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Abstract 
The focus of the research work presented in this thesis was to design a low-noise 

accelerometer utilising a microfabricated, capacitive sensor element, which had a high quality 
factor, Q. The sensor element with high Q leads to a low Brownian noise floor. However, the 
high Q of the sensor element also leads to a high settling time and it may also lead to saturation 
of the sensor element displacement or the interfacing electronics. Thus, the high Q of the 
sensor element needs to be damped to achieve a reliable, low-noise operation. 
 
In this thesis, first, we go through the different interface topologies present in the existing 
literature to summarise both the advantages and disadvantages of the open- and closed-loop 
capacitive interfaces. Then, the building blocks of a capacitive accelerometer, a capacitive 
sensor element, different charge sensitive amplifiers (CSA) and first-order controllers, are  
studied. Later, we present the implementation of two accelerometer interfaces. 
 
The first implementation utilises a closed-loop, switched-capacitor analog interface. The 
measurements showed that the accelerometer is able to achieve both a low-noise and reliable 
operation, i.e. high Q of the sensor element is damped. Due to the closed-loop interface, the 
interface output was inversely proportional to the supply voltage. When the interface output 
was fed to an analog-to-digital converter (ADC), which uses supply voltage as reference voltage, 
the accelerometer output was dependent on the supply voltage meaning that the noise at the 
supply voltage is seen at the accelerometer output. In order to overcome this issue, a second 
interface was implemented. 
 
The second implementation utilised a novel hybrid interface, which consisted of a ratiometric, 
open-loop interface and an AC force-feedback. The AC force-feedback was utilised only to 
damp the high Q of the sensor element, whereas the ratiometric output of the interface was fed 
to an ADC, which uses the supply voltage as reference voltage, in order to decrease the 
dependency of the output to the supply voltage. The measurement results of the second 
implementation has shown that the hybrid interface is able to damp the high Q of the sensor 
element and to decrease the output dependency to the supply. 
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Tutkimuksen keskeisenä osana on matalakohinaisen kiihtyvyysanturin suunnittelu 

mikrotyöstettyä kapasitiivista korkean Q-arvon anturielementtiä käyttäen. Korkean Q-arvon 
anturielementin käyttö johtaa matalaan Brownin kohinalattiaan. Samalla se johtaa kuitenkin 
pitkään asettumisaikaan ja mahdollisesti anturielementin siirtymän tai rajapintaelektroniikan 
saturoitumiseen. Korkean Q-arvon anturielementti on näin ollen vaimennettava, jotta 
matalakohinainen ja luotettava toiminta voidaan taata. 
Väitöskirjassa tutkitaan erilaisia kirjallisuudessa esitettyjä rajapintatopologioita, joiden 
perusteella tehdään yhteenveto avointen ja suljettujen silmukoiden kapasitiivisten 
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1. Introduction

1.1 Background

The world has experienced a dramatic change in lifestyles during the last

century. Advancements in electronics is one of the driving forces for this

dramatic change. Electronics is everywhere and in different formats. One

person may see it in the form of an autopilot of an airplane, another per-

son may see it in the form of a TV set while another person may see it

in the form of a mobile phone. When the electronics of today and ten

years ago are compared, it can be seen that electronics are making vari-

ous devices smarter and smarter. In order to become smart, the electronic

components of a device need to sense environmental changes and behave

accordingly. For example, if a phone is smart, it will sense your touch

when you touch the screen, or it will rotate the screen orientation when

you rotate your phone for a better view. A car is smarter when it knows

that it is driving uphill and makes the necessary changes to prevent roll

back. A computer is smarter when it knows that it is falling and shuts

down the hard disc hard drive to prevent it from being damaged. A model

helicopter is smarter when it knows that it is leaning to one side more

than desired and balances itself to the correct position. All of these exam-

ples take advantage of sensors. Many other examples of smart devices can

be easily found in our daily lives and also in more demanding application

areas.

In the case of a moving device, in order the device to be smart or to get

smarter, it will sense the motion of the device itself or the motion around

the device. Sensing the motion of the device itself requires accelerometers

for detecting the linear motion and gyroscopes for detecting the rotational

motion. Magnetometers are also popular for direction detection. Nowa-

11
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days, accelerometers are being heavily used to make devices smarter. This

is easily possible due to their small size, low cost, ease of use and, more

importantly, high accuracy. With the development of different microfabri-

cation technologies, it has been possible to fabricate microelectromechani-

cal systems (MEMS). With this technology, it has been possible to combine

the signal conditioning circuitry with the microfabricated sensor element

on the same package or die. This has reduced the sensor’s size and cost. It

may also improve its performance since there is less parasitic capacitance.

The first commercial MEMS accelerometer was the ADXL50, which was

produced by Analog Devices in 1991 [1] [2]. It has an input acceleration

range of ± 50 g and was originally designed for automotive air bag sys-

tems. It does not have digital signal processing (DSP) or digital commu-

nication, mostly because the fabrication process at that time would have

required a large area.

With the emerge of fineline processes, it is now possible to add digital

signal processing circuitry to the sensors, which has resulted in a stand-

alone sensor device with DSP and digital communication properties while

keeping the device area at a feasible limit.

It is also possible to combine a sensor element die with the interface die

on the same package in order to have a complete sensor system on a single

package instead of a single die. This makes the design of a sensor element

independent of the interface circuitry. Nowadays, there are many exam-

ples of system on package accelerometers with a microfabricated sensor

element, interface electronics, DSP and digital communication available

on the market [3][4], which are offered by Murata Electronics and Analog

Devices, to name just two companies that are currently producing them.

Complete monolithic sensors are also available on the market [5].

Accelerometers can sense acceleration using different detection meth-

ods. The piezoelectric detection method is based on the fact that, when a

piezoelectric material is subjected to stress, a voltage difference between

the material terminals is created. In the case of the piezoresistive ac-

celerometers, the stress changes the resistivity of the material. Then,

this resistive change is converted into voltage using additional condition-

ing circuitry. In the case of capacitive detection method, the acceleration

changes the distance between a stationary and moving electrode, which

results in a capacitance change in the capacitor between the electrodes.

There are also less common detection methods. For example, in the case of

method presented in [6][7], the acceleration changes the heat profile along

12



Introduction

the two probes. The change in the heat profile is converted into the voltage

corresponding to the acceleration. Among the above-mentioned methods,

the capacitive detection method is a good alternative to the other meth-

ods due to the fact that it is easy to process a capacitive sensor element

and that it is CMOS compatible [8]. Additionally, it has good temperature

stability and high detection sensitivity [9].

Sensor element excitation is an important design factor for an accelerom-

eter since it makes it possible to control the sensor element dynamics. In

addition to the above-mentioned advantages of a capacitive sensor ele-

ment , it is also possible to combine the capacitive sensor element excita-

tion with the detection. The sensor element excitation can be realised by

utilising electrostatic force.

The performance of an accelerometer is a key factor in differentiat-

ing one accelerometer from other. The performance metrics of an ac-

celerometer can be listed as follows: dimensions, technology, supply volt-

age, power consumption, input range, output range, signal sensitivity,

resolution, bandwidth, supply sensitivity, linearity, transient response

and aging. The metrics list can be extended further, although the com-

monly expressed accelerometer performance metrics are the ones men-

tioned above.

High resolution is an important metric for accelerometers targeting high-

end applications, such as inertial navigation systems. In order to achieve

a high resolution sensor, the noise sources present in the accelerometer

need to be minimized while the electronic noise coupling from the envi-

ronment, mainly from the reference voltage, should be suppressed. The

noise sources present in the accelerometer are the electronic noise of the

interface circuitry and the mechanical noise of the sensor element. Thus,

in order to design a low-noise accelerometer, these noise sources should

be minimised. In order to decrease the coupling noise from the voltage

reference, a sensor interface topology having an inherent low sensitivity

to voltage reference noise is desired.

1.2 Research Contribution

The work reported here was carried out between 2008 and 2012 at the Cir-

cuit Design Laboratory, currently the Department of Micro- and Nanosciences,

Aalto University (previously Helsinki University of Technology) with the

collaboration of Murata Electronics Oy (previously VTI Technologies Oy).
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Introduction

The motivation for this thesis work was to achieve a high-resolution ac-

celerometer by utilising a high quality factor, Q, MEMS sensor element.

The high quality factor of the element was utilised in order to achieve the

desired goal of the high resolution. It is known that the noise floor of a me-

chanical sensor element is inversely proportional to the square root of the

sensor element quality factor. However, such a sensor element needs to be

damped in order to decrease the ringing behaviour of the accelerometer.

An open-loop interface is not able to damp the Q of the sensor element,

however, it has a ratiometric output. On the other hand, a closed-loop

interface is able to damp the Q of the sensor, but it does not have a ratio-

metric output.

In order to achieve the desired goal of high-performance accelerome-

ter, we designed two sensor interfaces. The first interface is a closed-loop

switched-capacitor interface. The closed-loop operation makes it possible

to damp the sensor element and achieve a high resolution. The sensor has

both an analog and digital output with an SPI communication on the chip.

The interface topology has been verified through modeling the interface in

Simulink, and approximate design parameter values were extracted. The

design was then transferred to the transistor level and the operation of

the interface was verified through simulations. The sensor was fabricated

and tested. The results of the accelerometer have been published at two

international conferences [10][11].

In the second interface, a hybrid interface composed of a self-balancing

bridge (SBB), open-loop readout and an AC force-feedback was imple-

mented in order to have both ratiometric output and control over the

damping. The ratiometric output of the interface is converted to the digi-

tal domain with a ΔΣ ADC in order to have a supply independent output.

The system-level design was carried out with linear models of the sensor

element and interface electronics. The design parameters of the interface

electronics were derived according to the desired specifications. The ac-

celerometer was fabricated and tested. The test results of the accelerom-

eter were published at two international conferences [12][13] and in one

journal [14].

The front-end design for both accelerometers was carried out by the au-

thor. The ADC design for the first interface was done by Mr. Jarno Sa-

lomaa. The SPI and DSP design for both sensors was done by Mr. Mika

Pulkkinen. The voltage regulator design for both sensors was done by Mr.

Antti Kalanti. The ADC of the first design was modified for the second ac-

14



Introduction

celerometer by Dr. Lasse Aaltonen. The test PCBs (printed circuit board)

for the first and second sensors were designed by Mr. Jarno Salomaa and

Mr. Mika Pulkkinen, respectively. Automation of the measurement setup

and some of the measurements were carried out by Mr. Mika Pulkkinen.

Rest of the measurements were carried out by the author. The work was

carried according to the instructions of Dr. Lasse Aaltonen and supervi-

sion of Professor Kari Halonen.

1.3 Organisation of the Thesis

This thesis is organised as follows. In Chapter 2, an overview of the

MEMS accelerometers is given. The microfabrication technologies for the

accelerometer applications are presented. The fundamentals of the ca-

pacitive accelerometers are presented in Chapter 3. The theory behind

the operation of the capacitive accelerometers is briefly discussed. Dif-

ferent interface topologies present in the literature are discussed as well.

Next, in Chapter 4, the building blocks for the accelerometer interfaces

are presented. Their transfer function is derived and their noise perfor-

mance is studied. Chapter 5 then presents a closed-loop accelerometer

interface. The operation of the interface is explained thoroughly and es-

sential equations are derived. The simulation and measurement results

of the sensor are shown. Following this, Chapter 6 presents a hybrid ac-

celerometer interface. The design and modelling of the accelerometer are

discussed thoroughly. Important equations for the system are presented

as well. Then, the measurement results of the interface are presented.

And finally, the thesis ends with a conclusion of these works.
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2. MEMS Accelerometers

MEMS accelerometers have seen a continuous growth in the number of

commercial units sold and it is expected that this growth will continue

[15]. This growth is related to advancements in the IC industry and in mi-

crofabrication technologies as well as to the appearance of new application

areas. Due to this growth, the topic of MEMS accelerometers is still being

heavily researched. The research is focused both on the sensor element

design and the interface electronics. In this chapter, the fundamentals of

the acceleration detection methods and MEMS microfabrication processes

used in the accelerometer design are presented.

2.1 Acceleration Detection Methods

Many different acceleration detection methods can be found in the exist-

ing literature. Despite the vast number of different acceleration detec-

tion methods, the most commonly used detection methods are as follows:

piezoelectric, piezoresistive and capacitive acceleration detection meth-

ods.

2.1.1 Piezoelectric Acceleration Detection

The detection principle of a typical piezoelectric accelerometer is shown in

Fig. 2.1. The external input acceleration, ain, leads to force, Fin, which de-

flects the proof mass of the sensor element with respect to the body of the

sensor element. The proof mass deflection bends the beam. The strain ap-

plied to the piezoelectric material due to the bending polarises the piezo-

electric material, and hence, generates a charge. Then, this charge is con-

verted to voltage using a charge sensitive amplifier. While the accelerom-

eter shown in Fig. 2.1 is bulk micromachined, the sensor can also be

surface micromachined. The advantage of the bulk micromachining pro-
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(ZnO, AIN or PZT)
Piezoelectric layer
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Figure 2.1. Structural drawing of a piezoelectric accelerometer.

cess is the increased proof mass, which translates to a lower mechanical

noise due to lower Brownian motion noise [16] and increased sensitivity.

However, bulk micromachining increases the sensor area due to the wet-

etching steps [17]. Common piezoelectric materials used in the process

include ZnO, AIN and PZT (PbZrxTi1−xO3) [18], where x defines the mo-

lar ratio of Zr and Ti. While the majority of the applications use ZnO as

the piezoelectric material [19][17][20][21], a few of them use PZT as well

[18][22]. The reason for the more common use of the ZnO compared to

the PZT is its compatibility with the CMOS process. The main disadvan-

tages of the piezoelectric accelerometers are depolarization due to shock

and inability to measure the DC acceleration due to charge leakage.

2.1.2 Piezoresistive Acceleration Detection

The detection principle of the piezoresistive accelerometer is shown in Fig.

2.2. The basic working principle is quite similar to that used for the piezo-

Si

Diffused piezoresistive layer
(lightly doped silicon)

Proof mass

Fin

ain

Figure 2.2. Structural drawing of a piezoresistive accelerometer.

electric accelerometers. However, unlike to piezoelectric accelerometers,

in a piezoresistive accelerometer the strain applied to the piezoresistive

material changes the resistance of the material [23]. Then, the resistance

change is usually converted to voltage using a Wheatstone bridge. One of
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the first examples of a piezoresistive accelerometer was a batch-fabricated

accelerometer used for detecting heart wall motion [24]. It has a proof

mass attached to a beam processed using silicon IC fabrication steps. The

sensor is encapsulated within two glass wafers for protection. The mea-

surement range is up to 50 g and the signal bandwidth is 100 Hz. After

the publication of this sensor, many other piezoresistive accelerometers

have since been published [25] [26] [27] [28] [29] [30]. Although they all

have similar structures, the main focus has been on improving the sensi-

tivity and decreasing the temperature dependency of the sensitivity and

offset. Most of them use silicon on insulator (SOI) wafers to decrease the

leakage, and they use the buried SiO2 layer as an accurate etch stop for

better dimensional control. Typical sensitivity values of the Wheatstone

bridge output are lower than 0.5 mV/(V · g), with an input signal range

of around 50 g, and they target mainly the automotive industry. The sen-

sitivity unit of a piezoresistive accelerometer is usually the same as what

is given above due to the ratiometric output property of the Wheatstone

bridge. The Wheatstone bridge may include one, two or four piezoresis-

tive sensor elements. The accelerometer presented in a study done by

Porahmadi, Christel and Petersen utilises a heat resistor to implement

the self-test functionality [26]. The sensor is able to generate tempera-

tures up to 150 ◦C with a 9 V supply voltage, which results in a proof

mass bending corresponding to an acceleration of 1 g.

The first example of the complete on-chip piezoresistive accelerometer

was published in 1995 [31]. It has 4 piezoresistors in a full-bridge con-

figuration combined with on-chip signal conditioning circuitry. The condi-

tioning circuitry implements signal amplification, temperature drift and

offset compensation. Two wafers are used for over range protection and

damping purposes. Several other published piezoresistive accelerometers

have a quite high signal range targeting for crash and impact analysis

[32] [33] [34]. The sensor presented by Dong et al. [33] is able to measure

accelerations of up to 100 000 g with a signal bandwidth (BW) of about

300 kHz.

A few examples of multi-axis piezoresistive accelerometers have also

been published. The one presented by Chen et al. [35] is a two-axis ac-

celerometer with a single mass. A three-axis accelerometer was also pre-

sented by Dong et al. [33]. It has maximum cross-axis sensitivity of 2.1%.

The sensor presented by Amarasinghe et al. [36] is a 6-axis accelerome-

ter, with 3-axis linear acceleration and 3-axis angular acceleration. It has
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maximum cross-axis sensitivity of less than 4%.

The main advantages of the piezoresistive accelerometers are the sim-

plicity of the detection circuitry and the low output impedance of the sen-

sor element. The low output impedance is important for preventing elec-

tromagnetic interference (EMI) [31]. However, they have a low signal

sensitivity and high power consumption due to the low resistance of the

piezoresistor. They also have high sensitivity to the temperature.

2.1.3 Capacitive Acceleration Detection

Unlike the previously mentioned detection methods, with capacitive ac-

celerometers the acceleration changes the capacitance between the elec-

trodes of the sensor element. Then, this capacitance change is converted

to voltage using interface electronics. Different sensor element structures

and interface circuit detection topologies exist in literature, although the

general principle is similar for all of them. The sensor element can be fab-

ricated with surface micromachining, bulk micromachining or a combina-

tion of both. In case of the surface micromachining, the sensor element is

fabricated only on the one side of the wafer surface. However, in case of

the bulk micromachining, the wafer is micromachined through the whole

thickness to create the sensor element. Usually, the mass of the sensor

element proof mass in surface micromachining is in the order of 1 μg [37],

whereas for bulk micromachining, the mass is larger than 1 mg [38]. A

larger sensing mass results in higher signal sensitivity [39] and lower

mechanical noise [16]. However, bulk micromachined sensors need addi-

tional wafers to form the top and/or bottom electrodes, what requires an

accurate alignment of the wafers. Another problem related to wafer bond-

ing is the difference in the temperature coefficient of expansion for the

wafers. Using silicon-silicon wafer bonding requires quite high tempera-

ture processing [40]. Glass wafer as an intermediate layer with hundreds

of voltages is used to decrease the bonding temperature. Glass, however,

has a different temperature coefficient of expansion then silicon [41].

The detection principles of the capacitive accelerometer are shown in

Fig. 2.3 and Fig. 2.4. The sensor element in Fig. 2.3 is fabricated using

bulk micromachining while sensor elements in Fig. 2.4 are fabricated us-

ing surface micromachining. In case of the sensor element in Fig. 2.4 (a),

the overlapping area of the electrodes stays constant while the gap dis-

tance between electrodes changes with change in acceleration. However,

in case of Fig. 2.4 (b), the overlapping area of the electrodes changes while

20



MEMS Accelerometers

Si
Proof mass

insulator

ain

Fin
d0 C0

Figure 2.3. Structural drawing of a capacitive accelerometer sensitive to vertical accel-
eration (side view).
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Figure 2.4. Two different structural drawings of capacitive sensor elements sensitive to
horizontal acceleration (top view). The sensor elements have a variable side-
wall gap distance (a) and a constant sidewall gap distance (b). C0 and C1

have opposite acceleration sensitivity.

the gap distance stays constant with changing acceleration.

Several surface micromachined capacitive accelerometers are presented

in the existing literature [42] [43] [37] [44] [45] [46]. The accelerometer

presented by Sherman et al. [42] is a single chip accelerometer and it is

intended for automotive applications. The sensor element is fabricated

using a polysilicon layer and sacrificial SiO2, and it is sensitive to lateral

accelerations. It has a self-test functionality, which can generate 50 g by

electrostatic forces. The accelerometer presented by Chau et al. [43] has

a sensor element similar to the one presented by Sherman et al. [42],

though it has a smaller input range and different interface electronics.

The proof mass has mass of 0.38 μg, which results in a high noise floor of

0.6 mg/
√

Hz. However, the accelerometer presented by Boser and Howe

[37] has achieved a quite low noise floor of 1 μg/
√

Hz because the sen-

sor element has a high Q when it is operated in a vacuum, even though

the sensing mass is small. The drawback of utilising a high-Q sensor
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element is the longer settling time, poor shock characteristics [46], and

in some cases, instability of accelerometer [47], which demands the elec-

tronic damping of the high Q using force feedback. The sensor by Luo et

al. [44] is a single chip accelerometer with a range of ± 13g and its proof

mass has a mass of 0.57 μg with a corresponding Brownian noise equiv-

alent acceleration (BNEA) of 6.9 μg/
√

Hz. The low mechanical noise is

achieved with a high Q of 24. The article does not mention how the high

Q is achieved, and most probably, it is achieved by implementing damp-

ing holes in the proof mass, since the sensor operates in the air. How-

ever, the noise floor of the whole sensor is 1 mg/
√

Hz, indicating that the

electronic noise is the dominant noise source. Increasing the Q value by

implementing damping holes is a feasible method for surface-machined

sensor elements, it is possible to etch the thin sensor element. In order to

increase the sensing mass, the accelerometer by Han and Cho [45] uses a

silicon on insulator (SOI) wafer with reactive ion etching, RIE, processing

steps. The 40 μm thick device layer together with high aspect ratio RIE

processing resulted in a sensing mass of about 40 μg. In order to decrease

the noise contribution of the electronics, a high sensing voltage of 19 V

is used. Whereas the equivalent noise from electronics decreases linearly

with increased sensing voltage, the linearity of the sensor decreases expo-

nentially. In order to overcome this problem, branched finger electrodes

are used. However, the total noise of the system, 12 μg/
√

Hz, is dominated

by the mechanical noise, which is about 10 μg/
√

Hz.

Bulk micromachined capacitive accelerometers are presented in a num-

ber of studies [48] [49] [40] [50] [51] [38] [52] [53]. The accelerometer

presented in a study by Henrion et al. [48], which was published in 1990,

was one of the first capacitive micromachined accelerometers. The sen-

sor is composed of three chips: a sensor element with a sensing mass of

1.63 mg, a ΔΣ interface IC and a decimation filter chip. The sensor ele-

ment is bulk micromachined, while two extra wafers are bonded to this

wafer in order to create a vacuum to achieve a high Q. The closed-loop

interface with force feedback has achieved a 120 dB dynamic range at the

input range of ±0.1 g.

A similar accelerometer presented presented by Smith et al. [49] has

a bulk micromachined sensor element with a mechanical noise density

of about 1 μg/
√

Hz. The 1st-order ΔΣ modulator is in a closed-loop with

sensor element. The whole system achieves a 15 bit resolution at 5 Hz

BW and an input range of ±1 g . Its non-linearity is below 0.15% and it
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has a temperature coefficient of offset (TCO) of less than 59 μg/◦C over a

temperature range of −40 to +85◦C.

The accelerometer presented by Yazdi and Najafi [40] has a single wafer

sensor element that has been fabricated using bulk and surface microma-

chining. The mass of the proof mass is 2.1 mg and it has quality factor

of about 17. The high Q is achieved by damping holes etched from the

surface-micromachined top electrode. This method is preferred over the

vacuum packaging since vacuum packaging requires a hermetic sealing

and it may drift due to leaks over time. The large proof mass and high Q

results in a mechanical noise floor of 0.23 μg/
√

Hz.

The sensor element presented by Belloy, Sayah and Gijs [50] is fabri-

cated using bulk-micromachined glass wafers. Although it has a high

sensing mass of 4.9 mg and a high Q of 100, the sensor element has a

quite low sensitivity of 5.3 aF/g, which is due to a large air gap of 22 μm.

A surface and bulk micromachining combined sensor element using only

a single wafer has been presented by Yazdi, Najafi and Salian [51]. The

bulk of the wafer is utilised for the large proof mass to increase the sensi-

tivity and lower the mechanical noise, while the surface micromachining

is used to form a stationary thin middle electrode and movable upper elec-

trode with damping holes. This kind of different sensor element structure

has enabled to achieve 2.7 mg proof mass and Q of 3 in air with single

wafer. The resulting mechanical noise floor is 0.18 μg/
√

Hz.

The accelerometer presented by Chae, Kulah and Najafi [38] is a 3-axis

accelerometer, in which all three axes are implemented on the same die

and combined with the interface IC on the same package. Implement-

ing the 3-axis on the same die eliminates any alignment error and cost

increase compared to the case of assembling the separate sensor dies on

orthogonal axes. The sensor achieves a 120 dB dynamic range (DR) at

1 Hz BW.

Another 3-axis accelerometer has been presented by Qu, Fang and Xie

[52]. All three axes are implemented on a single wafer and both the sur-

face and bulk micromachining are applied after the CMOS process. How-

ever, since a back photoresist coating is applied, the device thickness is

small. The overall noise floor for the lateral exes is 12 μg/
√

Hz, while the

temperature coefficient of sensitivity (TCS) is 0.29%/◦C.

An accelerometer presented by Aaltonen and Halonen [53] utilises a

bulk micromachined sensing element with a sensing mass of 4.8 mg and

a Q higher than 500. The sensitivity of the sensor is 3.8pF/g. The me-
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chanical noise floor is 0.5 μg/
√

Hz, while the overall noise equivalent ac-

celeration (NEA) of the sensor is 4 μg at 300 Hz BW, which corresponds to

a signal to noise ratio (SNR) of 111 dB. The non-linearity of the sensor is

0.014%.

It can be noticed that integrating the capacitive accelerometers with

the CMOS circuits is not a challenge. Capacitive sensors have a high

signal sensitivity and low temperature drift. The sensor can easily be op-

erated in a closed-loop when electrostatic force feedback is utilised with-

out consuming any static power. One of the drawbacks of the capacitive

accelerometers is that they have a high impedance sensing node, which

make them susceptible to EMI. This problem can be overcome by shield-

ing the sensor. Also, the interface circuit for capacitive accelerometers

is usually more complex than it is for piezoresistive and piezoelectric ac-

celerometers.

2.2 MEMS Fabrication Technologies

A micromachined sensor element can be fabricated using two microfab-

rication methods: surface micromachining [54] and bulk micromachining

[55]. With the surface micromachined method, free-standing sensors are

implemented with a deposition of structural layers and an etching of sacri-

ficial layers [56]. In surface micromachining, single-sided polished wafers

are used and microfabrication processes are carried out only on one side

of the wafer. As a result of the thin structural layers, the proof mass of the

sensor element is usually quite small, which does not fulfill the require-

ments for high accuracy accelerometers. Moreover, the properties of the

thin-films are not similar to the bulk material properties and they vary

quite much from device to device.

With the bulk micromachining process, the whole thickness of the bulk

of the wafer is used to fabricate the sensor device [55]. Since the mass

of the proof mass is large, low noise sensors with high sensitivity can be

designed. SOI wafers are also used for bulk micromachined devices. The

advantage of using an SOI wafer is that wafers with different device layer

thicknesses can be utilised. In some cases, two or more wafers are bonded

to create complex sensors or to put mechanical moving parts in a vacuum.

Vacuum sealing can be used to protect the sensor from environmental

changes such as humidity. It may also be used to increase the quality

factor, Q, of the sensor.
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The main microfabrication steps can be listed as lithography, deposition,

etching and bonding.

Lithography is the processing step used to transfer the geometrical shapes

present on the mask to the wafer surface [1]. The common material for the

mask is glass, and the shapes are represented with a patterned chromium

layer, which is not transparent to the light. The light that passes through

the glass changes the properties of a photosensitive material, photoresist,

which is present on the wafer surface. Then, the wafer is merged into a so-

lution, which removes the part of the photo resist that is either exposed to

light or not exposed to light, depending on the type of photoresist. In the

case of the positive photoresist, the photoresist that is exposed to the light

is solved in the solution, whereas in the case of the negative photoresist,

the parts that are not exposed to the light are removed.

Deposition is the microfabrication step for adding layers to the wafer

surface. The deposition can be done using different techniques, such as

chemical vapor deposition (CVD), physical vapor deposition (PVD) or elec-

troplating. There are different variations of the CVD, each of which is

intended for certain purpose, such as low pressure CVD (LPCVD) and

plasma enhanced CVD (PECVD) [1].

Etching is the processing step in which part of a material is removed ei-

ther to create mechanical structures or to release mechanical structures.

Depending on the shape of the etch profile, the etching steps are grouped

into two categories: isotropic and anisotropic etching [55]. Isotropic etch-

ing etches the material in all directions at equal etching rates. In the

anisotropic etching case, the etching rate is not the same for all direc-

tions.

The etching can also be categorised as wet (liquid) etching and dry (va-

por or ions) etching, depending on the type of etchant used. The typ-

ical wet etchants used for the MEMS sensors are potassium hydroxide

(KOH), tetramethylammonium hydroxide (TMAH), ethylenediamine py-

rocatechol (EDP) and a mixture of hydrofluoric acid, nitric acid and acetic

acid (HNA). Among these, HNA is isotropic, while the others are anisotropic

[55][57]. With dry etching, the etching process utilises either vapor phase

or plasma phase etchants. Common dry etching techniques are RIE and

DRIE.

Bonding is a method for creating a structural device out of two or more

wafers [1]. This makes it possible to create complex three dimensional

structures out of two dimensional or three dimensional structures pro-
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cessed on single wafers. This makes bonding an important step for MEMS

device fabrication. At the same time, the bonding can be used to protect

the mechanical device from environmental factors, such as humidity, by

creating hermetic sealing. The hermetic sealing can also be useful for

certain devices that need a vacuum, such as gyroscopes and low-noise ac-

celerometers. There are different bonding techniques: the main ones are

direct (fusion) bonding, anodic bonding and eutectic bonding [58].

2.3 Conclusion

There are different MEMS acceleration detection methods and among

these, the piezoelectric, piezoresistive and capacitive detection are com-

monly used. Among the three methods, capacitive detection has gained

popularity due to its higher degree of accuracy, lower power and lower

temperature drift compared to the other detection principles. Advantage

of the piezoelectric and piezoresistive methods is their simple interface

circuitry. However, piezoelectric sensors can not detect DC accelerations

due to the leakage. Sensors utilising piezoresistive method usually con-

sume high power, since low impedance resistors are biased with a supply

voltage in a Wheatstone bridge configuration.

Capacitive micromachined sensor elements can be excited using elec-

trostatic forces, which is created when a voltage bias is applied to the

electrodes of the sensor element. This makes closed-loop interface design

rather easy.
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3. Capacitive Accelerometer Interface
Topologies

A typical capacitive microaccelerometer is composed of a microfabricated

capacitive sensor element, an interface electronics, an ADC option and

a communication circuitry. This composition can be visualised using a

simple block diagram, shown in Fig. 3.1. The sensor element converts

the acceleration into a change in capacitance. The capacitance change

is converted to the voltage by the sensor interface. The output of the

sensor interface is analog, although it may also be digital. In case of an

analog output, an ADC can be used to convert the analog output to a

digital domain. Then, the digital output can be transferred outside of the

chip by an on-chip communication interface, such as a serial peripheral

interface (SPI) or an inter-integrated circuit (I2C).

Interface electronics for integrated accelerometers can be divided into

open-loop [59, 52] and closed-loop interfaces [46, 60], depending on the

topology of the interface being used. Usually, the implementation of an

open-loop interface is simple since there are no stability concerns related

to the feedback loop. In addition, the output of an open-loop interface is

proportional to the voltage reference used for the signal detection, and

hence, an open-loop interface is ratiometric. However, open-loop inter-

faces do not have the advantage of utilising any feedback force to control

the acceleration to displacement conversion transfer function of the sen-

sor.

The ratiometric output of an open-loop interface can be converted to the

digital domain with an ADC. When the ADC uses the same reference volt-

age as the interface, the supply dependence of an accelerometer output

can be reduced or, ideally, eliminated.

Unlike open-loop interfaces, closed-loop interfaces utilise a feedback force

in order to control the acceleration to displacement conversion transfer

function of the sensor. This makes it possible to change, for example, the
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BW and damping of the sensor and to increase the input range. While the

closed-loop interface gives more control over the sensor properties, it has

two important disadvantages. First, the sensor output is not ratiometric.

Second, the stability of the loop can easily become an issue unless it is

taken into account during the design.

Sensor
Interface

Sensor
Element

Communication
Interface

ADC

Trim Bits

Celement Vanalog

Vdigital Vdigital

Figure 3.1. A simple block diagram of a capacitive accelerometer. If the interface has
only analog output, an ADC can be utilised to generate a digital output.

In the following sections, open-loop and closed-loop accelerometer topolo-

gies will be investigated. Published examples for each case will be pro-

vided and the advantages and disadvantages of each case will be dis-

cussed.

3.1 Open-loop Capacitive Accelerometer Interfaces

The general characteristics of an open-loop accelerometer interface were

mentioned previously. In this section, a more detailed overview of the

various open-loop topologies published in the existing literature will be

presented.

An early example of an open-loop accelerometer interface was presented

by Leuthold and Rudolf [61]. The self-balancing bridge (SBB) topology

was proposed to achieve a highly linear proof mass displacement to output

voltage conversion and low noise. The schematic of the self-balancing

bridge is shown in Fig. 3.2.

The sensor element is modeled by a pair of capacitors, CA and CB. The

amplifier OTA1 and the capacitor C1 form the charge-sensitive amplifier

(CSA) stage. The amplifier OTA2 and capacitor C3 form the integrator

stage. In total, four clocks are used. The operation of the interface is

divided into two phases: HOLD phase and SAMPLE phase. During the
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Figure 3.2. Schematic and timing diagram of the self-balancing bridge capacitive sensor
interface presented by Leuthold and Rudolf [61], published in 1990.

HOLD phase, the stationary electrodes of the element are biased with the

voltage Vout through the switches, while the proof mass is biased with the

same voltage through the CSA, which is in a unity gain configuration dur-

ing this phase. As a result, the charge in the capacitor pair is reset to zero.

During the SAMPLE phase, one of the stationary electrodes is biased to

Vm while the other stationary electrode is biased to −Vm. The OTA1 will

keep the middle electrode still at voltage Vout. The charge imbalance in

the capacitors CA and CB will lead to a voltage change at the CSA output

due to the proof mass displacement. Then, this voltage is integrated to

give the output voltage. In a steady state, the integrator forces the CSA

output to remain at zero and there is no charge imbalance in the capacitor

pair. Since the capacitor pair was reset during the HOLD phase,

QCA,SAMPLE + QCB ,SAMPLE =0 (3.1)

(Vout + Vm)CB + (Vout − Vm)CA =0, (3.2)

where QCA,SAMPLE and QCB ,SAMPLE represent charge over CA and CB

during the SAMPLE phase. Then, the output voltage is given as

Vout = Vm
CA − CB

CA + CB
, (3.3)

where CA = C0
1

1+x/d0
and CB = C0

1
1−x/d0

. Without any small signal con-

dition (r = x
d0

� 1) assumption, Vout can be written as

Vout = −Vm
x

d0
, (3.4)

which clearly shows that an SBB interface is able to give a ratiometric

output with theoretically infinite linearity. This is the case for a DC input
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when there is no parasitic capacitance. The output of the SBB interface

for an AC input is given in the z-domain as

Vout(z) =
(CA(z) − CB(z))Vmz

(z − 1)C1C3/C2 + CA(z) + CB(z)
. (3.5)

The output is still ratiometric, however, it does not have an infinite lin-

earity due to the delay term z − 1. When it is assumed that x/d0 � 1, the

displacement to the output voltage transfer function HX/V (z) of the SBB

is given as

HSBB(z) = HX/V (z) =
Vout(z)
x(z)

= − C0z

2C0 + (z − 1)C1C3/C2

Vm

d0
. (3.6)

The SBB has a low-pass transfer function with zero at z = 1− 2C0C2
C1C3

, which

corresponds to the cut-off (-3 dB) frequency of

fcut−off =
fs

2π
ln

(
1 − 2C2C0

C1C3

)
, (3.7)

where fs is the sampling frequency. The phase difference between the

output voltage, Vout, and the displacement, x, is given as

θ = 180 − arctan

(
fsig

fcut−off

)
= 180 − θe, (3.8)

where fsig is the input signal frequency. It has been shown that θe and

r = x
d0

define the linearity of the SBB for AC input signals. Detailed

calculations of the linearity of the SBB is given in Appendix A. It has

also been shown that the SBB output does not have even-order harmonics

and, hence, the third harmonic is the dominant source of the non-linearity.

This conclusion is valid in cases where there is no parameter mismatch

between capacitors CA and CB. When there is a mismatch, then there will

be even-order harmonics, too. The HD3 of Vout is given as

HD3VOUT
= −20 log

(
θe

4
r2
)

. (3.9)

It can be concluded that, in order to obtain a high linearity, both the dis-

placement ratio, r, and the ratio of the input frequency fsig to fcut−off

should be kept small. This requirement limits the bandwidth (BW) of the

input, unless the fcut−off is high.

The first implementation of this topology was designed using a 3 μm

CMOS process and it consumed 12 mW of power at a power supply of ± 2.5

V [61]. The sampling rate of the circuit is 32 kHz and it has BW of 1 kHz.

The interface has achieved an output noise density of -110 dBV/
√

Hz at

an input range of ± 0.1 g, which corresponds to several μg’s of detection

capability.
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A more recent implementation of the same topology was presented by

Paavola et al. [9]. They chose an open-loop topology to reduce the sili-

con area, and power dissipation and to eliminate the high supply voltage,

which is needed to generate the necessary electrostatic feedback force in

closed-loop systems. The SBB topology was selected because it eliminates

the non-linearity related to the electrostatic force. A single sensor element

mass with 4 pairs of capacitors are used to implement a 3-axis accelerom-

eter. Each capacitor pair is read at a sampling frequency of 1 kHz in a

time multiplexing scheme. Correlated double sampling (CDS) is used to

reduce noise, and chopper stabilization is used to reduce noise and offset.

An algorithmic ADC with 12-bit accuracy is used to convert the analog

output of the SBB to the digital domain. The interface is implemented

using a 0.13 μm BiCMOS process and it draws 63 μA from a 1.8 V supply.

The input range is ±4 g and the achieved linearity are 1.5%, 0.8% and

0.4% for the x-, y- and z-axis, respectively. The input acceleration BW is

100 Hz, while the achieved noise floors are 424 μg/
√

Hz, 607 μg/
√

Hz and

590 μg/
√

Hz for the x-, y- and z-axis, respectively.

A different open-loop interface topology has been presented by Yazdi

and Najafi [40]. This interface was designed to be used with a wide range

of capacitive transducers, each having a different rest capacitance and

sensitivity. Each transducer is read in a time multiplexed scheme at a

frequency of 50 kHz. The schematic of the interface is shown in Fig. 3.3.

The interface consists of a CSA, a variable gain amplifier (VGA) and a

sample and hold (S&H) stage. The static switches S1 to S6 and Ref1

to Ref3 select which sensor and reference capacitance should be used.

Assuming that Cs1 and Cref1 are selected, the output of the CSA at the

end of charge transfer phase φ2 can be given as

Vout,CSA = V ref +
Cs1 − Cref1

Cf1
(φ1high − φ1low) , (3.10)

where φ1high and φ1low are the voltage levels of logic high and logic low,

respectively. The VGA has two capacitors, Cg1 and Cg2, at input, which

makes it possible to control the gain. The VGA gives valid output at the

end of phase φ1. Assuming that both capacitors are activated, then the

output of the VGA at the end of phase φ1 is

VOUT,V GA = Vref +
Cg1 + Cg2

Cf2
(VOUT,CSA − Vref ) (3.11)

= Vref +
Cg1 + Cg2

Cf2

Cs1 − Cref1

Cf1
(φ1high − φ1low) . (3.12)

The last stage in the interface is S&H. It samples the VGA output during
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Figure 3.3. Schematic of the open-loop interface topology presented by Yazdi and Najafi
[40], published in 2000, and the corresponding timing diagram.φ3(φ4) and
φ5(φ6) are slightly delayed versions of φ1(φ2). Depending on the desired gain
in the VGA stage, these clock phases are activated or deactivated. Dummy
switches at reset, φ2 and φs are proposed to reduce clock feedthrough.

phase φs and holds it at capacitor Ch. Then, this voltage is buffered with

an amplifier in a unity gain configuration. It can be seen at (3.12) that the

output of the interface is ratiometric. Time delay in the interface path is

not important, since it does not affect the operation of the interface. This

interface has been implemented using a 3 μm CMOS process. The power

consumption is 2.2 mW , while the supply voltage is 5 V . The sampling

frequency is 50 kHz and the resolution of the interface is better than 0.4

fF in a 1 kHz BW (electronics only). They have achieved a linearity of 4%

when the sense capacitor is swept at the range of 6.3 pF to 7.9 pF .

An open-loop interface targeting high resolution, low power and adapt-

ability to a wide range of sensor elements was presented by Amini and

Ayazi [62]. The accelerometer consists of a microfabricated sensor ele-

ment and an SC front-end and back-end. The back-end consists of an

anti-aliasing filter (AAF) and a first-order 1-bit ΔΣ ADC. A schematic of

the element and front-end is shown in Fig 3.4. The element is a half-

bridge sensor element modeled as a pair of capacitors. The front-end is

composed of a differential CSA stage with a variable gain and a differen-

tial S&H stage. Additional programmable reference capacitors, Cref , are

used to null the common mode signal of the element. CDS have been used

to reduce the offset and low-frequency noise of the CSA amplifier. The

operation of the interface is as follows: during phase φ1, an CSA stage
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Figure 3.4. Schematic of the open-loop interface topology presented by Amini and Ayazi
[62], published in 2004, and the corresponding timing diagram. Phase φ1d

and phase φ2d are slightly delayed versions of phase φ1 and phase φ2, re-
spectively.

amplifier is put into a unity gain configuration and the input nodes of the

amplifier are set to the output common mode voltage, which is 0.5VDD.

The offset and low-frequency noise are stored on the CDS capacitors. The

nets connected to node A and B are set to a voltage of 0.5VDD. During the

next phase, phase φ2, node A and B are still at a voltage of 0.5VDD, while

the voltage at the other nodes of the capacitors has been switched. Due to

charge conservation at nodes A and B, the output of the CSA at the end

of phase φ2 is

VOUT,CSA =
ΔCs

CA
Vdd +

(CRef − C0)
(CRef + C0 + CA)

ΔCS

CA
Vdd. (3.13)

It can be seen that the output is ratiometric. When CRef = C0, then the

output voltage is dependent on only capacitors CA and ΔCS . The capacitor

CA is programmable so that the interface can operate with a wide range

of elements. The S&H stage samples the output of the CSA and holds it

for the following ΔΣ stage.

This interface is implemented using a 0.25 μm CMOS process, while it

has a supply voltage of 2.5 V . The sensor has a 6 mW power consumption

and the output sensitivity is 600 mV/g. The sensor has a dynamic range

of 85 dB, and it has been stated that the CDS can increase the noise

performance by 10 dB. The range of the sensor is around ±2 g.
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a bipolar transistor input pair to have a lower flicker noise than MOSFET
transistors.

An open-loop interface that utilises chopper stabilization and bipolar

transistor as the input pair of the amplifier was presented by Zhao, Zaman

and Ayazi [63]. The schematic of the interface is shown in Fig. 3.5. The

sensor element is a full-bridge element, which is represented by two pairs

of capacitors. The interface is a chopped charge amplifier with buffers

at its output. For the input of the OTA, the lateral PNP bipolar tran-

sistors present in modern CMOS processes are used in order to have a

lower flicker noise than MOSFET transistors. However, using bipolars

requires DC biasing of the transistors during all operation phases, unlike

MOSFET transistors, since bipolars have a non-zero base current. Utilis-

ing chopping techniques and bipolar transistors, this interface claims to

achieve a micro-g resolution at near-DC frequencies. The operation of the

interface is as follows: when phase φch1 and phase φ1 are high, the inte-

grating capacitor is reset and the input of the amplifier is biased with a

proper voltage (output common-mode voltage). When phase φch1 is high

and phase φ1 is low, the charge that is the result of the terminal volt-

age switching is integrated at CA. The differential output voltage of the
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buffers at the end of phase φ2 is

Vout,φch1 = −2ΔCs

CA
Vdd +

(
1 + 2

CS

CA

)
(Voff + Vn) . (3.14)

The operation of the interface when phase φch2 is high is the same as in

the previous chopping phase φch1, with the only difference being in the

polarity of the offset, Voff , and the low-frequency noise, Vn. The differen-

tial output during this phase is

Vout,φch2 = −2ΔCs

CA
Vdd −

(
1 + 2

CS

CA

)
(Voff + Vn) , (3.15)

where it is assumed that the offset and low-frequency noise of the OTA

remain constant during the chopping phases. The offset and noise of the

amplifier is upconverted to the chopping frequency. In order to remove

the offset and noise around the chopping frequency, a low-pass filter with

a low cut-off frequency needs to be followed by the CSA. The interface has

been implemented using a 0.6 μm CMOS process. The power consumption

of the interface is 3.75 mW at a power supply of 3 V , while the sampling

frequency is 600 kHz. The resolution of the interface at 3 Hz BW is 6.3

μg.

3.2 Closed-loop Capacitive Accelerometer Interfaces

In this section, we will cover different closed-loop capacitive sensor inter-

face topologies present in the existing literature. The operations for the

each case will be explained and the experimental results of the each case

will be discussed.

A closed-loop interface can be implemented in analog domain and an ex-

ample of a such interface was presented by Chau et al. [64]. It utilises

a surface micromachined element. A simplified block diagram of the sen-

sor is shown in Fig. 3.6. The operation of the sensor is as follows: two

antiphase clock sources are ac coupled to the fixed electrodes of the posi-

tion sense capacitor pair. The resulting modulated voltage, including the

displacement information, is buffered and demodulated synchronously.

The demodulated signal is fed back to the proof mass through a high

impedance resistor. In order to prevent any electrostatic force genera-

tion due to position sensing, the output of the first buffer is applied to the

fixed position sense electrodes through high impedance resistors, thus, it

is low-pass filtered. However, the feedback voltage leads to electrostatic

force in the feedback capacitor pair. This feedback force is approximately
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Figure 3.7. Block diagram of the differential closed-loop interface topology presented by
Aaltonen et al. [60], published in 2008.

equal to the acceleration-induced force and the net proof mass displace-

ment is quite small. The BW of the sensor is 4 kHz, while the natural

frequency of the element is 12 kHz. The non-linearity is 0.2%, while the

range is ±5 g. The noise floor is at 0.6 mg/
√

Hz.

Another analog closed-loop interface was presented by Aaltonen et al.

[60]. It is implemented as a continuous time interface to prevent noise

folding. The block diagram of the interface is shown in Fig. 3.7. A ca-

pacitive half-bridge sensor element is utilised. The capacitance change in

the capacitor pair is converted to a charge with a sinusoidal carrier signal

and this charge is converted to a voltage at the output of the CSA. The

CSA has bipolar transistors at the input to have a lower low-frequency,

flicker, noise compared to the MOSFET transistors at input. The CSA

output is high-pass filtered to remove the unnecessary low-frequency sig-

nals because the acceleration signal is modulated with the carrier signal,

which has a frequency of 3 MHz. The acceleration signal is demodulated

with a full-wave rectifier. The demodulator output is filtered with a sixth-
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Figure 3.8. Block diagram of the ΔΣ closed-loop interface topology presented by Boser
and Howe [37], published in 1996.

order Butterworth low-pass filter (LPF) to get rid of the high-frequency

signals, which are present due to the demodulation. The LPF output is

fed to a proportional-integral-derivative (PID) controller to achieve a high

BW, low proof mass movement and damping of the element, which has a

high Q (≈ 30). The controller output is applied to the proof mass through

the CSA. This interface has been implemented using a 0.7 μm high volt-

age (HV) CMOS process. The sensor achieves a resolution of 120 dB at a

BW of 300 Hz.

A closed-loop interface topology can also be implemented in the digi-

tal domain, which is called a ΔΣ modulator interface. Such an interface,

which can be used to increase the BW, DR, linearity and drift of the in-

terface was proposed by Boser and Howe [37]. The block diagram of the

interface is shown in Fig. 3.8. This topology is typical for most of the

digital closed-loop systems. A sensor element is utilised in a digital force-

feedback loop. The remaining part of the loop is composed of a position

sense stage, a compensator and a comparator. The position sense stage is

implemented using a CSA, just like it was done in open-loop topologies.

The compensator is a proportional-derivative (PD) controller, which is

used to achieve a stable operation. The comparator, a 1-bit ADC, converts

the compensator output to a digital bit stream. This digital bit stream is

applied back to the sensor element in a proper way to exert electrostatic

force quanta to the element. For a sufficient high loop gain, the average

of the force exerted on the element is almost equal to the force induced

by input acceleration. As a result, the proof mass movement is limited to

very small distances. The advantage of using a bit stream to generate a

feedback force is that a highly linear voltage to force conversion can be

achieved.

Another ΔΣ modulator interface similar to one presented by Boser and

Howe [37] was presented presented by Lemkin and Boser [65]. The block

diagram of this interface is given in Fig. 3.9. The difference between
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Figure 3.9. Block diagram of the ΔΣ closed-loop interface topology presented by Lemkin
and Boser [65], published in 1996.

this interface and one the presented by Boser and Howe [37] is that this

interface has a compensator in the feedback path. This may ease the im-

plementation of the compensator in the digital domain. The interface is

processed using a 3 μm BiCMOS process. It draws 3.7 mA from a 5 V

supply. The sampling rate of the interface is 500 kHz, the achieved noise

floor is 500 μg/
√

Hz and the input range is ±3.5 g. The same authors later

presented an accelerometer interface [8] similar to aforementioned ones,

while keeping the compensator in the forward path instead of the compen-

sator in the feedback path. Thus, they eliminated any multi-bit, digital-

to-analog converter (DAC), which is harder to implement accurately com-

pared to a 1-bit DAC. An input common-mode feedback (ICMFB) circuit

for a CSA amplifier has been used to reduce the effect of the parasitic ca-

pacitance. It has been implemented using a 2 μm CMOS process with a

noise floor of 110 μg/
√

Hz. The input range is ±20 g when a feedback bit-

stream voltage of 3 V is used, while the range is ±50 g when a feedback

bit-stream voltage of 5 V is used.

The block diagram of a high-resolution versatile interface is shown in

Fig. 3.10 [66]. A high excitation voltage of ±9 V and high voltage switches

are used for feedback. The operation of the interface is as follows: detec-

tion and excitation are done using a time multiplexing scheme. The sen-

sor is read twice. During the first reading, all of the element electrodes

are initially shorted to ground in order to discharge capacitors. Then,

let’s say the top electrode is biased to +HV and the bottom electrode is

biased to −HV . In the second reading, the element capacitors are dis-

charged first and then the top electrode is biased to −HV and the bottom

electrode is biased to +HV . The voltage mode pre-amplifier amplifies the

middle electrode voltage and feeds it to the demodulators, which combine

the two readings. The CDS is applied to the demodulators to decrease

the low-frequency noise and offset. The demodulated signal is buffered
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and converted to a digital domain by a 7-bit Flash ADC. The digital out-

put is processed by a 3rd-order filter which optimises the noise spectrum

and maintains the stability of the loop. The sign bit of the filter output is

used as a bit stream to control the high-voltage switches. The interface

has been implemented using a 0.6 μm CMOS process with high-voltage

options. The readout supply voltage is 3.3 V and the power consumption

is 12 mW . The input range is ±11 g, while the input noise density is 1.15

μg/
√

Hz when no acceleration signal is applied. The BW is 300 Hz.

Many similar ΔΣ modulator interfaces can be found in the existing lit-

erature [67] [68] [69] [47] [66] [70]. The interface presented by Lang and

Tielert [67] uses a multi-bit DAC in the feedback path and has an input

range of ±52 g at a supply voltage of 5 V . The BW of the sensor is 10 kHz,

while the natural frequency of the element is 1 kHz. Thus, BW of the

sensor is increased tenfold, which is possible with a closed-loop topology.

Kajita, Moon and Temes utilised a charge integrator to shape the low fre-

quency noise [68]. They also used a dithering signal before the comparator

to remove the possible small low-frequency tones since the loop behaves

as a first-order modulator at low frequencies. The interface presented by

Petkov and Boser [69] used two integrators after the CSA stage to shape

the quantization noise and make it negligible compared to other electronic

noise sources. The same topology was used by Amini, Abdolvand and

Ayazi [47]. They used a low-noise sensor element, BNEA = 1 μg/
√

Hz, to

achieve a total noise equivalent acceleration (TNEA) of 4 μg/
√

Hz.

The interface presented by Lajevardi, Petkov and Murmann [70] is able

to reduce the effect of the bond wire parasitic capacitance in a system-in-

package sensor. Apart from the detection and excitation phases, there is

a modulation phase during which the effect of the parasitic capacitance

is upconverted and detected. A corresponding offset voltage is utilised to

null the effect of the parasitic capacitors. It has been shown that an offset

of 351 mg, which is due to the parasitic capacitance, is reduced to 0.7 mg

by utilising the presented method.

3.3 Summary

It can be concluded that the topology of the open-loop interfaces is not

complex and it can achieve a micro-g resolution, while consuming only a

few milliwatts of power. The stability (delay) of the loop is not a design

concern and this makes the design of the open-loop interfaces straight-
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forward. The BW of the sensor can be limited by the BW of the element

or the BW of the interface. In open-loop topologies, the BW of the sen-

sor element cannot be increased, however, the BW may be decreased for

special purposes. For instance, the interface presented presented by Li,

Lu and Wang [71] applies a constant DC voltage to the middle electrode

to decrease the spring coefficient, hence, to increase the sensitivity and

decrease the BW. In order to overcome stiction problems, the sensor el-

ement is initially designed so that it has a high spring coefficient, and

when the constant DC voltage is applied, the spring coefficient becomes

smaller. This effect is called spring softening. Utilising this method, an

element initially designed for an input range of ±1 g has been operated at

an input range of ±0.01 g.

Based on the aforementioned closed-loop interfaces, it can be concluded

that closed-loop interfaces consume high amount of power because of the

high number of active stages. They also have stability problems, which

means that a compensator needs to be utilised in order to make the loop

stable. Furthermore, closed-loop interfaces do not have ratiometric out-

put. Apart from these drawbacks, closed-loop topologies can have a high

input range, a high BW and a high linearity. Additionally, the sensor per-

formance is not limited by the sensor element parameters and their drift.

ΔΣ closed-loop interfaces have an inherent digital output, which does not

require an extra ADC. Closed-loop interfaces can operate with low-noise,

high-Q sensor elements since they can damp the high-Q of the element.

A performance summary of the published open-loop and closed-loop ac-

celerometers is shown at Table 3.1.
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4. Building Blocks for Capacitive
Accelerometers

In the previous chapter, different interface topologies were presented. It

can be seen that most of the interfaces share similar building blocks,

such as micromachined sensor elements, charge sensitive amplifiers, in-

tegrators, S&H, comparators and single-stage controllers. In this chapter,

the modelling of the sensor elements, different charge sensitive amplifier

structures and a generic single-stage controller will be studied thoroughly.

The operation principle and design trade-offs for these blocks will be dis-

cussed as well.

4.1 Micromachined Sensor Element

An important step in accelerometer design is to to model the sensor ele-

ment in such a form that it can be simulated using simulation tools. The

accurate modelling of the sensor element is crucial. Any missing property

of the sensor element will not be seen in the simulation if it has not been

modelled. In this section, the second-order model of the sensor element

will be derived and different non-linearity mechanisms will be investi-

gated.

In order to show the modelling of a sample sensor element, a structural

drawing of a simple micromachined capacitive sensor element with a can-

tilever structure is considered, as shown in Fig. 4.1. The zero input gap

distance and capacitance are d0 and C0, respectively. In a real element,

there can be stoppers to eliminate stiction in case of pull-in. Other sensor

structures may include a capacitor pair or two capacitor pairs in order to

increase the sensitivity.

The mass-spring-damper model of this sensor element is shown in Fig.

4.2. The parameter k is the spring coefficient, which is determined by

the anchor properties. The parameter D is the damping coefficient of the
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system, which depends on the structure and surrounding of the sensor

element. The parameter m is the mass of the proof mass. The input

acceleration induces a force on the proof mass due to Newton’s second

law. This force leads to displacement of the proof mass with respect to the

rigid base of the sensor element. The input acceleration-induced force is

represented by Fin = m · ain. Applying Newton’s first law, we get

mẍ + Dẋ + kx − Fin = 0, (4.1)

where ẋ and ẍ are the first and second derivatives of the displacement,

respectively. The system transfer function from the input force to the

proof mass displacement in the s-domain is

HFin/x(s) =
x(s)

Fin(s)
=

1/m

s2 + D
ms + k

m

=
1/m

s2 + ω0
Q s + ω0

2
, (4.2)

while the transfer function from the acceleration to the proof mass dis-

placement in the s-domain is

Hain/x(s) =
x(s)

ain(s)
=

1
s2 + D

ms + k
m

=
1

s2 + ω0
Q s + ω0

2
. (4.3)

Si
Proof mass

insulator

ain

Fin
d0 C0

Figure 4.1. A structural drawing of a capacitive accelerometer sensitive to a vertical ac-
celeration (side view).

m
(proof mass)

D

Fin x

k

Figure 4.2. Simplified mass-spring-damper model of the sensor element.
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Figure 4.3. Bode plot of the Hain/x at different Q values.

The system has a natural frequency of ω0 =
√

k
m , while the quality factor

Q is given by Q =
√

km
D . It should be kept in mind that the effects of the

tilting of the beam are neglected and the parameters k and D are assumed

to be constant.

The bode plot of the Hain/x is shown in Fig. 4.3. The parameters used

for this plot are k = 100 N/m, m = 10−3 kg, Q = 0.1, Q = 0.5 and Q =

10. The three different Q values of 0.1, 0.5 and 10 correspond to over-

damped, critically-damped and under-damped elements, respectively. The

resulting natural frequency of the element is 1.6 kHz. For the Q = 10

case, there is a gain peaking that can be problematic in some cases. For

example, gain peaking may saturate the movement of the sensor element

or the voltage at the interface electronics stages.

The step response of the sensor element in the time domain is shown in

Fig. 4.4. For a settling accuracy of ±5%, the displacement settling times

are 3 msec, 0.5 msec and 5.4 msec for Q values of 0.1, 0.5 and 10, re-

spectively. The fastest settling time is observed for the critically-damped

element. The under-damped case shows heavy ringing, which leads to a

long settling time and large displacement.
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Figure 4.4. Step response of the Hain/x at different Q values. The input acceleration is 1
m/s2.

4.1.1 Displacement to Capacitance Conversion

As a result of the displacement, the capacitance of the capacitor that

formed between the proof mass and the stationary electrode changes. The

capacitance is given as

C =ε0
A

d
= ε0

A

d0 − x
(4.4)

=C0
1

1 − x/d0
, (4.5)

where ε0 is the permittivity of the air, A is the area of the capacitor elec-

trode and d is the distance between the electrodes. It can be noticed that

the relation between the capacitance and displacement is non-linear. The

Taylor series for the capacitance is [73]

C = C0
1

1 − u
= C0

(
1 + u + u2 + u3 + u4 + u5 + . . .

)
, (4.6)

where u = x/d0 and −1 < u < 1. The first term in parenthesis is the

offset term, the second term is the linear term and the rest are the even

and odd harmonics, i.e. the non-linear terms. For a u value of 0.01 (1%)

and 0.2 (20%), the ratios of the non-linear terms of the capacitance to

the linear term of capacitance are 0.01 and 0.25, respectively. Thus, a

single capacitor sensor has highly non-linear displacement to capacitance

conversion. In order to have good linearity, the condition u � 1 needs
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d0

Vbias

Felec

Area=A

x

Figure 4.5. Parallel plate model of the element with a bias voltage applied.

to be satisfied. When this condition is satisfied, the capacitance can be

approximated as

C = C0

(
1 +

x

d0

)
. (4.7)

4.1.2 Voltage to Force Conversion

Capacitive elements experience electrostatic force when a non-zero volt-

age is applied to their terminals, as shown in Fig. 4.5. This electrostatic

force is always attractive and can be formulated as

Felec =ε0
AV 2

bias

2d2
= ε0

AV 2
bias

2(d0 − x)2
(4.8)

=ε0
AV 2

bias

2d0
2

1
(1 − x/d0)

2 , (4.9)

where Vbias is the voltage difference over the capacitor electrodes. Electro-

static force can be utilised to control the behaviour of the sensor element.

For example, it can be used to limit the movement of the proof mass so

that the linearity of displacement to capacitance conversion is high. How-

ever, the voltage to force relation is non-linear, which may require addi-

tional circuitry to overcome the problem. It can also be seen that there

is a non-linear relation between the displacement and force, which is due

to the parallel plate structure of the sensor element. If Vbias is assumed

to be displacement independent and u values of 0.01 and 0.2 are chosen,

as was the case for the displacement to capacitance conversion, the ratio

of non-linear force terms to the linear force term is 0.015 and 0.4, respec-

tively. It is clear that the non-linearity of the voltage to force conversion

is higher than the non-linearity of the displacement to capacitance con-

version. When x/d0 � 1, then (4.9) can be written as

Felec = ε0
AV 2

bias

2d0
2

(
1 + 2

x

d0

)
. (4.10)

47



Building Blocks for Capacitive Accelerometers

It is worth mentioning that the displacement-dependent part of the elec-

trostatic force is in the same direction as the displacement. This means

that the effective spring coefficient of the sensor element is lower when a

non-zero voltage bias is applied to the capacitor compared to a capacitor

biased with a zero volt. This is called spring softening.

4.1.3 Brownian Noise

Since the dimensions of the micromechanical devices are much smaller

than those of the macro devices, the motion of the surrounding gas or

liquid molecules becomes a source of noise. One of the mechanisms ex-

plaining this effect is Brownian motion. The agitated gas molecules due

to a non-zero absolute temperature strike the sensor element proof mass,

which results in a random force. The spectral density of this force is given

as [16]

FBN =
√

4kBTD, (4.11)

where FBN has a unit of N/
√

Hz, kB = 1.38x10−23 m2kg/(s2K) is the

Boltzmann constant, T is the temperature in Kelvin and D is the damp-

ing coefficient. The equivalent acceleration due to the Brownian noise

(BNEA) is

BNEA =
√

4kBTD

m
. (4.12)

4.2 Charge Sensitive Amplifiers

During the operation of an accelerometer, a sensor element is biased with

voltages such that the capacitance or capacitance mismatch is translated

to the charge. The main function of the charge sensitive amplifier is

to convert this charge to a voltage. A simple charge sensitive amplifier

with the element model included is shown in Fig. 4.6 [74]. Operational

transconductance amplifiers (OTAs) are usually used in discrete time cir-

cuits since the load is capacitive [75]. Operation of the CSA is as follows:

during phase φ1 node A is biased to Vdd and node B is biased to ground.

The reset switch is closed and the amplifier is in a unity gain configura-

tion. Node C, the proof mass, is biased to ground. The output voltage is

given as

Vout(nTs − Ts/2) =
A

A + 1
Verr(nTs − Ts/2) (4.13)

≈Verr(nTs − Ts/2), (4.14)
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Figure 4.6. Schematic of a discrete time charge sensitive amplifier (CSA) presented by
Lei, Zorman and Garverick [74], published in 2005. The amplifier noise and
offset voltage is modeled with the voltage sources Vn and Voff , respectively.

where A is the gain of the amplifier, Verr = Vn + Voff , Vn is the low-

frequency noise of the amplifier and Voff is the offset of the amplifier. The

sum of the charge on the capacitors connected to node C during phase φ1

is

QC(nTs − Ts/2) =CA (Verr(nTs − Ts/2) − Vdd)

+ CR (Verr(nTs − Ts/2)) . (4.15)

During phase φ2, node A is set to ground while node B is set to Vdd. Again,

the sum of the charge on the capacitors connected to node C is

QC(nTs) =CAVerr(nTs) + CR (Verr(nTs) − Vdd)

+ Cint (Verr(nTs) − Vout(nTs)) , (4.16)

Due to the conservation of the charge during two phases, Vout(nTs) is

Vout(nTs) =Verr(nTs)
(Cint + CA + CR)

Cint

− Verr(nTs − Ts/2)
(CA + CR)

Cint
+

CA − CR

Cint
Vdd. (4.17)

The z-transform of the noise part of the CSA output can be written as

Vout(z) = Verr(z)
Cint + CA + CR − z−1/2 (CA + CR)

Cint
. (4.18)

The transfer function from the noise and offset to the CSA output is

Herr(z) =
Vout(z)
Verr(z)

=
Cint + CA + CR − z−1/2 (CA + CR)

Cint
. (4.19)
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Table 4.1. Parameter values used for the CSA simulation.

Vdd 1.8 V

CA 10.5 ±5 pF

CR 10.5 pF

Cint 10 pF

Co 1 pF

fs 100 kHz

At DC (z=1), Herr(z = 1) = 1, thus, the offset and noise of the amplifier is

directly seen at the CSA output with a gain of one. Close to fs/2 = 50 kHz

(z = −1), the error voltage is amplified with a gain of

|Herr(z = −1)| =
|Cint + CA + CR − j (CA + CR) |

Cint
, (4.20)

where j =
√−1.

The settling of the amplifier output cannot be achieved instantly, rather,

it settles exponentially, due to the limited BW of the amplifier. Assume

that OTA has single pole transfer function of

A(s) =
A0

1 + s/p
, (4.21)

where A0 is the DC gain of the OTA and p is pole of the OTA, which can

be given as

p =
gm

CL
=

gm

C0 + Cint(CA+CR)
Cint+CA+CR

, (4.22)

where gm is the transconductance of the input pair of the OTA. The gain

bandwidth product (GBW) is GBW = A0p, the feedback factor (β) is

β = Cint
CA+CR+Cint

and the settling time constant (τset) is τset = 1
βGBW . The

required GBW for a certain settling accuracy is given as [76]

GBW = − lnS

βts
, (4.23)

where S is the settling accuracy and ts is the time reserved for settling.

Before the linear settling, slewing occurs, during which time the maxi-

mum available current of the OTA is fed to the load capacitors. Thus, the

duration of phase φ2 is reserved both for slewing and linear settling.

This CSA topology was simulated using a circuit simulator. The value

of the parameters used in the simulation are shown in Table 4.1.

The offset voltage, Voff , is swept in the range of -5 mV to +5 mV to see

the affect of the amplifier offset. The output changes exactly ± 5 mV ,

which means that the offset is directly seen at the output. The transfer
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Figure 4.7. Transfer function from amplifier noise to the CSA output. Sampling fre-
quency is 100 kHz.

function from the amplifier noise to the CSA output is simulated using

periodic AC analysis (PAC) and the result is shown in Fig. 4.7. It can be

seen that the noise has a unity gain transfer function at low frequencies,

as predicted at (4.18). A maximum gain of 2.23 can be observed at fs/2

due to the sampling behaviour of CSA, however, the peak gain is expected

to be 3.74 when using the parameters given in Table 4.1 and (4.20). The

reason for the difference is the sinc transfer function of the S&H stage

added to the CSA to run PAC.

The offset and noise of the CSA amplifier is directly seen at the out-

put. For high resolution interfaces, offset and noise need to be attenu-

ated. There are several methods to attenuate offset and noise, while the

most commonly used methods are correlated double sampling (CDS) and

chopping.

A CSA that employs a CDS is shown in Fig. 4.8 [62]. The operation

for the CSA with CDS is as follows: node A is set to Vdd and node B is

set to ground during phase φ1. At the same time, the proof mass and one

electrode of the CDS capacitor, CCDS , are set to 0.5Vdd. Since the amplifier

is in a unity gain configuration, the other electrode of capacitor CCDS is

set to the output voltage, which is (0.5Vdd + Vn + Voff ) A
A+1 . For the cases

of A � 1, the noise and offset voltage are stored over the CDS capacitor

CCDS . The sum of the charge of the capacitors connected to node D is

QD(nTs − Ts/2) = 0.5Vdd (CR − CA)) . (4.24)
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Figure 4.8. Schematic of a discrete time charge sensitive amplifier (CSA) with CDS pre-
sented by Amini and Ayazi [62], published in 2004. Only half of the differen-
tial structure is considered. The amplifier noise and offset voltage is modeled
with the voltage sources Vn and Voff , respectively.

During phase φ2, node A is set to ground, while node B is set to Vdd. The

voltage of node C is still kept at 0.5Vdd + Vn + Voff , assuming that there is

a high amplifier gain. Due to charge conservation at the inverting node of

the amplifier, the voltage of node D during phase φ2 is 0.5Vdd +Verr(nTs)−
Verr(nTs − Ts/2). The sum of the charge on the capacitors connected to

node D at phase φ2 is

QD(nTs) =CA (0.5Vdd + Verr(nTs) − Verr(nTs − Ts/2))

+ CR (−0.5Vdd + Verr(nTs) − Verr(nTs − Ts/2))

+ Cint (0.5Vdd + Verr(nTs) − Verr(nTs − Ts/2) − Vout(Ts)) .

(4.25)

Due to charge conservation at node D during phase φ1 and phase φ2, the

CSA output at phase φ2 is

Vout(nTs) =0.5Vdd +
CA − CR

Cint
Vdd

+
CA + CR + Cint

Cint
(Verr(nTs) − Verr(nTs − Ts/2)) . (4.26)

The z-transform of the output voltage when CA = CR, i.e. when no capac-

itive signal is present, is

Vout(z) =
CA + CR + Cint

Cint

(
1 − z−1/2

)
Verr(z). (4.27)
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Figure 4.9. Transfer function from the amplifier noise to the output of the CSA with CDS.
The sampling frequency is 100 kHz.

The transfer function from Verr = Vn +Voff to the CSA output with CDS

is

Herr(z) =
Vout(z)
Verr(z)

=
CA + CR + Cint

Cint

(
1 − z−1/2

)
. (4.28)

It can be seen that the output voltage during phase φ2 does not include

any offset component because Herr(1) = 0 and the gain is quite low for

low-frequency noise. For example, for z = ej2∗π∗1/100k, i.e. noise at 1 Hz

and fs = 100 kHz, the amplifier noise is amplified with a gain of 1.9 · 10−4

(-74 dB). For z = ej2∗π∗50k/100k, i.e. for noise at 50 kHz, the amplifier noise

is amplified with a gain of

|Herr(−1)| =
CA + CR + Cint

Cint
| (1 + j) |. (4.29)

The circuit has been simulated using the same parameters given in Ta-

ble 4.1, which are also used for the CSA without CDS. The offset voltage,

Voff , is swept in the range of -5 mV to +5 mV to see the effect of the

amplifier offset. The offset at the output of the CSA is ±1.8 μV , which

represents a substantial improvement. Next, the effect of the CDS on the

noise transfer function has been studied. The transfer function from the

amplifier noise to the output voltage is shown in Fig. 4.9. It can be seen

that the low-frequency noise is highly attenuated, which shows the effec-

tiveness of the CDS. There is gain peaking close to fs/2, which is expected.

The drawback of this circuit is that it uses a low-impedance half-rail volt-

age reference.

A CSA with CDS can be implemented by dividing the gain into two or
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Figure 4.10. Schematic of the CSA with CDS divided into two gain stages presented by
Yücetaş et al. [10], published in 2010.

more stages. The noise and offset of a stage are stored in the following

stage during one phase, and the valid output without the noise and offset

of the first gain stage is available at the output of the second stage during

the next phase. Such an implementation was presented by Yücetaş et al.

[10]. The schematic of the CSA with CDS applied in two gain stages is

shown in Fig. 4.10.

The operation of the circuit is as follows: when phase φ1 is high, both

amplifiers are in a unity gain configuration and the integrating capacitors

are reset. One node of the CA is connected to the Vdd while one node of

the CB is grounded. The common node of the CA and CB is shorted to the

output of the first stage. The outputs of the both stages are given as

VB(nTs − 5Ts/6) = 0.5Vdd + Verr1(nTs − 5Ts/6) (4.30)

Vout(nTs − 5Ts/6) = 0.5Vdd + Verr2(nTs − 5Ts/6), (4.31)

where Verr1 = Vn1 + Voff1, Verr2 = Vn2 + Voff2 and the amplifier gains are

assumed to be high enough so that the gain effect is negligible. The sum

of the charge of the capacitors connected to node A is

QA(nTs − 5Ts/6) = − 0.5 (CA − CB) Vdd

+ (CA + CB) Verr1(nTs − 5Ts/6). (4.32)
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Next, phase φ1 goes low, but phase φ2 is still high. Thus, the second am-

plifier is still in a unity gain configuration, while the first amplifier’s offset

and noise are sampled to the capacitor C2. Due to the charge conservation,

the outputs of the stages can be written as

VB(nTs − 2Ts/3) =0.5Vdd +
CA + CB + C1

C1
Verr1(nTs − 2Ts/3)

− CA + CB

C1
Verr1(nTs − 5Ts/6), (4.33)

Vout(nTs − 2Ts/3) =0.5Vdd + Verr2(nTs − 2Ts/3). (4.34)

The sum of the charges on capacitors connected to node C during this

phase is

QC(nTs − 2Ts/3) =C2 (Verr2(nTs − 2Ts/3))

− C2 (CA + CB + C1)
C1

Verr1(nTs − 2Ts/3)

+
C2 (CA + CB)

C1
Verr1(nTs − 5Ts/6). (4.35)

When phase φ3 goes high, the node of the CA, which was connected to the

Vdd, is connected to ground, while the node of the CB, which was connected

to ground, is connected to the Vdd. Due to the conservation of the charge

at node A, the output voltage of the first stage can be written as

VB(nTS) =0.5Vdd + 2
CA − CB

C1
Vdd +

CA + CB + C1

C1
Verr1(nTs)

− CA + CB

C1
Verr1(nTs − 5Ts/6). (4.36)

Due to the charge conservation during phase φ2 and φ3 at node C, the

output of the second stage can be written as

Vout(nTs) =0.5Vdd − C2 (CA − CB)
C1C3

Vdd

+
C2 (CA + CB + C1)

C1C3
(Verr1(nTs − 2Ts/3) − Verr1(nTs))

+
C2 + C3

C3
Verr2(nTs) − C2

C3
Verr2(nTs − 2Ts/3). (4.37)

The z-transform of the (4.37), including only the offset and noise of the

amplifiers, is

Vout(z) = − C2 (CA + CB + C1)
C1C3

(
1 − z−2/3

)
Verr1(z)

+
C2 + C3 − C2z

−2/3

C3
Verr2(z). (4.38)

The transfer functions from the amplifier noise to the CSA output for both
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Figure 4.11. Transfer functions from amplifier noise to the output of the CSA with CDS.
Sampling frequency is 100 kHz.

stages can be written as

Herr1(z) =
Vout(z)
Verr1(z)

= −C2 (CA + CB + C1)
C1C3

(
1 − z−2/3

)
, (4.39)

Herr2(z) =
Vout(z)
Verr2(z)

=
C2 + C3 − C2z

−2/3

C3
. (4.40)

It can be seen that at DC, i.e. when z = 1, the noise and offset of the first

amplifier are totally eliminated, while the offset and noise of the second

amplifier are directly seen at the output. It is important to note that the

offset and noise of the second amplifier is amplified to the output with a

unity gain, while the input signal to the second stage is amplified with a

gain of C2/C3. Thus, the effect of the second amplifier offset and noise are

reduced by a factor of C2/C3.

The CSA with CDS was simulated using a circuit simulator. An S&H

stage is connected to the CSA output to be able to run PAC analysis. The

offset of the first amplifier is swept in the range of ±5 mV . The output

does not have any variation, which confirms the CDS operation as ex-

pected from (4.39). Similarly, offset of the second amplifier is swept and

the output variation is ±5 mV , as expected at (4.40).

The simulated transfer functions from the non-inverting amplifier in-

put to the CSA output for both amplifiers is shown in Fig. 4.11. It can

be seen that the noise from the first amplifier is attenuated by 80 dB at

1 Hz. The gain peaking occurs close to fs/2 = 50 kHz. However, the noise

of the second amplifier has a unity gain at low frequencies, as expected,

because the CDS is not applied to that stage. It should be noted that this
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Figure 4.12. Schematic of a differential discrete time charge sensitive amplifier (CSA)
with chopper stabilization presented by Zhao, Zaman and Ayazi [63], pub-
lished in 2008. The amplifier noise and offset voltage is modeled with the
voltage sources Vn and Voff , respectively.

structure does not use a low output impedance voltage reference, unlike

the previous CSA, which utilises the CDS using a single stage. It may, on

the other hand, consume more power because of two-stage topology.

Another method for attenuating the offset and low-frequency noise of

the CSA is chopper stabilization. A CSA with chopper stabilization ap-

plied is shown in Fig. 4.12 [63].

The operation of this CSA was briefly explained previously. Here, we

will provide a more detailed explanation of the operation and present sim-

ulation results to confirm the operation of the chopping and its effective-

ness in attenuating the noise and offset. Operation of the circuit is as

following.

i. Phase φch1 and φ1 high, and phase φch2 and φ2 low:

Node A and D are connected to the Vdd, while node B and C are con-

nected to ground. The differential amplifier is in a unity gain configura-

tion. When it is assumed that the amplifier has high gain, the Vout1 can
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be written as

Vout1(nTs − 3Ts/4) = Verr(nTs − 3Ts/4), (4.41)

where Ts represents the chopping period, n represents the number of

the chopping cycle and Verr = Vn + Voff .

ii. Phase φch1 and φ2 high, and phase φch2 and φ1 low:

Node A, B and E are all connected to the inverting node of the ampli-

fier, while node C, D and F are connected to the non-inverting node of

the amplifier. Due to charge conservation during phase φ1 and phase

φ2, the Vout1 can be written as

Vout1(nTs − 2Ts/4) = −2ΔCS

CA
Vdd +

2CS + CA

CA
Verr(nTs − 2Ts/4). (4.42)

iii. Phase φch2 and φ1 high, and phase φch1 and φ2 low:

Node A and D are connected to the Vdd, while node B and C are con-

nected to ground. The differential amplifier is in a unity gain configu-

ration. However, the amplifier output is reversed and it can be written

as

Vout1(nTs − Ts/4) = −Verr(nTs − Ts/4), (4.43)

which has a sign opposite to the sign of the output given by (4.41).

iv. Phase φch2 and φ2 high, and phase φch1 and φ1 low:

Node A, B and F are connected to the non-inverting node of the am-

plifier, while node C, D and E are connected to the inverting node of the

amplifier. Due to charge conservation during phase φ1 and phase φ2, the

Vout1 can be written as

Vout1(nTs) = −2ΔCS

CA
Vdd − 2CS + CA

CA
Verr(nTs). (4.44)

It can be seen that the capacitance signal has the same sign in both

(4.42) and (4.44), while the offset and noise have opposite signs.

In order to have valid outputs, i.e. the output has capacitive signal infor-

mation, the Vout1 needs to be sampled during phase φ2, since the output

is reset during phase φ1. Hence, the buffers implements the sampling

operation. The buffered output, Vout2, can be written as

Vout2(nTs − 2Ts/4) = − 2ΔCS

CA
Vdd +

2CS + CA

CA
Verr(nTs − 2Ts/4)

Vout2(nTs) = − 2ΔCS

CA
Vdd − 2CS + CA

CA
Verr(nTs). (4.45)
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Figure 4.13. The output of the CSA using the chopping technique. (a) ΔCS = 1 pF and
Voff = Vn = 0. (b) ΔCS = 0, Voff = 10 mV and Vn = 0.001sin(2πfnt),
where fn = 480 kHz. The chopping frequency,fs, is 50 kHz.

The CSA has two valid outputs during a chopping period. The capacitive

signal has same sign at the both outputs, whereas the offset and noise

have the opposite signs. Hence, the noise and offset voltage of the ampli-

fier are upconverted to the chopping frequency. In order to decrease the

voltage ripple due to the offset and noise, a low-pass filter can be utilised.

The circuit shown in Fig. 4.12 is simulated using ideal circuit com-

ponents. The used parameter values are Vdd = 1.8 V , CS = 10.5 pF ,

ΔCS = 1 pF , CA = 10 pF and fs = 1/Ts = 50 kHz, while there is

no offset and noise voltage present. The output voltage, Vout1, of the

CSA using chopper stabilization for one chopping period is plotted in Fig.

4.13 (a). Next, the circuit is simulated without the capacitive signal, i.e.

ΔCS = 0.1 pF , Voff = 10 mV and Vn = 0.001sin(2πfnt), where the noise

frequency, fn, is 480 kHz . The output voltage, Vout1, is shown in Fig.

4.13 (b). It can be seen that the noise and offset are upconverted to the

chopping frequency.

4.3 SC Single-Stage Controllers

A generic schematic of an SC single-stage controller (filter) is shown in

Fig. 4.14 [75]. The signal flow equation for this generic structure, single-
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Figure 4.14. Schematic of a SC single-stage filter presented by Johns and Martin [75].

stage controller is

Cint(1 − z−1)Vo(z) = −C3Vo(z) − C2Vi(z) − C1(1 − z−1)Vi(z), (4.46)

from which the transfer function of the filter in the z-domain can be de-

rived as

Hfilter(z) =
Vo(z)
Vi(z)

−
(

C1+C2
Cint

)
z − C1

Cint(
1 + C3

Cint

)
z − 1

. (4.47)

From this generic filter structure, different controller topologies can be

implemented. In order to implement a proportional-integral (PI) con-

troller, it is necessary that C3 = 0. In this case, the transfer function

of the PI controller can be derived from (4.46) as

HPI(z) = −
(

C1

Cint
+

C2

Cint

1
1 − z−1

)
. (4.48)

The amplitude plot of the PI controller transfer function is shown in Fig.

4.15. The parameter values for the capacitors are C1 = 4 pF , C2 = 0.1 pF ,

C3 = 0 pF and Cint = 1 pF . The resulting corner frequency is at the zero

of the HPI(z), which can be given as

fcorner = tan−1
(

C2

2C1 + C2

)
fs. (4.49)

For the given parameter values, the corner frequency is at 786 Hz.

In order to implement a proportional-derivative (PD) controller, it is nec-

essary that Cint = 0. The transfer function of the PD controller is

HPD(z) = −
(

C2

C3
+

C1

C3

(
1 − z−1

))
. (4.50)

The amplitude plot of the PD controller transfer function is shown in Fig.

4.16. The parameter values for the capacitors are C1 = 4 pF , C2 = 0.1 pF ,
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Figure 4.15. Transfer function of the PI controller in the frequency domain. The sam-
pling frequency is fs = 100 kHz.
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Figure 4.16. Transfer function of the PD controller in the frequency domain. The sam-
pling frequency is fs = 100 kHz.

C3 = 1 pF and Cint = 0 pF . The resulting corner frequency is at the zero

location, which is at 786 Hz, same as in the PI controller case.

It is not possible to implement a PID controller with the general filter

structure presented here due to its single-stage nature. However, it is

not necessarily required to implement a PID controller for an interface

that utilises a high-Q sensor element. The following chapters will show

that a PD controller is sufficient in order to achieve a reliable operation

for an accelerometer with a high-Q element. When it is desired to have

zero settling error at steady state, a PID controller can be utilised. The

PID controller can be implemented with cascading the PD and the PI con-

trollers or using a summing amplifier to sum outputs of the PD and PI

controllers.

4.4 Conclusion

We showed that the CDS and chopper stabilization techniques can at-

tenuate offset and noise. The CDS requires an extra capacitor, whereas
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chopping does not require an extra capacitor. However, CSA with CDS

already has an error free output, whereas the CSA with chopper stabi-

lization has the offset and noise upconverted, which requires an LPF or

another technique to attenuate them.

In order to damp the sensor element that have a high Q, a single-stage

controller can be utilised. However, if it is required to null the steady state

error of the proof mass movement, then a PID controller is necessary.
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5. A Closed-Loop Analog SC Interface
for an Accelerometer Utilising a
High-Q Sensor Element

It was shown in the previous chapters that in order to achieve a high-

resolution accelerometer a sensor element with a high Q can be used. It

was also shown that the high-Q sensor element has a gain peaking and

long settling time, which are not desired performance metrics for an ac-

celerometer. In order to overcome these issues, the sensor element needs

to be damped. The damping can be achieved electronically by applying an

electrostatic feedback force to the element for the capacitive sensor.

In addition to damping the element, a closed-loop interfaces also makes

it possible to change the BW of the sensor and increase the input range.

While the closed-loop interface allows for more control over the sensor

properties, it has two important disadvantages. First, the sensor output

is not ratiometric. Second, the stability of the feedback loop becomes an

issue due to loop delay and parasitic modes, and this needs to be taken

into account during the design phase.

In this chapter, we will present an implementation of an analog, closed-

loop switched-capacitor interface for an accelerometer that utilises a high-

Q sensor element. The details of the element structure are shown and

the design of the sensor interface, including the loop dynamics, are stud-

ied and the necessary loop equations are derived. The accelerometer was

first modelled using Matlab to verify the operation of the loop. Then,

the interface was transferred to a transistor-level schematic. The perfor-

mance of the interface was studied and it was verified that the interface

achieves the desired performance. The interface was implemented using

a 0.35 μm CMOS process with a maximum supply voltage of 3.6 V . Both

the simulation and measurement results of the interface are presented

and conclusions are drawn at the end.
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Figure 5.1. Block diagram of the closed-loop accelerometer. The sensor has both analog
and digital outputs.

5.1 Introduction

The block diagram of the accelerometer is shown in Fig. 5.1. The sensor

element has its own package, and it is connected to the interface on a test

PCB. The interface IC contains the analog interface circuitry and auxil-

iary blocks, which include a ΔΣ ADC, an on-chip clock reference generator,

a common-mode voltage generator and a current reference generator for

biasing. The outputs of the sensor are fed to both an analog buffer and a

ΔΣ ADC in order to have acceleration information in both the analog and

digital domains. The ADC output is fed to a DSP block, which filters the

high-frequency components of the ADC output and decimates the output.

It also has registers and SPI communication, through which the sensor

operation can be monitored and configured externally.

5.2 Sensor Element

The structural drawing and parallel plate capacitor model of the sensor

element used in this accelerometer are shown in Fig. 5.2. It is a ca-

pacitive half-bridge sensor element represented by two capacitors, which

change value in the opposite direction. The parameters d0 and C0 are the

distance and capacitance between the middle and stationary electrodes,

respectively, when the proof mass (middle electrode) displacement, x, is

zero.

With this accelerometer, a sensor element with a high Q (Q > 700) and a

1 kHz fundamental frequency was used in order to have a low Brownian

noise, which results in a high resolution. The sensor element was vac-
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Figure 5.2. Structural drawing and parallel plate model of the capacitive half-bridge sen-
sor element. CA = CB = C0 when x = 0.
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Figure 5.3. Block diagram of the damping mechanism employed in the interface.

uum packaged to achieve a high Q. The initial capacitance, C0, and the

sensitivity of the sensor element were 10.5 pF and 4.4 pF/g, respectively.

Electrostatic force feedback was used to damp the Q of the system.

5.3 Analog Interface

The function of the analog interface is to convert the acceleration-induced

capacitance to voltage and to damp the element in order to prevent issues

related to utilising a high-Q element. The analog interface should also

be able to calibrate the sensor output in case there is mismatch in the

element capacitors.

Whereas the capacitance to voltage conversion will be discussed later,

the damping mechanism employed for the analog interface will be dis-

cussed now. A block diagram of the damping mechanism of the interface

is shown in Fig. 5.3.

The input acceleration leads to the force Fin = main. The electrostatic

force, Felec, is created by applying the voltage, Vctrl, which is the output

voltage of a controller, to the sensor element. The net force, Fnet, leads to

displacement of the proof mass of the sensor element. The displacement,
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x, can be written as

x =FnetHsens (5.1)

=(Fin − Felec)Hsens (5.2)

=(Fin − VctrlGV/F )Hsens, (5.3)

where Hsens is the force-to-distance conversion transfer function of the

sensor element, which can be given as

Hsens(s) =
1/m

s2 + ω0
Q s + ω0

2
, (5.4)

and GV/F is the small signal gain of the voltage-to-force conversion of the

sensor element. The controller output, Vctrl, is expressed in terms of the

displacement and, for a general case, it can be written as

Vctrl(s) = (
Ki

s
+ Kp + Kds)x(s), (5.5)

where Ki is the integrator gain, Kp is the proportional gain and Kd is

the derivator gain. When (5.4) and (5.5) have been substituted into (5.3)

and the necessary rearrangements have been made, the damped transfer

function from the input force to the displacement is

HF/x,damp(s) =
x(s)

Fin(s)
(5.6)

=
ω2

0/k

s2 + ω0,damp

Qdamp
s + ω2

0,damp + GV/F
Kiω2

0
ks

, (5.7)

where the damped fundamental frequency is given by

ω0,damp =
√

ω2
0(1 + GV/F Kp

1
k
) (5.8)

and the damped quality factor by

Qdamp =
ω0,damp

ω0
Q + GV/F Kd

ω2
0

k

. (5.9)

It can be seen that for a second-order system, in order to damp the sensor

element and limit the movement of the proof mass, it is enough that Ki =

0. Thus, Kp and Kd are the design parameters that correspond to the PD

controller. Note that if the aim is to null the proof mass movement at low

frequencies, a non-zero Ki can also be used. However, a high loop gain

will also lead to a very small proof mass movement, which will result in a

small enough non-linearity.

A simplified schematic of the analog interface, together with the element

capacitor pair, is shown in Fig. 5.4. The operation of the interface has been

divided into four consecutive operation modes: calibration, reset&CDS,

charge transfer and feedback.
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Figure 5.4. Simplified schematic of the analog interface and the corresponding timing of
the clock phases. The waveforms of the clock phases φ2 and φ3 are for the
case, in which calibration is disabled.

i. Calibration

The calibration makes it possible to detect mismatches in the element

capacitors and it takes place for 1/8 of the sampling period, Ts. It can be

enabled or disabled with a control bit, which in turn controls the shape

of clock phases φ2 and φ3.

(a) Calibration enabled: phase φ2 is reset and phase φ3 is set. The

proof mass is biased to Vdd and the stationary electrodes are biased
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to ground. In a sensor element without any mismatches, the calibra-

tion phase does not result in an electrostatic force because electrostatic

force generated is same for both capacitors. However, when there is a

mismatch in the element capacitors, a net electrostatic force will be

created, which will shift the sensor output voltage.

(b) Calibration disabled: phase φ2 is set and phase φ3 is reset, which

means that the proof mass and stationary electrodes are all biased to

ground. Thus, no electrostatic force is applied to the element to detect

the capacitor mismatches.

ii. Reset and CDS

The proof mass is biased to the common-mode voltage, Vcm, through

the CSA, which is in a unity gain configuration when phase φ7 is set.

While one of the stationary electrodes is biased to Vdd, the other one is

biased to ground. When phase φ7 is reset, the CSA amplifier noise is

stored on a capacitor to attenuate it during the charge transfer phase.

iii. Charge transfer

The biasing of the stationary electrodes is switched, which results in

a charge proportional to acceleration, which is then transferred to CSA.

The proof mass is still biased with Vcm. Thus, no charge injection prob-

lems are present. The output of the gain stage is fed to the controller,

whose output is fed to the buffer. The PD controller output is also fed to

an S&H stage to have continuous time analog output. The buffer output

is stored in the feedback capacitor, CFB. There is a trade off for this

capacitor size. A higher capacitor value translates to a higher feedback

voltage because the feedback voltage applied to the element is the buffer

output scaled by the factor CFB/(CFB + CA + CB). However, increasing

the capacitor size requires a buffer with high power consumption. A ca-

pacitance of 100 pF is selected. The feedback voltage is also fed into a

2nd-order 1-bit ΔΣ ADC in order to have sensor output in digital domain.

iv. Feedback

One of the stationary electrodes is biased to Vdd, while the other elec-

trode is biased to ground. The proof mass is biased to the feedback volt-

age. The CSA stage is disconnected in order to isolate the readout from

the feedback. Half of the sampling period is reserved for feedback to
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Figure 5.5. Simplified schematic of the CSA and gain stage.

maximise the feedback force, while also leaving enough time for the pre-

ceding operations. The net electrostatic force applied to the proof mass

during this phase, when x � d0, is approximated as

Fes = D

[
−ε0

AVdd

d0
2 Vsig − ε0

AVdd

d0
3

(
V 2

dd

2
+ 2V 2

sig

)
x

]
, (5.10)

where the duty cycle of the feedback is D = 0.5 and

Vsig =
(

Vanalog − Vdd

2

)
CFB

CFB + CA + CB
. (5.11)

The proof mass displacement is small compared to the air gap, d0, due

to the closed-loop operation. Thus, the feedback force can be written as

Fes = D

(
−ε0

AVdd

d0
2 Vsig

)
. (5.12)

The voltage to force conversion gain of the element is thus

GV/F = −0.5ε0
AVdd

d0
2 . (5.13)

The maximum input range of the sensor can be estimated by finding the

maximum electrostatic force that can be generated. For a supply voltage

of 3.6 V , a full-scale input range of about ±1.5 g can be predicted.

5.3.1 CSA&Gain Stage

The schematic of the CSA&Gain stage is shown in Fig. 5.5. The first

amplifier implements the charge to voltage conversion, while the second

amplifier implements a second gain stage. The CDS technique is imple-

mented to attenuate the flicker noise and the offset of the first amplifier.

In order to calculate the displacement to voltage conversion gain, first the

displacement to charge conversion gain of the interface must be derived.
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Figure 5.6. The schematic of the PD controller.

The charge transferred to the CSA capacitor is given as

QCT = − Vdd (CA − CB) (5.14)

= − Vdd

(
C0

(
1 − x

d0

)
− C0

(
1 +

x

d0

))
(5.15)

=VddC0
2x

d0
, (5.16)

where it is assumed that there is no parasitic and calibration capacitance

present. It should be noted that the value of the Vcm has no effect on the

transferred charge as long as it is constant between the reset and charge

transfer phases. The output of the CSA is

VCSA,out =
Vdd

2
− Vdd

C0

C1

2x

d0
, (5.17)

while the output of the gain stage is

VGain,out =
Vdd

2
+ Vdd

C0

C1

C2

C3

2x

d0
. (5.18)

Then, the displacement to gain stage output conversion gain, Gx/VGain,out
,

can be calculated as

Gx/VGain,out
= Vdd

C0

C1

C2

C3

2
d0

. (5.19)

5.3.2 PD Controller

A schematic of the PD controller is shown in Fig. 5.6. It is a slightly

modified version of the original circuit presented by Johns and Martin

[75]. The controller is put into a unity gain configuration when phase φCT

is reset. This keeps the inverting node of the amplifier at common-mode

voltage, Vcm, which makes the settling of the amplifier similar for both

output rails during phase φCT . The transfer function of the PD controller

was previously derived as

HPD(z) =
Vout,ctrl

Vin,ctrl
= −

(
C4

C6
+

C5

C6

(
1 − z−1

))
. (5.20)
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Figure 5.7. Linear model of the analog interface.

The corresponding continuous time transfer function of the controller in

the s-domain when f � fs can be written as

HPD(s) = −C4

C6
− C5

C6fs
s. (5.21)

5.4 Linear Model of the Sensor

Now that the linear gain for each block has been derived, a linear model

of the analog interface can be constructed. The analog interface model

can be simulated using Matlab to fine tune the design parameter values

corresponding to the desired specifications. A linear model of the analog

interface is shown in Fig. 5.7. The transfer functions from the acceleration

to the analog output, Vanalog, and the voltage fed to the ADC, Vsig, can be

be derived as

Hain/Vanalog
(s) =m

HL(s)
1 + HL(s)

1
GV/F

CA + CB + CFB

CFB
, (5.22)

Hain/Vsig
(s) =m

HL(s)
1 + HL(s)

1
GV/F

, (5.23)

where the loop gain HL(s) is given by

HL(s) = HF/x(s)Gx/VGain,out
HPD(s)

CFB

CFB + CA + CB
GV/F . (5.24)

The design parameters have been selected to achieve a damped resonance

frequency ω0,damp of 4.5 kHz and a quality factor Qdamp of 0.5. The re-

sponse of the linear sensor model is plotted in Fig. 5.8 for an input ac-

celeration of 1 m/s2. It can be seen that in the open-loop mode, there

is a heavy ringing, while the ringing diminishes in the closed-loop mode.

The steady-state displacement is approximately 0.3 nm, whereas it would

have been 25 nm in the open-loop mode. The initial gap distance is 1.2

μm. The overshoot in the output voltage results from the controller in

the loop, which is after the sensor element. The displacement has a Q of

0.5, and it is the same for the displacement to voltage conversion stage.

However, since the controller has a derivative component, the controller
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Figure 5.8. Step response of the linear model of the sensor: (a) displacement response
of the sensor element without the force feedback, (b) displacement response
of the sensor element with force feedback and (c) controller output voltage
response of the interface with force feedback to the 1 m/s2 step acceleration
input.

output has a Q of higher than 0.5, which corresponds to the overshoot in

the time domain for a step input.

The active stages of the loop are functional during only half of the clock

period. They can be put into a power save mode when not in operation in

order to save power, or they can be used to interface with another sensor

element to have an extra sensing axis, i.e. a two-axis accelerometer.

In order to get a sensor output in continuous time, the sampled output of

the analog interface is fed to the analog buffer. The analog buffer consists

of a sample-and-hold stage, followed by a two-stage Miller amplifier. The

amplifier is used in the unity gain configuration.

5.5 ΔΣ ADC and DSP

The sensor interface output is digitised using a 1-bit, 2nd-order SC ΔΣ

ADC, which is shown in Fig. 5.9 [77]. The use of a noise-shaping ΔΣ

ADC that works at the same sample rate as the sensor interface makes it

possible to take advantage of the relatively high oversampling ratio of the
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Figure 5.9. Simplified schematic of the ΔΣ ADC and corresponding clock signals.

signal.

The first integrator utilises input double sampling [78] in order to per-

form both sampling and charge transfer during phase φ4. Charge transfer

during phase φ4 (as opposed to during phase φ2) implicates a power sav-

ing factor of three as a result of a longer charge transfer time and, thus,

lower amplifier power requirements.

Additional power saving can be achieved by using a high-impedance,

common-mode reference voltage, which is generated from Vdd through

high-impedance voltage division. The Vdd and ground are used as ref-

erence voltages, obviating the power-consuming reference voltage buffers.

Despite the absence of a low-impedance common-mode reference voltage,

correlated double sampling (CDS) successfully reduced the errors caused

by the amplifier imperfections [79]. During phase φ4, the CCDS1 and

CCDS2 provide an error-compensated virtual ground (denoted as n in Fig.

5.9) through charge sharing.

The on-chip digital block is shown in Fig. 5.10, and it consists of a 3rd-

order, a cascaded integrator-comb (CIC) decimation filter, a memory reg-

isters and an SPI. The CIC filter is based on the digital filters presented

by Hogenauer [80] and it removes the high-frequency noise present at the

ADC output and reduces the sampling frequency. The downsampling ra-

tio can be programmed as 4, 8, 16, 32, 64, 128 or 256, and the word length

of the filter output is 24 bits. Decimated acceleration data are forwarded

to a subtracter, which implements offset calibration. The memory register
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Figure 5.10. Block diagram of the DSP.

block is used for storing the programmable bits and the acceleration data

in flip-flops. The SPI interface is used for writing the programmable bits

externally and reading the acceleration data.

5.6 Clock Generator

The system clock is generated on-chip. The clock generator consists of a

frequency reference with a nominal frequency of 3.2 MHz, which can be

used to generate a 200 KHz sampling clock. The frequency reference is a

source-coupled CMOS multivibrator, which is based on the clock reference

presented by Paavola et al. [81]. The frequency reference is biased with

an on-chip current generator.

5.7 Measurements Results

The sensor was implemented using a 0.35 μm CMOS process. The micro-

graph of the processed chip is shown in Fig. 5.11. The size of the active

silicon area is 1.3 mm x 1 mm.

In order to characterise the settling behaviour of the sensor, start-up

measurements were carried out. The start-up measurement procedure is

as follows: first the sensor is positioned so that 1 g of gravitational accel-

eration is applied to the sensor. Then, the sensor is turned off. After a

certain amount of time, the sensor is turned on and the analog output of

the sensor is recorded. This procedure has been repeated for three differ-

ent on-off cases: power supply on-off, biasing current on-off and system

74



A Closed-Loop Analog SC Interface for an Accelerometer Utilising a High-Q Sensor Element

Figure 5.11. Micrograph of the sensor interface implemented using a 0.35 μm CMOS
process.

clock on-off. The recorded start-up waveforms are shown in Fig. 5.12. It

can be seen that the output rings at the beginning of all the cases and and

the longest output settling is observed for the power on-of case. For the

other cases, the output settles after about 2 ms. It is not possible to see

the settling of the high-order parasitic modes because, in addition to the

main resonance mode, parasitic modes are also damped by the controller.

In order to measure the noise performance, the sensor is placed so that

the floor noise is decoupled and the input acceleration is zero. The 1-

bit ADC output is stored for a certain amount of time period and the fast

Fourier transform (FFT) of the output is calculated. The calculated FFT of

the sensor output is shown in Fig. 5.13. The noise level at low frequencies

is approximately 2 μg/
√

Hz. The component at roughly 23 Hz is caused

by external vibrations. Noise shaping due to the ΔΣ ADC is also visible.

The BW of the sensor is 400 Hz.

Linearity measurements are done using a rate table, Acutronic AC1120S

with an environmental chamber, which generates centrifugal force to im-

itate external acceleration. A test setup is shown in Fig. 5.14. Assuming
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Figure 5.13. FFT of the digital sensor output when the input acceleration is zero.

that the plane of the rotation is normal to the z-axis, the PCB is mirrored

with respect to the z-axis to generate negative accelerations because cen-

trifugal force is always unidirectional, irrespective of the rotation direc-

tion. The sensitivity of the sensor is measured separately by utilising the

earth’s gravity. The theoretical acceleration input range of the sensor was

estimated as about ±1.5 g. However, the measured range was limited to

a range of -0.7 g to +1.4 g due to voltage offset at the sensor output. The
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Figure 5.14. Measurement setup for positive (left) and negative (right) acceleration.

Figure 5.15. Linearity sweep of the sensor, which was carried at temperatures of -40 ◦C,
-15 ◦C, 10 ◦C, 35 ◦C, 60 ◦C and 85 ◦C.

linearity sweep of the sensor was done at a temperature range of -40 ◦C

to +85 ◦C. The measurement results are shown in Fig. 5.15. The dis-

continuity at zero input was due to the misalignment of the sensor along

the x-axis. The on-chip tunable capacitor pair, CCAL, was used to remove

the second-order, non-linear terms, which were due to the mismatch in

the element capacitors. The maximum non-linearity over the measured

temperature range was 0.67%, which occurred at 60 ◦C. The maximum

output variation due to the temperature was 73 mg.

In order to characterise the time drift and other noise sources of the

sensor output, an Allan variance measurement was carried out. The out-

put from the sensor was recorded for three hours with a sampling rate of
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Figure 5.17. The Allan variance of the recorded sensor output.

500 S/s. The recorded data is plotted in Fig. 5.16. The Allan variance

of the recorded data was calculated according to procedure presented in

Appendix B, and it is plotted in Fig. 5.17. The Allan variance plot shows

that there is a slope of -1/2, which corresponds to variance resulting from

white noise. A slope of +1 is also visible, which corresponds to variance

resulting from the time drift. The minimum achievable variance, the bias

instability, was 11 μg.
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Table 5.1. Summary of the closed-loop sensor measurement results.

Technology 0.35 μm CMOS

Active chip area 1.3 mm2

Current consumption 2.4 mA

Input range (theoretical) ±1.5 g

Input range (measured) −0.7 g to +1.4 g

Noise floor 2 μg/
√

Hz

Bandwidth 400 Hz

Gain @ room temperature 0.79 V/g

Non-linearity @ −40...+85 ◦C 0.67%

Bias stability 11 μg

Element natural frequency 1 kHz (open-loop)

Element quality factor > 700 (open-loop)

The current consumption of the sensor is 2.4 mA. A summary of the

measured sensor performance is presented in Table 5.1.

5.8 Summary

A closed-loop accelerometer interface, which utilises a high-Q microma-

chined capacitive sensor element, was designed and fabricated. The fab-

ricated interface chip was interfaced with the sensor element on the PCB.

The sensor was able to successfully damp the sensor element. The inter-

face utilised a supply voltage of 3.6 V and consumed 2.4 mA. The achieved

noise floor was 2 μg/
√

Hz at a BW of 400 Hz. The sensor achieved a high

linearity over a wide temperature range. The bias instability was 11 μg.
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6. A Hybrid Analog SC Interface for an
Accelerometer Utilising a High-Q
Sensor Element

6.1 Introduction

In Chapter 5, the implementation of a closed-loop discrete-time accelerom-

eter that utilises a MEMS sensor element with a high quality factor was

presented. The accelerometer achieved a low noise, and the high Q of the

element has successfully been damped. However, due to the closed-loop

operation of the sensor, the output of the interface was not ratiometric.

Thus, when a reference voltage is used for both acceleration detection in-

terface and conversion of the interface output to the digital domain by an

ADC, the noise in the reference voltage is coupled to the output of the

ADC.

When an open-loop interface is used, instead of a closed-loop interface,

and the output of the interface is ratiometric, the ADC output would have

no reference voltage dependency, in theory. Thus, the noise of the refer-

ence voltage will not appear at the ADC output.

In order to get the advantages of both open-loop and closed-loop inter-

faces, a hybrid interface consisting of an open-loop interface and an AC

force feedback was proposed. While the open loop interface was realised

with a self-balancing bridge (SBB), the force feedback was realised with a

proportional-derivative (PD) controller. The force feedback was only func-

tional at AC, so it did not affect the operation of the SBB at low frequen-

cies close to DC.

6.2 Sensor Interface

The block diagram of the accelerometer is shown in Fig. 6.1. The sen-

sor is composed of the sensor element mentioned in the previous chapter
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Figure 6.1. Block diagram of an accelerometer with a hybrid interface.

and the sensor interface IC. The sensor IC includes a hybrid switched-

capacitor analog interface, a 2nd-order ΔΣ ADC, a digital signal processing

(DSP) block, an analog buffer, a common-mode voltage reference, a bias-

ing current reference and a clock generator. The analog interface converts

the acceleration-induced capacitance difference between CA and CB to a

sampled analog voltage. This analog voltage is fed to the analog buffer in

order to have the analog output, Vanalog. It is also fed to the ADC followed

by the DSP block in order to have the digital output, Ddigital. The digital

output is transferred off-chip through a serial peripheral interface (SPI)

implemented as a part of the DSP block.

The design of the ADC, DSP, buffer, common-mode voltage, biasing cur-

rent generator and clock generator were explained in Chapter 5. These

blocks in the current interface have a similar circuitry as the blocks pre-

sented in the previous interface.

6.2.1 Analog Interface

The analog interface damps the high Q of the sensor element in addition

to converting the acceleration information to voltage. The block diagram

of the damping mechanism was shown in the previous chapter in Fig. 5.3.

The damped transfer function from the input force to the displacement

was derived as

HF/X,damp(s)=
X(s)
Fin(s)

(6.1)

=
ω2

0/k

s2 + ω0,damp

Qdamp
s + ω2

0,damp + GV/F
Kiω2

0
ks

, (6.2)
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where the damped fundamental frequency is given by

ω0,damp =
√

ω2
0(1 + GV/F Kp

1
k
) (6.3)

and the damped quality factor by

Qdamp =
ω0,damp

ω0
Q + GV/F Kd

ω2
0

k

. (6.4)

It can be seen from (6.4) that, in order to damp only the Q of the sensor

element, it is enough that Ki = Kp = 0 and that Kd is the only design

parameter. Thus, Vctrl(s) = sKdX(s), which means that the control volt-

age should be the derivative of the displacement. Under these conditions,

the fundamental frequency of the sensor element is unchanged, while the

damped Q is given by

Qdamp =
ω0

ω0
Q + GV/F Kd

ω2
0

k

. (6.5)

A simplified schematic of the analog interface is shown in Fig. 6.2. It

utilises a commonly used SBB topology in order to detect the imbalance in

the sensor element capacitance and a controller to create Vctrl in order to

damp the high Q of the sensor element. The voltage references used were

the supply voltage. Vdd, the common-mode voltage, Vcm = Vdd
2 and ground.

The Vcm was generated on-chip from the Vdd by a high-impedance voltage

division. The node voltage notations, V1, V2, and Vctrl, did not include

the common-mode voltage, while Vstr, and Vanalog did include it in order

to show the transfer functions of the system easily. All the clock phases

were non-overlapping. The force feedback was applied during phase φ3,

and thus, the duty cycle D was 0.5.
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Figure 6.3. Amplitude plot of HX/V1 and HX/V2 .

The SBB is composed of a charge-sensitive amplifier (CSA) and an inte-

grator. The CSA converts the charge difference in the capacitor pair CA

and CB to the voltage, V1, which is fed to the integrator. The integrator

output, V2 is applied back to the sensor element to maintain the charge

balance. This SBB topology was derived from the original SBB topology

presented by Leuthold and Rudolf [61]. When X � d0, the transfer func-

tions from the displacement, X, to the node voltages V2 and V1 are given

by

HSBB = HX/V2
=

V2

X
= − C0z

2C0 + (z − 1)C1C3/C2

Vdd

d0
, (6.6)

HX/V1
=

V1

X
=

− C0z
2C0+(z−1)C1C3/C2

−C2
C3

z
z−1

Vdd

d0
. (6.7)

Both transfer functions are plotted in Fig. 6.3. It can be seen that the

HSBB is a low-pass transfer function and its cut-off frequency (-3 dB) is

given by

fcut−off =
fs

2π
ln

(
1 − 2C2C0

C1C3

)
, (6.8)

where fs is the sampling frequency of the SBB. HX/V1
is a high-pass trans-

fer function with the same cut-off frequency as HSBB . fcut−off is an im-

portant design parameter that needs careful consideration. There are two

possible cases: fcut−off < f0 and fcut−off > f0, where f0 is the fundamen-

tal or natural frequency of the sensor element in Hz.

Case 1: fcut−off < f0

It was previously stated that in order to damp the high Q of the sensor

element, the output of the controller should be in the form of the deriva-

tive of the displacement. Thus, a derivator is needed in the controller

when V1 is fed to the controller. The derivator will also damp any higher-

order modes of the sensor element. Utilising V2 would require a double

derivator for damping the fundamental frequency and the higher modes,

which would add more circuitry to the analog interface. And thus, V1 is a

better choice. However, since the fcut−off is small, the bandwidth of the
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Figure 6.4. The schematic of the PD controller.

input signal is limited to few dozen Hz to achieve a high linearity. The

linearity of an SBB interface is studied thoroughly in Appendix A. If the

fcut−off is small, then the phase difference between the displacement and

output voltage is high. The high phase difference leads to a electrostatic

force with high non-linear components, which causes non-linearity in the

displacement.

Case 2: fcut−off > f0

In this case, feeding V2 to the controller would require a derivator in the

controller. Furthermore, if the higher-order modes of the sensor are to be

damped too, an additional double derivator would be required in the con-

troller. However, by feeding V1 to the controller, a proportional controller

is sufficient to damp the high Q of the sensor element. If damping of the

higher-order modes is also needed, then an additional derivator is needed,

hence a proportional-derivative (PD) controller is sufficient. Additionally,

a high fcut−off means that the SBB does not limit the linearity.

In case damping is not required and power consumption is a more im-

portant design concern, then Case 1 is a better choice because it requires

a lower clock frequency compared to Case 2.

For this interface, Case 2 was selected since the primary goal was to

damp the sensor element and have a high linearity. The parameter fcut−off

is roughly 10 kHz, which is ten times that of f0. Thus, a PD controller was

utilised and its schematic is shown in Fig. 6.4. The transfer function of

the controller is given as

Hctrl(z) =
Vctrl

V1
= −C4

C6
− C5

C6

(
1 − z−1

)
. (6.9)

Now, the transfer function from displacement X to the Vctrl can be derived
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Figure 6.5. Amplitude plot of the Hctrl(z) and HX/Vctrl
(z).

as

HX/Vctrl
(z) =

Vctrl(z)
X(z)

= HX/V1
(z)HV1/Vctrl

(z). (6.10)

Magnitude plots of both Hctrl(z) and HX/Vctrl
(z) are shown in Fig. 6.5. It

can be seen from Fig. 6.5 that the transfer function from the displacement

to the Vctrl is a transfer function of the derivator. As stated previously, this

was the requirement for the damping of the high Q of the sensor element.

The transfer function from the input acceleration to the SBB output of

the hybrid interface is

HAin/V2
(z) =

V2

Ain
=

mHsens(z)HSBB(z)
1 + Hsens(z)HX/Vctrl

(z)GV/F
. (6.11)

The transfer function Hsens(z) is derived from Hsens(s) using the zero-pole

matching method. The magnitude plot of HAin/V2
(z) for both the open-

loop and hybrid cases is shown in Fig. 6.6. For the open-loop case, it was

assumed that HX/Vctrl
= 0. For the transistor-level design, the open-loop

operation was achieved by setting the controller amplifier to the unity

gain configuration, so that Vctrl = Vstr. It can be seen that the high Q

of the sensor element is reduced significantly. However, it was not over-

damped intentionally. In order to reduce the Q value further, the gain of

the controller needs to be increased. This leads to a lower AC linearity in

displacement as a result of the stronger feedback force. Hence, the Q of

the hybrid loop was intentionally designed to be roughly 3. It can also be

seen that the force feedback has minor effect on the transfer function of
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Figure 6.6. Amplitude plot of HAin/V2(z). In the open-loop case, HX/Vctrl
(z) = 0.
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Figure 6.7. Micrograph of the accelerometer interface chip. The bit registers are used for
storing the control bit configuration.

the loop for input signal frequencies lower than 300 Hz.

6.3 Measurement Results

The sensor interface was implemented using a standard 0.35 μm CMOS

process, and the micrograph of the chip is shown in Fig. 6.7. The area of

the chip, including the pads, is 6.66 mm2.
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During the functionality tests, it was observed that the sensor output

was already saturating with small input accelerations. It was also ob-

served that the output sensitivity was lower than expected. These can be

explained by the parasitic capacitance present in parallel with the signal

capacitors of the sensor element.

The parallel plate model of the sensor element along with parasitic ca-

pacitance are shown in Fig. 6.8. At the DC operating point, the integrator

in the SBB forces the CSA output to zero. Thus, there is no charge trans-

ferred to the integrating capacitor of the CSA. On the basis of this fact, it

can be written that

Vstr =
Vdd

2
+ V2 =

Vdd

2
− CB − CA + CP4 − CP3

CB + CA + CP4 + CP3

Vdd

2
. (6.12)

It can be seen that CP1, CP2 and CP5 do not affect the sensor output. In

order to simplify the case, it can be assumed that CP3 = CP4, CPar =

CP3 + CP4, and X � d0. Then, (6.12) can be rearranged as

HX/V2
=

V2

X
= − C0

2C0 + CPar

Vdd

d0
. (6.13)

It is seen from (6.13) that the parasitic capacitance reduces the gain of

the sensor. Now, the electrostatic force applied to the sensor element as a

function of position can be written as

Felec =
3
4
(Felec,2 − Felec,1) (6.14)

= ε0
3A

8

[
(Vstr)2

(d0 − x)2
− (Vdd − Vstr)2

(d0 + x)2

]
(6.15)

=
3ε0AV 2

dd

32d2
0

(
4CPar

2C0 + CPar

)
x

d0
, (6.16)
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where the factor of 3
4 is the sum of the duty cycles of phases φ1 and φ3.

The electrostatic force between the stationary electrodes and the middle

electrode are Felec,1 and Felec,2, as shown in Fig. 6.8. Thus, as a result

of the parasitic capacitance, the gain of the sensor has dropped and this

has led to a non-zero electrostatic force. The electrostatic force is in the

same direction as the input acceleration, and hence the input acceleration

range is reduced in a similar way as the spring softening.

In order to solve the input range problem caused by the parasitic capac-

itance, a positive feedback loop was implemented on the PCB. The loop

was a voltage-controlled current source, and it is shown in Fig. 6.9. The

Vcomp is the compensation voltage which was matched to the Vanalog when

the input acceleration was zero. In the case of a zero capacitor mismatch,

Vcomp = Vdd
2 . The compensation current, Icomp, was fed to the middle node

of the sensor element. The current flowed through the reset switch of the

CSA in phase φ2, through the feedback capacitor, C1, in phase φ1 and to

the controller output in phase φ3. The charge that is transferred to the

CSA feedback capacitor during one clock cycle as a result of the the com-

pensation current is given by

Qcomp = −
∫ Ts/2

Ts/4
Icompdt = −Icomp

Ts

4
(6.17)

= −gm(Vanalog − Vdd

2
)
Ts

4
, (6.18)

where Ts is the sampling period of the SBB and Vanalog = Vstr. Now, be-

cause of the loop integrator, the following equation holds true (see Fig.

6.8):

(Vstr − Vdd) (CA + CP3) + Vstr (CB + CP4) − Qcomp = 0. (6.19)

Then, using the same assumptions made to derive (6.13), HX/V2
can be

found as

HX/V2
=

V2

X
= − C0

2C0 + CPar + gm
Ts
4

Vdd

d0
. (6.20)

According to (6.20), in order to compensate for the parasitic capacitance

effects, the gm value should be selected as

gm = −4CPar

Ts
. (6.21)

In our case, a gm of about −20 μS was selected, which suggests that the

total parasitic capacitance CPar value is about 25 pF . The measurements

of the accelerometer presented here were performed with the positive loop

present.
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Figure 6.9. Simplified schematic of the sensor, including the positive feedback loop.
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Figure 6.10. Start-up response of the sensor for different operating modes. The time ’0
ms’ corresponds to the instant when the clock is turned on.

In order to measure the start-up response of the sensor, the sensor was

positioned in such a way that the input to the sensor is +1 g gravitational

acceleration. Then the system clock was turned off. The system clock is

turned on after the sensor output had settled down. At the same time, the

analog output of the sensor was recorded. These steps were performed

for three different operation modes: the open-loop mode, the hybrid mode

with nominal feedback gain, and the hybrid mode with two times the nom-

inal feedback gain. The measurement results for these operation modes

are shown in Fig. 6.10. It can be seen that, in the open-loop operation

mode, there is a heavy ringing at the sensor output. However, the ringing

decreases greatly when the sensor is operating in the hybrid mode. In the

case of double feedback gain, the ringing almost totally disappeared and

the settling is faster. We can conclude that the sensor interface is able to

damp the sensor element successfully.

The digital output from the sensor was utilised for noise measurement

and the noise spectrum of the sensor is shown in Fig. 6.11. The noise floor
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Figure 6.11. Noise spectrum of the digital output of the sensor.

Figure 6.12. The measurement setup for the positive (left) and negative (right) accelera-
tion.

was around 2 μg/
√

Hz and the noise bandwidth was 200 Hz. The noise

bandwidth was defined by the decimation ratio of the DSP. The signal

bandwidth was designed as 10 kHz. The 25 Hz and its harmonics in the

spectrum are believed to be coupling from the environment during the

measurement.

Linearity measurements were done using a rate table, Acutronic AC1120S

with an environmental chamber, which generated centrifugal force to im-

itate the external acceleration. The test setup is shown in Fig. 6.12. In

order to apply negative acceleration, the PCB was rotated 180 ◦ around

the center of the PCB. This eliminates any offset that may occur due to

misalignment unlike the measurement setup presented in the previous

chapter. Pictures of the measurement setup are shown in Appendix C.
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Figure 6.13. Measurement results of the temperature sweep. Temperature range is from
-40 to +85 ◦C.

The worst non-linearity achieved at room temperature is 0.18%. However,

during the temperature sweep measurements, the bit configuration was

changed so that an optimum linearity performance is achieved over the

whole temperature range. This same bit setting was used for all the mea-

surement results presented here. The results of the temperature sweep

measurements of the sensor are shown in Fig. 6.13. The input range was

±1.15 g and the temperature range was from -40 to +85 ◦C. The input

range was limited to meet the linearity requirements. Otherwise, the me-

chanical stoppers limit the input range to about ±2 g. The gain, offset and

non-linearity of the sensor over the temperature are shown in Fig. 6.14.

The gain of the sensor at 35 ◦C was 0.495 V/g.

In order to characterise the stability performance of the sensor, the dig-

ital output of the sensor was measured for about half an hour, which is

shown in Fig. 6.15 (top). Then the Allan variance of the sensor data was

calculated, which is shown in Fig. 6.15 (bottom). Two main slopes can be

observed in the Allan variance plot: the white noise slope (slope=-1/2) and

the drift ramp (time drift) slope (slope=+1) [82]. The bias instability of the

sensor is 13 μg.

Finally, the DC supply sensitivity of the sensor was measured. The sup-

ply was swept between 3 V and 3.6 V and the digital output of the sensor

was recorded. The normalised gain of the sensor at different supply volt-

ages is shown in Fig. 6.16. The sensor gain at 3.3 V was −0.092 · 224LSB
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Figure 6.14. Gain, offset and non-linearity of the sensor at different temperatures.
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Figure 6.15. Allan variance of the analog output of the sensor.

and the gain variation was less than 5%. The supply sensitivity, SVdd
, of

the sensor was 0.5, which was calculated using the following equation:

SVdd
=

ΔG/G

ΔVdd/Vdd
, (6.22)

where ΔG is the maximum gain variation, G is the mean of gain, ΔVdd

is the voltage sweep range and Vdd is the mean of the supply voltages.

Theoretically, SVdd
is expected to be zero. However, as a result of the pos-

itive loop present on the PCB, it is believed that the supply sensitivity
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Figure 6.16. Normalised gain of the sensor at different supply voltages. Gain at 3.3 V is
−0.092 · 224LSB.

increased.

A summary of the measured accelerometer performance is presented in

Table 6.1.

6.4 Summary

This chapter presented a hybrid accelerometer interface utilising a high-Q

sensor element to achieve a high resolution, high linearity, and low supply

sensitivity. The high-Q sensor element has low Brownian noise, which re-

sulted in a high-resolution sensor. The high Q of the sensor element was

damped by utilising a PD controller and the measurement results con-

firmed that the damping mechanism operates successfully. A ratiometric

open-loop SBB interface was combined with a ΔΣ ADC to obtain a digital

sensor output with a low supply sensitivity. The supply sensitivity was

moderate, although it was not as low as expected. It was shown that the

parasitic capacitance reduced the sensor gain and the input range. These

problems were overcome by a positive loop implemented on the PCB. The

positive loop can easily be implemented on-chip and it is expected that

this will improve the supply sensitivity of the sensor. Such a system has

been implemented by Kämäräinen et al. [83]. They used a technique to

source or sink a charge from the middle electrode of the sensor element
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Table 6.1. Summary of the measurement results

Technology 0.35 μm CMOS

Chip area 6.66 mm2

Current consumption 1 mA

Input range ±1.15 g

Noise floor 2 μg/
√

Hz

Bandwidth 200 Hz

Gain @ 35 ◦C 0.495 V/g

Non-linearity @ +35 ◦C 0.27%

@ −40...+85 ◦C 1.3%

Bias stability 13 μg

Supply sensitivity (DC) 3...3.6 V 0.5

to increase the sensor gain or remove the output offset due to parasitic

capacitance.
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7. Conclusions

The aim of this thesis was to design integrated electronic interfaces for

high-performance low-noise accelerometers. In order to achieve low noise,

a high-Q MEMS sensor element having low Brownian noise was utilised.

Utilising a sensor element with a high-Q requires damping, which needs

a closed-loop operation, at least at the natural frequency of the element.

Otherwise, ringing will increase the settling time of the accelerometer

and the overshoot may saturate the proof mass movement or electronic

interface stages.

In order to decrease the interface noise, CDS and chopping circuit tech-

niques were found to be effective. These techniques also decreased the

effect of the offset of the amplifiers. The CDS technique was used in the

implementations presented here.

It has been shown that there are different micromachined sensor el-

ements, which have different detection methods, such as piezoresistive,

piezoelectric and capacitive detection. Among these, capacitive detection

was chosen due to its better performance, including its lower temperature

sensitivity, zero static power consumption and inherent sensor element

actuation possibility.

Two accelerometer interfaces were designed, fabricated and tested. The

first interface used an analog closed-loop topology to damp the sensor el-

ement and also to increase the linearity. Measurements showed that the

sensor element was successfully damped. The sensor achieved an overall

noise floor of 2 μg/
√

Hz at a noise bandwidth of 400 Hz. The signal band-

width could be increased up to 4.5 kHz. The current consumption was

2.4 mA at a supply voltage of 3.6 V . The input acceleration range was

defined by the supply voltage, and, theoretically, it was ±1.5 g, while the

measured range was smaller. The non-linearity was 0.33 %.

An open-loop interface has a ratiometric output, which means that when
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its output is fed to an ADC utilising same reference voltage as the inter-

face, the digital output will not be dependent on the reference voltage

that is used. In order to combine this supply independence feature of

the open-loop interfaces and an ADC combination, as well as the damp-

ing ability of the closed-loop interfaces, a novel hybrid interface was de-

signed and tested. This was achieved using a damping mechanism that is

only active after a frequency of about 300 Hz. Below this frequency, the

sensor operates effectively in an open-loop. This sensor achieved a noise

floor of 2 μg/
√

Hz at a noise bandwidth of 200 Hz. The signal bandwidth

could be increased up to 10 kHz. The current consumption was decreased

more than two times compared to the previous sensor. The input range

is ±1.15 , which is slightly smaller than the previous sensor. The reason

is that the later sensor was in an open-loop operation. The second sensor

had low power supply sensitivity. In order to attenuate the effect of the

parasitic capacitors, a single package accelerometer with reduced para-

sitic capacitors or an on-chip gain boosting technique that can remove the

effect of the parasitic capacitors as shown by Paavola et al. [59] can be

used.

A comparison of the works presented here and previously published

works is shown in Table 7.1. The open-loop interface presented by Paavola

et al. [59] uses an SBB readout and a ΔΣ modulator to implement a 3-axis

accelerometer with digital output. The accelerometer achieves a quite low

power consumption and good figure of merit (FOM), while it has low data

rate of 25 Hz and high noise floor of 275 μg/
√

Hz. Because the ratiometric

output of the SBB readout is converted to the digital domain with a ΔΣ

modulator, it is expected that the sensitivity of the interface output to the

supply voltage will be low. However, this interface cannot be interfaced

with a high-Q sensor element due to its open-loop operation. The closed-

loop interface presented by Aaltonen et al. [60] operates in continuous

time and achieves a 120 dB dynamic range at a signal BW of 300 Hz. The

noise floor of the interface is lower than 500 ng/
√

Hz, which is dominated

by the electronics noise. The sensor element has quite low Brownian noise

of 60 ng/
√

Hz,which is due to the high Q, 30, of the sensor element. The

sensor utilises a PID controller to damp the sensor element and limit the

movement of the proof mass also at input accelerations at DC. In another

work [66], Pastre et al. used a low-noise sensor element together with a

ΔΣ interface to achieve a good (FOM). However, as a result of closed-loop

operation, the output was not ratiometric. The work presented in Chap-
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ter 6, due to its hybrid topology, achieved a good FOM and a low supply

sensitivity at the same time.

A prior work presented by Wu and Carley [46], which is not shown in

the table due to lack of results, also utilised a high-Q sensor element to

achieve high resolution by reducing the Brownian noise. The sensor el-

ement is used in a ΔΣ modulator loop to damp the sensor and have a

digital output. They have used 3-bit modulator to prevent the large high-

frequency quantization noise of 1-bit modulators. However, they showed

that implementing a linear 3-bit modulator is a challenge due to the non-

linear voltage to force conversion of the sensor element. Achieved input-

referred noise floor was 50 μg/
√

Hz when quality factor of the sensor was

8. It was shown that the modulator architecture presented is not robust

to process variations when a higher Q value is used and it can easily be-

come unstable. Works presented in Chapter 5 and 6, however, do not go

unstable when the Q increases, unlike to a ΔΣ modulator.
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A. Linearity of a Self-balancing Bridge
Interface

In this appendix, the non-linearity of a self-balancing bridge (SBB) in-

terface, shown in Fig. 1.1, will be investigated. The study concentrates

on the SBB without the PD controller present. It was shown that, when

there is no parasitic capacitance, the SBB has perfect linearity for DC in-

put accelerations. We will study the linearity of the SBB for AC signals.

The displacement to transfer function of the SBB in z-domain is

Hx/V (z) =
Vout(z)
x(z)

= − (CB(z) − CA(z))Vmz

(z − 1)C1C3/C2 + CA + CB
. (1.1)

The transfer function has a low-pass behaviour and has a cut-off fre-

quency of

fcut−off =
fs

2π
ln

(
1 − C2CT

C1C3

)
. (1.2)

The capacitance of the element are modelled as parallel plate capacitors

CSA
Sensor
Element

Integrator

0 T/2 T

φ2

φ1

φ2

φ2 CB

CA

φ4

φ4

C2

φ2

φ2

C1

Vout

V1

Vdd

Vcm
Cstr

C3

φ1

φ2

Figure 1.1. Schematic of a self-balancing bridge sensor interface.
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and the capacitance values are given as

CA =ε0
A

d0 + x
= C0

1
1 + x/d0

(1.3)

CB =ε0
A

d0 − x
= C0

1
1 − x/d0

. (1.4)

It should be noted that CT is given by

CT =CA + CB (1.5)

=C0
2

1 − (x/d0)2
, (1.6)

which means that the fcut−off increases with an increase in the displace-

ment. The phase difference between Vout and x is

θ = 180 − arctan

(
fsig

fcut−off

)
= 180 − θe, (1.7)

where θe is the phase error due to the non-zero signal frequency, fsig.

A.1 Voltage to Force Conversion Linearity

In a self-balancing bridge interface, the charge balance is preserved in the

capacitor pair of the sensor element at DC input. Due to this charge bal-

ance, the forces that are applied to the proof mass are equal and cancel

each other out. At AC input, due to the phase error, θe, a net electro-

static force is generated. However, the spice simulations revealed that

the force generated due to the phase error is small. The non-linearity

due to the electrostatic force applied to the proof mass is small compared

to the non-linearity of the displacement to voltage conversion. Thus, the

non-linearity resulting from the electrostatic forces has been neglected in

the following calculations.

A.2 Displacement to Voltage Conversion Linearity

The linearity analysis starts with the assumption that the displacement

is given as

x = rd0sin(ωt). (1.8)

The output voltage of the SBB can be written as

Vout = −rVm [sin(ωt − θe) + Msin(2ωt + θ2) + Lsin(3ωt + θ3)] , (1.9)

where it is assumed that the output has dominant second- and third-order

harmonics. M and θ2 represent the amplitude and phase of the second-
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order harmonics, respectively, while L and θ3 represent the amplitude and

phase of the third-order harmonics, respectively.

The charge that is transferred to the CSA feedback capacitor, C1, during

the charge transfer phase, phase φ1, is

ΔQ =QB − QA (1.10)

=CB (Vm + Vout) − CA (Vm − Vout) (1.11)

=C0

[
Vm + Vout

1 − x/d0
− Vm − Vout

1 + x/d0

]
(1.12)

=2C0

[
Vout + x/d0Vm

1 − (x/d0)
2

]
, (1.13)

where QA and QB represent the charge over the capacitors CA and CB

during phase φ1, respectively. When (1.8) and (1.9) are substituted into

(1.13), the charge, ΔQ, can be rewritten as

ΔQ = 2rVmC0 [sin(ωt) − sin(ωt − θe) − Msin(2ωt + θ2) − Lsin(3ωt + θ3)] · F,

(1.14)

where F is given as

F =
1

1 − (rsin (ωt))2
. (1.15)

The Taylor series for F can be written as

F =1 + (rsin (ωt))2 + (rsin (ωt))4 + (rsin (ωt))6 + . . . (1.16)

≈1 + (rsin (ωt))2 + (rsin (ωt))4 + (rsin (ωt))6 . (1.17)

Higher order terms are discarded, since for an r value of 0.25, sum of the

higher order terms is 1.6x10−6. Equation (1.17) can be expanded as

F =1 + r2
[
1 − cos(2ωt)

2

]
+ r4

[
3 − 4cos(2ωt) + cos(4ωt)

8

]
+

r6
[
10 − 15cos(2ωt) + 6cos(4ωt) − cos(6ωt)

32

]
(1.18)

=U0 + U2cos(2ωt) + U4cos(4ωt) + U6cos(6ωt), (1.19)

where

U0 =
32 + 16r2 + 12r4 + 10r6

32
(1.20)

U2 = − 16r2 + 16r4 + 15r6

32
(1.21)

U4 =
4r4 + 6r6

32
(1.22)

U6 = − r6

32
. (1.23)
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For a small phase error, θe, cosθe ≈ 1, then sin(ωt) − sin(ωt − θe) =

cos(ωt)sinθe. The voltage at the CSA output can be given as

Vout,CSA =
ΔQ

C1

=Kv [cos(ωt)sinθe − Msin(2ωt + θ2) − Lsin(3ωt + θ3)] · F, (1.24)

where

Kv = 2rVm
C0

C1
. (1.25)

It should be noted that there cannot be any DC voltage at the CSA output

due to the presence of the integrator in the loop. However, due to the

multiplication of the second-order harmonic at the output voltage and F ,

there is a DC term, unless either θ2 = 0 or M = 0. In the case θ2 = 0, the

sinus term at a frequency of 2ω leads to a cosine term after integration,

which is not present as part of the output given by (1.9). Thus, M = 0 and

there is no second-order harmonic at the Vout. Then, the CSA output is

Vout,CSA = 2rVm
C0

C1
[cos(ωt)sinθe − Lsin(3ωt + θ3)] · F (1.26)

The CSA output is integrated with the integration coefficient Ki = fs
C2
C3

and the integrator output, Vout, is given by

Vout =sin(ωt)
(
−2U0 + U2

2
Kvsin(θe)

Ki

ω

)

+ cos (ωt + θ3)
(
−U2

2
KvL

Ki

ω

)
+ cos (ωt − θ3)

(
U4

2
KvL

Ki

ω

)

+ sin (3ωt)
(
−U2 + U4

2
Kvsin(θe)

Ki

ω

)
+ cos (3ωt + θ3)

(
−U0

3
KvL

Ki

ω

)

+ cos (3ωt − θ3)
(

U6

6
KvL

Ki

ω

)
. (1.27)

When we assume that 2U0+U2
2 sin(θe) � LU2

2 , (1.27) can be rewritten as

Vout =sin(ωt)
[
−Kv

Ki

ω

(
2U0 + U2

2
sin(θe)

)]

+ sin(3ωt)
[
−Kv

Ki

ω

(
U2 + U4

6
sin(θe) − L

U0

3
sin(θ3) − L

U6

6
sin(θ3)

)]

+ cos(3ωt)
[
−KvL

Ki

ω

(
U0

3
cos(θ3) − U6

6
cos(θ3)

)]
. (1.28)

The output in (1.28) is equal to output given in (1.9), with some approxi-

mations. Now, the phase error, θe, is derived as

θe =sin−1

(
rVm

2U0+U2
2 Kv

Ki
ω

)
(1.29)

=sin−1

(
1

C0
4C1

Ki
ω (8 + 2r2 + r4)

)
. (1.30)
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Table 1.1. Parameter values used for the simulation of the SBB.

Vm 1.8 V C0 44.25 pF

fs 200 kHz C1 2.5 pF

d0 2 μm C2 1 pF

r 0.245 C3 136 pF

The phase of the third harmonic, θ3, is given as

θ3 =tan−1
(

2C0

C1

Ki

ω

(
2U0 − U6

6

))
(1.31)

=tan−1

(
2C0

C1

Ki

ω

(
1
3

+
r2

6
+

r4

8
+

5r6

16

))
. (1.32)

(1.33)

The amplitude of the third-order harmonic L is

L =sin(θe)cos(θ3)
C0Ki

3C1ω

(
−16r2 + 12r4 + 9r6

32

)
. (1.34)

When 2C0Ki
3C1ω � 1 and r2 � 1, then L is approximated as

L ≈− 1
4
sin(θe)r2

≈− θe

4
r2. (1.35)

The HD3, i.e. the linearity of the Vout, is given as

HD3Vout = −20log10
(

θe

4
r2
)

. (1.36)

It can be seen that the non-linearity is dependent on the displacement

ratio, r, and phase error, θe, which is given by (1.7).

A.3 Verification of the Linearity Equations

The circuit given in Fig. 1.1 can be simulated using a circuit simulator.

The parameter values used for the simulation are shown in Table. 1.1.

The amplifier has a DC gain of 80 dB and the switches have a small on-

resistance and quite high off-resistance. Otherwise, ideal components are

used. The parameters given in Table 1.1 correspond to a cut-off frequency

of 9.6 kHz and an integrator coefficient, Ki, of 1.47 · 103. The phase error,

θe, which is given by (1.30), is

θe = sin−1
(
1.2 · 10−4 · fsig

)
, (1.37)
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Figure 1.2. DFT of the sensor element displacement for an input acceleration at 100 Hz.

the phase of the third harmonic, θ3, which is given by (1.33), is

θ3 = tan−1

(
2.76 · 103

fsig

)
(1.38)

and the amplitude of L, which is given by (1.34), is

L = 0.005cos

[
tan−1

(
2.76 · 103

fsig

)]
. (1.39)

Then, HD3 is

HD3Vout = −20log10(L)

= −20log10

(
0.005cos

[
tan−1

(
2.76 · 103

fsig

)])
. (1.40)

The simplified HD3 given by (1.36) is

HD3Vout = −20log10 (0.015 · θe) , (1.41)

where θe is given by (1.7).

Now, the validity of the assumptions made will be shown. The discrete

Fourier transform (DFT) of the proof mass displacement, x, and the out-

put voltage, Vout, for an input signal at a frequency of 100 Hz are shown

in Fig. 1.2 and Fig. 1.3, respectively. It can be seen that there are no

second-order harmonics in the output voltage DFT plot, which confirms

the claim that there cannot be second-order components due to the inte-

grator. It can also be seen that the linearity of the displacement is 23

dB higher than the linearity of the output voltage, which supports the

assumption that the displacement to voltage conversion is the dominant

non-linear conversion.

The phase error θe for the signal is 0.012 rad (0.69 ◦). And cos(0.012rad) =

0.9999 ≈ 1, then sin(0.012rad) = 0.012. Thus, the assumptions that cos(θe) =
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Figure 1.3. DFT of the SBB output voltage for an input acceleration at 100 Hz.
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Figure 1.4. Linearity of the SBB interface at different input signal frequencies.

1 and sin(θe) = θe are valid. The assumption that 2U0+U2
2 sin(θe) � LU2

2

corresponds to 0.012 � 0.00018, which is also a valid assumption. In order

to derive (1.36) assumptions that 2C0Ki
3C1ω � 1 and r2 � 1 were made. They

correspond to 27 � 1 and 0.06 � 1, respectively, which confirms that they

were valid assumptions.

The linearity of the SBB was simulated for different input signal fre-

quencies and the results are shown in Fig. 1.4. The results obtained from

(1.40) and (1.41) are also plotted. It can be seen that the derived equations

agree quite well with the simulated results.
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B. Allan Variance Characterisation

In this appendix, the Allan variance method for characterising the ac-

celerometer output is presented. The Allan variance method is a time

domain method for characterising the time drift and also noise sources of

a system’s output. The noise sources that are going to be analysed are

white noise, flicker (1/f ) noise and random walk (1/f2), all of which may

possibly be present in a CMOS circuit.

The Allan variance of an output can calculated as [82] [84]

σ2(τ) =
1

2(n − 1)

n−1∑
i=0

(y(τ)i+1 − y(τ)i)2, (2.1)

where σ(τ) is the Allan variance at the averaging time, τ , n is the number

of bins, such that

n = �Ldata

τ
� (2.2)

and y(τ)i is the average of the ith bin. The parameter, Ldata, is the length

of the measured data. A sample data partitioning for τ = 1 s and τ = 2 s

are shown in Fig. 2.1 and Fig. 2.2, respectively.

The accuracy of the Allan variance method is dependent on the number

of bins, and the relative error is given as [82]

σ(τ)error =
1√

2 (n − 1)
. (2.3)

For example, for a data length of Ldata = 2000 s and τ = 1 s (n = 2000),

the calculated σ(1 s) has an accuracy of 0.016 (1.6%). However, for the

same data, and when τ = 1000 s (n = 2), the calculated σ(1000 s) has an

accuracy of 0.71 (71%).

B.1 White Noise Allan Variance

White noise has a power spectral density (PSD) of

Swn(f) = Q2
wn, (2.4)
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Figure 2.1. Data partitioning for τ = 1 s. The data length is 10 seconds.
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Figure 2.2. Data partitioning for τ = 2 s.

where Qwn is the noise floor with a unit of g/
√

Hz. The corresponding

Allan variance for the white noise is [82]

σ(τ) =
Qwn√

τ
. (2.5)

It can be observed that σ(1) is equivalent to Qwn. White noise data in

the time and frequency domain are shown in Fig. 2.3. The corresponding

Allan variance for the data is also shown. It can be seen that the Allan

variance for the white noise data has a slope of -1/2 in the log-log plot.
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Figure 2.3. Sample white noise data in the time and frequency domain and its corre-
sponding Allan variance.

B.2 Flicker Noise Allan Variance

Flicker noise has a power spectral density (PSD) of

Sfn(f) =
Kfn

f
, (2.6)

where Kfn is the flicker noise coefficient with a unit of g2. The correspond-

ing Allan variance for the flicker noise is [82]

σ(τ) =
√

4Kfnln(2). (2.7)

A plot of the flicker noise data in the time and frequency domain is shown

in Fig. 2.4. It can be seen that the Allan variance for the flicker noise data

is constant.

B.3 Random Walk (1/f2) Allan Variance

The random walk noise has a PSD of

Srwn(f) =
Krwn

f2
, (2.8)

where Krwn is the random walk noise coefficient with a unit of g2Hz. The

corresponding Allan variance for the random walk noise is [82]

σ(τ) =

√
4π2Krwnτ

3
. (2.9)

A plot for the random walk noise data in the time and frequency domain

is shown in Fig. 2.5. The Allan variance for the random walk noise data

121



Allan Variance Characterisation

0 50 100 150 200
−0.4

−0.2

0

0.2

0.4

time (s)

O
ut

pu
t (

g)

10−2 100 102
−100

−80

−60

−40

−20

frequency (Hz)

|O
ut

pu
t(f

)|

10−2 100 102
10−5

10−4

10−3

10−2

10−1

Averaging time (s)
A

lla
n 

va
ria

nc
e 

(g
)

slope=0

Figure 2.4. Sample flicker noise data in time and frequency domain and its correspond-
ing Allan variance.

0 50 100 150 200
−0.2

−0.1

0

0.1

0.2

time (s)

O
ut

pu
t (

g)

10−2 100 102
−100

−80

−60

−40

−20

frequency (Hz)

|O
ut

pu
t(f

)|

10−2 100 102
10−5

10−4

10−3

10−2

10−1

Averaging time (s)

A
lla

n 
va

ria
nc

e 
(g

)

slope=+1/2

Figure 2.5. Sample random walk noise data in time and frequency domain and its corre-
sponding Allan variance.

has a slope of +1/2, which can be seen at the plot. For τ = 3, the Allan

variance for the random noise walk is 2π
√

Krwn

B.4 Time Drift Allan Variance

The time drift is represented in the time domain as

Vout,td = Ktdt, (2.10)
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where Ktd is the drift coefficient. The time drift has a corresponding PSD

of [82]

Std(f) =
K2

td

(2πf)3
. (2.11)

The Allan variance for the time drift is [82]

σ(τ) =
Ktdτ√

2
. (2.12)

The Allan variance is equal to Ktd when τ =
√

2. A plot of the time drift

data in the time and frequency domain is shown in Fig. 2.6. The Allan

variance for the time drift data has a slope of +1, which is can be seen at

the plot.
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Figure 2.6. Sample time drift data in the time and frequency domain and its correspond-
ing Allan variance.
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C. Measurement Setup of the Hybrid
Accelerometer

In this appendix, the measurement setup for the linearity sweep of the

hybrid accelerometer is described. Fig. 3.1 and Fig. 3.2 show the se-

tups for the positive and negative acceleration sweeps, respectively. The

PCB was fastened to the rate table with a screw at the center of the PCB.

The sensitivity of the sensor was measured by a separate setup where

the sensor was positioned so that the applied acceleration was the earth’s

gravitational acceleration, 1 g. In order to measure the DC response of the

accelerometer to the positive accelerations from 0 g to +1.15 g as a way of

deriving the non-linearity, the rate table was rotated with angular speeds

ranging from 0 to 677 ◦/s. The intermediate angular speeds and corre-

sponding accelerations are given in Table 3.1. The measurement acceler-

ation (not angular speed) points should be spread as equally as possible

so that the non-linearity calculated using least squares linear fitting has

highest accuracy. In order to carry out the negative acceleration sweep,

Figure 3.1. Measurement setup for the positive acceleration sweep to characterise lin-
earity.
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Measurement Setup of the Hybrid Accelerometer

Figure 3.2. Measurement setup for the negative acceleration sweep to characterise lin-
earity.

Table 3.1. Rate table angular speeds used for the linearity sweep measurement and cor-
responding accelerations .

ωangular(◦/s) Acceleration (g) ωangular(◦/s) Acceleration (g)

0 0 488 0.59753

130 0.04240 505 0.63989

184 0.08495 522 0.68369

226 0.12816 538 0.72625

261 0.17092 553 0.76731

292 0.21394 568 0.80950

319 0.25533 583 0.85282

345 0.29865 597 0.89427

369 0.34164 612 0.93977

391 0.38360 625 0.98012

412 0.42591 639 1.02452

432 0.46826 652 1.06663

452 0.51262 665 1.10959

470 0.55426 677 1.15000

the PCB in Fig. 3.1 was rotated 180 ◦ to position shown in Fig. 3.2. The

same angular speeds, which were used for the positive acceleration sweep,

shown in Table 3.1, were used for the negative acceleration sweep.
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