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Abstract: For accelerometers targeted in inertial navigation field, the DC bias error is the most
destructive system error, affecting the final precision of long-term dead reckoning. This paper
proposes a novel self-test and self-calibration technique for canceling out the DC bias error of the
digital closed-loop accelerometers. The self-test of system DC bias is realized by injecting a 1-Bit XA
modulated digital excitation and measuring the second-order harmonic distortion. As illustrated,
the second-order harmonic distortion is related to the servo position deviation of the MEMS sensing
element, which is one of the main causes of system DC bias error. The automatic capacitance
compensation is carried out based on the amplitude and phase information of the detected second-
order harmonic distortion, which can dynamically calibrate out the DC bias error. Test results show
that there exists a near-linearity relationship between the system DC bias error and the second-order
harmonic distortion, which is consistent with the proposed theoretical deduction. Based on the
proposed method, the system DC bias error is effectively reduced from 150 to 4 mg, and unaffected
by external acceleration bias.

Keywords: MEMS accelerometer; digital self-test; digital self-calibration; electromechanical A

1. Introduction

In the past 30 years, important progress has been made in MEMS (Micro-electromechanical
Systems) fabricating technology [1]. Benefiting a lot from this, the short-term performance
of MEMS accelerometer has shown significant improvement.

However, the MEMS structure inherently suffers from more severe long-term drift
problems, compared to traditional mechanical sensing elements [2]. The long-term DC
bias drift is the most serious problem among the parameters. This is because, in inertial
navigation applications, the DC acceleration bias will be integrated twice to get the position
information, and thus it is destructive to the system positioning accuracy [3]. In order
to solve the problem, self-test and self-calibration techniques are used to calibrate the
long-term DC bias drift out as an effective method [4-7]. Researchers have put a lot
of efforts into this subject in recent years. Some research used the electrostatic force to
simulate the physical acceleration to excite the MEMS sensing element and measure the
output voltage directly to calculate the drift [8,9]. However, these methods rely on the
ideal relationship between electrostatic voltage and the corresponding excitation force, in
reality, the relationship itself will suffer from long-term drift problems. Besides that, the
accelerometer is sensitive to the earth’s gravity [10,11]. On the earth’s gravitation field, the
sensing element is imposed an unknown earth gravity, which depends on the placing status
or latitude and altitude. Thus, it imposes an indistinguishable bias error on the sensing
element. Simply varying the excitation electrostatic force cannot extract DC bias due to the
MEMS drift apart from DC bias caused by the earth’s gravity. These previous methods
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cannot realize the self-test and self-calibration of DC bias error in the field (they rely on a
zero-gravity placing status).

In this paper, we propose a novel self-test and self-calibration method for online
testing and calibrating out the DC bias drift of the digital closed-loop MEMS accelerometer.
The DC bias drift is detected by a harmonic distortion-based method, which uses the
digital 1-Bit X-A modulated sinusoidal excitation to excite the inner nonlinearity of the
closed-loop accelerometer [12]. The closed-loop DC bias drift can be detected by sensing
the second-order harmonic distortion, which is proportional to the servo deviation of
MEMS proof mass. Further, the capacitance compensation mechanism is established
according to the amplitude and phase detection. This mechanism could calibrate out the
DC bias drift of the closed-loop accelerometer automatically. The proposed method uses
the relationship between nonlinearity and DC bias drift as the calibrating reference, unlike
the previous methods, which use the absolute precision of electrostatic force. Furthermore,
the nonlinearity property of the digital closed-loop accelerometer is unchanged by external
acceleration input due to the servo-feedback characteristics. Thus, the proposed method
also has the ability to resist external acceleration affection, which can be carried out online
at any placing status.

2. System Architecture

In this paper, we propose a method for closed-loop accelerometer online self-test and
self-calibration of the DC bias. The system architecture proposed is shown in Figure 1.
This system contains a digital closed-loop interface circuit and an auxiliary digital self-
test and self-calibration loop. In the digital closed loop, the MEMS sensing element is
servo controlled by a digital XA modulated electrostatic force, which is proportionate
to the digital output signal D,ys. Since the output is a 1-Bit ©A modulated bit stream,
the linearity is guaranteed, and the need for high precision D/A converter is alleviated.
Although there is a large amplitude of quantization noise introduced by1-Bit quantizer, it is
shaped to high frequency both by the electrical loop filter and the MEMS sensing element.
Thus, the in-band noise is kept unaffected, and a digitalized high-performance closed-loop
accelerometer is obtained. The working principle of digital A closed-loop accelerometer
is well illustrated in many other papers, we will not reiterate here and concentrate on the
digital self-test and self-calibration loop [13-15].
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Figure 1. The system architecture of the proposed digital closed-loop readout interface circuit and
digital self-test and self-calibration circuit.

The digital self-test and self-calibration loop contains the following parts: The digital
self-test excitation source, the digital synchronous orthogonal demodulation circuit, the
digital self-calibration algorithm logic, and the compensation capacitance array. First of
all, the digital self-test excitation source generates a single frequency 1-Bit ZA modulated
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sinusoidal excitation and injects it into the closed loop readout interface circuit in front of
the high-gain section (e.g., the PID loop compensator). The injected self-test signal V7 will
inversely transfer from the MEMS sensing element to the system output since there exists
high in-band gain provided by the integral section of PID loop compensator. Thus, the inner
property of the MEMS sensing element is excited by the digital self-test excitation. Ideally,
the MEMS sensing element will be servo-controlled at its balancing position. The square-
law relationship could be linearized by using 1-Bit feedback, as shown in Figure 2. The
same linearization effect can be obtained by taking either three points in 1.5-Bit feedback
or two points in 1-Bit feedback from the square-law relationship of electrostatic force
and feedback voltage. However, the 1.5-Bit feedback curve will be a broken line when
there is a DC displacement deviation x, whereas 1-Bit force feedback curve will still be a
straight line. This is because whenever you take a two-point approximation of whatever
curve, the approximation curve will always be a straight line, whereas there are inevitably
parasitic and residue stress in the MEMS structure which induces the deviation of the
closed-loop servo position to the central balancing position. The DC bias of the closed-loop
accelerometer will drift, and the linearity performance is destructed in this circumstance
which will be discussed in detail. Thus, the nonlinearity or, in other words, the harmonic
distortion is chosen to be a flag to identify the output DC bias drift. An on-chip harmonic
distortion analysis unit is realized by the digital synchronous orthogonal demodulation
circuit, which could extract the magnitude and phase information of the second-order
harmonic distortion in the output signal under self-test mode. According to the magnitude
and phase information extracted, a digital self-calibration algorithm is established, which
could automatically tune the value and direction of the compensation capacitance array.
Therefore, the imbalance of the front-end capacitance bridge is compensated, and the
output DC bias is calibrated.
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Figure 2. Comparison of the linearization effect between 1-Bit Feedback and 1.5-Bit Feedback.

3. Harmonic Distortion-Based Self-Test Technique

The proposed self-test technique is based on the relationship between harmonic
distortion and output bias drift. In this section, we will give a detailed deduction. The
small signal flow diagram of the whole system is shown in Figure 3.
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Figure 3. The small signal flow diagram of the whole system.

Where, Hys(z) is the discrete-time transfer function from input acceleration a;, to
the displacement variation x, Cy is the static value of sensing capacitance, d is static gap
clearance, Vg is the reference voltage applied onto the sensing capacitance at the capacitance
detection stage, Cy is the feedback capacitance of capacitance detection circuit, Hc(z) is
the transfer function of the PID loop compensator, STFy, is the signal transfer function of
3-order electrical £A modulator. In ideal circumstances, there is no servo deviation, xyy is
equal to zero. The proof mass is located in the middle of fixed plates, and the clearance
on either side is equal to dy. There will be a corresponding displacement variation x when
there is an input acceleration a;,. This displacement is close to zero when the in-band loop
gain is large enough, whereas, when there is a stress or parasitic mismatch in the MEMS
sensing element, the proof mass will be servo-controlled at the imbalance position. Thus,
there is a deviation x4 between the closed-loop servo-position and the central balancing
position. Under this condition, the DC operating point of the displacement variation will
change to x’, which equals the sum of x and xgi (€.g., X' = x + Xgrifs)-

The electric potential energy between plates of MEMS accelerometer is:

1 1 >
The electric force is the gradience of electric potential energy, which can be written

as follows:

1 COng
Z:‘elec - Em (2)

The feedback force Fj, and the applied electrostatic voltage V; represent a square-
law relationship. Although using fully differential feedback can linearize it, the residue
displacement also contributes to the nonlinearity, especially when there is a DC deviation.
The existence of nonlinearity is detrimental to the feedback control system: (1) The linearity
of the system will be degraded, and harmonic distortion will be introduced in the output.
(2) Out of band quantization noise can be demodulated into the band of interest through
this nonlinearity relationship, elevate the in-band noise floor, reduce SNR. (3) If the above
problem is severe enough, the stability condition may not be sustained, and the system
may be pushed into malfunction.

Since the injection point of self-test excitation is in front of the PID loop compensator,
which provides the main in-band gain of the control loop, the transfer function from the
self-test excitation V1 to the digital output D, is mainly determined by the MEMS sensing
element and front-end charge amplifier. In other words, the following relationships can

be held.

Felec(J;;Dauﬁ ‘Hms — (3)

T T2z-1 T, T
_f sZ . _d td_—1
Hins(2) = Ts (1—2z1z71)(1 — 2027 1) (<1 Ts) + TsZ > )
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Folec(x,Dout) is the expression of digital electrostatic feedback force, which is not only
related to the digital output D, but also to the residue displacement variation x when

taking the displacement modulation effect into consideration. The relationship can be
written as:

X+ Xgripe = Vr - @)

FO.<1+50ut . 1_50ut> (6)

Felee = =
elec 2 (1 +5x)2 (1 75:()2

2
where, Fy = %CZZF is the static coefficient of electrostatic force; §, = % is the relative

~ N
displacement ratio; Doy = % Y. Dout[n] is the analog counterpart represented by a digi-

n=1
tal output.
The following relationship can be obtained by using Equations (4)—(6):
2 ~ ~
1 COVf ) 14+ Doyt _ 1 — Doyt )
4m 2 X g C X i C
dg (1- drift Vi f 2oa- drift vy f )2
do VsCo do VsCo @)
Crdo

T VsCo Xdrift

Doyt is the polynomial expansion of the self-test harmonics excitation V7
Dout = 10-V +m-Vi + 1 VE + 13- Vi + .. 8)

The harmonic distortion coefficients 7; can be obtained by substituting Equation (8)
into Equation (7) and comparing the coefficients of corresponding terms V.

COVfg/d% «Hyps + dom Cf Xrift
0.5CoV7/dg - Hws  Co  do

o 2742
C()Vf /dO - Hys +dom g 1

m 0.5CoV7/d3 - Hus  Co Vs

_ )
3COVf/d% - Hyps +9dom Cf ) 1 ) Xdrift

05CoV2/d3-Hys  Co VZ do
- 13 CoV/d3 - Hys +3dom  C; 1

05CoVZ/d3-Hys  Co V2

2

From Equation (9), we can notice the following things when there is the servo-deviation
of MEMS sensing element x5 7 0:

(1) The even-order harmonic distortion terms will occur in the self-test response.
(2) There is a near-linear relationship between the amplitude of even order harmonic
distortion and the servo deviation x,g.

The above discussion is based on the assumption that x4z << do. However, in
the actual sensitive structure of the accelerometer, the conversion from displacement to
capacitance is nonlinear, and the drift position cannot fully satisfy the condition, which will
introduce nonlinearity part in the second-order harmonic distortion. Inevitably, parasitic
mismatch capacitance is introduced by routing, bonding wire, and packaging. When the
MEMS sensing element is incorporated in a closed servo loop, the mismatch in sensing
capacitance will cause the proof mass to be servo-controlled in the wrong position, and
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there is a displacement deviation x;z. As shown in Equation (6), it will introduce a DC
bias term 1 and contribute to the final output DC bias.

4. Digital Automatic Self-Calibration
Based on the above theory, this section proposes an automatically on-chip digital self-
calibration circuit. The diagram of the proposed self-calibration circuit is shown in Figure 4.
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Figure 4. The diagram of the digital automatic self-calibration circuit.

Firstly, the MEMS accelerator is excited to oscillate by the digital self-test excitation.
The self-test excitation is also a 1-Bit A modulated to avoid introducing additional dis-
tortion. Thus, the linearity of the excitation source is inherently guaranteed by the 1-Bit
excitation. The excitation has the flowing form:

Vr(t) = At cos(wrt) + Qu(t) (10)

where Q(f) is the quantization noise introduced by the 1-Bit XA modulation. The second-
order harmonic distortion is extracted from the output bitstream of the digital XA closed-
loop accelerometer. The synchronous orthogonal demodulation is used in order to suppress
the accompanying quantization noise in the output bitstream. Besides, it also extracts
the phase information of the detected second-order harmonic so as to determine the
calibrating direction.

The orthogonal demodulation signal is generated from the same digital signal source
with the self-test excitation. Since these two signals use the same reference clock, the
precision frequency and phase relationship are guaranteed. The referencing demodulation
signal is a 24-Bit sinusoidal signal generated by a look-up-table, which can be expressed as:

Vr(t) = A, cos(2wrt + @) (11)



Sensors 2022, 22,9933

7 of 11

Since the output signal of the A closed-loop accelerometer is a single-bit one, the
24-Bit x 1-Bit multiplier can be greatly simplified by a multiplexer. After the demodulation,
the output signal can be expressed:

Y(t) = Arcos(Rwr + ¢) X ( § U, cos(nwrt) + n(t)>
o o 0 (12)
= # cos(p)+ ¥ % cos(nwrt + @) + Ay cos(2wr + @)n(t)

n=1

The output Y(f) contains the following tips after demodulation according to Equation (12):

(1) ADC component contains the magnitude and phase information of the second-order
harmonic of self-test response.

(2) The other harmonic distortion component is modulated to nwr and will be filtered
out by a succeeding low-pass filter.

(8) Since the noise varies randomly, only the component which has both the same fre-
quency and phase relationship with the second-order harmonic is demodulated to
baseband. Thus, most of the noise gets suppressed.

In order to extract the magnitude and phase of the second-order harmonic, orthogonal
demodulation is used in this design. Two orthogonal sinusoidal demodulation signals
are generated by the digital signal source. The in-phase and quadrature-phase output is
denoted Y; and Y, respectively, which can be expressed as:

Yo = Arzuz cos(¢)
Aruz . (13)
Yi=—5 sin(¢)

The magnitude U can be calculated by:

U=,/Y2+Y3 = A’2U2 (14)

The phase angle ¢ can be calculated by:

Q= arctan(ﬁ) (15)
Yo
According to the phase and magnitude information extracted, an auto-calibrating
mechanism is established. The basic idea is a successive approximating trial-and-error
procedure. This procedure starts from the MSB (Most Significant Bit) of the binary-weighted
compensation capacitance, whose value is 2V x AC. In each step, the current control bit
is set to ‘1’ firstly, and the capacitance with the value 2/ x AC is set to parallel with the
sensing capacitance.
Each control bit is determined in the direction of reducing the self-test harmonic
distortion. Thus, in the end of the calibration procedure, the final sensing capacitance
mismatch will be trimmed in the range of —AC ~ +AC.

5. Test Results and Discussion

A prototype readout ASIC (Application Specific Integrated Circuit) with proposed
self-test and self-calibration function was designed and fabricated in 0.35 pm CMOS-BCD
process with a chip area of 4000 x 3800 um. Figure 5 is the micro-photograph of the die of
the proposed ASIC. The chip is supplied with a £2.5 V voltage and uses a 12 V high voltage
electrostatic feedback to generate the servo force. The clocking frequency of the whole chip
is 500 kHz. The total power consumption is 35 mW. The picture of the fabricated MEMS
accelerometer and the packaged device under the test is shown in Figure 6.
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Figure 6. The picture of fabricated MEMS accelerometer and the packaged device.

The parameters of MEMS accelerometer are listed in Table 1. The sensor is first placed
at the 0 g condition, and the self-test excitation is injected to verify the self-test function
and the proposed bias drift theory based on harmonic distortion. The injected excitation
is a 1-Bit XA modulated digital sinusoidal with a frequency of 1 kHz and the equivalent
amplitude of 10 mg. The responding digital output of the accelerometer is captured
by a logic analyzer, and FFT analysis is performed to analyze the harmonic distortion.
Figure 7 presents the PSD (power spectrum density) diagram of the digital closed-loop
accelerometer’s output under the self-test excitation. Figure 7a presents the PSD diagram
before calibration. From the above analysis, we can find that the MEMS sensing element is
not servo-controlled at the central balancing position under the initial condition, and there
exists an obvious second-order harmonic distortion with an amplitude of —76 dB and a DC
bias with an amplitude of —40 dB. After calibration, both the harmonic distortion and the
output DC bias are reduced, as shown in Figure 7b. The second-order harmonic distortion
is reduced to —112 dB, and the output DC bias is reduced to —78 dB. These results show
that it is feasible to use the harmonic distortion as the flag to calibrate the output bias drift
of the digital closed-loop accelerometer.

Next, the front-end sensing capacitance mismatch is manually tuned, and the self-test
procedure is repeated. The obtained amplitude of each harmonic distortion versus the
capacitance mismatch pre-imposed is shown in Figure 8. It can be found that the second-
order harmonic distortion approximately increases linearly with the capacitance mismatch
pre-imposed at the measurement RMSE of 0.4016 and R? of 0.997, whereas the third-order
harmonic distortion is unaffected. There exists a nonlinearity part in the relationship
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between second-order harmonic distortion and mismatch of sensing capacitance which is
caused by non-ideal drift and displacement.

Table 1. Properties summary and comparison.

Physical Quality Value
Sensitivity 10 pF/g
Quality 62 x 107 % kg
Static capacitance 180 pF
Coefficient of damping 0.01N/m/s
Spacing of comb 2 um
Coefficient of stiffness 2760 N/m
Resonant frequency 1000 Hz
Quality Factor >30
Brown Noise Equivalent Acceleration <60 ng/ Hz/?
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Figure 7. The power spectrum density diagram of the output bitstream.
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Figure 8. The harmonic distortion with respect to the mismatch in sensing capacitances. (a) Ampli-
tude of harmonic distortions with different sensing capacitance mismatch. (b) Measurement RMSE
results for the second-order harmonic distortion.



Sensors 2022, 22,9933

10 of 11

Under the different capacitance mismatch conditions, the self-calibration is taken
on. The output DC bias error of the digital closed-loop accelerometer before and after
self-calibration is shown in Figure 9. As shown, the front-end sensing capacitance mismatch
will directly induce output DC error. The relative capacitance mismatch from —5% to +5%
will translate to a DC bias error —1 ~ +1 g. After calibration, the capacitance mismatch is
automatically compensated by using a calibration capacitance array. The output DC bias
error is calibrated into the range of —4 ~ +4 mg.

4

g o05f |
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m

)

8

m [ A A A -

O 0
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=]

o
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3 0

QE) —&— After Calibrated
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A o1t A
-6% -4% -2% 0 2% 4% 6%

Relative Sensing Capacitance Mismatch [ A Cyii/Cien]

Figure 9. System output DC bias error with respect to the mismatch in sensing capacitances.

Bias instability performance is tested at room temperature, and the output of the
digital closed-loop MEMS accelerometer is recorded for about 4 h, as shown in Figure 10.
The bias instability after the calibration is about 18 ug.

45

40%---

10,000

350--\

YRR SO0 116 % R o gt

Y AR

Allan variance (ug)

1) | RRRCTERI i

15—
10 10° 10

Figure 10. Allan deviation plot of accelerometer.

6. Conclusions

In this paper, we proposed an on-chip self-test and self-calibration method for the
DC bias error of a digital closed-loop MEMS accelerometer. The method is based on the
relationship between harmonic distortion and DC bias error. It has been proven in theory
and experiments that the self-test response will exhibit even-order harmonic when there
is a servo-position deviation induced by drift. The amplitude of even-order harmonic is
linearly related to the output DC bias error. On this foundation, a successive approximation
self-calibration circuit is established. It uses the second-order self-test harmonic distortion
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as a flag and automatically calibrates out the front-end sensing capacitance mismatch. After
calibration, the DC bias error could be effectively reduced to the range of —4 ~ +4 mg.
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