS MICROPHONE
parameter
value

counter electrode with perforation holes
R

R

T

d0

w0

A

448 µm

330 nm

2.2 µm

1.8 µm

0.63 mm2

d0
V

Contact-based methods apply a voltage between the electrodes leading to a movement of the sound-sensitive membrane
towards or away from the counter electrodes depending on the
polarity of the voltage. The resulting impedance variation is
measured by an impedance analyzer using special probes for
contacting the MEMS. This mechanical contact may induce
stress and therefore distort the mechanical behavior of the
MEMS as well as the measurement. Furthermore, for proper
contacting, the device under test (DUT) has to be precisely
positioned and shifted in z-axis, which is time-consuming.
Thus, contactless techniques are preferred. In literature, two
approaches can be found: optical and radar based methods.
The optical ones are often used for laboratory measurements,
e.g., in [6], to verify the functionality and evaluate the response
of the membrane to acoustic waves. Spatial resolution can be
achieved with Michaelson or Twyman-Green interferometers
by a lateral scanning of the DUT or by using a camera chip
with the required spatial resolution [7], [8]. An overview can
be found in [9]. For the detection of the dynamical characteristics optical interferometers have to be modified to include
the strobe technique [10] or laser Doppler vibrometers [11],
[12] have to be employed. Sophisticated commercial systems
are available on the market, for example the MSA-500 Micro
System Analyzer from Polytec GmbH. However, for the onwafer test during the manufacturing process there is only one
technique known to the authors that is able to measure the
deflection of several MEMS DUTs in parallel: this technique
uses 5x5 parallel micro optical interferometers measuring up
to 25 DUTs at the same time [13], [14].
The disadvantage of optical methods is that they rely on an
optical line-of-sight. This can often not be guaranteed during
inline tests in semiconductor mass production [15], [16]. To
overcome this drawback, a contactless test method has been
proposed in [15] for the first time that uses electromagnetic
waves in the millimeter wave spectrum. A proof of concept
at 90 GHz with a commercial broadband Vector Network
Analyzer (VNA) showed the applicability of the method [15]
and further research investigated the influence of the chosen
frequency band and a non-perforated chuck material that
supports the DUT [16]. The VNA has been replaced in [17]
by a dedicated receiver comprising a six-port interferometer
with a test signal at 100 GHz. It has been shown, that this
heterodyne concept with a six-port interferometer exhibits
excellent phase resolution and is therefore suitable for the
evaluation of the MEMS microphone’s mechanical sensitivity.
In this work, the millimeter wave approach will be investigated in more detail. The parasitic couplings within
the measurement set-up as well as reflections at the chuck
material will be analyzed and a novel calibration technique
will be presented, which is able to overcome this problem.
These new findings are applicable for both, six-port and VNA
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Fig. 1. Schematical view of the MEMS microphone under test (after [18]).

measurements, and an arbitrary frequency range within the
microwave and millimeter wave spectrum.
III. T HEORY
A. Micromechanical analysis of MEMS microphone
A simplified schematical cross-section of the MEMS microphone is depicted in Fig. 1 and the relevant parameters
are summarized in TABLE I. This configuration forms a
capacitor with two circular electrodes, one of them, called
membrane or diaphragm, being able to deflect towards or away
from the other electrode. Acoustic waves can penetrate the
highly perforated counter electrode through vias, also called
acoustic holes, and deflect the sound sensitive circular silicon
membrane. The membrane has the thickness T = 330 nm.
The capacitor is characterized by its radius R = 448 µm (area
A = 0.63 mm2 ) and the distance d0 = 2.2 µm between the
electrodes in the non-excited state. The flexible membrane
moves according to the varying pressure of the acoustic wave
and causes a corresponding change in the capacitive coupling
between membrane and counter electrode. This change can be
detected and evaluated with an application specific integrated
circuit (ASIC). The instantaneous deflection is described by
the function w(r) with the maximum swing w0 in the center
of the membrane.
The deflection can be induced also by applying a voltage
Vdc between the electrodes. The characteristic change of the
capacitance ∆C over this actuation voltage Vdc is illustrated
in Fig. 2. For Vdc = 13.75 V a jump of the capacitance can be
noticed. This unstable state is called pull-in phenomenon [19].
It is reached when the electrostatic force caused by the voltage
Vdc is higher than the mechanical elastic restoring force of
the membrane [20]. The force equilibrium cannot be obtained
any more and thus the movable part of the microphone
snaps towards the counter electrode. The corresponding pullin voltage Vdc = Vpi can be calculated from geometrical
parameters of the microphone [19]:
s
8kd30
Vpi =
,
(1)
270 A
where k is the spring constant, 0 the permittivity of vacuum
and A = πR2 the area of the electrodes. Since the pull-in
voltage is very stable and simple to evaluate, some MEMS
devices even use it as transduction mechanism [20], [22].
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Fig. 2. Measured variation of capacitance over the actuation voltage between
the MEMS’s electrodes (data from [21]).

A large deflection model has been derived in [18] that
allows to calculate the intrinsic stress of a membrane from the
measured pull-in voltage under static conditions. Electrostatic
force and mechanical restoring force are considered and calculated separately. The mechanical restoring force is related
to the intrinsic stress σ0 , whereas the electrostatic force is
connected to the voltage Vdc . Furthermore, it is demonstrated
by measurement results that the considered MEMS microphone’s deflection is very close to a pure membrane behavior.
Therefore, the deflection at each position of the diaphragm can
be approximated by [23]:


r2
w (r) = w0 1 − 2 .
(2)
R
The decision whether membrane or plate behavior is dominant
can be made by evaluating the tension parameter ξ [23]:
r
σ0 R 2 T
,
(3)
ξ=
D
depending on geometrical dimensions (T , R), residual stress
σ0 and stiffness D. ξ tends to zero for plate behavior and to
infinity for membrane behavior.
Due to the almost ideal membrane behavior in the present
case the mechanical restoring force is given by [18]:
Fm =

π2ξ 2 D
R2



I0 (0)−I0 (ξ)
ξI1 (ξ)

+

1
2

 w0 = k1 w0 ,

(4)

with I0 and I1 being the modified Bessel functions of first
kind (order zero and one) [24] and k1 being the linear spring
constant. The stiffness D can be calculated from the Young’s
modulus E, the membrane thickness T and the Poisson’s ratio
ν:
T3
D=E
.
(5)
12 (1 − ν 2 )

Furthermore, the electrostatic force is related to the voltage
Vdc by [18]:


2
1
2 αa d0 + αb d0 + αc
− αa . (6)
Fel = 0 π R2 Vdc
2
d0 (d0 − w0 )

The dense perforation of the counter electrode (Fig. 1) leads
to a fringing electric field that varies with the deflection w(r)
and is described by the factors αa , αb , αc .
With (6), (4) and (3) the residual stress σ0 can be calculated
for the measured voltage Vdc = Vpi at pull-in. However, for
this it is necessary to detect the pull-in phenomenon. It can
be done by measuring the capacitance between the electrodes

(Fig. 2) with an impedance analyzer or by observing the
membrane’s movement.
Before introducing the system concept for the observation
of this displacement with the help of millimeter wave electromagnetic signals, some theoretical aspects of reflections
and parasitic interferences have to be discussed to better
understand the concept and the calibration in the I/Q plane.
B. Ideal RF Reflection
The electrostatic actuation of the mechanical subcomponent induces a displacement. In the considered case this is
the movement of the MEMS microphone’s diaphragm. In
microwave reflectometers this can be interpreted as a oneport measurement with varying distance between the VNA’s
reference plane and the DUT (Fig. 4). As known from network
analysis [25], the scattering (S-) parameter S11 is the complex
ratio of reflected (b1 ) and transmitted (a1 ) wave:
S11 =

b1
b1 ejφb
= S11 ejφ .
=
a1
a1 ejφa

(7)

In a theoretical, ideal case, the relative displacement ∆w
of the reflecting plane in the DUT would only change the
argument of the reflected signal: φb = φ0b + ∆φ(∆w).
Related to the unchanged reference signal, the deflection of the
membrane can be directly given with the help of the argument
of S11 :
φ = φ0b + ∆φ(∆w) − φa .

(8)

Therefore, it is sufficient to evaluate the relative phase
variation in order to detect the pull-in phenomenon. For
actuation voltages Vdc > Vpi the electromechanical stability
cannot be reached anymore and the resulting jump of the
deflection causes an abrupt change in the phase. The expected
quantitative phase variation for an ideal displacement ∆w
of the reflecting plane can be calculated in relation to the
wavelength λ of the test signal with frequency fmeas :
360◦
360◦ fmeas
= 2 · ∆w
(9)
λ
c
The round trip path length 2 · ∆w must be used to account
for the doubled distance covered by the electromagnetic signal
due to the reflection.
The advantage of the relative phase measurement is specially useful for the analysis of real signals with additional
parasitic reflections, but also for applications in industrial,
non-ideal environments. For instance, different wafer chuck
materials and thicknesses or other dielectric materials influence the absolute phase of the reflected signal. However, the
characteristic step-like relative phase variation can be detected
anyway, as long as the dynamic range of the measurement
system is sufficient [16].
∆φ(∆w) = 2 · ∆w

C. Interference Induced by Parasitics
A challenging task is to minimize all non-idealities of the
system and to deal with them with the help of sophisticated
calibration routines. Due to the very small geometrical dimensions of the membrane (TABLE I) and the deflection, already
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of the membrane). Without calibration or suitable compensation, a measurement of the absolute displacement is
not possible.
In addition to the variation of the magnitude ∆S11 , also
a positive or negative change of the phase ∆φ can be
expected when changing the position of the reflection
plane.
The absolute phase of each partial reflection is a function
of frequency. This leads to a frequency dependent state of
the static total superposition. Thus, the change of ∆S11
and ∆φ due to the parasitic signal is also a function of
frequency.
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Fig. 3. Interference of the signal S1 with S2 and S2? , respectively.

the slightest non-ideality can have a dominant influence on
the measurement results. All discontinuities and mismatches
in the test set-up (Fig. 4) generate additional reflections:
• transition from air-filled waveguide to material with different permittivity
• impedance variation between chuck material and air-filled
space underneath the membrane
• reflection of electromagnetic wave at the silicon substrate
of the DUT
• reflection at the counter electrode in the case that the
membrane is penetrated
• other reflection in the measurement set-up, such as contacting probe, cables, or microscope
All these reflections with different phase shifts sum up to a
resulting parasitic signal with invariant frequency but different
phasing. Fig. 3 illustrates the superposition of a signal P1
with the signals P2 and P2? , respectively. Depending on the
phase between the superimposed signals, the resulting power
level is lower (destructive interference) or higher (constructive
interference) than the summed power levels of the original
signals. As illustrated by Fig. 3, the 155◦ shift between P1
and P2 ? results in destructive interference and therefore in a
lower power level of the sum signal P12 ? . For phase shifts
between -90◦ and +90◦ , constructive interference leads to a
higher resulting power level. This is displayed by P12 , the
sum of P1 and P2 with a phase shift of 80◦ .
Compared to the phase shift caused by the deflection of
the DUT, the parasitic reflections can be assumed as timeinvariant. This static deviation of the overall reflected power
leads to several relevant aspects for the analysis of the complex
scattering parameter S11 . The expected signal variation due to
the deflection is influenced by the actual superposition of all
reflections:
• The quantitative changes ∆φ and ∆S11 can vary due to a
change of the discontinuities (with unmodified movement

To detect the step-like deflection at pull-in, different frequency ranges between 90 GHz and 295 GHz have been evaluated with conventional network analysis techniques as well
as with the six-port interferometric principle. Measurement
results in W band with a commercial VNA have been reported
in [15], [16] and with a dedicated six-port receiver in [17]. The
focus of the following sections will be put on new measurements in upper millimeter wave spectrum (220 - 325 GHz) and
the novel calibration approach for the system.
The lower frequency band [15]–[17] has been evaluated
for measurements, because COTS- (commercial off the shelf)
components are available in this band at the moment. However,
an evaluation at higher frequencies is interesting, since the
measured phase variation ∆φ is proportional to fmeas . Considering (9), it is clear, that for a given membrane’s deflection
∆w, which is very small, a higher frequency (shorter wavelength) leads to an increasing measurable phase variation ∆φ.
Furthermore, higher frequency waveguide components have
a smaller cross section. For example, a W band waveguide
(75 − 110 GHz, WR 10) has a cross section of 3.23 mm2 ,
whereas the area of a WR 3 waveguide (220 − 325 GHz)
is 0.37 mm2 and thus smaller than the area of the MEMS
membrane. The larger the waveguide cross section is in comparison to the MEMS membrane, the more power is reflected
by the surrounding equipment and not by the DUT, which
causes parasitic interferences as explained in section III-C.
However, there is one major drawback of the frequency range
at 290 GHz: the measurement equipment is, at the moment,
still very expensive and only few components are available.
Although the technology is pushing forward, up to now
there are only applications for space and research at these
frequencies, mostly using passive sensors. Nevertheless, due to
the mentioned advantages investigations at 290 GHz are very
interesting for future application.
A. Measurement Set-up
Fig. 4(a) depicts a schematical view of the system concept.
The bottom side of the microphone (DUT) is open for acoustic
reasons. Therefore, electromagnetic waves can propagate from
the open WR 3 waveguide to the microphone’s membrane. At
the interface between the media air and poly-silicon the wave
is partly reflected back to the waveguide. The waver chuck
is specially designed and optimized for this application as
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measured ∆S11 @ 290.2 GHz

described in [16] and adapted for the corresponding frequency
band. The PTFE wafer chuck has a thickness tc = 0.5 mm and
a perforation hole with radius rc = 0.45 mm, which is approximately the same dimension as the membrane’s radius R. Fig. 5
shows a photo of the measurement adapter supporting the DUT
(Fig. 4(b)), whereas a photo of the complete measurement setup is depicted in Fig. 6.
When applying a continuous wave (CW) test signal with
stable phase, the transversal deflection of the membrane causes
a shift of the reflection plane and thus a shift of the reflected
signal’s phase. For the measurements between 220 GHz and
325 GHz, the VNA PNA-X N5247A (Agilent Technologies)
generates the test signal and detects the reflection. To extend
the available frequency range to 325 GHz, the millimeterwave converter ZVA-Z325 (Rohde & Schwarz GmbH Co.
KG) is used. The actuation voltage Vdc applied to the MEMS
microphone with an electrical contact is swept from 0 to 20 V.
Matlab is used for controlling the measurement and analyzing
the collected data.
When testing on wafer level with numerous microphones,
the voltage can be applied to all devices at the same time.
Thus, a direct contact of one microphone is not necessary.
For the proof of concept, diced MEMS microphones have been
used (Fig. 4(b)).

B. Uncalibrated Measurement Results
The proper functioning of this new, innovative test method is
proved in the following by measurement results. Each plotted
data point is derived by calculating the arithmetic mean of five
measured values.
Fig. 7 shows the relative change of the measured, uncompensated S-parameters at fmeas = 290.2 GHz. The measured
S-parameters present the characteristic jump at the pull-in

∆φ (m◦ )

Fig. 5. Photo of the measurement adapter: (A) open waveguide, (B)
placeholder for PTFE waver chuck, (C) to ZVA-Z325 converter, (D) height
adjustable support for wafer
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Fig. 7. Relative change of phase and magnitude of reflected test signal without
calibration (displacement of membrane in the sub-micrometer range).

voltage of 13.75 V in both, the amplitude and phase. Even
for voltages below 13.75 V a static change of ∆S11 indicates
the deflection of the membrane in the sub-micrometer range.
Besides the proof of the measurement concept, the results
also demonstrate the impact of static reflections (Sec. III-C).
Although the set-up is not changing, the magnitude of ∆S11 ,
i.e., the power level of the reflected signal, increases with
the membrane’s deflection. Furthermore, the phase of ∆S11
decreases only by ∆φ = 0.22◦ . Assuming a maximum
deflection of w0 = 1.8 µm, the ideal phase variation at
fmeas = 290.2 GHz would be ∆φ = 1.25◦ according to (9).
A new compensation strategy for these effects will be derived
in Sec. V.
Fig. 8 depicts the scattering parameter S11 of the complete
measurement set-up over the frequency range from 289 GHz
to 292 GHz. Both, magnitude (a) and phase (b), show a
frequency-dependent characteristic for the case that the MEMS
microphone is not actuated. Thus, also a frequency-dependent
variation of S11 can be expected for a varying actuation Vdc . In
Fig. 8 (c) and (d) the change of S11 for the maximum actuation
voltage (Vmax , blue circles) and at pull-in (Vpi , red stars) over
the frequency range demonstrates the varying sensitivity of
the given set-up. The maximum sensitivity for the magnitude
can be achieved at 290.44 GHz and for the phase the extreme
values can be found at 290.3 GHz and 290.6 GHz. Thus, the
choice of a suitable operation point is essential.
According to these results it would be a possible solution
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∆Ipi , ∆Qpi ) is significantly higher than the measurement
uncertainty due to noise.

(a)

(d)

0
∆φV,pi
∆φV,max

−100
289

289.5

290

290.5

291

291.5

292

frequency (GHz)
Fig. 8. Measured S11 of the complete set-up: (a) magnitude, (b) phase for a
constant DC voltage Vdc = 0 V; extracted change of (c) magnitude and (d)
phase for an increasing DC voltage Vdc prior to the pull-in.

to limit the measurement to either a magnitude or a phase
evaluation and to choose a suitable frequency with high
sensitivity. In this case, no further calibration would be needed.
However, this would implicate the loss of 50% of the available
information and, what is even more crucial, that the variation
of the operating point would strongly influence the measurement results. All, even small changes in the measurement setup like thermal expansion, noise, or a frequency drift of the
test signal could severely change the results due to a shift
of the operating point. Therefore, in the following section a
calibration procedure will be discussed which allows the use
of both, magnitude and phase of S11 , and thus of 100% of the
acquired information.
The placement of a new DUT can also shift the operating
point. However, the major static reflections arise from the
measurement setup excluding the DUT. The additional offset
in the I/Q plane caused by the individual DUT and its membrane is small and not relevant for the relative displacement
measurement of the presented approach.
For an investigation of the measurement uncertainty the data
at 291.5 GHz will be analyzed in the I/Q plane (Fig. 9). The
standard deviation has been calculated from 140 measurement
points for the in-phase and the quadrature signal:
σI = 1.51·10−5 mW/W;

σQ = 1.45·10−5 mW/W (10)

Furthermore, the size of the step at pull-in can be calculated
by subtracting the data point at Vdc = 14.0 V from the data
point at Vdc = 14.08 V:
∆Ipi = |I14.08 V − I14 V | = 7.32 · 10−5 mW/W,

(11)

∆Qpi = |Q14.08 V − Q14 V | = 1.71 · 10−4 mW/W.

(12)

In order to evaluate the deflection of the microphone’s
membrane a calibration method will be derived in this section
that compensates all static reflections in the measurement
set-up. In contrast to conventional VNA measurements this
calibration does not require special calibration standards.
Due to the linear superposition of the reflections, they
can be canceled with the help of the resulting total vector.
However, it’s a challenge to find this vector when dedicated
calibration standards are not available. Waveguide calibration
standards could be used at the end of the waveguide antenna,
but such a calibration would only include reflections up to the
antenna. All other imperfections of the measurement set-up
(Sec. III-C), e.g., reflections at the chuck material supporting
the MEMS device, cannot be eliminated with this approach.
For the evaluation of the membrane’s displacement, calibration
standards on wafer level would be necessary: either dedicated
test chips with calibration structures or a sufficient variation of
the membrane’s position. Since the manufacturing of dedicated
test chips is very time and cost intensive, the second solution
will be investigated in this work.
For an absolute and complete calibration of the measurement set-up, a shifting of the reflection plane by approximately
360◦ is needed. In this set-up 360◦ corresponds to half a
wavelength due to the double path length (round trip) of the
reflected signal. For a smaller shifting, an ellipse fitting method
can be applied to obtain calibration parameters [26], [27].
However, in the upper millimeter wave spectrum and with the
silicon microphones as DUT even the maximum displacement
of the membrane is not sufficient for the fitting. Therefore,
an analytical solution for the calculation of the compensated,
relative phase information will be derived, that eliminates
the frequency dependency discussed before. This is possible
due to the known step height of the device’s membrane. For
the derivation, the measured S11 is plotted in linear scale
in the complex plane (Fig. 10) where I represents the inphase component (real part) and Q the quadrature component
(imaginary part) of S11 :
I = S11 cos φ;

Q = S11 sin φ.

(13)

As an example for the calibration procedure, Fig. 9 shows
the measured S11 in the I/Q diagram at fmeas = 291.5 GHz.
A(AI , AQ ) represents the deflection for Vdc = 0 V (minimum
actuation) and has been calculated using the first 25 measured
values, whereas B(BI , BQ ) has been calculated from the last
25 values where Vdc = 20 V (maximum actuation, Vdc > Vpi ).
For low actuation voltages the measured values are located
very close to each other due to the small mechanical deflection.
An increasing actuation voltage leads to a stronger deflection.
In ideal or ideally calibrated measurement systems, this results
in a pure phase shift, which is noticed as a circle around the
origin of the I/Q plane. Because of the parasitic reflections in
the real set-up, the increasing actuation voltage can be noticed
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Fig. 9. I/Q diagram of the uncalibrated measurement data: extracted mean
value for minimum (A) and maximum (B) actuation voltage, calculated static
reflections (M ).

in the I/Q diagram as a reduced value of the measured inphase component and a simultaneously increasing value of the
quadrature component. This corresponds to an arc of a circle
not centered around the origin.
Although the sampling rate is constant and the actuation
voltage is increased linearly during the measurement, the
measured values are not distributed homogeneously because of
the non-linear transfer function. For the pull-in phenomenon
there is only one measurement value between A and B
that marks the almost instantaneous jump of the membrane
(instantaneous in relation to the sampling rate).
The reflections measured with the test set-up are composed
of a linear superposition of the reflection at the dynamic
target (i.e., the moving membrane) and all static reflections
within the set-up. Assuming a constant reflected power S11comp
at the moving target and a measurement system with linear
characteristic, all measured values are located on a circle with
−→
the center representing the sum of all static reflections 0M.
The position of the measured values (including points A and
B, Fig. 9) on the circle is related to the membrane’s deflection
and is described with the phase angle ∆φcomp .
From Fig. 9 it is clear that the reconstruction of the circle
only with the help of the measurement data is very unstable
and imprecise since the covered distance of the membrane
is very small compared to the wavelength in the considered
frequency range. Therefore, the angle ∆φcomp is calculated
using (9) and the assumption from Sec. III-A (TABLE I) that
the mechanical displacement between the points A and B is
w0 = 1.8 µm:
∆φcomp (w0 = 1.8 µm)

◦

= 1.8 µm · 2 360
= 1.25◦ .

fmeas
c

(14)

With this additional information, a geometrical reconstruction
of the circle center M and with this of the complete circle is
possible. The geometric reconstruction is illustrated in Fig. 9
(not to scale) with a triangle between A, B and M , and the
analytically determined angle ∆φcomp .
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Fig. 10. Measured I/Q values over the whole frequency range, calculated
static reflections (x) and tangential vector that represents the phase variation
due to the membrane’s movement.

Mathematically, the reconstruction of the circle center M =
−→
M (MI , MQ ) as the terminal point of the vector 0M, can be
described with the following equations:
MI

=

1
2 [AI

MQ

=

1
2 [AQ

+ BI +

1
cot(

+ BQ +

∆φcomp
2

)

(−AQ + BQ )],

1
∆φ
cot( 2comp

)

(−AI + BI )].

(15)

−→
Knowing the vector 0M of the static reflections in the test setup, the offset can be compensated, i.e., calibrated measurement
data can be obtained.
For the considered frequency range between 289 GHz and
292 GHz with a stepsize of 100 MHz all circle centers have
been reconstructed with the proposed calibration method and
are shown in Fig. 10. Due to the rescaling, the initial and terminal points (A, B) can optically not be separated any more. For
this reason, small vectors indicating the membrane’s direction
−→
of movement (AB) have been introduced. This illustration also
points out the challenge of the measurement set-up: the phase
variation, that has to be determined, is very small and hard to
separate from the strong static reflections.
After a calibration of the test set-up (Fig. 4), compensated
measurement data is obtained. The compensated S11 is plotted
in Fig. 11 in the I/Q plane. The mean power of the calibrated
data is shown as a red circle centered around the origin of the
I/Q plane. Thus, the power level is now almost independent
of the frequency.
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very precise displacement measurements due to the very short
wavelength.
Measurements showed that the new concept is very promising for the implementation in the semiconductor production
process of MEMS microphones. The concept can help to
reduce test time, detect defective devices before packaging
and therefore, it can contribute to a more efficient, lowcost manufacturing of MEMS microphones. Furthermore, the
measurements can deliver important information about the
manufacturing process that can be used to tune operating
parameters for a further improvement of the MEMS’ performance.

compensated measurement data
mean power of the compensated
measurement data
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As a last step, the phase variation due to the moving
membrane during actuation (Vdc = [0, ..., 20] V) is calculated
from the compensated measurement data and depicted in
Fig. 12. Although the measurement set-up shows a strongly
varying reflection coefficient over the frequency range, the
phase variation is constant over the frequency if the proposed
calibration procedure is applied.
VI. C ONCLUSION
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work. For the first time, the measurements of the MEMS’
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frequency range between 289 and 292 GHz. This frequency
range has two main advantages: it enables the application in
optical non-line-of-sight scenarios and it is also excellent for
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