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Abstract—MEMS are one of the fastest developing branch in
microelectronics. Many integrated sensors are widely used in
smart devices i.e. smartphones, and specialized systems like
medical equipment. In the paper we present the main parts of a
system for measuring human movement which can be used in
human balance disorder diagnosis. We describe our design of
capacitive accelerometers and dedicated switched-capacitor
readout circuit. Both will be manufactured as separate chips in
different technological processes. The principle of operation,
schematics and layouts of all parts of the system are presented.
Preliminary simulations show that the proposed designs are
applicable for the considered medical device.

Index Terms—MEMS, ASIC, accelerometer, integrated circuit,
balance disorder.

I. INTRODUCTION

HE idea of measuring inertial forces is known from many

years. Its importance is driven by the necessity of
determining body movement. It is possible by using mechanical
elements which are sensitive to velocity or acceleration.
Mechanical measuring systems used before the era of
microelectronics were very large. The breakthrough in
microelectronic ~ technology in the 1970s allowed
manufacturing mechanical sensors in microscale. They are
known as MEMS (Micro-Electro-Mechanical Systems) and
have experienced rapid growth in recent years [3], [6], [7], [15],
[16], [19], [23], [26], [31], [35], [36], [40], [41], [42], [10]. The
first commercial inertial sensors fabricated in micromachining
technology were accelerometers. The 50g accelerometer, which
was used in airbag ignition devices, played the pioneering role.
Since then MEMS inertial sensors started to be developed
quickly [2], [17], [20], [22], [28], [30], [35], [36], [38], [39],
[43], [53], [58], [59].

Meanwhile, more and more complex and sophisticated
ASICs (Application Specific Integrated Circuit) were designed.
The constant development of microtechnologies available for
designers, the constant decrease of prototyping cost and the
availability of manufacturing small number of chips in Multi-
Project Wafer (MPW) services encourage researchers to design
circuits containing both MEMS and ASICs.

In this paper we describe the first approach to the design of
capacitive MEMS accelerometer with open-loop switched-
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capacitor readout circuit which will be used for medical
purposes: diagnosing elderly people with balance disorders.
This device should be small, low-power, with easy and fast
wireless communication interface. It will help medical staff to
provide a quick response in case of health problems [3], [6],
[15], [23], [26], [27], [46].

II. MEMS DESIGN

A. Accelerometers overview

There are many proposed solutions for MEMS
accelerometers [2], [17], [20], [22], [45], [56], [57], [58], [60].
The most popular are capacitive accelerometers [30], [31], [39],
[59]. The operation principle of these sensors is based on
measuring the capacitance change when inertial forces appear.
The sensor is built from two plates which form a capacitor. One
plate is movable and is called a proof mass, while the second
one is fixed to the substrate. When the acceleration appears the
proof mass changes its position with respect to the fixed part,
which causes the capacitance change.

The typical values of capacitance in such sensors are very
small (in the order of pF) and the capacitance change is even
lower. To improve the sensor parameters like sensitivity comb-
drive structures are usually used. The typical comb-drive
accelerometer consists of two combs with many fingers. One
comb is connected to the proof mass, and the second one is
fixed to the substrate. Each pair of fingers (movable and fixed)
form a capacitor. The use of many fingers allows the increase
of the total capacitance. The initial capacitance of such sensor
is described by the following formula [30], [52]:

Co=¢e— )

where S is the area of one finger, n is the number of fingers in
one comb, d is the distance between fingers and ¢ is the
electrical permittivity. The capacitance change due to applied
acceleration is as follows:

ns
Cy=e—

AC = Cy — =

—Co (@)

where x is the distance change between fingers.

Copyright © 2018 by Department of Microelectronics & Computer Science, Lodz University of Technology



INTERNATIONAL JOURNAL OF MICROELECTRONICS AND COMPUTER SCIENCE, VOL. 9, NO. 4, 2018 143

The behaviour of MEMS inertial sensors (like
accelerometers) is described by second order differential
equation [37], [39]:

d?x

ma, =m-—_-

dx
+b E + kx (3)
where m is the mass of the movable part, b is the damping
coefficient and £ is the suspension stiffness.

According to the equation (3) the analytical solution of the
acceleration may be calculated if all parameters are known.
This approach allows estimating the general sensor
performance quickly. In case of complex sensor shapes it is
difficult to calculate the parameters of equation (3). Therefore,
other methods are employed and the most popular one is the
Finite Element Method (FEM). There are also mixed methods
which use both analytical and numerical methods. This
approach is employed for example in MEMS+ by Coventor®
[13] which is used in our design.

There are many methods for measuring the acceleration
with such sensors. It was decided to use differential method: a
differential pair of capacitors is formed in such a way that the
first capacitance increases, the second decreases and the
difference between them is measured. As a result, the
capacitance change occurs in both capacitors and the difference
in their capacitances is proportional to the acceleration (for very
small displacements). The principle of this method is presented
in Fig. 1.
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Fig. 1. The principle of measuring acceleration in a capacitive accelerometer
[44].

B. One-axis capacitive accelerometer design

During our research various accelerometer structures were
tested. First, an one-axis accelerometer were designed with H-
shaped proof mass. This allows placing many fingers connected
to the proof mass. Other fingers are attached to the frame, which
is fixed to the substrate. The schematic and layout view of the
baseline accelerometer is shown in Fig. 2. and Fig. 3. Its
dimensions are 864 pm x 624 um. Next, the scaling factor (SF)
was introduced in order to resize the baseline structure. All

accelerometer dimensions in X and Y plane were parametrized
using the SF except for the distance between fingers and finger
thickness. Thus we obtained the possibility of changing the
accelerometer properties just by modifying SF in order to find
the optimal value of the sensor sensitivity [24], [32], [47], [52].
Due to technology constraints, the SF value was limited to the
range from 1.0 to 2.0. After preliminary analysis it was decided
to design three structures (SF=1.0, SF=1.5, SF=2.0) in the first
MEMS prototype.
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Fig. 2. Accelerometer schematic view.

Fig. 3. Accelerometer layout view.

C. Simulation results

All simulations were performed by coupling MEMS+
software with Cadence Spectre. First, the MEMS+ 3D
accelerometer model was exported to Cadence environment.
Then, the simulations of this model were run in Spectre. During
simulations the operation of the accelerometer was computed
on-the-fly by MEMS+. As the input, the linear acceleration
change from 0 to 8g was set. Next, the following simulation
types were performed: modal, DC and DC sweep analysis. The
first eigenfrequencies of the tested accelerometers are shown in
Table I.
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TABLE L.
LIST OF THE FIRST EIGENFREQUENCIES OF THE ACCELEROMETER
FOR DIFFERENT VALUES OF THE SCALE FACTOR

Scale Factor (SF) Frequency [Hz]
1.0 16 800.2
1.5 6043.1
2.0 2998.2

The capacitance change of these accelerometers were also
calculated. The simulation results for the SF=1.0 and SF=1.5
and the acceleration change from 0 to 8g are presented in Fig. 4.
The capacitance in an equilibrium state and the sensitivity
calculated for the selected sensors are shown in Table II.
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Fig. 4. Simulation results of a DC sweep analysis with SF=1.0 (top) and SF=1.5
(bottom).

TABLE II.
LIST OF THE CAPACITANCES AND SENSITIVITIES OF THE ACCELEROMETER
FOR DIFFERENT VALUES OF THE SCALE FACTOR

Scale Factor (SF) | Sensor Capacitance [pF] | Sensitivity [fF/g]
1.0 1.446 0.888
1.5 3.152 8.390
2.0 5.729 64.275

The initial capacitance is the lowest and also the sensitivity
is the lowest for the SF=1.0. Both the sensor capacitance and
the sensitivity increase with SF. This is beneficial from the
designer’s point of view, however it is worth pointing out that
for the SF=2.0, nonlinearities in the output were visible. The
non-linearity of the sensor output is undesirable because it
causes the readout circuit to be more complex. Therefore, the
structure with SF=2.0 was discarded from further analysis.

D. Layout of the accelerometers

Two structures were tested and the first prototype
containing two accelerometers were prepared (see Fig.5). This
design is ready for sending to the silicon foundry, however, it
will be probably modified by adding the one additional
structure. It is in the test phase and will operate in Z-axis.
Accelerometers shown in Fig. 5. have the SF=1.0 and SF=1.5.
In the Fig.5 the symmetry according to the Y-axis is visible (two
identical structures on the right and left). This was required by
the chosen technology and is necessary to reduce stress, which
appears during cutting the dies.

A
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e

Fig. 5. The layout view of two accelerometers.

III. ASIC DESIGN

A. Overview

Described accelerometer (MEMS) requires dedicated
ReadOut Integrated Circuit (ROIC) [1], [5], [14], [18], [21],
[33], [49], [50], [53], [55], [58] in order to make their output
signal useful. This circuit is designed as separate ASIC in a
different process technology. Generally, it consist of three
modules: MEMS Signal Readout (MSR), Radio-chip Interface
(RI), Reference Signal (RS) (see Fig. 6). The main task of the
MSR module is to process signals from MEMS sensors, to
convert them to digital domain using analog-to-digital
converter (ADC). We chose 10-bit successive-approximation
ADC. Next, the ADC output is delivered to the RI module,
whose main task is to transmit received data via SPI to the low-
power Bluetooth device [9], [34]. The third block is the RS
module necessary for delivering the reference signals to all
circuits in ASIC.
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Since the ASIC and MEMS are designed as separate chips,
direct bonding of both chips in one package will be required.

' ._ Consequently, the pads of the both chips should be placed on
MENSIO ) MoR (IS S ’ menaes vede > RIIOEP) > opposite sides of each chip to allow straightforward bonding).
7 Moreover, in the ASIC additional blocks called MEMS Mocks
’—T , (MM) were also designed in order to emulate MEMS
capacitances. The values of MM capacitances are digitally
RS (Ref 5| MM (MEMS Mock) ' . . . .
Sysem 0 )= gignal Hocile N owe [ MmO > controlled and enable the verification of the ASIC functionality
before it is bonded with MEMS.
Power Ports

Fig. 6. ASIC block diagram.

B. Design and simulations

The ASIC is a mixed-signal circuit [4], [8], [25], [48], [54].
The most important part of the ASIC is the MSR, which
converts very small capacitance change from the sensors to the
voltage. Therefore, this module, whose layout had to be
designed in full-custom approach, is the most demanding part
of the ASIC. MSR architecture employs switched-capacitor
techniques [4], [8], [33]. One of the advantages of this solution
with respect to continuous-time circuits [4], [8] is the
elimination of the need for large resistors, which reduced the
layout size. The block diagram of the readout circuit used in the
ASIC is shown in Fig. 7. Pseudo-differential circuit was
designed [21], [44], [53]. The principle of operation is to deliver
modulating signal to the proof mass of the accelerometer
(middle node) and read outputs from the top and bottom plates
of the capacitors (top and bottom node). Two clock signals c/k!
and c/k2 are used in the chip with the frequency of 400 kHz.
Such high frequency is necessary to avoid causing the
electrostatic force on the MEMS accelerometer plates, as this
frequency is far outside the bandwidth of the accelerometer.
Each clock activates a different phase of the operation, namely
charging phase (when clk! is active) during which the MEMS
capacitances are charged with known voltage and readout phase
(when clk2 is active), when the charge from MEMS
capacitances is converted to the voltage.

We performed simulations of MSR schematic with
sinusoidal input acceleration (from —2g to +2g) with the
frequency of 10 kHz. Fig. 8 and Fig. 10 show the obtained
results after particular MSR stages. After the first stage, a small
differential voltage signal proportional to the capacitance
change is obtained (Fig. 8, top). Note that due to the switched-
capacitor nature of the circuit, the signal is only valid in
particular time instants, hence the noise visible in the signal due
to switching do not really have influence on the final results.
Next, this signal has to be amplified in the second stage, a
constant gain of 20 for this amplifier was chosen. It can be seen
in Fig. 8 that the amplitude of the sinusoidal signal after the
second stage is almost exactly 20 times higher than the
amplitude of the signal after the first stage. The third stage
amplifies the signal further (the gain here is digitally controlled,
for this simulation we chose a gain of 16) and additionally
converts it from differential to single-ended form. It can be
observed that after sampling at the output of the third stage, the
signal does no longer contain glitches.

C. Floorplan

Fig. 9. shows the floorplan of the ASIC. The estimated size
of the chip is 2.5mmx2.5mm. Pads are arranged
symmetrically. MEMS I/O pads are placed on the left side in
order to bond them directly with output pads of the MEMS. This
is necessary in order to ensure the best signal quality between
chips (low resistance connections, minimizing parasitic
capacitances and inductances, etc.). The positions of the pads
affect placement of main blocks.

generation circuit
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CLOCK1 (charging phase) - Correlated Successive approximation
Common- double Digitally-controlled gain (sample every 6 us)
CLOCK?2 (readout phase) - £ el 8 -
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2x8-bit bit- fiput common Output common NURE differential differential-to- 8
controlled mode mode feedback ey - single-ended converter
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Fig. 7. Block diagram of the MSR module.
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Fig. 9. ASIC floorplan view.

The mixed design technique is used to prepare the floorplan
[12]. Top-down technique is used to place the main blocks of
the ASIC top-level, and the main blocks are designed using
bottom-up technique.

IV. CONCLUSIONS

In the paper one-axis accelerometers were first analysed.
Based on this analysis, two structures were designed and tested.
The simulations have shown that the designed MEMS sensors
correctly convert the acceleration into capacitance.

[ T T T T T I T T T T T T T I T T T T T 1
0.0 10.0 200 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0
time (us)

Fig. 10. Sampled output signal of the MSR.

Although their sensitivity is quite low, it is sufficient to measure
the acceleration characteristic for human movement. Moreover,
based on the results obtained from MEMS accelerometer
simulation, a readout circuit was designed. Its simulations
showed that it can be successfully used to convert a small
change in MEMS capacitance to the voltage necessary for the
ADC. Therefore, we can conclude, that the dual System-on-
Chip (MEMS as inertial sensor and ASIC as readout circuit) can
fulfil the project requirements, i.e., its parameters allow it to be
used in a system for the diagnosis of human imbalance
disorders.
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