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Abstract—Displacement sensors are found in a variety of
applications including gravitational wave detectors, precision
metrology, tissue imaging, gravimeters, microscopy, and environ-
mental monitoring. Most of these applications benefit from the
use of displacement sensors that offer both high precision and
stability. This is particularly the case for gravimetry where mea-
surements are often taken over multi-day timescales. In this paper
we describe a custom-built microcontroller-based displacement
sensor that has been utilized in a micro-electromechanicalsystem
gravimeter. The system runs off battery power and is low-cost,
portable, and lightweight. Using an optical shadow sensor tech-
nique, and by designing a digital lock-in amplier based around a
dsPIC33 microcontroller, we demonstrate a displacement sensi-
tivity of 10 nm/Hz down to 300 s, and an rms sensitivity of 1 nm
over timescales of one day. The system also provides real time
monitoring/control of temperature, using an AD7195 ratiometric
bridge to provide mK control of three separate PT100 sensors.
Furthermore, a tilt sensor conditioning circuit is incorporated
to drive a pair of electrolytic tilt sensors, resulting in the
ability to monitor 2 axis tilt at the level of 1 microradian
over approximately 1 day. The sensor system described is thus
multifunctional and capable of being incorporated into precision
accelerometers/gravimeters, or indeed other applications where
long term displacement/temperature monitoring is necessary.

Index Terms— Shadow sensor, displacement sensor, low noise,
gravimeter, gravimetry, low noise electronics, lock-in amplifier,
digital lock-in amplifier, digital filters.

I. INTRODUCTION

ISPLACEMENT sensors have many applications, one

such application in research is the use of a shadow
sensor in Advanced LIGO (aLIGO), the ground-based interfer-
ometric gravitational wave detector [1]. Displacement sensors
also have industrial applications such as environmental mon-
itoring [2], biomedical sensing [3]-[5], microscopy [6], [7],
the manufacturing industry [8], [9], hydraulic device position
monitoring [10] and gravimeters [11].
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Recently a Micro-electro Mechanical System (MEMS)
gravimeter has been fabricated and tested, demonstrating
the possibility for small, low-cost and lightweight gravime-
ters [11]-[13]. The MEMS chip is manufactured from a single
piece of silicon, and is comprised of a proof mass sus-
pended from microscopic springs (or flexures). The gravimeter
requires a displacement sensor that is stable over timescales
of days with sensitivities of nanometers over this period.
The MEMS also requires the use of temperature control,
tilt monitoring and conditioning electronics, whilst also fit-
ting the criteria of being low-cost, lightweight and portable.
For example, to measure a useful accelerations of 40 xGal,'
a displacement sensitivity of < 2.5 nm is required for a 2 Hz
resonator.

The displacement of the MEMS proof mass is measured
using the lock-in technique [14] with a shadow sensor such
as the one used in aLIGO [1]. Although the shadow sensor
presented by N. A. Lockerbie et al has very good performance,
69 & 13 pm,,,;/~/Hz, this performance is at high frequency
(500 Hz) in order to monitor violin modes of the suspension
fibres. Our application requires stability over day timescales
in order to sense earth tides. There is no available system
which provides nanometer displacement stability over this time
period, that can also monitor temperatures at the mK level,
and provide tilt readout better than 1 urad. The system also
needs to be portable and run off battery power. Since the
meeting of these criteria was essential for this application,
significant development of the electronic circuitry was required
(a picture of the system can be seen in figure la and the
electronics board in figure 1b). The shadow sensor operates by
illuminating the proof mass (or any object) using an LED. This
light beam then causes a shadow to fall on the photodiodes,
where, if the object moves, so does the shadow, thus causing
a change in photocurrent from the photodiodes. An example
of the shadow sensor used in this papers system can be seen
in figure 2. Lock-in amplifiers are a well used technique and
are commonly used to remove !/ noise by modulating a given
signal at a higher frequency before demodulating, which has
the effect of moving 1/ to higher frequency. This then allows
the use of a low-pass filter to remove the initial 1/f noise [14].

To obtain the required functionality for our application,
a suite of electronics is required to: modulate and demodulate
the LED and signal respectively; measure and control the
temperatures via use of digital to analogue converters (DACs),

11 Gal = IOmmsfzwlmg

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/



BRAMSIEPE et al.: HIGH STABILITY OPTICAL SHADOW SENSOR WITH APPLICATIONS FOR PRECISION ACCELEROMETERS

ADCs for
Temperature
Sensing

MOSFETs

&
ADC for Signa

(b)

Fig. 1. (a) A picture of the full system including laptop to read off the
data. Small vacuum cube can be seen behind the electronics board enclosure
on the right. The system is powered by two 7.4 V lithium ion batteries.
(b) A picture of the 4 layer custom electronics board designed and tested.
The two specialised analogue to digital converters (ADCs) are highlighted.
AD7195s are used for temperature sensing and an ADS1248 is used to sample
a modulated signal.
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Fig. 2. Illustration of the Shadow Sensor Technique. LED illuminates a
moving MEMS that casts a shadow over a split photodiode that takes the
difference in intensities of the two photodiodes. This allows large gains during
amplification.

analogue to digital converters (ADCs) and heaters; convert
the photocurrents to a voltage (IV converter); and compute
digital filters. The temperature control is needed as the system
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is sensitive to temperature changes, both in the LED and
the MEMS itself. Temperature changes effect the Young’s
modulus of the silicon and due to thermal expansion, for
example, a 1 K change in temperature would result in a 1.6
um displacement (the equivalent of 25 pGal per mK [11]).
Therefore the temperature of the MEMS needed to be con-
trolled to within &2 mK to obtain the necessary acceleration
sensitivity.

To utilise the small, lightweight nature of the MEMS,
the electronics surrounding the device from Middlemiss
et al. [11] had to be miniaturised. Many of the individual
pieces of electronic equipment used in this original system
cost in excess of £1000 each, therefore, using any such
electronic equipment would limit our ability to achieve the
main objective of creating a low-cost, lightweight and portable
system. The objective for this project, therefore, was to reduce
an entire 19” rack of electronics down to a portable, battery-
powered system whilst maintaining the 2.5 nm sensitivity (and
other functionality discussed above). There were no off-the-
shelf electronics that had all the requirements necessary, so a
custom board had to be designed. The electronics board (seen
in figure 1b) would utilise a micro-processor to communicate
with each of the components and compute digital filters.

Since the MEMS is measuring the force of gravity exerted
on a mass on a spring system, tilt becomes an important vari-
able to measure. If the angle to the force of gravity changes,
the device is no longer experiencing the same gravitational
acceleration resulting in change of signal. The gravitational
acceleration on the device is given by, g cos@ where 6 is the
angle to the vertical. Therefore it was important to design the
electronics board to be able to measure this tilt.

It was noted that to miniaturise the system, a small and
cost effective lock-in amplifier would have to be designed
and created. It was observed from [15]-[20] that digital lock
in amplifiers could have the necessary performance for the
gravimeter system and could even be implemented in low cost
micro-controllers [21], [22] such as the dsPIC33E [23], [24].
Circuitry was therefore designed in which a micro-controller
demodulates the signal from the photodiodes (unlike the pre-
vious system [11], which used an analogue lock-in amplifier
from Femto (LIA-MV(D)-200-L [25])).

In this paper we present the results of the micro-controller
based electronics board capable of displacement sensitivities
of 0.6 nm in an integration time of 1000 s. Furthermore,
the displacement sensor can maintain its sensitivity over
timescales of a day or more by controlling temperatures to
42 mK and monitoring tilt to within +1 grad. The system
developed has allowed the MEMS gravimeter to be success-
fully taken into the field for gravimetry measurements [26].
Although the sensing system was designed for use in a for
use in a MEMS gravimeter, the system’s high stability and
accuracy mean that it could be applied in other precision
sensing applications.

II. ELECTRONICS BOARD

The vision of a low cost, lightweight and portable displace-
ment sensor for use in a MEMS gravimeter required the design
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Fig. 3. A block diagram outlining the functionality of the custom electronics
board used to make low noise displacement measurements of a MEMS
gravimeter. The block diagram is comprised of four discrete sections and
are the processes involved in: communicating with the PC, measurements of
the MEMS, measurements of temperature and its control and measurements
of tilt.
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and testing of a custom electronics board. This was because an
integrated system which combined the functionality required
to make useful gravity measurements did not exist. The MEMS
required the ability to: source a stable modulated drive for
an LED to be used in the shadow sensor; convert the low
currents from a split photodiode setup into a usable digital
signal via use of a transimpedance amplifier and analogue to
digital converter; measure and control temperatures via the use
of a ratiometric resistance measurement and a proportional,
integral and derivative (PID) controller; monitor tilt allowing
regression if necessary; compute digital filters including finite
impulse response (FIR) filters and decimations. The board
would also require the data to be accessible in real time and
allow settings to be changed also in real time. Figure 3 shows
a block diagram of the necessary functions of the electronics
system.

The electronics board was unified by a Microchip dsPIC33E
micro-processor. This dsPIC is used to communicate with
the electronics on the electronics board and communicate
with a custom user interface (UI) on a laptop or desktop
using a SQL Server framework database. The micro-controller
would check during each loop for a valid connection to a
computer and database, then, several data packets containing
the latest information on both the analogue and digital inputs
and outputs are sent to the computer and database. The user
interface then communicates with the database to collect the
latest values/settings on the UI. This custom UI also has the
ability to plot graphs in real time and take logs for future
use. It was, however, limited to refreshing values at a rate of
0.5 — 30 Hz due to limitations in communicating with the
database. This 30 Hz is a soft limit and could probably be
exceeded, however, it was found to be unnecessary since the
decimation of the data reduces the data rate below this level.

III. SHADOW SENSOR

The displacement of the proof mass is measured using
a shadow sensor combined with a lock-in amplifier. In the
shadow sensor, the MEMS proof mass is illuminated with
an LED, creating a shadow on the photodiodes (as seen
in figure 2). Here the LED is diffused through a piece of
sapphire to smooth any features due to the beam profile.
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The spot size on the MEMS is approximately 12 mm and
slightly larger on the two 5 x 5 mm planar photodiodes.
This photo-current is then converted to a voltage and sampled
via an ADC. Several forms of shadow sensor exist. In this
system, two photodiodes in a differential setup [11] are used
(as seen in figure 2) to measure in 1 dimension. There does,
however, exists a version using a quadrant arrangement of
photodiodes [27] and a 3D arrangement [28] but due to the
proof mass being constrained in one dimension and that we are
only interesting in vertical gravity, the simpler 1D case with
two photodiodes is sufficient. The photodiodes are operated in
a photovoltaic mode to reduce the dark noise. The electronics
convert the photocurrent from the photodiodes to a voltage
using a current to voltage converter. This current to voltage
converter, or, transimpedance amplifier uses a LT1793a low
input bias JFET. The amplfifier contains a low pass filter (RC
network) with a gain of 2 x 10°. The low pass was designed to
have a cut off frequency at ~ 2300 Hz even though the sam-
pling frequency of the ADC was much lower (640 Hz). Since
the RC cutoff is higher than that of the Nyquist frequency
of the ADC sampling, aliasing would occur where higher
frequency noise “wraps” into the lower frequencies which are
still within the Nyquist limit. The waveform which was used
was a “pseudo-sine” which is similar to a square wave but
instead with three distinct levels, low, zero and high, i.e. a
sine wave with 4 points per cycle (seen in figure 2). If the cut
off frequency was lower, rounding was observed in the output
due to the higher frequency components being attenuated. The
ADS1248 samples an input between 0 and 3 V and cannot
accept any input that is below ground. This is why 1.5 V
was summed onto each side of the input before going to the
ADS (this fully differential measurement can bee seen on page
29 of the datasheet [29]). The DC bias was summed on using a
TLO71 in a non inverting summing configuration. The current
source ensures that a constant current is being supplied for a
given control voltage (rather than the system draw as much
current as it needs). In an ideal case where the proof mass is
perfectly centered on the shadow sensor, zero signal would be
the output and, any changes in the LED would be cancelled
as the variations are common in both the photodiodes such as
relative intensity noise. An advantage of using a differential
setup (also known as a split photodiode) is that large gains
can be realised due to the currents having been subtracted
before the transimpedance amplifier stage. If, instead, a setup
required individual amplification of each photodiode before
a differential amplifier stage, then the operational amplifiers
used are likely to saturate before any subtractions can be
carried out. Here we obtain a gain between (I — 10) x 106,
obtaining a calibration of our signal in Volts of ~ 20x 10° V/m
for a drive current of =~ 11 mA, i.e. we would see a change
in signal of & 20 mV for a 1 um displacement of the proof
mass. This calibration in V/m is obtained by moving a small
wire or stiff object using a micrometer across the photodiodes
by 10 or 50 um steps and reading of the voltage change on
the output.

There are several forms of noise that contribute to the
noise in the measured signal (of which Johnson-Nyquist noise
and shot noise are examples). An estimation of the shot
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Fig. 4. Figure showing the noise at different stages of the lock-in in a
MATLAB simulation of the dsPICs digital filtering. Each decimation stage
low-pass filters at 1/8th of the Nyquist frequency allowing a decimation rate
of 4:1 per stage. It can be seen that the lock-in output to decimation stage 1
results in a noise reduction factor of ~ 2 — 3.

noise in the system can be obtained by simply covering
a single photodiode. The resulting current in this setup is
approximately / = 0.4 mA from each of the diodes. This
can then be combined with equation 1 to obtain a shot noise
of 11 pA/+/Hz (or 0.5 nA when multiplying with a bandwidth
of Af =2300 Hz).

o =+/2xqx1 (D

where ¢ is the fundamental charge of an electron equal to
~ 1.6 x 10712 C. The shot noise from each of the photodi-
odes is incoherent and therefore should be added together as
such. This gives an overall shot noise of o;7 = +/2 x 0.5 x
107 a 0.7 nA. This noise is then amplified into voltage
noise through the current-to-voltage amplifier. When using a
feedback loop with a resistance of 2 MQ, the current noise
becomes a voltage noise, 0, = 0;TRy = 0.7 x 1079 x 2 x
10% = 1.4 mV = 70 nm. This means 70 nm of noise is on the
input of the ADC across a bandwidth of 2300 Hz. The ADC,
however, only samples at 640 Hz resulting in aliased noise.

Thermal noise, also known as Johnson-Nyquist noise, orig-
inates from random thermal motion of carriers and can be
calculated using equation 2 [30].

vy = /AkgTRAS 2)

Where kp is Boltzmann’s constant and 7T is temperature ~ 300
K. A feedback resistor of R = 2 MQ is used, with a bandwidth
of Af = 2300 Hz, so a thermal noise of 8.7 uV,,s can be
calculated. This value is several orders of magnitude smaller
than the current shot noise and can be ignored as it is not
limiting the performance. The ADS1248 also contains noise
instrinsic to the inputs. These values are stated on page 21 of
the datasheet [29]. For a sampling frequency of 640 Hz,
the measurement would have 15.4 effective number of bits
(peak to peak), or, 8.6 bits of noise relative to full scale.
8.6 bits of the 3 V is the equivalent of 69.4 uV of noise
of the input (= 34.7 nm).

Since the dsPIC is demodulating and filtering digitally,
a replica of the algorithm was created in MATLAB for
simulation purposes. An example of the output from this
simulation can be seen in figure 4. The simulation shows that
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Fig. 5. Output from the shadow sensor over after demodulation, decimation
and regression. A linear and 214 order polynomial regression is used. A total
of four decimation stages at a decimation rate of 4:1 per stage is used. Top
graph shows the time domain signal over 33 hours, some 1/f noise is present
with maximum oscillations of 4 nm peak to peak. Lower graph shows the
amplitude spectral density (ASD) of this data (left axis) and the rms at that
frequency (right axis). The ASD shows a white noise of 10 nm/+/Hz down
to 300 s. When integrating the data to 1000 s, a displacement sensitivity of
0.6 nm is obtained seen on the rms.

the noise is reduced by a factor of 2 — 3 per decimation
stage which is consistent with the cutoff of the filter (1/s'" of
the Nyquist frequency). The plot on this figure with the least
noise shows the output from the fourth (and final) decimation
stage. For 1.4 mV of noise on the lockin such as that of the
shot noise results in an estimate of 18 uV of noise after the
final stage. This is the equivalent of 0.9 nm and is smaller
by a factor of 2 — 3 relative to the measured noise seen
in figure 5. Likewise the theoretical input noise of the ADC
can also be simulated, for 69.4 uV of noise pre-filtering,
approximately 3 ¢V or 0.15 nm of noise is estimated on the
output. Experimentally the noise on the input was measured to
be 100 nm peak to peak (after being sampled at a bandwidth of
320 Hz). Simulating this noise gives an estimate of 2 nm which
matches up well to what is seen at in both the short term noise
in figure 5 and the noise on a PGA setting of 1 in figure 6.
We believe the excess noise seen in the measurements com-
pared to the theory is possibly due to relative intensity
noise (RIN).

IV. LOCK-IN AMPLIFIER (LIA)

Lock-in amplification is a technique that can remove low
frequency (1/f) noise from a measurement. This reduction is
achieved by modulating signals at a higher frequency than
the experiment, fj; and then demodulating afterwards. This
approach obtains noise around the frequency of modulation
with the bandwidth chosen by the low pass filter used after
the demodulation.

A. Digital Lock-in Amplifiers

The electronics board creates a modulated drive signal
in a unique way relative to most other systems. The DAC
(TLV5616 [31]) that is used for the drive signal is only



4112

«10° Lock-in with constant LED drive comparing different gains
2 r T T T T T T T

Displacement [m]

. . . . . n . .
0 5 10 15 20 25 30 35 40 45
Time [hours|
Lock-in with constant LED drive comparing different gains
T T T

ASD ==w]

2e-09 -

10°® N/

o .
10 10?2
Frequency [Hz|

Amplitude Spectral Density [m//Hz]

Fig. 6. Output from the 4th decimation step of the lock-in without any fixed
flag or modulation on the LED. It shows initially a decreasing noise as the
gain on the ADC increases. Should be noted that the peak to peak noise is
lower than that when modulating the LED implying the system is limited by
the LED. The lower graph shows the amplitude spectral density at the PGA
of 1 and the amplitude once multiplied by the frequency.

changed when a sample is recorded by the ADS1248 [29].
Once the micro-controller receives an updated value from the
ADS1248, the firmware puts the ADS1248 to sleep and then
changes the output of the DAC. After a pre-programmable
number of clock cycles, the micro-controller then awakens the
ADS1248 and starts it converting a sample. This process is
then repeated. The pre-programmable delay is used to ensure
that the ADS1248 samples once the signal has settled to a
new value. The modulated signal is in the form of a ‘pseudo-
sine wave’ — a sine wave with only 4 points per cycle,
0, 1, 0, —1 (figure 2). Since the change of the DAC being
used for the “pseudo-sine” and therefore modulation frequency
are locked to when the ADS1248 samples, using 4 points
per cycle has an advantage as the less points per cycle the
higher the modulation frequency. This signal still contains the
necessary frequency information for demodulating to a DC
level and was chosen over a conventional square wave as
it gives information on both the in-phase and out of phase
components of the signal. To allow the photodiode/low-pass
filters to settle, a 400 us delay was introduced. This delay
had the effect of reducing the modulation frequency from
160 Hz to 120 Hz. The settling time of the system was
observed on an oscilloscope to obtain the delay. Even though
the ADS1248 can sample up to 2 kHz, the sampling rate
was chosen to be 640 Hz since the input referred noise
increases with the sampling frequency (as seen on page 21 of
its datasheet [29]). Though the increase in sampling rate would
increase the modulation frequency as they are locked together,
it would not give better noise relative to the increased input
noise.

Once the signal is demodulated, the micro-controller filters
the data using a finite impulse response (FIR) filter [32].
This takes advantage of the dsPIC’s specialised digital signal
processing (DSP) engine that can multiply two data regis-
ters, add the result to an accumulator, fetch the next data
words to the data registers and update these data registers
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in two clock cycles [33]. This engine block allows many
different variables each to have their own decimation stage,
allowing variables to be chosen for filtering and decimation,
without slowing down the performance of the dsPIC. The
filter used for decimating is a custom low pass with a
cut off frequency at 18" of the sampling frequency, allow-
ing a decimation factor rate of 4:1 without running into
aliasing [32].

The upper plot of figure 5 shows the typical rms displace-
ment of a fixed flag system measured over more than a day
after it has been demodulated, decimated and regressed using
a linear and 2"¢ order polynomial regression. The lower graph
shows the amplitude spectral density (ASD) and the root mean
square (RMS) at that frequency. The ASD in figure 5 shows a
sensitivity of 10 nm/+/Hz down to 300 s. When averaging the
data over the 1000 s for example, a displacement sensitivity
of 0.6 nm over timescales of days is obtained. Averaging to
10000 s only decreases the noise by a factor of 2 due to the
I/ noise. Figure 6 shows the rms noise when the LED is not
being modulated but is on at a constant output. It shows a noise
peak to peak of 2 nm with no low frequency drift (compared
to 4 nm short term noise when the LED is modulated).
Comparing the two figures it can be observed that modulating
the LED increases noise across all frequencies and in particular
introduces !/ noise which limits the benefit from averaging.
This would imply the system is normally limited by the LED.
The shadow sensor originally used in Middlemiss et al. [11]
obtained a sensitivity of 2.5 nm/+/Hz at 1 Hz where here we
obtain a sensitivity of 10 nm/+/Hz. Though the initial system
outperforms this slightly since the noise is mostly white down
to 300 s, allowing the necessary performance to be obtained
by averaging.

V. RATIOMETRIC TEMPERATURE MEASUREMENT

A common way of measuring temperatures is through the
use of PT100 resistive thermometers. These resistors are plat-
inum resistors, precision made to have a resistance of 100 Q
at 0°C and to then have a linear increase with temperature
(here 0.385 Q/K). This property allows a calculation of the
temperature to be made once the resistance is measured as
demonstrated in equation 3.

T — Rueasured — 100 (3)
0.385

where T is in °C, Ryeasured 18 in L.

One technique to measure resistance is the 4-wire mea-
surement, which offers more advantages compared to the
2-wire measurement. The 2-wire measurement involves the
measurement of a voltage over a resistor when applying a
constant current, however, fluctuations in the current will
cause changes in the measured voltage and appear to be a
fluctuation in temperature. To combat this, a voltage can be
applied to two resistors in series, one PT100 and a stable
bias resistor. This stable bias resistor has a thermal coefficient
of 50 parts per billion (ppb), meaning a 10 kQ resistor
would change by 0.5 mQ with a 1 K change in temperature.
When a measurement is made, it is always done as the ratio
of the voltage drops over each resistor. This would cancel any
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Fig. 7. An example of a ratiometric measurement. A voltage is applied to
one side of two resistors in series allowing the AD7195 to measure the voltage
drop across each. Due to one of the resistors in the bridge being thermally
stable this allows a calculation of the resistance to be measured. The output
from the AD7195 would be the ratio of the two resistances, thus multiplying
by the bias resistors resistance, a value of the PT100 is obtained allowing the
temperature to be found using equation 3.

current/voltage noise due to it being in common mode. This is
known as a 4-wire measurement or ratiometric measurement.
The simplified scheme is presented in figure 7. It also has an
added advantage that any resistances in the wires used are also
cancelled to a large degree.

Here, an AD7195 [34] was used due to its ability to not
only automatically calculate the ratiometric measurement, but
also to output an AC excitation and internally switch inputs
so that valid data is converted. This AC excitation removes
effects such as bridge potentials that occur when a DC current
is used. These bridge potentials can offset the data, resulting
in a misleading value of temperature, as well as drifts in
the data. The result from the AD7195 which is the ratio of
the PT100 and the bias resistor, is converted to a resistance
of the PT100 by multiplying it by the resistance of the
bias resistor, i.e. 10 kQ. Since the resistance of the PT100,
is around 100 Q, which is a factor of 100 lower than the
bias resistor, this allowed a gain of 64 to be utilised on
the AD7195s to obtain an improved noise performance on
the input signal.

A. Temperature Measurement Noise

There are several sources of error in measuring a temper-
ature. Though the effect is small, the resistance of the bias
resistor can still change due to temperature, which would be
observed as a change in measured temperature. For a bias
resistor with a thermal coefficient of 50 ppb, this would mean
a 1 K change in temperature would also change the signal
by 50 ppb. This 50 ppb would result in approximately a
5.4 uQ = 14 uK error in the PT100 measurement. This is
negligible under most circumstances, even if the temperature
changes by 20 K, as other sources of noise exceed this value.
The input of the AD7195 also introduces an error of 3 bits
peak to peak at a gain of 64 and a sampling rate of 4.7 Hz
(as stated in page 14 of datasheet [34]). A 3 bit error on the
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are in the shield, which is the hardest to control, and are at ~ +5 mK whereas
the LED and MEMS vary by ~ £2 mK.

input is the equivalent of 8 in decimal which is the same as
4.8 mQ. 4.8 mQ is the equivalent of 12.4 mK pre-filtered.
Using the same simulation used for shot noise, an estimate of
the shot noise after filtering can be made. Here, 12.4 mK peak
to peak input noise results in ~ 1.4 mK peak to peak after
three stages of decimation.

B. Temperature Control

The values obtained from the temperatures are then filtered
and decimated to obtain an update period of & 1 — 3 s. These
can then be used in a control system such as a proportional,
integral and differential (PID) that is currently used [35]. This
PID is external to the board, it is operated from the PC
software with which the board communicates. This will later
be added as a function onto the firmware of the board. The
PID control allows multiple temperatures to be simultaneously
controlled (as seen in figure 8), where two temperatures,
the MEMS, and LED are controlled to within +2 mK, and the
outer shield that helps thermally insulate the device to +£5 mK
over a day. The shield is more difficult to control as its larger
surface area can couple easier to the steel vacuum system
(which is not thermally isolated) whereas the LED and MEMS
are being thermally controlled inside the shield. Though no
rigorous testing of the temperature limits have been done,
an estimate for the temperature limits can be made. The stable
bias resistors have a thermal coefficient of 50 ppb. Therefore to
get a 2 mK change in signal, a 72 m€ change in bias resistance
is needed. This is the equivalent of 7.2 ppm, or a change in
144 K assuming the thermal coefficient is constant. This is
not the case and in fact the thermal coefficient gets worse the
further from room temperature they are. This estimate also
ignores all other components such as the ADC and operation
amplifiers used.

It can be seen from figure 9 that on decreasing the
gain from the optimal value of 64, increases the noise
on the measurements. The changing of the gain implies
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Fig. 9. Comparison of the LED temperature when using different gains on
the AD7195 input. It shows that decreasing the gain increases the noise on
the control due to the system being limited by the input noise of the ADC.

that the system is limited purely by the input noise of
the AD7195.

VI. TILT SENSORS

As the MEMS [11] is measuring the vertical component
of gravity, any tilt off-axis of the proof mass relative to
the direction of gravity will change the measured output of
the device. This makes tilt an important variable to monitor.
The variation in acceleration sensitivity is given by equation 4.

cos 6
= 857 )

where x is the displacement of the MEMS proof mass in m, g
is the gravitational acceleration felt by the MEMS proof mass
in m s72,  is the resonant angular frequency of the device
in rad s~! and @ is the angle relative to the vertical direction,
i.e. if § = 0, we would get 1 g of acceleration. By c0n51der1ng
changes in g from changes in @, the equation Ag = g Sm AO

is obtained. It would be assumed that for small 6 the dev1ce is
insensitive to changes in tilt. This, however, is why it is more
meaningful to consider cos 6, —cos @ (where 6 and 6, are the
angle going from some angle 1 to angle 2) instead of the sin 8
as even small changes in tilt close to zero will cause a change
in the MEMS. Because of the sin @ relationship, the MEMS is
generally operated at vertical to minimise the tilt sensitivity,
however, the MEMS can be designed and operated at almost
any angle.

Using the outputs from the dsPIC itself to obtain high
switching rates, an anti-phase oscillating signal is passed into
two inputs of the electrolytic tilt sensor, SH50055-A-009 [36].
This anti-phase configuration (presented in figure 11) gives an
output that oscillates between the voltage over one side of the
electrolytic tilt sensor, then the other, allowing a difference of
the sides to be taken. This difference is calculated digitally by
the micro-controller after it is digitised, using an ADC internal
to the dsPIC to sample. The difference between the voltage
during high and low state is a measurement of the difference
in impedance of each side of the bridge. This difference in
impedance relates to the angle of the sensor from being level,

2
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X+Y

Fig. 10. Figure shows the excitation used for each tilt axis, X and Y, and
what shape the data takes when combining each of the components. X and Y
are summed together and sampled by an ADC at each of the four phases and
allows each of the axes to be extracted from a single input. The figure gives
an example where the tilt is larger in X than Y, which, can also be extracted
from the the right when comparing the amplitude of modulation of each of
the frequency components.

R3

TiltSensorA

c3

0.1 uF

TiltSensorB RS

2 2.2 MOhms
I BUF2 c2 R4

Il

I
> _LT1793  22uF 10 kOhms
0
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Fig. 11. Schematic diagram for running the Spectron electrolytic tilt sensors
(the SH50055-A-009). An anti-phase drive is produced from the micro-
controller’s digital outputs to produce a voltage difference over the tilt sensor
inputs. The output sees the voltage over one of the resistors during one half of
a cycle and the other during the second. Taking the difference of these voltages
gives a value based on how far its been tilted, i.e. the resistance of each side
changes with tilt. This circuit is replicated for the other axis of measurement
but with a square wave of twice the frequency. These components are summed
together and read by an internal ADC on the micro-controller. Each component
can be extracted as information on which part of the cycle is known by the
micro-controller.

where zero difference between the high and low state would
be measured when level. Figure 11 demonstrates the complete
circuit for one axis, another copy of this circuit is required
for the other axis but is modulated with a square wave of
twice the frequency. These two axis outputs are then summed
together before being sampled by the internal ADC of the
dsPIC. Each axis can then be extracted from the single value
by examining the phase each frequency component is at when
sampling (seen in equation 5).
Vi+V) = (Va+Vy)

Vx = ) (5a)

Vi +V3) = (Va+Va)
2

where Vy and Vy are the voltage relating to the tilt of each
axes respectively and V,, is the voltage measured by the ADC
during a four phase output cycle. Here axis Y is sampled at
twice the frequency of X and this is illustrated in figure 10.
The figure shows a small tilt in the Y axis being summed onto
a larger tilt in the X axis.

For every 1 wurad; 2.2 mV is obtained, i.e. 2.2 V/mrad.
This allows for a calibration of the tilt sensitivity by tilting
it through a known amount and monitoring how much the
output of the signal changes. The MEMS proof mass has a tilt
sensitivity of 4.4 yGal/urad. This requires the changes in tilt
to be less than ~ 9 urad to get the desired 40 uGal sensitivity.

Vy = (5b)
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Fig. 12. Figure shows a maximum change of ~ 2 urad over ~ 16.7 hours.
This data has had offset, linear and 2nd order polynomial drift removed using
a regression.

Figure 12 demonstrates a stability of +1 urad allowing
accurate enough monitoring.

VII. CONCLUSION

A highly stable optical shadow sensor has been demon-
strated along with its digital readout and control. The system
is shown to be able to measure displacements with a sensi-
tivity of 0.6 nm over an integration time of 1000 s, whilst
maintaining this sensitivity over periods of a day or longer.
All functionality is obtained from a micro-controller-based,
custom electronics board. This electronics board can measure
and control several temperatures to 2 mK; monitor changes
in tilt to 1 urad; power and modulate an LED; convert A of
current to measurable voltages; demodulate a digitised signal;
compute digital filters; and decimate the output signals. Whilst
the shadow sensor has been designed for us in a low-cost
portable MEMS gravimeter, the sensor could be re-purposed
to serve in many precision sensing applications.
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