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This work presents the capacitive micromechanical accelerometer with a
completely differential high-order switched capacitor sigma-delta modulator
interface. Such modulation interface circuit generates one-bit output data
using a third sigma-delta modulator low-noise front-end, doing away with the
requirement for a second enhanced converter of resolution to encode the

feedback route analog signal. A capacitive micromechanical sensor unit with

just a greater quality factor has been specifically employed to give greater
resolution. The closed-loop and electrical correction control are used to
dampen the high-Q values to get the system's stability with high-order. This
microelectromechanical system (MEMS) capacitive accelerometer was
calibrated using a lookup table and Akima interpolation to find manufacturing
flaws by recalculating voltage levels for the test electrodes. To determine the
proper electrode voltages for fault compensation, COMSOL software simulates
a number of defects upon that spring as well as the fingers of the sensor system.
When it comes time for the feedback phase of a proof mass displacement
correction, these values are subsequently placed in the lookup table.
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1. INTRODUCTION

Inertial navigation and guiding, navigation for such consumer markets, weightless studies in spacecraft,
inclination adjustment, or platform stability are all using high-precision capacitive accelerometer sensors of pig
resolution [1]. A reduced noise sensor element and the interface are essential components of such an increased
resolution sensor system. The interface typically sets a limit on the overall system resolution, especially for high-
Q sensing elements with low Brownian noise floors. On the other hand, in order for high-quality transducers
with vacuum packaging to be useful as sensors, they must first be electronically damped. The sensing element
is constrained in the sense the frequency band, input range, and damping because there is not a force in the
feedback to modify the displacement related to acceleration of the transfer function [2]. It has been established
that closed-loop operation increases the linearity, dynamic range, as well as frequency range of capacitive
accelerometers. A high-Q sensor unit can be electrically made under-damped using a closed-loop architecture
without unnecessary complexity, which is not achievable with an open-loop system [3]-[5]. Gyroscope and
accelerometer applications, among others, have benefited from the sigma-delta modulation technique used in
analog-to-digital converters [6]-[9]. Closed-loop sigma-delta capacitive accelerometers may create high output
data, and electrostatics feedback insulates the sensor from the effects of process fluctuations, resulting in a more
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stable and precise system [10]. An electromechanical closed-loop system's noise-shaping ability can be
improved by using interpolation for the fault diagnostic and compensation.

In this method, we can manipulate a wide range of fingers and the spring fault resulted because of
aging or manufacturing. Lajevardi et al. [9] did not, however, give a thorough circuit design. In [11], the
increased order of the closed-loop microelectromechanical sigma-delta modulator with both higher sensitivity
and low-quality factor accelerometer was developed, resulting in an inherent system with a more stable state.
Additionally, this system (closed loop) did not achieve sub-g equivalent resolution during testing. This
continuous-time capacitive accelerometer interfacing using a high-Q mechanical element was disclosed in [4],
[12] with sub-g comparable resolutions. An incredibly low-noise accelerometer, but still no thorough circuit
design method, is presented in [13], [14] proposes a low-frequency impedance-based approach for identifying
damaged array components, which is supported by actual electrode array readings for drug testing on cardiac
and neuronal tissue. The array comprising nanoscale electromechanical switches is designed, put into practice,
and tested in article 15 utilizing an online test that makes use of the superposition principle. Using MATLAB-
Simulink as well as OrCAD PSpice programs were used to implement various simulations of these switches
[15], [16] offers two methods for identifying electrode degradation at their interfaces with fluidic and biological
systems. All these mentioned papers did not manipulate a wide variety of faults and damages as a result of
aging or manufacturing. Therefore, our work is aimed at this purpose.

2. COMB DRIVE AND BROWNIAN NOISE

Because of the greater power signal, low-temperature sensitivity, with simplicity in providing
electrostatic force to enable closed-loop control, a capacitive microelectromechanical systems (MEMS)
accelerometer is selected as the front-end sensor device [17], [18]. The mechanical transfer function can be
calculated using Newton’s Second Law (1).
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where m is the proof mass, b is the damping factor, k is the spring constant, wo represents the resonate
frequency, and Q represents the quality factor. The system’s response in a closed-loop topology is the result of
adding all responses of the interface circuit and the sensing element. As a result, the system's bandwidth,
sensitivity, and resonance characteristics are no longer dominated by the aforementioned parameters,
increasing the freedom of mechanical parameter choices.

Brownian noise, which would be produced by the motion of the suspension beam and gas molecules,
is the principal source of noise in the mechanical component. These steps are used to determine Brownian
noise equivalent acceleration (BNEA).

BENA = @ [9 / \/E] @)

Ty is the temperature in Kelvin, and k;, is the Boltzmann constant. Two effective methods for producing
a low BNEA include expanding the size of a proof mass and reducing air damping [17], [19], [20]. Brownian
noise is reduced when this sensor is operated in a vacuum environment but at the expense of a lengthy settling
period and poor antishock capabilities [21]-[25]. The vacuum-packaged sensor element used in this study in
modeling and measurement really does have an open-loop basic resonance of 1 kHz. The sensor quality factor
is greater than 40, as well as the BNEA is less than 60 ng/VH. The sensor element's corresponding static
capacitance and sensitivity are 180 pF and 10 pF, respectively.

3. THE METHOD OF CALIBRATION

For the movement of the proof mass as though the applied acceleration (50 g), the estimates of left
and right testing voltages (VL and VR, respectively) in COMSOL software can be utilized to determine the
necessary amount of the built-in self-test (BIST) (DC test voltage), namely VL and VR. The output is then
compared to the intended outputs (Y1, Y2, Y3, ..., Yn) that were determined by COMSOL and saved in a
lookup table as depicted in Figure 1 to use against the Akima interpolation. The output is then decided to apply
to such a corrected test electrode to even get displacement for the proof mass to really get output equivalent
when acceleration is +50 g. The computed VR is delivered to a fixed test electrode in a similar manner to
provide an output that is equivalent to that when the acceleration is (-50 g). Nothing will be made unless the 's
results are satisfactory. If not, a lookup table will determine the voltage that will serve as feedback in order to
compensate (calibrate) for the error that occurred.
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Figure 1. The proposed self-test and calibration system

In applied mathematics, the Akima spline is just a non-smoothing spline that provides strong fits for
curves having rapidly fluctuating second derivatives. When given a certain set of "knot" endpoints, an Akima
spline will traverse all of the points (xi, yi) where the (x;) strictly are growing. Its slope, s;, depends on the
locations of its endpoints (Xi-2, yi-2) at those points through (xis+2, Yi+2). A reference line's slopes over (xi, yi) until
(Xi+1, Yi+1) are specified as mi. Then, similar to (3), the weighted mean for m;; and my is used to determine s;.
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The spline is thus defined as a piece-wise cubic function whose value between xi and xi-1 is the
single cubic polynomial PL(x;) which meets all four restrictions: PL(Xi) =Vi, L(Xi+1)=Yi+1, PL'(Xi)=Si+1. The
Akima spline has the advantage of only using data from adjacent knot points when constructing overall
parameters of interpolated polynomials at between the two-knot points. This eliminates the need to solve a
complex system of equations, and the Akima spline prevents unphysical wiggles in locations where the
underlying curve's second derivative is quickly changing. The Akima spline has the advantage of only using
data from adjacent knot points when constructing the overall parameters of interpolated polynomials in
between two-knot points.

4. DECIMATION FILTER MODEL

To eliminate the unwanted data and for filtering out the noise of the high frequency at the output, sinc
filters are utilized as decimation filters. A two-stage cascaded decimation filter was used to create this
decimation filter. The electromechanical sigma-delta system employed in this work has an order of 2, hence
the sinc filter must have an order of at least 3. As a result, in the first stage of the filter, a 3" order sinc filter is
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employed, and a 2" order sinc filter is used to filter the noise even further in the second stage, as illustrated in
Figure 1. Sinc filters are constructed of blocks used for both addition and subtraction operations with (4) and
(5) transfer functions which is a low pass filter, respectively.
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The readout circuit's comparator output provides the input bitstream, which is a 1-bit digital data stream.
Because Ny is set to 40, the 3™ order decimation filter's output is a number that may be written as a 16-bit digital
value, as determined by (6).

p = Mglog, Ng + B ©)

Mg represents the decimation filter degree, Nd represents the decimation order, B is the bits number of the word
at the input, and p is the number of bits of the word in the output.

Both My (degree of decimated filter) and Ng (decimation order) parameters are crucial in sinc filter
design. The degrees of the closed-loop electromechanical sigma-delta system determine Mg, while the required
bandwidth of the system specifies Nq. The degree of the sinc filter should be at least just a little more than the
degree of the closed loop electromechanical sigma-delta system [24], [25] to produce a low noise output. The
noise at higher frequencies is filtered again as the degrees of the sinc filter grow because the size of the filter's
ripple at high frequencies reduces.

5. FEEDBACK FORCE

In closed-loop activities, the feedback path affects system performance as long as the loop gain is
large enough. The only component of the feedback loop in our system is the electrostatic feedback force, and
the electrical BIST stimulus is turned into a physical actuation force. As a result, important system attributes
such as sensitivity, linearity, and dynamic range are significantly affected. When a voltage drop (V) is applied
to both sensor plates, an electrostatic force of attraction is formed between them, which is given by (7) [4],

_ CodoV?
Felectrostatic - 2(do+x)? (7)

where (do) is the initial distance between the plates, (Co) is the static capacitance, and (x) is the displacement
of the proof mass at that moment. This collocated sensing technology will reduce higher-order resonance
phenomena while simplifying sensing element design [16], [24], [25].

6. CIRCUIT NOISE SOURCES

The amplification noise, switching noise, referencing voltage noise, wire resistance noise, clocking
fluctuation noise, and the noise of the mass residual motion are the principal sources of noise in the readout
circuit [1]. The noise that belongs to the front amplifier, switching noise, the noise of reference voltage,
plus noise of wiring resistance is the most significant noise sources in the proposed closed-loop interface.
A single-ended simplified schematic for calculating overall circuitry noise equivalent acceleration (CNEA) is
shown in Figure 2. Individually, these major noise sources are examined.
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Figure 2. The overall circuitry of the noise equivalent acceleration
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In Figure 2, C; is the sensing capacitance, C, is the capacitance because of the parasitism and Cy is the
integrator feedback capacitance. The major sources of noise of the front-end amplifier are thermal noise and
flicker noise, with flicker noise being minimized thanks to the use of the correlated double sampling (CDS)
approach. The capacitive accelerometer's front-end gain in frequencies just below mechanical resonant
frequency is given as (8).

Voue = 7. vz (F) (8)

The study demonstrates that its input referred noise induced by amplifier noise is bandwidth
independent. This integrating capacitance should be reduced to reduce noise. By raising the sampling frequency
and CDS capacitance, it is possible to reduce input referred noise. Raising both sensor capacitance and also
reference voltage also is beneficial for making a high front-end circuit.

The reference voltages charge every sensor capacitor of both the low-noise front-end circuits in each
cycle, and the reference voltage noise directly impacts the sensor readout output noise. Due to the sampling on
the sensing capacitor, the wideband noise also was folded into the low-frequency region. The sensor
interconnects series resistances contribute to the overall noises, and the wire resistance noise depicted in
Figure 2 is combined into one equivalent resistance. This closed-loop operation amplifier bandwidth is limited,
and the noise owing to wiring resistance is shown in [23].

7. CIRCUIT IMPLEMENTAION

The switched capacitor circuit is used to build the amplifier as presented in Figure 3. A charge
amplifier converts the capacitance shift to voltages in the first stage. It has been successful. Lower
frequencies of in-band noise and jitter were reduced using a CDS approach. The front-end amplifier's DC
offset is considerably decreased. The phase lead compensation is put into action. with the help of a summing
amplifier.

The CDS approach is used to reduce low-frequency signals with offsets in the front-end amplifier.
Figures 4 and 5 depict the hold circuit and CDS implementation, respectively. To reduce the residue effect of
prior feedback force, every electrode of the sensing device is linked to the ground during the reset phase. The
feedback capacitor Cf is also depleted of its charge. The sensing element is then filled by a pair of supply
voltages in phase A, and the switched capacitor circuit calculates and stores the differential capacitance changes
on the capacitor CCDS. The polarity of the charging voltage of the sensing device is then inverted in phase B,
resulting in a low voltage change (negative) just at the charge amplifier's output.
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Figure 4. The hold circuit using the switched capacitor
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Figure 5. The CDS circuit with the switched capacitor

8.  RESULTS AND DISCUSSION

In order to calculate the appropriate self-test electrode voltage to get the sensing element back to its
pre-fault position, the lookup table was first provided with said intended referenced responses of the sensing
device (spring and fingers fault-free case). Figure 6 displays the sigma-delta accelerometer's spectrum before
and after it has been calibrated for a number of finger and spring defects, demonstrating effective correction.
After each computation, Akima stores the computed voltage in the lookup table as one of the stored inputs for

the upcoming self-test and calibration.
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Figure 6. The spectrum output of the sigma-delta accelerometer for various finger and spring faults
9. CONCLUSION

The reduced noise (sigma-delta) accelerometer has been constructed and modeled in COMSOL and
MATLAB for this paper. The comb drive was first flawlessly designed analytically. The design is then
simulated, and COMSOL is used to generate the necessary BIST signal at (50 g) for something like the self-
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test electrodes in order to identify the appropriate displacement for the test. To observe how the interpolation
of Akima for the calibration was performed, several failure mechanisms for the fingers were tested in the comb
drive. It was discovered that Akima interpolation was utilized to determine the required voltage in order to
correct the sensor element's failure.
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