micromachines

Article

Multi-Function Microelectromechanical Systems
Implementation with an ASIC Compatible CMOS

0.18 um Process

Chih-Hsuan Lin *, Chao-Hung Song and Kuei-Ann Wen

check for

updates
Citation: Lin, C.-H.; Song, C.-H.;
Wen, K.-A. Multi-Function
Microelectromechanical Systems
Implementation with an ASIC
Compatible CMOS 0.18 pm Process.
Micromachines 2021, 12, 314. https://
doi.org/10.3390/mi12030314

Academic Editor: Burak Eminoglu

Received: 8 February 2021
Accepted: 15 March 2021
Published: 17 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Electronic Engineering, National Chiao Tung University, Hsinchu 300, Taiwan;
nonox1257@gmail.com (C.-H.S.); stellawen@mail. nctu.edu.tw (K.-A.W.)
* Correspondence: shsuanhsuan.ee01g@g2.nctu.edu.tw; Tel.: +886-3-573-1627

Abstract: A multi-function microelectromechanical system (MEMS) with a three-axis magnetometer
(MAG) and three-axis accelerometer (ACC) function was implemented with an application-specific
integrated circuit (ASIC)-compatible complementary metal-oxide-semiconductor (CMOS) 0.18 um
process. The readout circuit used the nested chopper, correlated double-sampling (CDS), noise
reduction method; the frequency division multiplexing method; the time-division multiplexing
method; and the calibration method. Sensing was performed by exciting the MEMS three-axis
magnetometer at X/Y/Z axes mechanical resonant frequencies of 3.77/7.05/7.47 kHz, respectively. A
modest die-level vacuum packaging resulted in in-plane and out-of-plane mechanical quality factors
of 471-500 and 971-1000, respectively. The sensitivities of both the three-axis magnetometer with
2 mA driving current and the three-axis accelerometer were 7.1-10.7 uV/uT and 58.37-88.87 uV/ug.
The resolutions of both the three-axis magnetometer with 2 mA driving current and three-axis
accelerometer resolution were 44.06-87.46 nT/\/Hz and 5.043-7.5 ng/+/Hz. The resolution was
limited by circuit noise equivalent acceleration (CNEM) and Brownian noise equivalent magnetic
field (BNEM).

Keywords: microelectromechanical systems; three-axis magnetometer; three-axis accelerometer

1. Introduction

In recent years, electronic devices, including microelectromechanical systems (MEMS)
sensors, have occupied a very important position in the Internet of Things (IoT). The three-
axis software gyroscope has attracted the attention of consumers. The magnetic sensor
measures change in the three-axis geomagnetism with a mobile device and simulate the
angular movement of the gyroscope through algorithms. As a result, three-axis heading
information can be calculated.

Then, the magnetic sensor has the advantages of wide measurement range, high
stability, no zero-temperature drift, low power consumption, low cost, anti-interference,
and small size. Therefore, the calibration and diamagnetism of the magnetometer (MAG)
are done well, and the MEMS gyroscope can be replaced by a three-axis MAG. To further
reduce hardware cost, this paper proposes that a three-axis magnetometer and a three-axis
accelerometer (ACC) share one microelectromechanical system (MEMS) structure.

Moreover, the readout circuit uses the nested chopper, correlated double-sampling
(CDS) as well as other noise reduction technologies; the frequency division multiplexing
method to read the three-axis ACC and three-axis MAG at the same time, and the time-
division multiplexing method to reduce the mutual influence of each modulation frequency.
Moreover, the calibration circuit corrects and compensates for the MEMS capacitance value
that caused the variation during the process.

The design specifications are described as follows: To avoid increasing the complexity
of the back-end readout circuit, when the minimum geomagnetic strength is 10 uT, the

Micromachines 2021, 12, 314. https:/ /doi.org/10.3390/mi12030314

https://www.mdpi.com/journal /micromachines


https://www.mdpi.com/journal/micromachines
https://www.mdpi.com
https://doi.org/10.3390/mi12030314
https://doi.org/10.3390/mi12030314
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/mi12030314
https://www.mdpi.com/journal/micromachines
https://www.mdpi.com/article/10.3390/mi12030314?type=check_update&version=2

Micromachines 2021, 12, 314

2 0f 22

MAG can have a capacitance change of 2 aF to facilitate the effective elimination of the
readout circuit noise amplification signal. The sensitivity of the MAG and ACC were
2 aF/uT and 200 aF/g. The sensing range of the MAG and ACC were 10-5000 uT and
1-10 g.

An ultra-sensitive Lorentz force MEMS MAG with a pico-tesla limit of detection is pre-
sented in Reference [1]. A single-structure three-axis Lorentz force MAG had a 30 nT//HZ
resolution in Reference [2]. The ACC readout circuit used a low-frequency noise reduction
technique in Reference [3]. Development of a multi-axis complementary metal-oxide-
semiconductor (CMOS)-MEMS resonant magnetic sensor Lorentz and electromagnetic
forces were presented in Reference [4]. Z-axis MAGs for MEMS inertial measurement units
using an industrial process are presented in Reference [5]. An elastic coefficient analysis
on planar s-shaped micro-spring under high-impact load is presented in Reference [6].
An area-efficient three-axis MEMS Lorentz force MAG was the smallest Lorentz force
sensor [7].

2. Materials and Methods
2.1. Process, Modeling, and Design of the MEM Sensor

The proposed MEMS ACC was fabricated using the United Microelectronics Corpo-
ration (UMC, Hsinchu, Taiwan) 0.18 um 1-polY-6-metal (1P6M) standard CMOS-MEMS
process provided by the Taiwan Semiconductor Research Institute (TSRI). This process can
integrate the MEMS structure with the CMOS readout circuit in a single chip without any
post-processing after wafer out. The post-CMOS fabrication was performed using a dry
etching process.

The typical differential equation of mechanical equilibrium is shown in Reference [8]
and takes Laplace transform and replaces the s term with jw, the frequency response
of displacement to external actuation force, quality factor Q, natural frequency wg, and
Hooke’s law is given as:

-1 /
x(s) = ke ;Q = m7eke;w0 = UE; Foxt = kexif w << wy
Fext(s) <1 . wi) + Q]l be me
wh Wo
(1)

where an effective mass m, and its displacement is x, an effective spring constant ke, and
an effective damping coefficient be, any external actuation force Feyt.

2.2. Structure of the MEMS Magnetometer

Figure 1a illustrates the layout and model of the MEMS MAG. The structure was
composed of a stator, rotor, anchors, fingers, springs, and proof mass. The stator is the
part that is not released in the CMOS-MEMS process, and the rotor is the part that can
be actuated—anchors fix the structure—and provide the input or output of the Lorentz
currents, while fingers are sensing the variation in the capacitance.

Considering the influence of different spring structures on the displacement of the
sensor, the elastic coefficient of the S-shaped spring structure is inversely proportional to
the third power of the length, and the coefficient is relatively small, which can effectively
make the sensor produce displacement [7]. In this paper, the length and the number of
folding springs as the S-shaped spring structure decided the spring constant and further
affected the resonance frequency as shown in Figure 1b. In addition, the length of the beam
will influence the curvature of the structure. The dimension of the structure is shown in
Table 1 and A-I are the dimensions of the structure’s different parts and are marked in
Figure 1b and Table 1.
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(a) (b)

Figure 1. (a) The layout of the microelectromechanical system (MEMS) magnetometer; (b) marks on
the combs and springs of the structure.

Table 1. Dimensions of the MEMS magnetometer.

Position Value Position Value
Proof mass length (um) 299 Stator fingers (D) (um) 75.4
Proof mass width (um) 13 Rotor fingers (E) (um) 754
Finger width (A) (um) 2.6 Spring width (F) (um) 2.6
Finger gap width (B) (um) 2.6 Spring width parallel (G) (um) 2.6
Finger overlap length (C) (um) 72.8 Spring width perpendicular (H) (um) 7.8
- Spring length (I) (um) 221

2.3. Operational Principle of the MEMS Magnetometer

The magnetic field B (jw) with the applied current I (jw) flowing through the sus-
pended conductor of length L, results in the Lorentz force Fiag (jw), which can be shown

as Fonag jo0) = LI(T(jw) x E(jw)) 8.

[N

To simplify the analysis of Fiag(jw) and supposing the frequency is much less than
the resonance frequency, the frequency of Fag(jw) is determined mainly on the frequency

of the Lorentz current I (jw). When the Lorentz current flows through the MEMS, the
Lorentz force will be generated perpendicular to the external magnetic field and detect
three-axial magnetic fields as are shown in Figure 2a—c.

Current Flow

(8) Magnetic Field

(Out-plane)

== === Magnetic Force

(b)

Figure 2. (a) Schematic of the sensing X-axis magnetic field; (b) schematic of the sensing Y-axis magnetic field; (c) schematic
of the sensing Z-axis magnetic field.
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3. The Finite Element Method (FEM) Simulation Result of the MEMS Sensor

First, based on the UMC CMOS-MEMS process, we drew the layout of the structure
in the virtuoso tool to extract the layout file and import it into the mechanical analyzer for
CoventorWare tool, to build a 3D model (Figure 3a). In the simulation, the dimensions of
the element unit were selected to be 0.5 x 0.5 x 0.5 um?3.

Conductor_0 Conductor_1 Conductor_0

M6 M6 M6 M6

o ) . Conductor_1 D

M5 M5 M5 MS s

M4 M4 M4 L M4

3 M3 T3 Cmill

M2 M2

M2 M2 M2 3

M1 é\dé M1 1]
Conductor_2

(a) (b) (c)

Figure 3. (a) The 3D model of the MEMS sensor created by CoventorWare; (b) capacitor for detecting magnetic field in the

Z-direction; (c) capacitor for detecting magnetic field in X- and Y-directions.

First, this study used the CoventorWare tool to simulate the initial sensing capacitance
value and assume that the curvature of the structure was caused by the process to make the
overlap part of the finger 80% of the original. When detecting the Z-axis magnetic field, the
sensor moved in the plane direction, the capacitive comb was stacked METAL 1 - METAL
5 as both the conductor_0 (stator) and conductor_1 (rotor), shown in Figure 3b, and the
simulation result was Cp = 4.53 x 0.8 x 40 = 144.96 fF. The number of the finger was 40.

When detecting the X- or Y-axis magnetic field, the sensor moved out of the plane, the
capacitive comb was stacked METAL 2~5 as conductor_1 (the rotor), and both conductor_0
with METAL 1~3 and conductor_2 with METAL 4~5 as the stator. The average of the initial

capacitance value simulation results were Cy = {M} x 0.8 xN = 10.8, 21.6 fF

and is shown in Figure 3c. The number of N was 9, and 18 corresponded to the X/Y axes.

Since CoventorWare cannot directly simulate the size of the magnetic field, according
to the Lorentz force formula, F = L*I*B, the applied magnetic force was converted to
the pressure that CoventorWare can simulate; thus, the expected applied current was
2 mA [9,10]. According to the formula, the length of the line converted the magnetic field
of 0-5000 uT into the pressure applied to the beam to simulate the deformation of the
structure. Then, we could simulate the deformation of the structure when the X- and
Y- axes were subjected to a magnetic field of 0-5000 uT with an interval of 200 uT. The
simulation result shows that the displacement was 0.0256 um and 0.01 um when subjected
to 5000 pT. The sensitivity was approximately 5.12 x 107® and 2 x 107° &2

Besides, when the MAG was subjected to a magnetic field of 5000 uT in the Z-axis
direction, the displacement distribution in the Y-direction, and the maximum displacement
was approximately 0.0045 pm, and the gap width was 2.6 um. It confirms the high linearity
of the displacement into the capacitance difference and the sensitivity was approximately
9x 1077 .

Then, the resonance frequency, fo, the simulation was completed by the modal
analysis of the MemMech module of CoventorWare tool. The proper boundary con-
ditions were then set in the setup dialog of the solver. The X/Y/Z axes resonance
frequencies were 3.77/7.05/7.47 kHz, and the X/Y/Z axes generalized masses were
16.12/5.8/5.12 x10~10 kg and generated 3D images shown in Figure 4a—c.
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Figure 4. Modal analysis for the accelerometer movement along the (a) X-, (b) Y-, and (c) Z-axes.

By the shift of the X/Y/Z axes modal analysis, we can ensure the direction of the
design current and make the structure move in the correct corresponding modal. The
MAG'’s plane motion direction along the X/Y/Z axes are shown in Figure 5a—c.

COVENTOR COVENTOR COVENTOR

(b)
Figure 5. The magnetometer shows the plane motion direction along the (a) X-, (b) Y-, and (c) Z-axes.

Because the Q value has an important influence on the structure, we used Coventor-
Ware to simulate the damping constant. The general damping constant was divided into
squeezed and slide, and can be expressed as Formula (2) [6].

3

t A
bsqueeze = 7.2 Ngap X ploy X -3 7 batide = Negap X 13 7 @)

Ngap is the number of intervals, L is the viscosity coefficient of air, it was approximately

1.86 x 107° I% at room temperature, ly is the overlapping length of the capacitor plates, t
is the thickness, d is the distance between the stator and the rotor, and A is the area where
the capacitor plates overlap.

Then the Knudsen number (Kn) was added to modify the viscosity coefficient in
consideration of the interaction between air molecules and structural systems. Because the
free path of air molecules is about 100 um in a low-pressure environment and the plate
spacing of this structure was 2.6 um, K, = % = 38.46 could be obtained. The formula

for modifying the viscosity coefficient is given as (3):

v

_g kg
S — Y R T = 3
Heff = 1779.638K,,1159 % ms ®)

By calculating the above Formula (2), the damping constant could be calculated and
is given in (3). It can be seen from Formula (4) and bsgueeze that it almost dominates the
damping coefficient:
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t3 gk A 0k
bugueere = 7.2 % Nyap X heglow X 5 =81 x 10 8 ?g i buide = Nagap X et X 3 27.61x 10710 ?g )
Then, the Q value can be estimated as Q = ¥ “l;e ke — 2”£°M, fy is the resonance

frequency, M is the mass, Q, is 471-500, and Q, is 971-1000.

The displacement and the distribution of the finger number N were obtained and by
AC = Cj x %d. The capacitance change corresponding to the applied 200 uT magnetic fields
could be calculated by AC, = 3.402 aF, and the movement at the Z-axis resonance fre-
quency was approximately ACx = 3.402 aF x 1000 = 3.402 fF, ACy = 2.659 aF, and the
movement at the Z-axis resonance frequency was approximately ACy = 2659 aF x 1000 =
2.659 fF and AC, = 8.02 aF, and the movement at the Z-axis resonance frequency was
approximately AC, = 8.02 x 500 = 4.01 fF.

In addition, the displacements of the ACC at the X/Y/Z axes are shown in Figure 6a
for 2-10 g acceleration, and the displacements of the MAG at the X/Y/Z axes are shown in
Figure 6b for 0-60,000 uT magnetic field. Then, we calculated the three-axis capacitance
change value for 2 g acceleration, ACx = 0.05543 x Nx, ACy = 0.0093 x Ny, and
AC, = 0.0039 x Nz; Nx/Ny/Nz is a three-axis finger number. When Nx/Ny/Nz was
6/34/56, the X/Y/Z axes sensitivities of the MAG were 17.01/13.3/20.05 aF/uT. The
X/Y/Z axes sensitivities of the ACC were 166.5/159/109.35 aF/g.

Magnetic field versus Displacement ] Acceleration versus Displacement
0.C
o -
0.0
g , [y =
Z $
£ a@sX-axis E o
@ 0.00 8 o N
r_; 5558 Y -axis _S'
'é ).004 ®n7-axis Qo .
004 = x
> 1
204 > * e o o O 3
, P e i 5
10000 0 30000 4000 0 :
Magnetic field (uT) @ X-axis &Y-axis ®Z-axis Accerleration (g)

(a) (b)
Figure 6. (a) Acceleration versus displacement of the three-axis; (b) magnetic field versus displacement of the three-axis.

Finally, the equivalent Brownian noise (BNEA) was calculated, where kg is the Boltz-
mann constant and equal to 1.381 x 10~23 ]AK‘l, T is the absolute temperature, m is the
mass of proof mass, and b is the damper coefficient [6,11]:

V4kab< 8 ):1.44615 ac )
9.8m \ \/Hz VvHz

The Brownian noise equivalent magnetic field (BNEM) was calculated, where L is the
effective current length, i is current, Q is the quality factor of the MEMS structure, k is the
spring constant, and fg is the resonance frequency [12].

vV 4kb Tk/thfoQ T
Li v Hz

This study used CoventorWare to simulate the applied pressure and convert it into
force and displacement, and then we calculated the equivalent spring constant according
to Hooke’s law and F = kx. When the MAG is operating, it will only vibrate in the X- and
Z-directions. The Calculated X and Z-axis spring constant is shown in (7).

The results of the spring constant calculation show that the Z-axis was relatively
difficult to vibrate and the equivalent spring was harder, which is in line with the large

BNEA =

BNEM =

(6)
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resonance frequency in the previous simulation and the process limitation in the Z-axis
direction. The BNEMs of the X/Y/Z axes are shown in (8)—(10).

ke = ;:;823(2);:83 = 0857 g; ke = 21.5063366%18;3:0012 - 4'04462 @
BNEM, — % = 63.16 \;‘% )
BNEM, = % = 18.26\;% (10)

Moreover, when the MEMS structure is to be used as a MAG, a bias current must be
applied to the structure to generate a Lorentz force.

4. Circuit Design and Simulation
4.1. System Architecture

The system architecture is shown in Figure 7. It can be divided into a readout circuit
and the calibration circuit. The variation in the capacitance from the MAG/ACC was
modulated with a 400 kHz pulse signal converted into a voltage signal by a capacitance-to-
voltage (C/V) circuit. The readout circuit included the nested chopper amplifier, C/V stage,
first demodulation, the operational transconductance amplifier-capacitor (GM-C) filter,
main amplifier, CDS demodulation, buffer, the two cascading resistor-capacitor (RC) filters,
the frequency division multiplexing circuit, and the time-division multiplexing circuit.
The calibration circuit included the comparator, calibration clock controller, successive
approximation register (SAR) logic, and digital-to-analog converter (DAC).

C/V stage

E Gm-C filter / Buffer Low pass filter Comparator
Main amplifier

TT -
TT ‘ IX’:“ A

Magnetometer Calibration
DAC «— | SARlogic | Clock
Comp i i controller

Figure 7. The overall architecture of the proposed readout system. Capacitance-to-voltage (C/V)
circuit; successive approximation register (SAR) logic; digital-to-analog converter (DAC); the opera-
tional transconductance amplifier-capacitor (GM-C) filter.

4.2. Readout Circuit

The nested chopper amplifier was implemented to reduce the residual offset of a
chopper amplifier [13]. For example, the higher modulation frequency was 400 kHz and
the lower modulation frequency was 25 kHz, so the theoretically achievable improvement
in residual offset was the ratio of 400 kHz and 25 kHz, which means the residual ratio
would be 16 times less compared to the conventional chopper amplifier.

The first stage of the readout circuit was the C/V stage used to convert the variation in
the capacitance into a voltage signal. The circuit is shown in Figure 8a—c. The large feedback
resistor, R¢, was implemented by a sub-threshold n-type metal-oxide-semiconductor (MOS)
to bias the DC voltage of input ports to be half of the supply voltage and had much less
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$
3

N
N
AN

area than a poly resistor, small leakage current. Since the output range at this stage is
quite small, which is approximately 10 mV, telescopic topology was implemented and the
gain was 76.46/77.81/73.62 dB, the phase margins (PMs) were 61.2/61.8/61.2 degrees,
gain-bandwidths (GBW) were 22.06/22.31/21.32 MHz for a typical-typical (TT)/slow-
slow (SS)/fast-fast (FF) corner. In addition, for a fully differential operational amplifier,
continuous-time common-mode feedback (CMFB) circuit was designed and the gains
were 76.54/77.91/75.39 dB, the PMs were 75.41/74.79/75.57 degrees, and the GBWs were
3/3.2/29 MHz for a TT/SS/FF corner.

VDD

Vop

Vemrn

f -lz
Pm

(a)

(b) ()

Figure 8. The schematic of the (a) capacitance-to-voltage (C/V) stage; (b) telescopic operational amplifier; (c) the schematic

of continuous-time common-mode feedback (CMFB) circuit.

The input-referred noise of the first stage dominates the overall noise of the read-
out circuit, so the operational amplifier was designed to have a large size p-type MOS
input pair to decrease the flicker noise. Similarly, output transistors with large overdrive
voltage were chosen to reduce the thermal noise. The noise contributions at 250 Hz were
210.37/206.52/206.42 nV //Hz for a TT/SS/FF corner.

After analyzing the amplifier, from Figure 8a, the transfer function of the C/V stage
can approximately be expressed as:

2AC
Ce(1+ obg; )

where AC, Cy, ¢m, and Ry are the variation of the MEMS capacitance, feedback capacitor,
modulation clock, and effective resistance of MOS, respectively. The amplification gain
was determined by the ratio of the variation in the capacitance and feedback capacitor.
Then, the capacitive sensing scheme of the fully differential bridge was as follows.
The variation in the capacitance would induce a charge transition and generate an A/C
voltage, and a capacitive divider would provide the voltage-domain scheme of the sensing
process, where Cy is the initial capacitance between stator and rotor of the MEMS, AC

Vo+ = Voo & (¢m — @m) X (11)

, do is the gap

is the variation in the capacitance with a magnitude equal to ‘Co X d—;ddo

spacing between fingers and d is the displacement caused by the natural actuation, C;, is the
parasitic capacitance at the sensor output node, and Vy, is the full-scale of the modulation
pulse signal. The sensed voltage is given by [6]:

26, d
0 Sy 12
“2Co—Cp Ty M 12)

Vsense = Vp —Vn =2

The second stage is the amplification stage used to amplify the signal in the range of

tens of millivolts to a large range. The band-pass amplifier was implemented to amplify
the modulated signal in the high-frequency band and reduce low-frequency noise from the
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first stage. The band-pass filter was composed of a differential-difference amplifier (DDA)
and a Miller integrator as shown in Figure 9a—c.

,
\Ollm v AA

ip —VWVy —0Vup

Vour Voup Vio 0—A, =0 Vou
Voup Ry

(b) ()

Figure 9. (a) The schematic of differential-difference amplifier (DDA) circuit; (b) the symbol of a DDA circuit; (c) fullY-
differential Miller integrator.

The transfer function of the band-pass amplifier is:

T(s) = Vout(s) _ G(s) _ —stAp _ —SReqCiAg
Vin(s) 1—G(s)H(s) ST+ Ag sReqC1 + Ap

(13)

where Req, Cj, Ag are the equivalent resistances of the integrator, integrating capacitor, and
low frequency (D/C) gain of the DDA. A transfer function is a typical form of a band-pass
amplifier. Figure 9c shows the DDA and the schematic of the Miller integrator.

The transfer function of DDA is:

Voutp — Voun = A x [(Vpp — Vpn) — (Ve — VaN) ] (14)

From Formula (13), the time constant, T, the high-pass cutoff frequency is defined by
Req and Cy. The gains at 100 kHz were 14.57/14.43/14.75 dB for a TT/SS/FF corner and at
100 Hz were —8.74/—7.93/—10.86 dB for a TT/SS/FF corner, and the gain rejections were
23.31/22.36/25.61 dB for a TT/SS/FF corner between the signal band and undesired band.

After the first demodulation, the signal band was converted to approximately 25 kHz.
Hence, the second-order bi-quad filter with a GM-C, shown in Figure 10a, was used to
separate the demodulated signal and undesired signal.

(a) ()

Figure 10. (a) The second order bi-quad GM-C filter; (b) schematic of the Gm cell unit.

By connecting gm cells as shown in Figure 10a, a second-order transfer function, the
natural frequency wy, and the Q factor can be achieved which is equal to (15).

Vout _ 8m2 X My S wy = /8m18m2 . Q = L % gmlgm2cl
Vin ClCZSZ + gm3C1S + &m18m2 ' C1C2 ' Em3 CZ

(15)
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Thus, by controlling the transconductance of cells and capacitors, the cutoff frequency
and Q factor can be determined. The gains were —0.18/—0.17/—0.19 dB, 3 dB bandwidths
were 25.62/26.54/24.96 kHz for a TT/SS/FF corner.

However, the most common problem of the GM-C filter is the linearity of the Gm-cell,
because the transconductance value of the input transistor will dramatically vary as the
input voltage changes. To maintain the linearity of the filter, the Gm-cell with a source
degeneration, shown in Figure 10b, was implemented. Thus, with the additional transistor
serving as a resistor, the effective transconductance of the Gm cell was nearly a fixed value
with input signal changes from 0.7-1.1 V.

The CDS circuit is combined with the demodulation function [6]. The CDS stores the
flicker noise and DC offset in the capacitor in two phases. In phase one, the CDS samples
the differential signals. In the next phase, the differential signals and error voltage will be
subtracted. As a result, the noise far below the switching frequency and DC offset will be
canceled and the amplitude of the signal will be twice as large.

Because there is a large capacitor between the filter and the CDS circuit, the CDS
circuit cannot provide such a high current to push the capacitor. There should be a buffer
after the CDS demodulator. The buffer’s output range under a TT/SS/FF corner was
0.7-1.1 V and met the specifications of the output range, which were 0.5-1.2 V [14].

The topology of an active, fully differential filter requires the use of a CMFB circuit,
which constraints output swing due to the headroom voltage of the transistor in the
CMEB circuit. Thus, the RC filter was implemented for the filtering function, and the two
cascading RC filters are shown in Figure 11a.

Vi(s)—

(a)
Figure 11. (a) The two cascading resistor-capacitor (RC) filters; (b) the continuous-time comparator circuit.

4.3. The Calibration Circuit

From Figure 11a, the two cascading filters have two nodes: A and B. We had a larger
bandwidth in node A, which meant that the settling time of the calibration operation could
decrease well as soon as we set the value of R; and C; quite smaller than R, and C;. The
settling time in node A was much shorter than node B when the pulse width was 160 us;
node B served as the output node.

In the calibration circuit, the continuous-time comparator is shown in Figure 11b and
was used to determine the polarity of the offset. The current-mirror pre-amplifier followed
by a positive feedback latch was used. After comparing the D/C voltage at node A of
the two cascading filters, the control logic circuit controlled the UP or DN/UP1 or DN1
switches to reduce the DC offset in differential sides in Figure 12.
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Readout circuit part

Calibration Switch

--------------------------------- y——N Vier GND |
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i I | Modulator ||

C,y c ! '

|

'

Calibration circuit part

Figure 12. Calibration switches and interface of the readout and calibration circuit. The UP/DN are
the switches in left side; The UP1/DNT1 are the switches in right side.

The offset of the comparator was the important specification and compared a 500 Hz
sinusoidal wave and a reference voltage to check the offset. The Monte Carlos simulation
included the global process variation and mismatch. Under sigma and iteration equal to
three and 100, the offset was varied from —4.8-4 mV for TT/SS/FF corners. Compared to
the resolution in the DAC, which was equal to 90%5“\7 = 28.125(mV), it would not affect
the correction of the logic circuit.

In the chopper amplifier, there are switches in the interface of calibration and readout
circuit. Thus, we can compensate the unbalanced capacitance by C1 and C2 between Vi,
and Vj,_ nodes. The calibration switch is suitable for the chopper amplifier as shown in
Figure 12 [15]. The calibration switch can reduce the DC deviation between Vj,_ and Vi,
by controlling the Vpaci/Vpacz and the UP or DN/UP1 or DN1 switches for coarse/fine
calibration operations. This paper proposes to directly use the SAR logic to approach and
eliminate the deviation value. This method can save unnecessary approach time with a
low-pass filter and can achieve faster (80%) than that in Reference [15] correction time
under the same bit number.

The C; of the coarse calibration operation was designed to be 32 times larger than
the C; of the fine calibration operation to obtain 5 bits resolution. The dimension of the
unit capacitance was 1 pm x 1 um and the value was 1 fF. The resolution of the calibration
capacitance was evaluated as 1(2f5F) X 8% = 20.83(aF), 2° came from 5 bit DAC and % was
because the full scale of Vpac1 and Vpacr was 0.6 V and Vigg was 0.9 V. Moreover, the
maximum calibration capacitance was ($2) = 21.33(fF).

A 5-bit resistor-2resistor ladder digital to analog (R-2R DAC) circuit is shown in
Figure 13a and has little influence on integral nonlinearity (INL) and differential nonlin-
earity (DNL). In addition, the additional resolution can be obtained by setting two sets of
switches and smaller calibration capacitors, C;, Cy, in Figure 12 as well. Thus, a 5 bit DAC
is enough in this design. In this design, the unit resistance is 1 k() and R is 4 k() to get
a proper trade-off between the layout area, deviation caused by the process, and power
consumption. When the digital code was 5'b0000 ~ 5'b1111, the analog output was equal
toVggg = 0—0.6 V.
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Voo

Figure 13. (a) The resistor-2resistor ladder (R-2R) digital-to-analog (DAC) circuit; (b) schematic of the unit gain voltage

follower. Vpac, the voltage of digital-to-analog converter; Vrgp, reference voltage; Vi, the input signal voltage; Vo, the

output voltage.

Since the output of the DAC circuit was designed to connect to the control switch,
which had a small conductance resistance, if we directly connected Vpac to switches, the
value of Vpac would be critically affected by the finite resistance. As a result, the unit gain
buffer must provide infinite input impedance and small output impedance. The schematic
of the voltage follower composed of a folded-cascode and a super source follower is shown
in Figure 13b. The folded-cascode with PMOS-type input pair was chosen because the
input range can be nearly close to 0 V. A super source follower was designed to have a
small output impedance to drive the resistive control switch. We input a pulse signal from
0to 0.9 V and the following range is from 4.646 to 800 mV. It resulted in an error that came

1 74~6f§((fv“)v) =~ (.08 (aF).

The operation of the calibration was based on the control logic circuit in Figure 14.
When the enabled signal was pulled high, the polarity of the output of the comparator
would be sent to the input (D) of the D-flip-flop. Then, checking if the polarity was high,

the SAR logic circuit would start to generate the digital output to the DAC circuit.

from misjudging 0 V as 4.646 mV and can be evaluated as

————————— — —— — — — ——— —

7 Enable signal \
I
: cl. ‘:D‘l—SAR Logic control : ' : 2R |
ear = i
I :Di o — ] sy 2R IR
CLK ” :
: T e E— oy}
POLARITY e N
- ‘ 'l':>__,§F___
Start i
! Calibration 1 R X
: 1
I D
I
I
\

Check
Polarity

Comparator
\  Output

Figure 14. Calibration logic circuit.

The control signal generator is shown in Figure 15a and controls the proposed SAR
logic circuit shown in Figure 16a. The circuit triggered by the clock generates the control
signal along the positive edge of the clock step by step to achieve correct logic functions.
The simulation results are shown in Figure 15b. First, the calibration circuit is enabled,
and the polarity is checked. Then, the calibration circuit starts and controls the switch (UP,
DN/UP1, or DN1), and the output of DAC starts to change the value of the analog output
corresponding to the difference in the DC offset.
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|_| Control the calibration switch

Start Calibration ’_— First check pohﬂty of comparator

—‘ Start to calibrate
Clock
Check Polority L L : < =

(@) (b)

Figure 15. (a) Logic gate diagram of the control signal generator; (b) transient simulation of the control signal circuit. Enable,
the enable signal; Clock, the clock signal; Start Calibration, output the calibration signal; Check Polarity, output the polarity
of the comparator.

D[0]

VDD

Enable ™= iy
Clock - B
Clear T— 1

Polarity ™= : 1

Start E— 180 1 ’_

Switch mn— oo [_]
m—— T =
Sbhit shift o 1st operation

| 15 B
Change ™S .- I
Polarity ™= : &
Clear |wsasmisi- L1
Start S—1 180 1
Switch === s 1

2nd operation

Sbit SRift s 05 T ¥

(b)

Figure 16. (a) Proposed SAR logic circuit; (b) the operational sequence of SAR logic circuit. Clear,
the reset signal; Start Calibration, start to the calibration signal; Polarity, from the polarity of the
comparator; Clock, the clock signal; Switch, output to control the calibration switch; Change, divide
the first operation and the second operation.

Finally, the SAR logic circuit is illustrated in Figure 16a. Then, as D(0), D(1), D(2),
D(3), and D(4) are all output, the “Change” signal will be pulled high to trigger the second
operation, which is a fine calibration operation and triggers the second SAR circuit to work.
After the first operation and second operation, the work of the calibration circuit is done.
The operational sequence of the SAR logic circuit is shown in Figure 16b.

4.4. Co-Simulation With MEMS, Readout Circuit, and the Calibration Circuit

The equivalent capacitance can be described as a four-ports Verilog-A model, which is
given by:

Ce = G +AC X (V(Vin, Vawp)) 5 Ie(Vp, Vi) < +ddt(AC x V(Vp, Vi)  (16)
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where the total capacitance of MEMS capacitance C. is equal to the summation of initial
C; and variant capacitance AC. Both Vi, and Vg, are two ports given a sinusoidal wave
with a frequency that is the frequency of the input acceleration and Lorentz current to
drive the model. In this design, the frequency of acceleration was set to be 100 Hz, and
both V;, and V;, were the voltage of the top and bottom of the MEMS capacitive model.
The C; and AC of both three-axis ACC in the Verilog-A model were 21/123/67.33 {fF and
166.5/159/109.35 aF. The C; and AC of both three-axis MAG in the Verilog-A model were
10.8/21.6/144.96 fF and 17.01/13.3/20.05 aF.

We simulated the sensitivity of the MEMS ACC and MAG and the model was then
connected with the readout circuit. The test signal for the MAG was a 17.6 kHz sinusoidal
wave with the equivalent magnetic field of 500 uT. The frequency of the modulation clock
was 400 kHz. Figure 17a is the simulation result of the C/V stage, and the simulation result
of the first demodulation is shown in Figure 17b.

Mnet0475 (C=ss) Mnet0475 (C=tt) WAnet0475 (C=ff)

91

90

891

V (mV)
@
&

87

86!

85

0
1.4988ms | 882.14mV

e 1.0 15 2.0 2.5
time (ms)

(a)
Elnet0l11 (C=s5) MMnet01ll (C=1) [Ene10111 (C=M)
910

900

890

880

870

¥ (mv)

260
850
840

830
& 10

15
18475ms| 842.5mv e
(b)

Figure 17. (a) After the capacitance to voltage (C/V) circuit; (b) after the first demodulation circuit.

After the first demodulation, the high-frequency signal was moved to a lower fre-
quency band, and the chopper amplifier had the spike signal. When the first demodulated
signal passed through the GM-C filter, the spike signal was reduced as shown in Figure 18a.
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The DDA was used to lock the common-mode voltage at approximately 0.9 V and is shown
in Figure 18b; the output amplitudes of each corner of this stage are similar.

Elnet0173 (C=33) Elnet0179 (C=11) [EENe10179 (C=M1) Blnet082 (C=s5) [lnet082 (C=t) [Emnet082 (C=fn

905.0 930

202.5 220

200,

;39? 5
E

=

>895.0

¥ (mV)

892.5

8300

887.5 870
0 .5 10 15 2.0 25 2.0 0 5 10 15 2.0 25 3.0
45L7us| 902 611mv 2 () 15038ms | 900.LmV| time (ms)
(@) (b)

Figure 18. (a) After the GM-C filter circuit; (b) after the main amplifier circuit.

After the CDS demodulation, the signal returned to the baseband, which was approxi-
mately 500 Hz (Figure 19a). Then, the buffer provided enough current to push the capacitor,
which was at the nanofarad level, and the gain was one (Figure 19b).

Bne0430 (C=s3) ElNe0430 (C=11) ENe10430 (C=r1)

Mlnet0176 (C=ss) Wlinet0176 (C=tt) [linet0176 (C=ff)

W (V)

85

S 10 15( ) 2.0 25 3.0 iy 10 15 2.0 2.5 3.0
93 13ms | 668.77m\ time (ms) i
19313ms | 68.77my 1.8909ms | 888.18mY Uitz (6
(a) (b)

Figure 19. (a) After the correlated double-sampling (CDS) demodulation circuit; (b) after the buffer circuit.

As shown in Figure 20, the two cascading RC filters filter out all the harmonic tones
and the high-frequency signals.

Similarly, we can obtain sensitivities of each axis. The sensitivities of the X/Y/Z axes
ACC were 88.87/84.87/58.37,92.68/88.51/60.87, 84.42/80.62/55.45 (mV /g) at different
corners, and the sensitivities of the X/Y/Z axes MAG were 9.08/7.1/10.7,9.46/7.4/11.16,
8.62/6.74/10.17 (mV /uT) at different corners.

Because the capacitance mismatch in this MEMS process was on average 20%, the
calibration circuit was simulated with +20% capacitance mismatch with zero external
signal. Figure 21 shows the simulation result of the calibration circuit. From the illustration,
the DC offset in differential sides was saturated at 1.2 V and 0.5 V before calibration. After
starting calibration, the SAR logic circuit conducted the 5-bit operation two times with
a total of 10 comparisons including the first operation, which was a coarse calibration,
and the second operation, which was a fine calibration. Coarse calibration was first done
following fine calibration to achieve a 10-bit resolution. After the operation is complete, the
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DC offset in differential sides was reduced down to approximately 1-10 millivolts (mV).
The performance improves even more as long as the Vggr in the DAC circuit is reduced.

ERC="3:" {/ne10377 fnetd375); tran () ElC="1"v (fnetd377 fnend375y tran (V)
B =" (fnetd377 fnet0375); tran O

16(2.742ms, 44.26m\).

F4lms, 42 44mvyT

¥ {m)

o 5 1.0 15 2.0 2.5 3.0
[1T77zams [ -42. 27mv = ]

Figure 20. After the two cascading RC filters.

BT /ne104277) VT /netD373%) VT e /w0 BT
1.25

1.0

4=

¥ Q)

25

Fine calibration

0 > 1.0 15 2.0

“time (ms)

[ a8127us[ 464.71mv
Figure 21. Simulation results of the calibration circuit.

Noise contribution is another important specification of the circuit. For the ACC and
MAG, the bandwidth of the system was 1000 Hz and 20,000 Hz, respectively. Therefore, by
integrating the noise in the bandwidth, the equivalent output referred noise can be obtained.
Because this system needs a clock source to drive, periodic steadY-state (PSS) analysis was
employed to simulate the period noise of the whole system. The input-referred noises of
the readout circuit at 250 Hz were 24.94/30.9/20.84 nV /+/Hz for a TT/SS/FF corner.

Moreover, circuit noise equivalent acceleration (CNEA) and magnetic field (CNEM)
can be given by:

CNEA(M) — —noise _ (17)
Sensitivity
where sensitivity is in the unit of farad per acceleration (F/g) and farad per tesla (F/T) for
ACC and MAG. The CNEAs of the X/Y/Z axes ACC were 4.83/5.06/7.36, 8.86/6.14/8.92,
and 4.11/4.3/6.25 ug/ Vv/Hz at different corners. The CNEMs of the X/Y/Z axes MAG
were 47.3/60.5/40.1,57.4/73.4/48.7, and 40.2/51.4/34.1 nT/+/Hz at different corners.
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With BNEA or BNEM and CNEA or CNEM, the system resolution for ACC or MAG
can be calculated and is given as in (21), the BNEA is from Formula (7), and BNEM
for the X/Y/Z axes are given in Formula (10)-(12). The resolution for the X/Y/Z axes’
ACC and MAG were 5.04/5.26/7.5, 6.03/6.31/9.04, and 4.36/4.54/6.42 ug/+/Hz and
64.15/87.46/44.06,71.92/96.83/52.01, and 59.1/81.43/38.68 nT//Hz at different corners.

Resoultion = \/CNEA2+BNEA(M)2 (18)

5. Measurement and Discussion

Figure 22 shows the layout view of the chip. The dimensions of the chip were
1713.96 x 1899.25 pum?.

Calibration circuit Readout circuit

Magnetometer Accelerometer

Figure 22. Layout view of the chip.

Figure 23a shows the scanning electron microscope (SEM) view of the MEMS structure in
the chip, and the curvature still mainly occurred in the stators on two sides. Figure 23b,c show
a zoomed-in view at the comb-finger and beam in the middle and the springs in the corner.

Figures 24 and 25 show a top view of the MEMS structure in the white light interfer-
ometry (WLI) interface. As shown in Figure 24, for sensing electrodes along the Y-axis, the
overlapping length of the stator and rotor decreased by 5 um due to the curvature of the
beams. Similarly, in Figure 25, for the sensing electrodes along the X-axis, the overlapping
length of the stator and rotor decreased by 1.5 um because of the curvature of the beams
and springs. The surface height (Azmax) measurement was 7.5 pm in the fingers in the
middle, 1.5 um in the fingers on the sides, 2 pm in the springs, and 2 um in the beam.

FL D74 x250 300um F D54 x600 100um

(a) (b) (©)

FL D66 x1.0k 100um

Figure 23. (a) Oblique SEM view of the MEMS structure; (b) zoomed-in view at the comb-finger; (c) zoomed-in view at the

beam in the middle.
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Figure 25. Surface height measurements of the sensing electrodes along the X-axis.

Figure 26a,b show the frequency response of the motion along the X- and Y-axis,
respectively. The resonance frequency of the X-axis and Y-axis motion were 3.9 kHz and
7.8 kHz. Moreover, the resonance frequency of the Z-axis motion was 7.7 kHz measured by
a laser Doppler vibrometer as shown in Figure 26c. In the chip, for resonance frequency,
errors between the simulator and measurement were all below 5.28%.

X-axis frequency response (106C-measurement) Y-axis frequency response (106C-measurement) Z-axis frequency response (106C-measurement)
y

H g H g g g

H 8 b 8 g g

] o o Magnitude g S o Magnitude < T o Magnitude
< g < ] 2 2

2 < o hase 3 2 o phase S < o Phase
] o) E 4 i 8 &

o
FREQUENCY (H2) FREQUENCY (HZ) FREQUENCY (HZ)
(@) (b) (©)

Figure 26. (a) Measured bode plot of the MEMS structure along the X-axis; (b) measured bode plot of the MEMS structure
along the Y-axis; (c) measured bode plot of the MEMS structure along the Z-axis.
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In a printed circuit board (PCB), TLV70218 is used to regulate the supply voltage,
OP333 is used as the buffer of reference bias voltage, and INA333 is connected to the output
to convert the differential ports to a single end with tunable gain. Switches are used to
switch the controlling signal between 0 and 1 without floating the net. The bandwidth of
the system was set to be approximately 1000 Hz for the ACC and 20,000 Hz for the MAG
by selecting the proper resistor-capacitor (RC) value at the output.

First, the calibration circuit was measured, and the result is shown in Figure 27. There
was an offset of 354.7 mV before the calibration. After conducting SAR calibration 10 times,
the offset was reduced to 9.72 mV.

Measured Calibration operational process

0.85 -
0.8
0.75
0.7
0.65
0.6
0.55
0.5
0.45
0.4

-0.001 0 0.001 0.002 0.003 0.004 0.005

Time (s)

Output (V)
|
|

VOP e==\/ON

Figure 27. The measurement results of the calibration circuit.

Then, the PCB board was set on the shaker and the testing accelerating signal was
given by 100 Hz with 1-8 g along the X-axis. The waveform result is shown in Figure 28a.
The sensitivity was approximately 1 mV/g. Noise floor and signal-to-noise ratio (SNR) for
8 g testing signal were 445.372 1V /+/Hz and 24.06 dB, respectively.

Similarly, for out-plane motion, the measurement result with 100 Hz and 4 g accelera-
tion in the network analyzer is shown in Figure 28b. Noise floor and SNR for the 4 g testing
signal were 445.372uV /+/Hz and 40.124 dB, noise floor and SNR for the 8 g testing signal
were 445.372 1V /+/Hz and 46.4 dB, respectively. Figure 29 shows the relationship between
input acceleration and output voltage, the sensitivity was approximately 13.1 mV /g for
out-plane motion.

CH1 B Spectrum 10 dB/ REF @ dBm -15.943 dBm
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—— LETTER

frrsmmm A A AaAAAmAAAAA IAAAAAAAAAA 60Hz & 100Hz
1g 2g 3g power noise « signal SPRCE
» < —= T i
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MAAAAAAAAS  IAAAAAAAAAN  AAAAAAAAANM Hid No:;e Hace i
4g 58 6g
> S DONE
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{DI5K]
78 8g
— =—— g ey TR Vel ATN 20 6 S 548 see CANCEL
(a) (b)

Figure 28. (a) Measurement waveform of the accelerometer along the X-axis (scale: 6 mV/div); (b) measurement spectrum
of 4 g acceleration along the Z-axis (scale: 10 dB/div).
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Output voltage versus acceleration
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Figure 29. Measurement results of the output voltage versus acceleration.

Moreover, the measurement results of the MAG are shown. First, we can check the
resonance frequency of the MEMS structure by supplying an A/C Lorentz current with
different frequencies. For out-plane motion, Figure 30a measured the MAG transient and
the frequency response of the output voltage under different frequencies of the MAG
(Figure 30b). As the frequency of the A/C current approached the mechanical resonance
frequency, the amplitude of the output increased. Table 2 presents a comparison of both

the MAG and ACC.

Transient response of magnetometer

Closely on-resonance Frequency mismatch=4Hz

Frequency response of magnetometer

03
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s 0.25 '
125 / 3 02 ‘I
£ \
% . 50.15 &
?:, 115 £ 01 /
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Figure 30. Measured (a) transient and (b) frequency response of magnetometer.
Table 2. Summary of the specifications of the MEMS magnetometer and accelerometer.

Specification [7] [1] [2] [8] [5] [4] [3] This Paper This Paper
Type MAG MAG MAG MAG MAG MAG ACC ACC MAG
Axis Three Y- Three X-/Z- Z- Three Three Three Three

Sensitivity
250 210000 242 pE/T 3.2 150 1.51 1.3 fF 58.37-88.87 7.1-10.7
(uV/uT(g)) pE/ /8
Resolution
(nT(g)/+/Hz) 4 0.00276 17 344 2080 121.6 75 5.043-7.5 44.06-87.46
Fs
Mag drive
Current 1.08 7.245 5.8 4.5 0.25 4.02 - - 2
(mA)

6. Conclusions

In this paper, we studied microelectromechanical systems (MEMS) with multi-functions
including a three-axis MAG, a three-axis ACC, and backend circuitry. The sensitivity and
resolution for three-axis ACC were 58.37-88.87 uV/ug and 5.043-7.5 ng/\/Hz. The sensi-
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tivity and resolution for three-axis MAG were 7.1-10.7 uV /uT and 44.06-87.46 nT//Hz.
The resolution was limited by CNEM and BNEM.

Moreover, two solutions for curvature have been presented: The first solution is that
the readout circuit uses noise reduction technology, the frequency division multiplexing
method, and the time-division multiplexing method. The second solution is the imple-
mented the capacitance calibration circuit. After conducting SAR calibration 10 times, the
offset was reduced to 9.72 mV and reducing the curvature that causes problems such as
the reduction sensitivity and the enlargement in offset. However, there are some draw-
backs, such as the curvature still being too large and the dynamic range of the MAG too
small. These two phenomena will make the design of the circuit more difficult. From
the measurement results, we observed that a large curvature usually occurs in the long
structures such as the beams, fingers, and springs. Therefore, if we can sacrifice sensitivity
to compensate for the reduction in curvature, and the Lorentz current with an oscillator of
the MAG to enhance a large dynamic range of reading, difficulties in the readout circuit
might be solved.
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