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Abstract: High-precision microelectromechanical system (MEMS) accelerometers have wide
application in the military and civil fields. The closed-loop microaccelerometer interface circuit with
switched capacitor topology has a high signal-to-noise ratio, wide bandwidth, good linearity, and easy
implementation in complementary metal oxide semiconductor (CMOS) process. Aiming at the urgent
need for high-precision MEMS accelerometers in geophones, we carried out relevant research on
high-performance closed-loop application specific integrated circuit (ASIC) chips. According to the
characteristics of the performance parameters and output signal of MEMS accelerometers used in
geophones, a high-precision closed-loop interface ASIC chip based on electrostatic time-multiplexing
feedback technology and proportion integration differentiation (PID) feedback control technology was
designed and implemented. The interface circuit consisted of a low-noise charge-sensitive amplifier
(CSA), a sampling and holding circuit, and a PID feedback circuit. We analyzed and optimized the
noise characteristics of the interface circuit and used a capacitance compensation array method to
eliminate misalignment of the sensitive element. The correlated double sampling (CDS) technology
was used to eliminate low-frequency noise and offset of the interface circuit. The layout design
and engineering batch chip were fabricated by a standard 0.35 um CMOS process. The active area
of the chip was 3.2 mm X 3 mm. We tested the performance of the accelerometer system with the
following conditions: power dissipation of 7.7 mW with a 5 V power supply and noise density
less than 0.5 ug/Hz2. The accelerometers had a sensitivity of 1.2 V/g and an input range of +1.2 g.
The nonlinearity was 0.15%, and the bias instability was about 50 ug.

Keywords: MEMS accelerometers; interface circuit; PID feedback; closed-loop

1. Introduction

Recently, microintelligent sensors have seen a wide range of market demand [1,2].
Capacitive microelectromechanical system (MEMS) accelerometers as inertial sensors are widely
used in GPS-aided navigators in the consumer market [3-5]. Capacitive MEMS accelerometers have
the advantages of low power consumption, miniaturization, good stability, and easy integration
with the CMOS process [6-9]. High-performance capacitive accelerometers with an accuracy of
sub-ug level occupy a large market share in inertial navigation. MEMS capacitive accelerometers
have two working modes: open-loop and closed-loop. The structure of a microaccelerometer with
open-loop output is simple, but the signal bandwidth is limited by the sensitive element structure
and the signal input range is greatly reduced [10-13]. Closed-loop accelerometers are applied by
electrostatic servo control, which can improve the linearity to a great extent. Because the open-loop
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structure needs to achieve high sensitivity, the signal-to-noise ratio (SNR) of microaccelerometers can
be improved. In [14], the researchers proposed a high-order closed-loop system for a high-sensitivity
low-Q accelerometer, which resulted in an inherently stable system. However, the measured
closed-loop system did not achieve sub-ug equivalent resolution. In [15,16], a sub-ug equivalent
resolution continuous-time capacitive accelerometer interface using a high-Q mechanical element was
reported. The researchers used a high-resolution analog-to-digital converter (ADC) to digitize the
feedback signal in order to achieve a high-resolution digital output. The use of ADC deteriorated
the noise floor by 6 dB but obviously increased the power consumption. In [17], the researchers
proposed a detection methodology for paralleling parasitic capacitance based on a harmonic distortion
self-test. The result showed that a detecting resolution better than —120 dB could be achieved.
After calibration, the parasitic mismatch-induced bias could be suppressed to sub-mg level. With the
development of MEMS technology, the integration, intelligence, and digitization of capacitive MEMS
accelerometers have become an important research direction [18-20]. It is of great significance to study
closed-loop interface circuits for high-performance capacitive MEMS accelerometers. Misalignment
of the accelerometer sensitive element and system noise are the key parameters that determine the
performance of accelerometers. High-performance accelerometers have strict requirements on output
signal distortion, and an electrostatic feedback method is generally used to form a closed-loop control
system. Analysis and optimization of the noise parameters of accelerometers need further research.

In this study, we analyzed the main source of noise in a closed-loop interface circuit and used
a switched capacitor interface circuit with an electrostatic time-multiplexing feedback technique.
The sensitive element and electrostatic feedback were separated in time sequence using the same
electrode. The interface circuit provided a proportion integration differentiation (PID) feedback
control mechanism in the loop to improve system stability. We used correlated double sampling
(CDS) in the sample and hold circuit to eliminate interface mismatch and insufficient loop gain.
Microaccelerometers with sub-ug precision output have a lot of application requirements in the
field of geophones. We analyzed and optimized the noise characteristics of the interface circuit.
The gain booster technique was applied in the charge-sensitive amplifier (CSA) and PID feedback
circuit to eliminate deterioration of the overall noise floor. Therefore, the noise theory analysis,
electrostatic time-multiplexing technology, and PID feedback control mechanism of high-precision
closed-loop microaccelerometers were mainly studied in this work.

The rest of the paper is organized as follows. In Section 2, the design of the accelerometer
sensitive element, capacitance compensation array, front-end charge-sensing circuit, sample and hold
circuit, and PID feedback control circuit are introduced. In Section 3, we show a detailed analysis
and optimization based on the noise characteristics and sequential control of microaccelerometers
with ASIC interface circuit. Finally, Section 4 concludes our study of MEMS accelerometers with
high-precision integrated circuit by discussing the test results, which showed that the performance of
our microaccelerometer has great advantages in terms of noise floor and power dissipation compared
to previously reported works.

2. Materials and Methods

2.1. Accelerometer Sensitive Element and High-Resolution Closed-Loop Interface Circuit

In order to achieve high-resolution accelerometers, a low-noise sensor element and an interface
circuit are critical. We used a high-resolution sensitive element with an extremely low Brownian noise
floor. The mechanical structure of a microaccelerometer mainly includes a mass block, a cantilever
beam, and a fixed plate. The mechanical structure of the sensitive element is shown in Figure 1.
When an external acceleration signal is applied to the sensitive element, the mass is affected by elastic
force Fj, and damping force Fj. The accelerometer system moves the displacement z, and the mass
block moves the displacement y. Then, the relative displacement x produced by the mass block is equal
to y — z. As shown in Figure 1, m is the mass of the mass block, k is the elastic coefficient, and b is the
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damping coefficient. The equivalent mechanical structure diagram can be regarded as a second-order
vibration system composed of mass, spring, and damping [21].

2
Mass

v v
A By, ==

W

Figure 1. Equivalent schematic of the mechanical structure of a microaccelerometer.

According to Newton’s second law, the mechanical equation can be written as follows:

dy  d(y-2)
mﬁ+b dt

+k(y—z)=0 )
We put x = y — z into the above Equation (1):

d?x  dx d’z
mﬁﬁ-bg +kx = M = —ma (2)

We can obtain the transfer function from acceleration to displacement of an accelerometer by
Laplace transformation of Equation (2):

x(s) 1 1
Hiys(s) = - — 3
") = ) 2bsy k24 Wt ©)

In Equation (3), w, is the resonant frequency of the mechanical structure of an accelerometer,
and Q is its quality factor.

k
Wy = " 4)
_ Wom

The scale factor of the sensitive structure can be obtained from Equation (3). Its physical meaning

is the displacement of the mass block when the unit acceleration is input. We can use l%‘ to
express this:

( ) a%% w << wp

X(w

a(a)) a% W = wo (6)
é w >> wo

It can be seen that when the input signal frequency band is far less than the resonance frequency of
the mechanical structure, the relationship between the relative displacement of the mass block and the
input acceleration signal is approximately linear. The sensitivity is only inversely proportional to the
square of the resonant frequency, while it is nonlinear in other frequency bands. We can use this linear
relationship to indirectly measure the input acceleration signal. High-precision accelerometers always
work in a closed-loop state in order for the moving mass to be controlled in a small displacement
range. Accelerometers with a closed-loop structure have wide bandwidth and dynamic range (DR),
high linearity, and good stability.
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In the traditional scheme, the output voltage of the microaccelerometer is fed back to the input of
the charge-sensitive amplifier through the filter [22,23]. The mass block voltage of the micromechanical
element is changed by the operational amplifier so as to achieve the purpose of electrostatic force
feedback. The disadvantage of this scheme is that the feedback voltage frequency should be separated
from the modulation frequency (1 MHz) in order to reduce the coupling of the closed-loop feedback
voltage to the capacitance change pick-up circuit. This requires the bandwidth of the front-stage charge
amplifier to be in the order of tens of megahertz. The adopted high-pass filter will lead to a change
in the signal phase and the sensor demodulation phase. This leads to the drift of zero output and
scale factor of microaccelerometers. At the same time, the common-mode input voltage range of the
charge amplifier limits the dynamic output range of microaccelerometers. This work proposes a novel
time-multiplexing feedback of the electrostatic force method. In this system, the charge-sensitive time
sequence is separated from the electrostatic feedback time sequence so as to avoid coupling of the
electrostatic feedback voltage to the charge detection path and improve the reliability of accelerometers.
The schematic diagram of the system is shown in Figure 2. The microaccelerometer interface ASIC
chip controls the turn-on and turn-off of analog switches 56 and 510 by a sequential circuit. The circuit
diagram with a timing switch is shown in Figure 3. The capacitance change detection phase and
electrostatic force feedback phase are separated in time domain so as to minimize the feedthrough
and coupling between the feedback signal and the detection signal. At the same time, we used the
correlated double sampling technique in the charge-sensitive amplifier circuit and noise optimization
so that the interface circuit can be realized at a dynamic range of 120 dB.

Capacitance Array

Static electronic Force Compensation
+Vs
| ° /4]_/*
y 2'c,
TOP COVER 2 s A
SPRING SPRING o 1 T
+Vref V. . Correlated
CS1 - f Low Noise | | bl
\4 Micromachined | Front-End CSA SDOU|'e
. A amplin
Micromachined MASS Accelerometer =
Accelerometer -

Testt /
-Vref -7 7 S10
SPRING SPRING o— T
DOWN COVER 4 531 A7
PID Control

2'C,
| é7\/ 4 —H-7 - Circuit
“Vs

Static electronic Force Capacitance Array
Compensation

Figure 2. System architecture of a closed-loop microaccelerometer.

Because the modulated frequency is the same as the clock signal, misalignment of the sensitive
element cannot be eliminated by AC coupling and DC feedback. Sensor misalignment can be eliminated
by designing an electrostatic actuator to pull the mass block back to the central position in the mechanical
structure. However, sensor misalignment can be large, and large electrostatic actuators and high voltage
are required. We used a capacitance compensation array method to eliminate sensor misalignment.
The actual equivalent circuit considering parasitic capacitance of a capacitive microaccelerometer is
shown in Figure 2 with blue and red marks. When there is no input acceleration signal, the switch is
off. The equivalent capacitance satisfies the following equation:

{ Cs1 = Cs2 @
Cp1—Cpp=Cp#0

In Equation (7), Cs is the sensitive capacitance, and Cp is the parasitic capacitance. The equivalent
circuit of the MEMS structure of a microaccelerometer is shown in Figure 2. The output of the
capacitance-sensitive detection circuit produces offset voltage. Because the feedback path is carried
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out by a PID circuit, the integrator will force the voltage node, Vj,5y = 0. The electrostatic feedback will
force the mass block position to change Ad. When Ad is very small, this satisfies the following equation:
Cs2—Cs1 =Cp ®)

Ad ~afM/k

At this time, the offset voltage of circuit node V;, as shown in Figure 2, can be expressed as follows:

CpGa)%ld

2Cs ©)

Vos =

This offset voltage Vg causes the second harmonic distortion of the sensor output. In this work,

we used a capacitor array to compensate for this. Therefore, the capacitor array C; and array C, are

connected to Cgq and Cg; in parallel, as shown in Figure 4a. When there is no input acceleration signal,

we set the following capacitance parameters to eliminate output offset of capacitive microaccelerometers.
The voltage node V4 can be expressed as follows:

Cs1+Cp1 +C1 =Csp +Cpp +Co (10)

Cs1 +Cp1 +C1 = Csp = Cpp = C2)Ay
Viold = ( C (11)
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Figure 3. Cont.
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Figure 3. Switched capacitor topology diagram of closed-loop interface circuit: (a) the amplifier error
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(d) the electrostatic closed-loop feedback phase (P4); (e) the schematic of main switching phase in

ASIC chip.

(e)

T

»




Sensors 2020, 20, 7280 7 of 16

. .. Fixed electrode
Fixed electrode Sensitive mass X
o) fe)

(@)

Fixed electrode

M1 VSS VCC A 2
O

electrodel J‘AFL
M%Vss vee M

T
B i

C1_control VSS

(b)

Figure 4. The capacitor compensation circuit: (a) the compensation capacitor array; (b) compensation
capacitor array cell.

The principle of capacitance compensation array is that the control signal adds the compensation
capacitance to the relatively small one between differential capacitances. If the sensitive element does
not need compensation, the two plates of the compensation capacitor are connected to the ground
potential by the control signal. The capacitance compensation array module is shown in Figure 4b.
When electrode 1 is high level, M1 and M2 turn on, and the fixed electrode is connected to point
A, as shown in Figure 4b with red marks. At this time, when C1_control is high level, M3, M4, M5,
and M6 turn on, and the compensation capacitance C1 is connected between the fixed electrode and
the mass block. This can eliminate sensor misalignment by adjusting the compensation capacitance.
When C1_control is low level, M7 and M8 turn on, and the plates of capacitance C1 are both connected
to the ground. In the integrated capacitance compensation array, the two plates can share C1 to Cn
capacitors, as shown in Figure 4a. As long as we adjust the two control signals of electrode 1 and
electrode 2, we can decide whether point A is connected to the upper plate or the lower plate of
capacitance. The accelerometer sensitive element with vacuum packaged silicon structure used in this
study for the design, simulation, and tests is from Colibrys Company (VS9010)(Yverdon-les-Bains,
Switzerland). The major parameter indicators in the sensitive element are shown in Table 1.
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Table 1. Parameters of the sensitive element.

Parameters Value
Sensitivity 200 + 2 mV/g
Full-scale range +10g
Bandwidth (-3 dB) 0to>2.4kHz
Resonant frequency (wy) 2 kHz
Nonlinearity <1% FS

Noise spectral density in band 25 uV/ VHz

Capacitive accelerometers usually operate in closed-loop, which has been proven to improve the
linearity, dynamic range, and bandwidth. In this work, we used this closed-loop detection circuit
based on CMOS switched capacitor topology to realize the electrostatic force feedback system for
microaccelerometers. The principle of capacitive microaccelerometer interface ASIC chip is shown
in Figure 3. We used the modulation and demodulation method and time-sharing multiplexing
detection electrode technology in the closed-loop system. This can effectively avoid the coupling and
feedthrough of the voltage feedback signal to the charge pickup channel and improve the charge
detection ability of the system. The whole working cycle T of the system consists of four phases: the
amplifier error pickup phase (P1), the charge amplifier preparation phase (P2), the charge sampling
phase (P3), and the electrostatic force closed-loop feedback phase (P4). We have highlighted the “on”
switches with red marks and “off” switches with blue marks in Figure 3. We used the correlated
double sampling technique in the switched capacitor circuit to reduce the 1/f low-frequency noise,
charge injection, and clock feedthrough. We also used the PID feedback control structure to improve
system stability.

The working sequence of the analog switch is shown in Figure 3a. At P1 phase, the error of the
voltage includes offset voltage and low-frequency voltage noise. The amount of charge at V can be
expressed as follows:

Qr = (Vx = V5)Cs1 + (Vi + Vs)Csp = (Vi = V5)Cs1 + (Vi + Vs)Csp (12)

At P2 phase, switch 57 is off, and the charge amplifier is at charge detection ready state, as shown
in Figure 3b. At this time, the amount of charge at V can be expressed as follows:

Qx = (Vi = V5)Cs1 + (Vi + V5)Cs2 + Qinjection + Qelock (13)

When switch S8 is on, the capacitor C¢ stores the output voltage noise of the charge amplifier,
and the amount of charge at V;, can be expressed as follows:

Qin jection + Qclock

Cr )-Cc (14)

Qy = (Vn

The driving end of mechanical sensitive capacitors Cg; and Cgs, are connected to the ground.
The amount of charge at Vx remains constant. The total charge can be expressed as follows:

Qx = Vu(Cs1 + Cs2) + (Vi = Vour)Cr = (Vi = Vs)Cs1 + (Vi + Vs)Cs2 + Qinjection + Qctock ~ (15)
The output voltage of the charge amplifier can be expressed as follows:

Vs(C51 - Csz) 4V, - Qinjection + Qclock

- & (16)

Vout = Vy =
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When switch S8 is off, the stored charge of capacitor Cc remains constant, and we can obtain the

following formula:
Qin jection + Qclock
- —
Vo Vs(Cs1 - Csa)
o C
F

We used this CDS technique to eliminate the low-frequency 1/f noise of the charge amplifier,
the charge injection of the analog switch S7, and the error charge caused by clock feedthrough.
The output Vy, is held in the sampling capacitor Cyy. At P4 phase, switches S6 and S9 are off and switch
510 is on. The sample and hold voltage Vs are fed back to the mechanical sensitive element V, by
a PID circuit in order to realize the feedback system of electrostatic force. The capacitance detection
circuit is completely isolated from the electrostatic force feedback circuit by switches S6 and S9, so there
is no coupling between the driving signal and the detecting signal in the closed-loop interface circuit.
The high-order high-pass filter in the continuous time circuit is not needed in our circuit. In this way,
the demodulation output error caused by the change of filter parameters is avoided.

(Vy - Vz) Cc = (Vn ) -Cc (17)

(18)

2.2. Noise Analysis of Closed-Loop Micromachined Accelerometers

The mechanical noise of the sensitive structure is generated by the thermal motion of the moving
mass in microaccelerometers. The Brownian thermal motion relative to the accelerometer noise can be
expressed as follows:

2 = 4kpTB
M

In Equation (19), kg is the Boltzmann constant; T is the Kelvin temperature; B is the damping
coefficient of the mass block; M is the mass of the mass block. The mechanical noise is mainly
determined by the mass and damping coefficient. The mass of the moving mass also limits the range
of the accelerometer, and a low damping coefficient will lead to a system stability problem.

The noise of the front-end charge amplifier mainly includes thermal noise and 1/f noise. The 1/f
noise can be suppressed to several orders of magnitude less than the thermal noise using the CDS

(19)

technique in the interface circuit. Thus, the thermal noise of the charge amplifier is the main noise.
The thermal noise is sampled and aliasing in the hold circuit. The noise model of the charge-sensitive
amplifier in the switched capacitor circuit is shown in Figure 5. The equivalent output noise in the
circuit can be expressed as follows:

(V/VHz) (20)

. o 8kgT(Cs + Cp + Cr) N i 8kgT(Cs + Cp + Cr)
Amplifier 3Ce(Cr+Cout)fs  Cr 3fs

Cs
|

C

IRl

cp J— +
I Cour
vO L
Figure 5. The equivalent thermal noise principle diagram of a charge-sensitive amplifier.

In Equation (20), f; is the sampling frequency. The equivalent noise of the charge amplifier is
independent of the transistor parameters; it is only related to the capacitance of the sensitive structure,
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integral capacitance, and sampling frequency. We can increase the integral capacitance and sampling
frequency to optimize the circuit noise. With the increase of sampling frequency, the transconductance
of the charge amplifier must be increased to maintain the accuracy of signal establishment.

Microaccelerometers can pick up the weak capacitance signal by the periodic charging and
discharging of the sensitive capacitance in the sensitive structure. Therefore, any noise in the
reference voltage source will worsen the signal-to-noise ratio of the microaccelerometer output.
The high-frequency noise of the reference voltage will be mixed with low-frequency signal after periodic
sampling. Figure 6 shows the reference voltage source noise equivalent model. The effective bandwidth
of the operational amplifier limits the noise bandwidth of microaccelerometers. The equivalent output
noise is as follows:

CS Vn anFfu Vn ngS
erRy = X — V/ VHz 21
ARG N\ Crfs  Ce\ fs ( ) @
Cf
11
2 1
CS szitch
HO——3- Vour
VZ stitch

Figure 6. The equivalent noise model of the reference voltage source and analog switch.

In this equation, f; is the gain bandwidth product of the operational amplifier, and V, is the noise
density of the reference voltage source. The analog switch between the sensitive capacitor and the
charge integrator also affects the noise of the interface circuit. The principle model of analog switching
noise is shown in Figure 6. If the closed-loop charge-sensitive amplifier bandwidth is less than f,
the equivalent noise of the analog switch can be expressed as follows:

1
fc a 2nR5WC5

2Cg ﬂkBTngfl,CF 1 2kBTRSngC5
ey = —— ~ ——(V/ VHz 23
SW Cr fs(Cs +Cp—|—Cp) Cr fs ( ) (23)

In this equation, Rgy is the equivalent resistance of the analog switch. We can further reduce
the circuit noise by reducing the equivalent resistance. However, we should make sure that the
analog switch meets the requirements of f. >> f, so that the limit of the signal establishment is mainly
determined by the amplifier. The noise source and theoretical expression are shown in Table 2.

(22)

Table 2. The noise source of the microaccelerometer system.

The Noise Source Theoretical Expression
Thermal noise of the sensitive element % = ‘%ﬂ
The equivalent noise of the pre-stage charge-sensitive amplifier (CSA) €Amplifier = Clp W
The equivalent noise of the reference voltage eRy ® g—z \/g”}?

The equivalent noise of the switch esw = CL / ZkBTR;—Wg'"CS
F S
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2.3. Interface Circuit Optimization and Design

The offset voltage of the operational amplifier used in the PID feedback control circuit will be
directly fed back to the accelerometer output. The misalignment temperature coefficient will also
become the key component of the microaccelerometer temperature coefficient. As the output port
of microaccelerometers, the output swing of the PID feedback control circuit will affect the dynamic
range of the sensor output. The open-loop gain of the operational amplifier will affect the harmonic
distortion and linearity of microaccelerometers. Therefore, we adopted a three-stage operational
amplifier topology and a two-stage capacitor compensation. We also adopted the fully differential
topology to suppress the offset and reduce the temperature coefficient. The input-stage operational
amplifier circuit structure is shown in Figure 7.

Figure 7. The diagram of input-stage operational amplifier in the pre-stage detection circuit.

We considered the 1/f noise and KT/C noise in the interface ASIC based on the weak charge signal
of microaccelerometers. We used the common-gate M3 and M4 transistors, which were connected to the
virtual location, to reduce the substrate bias effect of input-stage transistors in our design. We also used
a fully differential folded cascode structure with common-mode feedback in the input-stage circuit.
In order to suppress circuit noise and achieve higher gain accuracy, we used the gain booster technique
to improve DC gain in the PID feedback and CSA. The circuit and layout have been designed to satisfy
the size and symmetry. The circuit diagram of the intermediate stage and the output stage is shown in
Figure 8. The intermediate stage adopts folded cascode structure to improve the gain. The output
stage adopts class-AB fashion to achieve rail-to-rail output. In order to save power, the class-AB mesh
structure is incorporated into the output branch of the intermediate stage. The bias condition of the
class-AB stage is determined by four translinear loops, which are marked in color in Figure 8. One of
the translinear loop M20, M21, M7 and M28 can be expressed as follows:

Vgs20 + Vgsar = Vigs7 + Vigsos (24)

According to the current and voltage equation of saturation region,

21
Ves =Vry + 1 {iw (25)
l«lpcoxf

Finally, we can obtain Equation (26). To maintain the same current-to-dimension ratio expressed
by Equation (25), the transistors within the translinear loops are all well-matched in the layout.

J(%)ZO J(;—V)n @\ 0
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Figure 8. Circuit diagram of the intermediate stage and the output stage.

We simulated the amplitude frequency characteristics and noise characteristic of the interface
circuit, as shown in Figure 9. The circuit can achieve a DC gain of 256 dB and a bandwidth of 55.34 kHz
at 40 dB closed-loop gain. The noise of the interface circuit is about 16.17 nV/Hz"2. The noise corner
frequency is in the order of mHz.
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Figure 9. Cont.
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Figure 9. Simulation of the interface circuit: (a) amplitude frequency characteristic simulation in
Cadence; (b) noise characteristic simulation in Cadence.
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3. Results and Discussion

To verify the analysis presented in the previous sections, the interface circuit chip was designed in
a standard 0.35 um CMOS process. The printed circuit board (PCB) photograph of a microaccelerometer
is shown in Figure 10. The interface circuit chip, which had 40 PAD pins for the chip test, is also shown
in Figure 10. The pins on the interface ASIC chip were connected with silicon aluminum wire by a
welding machine. The active area of the chip was 3.2 mm X 3 mm. We verified the function of the
interface circuit before testing the performance of the microaccelerometer. The 5 V power supply
was supported by Agilent E3631 (Agilent Technologies Inc., Santa Clara, CA, USA). The Agilent
35670A spectrum analyzer (Agilent Technologies Inc., Santa Clara, CA, USA) was used for the noise
test of the interface circuit. The microaccelerometer measurement system is shown in Figure 11.
The accelerometer was placed in an environment of shock absorption and magnetic shielding.

| TR
Interface ASIC ’f“' ' L
—

A

Sensitive

element

Figure 10. PCB photograph of the interface chip and sensors.

Damping and magnetic
shielding system High-precision voltage source

Dynamic signal analyzer |

Figure 11. The microaccelerometer measurement system.

The frequency response and noise spectrum testing of the closed-loop microaccelerometer are
shown in Figure 12. The low-frequency environment vibrations were still visible through a simple
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mass spring shock absorption system. A simple electromagnetic shielding was used to reduce the
line-frequency harmonics. The power dissipation of the interface circuit chip was 7.7 mW at a sampling
frequency of 10 kHz. We set the frequency to be much higher than the Nyquist sampling rate, which can
prevent noise aliasing.

Linear Spectral 1 Linear Spectral 1

w
(=}

Fundamental wave

/

Second harmonic

Third harmonic

Voltage Magnitude (dB V) -
Voltage Magnitude (dB V)

N
O
'
w
=1

10 Frequency (Hz) 10.01k 100 Frequency (Hz) 2k

() (b)

Figure 12. Test of the microaccelerometer system: (a) frequency response testing curve; (b) noise
spectrum testing curve.

The resulting SNR was 110 dB when referred to +1.2 g full-scale (FS) DC acceleration. The input
signal and clock signal were supplied by a Tektronix AFG3102 (Tek Technology Company, Shanghai,
China) function signal generator. Nonlinearity of the closed-loop microaccelerometer was measured
using a rate table, as shown in Figure 13. We optimized the noise of the analog switches and CSA in
the interface circuit. The interface circuit had a dynamic range of 120 dB. The average noise floor in
low-frequency range was less than —130 dBV, as shown in Figure 12b. The test results showed that the
interface circuit of the microaccelerometer allowed it to achieve sub-ug output noise density. The full
test of the microaccelerometer system is shown in Table 3.

204

= Measured Data
Linear Fit

Sensor output (V)

T T T T T T T T T T T
-10 -08 -08 -04 -02 00 02 04 06 08 10

Input acceleration (g)
Figure 13. The nonlinearity test of the closed-loop microaccelerometer.

Table 3. Performance of the microaccelerometer system.

MEMS Sensitive Element and Interface Circuit

Sensitivity (mV/g) 1200
Input range (g) +1.2
Bandwidth (Hz) 1000
Power dissipation (mW) 7.7

Nonlinearity 0.15%

Bias instability (ug) 50 ug

Noise floor (ug/Hzl/Z) 0.5 (@200 Hz)
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4. Conclusions

In this work, we propose a switched capacitor interface circuit for microaccelerometers. In this
system, the charge-sensitive time sequence is separated from the electrostatic feedback time sequence
in order to avoid the coupling effect. The noise characteristics of the interface circuit was analyzed
and optimized. The layout design and engineering batch chip were fabricated by a standard 0.35 um
CMOS process. The test results of a closed-loop microaccelerometer showed that the dynamic range
of the interface circuit could achieve 120 dB and an average noise floor could achieve —130 dBV at a
low-frequency range. The resolution of the microaccelerometer could reach 0.5 pg/Hz'? (@200 Hz);
the bias stability of the microaccelerometer was 50 ug, and the nonlinearity was 0.15% FS at +1.2 g.

In Table 4, we compare the performance attained in this work with previously reported
accelerometers. There are three kinds of circuit structures: hybrid switched capacitor (S-C), closed-loop
continuous-time, and closed-loop switched capacitor. The microaccelerometer system we have
proposed can achieve better performance than most of the reported accelerometers. This work is
advantageous with regard to noise floor compared to [14,24,25]. Although the work presented in [16]
also has an excellent noise floor, it has higher power dissipation than our work.

Table 4. Comparison of this work with other microaccelerometers.

Parameters [24] [16] [14] [25] This Work
Circuit structure Hybrid S-C Closed-loop continuous-time ~ Closed-loop S-C ~ Closed-loop S-C ~ Closed-loop S-C
Process (um) 0.35 0.7 0.5 0.6 0.35
Sensitivity(V/g) 0.495 2.267 NA 0.373 12
Noise floor (pg/Hz'/?) 2(@200 Hz) 0.3 (@300 Hz) 4 (@500 Hz) 1.15 (@300 Hz) 0.5 (@200 Hz)
Power (mW) 3.6 85.8 45 12 7.7
Supply/Range 3.6V/+1l.15g 5V/+l5g 3 V/NA 9V/+llg 5V/+l2g
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