
20th Iranian Conference on Electrical Engineering, (ICEE2012), May 15-17,2012, Tehran, Iran 

On the Design and Optimization of a Switched-Capacitor 
Interface Circuit for MEMS Capacitive Sensors 

Najme Ebrahimi Seraji and Mohammad Yavari 
Integrated Circuits Design Laboratory, Department of Electrical Engineering, Amirkabir University of Technology, 

Tehran, Iran 
E-mails: ebrahimi.najme@aut.ac.ir.myavari@aut.ac.ir 

Abstract- In this paper a switched-capacitor (SC) interface circuit 

that is intended for MEMS capacitive sensors is proposed and 

designed. In the proposed architecture, both correlated double 

sampling (CDS) and chopper stabilization (CHS) noise reduction 

techniques are applied to the interface circuit to reduce the 

amplifier offset and low frequency noise. The effects of parasitic 

capacitances between the sensor and its interface circuit which 

are usually larger than the sense capacitances are carefully 

analyzed and used to optimize the readout performance. In other 

words, by analyzing the circuit offset and noise performance in 

presence of these parasitic capacitances, the suitable values of the 

circuit parameters such as sampling frequency, chopping 

frequency, and amplifier unity gain bandwidth are calculated. In 

comparison to the circuit using only CDS or CHS technique, the 

resolution variation of the proposed readout circuit is less than 
laF in presence of parasitic capacitances varying up to 20 pF. 

Keywords- Capacitive interface circuit; noise reduction 
techniques; residual offset analysis; resolution variation; MEMS 
capacitive sensors. 

I. INTRODUCTION 

Micro-electro-mechanical system (MEMS) capacitive 
sensors are recently used in a wide range of application 
including navigation and guidance, space, automotive, 
biomedical, and military industry due to their main 
advantageous of high sensitivity, low power, simple structure 
and robustness [1-4]. In the capacitive sensors, sense 
capacitances vary in response to the physical signals such as 
acceleration (in accelerometers) and angular speed (in 
gyroscope); the capacitance variations are then detected and 
amplified by the following readout circuits. Several readout 
architectures have been proposed for MEMS capacitive 
sensors such as switched capacitor (SC) circuit [I, 2], 
continuous-time voltage sensing (CTV) [3], and continuous
time current sensing (CTC) [4]. Among these architectures, 
the SC circuits are more commonly used because of their 
primary features including CMOS compatibility, good voltage 
linearity, good accuracy of time constants, and good 
temperature characteristics [5]. 

The sense capacitance changes in the high-precision MEMS 
capacitive sensors are very small (on the order of few or few 
tens of atto Farads). Therefore, it is crucial to design a low 
noise interface circuit to achieve high resolution readout. 
Correlated double sampling (CDS) and chopper stabilization 
(CHS) techniques are two commonly used approaches to 
reduce low frequency noise and offset in the readout circuits 
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[1-6]. Furthermore, one of the key challenges in the capacitive 
readout circuits is their susceptibility to the parasitic 
capacitances between the sensor and its interface circuit, 
which change the minimum detectable capacitance of the 
circuit as parasitic capacitances change [6]. In many 
applications which the MEMS sensors and their interface 
circuits are integrated on separate chips, these parasitic 
capacitances are typically much larger than the sense 
capacitances for example as large as 20 pF. Therefore, it is 
essential to take into consideration the undesirable effects of 
these parasitics in the design of the interface circuits. 

In this paper, a switched capacitor interface circuit which 
uses both CDS and CHS noise reduction techniques is 
proposed and designed. Offset and noise performance of the 
circuit in presence of these parasitics are analyzed in order to 
optimize the readout circuit performance. In addition, the 
readout IC performance is compared to the circuit using only 
one of CDS or CHS methods. In Sect. 2, the circuit 
description, offset, and noise analyses are presented. The 
simulation results and comparisons are given in Sect. 3. 
Finally, Sect. 4 concludes the paper. 

II. CIRCUIT DESCRIPTION AND ANALYSIS 

The architecture of the proposed interface circuit is shown 
in Fig. 1. It consists of front-end and back-end blocks 
followed by the MEMS sensor shown in the shaded area. The 
circuit reads the capacitance changes of the capacitive sensor 
and produces a voltage signal proportional to the capacitance 
variation. A low-noise and low-offset front-end detects and 
boosts the sense capacitance changes, and a SC low-pass filter 
(LPF) in the back-end block limits the bandwidth of the front
end output. 

The differential MEMS sensor is modeled as two pairs of 
differential sense capacitances CS1, CR!, c'�z and Cm, and two 
parasitic capacitances, CPi. The sense capacitors are composed 
of a fixed component, Cs and a variable portion, ACs, which 
changes responding to the physical signals. The front-end 
circuit detects the capacitance variations in two phases, CPl and 
CPz. During the sampling phase, CPI, the sense capacitors are 
charged up with 0.5V DD and the amplification capacitors, CA, 
are discharged to zero. During the amplification phase, CPz, the 
charges stored in the sense capacitors are transferred to the 
amplification capacitors. Since the sense capacitors are 
charged with different polarities, the charges transferred to the 
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Figure 1. Proposed fully differential capacitive readout circuit using both CDS and CHS noise reduction techniques. 

amplification capacitors are proportional to the difference 
between the sense capacitors. Therefore, by using charge 
conservation law at isolated nodes, Vii and ViZ in Fig. 1, the 
front-end differential output voltage can be expressed by: 

CDS and CHS techniques is illustrated in Fig. 2 [7], where Vn 
is the OT A input-referred noise. 

ACs Vout = VDD -- . (1) 
CA 

Equation (1) shows that the minimum detectable capacitance 
of the sensor (ACrnin), resolution, is related to the output noise 
voltage as: 

AC . = 
CA· Vnoise 

mm 
V DD 

(2) 

where Vnoise is the root mean square (RMS) value of the output 
noise power. Therefore, noise reduction is an important 
requirement in the capacitive readout circuits to improve the 
sensor resolution. In this design, both CDS and CHS 
techniques are applied to the front-end in order to reduce the 
low-frequency noise and instant offset of the operational 
transconductance amplifier (OT A). The input signal is 
transposed to higher frequencies where there is no flicker 
noise by the input modulator implemented and chopping 
clocks, <Pchopl and <Pchop21 and then modulated back to the 
baseband by output modulator. The amplifier low frequency 
noise is also modulated by the chopper implemented after 
CDS capacitors, and then sampled by the period of Ts=l/fs on 
the CDS capacitors. The CDS capacitors (CCDS) accumulate 
the modulated low frequency noise on <PI-phase in order to 
subtract it from a new sample of the amplifier noise on r 
phase. The noise reduction principle using the combination of 

....--.... Tchop 
m(Q..flSL 
l. x(t) CCDS <1>2�(t) V Vn���ut 

<1>11 Cs I Amplifying 
.... .... Stage 

Figure 2. Noise reduction principle of the interface circuit. 
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A. Noise Analysis 

By using procedures explained by the authors in [7], the 
output noise power, V2n_ollt can be approximated as: 

V2 = 8 fJ,SnoBW (cosh(JricT,)-cos(JrichoPT,)) 
n_out Jr fJ2 sinh(JricT,) 

(3) 

where T., is the sampling period, BW is the bandwidth of the 
sensor,j';hop is the chopping frequency, fJ is the feedback factor 
of the amplifier, 27f!c is the amplifier closed-loop bandwidth, 
and Sno represents the white noise component of the OT A. By 
substituting the output noise power, Vn-olll1 in (2), the 
capacitance resolution is given by: 

AC . = CA � 8j);S"oBW (cosh(nj;'T,)-cos(JrichoPT,)) (4) 

mm Vdd fJ Jr sinh(Jr.U;) 

In (4), the amplifier unity gain bandwidth, WGRW = 27f!uRW, is 
related to!c and fJ by equation (5). 

fJ CA ic = 

.!clEW 
= 

C C C .!clEW· (5) s+ "pi + "A 
As it is obvious from (5), the parasitic capacitance, Cpi, 

affects the amplifier cut-off frequency; and hence, causes 
resolution variations as it changes. The resolution equation 
expressed in (4) is plotted in Fig. 3 for various ratios of //!chop, 
as the parasitic capacitance varies. The ratio of sampling 
frequency to the chopping frequency, f/!chop1 is an important 
parameter in the interface circuit design. [t is illustrated that for 

//!chop 2: 8 the resolution variation is approximately constant, 
and has its maximum value for //!chop=2. Therefore, the ratio of 
two is not recommended in the circuit design and the ratio of 
eight is the best option for both reducing the power 
consumption and minimizing the resolution variations in the 
presence of large parasitic capacitors. [t should be mentioned 
that another major noise source in SC circuits is the sampled 
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Figure 3. Miuimum detectable capacitance expressed iu (4) for various ratios 
off/thop as Cpi changes. 

switch noise (kT/C) which is dominated by the amplification 
capacitor (C1) in Fig. 1. The kTIC1 noise is canceled by using 
Co at the output of the first stage [8]. In fact, this capacitor 
samples the switch noise and then subtracts it from the 
amplifier output. 

B. Offset Analysis 

The clock feed through introduced by the input modulator 
switches is the dominant source of residual offset in circuits 
using chopper technique [9]. A certain amount of charge L1Q is 
injected on the parasitic capacitances at each switching instant 
and cause spike signal with peak voltage of V;nj=(L1Q)1 
(Cpi+Cin), where Cin is the input capacitance of the amplifier. 
The injected charge will then discharge exponentially to the 
original value with time constant T. The signal after 
demodulator is the product of this spike signal and the 
demodulation signal. By assuming the output modulator is 
ideal, the output residual offset is equal to the mean square 
value of both amplified and demodulated spike signals. The 
output residual offset is calculated as (6) as it is explained in 
Appendix. I. 

2YinJAo ric 
Tehop 1-2Jrric 
X[2Jrrtanh{ChOP )_�tanh(�fJchoP )]. 

4r ie 2 

(6) 

where Ao and!c are the amplifier closed-loop gain and cut-off 
frequency. 

One of the important requirements in SC circuits using 
chopper technique is choosing the amplifier bandwidth such as 
to have sufficient gain for the modulated signal while rejecting 
most of the spikes' spectral components, and also providing 
proper settling of amplifier. Another important parameter in 
these circuits is the chopping frequency. As one can 
understand from (6), although increasing !chop transposes the 
corner frequency of flicker noise to the higher frequency, but 
this increases the circuit output residual offset. In order to 
acquire the proper values of chopping frequency, .!chop' and 
amplifier unity gain-bandwidth, kBW, the normalized offset 
contribution expressed in (6) is plotted in Fig. 4 versus 

fe;WB x Tchop for several values of parasitic capacitances. The 
relation betweenkBw, !c and Cpi is expressed in (5). The values 
of Vinjand Ao in (6) have been normalized to Vinj=1 and Ao=1. 
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Figure 4. Normalized output offset contribution expressed in (6). 

As it is illustrated, for kWB xTchop approximately greater 
than 40, the output residual offset changes constantly for 
various values of Cpi, and has significant changes for values 
lower than 20. Therefore, the ratio of 40 is recommended for 
reducing the power consumption and minimizing the output 
residual offset in presence of parasitics. 

C Back-EndLPF 

A first-order SC LPF shown in Fig. 1 with the bandwidth 
equal to the sensor -3 dB bandwidth (200 Hz) is used in the 
back-end to do filtering at the front-end output voltage. The 
continuous time equivalent transfer function of the LPF is 
equal to H(s) = AI/(J +s/W.3dB) [5]. The DC gain, AI, and -3dB 
bandwidth, W-3dB are two parameters by which a first-order LPF 
is determined. Where AI=ClC2 and ffi-3dB= (C/C3)x!chop. The 
C), Cz, and C3 are the forward capacitance, feedback 
capacitance, and integration capacitance, respectively, as 
shown in Fig. 1. The OT A used in all building blocks is a 
folded-cascode amplifier which uses PMOS transistors in the 
input stage and is designed to minimize the flicker noise. Also, 
all of the switches are implemented with transmission gates. 
The aspect ratio of PMOS transistors in transmission gates is 
considered to be 4 times larger than NMOS transistors in order 
to maintain relatively constant on resistance. 

III. SIMULATION RESULTS AND COMPARISONS 

The proposed readout circuit is designed in a 0.18 Ilm 
CMOS process. It operates with 1.8 V power supply and 0.5 
MHz sampling frequency, .is- In order to evaluate the results 
from theoretical offset and noise analyses, the OTA with three 
different unity gain bandwidth, 10 MHz, 5 MHz, and 2.5 MHz 
is designed and used in the proposed readout circuit. In 
addition, two values of chopping frequency, 250 kHz and 62.5 
kHz are chosen to create six different operating conditions for 
the circuit. These different cases are summarized in Table. I. 
The minimum detectable capacitance of the interface circuit 
for various values of Cpi and for the two worst and best cases 
of these six different conditions are shown in Fig. 5. The 
output noise and hence the corresponding capacitance 
resolution of the readout circuit are calculated by running PSS 
and Pnoise analyses in Spectre RF. The minimum detectable 
capacitance is calculated by integrating the measured output 
noise spectrum over entire frequency and then substituting the 



noise power RMS value at (2). The time varying capacitances 
(representing the sense capacitors) are modeled using Veri log
A [10]. As it is illustrated from Fig. 5 and predicted by the 
analytical expressions, in comparison to other operating 
conditions, for J/!chop= 8 and kBW/fchop= 40, the readout can 
detect sense capacitance changes less than 3 aF and has only 
I aF variation as Cpi changes. 

Moreover, the readout performance when only CDS or CHS 
noise reduction technique is applied to the front-end is 
investigated and compared to the proposed readout 
performance. The results are shown in Table. II, which 
demonstrates that by setting circuit parameters, is, !chop' and 

kBW to consume the same power for different noise reduction 
implementations, the combination of CDS and CHS techniques 
would result in much smaller resolution variation compared to 
the case of using only CDS or CHS techniques. However, 
using only CHS technique improves the minimum detectable 
capacitance, �Cmin' of the readout circuit. 

TABLE I. DIFFERENT OPRATING CASES OF THE CIRCUIT. 
Parameters 

f�lwp- 250kHz 
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� 1,-0.5 MHz 
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10MHz 
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= 40 
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=160 

fGBW fGBW *fJf�lwp 
5MHz 2.5MHz 

fGBlV/f�lwp fOBW/fchop 2 
=20 =10 
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Figure 5. Minimum detectable capacitance of the proposed interface circuit 
for various operating conditions as input parasitic capacitances change. 

TABLE II. SUMMAY OF PERFORMANCE AND COMPARISION. 
Noise fOBW/f, fOBW/fchop Ufchop t.Cuun Resolution Power 

Reduction [aF] variation [!lW] 
Technique [aF] 
Only CDS 20 - - 10 12.8 640 
OnlyCHS - * 40 - 3.9 8.5 640 
Both CDS 40 2 7.1 5.3 640 
andCHS 

Only CDS 10 - - 7.4 9.6 250 
OnlyCHS - * 20 - 3.4 6.3 250 
Both CDS - 20 2 5.1 3.7 250 
andCHS 

Only CDS 5 - - 4.6 6.2 180 
OnlyCHS * 10 l.8 4.9 180 
Both CDS - 40 8 2.4 I 180 
and CHS 

* ichap-250 kHz 
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IV. CONCLUSIONS 

In this paper, a new SC architecture for readout IC in MEMS 
capacitive sensors was proposed and implemented. The front
end of the circuit uses both CDS and CHS noise reduction 
techniques to reduce the amplifier offset and flicker noise. A 
first-order SC low-pass filter is used in the back-end block to 
limit the output bandwidth of the sensor. Residual offset and 
noise analyses in presence of large parasitic capacitances are 
presented and used to optimize the proposed readout circuit 
performance in order to achieve both better capacitance 
resolution and less resolution vanatIOn as parasitic 
capacitances change. The performance of the interface circuit 
is compared to the cases which only one of the CDS or CHS 
techniques is applied to the front-end. The simulated readout 
circuit can detect less than 3 aF sense capacitance changes 
with I aF resolution variation as input parasitic capacitances 
vary up to 20 pF 

ApPENDIX. I 

The output residual offset is equal to the mean square value of 
the both amplified and demodulated spike signals as follows 
[9]: 

1 (chap 
Voll 

=--.b A (nOJ)'x,pike(t)'m(t) dt. Tchop 
�� 1 (chap ( ) (Ll) ��Y;--.b [A nXn COS n01 +rpXn +rpua k =1 n=1 chop 

xM k cos ( k 01 + rpM k )]dt. 
Since the demodulation signal, met), and spike signal, X,pike(t), 
are both periodic with T= l/fchop, they are represented by their 
Fourier series in (1.1). Mk and !{JMk are the Fourier coefficients 
of demodulation signal, and Xn and !(JXn are the coefficients of 
spike signal. Each component of X,pikeCt) is shaped both in 
amplitude and phase by the amplifier followed by the 
modulator. In fact, An and !(Jan are the amplitude and phase 
response of the amplifier' s transfer function at nw, A(nw). For 
nef k, the average of cross-product term is zero, then (Ll) can 
be simplified to: 

I= 1 ( ) (1.2) Voll 
= A nXnMn-cos rpx +rpa -rpM . « 2 n 17 n n=l 

Fourier coefficients of the square-wave modulation signal, Mn 
and !{JMn, are equal to 

4
1mr and -7r12, respectively, for odd value 

of n and zero for even value of n. In addition, the Fourier 
coefficients of exponentially shaped spikes are given by [9]: 

{T
4
r TjfY � 1 

2' nafd {-arctan(nOJr), nafd (1.3) Xn = dvp 1+( nOJr) , ({Jxn = 
0, newn 

0, newn 
The amplifier used in the front-end is the folded-cascode 
OTA. Hence, the transfer function of a first-order amplifier is 
given by: 



A(f)= Ao 
1+ jL 

Ie 

(1.4) 

By substituting the corresponding value of Xn, An, and Mn in 
(1.2), the residual offset is given by: 

JrT chop 

1 [2Jrnr n] -. -- +---

'"' n Tchop Tchop/c 
� [[ ]2][ [ ]2] n=! 2Jrnr n nodd 1+ --- 1+ ---

Tehop Tehop/e 

(1.5) 

By using identity expressed in (1.6), the output residual offset 
is calculated as (1.7). 

tanh(Jrx ) =� f 
1 

2 Jr k=1 (2k-I)2+x2 (1.6) 

�Jjl = 2�n/Ao. r.fc X[2mtanh(7;;hOP)_�tanhtfc7;;hOP)] (1.7) 7;;/up 1-2mfc 4r fc 2 
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