Design of a Fast, High-Resolution Sensor
Evaluation Platform applied to a Capacitive Position
Sensor for a Micromirror

Lisa-Marie Faller, Juliana Leitzke and Hubert Zangl
Institute of Smart System Technologies
Sensors and Actuators
Alpen-Adria-Universitit Klagenfurt
9020 Klagenfurt, Austria
Email: lisa-marie.faller@aau.at

Abstract—We present the design and implementation of an
adaptable FPGA-based sensor evaluation platform. This platform
is developed for benchmarking of an inkjet-printed capacitive
position sensor for a resonant micromirror system as part of
a smart packaging solution. In the target system, very high
required resolutions of res,,; < 50nm together with a wide
measurement range of r,, = 1000 um at an offset of dy =
1000 pm motivate the development of such a platform. Still,
it is fully adaptable to other sensing principles (e.g. inductive).
The suggested platform provides for high sampling rates (up
to ~ 10ns) and enables generation of trigger signals, i.e. the
mirror control signal, without time lag (as could result from
high order filters). The online configurable FPGA block structure
in combination with host software blocks enables flexible and
individual design. The sensor read-out circuitry is designed
as carrier frequency system. Such a carrier frequency system
enables flexible choices of bandwidth and measurement signal
frequency. It thus allows for separation in frequency from
coupling parasitics, i.e. other frequencies present in the device
under test (e.g. actuation frequency in case of the micromirror
system).

Index Terms—Sensor Evaluation, FPGA, Carrier frequency
system, Low noise amplifier, Noise analysis.

I. INTRODUCTION

Often, the high requirements to measurement equipment
lead to sophisticated customized solutions. These solutions
are seldom generic enough to be applicable to others than
the systems they were designed for. With the proposed mea-
surement platform, we, on the one hand, provide for a highly
sophisticated platform in terms of bandwidth and resolution.
On the other hand, this platform still provides great flexibility
to be used in varying system configurations and sensing
applications.

The target application in this work is an inkjet-printed
capacitive position sensor for a Micro-optical device (or Mi-
croElectroMechanical Systems (MEMS)). Such MEMS de-
vices enable development of new technologies and progress
in various fields of industry as well as research.

The considered resonant, electrostatically driven mirrors,
are perfectly suitable for application in Fourier Transform
InfraRed (FTIR) spectrometers (compare [1]). In such a setup,

Fig. 1: MEMS mirror in vacuum capable package. The mirror
is the lighter reflecting surface in the middle.

those devices are subject to concise demands regarding their
performance: it is necessary to keep the measurement time
low and provide for a sufficient SNR. Thus, fast and accurate
position tracking is required.

Comparisons of interferometric and capacitive measure-
ments on MEMS [2] have demonstrated advantages of optical
measurements for characterization. Adversely, these setups are
not suitable for integration into desired package outlines [3].
Capacitive sensing, in contrast, has proven to be applicable
for nanometer position resolution (e.g. [4]) and offers high
resolution and bandwidth capabilities [5] at comparably low
costs. The sensor is realized as flat electrode structure so as to
form a parallel plate capacitor with the mirror plane, a setup
which is also commonly used in nanometer applications [6].
Manufactured by inkjet-printing in a rapid-prototyping man-
ner, it is beneficial compared to other capacitive sensing
approaches (e.g. [7], [8] and [9]). It then enables adaptable
designs and application to various setups.

In the MEMS mirror application, the presented sensor evalu-
ation platform, enables further package miniaturization. How-
ever, its main advantage is that it facilitates the use of subop-
timal, but highly flexible, sensor structures through the sug-
gested combination of analog- and digital signal processing



hardware.

In the remaining Subsections of Sec. I, the mirror (Sub-
sec. I-A) and interferometer principle (Subsec. I-B) are illus-
trated. The related work is presented in Subsec. I-C, and our
contribution is outlined in Subsec. I-D. In Sec. II, capacitive
sensing and the carrier frequency setup are described. After-
wards, in Sec. III, details on the analog design and hardware
are presented. Sec. IV gives the respective noise analysis.
Then, Sec. V presents the obtained measurement results. These
are followed by the conclusion given in Sec. VI.

A. MEMS Mirror

The considered application is position sensing and control
of a MEMS mirror. This mirror is characterized with a
resonance frequency of f.., = 500Hz achieving sy, =
1mm maximum stroke, or equivalently s,,; = =£500um
at a pressure below P, = 500Pa (vacuum). The mirror
is suspended symmetrically on four pantographs and has
an electrostatic drive excited by a Pulse Width Modulation
(PWM) signal at twice the mirror resonance frequency, i.e.
fpwar = 1000 Hz. The actuation control is laid out to guar-
antee for the largest possible mirror stroke. Since this mirror
is part of a miniaturized FTIR, it is necessary to track the
mirror movement accurately enough to satisfy the spectrometer
resolution requirements, that is, providing a position resolution
of respos ~ 50 nm.

B. Interferometer Principle
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Fig. 2: Schematic illustration of the basic construction princi-
ple of a Michelson interferometer.

A common way to manufacture an FTIR spectrometer
is a Michelson interferometer setup. In such a setup, the
spectrometer is composed of an IR-source as well as a
moving and a fixed mirror (Fig. 2). The IR light beam is
split and, through interference, distinct wavelength of the IR
light are selected dependent on the moving mirror position.
The resulting monochromatic light beams pass through the
sample of interest. Due to sample attributes at the molecular
level, certain wavelength are absorbed more than others. Thus,
different intensities at distinct wavelength can be seen at the
detector. After processing and Fourier transforming the data,

a sample-characteristic spectrum can be seen. One movement
along the full possible pathlength the mirror can traverse, is
called a scan. A characteristic property of those devices is
the so-called mutliplex advantage [10]. It accounts for the
fact that the Signal-to-Noise Ratio (SN R) of these devices
can be increased by an increased number of scans (V) as
SNR x N=. Disadvantageous at the same time is the increase
of measurement time associated with this procedure.

Additional demands are: firstly, to add scans congruently,
otherwise this results in a smeared result-spectrum; secondly,
to provide low noise in the measured position: this blurs
peaks and could thus lead to miss-identification of substances.
Consequently, a concise knowledge of the mirror position
during each scan is crucial.

C. Related Work
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Fig. 3: Graphical comparison of available capacitive position
sensing system and the suggested printed position sensor.

Commercially available Capacitance to Digital Converters
(CDCs) provide for, e.g., Tesp,s = 100 nm equivalent position
resolution at an update rate of fs = 90Hz [11]. Off-the-
shelf systems are also available: Among others the capaNCDT
by pe [12] provides resp,s = 40nm and a bandwidth of
B = 8.25kHz, the Microsense 8810 system [13] is capable
of providing resy,s = 5nm at a rate of B = 1kHz. A
comparison of available devices is provided in Fig. 3 with
respective comparison metrics listed in Table I: due to reasons
of readability, the bandwidth of the target system in the
illustration is lower (B = 20kHz) than the true specified
bandwidth B = 10 MHz. The D-510 System provided by



Physical Instruments is only able to cope with a distance
oftset dy = 750 pm and is thus not fully comparable. The
Microsense, pe and PI Systems are not integrable into the
MEMS package outline. Furthermore, measurements ranges
and average sensor distances of the considered devices are
smaller than required. All of the presented systems available
up to now, provide sufficiently low noise by considering small
bandwidths. Systems operating at higher bandwidths suffer
from higher measurement noise due to thermal noise power,
integrated over the considered bandwidth. Thus, existing de-
vices can not be used for our application.

TABLE I: Table listing bandwidth and resolution specifica-
tions of commercially available capacitive position sensing
systems. Please note: the Microsense, jic and PI Systems are
not integrable into the optical MEMS package outline, also
measurement ranges and average sensor distances of these
devices are smaller than required.

System respos/nm  B/kHz Provider
AD7746 [11] 100 0.09 Analog Devices
capaNCDT [12] 40 8.5 e
Microsense 8810 [13] 5 1 Microsense
D-510 PISeca [14] 2 10 Physical Instruments

D. Contribution

The suggested FPGA-based hardware platform [15] en-
ables higher sampling rates through employment of high-
speed ADCs and intelligent signal processing. The specifically
designed analog circuitry, as daughterboard to the FPGA
system (see Fig.4), provides ultra-low noise amplification and
conditioning of the input signal. The carrier frequency system
as input circuitry, enables separation of the measurement-
from other system frequencies, and flexible choice of band-
width. The provided underlying hardware- as well as software-
design is realized through individual blocks. These blocks
are individually adaptable and thus provide flexible system
configurations. It is thus possible to integrate customized
hardware and software blocks (as shown in the blockdiagram
in Fig.5). The final design will hold an Extended Kalman Filter
(EKF) and a pulse generation block to control the excitation
and processing of spectra for the micromirror. The advantage
of this structure is its flexibility: usually, FPGA (hardware)
design is fixed by burning an image to the device. In the
suggested system, the blocks realized in the FPGA can be
parametrized at runtime. Additionally, also the block topology
(connection) is reconfigurable without the necessity to rebuild
the image.

II. CAPACITIVE SENSING AND MEASUREMENT CIRCUITRY

A micro-manufactured capacitive sensor is realized as mul-
tilayer structure at dp = 1 mm below the mirror plate. This
design comes with the advantage of being slim and readily
integrable while providing for high resolution measurement
capabilities (compare [16], [17]).

Capacitive sensors can be designed to work in either single-
ended or differential mode. In both modes, the change in

Fig. 4: FPGA platform to be used with specifically designed
circuitry as well as developed hardware design and software
building blocks. Marked in red is the already attached daugh-
terboard developed for this work.
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Fig. 5: Blockdiagram showing the main blocks to be imple-
mented and synthesized on the FPGA.

capacitance between conductive surfaces (electrodes), at differ-
ent electric potentials, is measured. Applying a voltage at one
electrode, consequently called transmitter, and measuring the
resulting displacement current in a second electrode, i.e. the
receiver, is termed differential mode. In a single-ended design,
the displacement current at the transmitter is determined.
Measurements in single-ended mode are possible to the open
environment or distant ground.

In the target design, the bottom electrode is used as
transmitter while the mirror incorporates the receiver. Both,
the electrode as well as the mirror, are assumed to form a
structure resembling a parallel plate capacitor. In a simplifying
approach, this can be approximated by the following model
€o€r A, ]

] 1
In Eq. 1, C is the capacitance in farads, A, the active plate
area in square meters, €y the dielectric constant of vacuum,
¢, the relative dielectric constant of the material between
the plates and d the plate spacing in meters. We consider
an inkjet-printed sensor front-end employing single-ended, or
self-capacitance measurement mode [18] which offers, in this
case, better SNR than a differential system.

In the proposed carrier frequency system (compare [19],
Fig. 6), the measurement capacitance is one component of a
voltage divider with the second component being a R, = 50 Q2
shunt resistor, matching signal power to the subsequent coaxial
cable that connects to the downstream analog amplifier chain.
The power matching is done, to assure that all of the signal
energy is transferred to the receiver. Without proper matching

C:



circuitry, the energy will be reflected on the transmission line.

Carrier Frequency Setup

Vmid1.6

Fig. 6: Schematic illustration of the implemented setup, Cs4 is
the capacitance of interest and Rs3 is the measurement shunt
of Ry =50€).

III. ANALOG DESIGN AND HARDWARE

Commercially available hardware is not satisfying in terms
of bandwidth and/or resolution. The suggested system there-
fore is comprised of an analog chain, attached as daughter-
board to an FPGA.

The FPGA architecture is developed in distinct blocks,
which are online configurable (after build) from a host, using
a graphical interface. The architecture also provides the pos-
sibility to integrate customized hardware blocks in the FPGA
image as well as software blocks in the open source host code.

The interface between analog and digital circuitry is realized
through high speed, programmable gain ADCs providing a
sample rate of up to s, = 180MHz with a maximum of
resppc = 14 bit resolution. A block diagram of the structure
is provided in Fig. 7.
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Fig. 7: Block diagram of the analog signal processing chain
up to the high-speed ADCs.

The ADCs accept a differential signal of v;, = 2V,
(where the subscript pp means peak-to-peak). To provide a
well-conditioned signal to the ADCs, a delicate amplifier chain
(see Fig. 8) has been designed, realized as multistage structure
of Low Noise Amplifiers (LNAs) with a device characteristic
noise of u, = 1nV/vHz. The first LNA stage has a
significantly lower gain (= 10) than the second one (= 40)
to avoid amplification of input-related noise. To provide a
suitable signal to the ADC, a signal reference conversion from
single-ended to differential is realized, using a differential
amplifier circuit (see Fig. reffig:diff). Usually such systems
operate at high carrier frequencies, (e.g., f. = 10 kHz-1 MHz)
and low measurement bandwidth (max. B = 6.25kHz) [20].
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Fig. 8: Low-noise amplifier chain as implemented for signal
conditioning.
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Fig. 9: Differential amplifier circuitry as realized to interface
to the ADC.

In contrast, the designed analog circuitry has to provide ultra
low noise over the whole useful system bandwidth, i.e. up
to B = 180 MHz. In order to provide a more flexible signal
conditioning, a programmable gain amplifier is also considered
in the design.

IV. SYSTEM ANALYSIS

To analyse the system capabilities in terms of uncertainty,
it is necessary to determine basic noise figures as benchmarks
inflicted by the underlying electronics.

Simulations of the LNA chain suggest a spectral noise volt-
age of u,., = 1.75nV/y/Hz at the measurement shunt
(mentioned in Sec. II). The sensor base capacitance is found
from Finite Element Method (FEM) simulations to be C =
109.3 fF. The capacitance equivalent noise, which is a crucial
factor for further analyses, can then be found as

U,

ac

It is the ratio of the input-referred noise voltage of the ampli-
fier chain and the voltage-sensitivity of the carrier frequency



system with respect to capacitance changes. The voltage-sen-
sitivity at the shunt resistor with respect to variations in the
capacitance is

8Uout o erc
= 1 1 1
oC BOZ?QTch(E + 87Cy fe)( oA + Serfc)Q
(3)
where from rules for voltage dividers, we find

UEICZ

Uut = =272 )
Zp - (277 fccb)

Here, a parasitic parallel capacitance C, = 100 pF (of the ca-
ble) has been included. The measurement impedance is then

1

A — 5
= R+ 200 ©)

Subsequently, C,, = 0.151aF/ vHz can be found. Further
parameters used are the shunt resistor value of R, = 502
(power-matched system), excitation voltage U, =1V and
carrier frequency f. = 20 MHz.

We suggest the use of a calibration procedure to cope with
variations in the base capacitance, uncertainties originating
from topology deviations may then be neglected.

Considering a direct measurement system, we can determine
the noise dependent on the bandwidth. Evaluating the sensitiv-
ity, we find that, for a position resolution of res;,,s ~ 50 nm,
we need to restrict the measurement bandwidth to B =
200 Hz. This would lead to a violation of the Nyquist criterion
for the MEMS mirror resonance frequency of f,.s = 500 Hz.
We thus consider a parametric system description. This means,
employing a system model derived from simulations, as well
as prior knowledge of the mirror dynamics. Based on this
model we can find a boundary for the minimum system
variance with respect to system parameters. This minimum
variance is known as the Cramer Rao Lower Bound (CRLB)
and can be found using [21]

o2 o?

CRLB = 5 = 5 6)
(%) (%)
a0 ad

for a signal in Additive White Gaussian Noise (AWGN). The
right-hand term is an adapted version with C(d) the capac-
itance dependent on the distance d. As was shown in [22],
this leads to a system where position resolutions of resp,s <
50 nm can well be reached. This parametric system description
is subsequently suggested to be realized as EKF. The EKF
is a stochastic filter algorithm providing noise reduction and
position estimates of the moving mirror.

V. RESULTS

To determine signal limitations of the analog design, we
saturate the input amplifier chain to output the maximum value
using a signal frequency of f,;, = 1MHz. A Fast Fourier
Transform (FFT) plot is given in Fig. 10. Obviously, there
are no disturbing harmonics when the analog chain is in

saturation. In Fig. 11 the respective time domain signal with
maximum achievable amplitude is illustrated: The operation
of the amplifier chain close to saturation leads to ripples at
the upper and lower maximum of the sine curve. The signal is
scaled to lie between V.. = £0.5V when transferred from
the analog to the digital domain, the indicated achieved value
of Vinaz = 0.4995V is thus close to the physical upper limit
of the circuitry.
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Fig. 10: FFT of an input signal with frequency fs;q = 1 MHz
(as indicated by the label).
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Fig. 11: Time domain signal with frequency f;; = 1 MHz and
maximum achievable amplitude (as indicated by the label).

The noise evaluation is done for a sinusoidal input signal
of Ui, = 276 mVy,;, or equivalently Uy, ., = 95 mVeg and
a frequency of f;;, = 1 MHz. A useful signal bandwidth of
B = 5MHz is considered. The bandwidth-limitation is done
for an upper corner frequency f., ~ 5.1 MHz by a high order
digital filter, and for a lower corner frequency of f,, ~ 10kHz
by the analog setup.

Comparing measurements of the voltage at the input and its
digitized equivalent, the input-output relationship going from
analog to digital domain can be found: a voltage of w;, =



1mV is mapped to a value of u;y,,,, = 0.00129 in the digital
domain.

Subsequently, a vector of the input signal u;y,,,, is recorded
and subjected to an FFT. The useful signal (peak) in the FFT
data is removed, to leave only noise in the spectrum. The
resulting spectrum is then back-transformed (inverse FFT),
yielding the noise voltage u,,,, = 0.0023, integrated over
the used bandwidth B = 5 MHz. This is equivalent to a
change in the effective input voltage of AU;,, ,, = 1.78 mV.
To determine the noise figure Referred To the Input (RTI)
Un gy, in terms of nV/y/Hz, it is necessary to divide u,,, ,
by the circuit gain G = 380 and +/B. Finally, a value of
Un gy 2.09nV/v/Hz can be found, which is in good
accordance with the value of u,_, = 1.75nV/v/Hz as was
found in the simulation.

VI. CONCLUSION

In this work, design and implementation considerations for
a sensor evaluation platform to be applied to a MEMS mirror
system were presented. The considered hardware platform was
introduced as consisting of an analog circuitry together with
an FPGA and flexible signal processing software. The system
topology and design were described. In the following, noise
considerations were given for the developed system. Noise
evaluation measurement results indicate, that the designed ana-
log front-end is suitable as low noise input circuitry. In future
work, the software building blocks on the host side, as well
as the FPGA block implementation of the stochastic filter will
be given.

ACKNOWLEDGEMENT

This project has been supported by the COMET K1 AS-
SIC Austrian Smart Systems Integration Research Center.
The COMET-Competence Centers for Excellent Technologies-
Programme is supported by BMVIT, BMWFW and the federal
provinces of Carinthia and Styria.

REFERENCES

[11 A. Tortschanoff, A. Kenda, M. Kraft, T. Sandner, H. Schenk, and
W. Scherf, “Improved MOEMS-Based Ultra-Rapid Fourier Transform
Infrared Spectrometer,” in Proc. SPIE7319, Next-Generation Spectro-
scopic Technologies 11, vol. 7319, 2009.

[2]

[3]

[4

[inar)

[51

[6]
[71

[8]

[91

[10]
[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]
[20]
[21]

[22]

V. Annovazzi-Lodi, S. Merlo, and M. Norgia, “Comparison of Capacitive
and Feedback-Interferometric Measurement on MEMS,” J. of Microelec-
tromech. Syst., vol. 10, no. 3, pp. 327-335, Sep. 2001.

V. E-G. Tseng, L. Wu, and H. Xie, “Inductive Eddy Current Sensing
as a Displacement Sensing Mechanism For Large Piston/Rotation Mi-
cromirrors,” in IEEE Transducers, 2015.

J.-I. Lee, X. Huang, and P. B. Chu, “Nanoprecision MEMS Capacitive
Sensor for Linear and Rotational Positioning,” J. of Microelectromech.
Syst., vol. 18, no. 3, pp. 660-670, Jun. 2009.

A. J. Fleming, “A Review of Nanometer Resolution Position Sensors:
Operation and Performance,” Sensors and Actuators, A: Physical, vol.
190, pp. 106-126, February 2013.

T. Hicks and P. Atherton, The NanoPositioning Book.
Instruments Limited, 1997.

S.I. Moore and S. O. R. Moheimani, “Displacement Measurement with a
Self-Sensing MEMS Electrostatic Drive,” J. of Microelectromech. Syst.,
vol. 23, no. 3, pp. 511-513, Jun. 2014.

M. S.-C. Lu and G. K. Fedder, “Position Control of Parallel-Plate
Microactuators for Probe-Based Data Strorage,” J. of Microelectromech.

Syst., vol. 13, no. 5, pp. 759-769, Oct. 2004.
B. Cagdaser and B. E. Boser, “Low-Voltage Electrostatic Actuation With

Inherent Position Feedback,” J. of Microelectromech. Syst., vol. 21, no. 5,
pp. 1187-1196, Oct. 2012.

B. C. Smith, Fundamentals of Fourier Transform Infrared Spectroscopy.
CRC Press, 2011.

(2016, Feb.) Analog Devices. [Online]. Available: http://www.analog.
com/media/en/technical-documentation/data-sheets/AD7745\ _7746.pdf
(2016, June) Micro-Epsilon. [Online]. Available:
http://www.micro-epsilon.com/displacement- position-sensors/
capacitive-sensor/capaNCDT\_6500/index.html

(2016, June) MicroSense. [Online]. Available: http://www.microsense.
net/products-position-sensors-microsense- 8800.htm

(2016, June) Physical Instruments. [Online]. Available: https:
/Iwww.physikinstrumente.com/en/products/sensors/capacitive-sensors/
d-510-piseca-capacitive-sensors-500400/

(2016, November) Ettus Research. [Online]. Available: https://www.
ettus.com/product/details/X310-KIT

M. Carminati, G. Ferrari, F. Guagliardo, and M. Sampietro, “ZeptoFarad
Capacitance Detection with a Miniaturized CMOS Current Front-End for
Nanoscale Sensors,” Sensors and Actuators, A: Physical, 2011.

T. Zeng, Y. Lu, Y. Liu, H. Yang, Y. Bai, P. Hu, Z. Li, and J. Tan, “A
Capacitive Sensor for the Measurement of Departure From the Vertical
Movement,” IEEE Transactions on Instrumentation and Measurement,
vol. 65, no. 2, 2016.

L. Baxter, Capacitive Sensors, Design and Applications.
1997.

H. Zangl, “Design Paradigms for Robust Capacitive Sensors,” Ph.D.
dissertation, Techn. Univ. Graz, 2005.

T. Schlegl and H. Zangl, “Sensor Interface for Multimodal Evaluation
of Capacitive Sensors,” Journal of Physics Conference Series, 2013.

S. M. Kay, Fundamentals of Statistical Signal Processing, Estimation
Theory. Prentice-Hall, Inc., 1993.

L.-M. Faller and H. Zangl, “Towards Feasibility of an Inkjet-Printed
Capacitive Sensor for Position Tracking of a MOEMS-Mirror in a
Michelson Interferometer Setup,” in Proceedings of the Eurosensors,
2016.

Queensgate

IEEE Press,



