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ABSTRACT This paper presents a charge-balanced readout circuit for MEMS capacitive accelerometers.
The focus of this work is a design with a low-noise and low area consumption while ensuring the
essential linearity and electromagnetic compatibility (EMC) for automotive applications. The readout
circuit is composed of a charge-balanced single-ended input C/V stage followed by a second order
sigma-delta modulator. The C/V stage uses a Gm stage combined with an integrator to reduce its noise
contribution. The measurement results of the readout circuit show a noise floor of 62 ug/~/Hz and a
temperature dependent offset smaller than £0.6 mg after compensation. The measured dynamic range of
the complete interface, including readout circuit and sensor, is 95.5dB. The measured EMC is below
2mg. The accelerometer readout circuit has been designed in a 130nm technology. Its power and area

consumption is 1.4mW and 0.26 mm?.

INDEX TERMS Switched-capacitor circuit, MEMS accelerometer readout circuit, charged-balanced

frontend, automotive applications.

. INTRODUCTION
ICRO-ELECTROMECHANICAL (MEMS) accelero-
meters are employed in various applications especially
in automotive, such as airbag or electronic stability control
(ESP), as well as in consumer applications. They have sev-
eral advantageous characteristics such as their small size or
low power consumption. Fig. 1 shows an exemplary MEMS
accelerometer with a human hair to highlight the small size
of the sensor together with its simplified electrical model.
There exists a continuous demand for high-performance and
low-noise MEMS readout circuits for consumer as well
as automotive applications. Furthermore, in safety criti-
cal automotive applications, the circuits may be exposed
to harsh working conditions, as for instance high temper-
ature range, electromagnetic interferences (EMI) or high
vibrations.
Two main groups of readout architectures can be
found in literature, which are closed-loop [1]-[3] and

open-loop [4]-[6]. Closed-loop architectures employ a
feedback force on the sensor to maintain the proof mass in
its original position. This improves several characteristics of
the sensor as for example dynamic range, linearity and band-
width [7], [8]. On the other hand, open-loop architectures are
smaller, less complex and consume less power such that they
are usually used in consumer applications [9]. A particular
case of open-loop architecture is the charge-balanced archi-
tecture [7]-[13] combining some advantages of closed- and
open-loop designs. It has a higher linearity than open-loop
and a reduced complexity compared to closed-loop architec-
tures. Furthermore in the presence of high accelerations, the
required feedback voltages in a charge-balanced architecture
are smaller than in a closed-loop system [9].

The charge-balanced architectures presented in literature
are based on the concept of Leuthold and Rudolf [10]. It
ensures that the charges on both sensing capacitances are
equal such that the net electrostatic force on the proof mass
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FIGURE 1. Exemplary MEMS accelerometer with human hair and simplified
electrical model.

is zero. This is generally done by using a feedback volt-
age. A charge-balanced open-loop interface composed of a
charge-sensitive amplifier and an integrator followed by a
second-order sigma-delta modulator was presented in [7].
The output of the integrator was fed back to both sides of
the capacitive bridge. Additionally to the open-loop interface
an AC feedback, using a proportional-derivative controller,
was implemented to reduce the high quality factor of the sen-
sor. Furthermore, a positive feedback current was applied on
the common-mode electrode to reduce the input limitations
created by the parasitic capacitance of the sensor. The mea-
surements presented in [7] show good noise performance
and an input range of £1.5 g. Furthermore, [7] shows mea-
surements of offset, non-linearity and gain performance over
a temperature range from —40 °C to 85 °C. Though, in auto-
motive applications, the temperature requirement increases
up to at least 125 °C and the input range is generally signifi-
cantly higher than £1.5 g. Another charge-balanced concept
was presented in [8], where a sigma-delta modulator was
used and the feedback was applied on both sides of the
capacitive bridge and on the common-mode electrode. It
was optimized regarding power consumption but at the cost
of a low bandwidth of only 25Hz. Another concept was
introduced in [12], where the input and feedback paths were
separated in order to improve the output power. The concept
showed good SNDR versus power consumption performance
in simulations. Nonetheless, the input range in this architec-
ture was significantly lower than required for automotive
applications and no information about the (measured) noise
and linearity performance was provided. An additional con-
cept achieving very low power consumption while limiting
the noise contribution was shown in [13]. A feedforward
noise reduction technique was used additionally to the con-
ventional charge-balanced concept. A power consumption
of 252nW was achieved with a noise floor of 290%.
However, the input range was limited to £5g, whic‘ICs
lower than the one required for automotive applications
and no temperature measurements were provided. Another
concept focusing on low power consumption and reduced
noise contribution was presented in [14]. This concept used
a bandwidth-enhanced oversampling successive approxima-
tion readout technique to reduce the impact of the parasitic
capacitance and thus to improve the noise performance as
well as achieving a low power consumption. The input range
was constrained to +8g and no measurements of offset or
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FIGURE 2. Block diagram of the analog frontend and the digital backend.

temperature performance were shown. Finally, [9] applied
a feedback voltage in addition to the reference voltage on
the sensing capacitances to ensure the charge balancing. This
reduced the non-linearity created by the parasitic capacitance
between the common-mode electrode and the substrate.

A similar concept is used in this work, but with a mod-
ified charge to voltage conversion stage (C/V stage) in
order to reduce the area consumption and improve the noise
performance. This is done to realize a low cost, robust,
high dynamic range design for automotive applications. The
targeted application in this work requires a dynamic range
higher than 90dB for a bandwidth near 100 Hz. This trans-
lates into a noise floor in the range of IOO%. A high
linearity and robustness against EMI as well as a temper-
ature range from —40°C to 150°C must be maintained.
Finally, an output range of 50 g must be achieved to ensure
that the mechanical clipping of the sensor appears before
the electrical clipping of the readout circuit. The presented
design fulfills such automotive requirements, which were
only partly addressed in prior works.

This paper is organized as follows. Section II reviews
the concept of the charge balanced architecture. Section III
describes the proposed implementation of the frontend
architecture and Section IV presents the corresponding
measurement results. Section V concludes the paper.

Il. CHARGE-BALANCED READOUT CIRCUIT WITH GM
STAGE

The accelerometer readout circuit is composed of a C/V
stage and a sigma-delta modulator (SDM), cf. Fig. 2.

The C/V stage consists of a single-ended input Gm stage,
an integrator as well as a hold stage, see Fig. 3. A AC/C
charge-balanced concept is used [10]. Thus, the biasing volt-
age Vs is applied on both sides of the capacitive bridge of
the sensor and the signal is provided on the common-mode
electrode.

As in [9], the charge-balancing is ensured by the C/V
stage. The sensor is embedded in a negative feedback loop,
where the feedback voltage provided by the C/V stage is
dynamically adjusted such that in a steady state no charge
flows on the common-mode electrode. Additionally, the feed-
back voltage is applied on the common-mode electrode such
that no force is applied onto the proof mass.
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FIGURE 3. Blockdiagram of the C/V stage.

The integrator in the C/V stage provides high gain. The
summing amplifiers of [9] are replaced by a hold stage to
save area. The latter samples the output of the integrator and
holds the relevant signal to provide it back to the sensor and
the sigma-delta modulator in the desired phases.

Unlike [9], a Gm stage is used in front of the integrator to
reduce the noise contribution of the C/V stage. This firstly
provides additional gain such that all the noise contributions
of the following stages are relaxed. Then in combination with
the integrator, the boxcar sampler principle is used [15], [16].
The latter is equivalent to a sinc filter with the first notch
at ﬁ, where Tj,; is the integration time, hence reducing
the aliasing of noise [15]. The Gm stage combined with the
integrator reduces the noise of the switches sampled on the
sensor capacitances and relaxes the impact of the parasitic
capacitance Cp;, between the common-mode electrode and
the substrate. Without the Gm stage the sensor parameters
impact the integrator stage, degrading its feedback factor, so
that its noise contribution is increased. With the Gm stage
they only influence the first stage, where their impact is
smaller. Additionally, the selection of the circuit parameters
becomes more flexible when using the Gm stage to reach
the required noise and stability. A noise improvement of
about 32% is achieved thanks to the additional Gm stage
placed in front of the integrator. Detailed analysis of the
noise improvements obtained with the Gm stage in front of
the integrator was previously presented in [16]. Even though
the C/V stage concept is not identical to the prior work,
the major advantages provided by adding the Gm stage, as
described above, are still valid for this work.

Furthermore, the Gm stage combined with the integrator
also allows to reduce the impact of EMI, since an additional
attenuation is provided.

The power consumption increases with the additional
stage. However, the sampling frequency, which is neces-
sary to meet the noise requirements including the Gm stage,
is lower than without the Gm stage. Hence, the additional
stage effectively reduces the power consumption. In detail,
when considering only an increase in the sampling frequency
to obtain the same noise contribution as with the Gm
stage, the power consumption would increase by a factor
of 1.89.

The transconductance of the Gm stage is sensitive to
process and temperature variations. However, the parame-
ters of the circuit were selected such that a variation of 10%
of the transconductance is allowed. This is obtained by using
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FIGURE 4. Clock diagram of the C/V stage.

a PTAT current source, which is trimmed depending on the
process. The transconductance impacts the noise and stabil-
ity performances, but it does not impact the output voltage
of the C/V stage at DC, which can be derived as

(G -G
ref Ci+ G .

Therefore, even though the circuit may be more sensitive to
PVT with the Gm stage, its impact, which is reduced by
design, is not critical for the concept.

The bandwidth is not limited by the Gm stage. The
transconductance of the Gm stage is selected according to
noise specification, which results in a higher bandwidth than
required. However, as mentioned previously, without the Gm
stage the sensor would be directly connected to the integra-
tor, which would decrease its feedback factor. Thus, its noise
contribution would be higher and the bandwidth would need
to be designed larger to ensure the settling of this stage.

The gain of the forward path of the C/V stage is defined
by the ratio between the transconductance of the Gm stage,
the integrating capacitance and the integration time, leaving
some flexibility in the parameter selection. The gain require-
ments of the Gm stage are much lower than for the integrator
stage and hence its gain is significantly lower.

Finally, the Gm stage enables to have a single-ended input,
with a fully-differential integrator, hold stage and sigma-delta
modulator. Thus, the noise contribution is reduced com-
pared to a pseudo-differential architecture, while keeping
the advantages of a fully-differential architecture.

Vo = 6]

lll. FRONTEND IMPLEMENTATION

A. C/V STAGE

A more detailed circuit-level block diagram of the imple-
mented C/V stage is given in Fig. 5. The readout circuit
uses three non-overlapping phases at a clock frequency fs.
The clock diagram is shown in Fig. 4. The clock provided
by the oscillator is divided into 32 cycles. ¢ and ¢3 are
equal and hence equivalent to 11 clock cycles while ¢; is
only 10 cycles.

In ¢ the feedback voltage, V,p », is applied at the end
of the capacitive bridge of the sensor and the common-
mode electrode. The Gm stage and the integrator perform
offset cancellation during this phase: auto-zeroing in the
case of the Gm stage and correlated double sampling (CDS)
in the case of the integrator. In opposite to [9] the unity
feedback used for the offset cancellation of the integrator
performed in ¢ is replaced by a feedback including Cyy. In
this configuration the offset is canceled by CDS using the
sampling capacitance Cyp. Thanks to C,, the variations at
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FIGURE 5. Schematic of the frontend including sensor, C/V stage and sigma-delta modulator.

the output of the integrator are minimized, which improves
the settling behavior leading to an improved accuracy and
linearity performance.

In ¢, and ¢;3 the reference voltage Vs is applied on the
sensor creating a charge transfer equivalent to the accel-
eration. ¢ is used to cancel the residual offset of the Gm
stage as well as k—CT noise sampled on the capacitance Cog,,, »
while ¢3 is the phase where the acceleration signal is passed
through the C/V stage. Hence, the sensor is connected to the
Gm stage only in ¢3, while in ¢, the input of the Gm stage
is connected to ground.

The switches at the output of the Gm stage, ¢gaign: and
®cross, are connected such that the output signal of the Gm
stage is integrated with opposite sign in ¢» and ¢3. This way,
the residual offset and the ]‘—CT noise, which are sampled on
the input capacitance of the Gm stage Coy,,,, are integrated
in one direction in ¢,, while in ¢3 they are integrated in
the opposite direction in addition to the acceleration signal.
Hence these non-idealities are effectively canceled out.

The output of the integrator is then provided to a hold
stage. In contrast to prior art using a sample and hold
stage [17], [18], the hold stage in this work continuously
samples the output of the integrator and holds the relevant
integrator signal of ¢3 to transfer it to the sensor and to
the sigma-delta modulator in ¢. Therefore, ¢, and ¢, are
reversed signals holding each for three phases. This clock-
ing scheme reduces the settling requirements of the OTA
and hence improves the accuracy and reduces the power
consumption. Non-idealities of the OTA, as offset or 1 noise,
are reduced by chopping and the gain of the C/V loop.

In the presented frontend, a random chopping scheme is
used. While a periodic chopping is efficient to cancel out
low frequency disturbers, as flicker noise or offset, it is
insufficient for EMI robustness, since interferences appear-
ing near the chopping frequency are sampled back to DC [9].
EMI couples capacitively through the bondwire connecting
the sensor and the frontend. When using random chop-
ping, the interference is spectrally spread, which significantly
reduces the impact of EMI close to DC [9]. The random
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chopping consists of a pseudo-noise sequence, which is spec-
trally attenuated at DC and %S in order to minimize the power
in the baseband and the coupling of high frequency tones to
the reference voltage [19].

The chopper is realized at the output of the Gm stage and
at the output of the hold stage. Therefore, @sraighs and Geross
are not only dependent on the two phases ¢, 3 but also on
the chopper state (¢cnop). The positive output of the hold
stage is fed back to the sensor in one chopping phase ¢1,,,
and the negative output in the next chopping phase. Delayed
phases are used where necessary to reduce the impact of
charge injection.

B. NOISE OF THE C/V STAGE

The transconductance of the Gm stage and the capacitance
Ciy; are set according to noise, stability and area require-
ments. The noise contribution of the C/V stage is minimized
by increasing the transconductance of the Gm stage, since
the overall gain is increased. Disadvantageously, an increase
of the transconductance leads to instability of the C/V stage
since the gain is increased. This needs to be compensated by
an increase of Cj,, resulting in the same gain, but less area
efficiency. With the noise requirement being smaller than
100%, the Gm stage combined with the integrator have a
gain of 4, while the hold stage has a gain of 1.

Thermal noise is the dominant noise source of the C/V
stage. While Flicker noise also has an impact, it is reduced
by chopping. The noise of the C/V stage is a combination
of the noise generated from the OTAs and the switches of
each stage. These noises are uncorrelated and therefore they
can be determined individually [20]. The noise power of
each component in each phase is calculated, referred to the
output of the C/V stage and eventually added up to obtain
the noise of the complete C/V stage. Hence, the individual
noise sources are shaped by the loop gain of the C/V stage.
The total noise power of the C/V stage is then:

N — Ny - Z_2 : Gintgm
TN\ 42 142726,
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where Ny, Ngn, Niyy and Npg are the output referred
noise contributions of the individual stages, e.g.: feedback
switches, Gm stage, integrator stage and hold stage. G, is
the overall gain of the C/V stage, Giy is the gain of the
integrator and Giygm is the gain of the Gm stage combined
with the integrator.

The noise contribution of the C/V stage is generated by
the integrator, the Gm stage and the noise of the switches
sampled on the sensor capacitances. While the latter is box-
car sampled in ¢, and ¢3, it has a significant impact in ¢;.
The noise of the hold stage is significantly reduced by the
loop gain of the C/V stage such that it is negligible in the
signal bandwidth. The noise of the Gm stage is significantly
impacted by the noise contribution of the switches at its
input. Since the OTA of this stage does not have high gain
and bandwidth requirements, its design can be optimized
according to noise performance. For the OTA of the inte-
grator stage, the noise performance is also dictated by the
feedback factor and the trade-off between gain, bandwidth,
area, power consumption, noise and stability of the C/V
stage. The noise distribution at DC (i.e., z = 1) between the
stages of the C/V stage is illustrated in Fig. 6.

C. SIGMA-DELTA MODULATOR

The sigma-delta modulator connected to the hold stage is a
single-bit second-order chain of integrator with feedforward
compensation (CIFF). The coefficients were determined with
the sigma-delta toolbox in MATLAB and adapted accord-
ing to the required input range and output swing of the
OTAs. The sigma-delta modulator was designed to pro-
vide a SNR of at least 100dB. The sampling frequency is
selected to 800kHz yielding an OSR = 400, which allows
a SNR = 118 dB. The noise contribution of the sigma-delta
modulator is chosen such that it is more than two times lower
than the one of the C/V stage. Note that the Nyquist rate
of the sigma-delta modulator is about 10x larger than the
specified signal inband of the overall sensor frontend. Even
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FIGURE 7. Die micrograph.

though the inband is specified to 86 Hz in this work, the
overall C/V stage including the sigma-delta modulator has
to allow a bandwidth of at least 1 kHz to avoid any vibration
induced offset fed back to the sensor. This effectively makes
the whole frontend being designed for and working with a
1kHz bandwidth instead of the needed signal bandwidth of
86Hz, while digital postfiltering is used to reduce the digital
output to the required signal.

D. REFERENCE VOLTAGE

The same reference voltage is used for the C/V stage and
the sigma-delta modulator to provide ratiometric operation.
Hence, the impact of disturbances on the reference voltage is
reduced [9]. Regarding signal-to-noise ratio it is beneficial to
increase the reference voltage since the signal at the output
of the C/V stage is equivalent to equation (1). However, V¢
is limited by the pull-in incidence linked with the mechanical
behavior of the sensor [21].

IV. MEASUREMENT RESULTS

The capacitive MEMS readout circuit has been imple-
mented in a 130nm CMOS technology and the fabricated
chip is shown in Fig. 7. The supply block generates
the supply voltage of 2.8V for the readout circuit as
well as the reference voltage of 1.74V. The latter is
buffered, including offset cancellation, and used in the
readout circuit. A digital backend processes the output
of the sigma-delta modulator and provides a communica-
tion interface through SPI. The backend circuit includes
among others a third-order decimation filter followed by
a low-pass filter for bandwidth reduction to the required
inband frequency of 86Hz. The digital backend circuit
additionally provides the clock signals, which are then
refined in the readout circuit to generate the non-overlapping
clocks.

The indicated accelerometer (ACC) block corresponds to
the readout circuit, which includes the C/V stage, the sigma-
delta modulator, the reference buffer and the non-overlapping
clock generator. The simulated power consumption of the
readout circuit is 1.4 mW and its area is 0.26 mm?. Since the
circuit is also composed of other blocks, it is not possible to
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measure the power consumption of only the readout circuit.
The power share of each stage is shown in Fig. 8.

The following measurements are carried-out at the SPI
interface and thus at the output of the filters. The measure-
ment results are converted from LSBspc into acceleration
in g by dividing them by the various gains in the dig-
ital signal processing path. The converted output will be
called filtered output of the sigma-delta modulator in the
following.

A. MEASUREMENTS WITHOUT SENSOR

First the noise of the readout circuit is evaluated without
sensor at the worst case temperature of 150°C. The tem-
perature was applied with a thermal air stream system. A
MATLAB generated power spectral density plot of the fil-
tered output of the sigma-delta ADC is illustrated in Fig. 9.
The measurements are sampled with 500 Hz at the output
of the third-order low-pass filter with a corner frequency
of 86 Hz following the decimation filter (cf. Section III-C).
The resulting measured noise density in the baseband is
625—%. With the signal bandwidth being 86 Hz, the mini-
mum detectable signal is 616.6 g accounting for a factor
of 1.15 for the effective bandwidth of the third-order digital
low-pass filter.

As the undecimated bitstream of the sigma-delta mod-
ulator was made available for test, its corresponding
power spectral density plot can be shown in Fig. 10.
The about 10x larger inband (cf. Section III-C) is clearly
seen. The noise density of 61% is insignificantly
smaller as in Fig. 9 but maintained up to 1kHz. The
inband noise is slightly worsened by the decimation and
low pass filters and the corresponding down folding in
decimation.

VOLUME 1, 2021

-
o
o

—Number of points: 32768

PSD [g/sqrt(Hz)]

101 10° 101 102
Frequency [kHz]

=
=)
&

FIGURE 10. Power spectral density of the bitstream at the output of the single-bit
sigma-delta modulator.

——Mean
—2nd order fit

Offset [mg]

0 50 100
Temperature [°C]
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FIGURE 12. Residual offset of the readout circuit after second-order polynomial fit
correction.

Next, the offset of the readout circuit is analyzed without
sensor. Fig. 11 shows the mean value of the offset over tem-
perature in the interval from —40 °C to 150 °C measured for
one exemplary device. The measurements were done every
20°C. Additionally, a second-order fit of the measurements
is added in Fig. 11 to show the correlation between them.
Fig. 11 shows that the offset is highly dependent on the
temperature, which can be significantly improved with a tem-
perature compensation using the second-order polynomial
fit. The residual offset of such temperature compensation is
illustrated in Fig. 12 for 8 devices. It shows that the residual
offset is smaller than +0.59 mg for those samples, which is
in the same range of the minimum detectable signal. The
temperature compensation is implemented in a DSP.

B. MEASUREMENTS WITH SENSOR

Next, the readout circuit with a MEMS capacitive accelerom-
eter is measured on a centrifuge. High-precision centrifuges
capable of high centripetal acceleration are used. The cen-
trifuge puts the ASIC with the sensor in rotation around
a fixed axis. Hence, it applies a centripetal acceleration
perpendicular to the rotational axis to the chip. The
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TABLE 1. Summary of the measurement results and comparison with previously published works using MEMS capacitive accelerometers.

| Parameters [ This work | ] [ ] ] [ 221 | 8 [ @3 [ @ [ [ [ 03 [ 14 ]
Technology (CMOS) 130 nm 180 nm 350 nm 180 nm 350nm | 250nm | 500nm | 350nm | 500nm | 180nm 1]8308311
Supply [V] 2.8 1.9 3.6 3 33 25 5 33 7 I 1.8
Temperature range [°C] -40 - 150 -40 - 150 | -40 - 85 / / -30 - 85 / / -40 - 85 / /
Noise Density [1g/v Hz] 84 380 2 220 54 340 80 6.2 0.2 290 900
Output Range [g] 50 45 1.4 9.14 2 4 2 20 24) 1.2 5 g
. 1000
Bandwidth [Hz] 86 50 200 (usable:200) 500 25 / 250 300 50 10k
Dynamic Range [dB] 95.5 84.4 93.9 69.4 64.4 67.43 7 108 111 67.7 39
Power [mW] 1.4 1.12 3.6° 3.1% 257 0.24° 40 16.77 238 0.25¢-3° 0.4770
Area [mm?] 0.26! 1.12 6.66° 1.35% 2.8% 0.45"1 17.27 5.57 7.88 1.45° 0.56'0
Nonlinearity [%)] 0.05 0.33 12 0.27 / 1.28 0.35 0.2 0.2 0.15 <1 0.5
EMC [mg] <2 <3 7 / / 7 7 / / 7 7

1 includes one readout interface: C/V stage, sigma-delta modulator, non-overlapping clock and reference buffer. Noise floor maintained up to 1kHz analog bandwidth.

Signal bandwidth limitation digitally generated.

[FF NN

and a low-pass filter

includes one readout interface: fourth order sigma-delta interface
includes one readout interface: fifth order sigma-delta interface

© ® 9 o

power consumption 1Os are excluded

includes two-axis readout interface: C/V stage, sigma-delta ADC, clock, reference generator, LDO, bandgaps, bias currents, self-test circuit

includes one readout interface: analog interface, analog buffer, sigma-delta ADC, bit register, DSP, voltage regulator, clock generator

includes one readout interface: C/V stage, time-multiplexer, integrator, compensator, quantizer and clock generator, area provided corresponds to active area
includes one sensor and one readout interface: 5-bit offset trimming, differential amplifier, oscillator, modulation generator, 3-bit gain control amplifier

includes one readout interface: sigma-delta modulator, decimator, clock, LDOs, reference voltage buffers, voltage/current/frequency reference generators

includes one readout interface: C/V stage, SAR ADC, voltage/current reference circuit, bias, clock generator, finite state machine, register, SPI interface. For the

10 includes one readout interface: C/V stage, clock generator, calibration circuits, buffers, voltage and current references

11 includes a second-order sigma-delta modulator
12 calculated based on reported plot
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FIGURE 13. Output acceleration versus input acceleration.
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FIGURE 14. Non-linearity of the frontend.

acceleration is defined by the rotation speed and the arm
length. The centrifuge provides a constant rotation. Fig. 13
illustrates the filtered output of the sigma-delta modulator for
various accelerations. It shows that the mechanical clipping
appears near 50 g. The noise of the frontend including the
exemplary sensor and the readout circuit is 84 4= equiv-
alent to a minimum detectable signal of 835.4 ug. Hence
the equivalent dynamic range is 95.5dB. Fig. 14 visual-
izes the measured static non-linearity of the frontend over
an input range between Og and 50g. The non-linearity
increases significantly for an input higher than 45g due to
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FIGURE 15. EMC performance.

the MEMS. The maximum non-linearity determined from
the measurements over the complete input range is 0.05 %.

Finally the EMC performance was analyzed with an IC-
stripline. Several electric field amplitudes and frequencies
were applied. The measurements were carried-out on the fil-
tered output of the sigma-delta ADC for various frequency
ranges. Fig. 15 shows the standard deviation of the mea-
surements for an interference frequency range from 100 kHz
up to 6 GHz. From 100kHz up to 800 MHz a CW electric
field of 800 Vm™! is applied, while from 800 MHz up to
6GHz a CW electric field of 1200Vm~! is used. Fig. 15
shows that up to 10 MHz the disturbance is small thanks
to the shielding provided by the package. Additionally, the
use of random chopping enables to remove high peak errors
induced by the EMI. Hence, the EMI is rather distributed
over the bandwidth such that the output results in an envelope
shaped response, which is below 2mg rms.

C. COMPARISON TO THE STATE OF THE ART
Table 1 shows a comparison between the measured
performance of the presented readout circuit and previously

VOLUME 1, 2021



IEEE Open Journal of the

Solid-State Circuits Society

published works using MEMS capacitive accelerometers,
whereas oscillating MEMS accelerometers are not consid-
ered. The presented work has a very competitive input
sensing range, up to 50 g and the best linearity performance.
The noise was measured at 150 °C, which corresponds to the
worst case scenario, but even operated at that temperature it
is competitive to the state of the art. In the presented design,
about half of the total noise is contributed by the readout
circuit and the other half by the sensor element. A very good
noise performance is also reported in [2], [3] and [7], but
with a much lower output range, an increased power and area
consumption compared to the presented design. In Table 1,
the power and area consumption reported for the presented
design includes the C/V stage, the sigma-delta modulator, the
reference buffer and the non-overlapping clock generation.
It does not take into account the supply generation and the
backend circuit. A very low power consumption is shown
in [8], [13], [14] at the cost of an increased noise contribu-
tion and again much lower output range and dynamic range
compared to this work. In Table 1 the dynamic range was
calculated based on the provided noise density, output range
and bandwidth. EMC was not reported in most of the pub-
lished works shown in Table 1 and if the temperature range
was reported it generally goes only up to 85°C. Though, the
shown higher temperature range and the EMC performance
are typical automotive requirements. Even though the signal
bandwidth is digitally limited to 86Hz, the analog bandwidth
of the whole frontend including the sigma-delta converter
is 1kHz, which together with the noise floor and power
consumption is competitive in the state of the art.

The measurement results show that the presented frontend
meets the original requirements of an automotive MEMS
readout circuit and is still very competitive to other works.
It is designed for robustness and shows performance over
temperature and against EMI. A specific focus was placed
on the automotive requirements, regarding linearity, offset
stability and EMC while limiting the noise contribution and
the area consumption.

V. CONCLUSION

This work presented a charge-balanced AC/C frontend for
accelerometers in automotive applications. The combina-
tion of the Gm stage and the integrator in the C/V stage
enables an improved noise and EMC performance. The con-
cept details were presented and its performance was verified
with measurements on silicon. These results showed good
performance regarding linearity, offset, EMC and noise.
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