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A Two-Chip Interface for a MEMS Accelerometer
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Abstract—A proposed third-order noise-shaping accelerometer sensor gives no noise-shaping at low frequencies. That means
interface circuit enhances the signal-to-noise ratio, compared that the signal-to-noise ratio (SNR) is determined by the sensor

with previously presented interface circuits. The solution for the ain and resonance freauency. The intearator is added for ad-
two-chip implementation is described and a novel cross-coupled 9 q Y- 9

correlated double sampling integrator is proposed. This scheme ditional noise shaping to get a higher SNR at low frequencies,
functions even with large parasitic capacitances between the and the op-amp noise, amplified due to the large parasitic ca-

sensor and the interface circuit. The op-amp noise is first-order pacitance between the chips, is also first-order shaped. A novel
Shapdefj' D'”Ies”“g %rl\c/lLé')tS'S also implemented on the chip, fabri- 00 |evel force feedback with mismatch shaping enables the
cated in an 1.6um rocess. ) ] N .
H P _use of a simple digital compensator for this high-order noise-
Index Terms—Accelerometer, correlated double sampling hapi truct 5
(CDS), delta—sigma modulator, dither, sensor interface. S aplhg structure [ ]'_ o
To implement the interface circuit separately, we have to
solve the problems arising from stray capacitance due to the
. INTRODUCTION wiring between sensors and circuits. These are discussed in the

ODERN micromachining technology allows the fabrinext Section. A fully-differential cross-coupled integrator with
cation of mechanical sensors on a chip. A successfaPS is proposed in Section IV to solve these problems.
application is the accelerometer, widely used in automobile
air-bag systems. This is basically a capacitive sensor, but its Hl. TWO-CHIP IMPLEMENTATION

capacitance is quite small. There are several ways to sense theyen for an on-chip sensor or a surface MEMS sensor, for
capacitance accurately. Our previous result [1] shows that q8@-noise op-amps, the parasitic input capacitance can be sev-
can use the sensor as the input capacitor in the delta—sig&a| pF large [3]. For two-chip implementation, it can be as large
loop. The other solution using the delta—sigma loop is based §10—30 pF. To minimize the problems due to the large parasitic
force feedback [2], [3]. For the accelerometer, force feedbagkpacitance, the following basic rules must be satisfied.

is attractive, since it offers the potential of wide dynamic range The floating terminal of the parasitic capacitor must not
[4]. Recently, we introduced a two-chip implementation of a be reset to a dc potential in any clock phase.

capacitive sensor interface circuit, intended especially for the No series switch must be placed between the parasitic
accelerometer [5]. However, practical circuit implementation capacitor and the input terminal of the op-amp.

incorporatingl/ f noise and offset voltage reduction was not , Te front-end circuit block should not be an amplifier, but

shown yet. _ o shan o an integrator.
. In Section ”3 WE review a new noise-shaping structur_e wit Next, the reasons for these rules will be discussed.
higher loop gain and three-level force feedback. In Section I,

we show how to obtain a two-chip implementation. In Seg. Rule 1: Offset Sampling

tion IV, a novel fully differential cross-coupled integrator is de- ) o .
. . . . The first rule holds because switching or resetting the large
scribed. It allows a large parasitic capacitance at the input of the

op-amp and includes correlated double sampling (CDS) to I;:)a_\rasutlc capacnor creates a Iarge error charge flow since the
input potential of the op-amp is not exactly at ground. In

ducel/f noise and cancel offset voltages. A practical way tQ.

. . . . . ig. 2(a), the voltage/, at contains an offset voltage,
apply dithering is described in Section V. Our conclusions aﬁg/c(azld 1/ noisg aﬁ1d al?o some signal due to the gnite
given in Section VI. : ’

op-amp gain. After resetting, with S; and openings; again,

Il THIRD-ORDER STRUCTURE the error charg€’, V4 will flow into the feedback capacitar'y.

Fig. 1 shows the proposed structure for the sensor interfd8e Rule 2; KTC Charge Noise

circuits [5]. The main departure from earlier structures [2], [3] The second rule must be satisfied in order to minimize the

is the additional integrator in the loop. The dynamics of theffect of thekT'C charge noise caused by the resistance of the
switch. In Fig. 2(b), the switcl§, between the parasitic capac-
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Fig. 1. Third-order sensor circuit block.
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Fig. 2. Problems occurring for SC stages with a parasitic capacitor.

larger than théT'/C noise of the input capacitor. Even for onlygrating action, the input-referred noise of the integrator is much

C, = 2 pF, the input-referred noise dued is 914V, s, 50% smaller than that of the amplifier. Hence, for measurements of

larger than that due t6’,,. low-frequency signal, it is better to use the integrator for the
The noise is sampled by,, and will appear at the outputfront-end circuit block in the sensor interface circuits.

of the op-amp. The bandwidth of thisI'C, charge noise is

determined by the op-amp. The power spectral density is given V. FULLY DIFFERENTIAL CDS INTEGRATOR

by A novel CDS circuit is shown in Fig. 4Cs; and Cg, are

1 C on the sensor chip, which contains several switches. The rest
S5 () o [KT(Ron + Req)wofs’] (w—> <0—p> Cp/Cy > 10f the components are on the interface chip, except for the

2 ! (1) large parasitic capacitors,; andC),». The cross-coupled input

wherea = C,/C, R, is the on-resistance of the switéh, branches modulate the common-mode signal injected from the

R.q is the equivalent resistance for the input-referred op-angpmmon-plate node. When the common terminal of the sensor
noise,wy is a unity gain frequency of the op-amp, afidis a is switched, a large common-mode signal along with the small
sampling frequency [6]. Equation (1) indicates that the noisensor signal is injected into the feedback capacitgrsand
from the parasitic capacitance is large at low frequencies, andit. That large common-mode signal is subtracted during

increases wittC,/CY if the switchS; is present. ®2 and ¢4 due to the cross-coupling. At the same time, the
. differential signal (sensor signal) is doubled.
C. Rule 3: Op-Amp Noise The basic principle of operation [7] is that if the input and

To understand the third rule proposed above, consideifegdback capacitor§’s, s and Cyy o are connected to the
standard SC integrator and an amplifier, with the large pafitual ground while switches at the input-side terminal of
asitic capacitance at input node of the op-amps. Their noi§g1,s2 are toggled betweelt, and ground, then the magnitude
performance was simulated inseiCE The generation of the of the charge entering the feedback capacitofs s> will be
noise voltage for the op-amp and the post-processing wéie a very good approximation)’'s; s2 - Vrer, independent
performed using MTLAB, and the noise source was imported@f the slowly varying components (offset/f noise, and
as a piece-wise linear voltage source intsPitE The noise signal) of the op-amp input error voltage. If, afterwards, the
changed at least 10 times in each clock period so thatféedback capacitors are disconnected, then their charge injection
behaved as a continuous-time signal. The op-amp’s dc ginindependent of the input signal and causes only a small
was assumed to be 60 dB, and its bandwidth 5 MHz. Thenstant offset at the output. Thus, the charge integration is
clock rate was 1 MHz. nearly ideal.

The output noise spectrum and the input-referred noise specPetailed circuit operation is as follows. Before the input
trum for each case are shown in Fig. 3. The parasitic capaciswitches are toggled between the ground Brgr (from @1 to
C,, amplified the op-amp noise in both cases, but, due to int&2 and from®3 to ®4), the input capacitor€’s; s» are reset by
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Amplifier Output: Cs=100fF, Cf=100fF, 1nV__noise, f =1.0MHz, N=2"* Amplifier Input—referred Noise
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Fig. 3. (a) Output noise of an integrator. (b) Input noise of an integrator. (c) Output noise of an amplifier. (d) Input noise of an amplifier.

the right-hand side switches duridg and®3. The integrating  As described in the previous section Section I, the parasitic

capacitorsC; s are disconnected duringl and®3, but the capacitance is not reset in the circuit of Fig. 4, and there is no

holding capacitor€’,; 12 hold the previous outputs. When theseries switch between the parasitic capacitors and the input ter-
switches next taCs1 f2 1,02 are toggled, the right-hand-sideminal of the op-amp. The integrator is used to shape the op-amp
switches of the input capacitors remain closed. During thimise as well.

period, the op-amp’s input node voltage (due to offset voltage,

noise, and finite op-amp gain) is storeddhy; s». Hence, the V. DITHERING

sampled charge delivered 8%, s2 10 C; f2 at ®2 and/or®4

; ) Since the input signal of the accelerometer is usually at
is not affected by the voltage at the input node.

very low frequencies, tone generation may occur in the loop.
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Fig. 4. New CDS fully differential circuit.
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Fig. 5 shows the circuit used in the actual interface chip.

(12,34 are used to sample the output of the op-amp and
the dither signal. Those two signals are added at the input of
the guantizer. The random sequence is controlled by a digital
pseudo random noise code (PNC). It is easily obtained using
shift registers. The dither voltage level is determined by the con-
stant voltageVyiin. Vaien Can be supplied by a simple single-
ended voltage source. It is modulated by the PNC and added
to the signal from the integrator at the quantizer input. The
left-hand terminals of the sampling capacitors are tied together
to cancel the common-mode voltage.

Fig. 6 shows the simulation result usingAMAB. It shows
that the SNR is much improved with dithering, especially
at small accelerations. It reduces the SNR slightly for large
inputs.

The interface chip was designed for the AMI u6z CMOS
process. It is now under test.

VI. CONCLUSION

A new interface circuit containing a novel fully differential
CDS integrator was proposed. It allows large parasitic capac-

Dithering signal helps to reduce such tones in the band of tﬁlgrs and is effective in the presence of large common-mode

interest.

charge as well as common-mode noise.

There are several ways to implement dithering. Thermal noiseA practical dither circuit was also shown. Even though the
of the pn junction can be used for generating the dither sigrthird-order delta—sigma structure helps the noise-shaping, only
[8]. However, it is better to use a pseudo-random sequencsdfimst-order behavior can be expected in the band of interest.
a digital circuit for testability and repeatability. This was don&ince the sensor signal is very close to dc, tones will affect the

here.

SNR ratio. Hence, dithering helps to improve the SNR.
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SNR: Ffb=20.46 g, Cth=200.0 fF, Cb1=100.0 {F, kt/C noise=2.03e-04 Yms
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Fig. 6. SNR versus input acceleration with and without dithering.
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