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Abstract

In recent years, the demand for low-cost, high performance, and miniature
sized MEMS capacitive inertial sensors (accelerometer/gyroscope) has been
steadily increasing. Use MEMS capacitive accelerometer as an example, for
high precision applications, the resolution needs to be in the pug range at the
frequency of interest. These high performance sensors are now been used
in numerous applications that require more demanding specifications. For
instance, they found their use in active suspension, adaptive brakes, alarm
systems, tilt control, vibration, shock measurements, platform stabilization,
inertial measurement units, inertial navigation/guidance, machine control,
microgravity measurements, seismology, geophysical sensing, oil-field appli-
cations, earthquake detection, tactical missiles, robotics and minimally in-
vasive surgery.

The precision in a micro-sensory system is limited by the CMOS elec-
tronic interfaces, due to the often higher electrical noise associated with the
circuits. Additionally, with the growing popularity for portable devices such
as cellular phones and tablets, power consumption also becomes an impor-
tant factor. Therefore, the dissertation discusses and presents several circuit
design techniques that improve important system parameters such as noise

and power. Moreover, a design flow is provided at the end of the thesis to
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Abstract

demonstrate a systematic approach to design the sensor interface circuits.
Three major readout circuit blocks have been designed, built, and tested.
The first interface uses a circuit technique such that the overall system is
insensitive to parasitic capacitances from the sensing nodes. Moreover, a
calibration scheme is used to remove DC offset caused by sensor capacitance
mismatch. The second interface uses two circuit design techniques called
correlated level shifting (CLS) and chopper stabilization (CS) to reduce
the noise and the finite gain error from the operational amplifier (op amp),
thereby improving both the noise and power performance of the system. The
final interface utilizes a modified CLS technique such that it also serves as a
noise and power improving mechanism. The first two readout circuits have
been tested and measured experimentally, while the third readout circuit is

verified via post-layout simulation.
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Chapter 1

Introduction

Micro-electro-mechanical systems (MEMS) describe the technology of minia-
ture devices that combine both electrical and mechanical components. More
specifically, they generally consist of a microprocessor (electrical) and sev-
eral functional blocks that interact with the mechanical surrounding such as
micro-sensors [5]. These sensors are extremely small, having feature sizes in
the micrometer scale. When the sensors are integrated within a broader sys-
tem, combinations of different functionalities can be enabled, and amazing
things happen. Systems built in MEMS technologies are generally smaller
than a few millimetres.

Thanks to the technology advancement of silicon integrated circuit (IC),
electronics can fortunately be realized on a tiny piece of silicon. As of the
year 2014, transistor gate length is on the order of 10 nm [6], which is
smaller than the Rhinovirus (~20 nm). With such prosperous IC industry,
MEMS devices can also be built using IC fabrication technology. This opens
up tremendous opportunities and possibilities since micro-machined silicon
devices (mechanical) can be compatible with the surrounding electronics
[7]. Many industries benefit from this fact because of the batch fabrication

techniques. Sensors can be built in the micro scale with low cost and high
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reliability. Ever since the end of 1980, miniature silicon-based inkjet printer
head, pressure sensors, and accelerometers were already mass fabricated,
which marks the beginning of a new “MEMS era” [8-11].

The readout/interface circuits (electrical), combining with the mechan-
ical micro-sensors, form a complete MEMS device. In a complete MEMS
device, the readout essentially translates the analog mechanical informa-
tion, such as acceleration or angular speed, into an electrical signal, which
is further processed by a computer. Such“complete system” allows MEMS
technology to break into new application fields. The fact that the perfor-
mance of the complete MEMS system is often largely dependent on the
electrical readout, the development and design of such readout circuit has
maintained as a hot research topic for more than two decades now. This
thesis is also a research work based on the readout electronics.

Among all the different MEMS applications, the focus of this thesis is
related to MEMS inertial sensor, which can be treated as a measurement
unit that measures acceleration, velocity, and orientation of a moving ob-
ject. The two main sensing components that are required in an inertial
sensing application are accelerometer and gyroscope. They are used in a va-
riety of applications including gaming, human activity monitoring, vehicular
navigation, airplanes, drones, and earthquake detection [12-14].

Certain applications are more demanding than others in terms of sensi-
tivity, resolution, signal to noise ratio (SNR) and dynamic range. Use ac-
celerometer as an example, the need for a highly sensitive, high resolution/low-
g (1g), and small sized MEMS accelerometer has been growing. These high

performance sensors are now been used in numerous applications that re-
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quire more demanding specifications. For instance, these accelerometers
found their use in active suspension, adaptive brakes, alarm systems, tilt
control, vibration, shock measurements, platform stabilization, inertial mea-
surement units, inertial navigation/guidance, machine control, microgravity
measurements, seismology, geophysical sensing, oil-field applications, earth-
quake detection, tactical missiles, robotics and minimally invasive surgery
[15-17, 19-28, 41, 42, 49-55, 58, 65].

In the inertial navigation category, the author in [29] notes that high
performance navigation grade (0.01 deg/hr and 25 ug) ring laser gyroscope
(RLG) and inertial measurement unit (IMU) FOG IMUs are still relatively
large and expensive. The same author states that MEMS system with per-
formance of around 1 deg/hr and 100 pug would be available in the future.

In the field of robotic surgery, inertial sensors are used for detecting the
position and orientation of the surgical tool. For example, the signal out-
puts can be integrated to determine or estimate the distance travelled by a
surgical tool. The authors in [30] propose an active hand-held instrument
to sense and compensate physiological tremor and other unwanted move-
ments during a viteoretinal micro-surgery. The proposed system comprises
six inertial sensors to compute and control the motion of the tip.

Additionally, seismic sensing for geophysical and oil explorations appli-
cations represents challenges in high sensitivity and low-g measurements.
The MEMS technological breakthrough can definitely provide technical and
economical benefits for seismic acquisition system users. This requires mea-
surement of extremely small acceleration signal, on the order of ~ ng/ VHz

at very low frequencies (less than 100 Hz). There seems to be a grow-
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ing trend in the industry to replace geophones with MEMS accelerometers,
where large arrays of sensors tremendously increase the quality of seismic
imaging. As a result, small size and weight of MEMS sensors can facilitate
the deployment of very large seismic surveys [31]. An example of an inertial
sensor used for such application is reported in [32]. They report the usage
of 3C MEMS-based digital accelerometer (two horizontal and one vertical).

According to the market research done by IndustryARC [14], from the
year 2013 to 2018, the global inertial sensor market has a 10.5% of compound
annual growth rate (CAGR). This forecast is based on the fact that the key
components inside the sensory systems will be cheaper and more compact
due to technology advancement.

It is worth to mention that a CAGR of 10.5% can be considered healthy
and steady. However, this rate predicted by Industry ARC seems to be quite
conservative. From the market research conducted by MICROmanufactur-
ing [33], inertial consumer combo sensors have a CAGR of 35%! The im-
portance of the aforementioned research demonstrates a very strong trend
in the inertial sensor market, which is the main motivation of this thesis.

Note that the mechanical sensor of focus in the thesis is the accelerometer.

1.1 Objective

There are three major transduction mechanisms: piezoresistive, piezoelec-
tric, and capacitive sensing [12]. Piezoresistive sensing detects the change of
resistance of the piezoresistive material due to acceleration induced stress,

and this resistance change can be easily detected by the dedicated electron-
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ics. Piezoelectric sensing is based on a charge polarization of the piezo-
electric material due to strain. Such charge polarization would produce a
change in voltage. Lastly, capacitive sensing measures the change in capac-
itance due to the relative movement of a proof mass and the frame. Among
them, capacitive sensing has been widely used due to its high sensitivity,
good noise performance, low temperature coefficient, and good compatibil-
ity with CMOS technology for integrated sensor-based systems [34, 35]. An
example of a capacitive accelerometer based MEMS chip is shown in Fig. 1.1
[90]. Here, the mechanical sensor is implemented in the same chip as the
electrical readout. This way, the parasitic capacitance between the sensor
and the readout can be minimized. This is especially beneficial if the device
is intended for high-precision applications. Moreover, a single-chip solution
would greatly reduce the size of the overall system, as well as the cost due
to the elimination of wire bonding.

Many high-precision capacitive-sensing applications demand a high reso-
lution sensor. The resolution of the system depends on the noise performance
of the devices within it. As an example, the noise floor of an accelerometer
determines the minimum detectable acceleration. Noise performance of a
readout circuit has been the key research in the past [41, 42]. Moreover,
when the sensors are used in portable devices, power consumption becomes
another important factor. With such requirement on sensing accuracy and
power, noise and other non-idealities must be minimized in the interface sys-
tem to obtain satisfactory performance. In a complete MEMS system, there
are two types of noise: mechanical (Brownian) and electrical. The mechan-

ical noise is related to the sensor, whereas the electrical noise is associated
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Figure 1.1: A microphotograph of an example of a single chip MEMS sys-
tem, which realizes the complete analog interface for a capacitive MEMS
accelerometer [90)].

with the readout circuit. For a sensor with proof mass m and viscous damp-
ing coeflicient b, its Brownian noise in the form of an equivalent acceleration

noise can be expressed as [91]:

4kTb

0.82m2 [9°/H?] (1.1)

2 _
ay =

where k is the Boltzman constant (1.38 x 10?® J/K) and T is the absolute
temperature. Depending on the size of the proof mass, the noise can vary.
Typically, this noise is very small for high resolution applications, which is
in the pg/vHz range. Due to the very low mechanical noise associated

with the sensor, generally speaking, the electrical readout circuit puts the
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limit on the resolution of the overall system. It is therefore very important
that the noise floor of the electronic interface circuit is reduced to the level
of the sensor mechanical noise. The major noise contribution in a CMOS
integrated readout circuit is the flicker or 1/f noise of the input transistors
at very low frequencies. This noise originates from ”trapped” charges at
the interface between the substrate and the oxide. These charges can be
released by the energy state and result in the noise in the drain current.
There are many other mechanisms that are believed to generate flicker noise
[57]. Additionally, another electrical factor that affects the resolution of
the system is the offset of the input transistors. In terms of offset, it is
considered as a DC signal which originates from the imperfection of the
fabrication technology. As devices are going through fabrication steps, the
lithography cannot be absolutely symmetrical, thus generating mismatches
in the transistors, which, in turn, produce DC offsets when circuits are built.

As far as power is concerned, the MEMS device should be operated in
open-loop configuration. An example of an open-loop sensing accelerometer
can be found in [90], and a closed-loop one can be found in [58]. A closed-
loop system is able to increase the dynamic range, improve the linearity, and
flatten the frequency response [59]. However, more components are required
to implement a closed-loop system, which would consume a lot more power.
Therefore, in order to achieve a low power device, operation in open-loop
configuration may be more favourable. Chip area could be another spec-
ification that needs to be met. With all of the aforementioned important
parameters of interest, the design of the electronic interface becomes a chal-

lenging and demanding task.
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Figure 1.2: Block diagram of al4 bits open-loop XA CMOS SOI capacitive
accelerometer [93].

An example block diagram of an open-loop MEMS capacitive sensor is
shown in Fig. 1.2, where the capacitive sensor (on the far left) produces
the input to the electrical system. The input is a capacitance variation
generated from a force applied to the sensor. Then, the analog front-end,
which converts the capacitance variation into a voltage signal. This signal
is then filtered and digitized by an ADC in the back-end. Although all
of the aforementioned circuit blocks are designed in this dissertation, the
emphasis is on the capacitance-to-voltage converter, or the charge-transfer
amplifier block. The ultimate scientific goal is to propose analog circuit
design techniques to improve readout circuit performance in terms of noise

and power, leading to a higher resolution, and lower power system.
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1.2 Organization of the Thesis

This dissertation is organized into seven chapters. In the first chapter, the
motivation behind the research and the main objective are introduced. Note
that the objective is the discussion on several proposed low-power low-noise
circuit design techniques for capacitive micro-sensors, in particular, inertial
sensors such as an accelerometer (gyroscopes are not covered).

In Chapter 2, an overview of capacitive micro-accelerometer is first pre-
sented, including its theory of operation, modelling, and fabrication pro-
cess. Then, well known circuit techniques that reduce low-frequency noise
and offset are discussed. The name of the techniques are correlated double
sampling (CDS) and chopper stabilization (CS). Finally, different types of
sensing readout circuits that have been used in either industry or academia
are described.

In Chapter 3, a chopper stabilized parasitic-insensitive interface with sen-
sor mismatch cancellation for capacitive micro-accelerometers is presented.
First, the design and the specifications of the mechanical sensing element
(accelerometer) is discussed. Then, the proposed switched-capacitor (SC)
readout circuit that interfaces with the sensor is described in detail. In this
particular work, the electrical readout and the mechanical sensor are wire-
bonded inside a single package forming a system-in-a-package (SiP). The
experimental results are shown at the end of the chapter.

In terms of Chapter 4, a proposed capacitive readout circuit using cor-
related level shifting (CLS) technique in conjunction with CS is described.

The CLS technique was originally presented in [98] and it will be briefly



1.2. Organization of the Thesis

overviewed in this chapter. The technique greatly boost op amp loop gain,
thus achieving higher accuracy, which is beneficial for capacitive sensing
readout circuits. Additionally, CS is applied in the circuit to reduce offset
and 1/f noise. This integrated circuit is not interfaced with a MEMS sen-
sor. Instead, a pair of on-chip variable capacitors are used to emulate the
mechanical sensing element. Experimental results are reported at the end
of the chapter.

In regards to Chapter 5, a modification to the CLS technique is proposed
in which it reduces the offset and 1/f noise of the designed MEMS interface
front-end, while preserving the benefits from the original CLS. The theory of
operation of the technique is discussed in detail. Moreover, a XA analog-to-
digital converter (ADC) is used in the back-end circuit block to digitize the
analog signal from the front-end. At the end of this Chapter, the post layout
simulation and measurement results are presented, followed by concluding
remarks.

In Chapter 6, a general design flow describing readout circuit design
process is presented, where MEMS accelerometer is used as an example.
Moreover, the pros and cons of the reported readout circuits are discussed,
such that the reader/designer is able to select suitable techniques for his/her
own interface circuit design.

In Chapter 7, the major achievements of this work are summarized as
concluding remarks. Additionally, some future directions for further inves-

tigations are provided.
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Chapter 2

Background

As discussed in the previous chapter, capacitive MEMS sensors are widely
used and can be found in many applications, such as high-precision iner-
tial navigation. In this thesis, the ultimate scientific goal is to propose and
demonstrate analog circuit techniques that are beneficial to the readout used
in these high precision capacitive sensors. Therefore, in terms of the back-
ground of the thesis, the basic knowledge of a capacitive sensor will be first
introduced in the form of a capacitive micro-accelerometer, where its theory
of operation and electrical modelling will be discussed in detail. Secondly,
some classic circuit techniques that would reduce the adverse effects when
the capacitive sensor interfaces with the electronics will be presented. Fi-
nally, a literature survey that demonstrates several state-of-the-art complete

inertial MEMS devices concludes this chapter.

2.1 Capacitive Micro-Accelerometer

The operation of a basic accelerometer can be explained with the aid of a
simplified mechanical model illustrated in Fig. 2.1, where a proof mass m is
connected to a rigid body via a spring having a spring constant of k. Also,

the environment inside the frame provides damping D, to reduce excessive

11



2.1. Capacitive Micro-Accelerometer

Reference System
1-DoF Resonator

Proof
Dy mass

|_

m
Kx

> X

Figure 2.1: The simplified mechanical model of a single axis accelerometer
(1-DoF resonator) having a proof mass m that is suspended by a spring k,
to the frame. The losses are modelled by a damper D,. The variable x
represents the position of the proof mass.

ringing. The mass can only move in the x-direction. Note that this example
is essentially a one-degree-of-freedom (1-DoF) resonator, where a single-
axis accelerometer is realized for the detection of translational (x-direction)
acceleration.

When an external force (F.y) is applied to the accelerometer in the
positive x-direction, the mass would be displaced by a distance x. The

spring would generate an elastic/restoring force (Fe) expressed as:

F. = —ky (2.1)

Moreover, in addition to the spring restoring force, there is a force that

12



2.1. Capacitive Micro-Accelerometer

depends on the velocity of the proof mass. Such force represents the energy
lost in the resonator. The losses are caused by, for instance, material /anchor
losses, mode conversion losses, and, especially, viscous losses, which is gen-
erally due to air damping [60]. The force exerted by the damper is:

Fy=-D, (2.2)

ot
Newton’s second law of motion states that in an inertial frame of ref-

erence, the sum of all the forces acting on a mass is the mass times its

acceleration:

>F = ma (2.3)

Therefore, for the 1-DoF system shown in Fig. 2.1, the equation of motion

for the proof mass is [60]:

su

mag + Dy 5

+ kgt = Fogy (2.4)

where a, = 0%x/6t%, and F.,; represents all the externally applied forces
including the Brownian noise and electrostatic force.

Equation (2.4) demonstrates a relationship between the displacement
z, and the acceleration a. In other words, an external force acting on the
accelerometer induces a displacement on the proof mass, and this displace-
ment can be detected to measure the amount of acceleration associated with
the external force. For a capacitive accelerometer, the generated displace-

ment under an outside force causes a change in capacitance (AC) which

13
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Anchor Anchor
CS+ CS_
do do
Proof Mass

Figure 2.2: A simplified diagram of mechanical structure of a differential
capacitive accelerometer (at rest). When a force is applied to the proof
mass (right or left horizontally), the induced displacement causes the gap
between the fingers dy to vary, thus generates changes in capacitances for
CS+ and C,_.

can be converted into an electrical signal such as voltage or current via a
dedicated electronic readout circuit. The output of the interface circuit is
then fed through digital signal processing (DSP) and the acceleration can
be determined.

A simplified structure of a differential capacitive accelerometer is shown
in Fig. 2.2, where a movable proof mass can only go either left or right
depend on the direction of the external force (left/right). dy represents
the nominal distance between the “shaded” fingers. The fingers act as two
parallel plate capacitors (Cs1 and Cs_) where the capacitances depend on

the gap between the fingers:

14



2.1. Capacitive Micro-Accelerometer

€0€r Aol

s+ = 2.
Cs+ do— (2.5)
€o€r Ao
s— = 2.
¢ do+z (2.6)

where €p is the vacuum permittivity, €, is the relative permittivity, and A,
is the overlapping area between a pair of capacitive fingers.

When a force is applied to the capacitive sensor, since the proof mass is
not fixed to any frame, it is free to move (only left/right in this example).
Therefore, the fingers connected to the proof mass would move with the proof
mass. The fingers attached to the anchors does not move because the anchors
are fixed in space. This will induce a differential change in the distance
between the fingers when the proof mass move in either directions. This
change in the distance will generate changes in the differential capacitances
according to (2.5) and (2.6).

If the displacement z is much smaller than the gap dy:

Cyy = Co+ AC (2.7)

Cs. =Cy— AC (2.8)

where () is the fixed sense capacitance and AC' is the capacitance variation

induced by acceleration:

€0€r Aoy

Co="0



2.2. Fabrication Process of Micro-Sensors

Vbbp
@]

;/f Cs+ = Co + AC
i; Cs. = Co- AC

O
Vss

Sense
O Node

Figure 2.3: The modeling of the differential capacitive accelerometer in the
electrical domain. As shown in the figure, the MEMS sensor can be simply
viewed as two variable capacitors Cs4 and Cs_.

eoerAgx

AC = Lol
d2 — z?

(2.10)

Equation (2.9) and (2.10) demonstrate that the differential capacitive ac-
celerometer can be simply modelled as two variable capacitors in the elec-

trical domain as shown in Fig. 2.3.

2.2 Fabrication Process of Micro-Sensors

As mentioned in the Introduction, microstructures have adopted IC fabrica-
tion technologies and can be made in batches for mass production purposes.
In other words, a large number of individual micro-devices can be realized
simultaneously on a common substrate, usually on a silicon wafer. This can

be illustrated in Fig. 2.4 [48]. The fabrication process involved in creating
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Microstructure

Figure 2.4: Micro devices on silicon wafer from fabrication process [48].

the microstructures include thin film deposition, photolithography, etching,
and many more. After the fabrication is completed, the wafer is diced (di-
vided) into separate micro devices. Each device is its own entity.

The two classical micro-fabrication techniques that have been used to im-
plement MEMS capacitive sensors are surface micromachining [36-40, 42, 45]
and bulk micromachining [43-47]. In surface micromachining, the mechan-
ical microstructures are created by depositing and patterning thin films on
the surface of a substrate, i.e., a silicon wafer. The resulting structure has
a small mechanical proof mass, which limits the resolution of the micro-
sensors. In contrast, bulk micromachined devices have much larger proof

mass which leads to better resolution and higher sensitivity.
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2.3 Classic Low-Frequency Noise/Offset

Reduction Circuit Techniques

When a capacitive sensor such as the one explained in the previous section is
interfaced with CMOS electronics, the noise/offset coming from the electrical
side becomes an issue. If the electrical noise is higher than the mechanical
noise at the frequency of interest, the overall sensor resolution would be
limited by the former. Such problem is briefly discussed in the Introduction.

In CMOS circuits, when there is no noise/offset compensation applied,
flicker noise is dominant in the low-frequency band. For many high preci-
sion MEMS sensing applications, the input signal varies slowly; therefore,
low-frequency noise should be carefully dealt with. Throughout the history
of CMOS circuit design, there are two classic circuit techniques that are
intended to significantly reduce the flicker noise and offset: chopper sta-
bilization (CS) and correlated double sampling (CDS) [96]. Although the
theory of operation between the two are different, they achieve the same
goal: reduction of low-frequency imperfections. In this chapter, both CS
and CDS are introduced and discussed to give the reader an idea on how

these techniques work and operate.

2.3.1 Chopper Stabilization Technique

The basic fundamental of CS can be best described graphically as shown
in Fig. 2.5 [100]. A slow varying input signal Vj,, (signal of interest) is first
modulated to higher frequency at fenop via Vepep shown as V. The flicker

noise should be insignificant compared with thermal noise at the modulating
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orop

Figure 2.5: Frequency domain representation of a chopper stabilized ampli-
fier.

(chopper) frequency (fcnop). The modulated signal with noise components
are then amplified, and gone through the second modulation process via
Vehop.a- The signal of interest is demodulated back to the baseband, while
the flicker noise is modulated to higher frequency fepop. A low pass filter
(LPF) with a correct cutoff frequency at node Vi would filter out the flicker
noise, leaving the signal at the baseband free of 1/f noise. Detailed noise

analysis can be found in [96].

2.3.2 Correlated Double Sampling Technique

In terms of CDS, typically the circuit operates under two phase clocking
where the op amp DC offset and low-frequency noise are sampled in one
phase, and their effects are subtracted in the next phase by the instantaneous
value of the contaminated signal. This operation can be best described by

a simple example as shown in Fig. 2.6 [61]. In this example, the circuit
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b, Clock Wave Forms
hd o— ®; 1 1 [ 1
o, b, | l | ] ] L
Voo o4 o 1 M 1
|1
Cs+;?_a i CA
Differential
MEMS ® —

Al

Ch
Capacitive Vou
Sensor +
Cs. N & l I
T i @ é i P, b,

+Vs o—o\o—o
(0}
’ CS+ =Co + AC
r\o— Cs.=Co- AC
o,

Figure 2.6: A MEMS capacitive readout example demonstrating correlated
double sampling by using an error storage capacitor Cpy.

is a capacitive sensor readout, where the sensor is modelled by a pair of
differential variable capacitors. The reader can refer back to Fig. 2.3 for
more details regarding such model.

In the ideal case, where circuit non-idealities do not exist, the output of

the readout circuit (V5) is:

V,=—-V, (2.11)

where AC is the change in capacitance, C'4 is the feedback capacitor, and
Vs is the voltage source that charges the capacitive sensor.

Unfortunately, noise and offset always play a role when the circuit is
implemented in the real world. Therefore, CDS is used to greatly reduce

the aforementioned op amp imperfections. The key player in this circuit
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is the error storage capacitor Cg. At the end of ¢, the sampling switch
located at the inverting input of the op amp is opened, thereby injecting
charge and kT /C noise into the amplifier summing node. During the second
half of ¢, the aforementioned charge injection and kT/C noise, plus the
input referred noise and offset of the op amp, are processed (amplified) and
stored onto Cy. When ¢3 is high, voltage sources +V; are applied to the
sensor capacitors, and the capacitance variation is translated into a voltage
variation at the amplifier output. At the same time, the output contains
both the signal of interest and the errors (noise and offset). These errors are
subtracted by the previously stored imperfections on Cp, and results into
a much better signal to noise ratio. Moreover, it is worth mentioning that
the offset, charge injection, and kT /C noise are completely cancelled to the

first order. Detailed noise analysis can be found in [96].

2.3.3 MEMS Capacitive Readout Circuits in the Literature

In this subsection, a number of innovative capacitive readout circuits in
the literature will be discussed. To sense and process a sensor’s physical
information, the interface circuit can be implemented in either discrete-time
(DT) or continuous-time (CT) fashion. Also, as mentioned in the previous
chapter, depending on the requirements of the application, the sensor system
can be either open-loop or closed-loop. If a low-cost and low-power system
is desired in an application, open-loop style should be considered. On the
other hand, if the end users are more interested in a large dynamic range and
high linearity system, closed-loop sensor would be the obvious choice. For

this thesis, power consumption is more of the focus instead of high linearity,
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Figure 2.7: Electrical noise comparison between DT and CT based sensing
circuits [90].

therefore, open-loop readouts will be the main discussion.

DT MEMS capacitive readout circuits essentially make use of switched-
capacitor charge transfer amplifier scheme, which is very widely used in the
literature [61-68]. This approach is very robust and can be conveniently im-
plemented in CMOS technology. The primary issue with switched-capacitor
interface circuit would be its high noise floor due to high kT/C noise at
low capacitance, thermal noise of resistive MOS switches, and noise folding.
Fig. 2.7 shows an interesting plot that compares the acceleration noise be-

tween DT and CT circuits [90]. Although DT circuits have the theoretical
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Figure 2.8: Block diagram of the capacitive open loop ULP readout front-
end [68].

worse noise performance, the power consumption usually is less than its CT
counterparts. This is because CT systems generally require more peripheral
circuit blocks such as demodulator or low pass filter (LPF). Note that CT-
based readout can be either continuous-time current (CTC) sensing [69] or
continuous-time voltage (CTV) sensing [69-71, 90, 91, 100]. In this thesis,

only CTV would be discussed.

Discrete-Time Based Interface

The first type of MEMS capacitive interface circuit that I would like to in-
troduce is a DT, open-loop, ultra-low-power (ULP) readout. As mentioned
previously, open-loop DT based circuits are more power efficient. ULP sen-
sor interface circuits have been reported in [68, 72-74].

In [68], the overall structure of the capacitive readout circuit can be
represented in a block diagram as shown in Fig. 2.8. This is a generic
sensor interface chip, which means it can be applied to a broad range of
different capacitive sensors. The externally applied input signal, i.e., an
acceleration, is first converted into a force via a gain block G, which is

essentially the mass of the sensor (F' = ma). Simultaneously, the force
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goes through the resonator (Hgrps), in this case, the accelerometer, and
generates a displacement between the “plates” that forms the capacitor.
Note that the resonator is explained in Section 2.1. Such displacement
creates a capacitance variation through Ga (refer to Section 2.1). The change
in capacitance is then translated into a change in analog voltage variation via
a capacitance-to-voltage converter (Ho_y ). Finally, the voltage variation is
digitized via an analog-to-digital converter (ADC). In this case, it is an
open-loop XA ADC.

Since DT circuits exhibit more noise, noise reduction circuit techniques
should be used. In [68], both CS and CDS are used to improve the overall
resolution of the readout front-end. CS is used to mainly deal with the mis-
matches between the two capacitance-to-voltage converters, whereas CDS
is used to cancel the 1/f noise and amplifier offset. The detailed circuit
schematics and analysis can be found in the paper. It is important to note
that the focus of the ULP chip is obviously low-power design, at the expense
of lower resolution, which is 9 bits.

Another similar design can be found in [93], which is a capacitive read-
out for a SOI accelerometer. Again, this is an open-loop design, where
the authors decoupled the XA modulator from the sensor to achieve op-
timized performance regardless of the sensor capacitance [92]. The same
block diagram in Fig. 2.8 can also be applied for this circuit, except that
an anti-aliasing filter (AAF) is used in between the capacitance-to-voltage
converter and the XA ADC. The actual block diagram of this particular
system is shown in Fig. 1.2 in the Introduction. The capacitance-to-voltage

converter is essentially the SC charge-transfer amplifier with programmable
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gain control that determines the dynamic range of the system. The authors
use CDS in the capacitance-to-voltage converter to reduce op amp offset and
low-frequency noise. The signal out of the S/H block is fed to the ADC.
Detailed circuit schematics and analysis can be found in the paper. Note
that in this design, the authors focus on the resolution of the system rather
than the power consumption. The capacitance resolution of the readout is
4 aF at 10 kHz and the system resolution is 14 bits.

A more recent open-loop SC based MEMS capacitive readout can be
found in [102]. In this paper, only the capacitance-to-voltage converter is
shown. The authors use a very interesting approach where lateral-BJT de-
vices are used as input differential pair. It is due to the fact that BJT shows
much better noise performance compared to CMOS technology. To further
reduce the low-frequency noise and offset of the readout, CS technique is
applied. The readout circuit shows very good noise performance (sub ug
acceleration noise floor near DC).

The last DT interface circuit that will be discussed is an open-loop type
readout that uses XA ADC topology. This type of readout circuit offers
direct capacitance-to-digital conversion. Due to the popularity of digital
signal processing (DSP), and the fact that the world has become digital
everywhere, it is often convenient to have the natural signal (analog) to be
quickly converted into digital forms.

There are many different types of ADC, where XA ADC is categorized
as an oversampling converter. Oversampling means that the output data
rate is deliberately set to be much higher than the signal bandwidth (BW).

Generally speaking, the input BW of a MEMS capacitive sensor is quite low,
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Figure 2.9: Block diagram of a first-order YA modulator.

which makes it even easier to implement the ADC.

The simplest form of a A ADC (first-order) in block diagram is shown
in Fig. 2.9 [75]. The converter consists of a negative feedback path with
a DAC, a forward path with an integrator and an ADC. The ADC in the
forward path can be a 1-bit quantizer (comparator).

The main advantage of using an oversampling converter is that it pro-
vides noise shaping and really suppresses the quantization noise. At the
same time, it relaxes the specification requirements for the analog front end
circuitries. For more detailed analysis on XA ADC, including its theory of
operation and noise shaping discussion, please refer to [75].

The XA topology is especially well suited for the readout of capacitive
sensors, as it directly translates the capacitance variation into a series of dig-
ital signal. This concept was originally proposed in [76], and the schematic
of the readout is shown in Fig. 2.10. It can be seen that the first-order XA
ADC has the capacitive sensor element as the sampling capacitors, together
with an op amp with a feedback capacitor C;, forms an integrator. The

output of the integrator feeds into a comparator (1-bit ADC), and the final
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Figure 2.10: A first-order XA ADC for direct capacitance-to-digital conver-
sion [48].

output is also used in the system feedback path (1-bit DAC). This circuit
is essentially a first-order XA ADC, as described in Fig. 2.10. The out-
put of the XA ADC is a pulse width modulated (PWM) signal, and once
the output bit stream is filtered, the sensor information can be retrieved.
Some of the more recent oversampled XA modulation-based sensor inter-
faces are discussed in [77-81]. Additionally, there are other interesting direct
capacitance-to-digital converters such as capacitance-to-frequency converter

[82], and capacitance-to-pulse-duration interfaces [83, 84].

Continuous-Time Based Interface

As mentioned earlier, a CT-based capacitive interface circuit exhibits better
noise performance due to the absence of switch noise and noise folding as
compared with its DT counterparts. A CT-based readout generally uses CS

to reduce offset and 1/ f noise. A classical CT interface can be found in [90].
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Figure 2.11: An example architecture of a CT-based capacitive readout
circuit [91].

A more recent CT readout can be found in [91]. The typical architecture of a
CT-based interface circuit consists of a modulator that modulates the input
signal to higher frequency, an amplifier that produces voltage output that
is proportional to input capacitance variation, a demodulator that brings
the signal to the baseband, and a LPF that filters out high frequency noise.
The overall sensing architecture demonstrated in [91] is shown in Fig. 2.11.

The noise performance of these CT-based circuits are all very good (around

50 pg).
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Chapter 3

A Parasitic-Insensitive
Chopper-Stabilized CMOS
Readout Circuit with Sensor
Mismatch Cancellation for
Capacitive

Micro-Accelerometers

This chapter presents the theory, design and measurement results of a switched-
capacitor (SC) CMOS readout circuit for a capacitive single-axis micro-
accelerometer. The CMOS and micro-electromechanical-system-based (MEMS-
based) devices are integrated in a single package forming a system-in-a-
package (SiP). The interface front-end provides cancellation of DC offset
caused by parasitic capacitances (e.g., due to bond-pads, interconnects be-

tween MEMS and electronic interface, capacitors themselves and sensor mis-
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match). Additionally, the readout circuit utilizes chopper stabilization (CS)
technique to reduce DC offset and low-frequency noise associated with the
op amps [96]. The measured sensitivity of the accelerometer is 144 mV/g.
The SiP achieves 3.9 ug/ VHz acceleration noise floor and 0.05 aF/ VHz
capacitance noise floor at 500 Hz while consuming 4 mW from a single 5-V
supply.

The major contribution of the designed MEMS interface circuit is its
ability to virtually remove the adverse effects of parasitic capacitances and
sensor mismatches. The basic concept of the technique was first introduced
in [2] and [85]. In [85], the parasitic-insensitive technique was discussed
and implemented on a CMOS integrator, whereas in [2], it was applied to a
fully differential MEMS accelerometer. This chapter extends and provides
simulation results and experimental verification of the proposed approach
as well as more design insights in comparison to [2]. We also provide an
overview of the fabricated SOI MUMPS micro-accelerometer and a more
detailed analysis of the SC charge-transfer front-end.

In the literature, [86] also discusses a parasitic-insensitive readout cir-
cuit that interfaces with a MEMS gyroscope. The circuit architecture is
similar to [2] in terms of switch placement. A minor difference between the
two readout circuits is that the sampling capacitors in [86] are being reset
initially. Moreover, the gyroscope in [86] is a single-ended device. Another
parasitic cancellation technique can be found in [87], where the authors
present a digital technique for capacitive sensors to calibrates non-idealities
such as parasitics in the calibration phase and cancel the adverse effects in

the measurement phase.
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The chapter is broken down as follows: the micro-accelerometer is overviewed

in Section 3.1, where both the physical structure and its electrical model
are described. Section 3.2 discusses two non-idealities, i.e., parasitic ca-
pacitances and sensor capacitances mismatch that affect the DC level of
output voltage signal. Section 3.3 describes the CS circuit implementation
of the proposed charge-transfer amplifier, which is insensitive to parasitic
capacitances and sensor capacitances mismatch. Experimental results are
presented in Section 3.4, followed by a presentation of concluding remarks

in Section 3.5.

3.1 Overview: Micro-Accelerometer

The designed MEMS accelerometer in this work is implemented in the SOI
MUMPs technology (25 pm silicon thickness) [88]. The technology allows
two device thicknesses: 25 pym and 10 pm. The substrate of the device is
back etched to form a trench, thus eliminating the need for employing holes.
This aspect of the technology is beneficial, as it adds to the proof mass
required for highly sensitive acceleration measurements.

Design and modelling of the accelerometer is carried out in Coventor-
Ware design environment. A proof mass is suspended using folded beams
to reduce the mechanical nonlinearity and axial loading limitation of sin-
gle fixed-guided beams. Four distinct sets of gap varying combs are used,
which can be used for actuation and sensing. The minimum gap possible
in SOIMUMPs technology is 2 pum, and the current design uses a gap of

3 pm. Simulated result of the exaggerated 0z mode (first resonant mode
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Figure 3.1: The simulated result of 0z mode of the micro-accelerometer in
Coventor Ware.
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Figure 3.2: (a) A photograph of the fabricated capacitive micro-
accelerometer under test; (b) Equivalent electrical model.

in z-y plane in the z direction) of the resonator is shown in Fig. 3.1. The
image is exaggerated (fingers shifted to the right) to show that even with
large displacements, there are no cross axis displacements.

A micrograph of the actual fabricated device (obtained from Polytec
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MSA-500 microsystem analyzer) is shown in Fig. 3.2(a).The mechano-electrical
interface can be modelled as a pair of differential capacitors Cs_ and Csy
as shown in Fig. 3.2(b), where Cs_ = Cyp— — AC_ and Cs; = Coq + ACY.
Note that Cyp— and Cp; are the fixed (nominal) capacitances when the ac-
celerometer is at rest. Ideally, they should be equal, however, these fixed
capacitances generally have a mismatch from practical fabrication proce-
dures. The change in sensor capacitance (AC_ ) is generated differentially
through the displacement x, which is caused by acceleration. For this gap

varying type of sensor, we have:

Neoe A
Co—t = ;Zi 4 (3.1)
Neoe, Ay 1
Csoy=———=Cp —_ 3.2
A P (g (3-2)

where N is the total number of parallel capacitors realized through the fin-
gers, €q is the permittivity of vacuum, ¢, is the relative permittivity, A is
the overlapping area between each finger, and do4 — is the nominal gap be-
tween each finger. Assuming z < do4 — (which is a reasonable assumption,

in particular for low-g acceleration), one can show that:

do-
AC_ 1 =Co— ¢ (&) (3.3)

do— 1
To characterize the MEMS device optically, a Polytec MSA-500 mi-
crosystem analyzer is used. This state-of-the-art equipment combines laser

Doppler vibrometry for out-of-plane displacements measurements and video
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3.2. Overview of Parasitics and Mismatches

Table 3.1: Design Parameters of the Accelerometer

Proof mass dimensions 1.8mm x 0.4mm x 25um
Proof mass 59.1 p gram
Overlap area of each finger 540 pm?
Capacitive gap 3 pm
Pull-in voltage 758V
Sensitivity (differential) 13 fF/g
Resonant frequency 2.8 kHz
Brownian noise floor 0.6 ug/vVHz

stroboscopy for in-plane dynamics measurements. In the latter case, the
equipment can detect device motions down to 2 nm resolution. From opti-
cal characterization, the important design parameters of the SOI MUMPS
micro-accelerometer are listed in Table 3.1. Note that the pull-in voltage
is the amount of voltage applied across the fingers such that the generated
electrostatic force overcomes the spring force and as the result, would lead

to fingers snapping together.

3.2 Overview of Parasitics and Mismatches

Fig. 3.3 shows a simple structure of a SC charge-transfer readout front-
end with the presence of parasitic capacitances Cp1, Cpz, and Cp3, which
represent the total parasitics at the corresponding nodes. Note that the
MEMS capacitive sensor (mechanical part) is shown in the shaded area.
Assuming the sensor is a micro-accelerometer, the function of the readout

circuit is to detect the change in sensor capacitances due to an applied force
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Figure 3.3: A simple SC charge-transfer MEMS capacitive readout circuit.
The MEMS sensor is shown in the shaded area. The parasitic capacitances,
i.e., Cp1, Cpa, and O3, are also shown in the figure.

(or acceleration), and translate such capacitance variation into an output
voltage. The operation of the circuit shown in Fig. 3.3 is as follows: during
¢1, the sense capacitances Csy and Cs_ are charged to (Vpp — me) and
—Vief, respectively, while the charge-transfering feedback capacitor Cj is
discharged to zero. Simultaneously, the parasitic capacitor Cp is charged
to Vpp, while Cps is discharged. Note that the parasitic capacitor Cp3 (due
to parasitic capacitances associated with the node connected to the proof
mass of the sensor) is immaterial in the overall transfer function because it
is always charged to the reference voltage V,..y (AC ground), i.e., Vpp/2.
When ¢2 goes high, the sum of the charges stored in the aforementioned
capacitors are transferred to C; and a new output is generated. Assuming
the open-loop gain of the operational amplifier (op amp) is large, the output

can be expressed as:
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3.3. Circuit Implementation

Vo (3.4)

_ Vbp <1+ AC, — Cumr —ACT>
2 C;

where AC), is the difference between the two parasitics (AC, = Cpa — Cp1).
Additionally, Cyrpr accounts for the sensor mismatch and is equal to the
difference between the two nominal capacitances (Cpyrar = Coy — Co—). Fi-
nally, ACp = AC; + AC_. As it can be seen from (3.4), the DC level of
the resulting output is influenced by the parasitic AC), and the sensor mis-
match C'yypr, which would affect the maximum output swing of the readout,
leading to less dynamic range.

Generally speaking, the parasitic capacitances can be reduced effectively
by minimizing the length of the interconnections, or by introducing individ-
ual shielding for the sensor leads. Moreover, in some approaches, such as
[91], one can reduce the sensitivity to parasitic capacitances by increasing
the gain of the op amps. Nevertheless, it is beneficial to design a circuit
that removes or minimizes the adverse effects of the parasitic capacitances.

Such a circuit is discussed in the following section.

3.3 Circuit Implementation

The overall building blocks of the CMOS MEMS SiP and its required sig-
nals are demonstrated in Fig. 3.4. The CS charge-transfer amplifier circuit is
directly connected to the micro-accelerometer via bond wires. The charge-
transfer amplifier circuit converts the sense capacitance variation (changing
charge) to an amplified output voltage where the peak-to-peak voltage am-

plitude represents the displacement of the proof mass. This output signal
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SiP Low-Noise CMOS Interface IC
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Figure 3.4: Overall system architecture of the implemented CMOS MEMS
SiP.

enters a sampled and hold (S/H) stage which produces a smoother enve-
lope detected signal. The externally applied tuning voltage is used to cancel
the DC offset caused by sensor capacitance mismatch. The required clock
signals are generated by an Agilent 81200 clock module. In the following
subsections, each of the building blocks of the proposed CMOS interface IC

is described in more detail.

3.3.1 Charge-Transfer Amplifier

To improve the sensitivity of the capacitive readout circuit, the parasitics
and mismatches introduced in Section 3.2 should be carefully dealt with.
The proposed parasitic insensitive circuit was originally presented in [2]. In
this work, it is expanded, implemented, and measured. The interface circuit
shown in single-ended configuration is illustrated in Fig. 3.5 to first explain
the parasitic-insensitive technique. The overall differential readout circuit
with CS will be shown after.

The purpose of the circuit in Fig. 3.5 is to eliminate the DC offset that the
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Figure 3.5: The schematic of the proposed capacitive readout circuit that
consists of a parasitic-insensitive charge-transfer amplifier with sensor mis-
match cancellation and a S/H stage.

parasitics and mismatches create in (3.4). During the ¢; phase, similar to
the circuit in Fig. 3.3, Csy and Cs_ are charged to (Vpp/2) and (—Vpp/2),
respectively, while the integration capacitor C; is discharged. The parasitic
capacitances Cp1 and Cpg, in this case, are connected to AC ground in
both clock phases, therefore, they are always discharged. Therefore, these
parasitic capacitances will not influence the transfer function. The capacitor
Coy is used to store the correct charges to cancel DC offset due to mismatch
(common-mode adjustment) and has the following charge (Qcps) in this

clock phase:
Vi
Qcm = <2D — Vtune> Com (3.5)

Note that the amount of charge stored on Cops can be adjusted by varying
V;fune-

When ¢ goes high, Cs4 and Cs_ are discharged because their terminals
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3.3. Circuit Implementation

are either connected to a DC source or virtual ground. The sum of the
charges stored in ¢; are transferred to C; and a new output is formed:
Vop . Qom | Vpp[Cum + ACT]

Vout = 5+ c, + 20, (3.6)

Note that the parasitic capacitances Cp1 and Cpz play no role in the transfer
function because they always remain discharged after settling.

If the following condition is fulfilled by adjusting Viune,

Qcym | VopCumr
c, + 5C, =0 (3.7)

then the DC offset caused by sensor mismatch can be ideally eliminated,
which would allow the circuit to operate at an optimal DC level. Also note
that dummy switches are used in the charge-transfer amplifier to reduce
the effects of charge injection [89]. It is important to mention that in this
proof-of-concept prototype, the external adjustable signal V;,,,e is controlled
manually. Such signal can certainly be varied automatically by other more
sophisticated implementation, but it is out of the scope of this work.

To improve the noise performance of the system, chopper stabilization
(CS) technique is also incorporated in the proposed parasitic-insensitive
readout circuit to further reduce low-frequency imperfections associated with
the op amp, i.e., offset and low-frequency noise. The exact differential struc-
ture of the overall readout circuit is shown in Fig. 3.6 with the key clock
signals displayed in Fig. 3.7. Note that due to the use of CS technique,
the sampling clock is divided into two phases: ¢1, and ¢1; as shown in Fig.

3.6. During consecutive ¢1, and ¢1; phases, the input capacitor structure

39



3.3. Circuit Implementation

cs Charge Transfer Amplifier S/H Stage

Dpa+ Py Dpa+ Oy

Vret Differential
h"% T_o Variable "’/j"’/ —
©, Sense )
Capacitors Vouer
VDDO_{I . 3 / Ca o
2 pl 1T
—IV— Cs+;£
Vief O——0" © :/ o—t -
Dy + Oy ¥ *Vrer = 0.5 xVpp
4 G ==
ICCM

. Vet
B A Ve g i, o o
o () I I Vour-
Vopo—0
Vret Vel Veune2

Chopper Switches

Figure 3.6: A CS parasitic-insensitive charge-transfer MEMS capacitive
readout circuit with sensor mismatch cancellation. The S/H stage acts as a
demodulator and produces a smoother signal at the output.

is alternately charged with opposite voltage polarity. During ¢1,, Cs4 is
charged to Vpp/2, and Cg_ is charged to -Vpp/2. During the following
o1p, Cs+ is charged to -Vpp/2, and Cg_ is charged to Vpp/2. Such oper-
ation generates an amplitude modulated (AM) signal at the output of the
charge-transfer amplifier (during ¢9), where the peak-to-peak amplitude is
proportional to the difference in the sensor capacitors [97]. Also, note that
the op amp input offset and the flicker noise primarily affect the DC voltage
level of the output, but not the amplitude of the AC signal. Therefore, the
aforementioned low-frequency non-idealities can be removed after the out-
put is demodulated differentially. It can be shown that the final output Vi,

(differential output after S/H) can be expressed as:

Csy — Cs—
Vout = Vout+ = Vour— = Voo (S*CS> (38)
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Clock Waveforms
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Figure 3.7: The clock waveforms for the CMOS readout as shown in Fig. 3.6.

3.3.2 S/H Stage

The output of the charge-transfer amplifier is fed to the S/H stage, which is
implemented by two simple op amps with negative feedback configuration
as shown in Fig. 3.6. The S/H stage is meant to smooth out the higher
frequency modulated signal from the charge-transfer amplifier.

Note that to reduce the adverse effects of charge injection in the S/H
circuit, transmission-gate switches are used at the non-inverting input of
the op amps. Furthermore, special attention has been paid to sizing of the
NMOS and PMOS of the switch such that their charge injection almost
cancel each other, which in turn results in a low overall charge injection
erTor.

Simulated transient response (differential S/H output) of the parasitic-
insensitive readout circuit having different values for parasitics (Cp; and
Cp2) is shown in Fig. 3.8. As it can be seen in the figure, the DC voltage

level of the output is not affected and stays at 0 V.
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Transient Response of the Readout Circuit Having Different Parasitic Capacitances
0.08 T T T T T
o.oi b

0.04

0.02

Interface Outout Signal (V)
o

0.02
0.04
-="Cp1 = 400fF, Cp2 = 600fF
0.06 P P i
——Cp1 = 600fF, Cp2 = 400fF
0.08 ! ! : : :
’ 50 100 150 200 250
Time (us)

Figure 3.8: Simulation result showing that the DC voltage level at the out-
put of the readout circuit is not affected by different values of parasitic
capacitances.

3.3.3 Operational Amplifier

The op amps that are used in all of the building blocks of the sensor interface
circuit utilize the folded-cascode topology as shown in Fig. 3.9. Each op
amp has a gain of 72.15 dB, a phase margin of 60°, and a gain-bandwidth
of 116.5 MHz at 500 fF load. Since the frequency of the variations in the
sense capacitance are generally low for an accelerometer, minimization of
the flicker noise is very important. The input-referred voltage flicker noise

power spectral density (PSD) of the folded-cascode op amp is [89]:

v?if _ 2 KFp Kpn gQﬁ KFp QQM
Af  Cof [WL)1 (WL)3g%, (WL)g2,

(3.9)

where gp,; is the transconductance of MOS transistor M;, f is the frequency

of operation of the circuit, W; and L; are the channel width and length of
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Bias Circuit Single-ended Folded Cascode Operational Amplifier

Figure 3.9: The schematic of the folded-cascode op amp designed to mini-
mize both thermal and flicker noise.
transistor M;, C,, is the gate oxide capacitance per unit area, and Kp,
and Kp, are the flicker noise coefficients of PMOS and NMOS transistors,
respectively. In this design, PMOS input differential pair is chosen because
of its lower flicker noise coefficient. The input pair is also made large to
further reduce flicker noise.

Other than the flicker noise, the reduction of thermal noise is also taken

into account. The input referred thermal noise power can be expressed as

[89]:

2
Un,thermal 2 > < 9gm3 gm9>
— =~ 2| 4kT 14+4—7—4+=— 3.10
Af < 3gml gm1 gm1 ( )
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Table 3.2: Device Sizing of the Op Amp

Transistor | Width | Length
M, 100 pm | 0.8 pm
M; 214 pym | 0.8 pym
Ms 10.2 pm | 1.6 pm
M 10.2 pym | 5.2 pm
My 10.2 pym | 5.2 pym
My 100 pm | 0.8 pm
Mo 21.4 pm | 0.8 pym
Mps 10.2 ym | 1.6 pm
My 10.2 pym | 5.2 pym

Since the input pair is made large, g1 is large (g,

x W), thus reducing

the thermal noise of the op amp. Another benefit of having large g,, for

the input pair is that it increases the gain of the op amp. The trade-off of

having a large input pair would be the reduction of the bandwidth due to the

larger input capacitances. Fortunately, for this particular application where

the input frequency is extremely low, the lower bandwidth is not a concern.

The sizing of the transistors of the op amp is presented in Table 3.2. Note

that the reference DC current Irpp is 12.5 uA.

3.3.4 Closed-Loop Noise and Offset Consideration

From the previous subsection, the total input-referred noise of the op amp

is essentially:

2
Un,total o

2 2
Un,f vn,thermal

Af  Af

+

Af

(3.11)
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Since the sensing application operates at low frequency, flicker noise is the
dominant noise, and thermal noise can be neglected for this analysis.
Based on the readout circuit shown in Fig. 3.6, the total noise at the

output (Vous+), can be expressed as:

- 20, 2
Vout & Ug,f (1 + C-> + U,%,f (3.12)
7

The total noise at the negative terminal (V,,;—) has the same expression
as (3.12). Since flicker noise mainly affects the DC level at the output,
the flicker noise has minimal effect on the differential final output (Vyyry -
Vout—)-

Furthermore, note that Cj is the nominal capacitance when sensor is at
rest. As it can be seen from (3.12), if the 2Cp is a small fraction of the
feedback capacitor C;, the output noise can be reduced. However, since the
overall sensitivity (gain) of the readout circuit is inversely proportional to Cj,
this feedback capacitance cannot be too large. Thus, for sizing the feedback
capacitor C;, there is a trade-off between noise and circuit sensitivity. Also,
note that as discussed in Section 3.3.3, it is beneficial to keep the thermal

. . . 2
noise contribution Uy, thermal

low based on (3.10).
In terms of offset, the total offset that will appear at the positive terminal

of the output (V,u:+) can be expressed as:

2
Vout,os ~ V:)s (1 + gO) + ‘/os (313)

where V,; is the input-referred offset of the op amp. The offset showing at

the negative terminal of the output has the same expression as (3.13) and
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Figure 3.10: The S-i-P (CMOS and MEMS accelerometer integrated in a
package) is mounted on a PCB for testing.

the differential final output will have no offset contribution (assuming the

two S/H op amps are matched perfectly).

3.4 Experimental Results

3.4.1 Implementation

The CMOS readout and the MEMS accelerometer are fabricated in Dalsa’s
0.8 pm CMOS process and SOI MUMPS, respectively. The two chips are
put into a single package to minimize parasitics. An image of the system-
in-a-package (SiP) mounted on a PCB is shown in Fig. 3.10. The circuit

dissipates about 4 mW from a single 5-V supply.
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Figure 3.11: The test set up of CMOS MEMS S-i-P in simplified schematic
form using electrostatic force testing.

3.4.2 Electrostatic Force Testing

In the absence of a shaker table, the external accelerations are mimicked
using equivalent electrostatic forces, applied on a separate set of comb drives.
The set up in simplified schematic form is illustrated in Fig. 3.11. The
accelerometer dynamics can be modelled as:

d’x dx

2 D, i kr=F, 3.14
Mgz T ey TR =t (3.14)

where z is the displacement, m is the mass of the proof mass, D, is the
damping coefficient, and k is the spring constant. Fy; denotes the electro-

static force and can be expressed as:
e (3.15)
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where V}, is the actuation voltage across the plates. Note that only one
parallel plate capacitor is being considered in (3.15), i.e., one finger of the
multi-finger structure.

By applying AC voltages (V31 and Vje) to the differential actuating
combs, the sensor is put into motion due to the corresponding electrostatic
force, and the readout circuit outputs a voltage wave following the force
(acceleration). If Ve = —V4; =V, = Vpsin(wt), F; can be linearized as

follows (assuming x < dp):

enA
Fy = F.us—Fu %ﬁ[(m—wem—(wd—mﬂ
0
€A
= —?QVref% (3'16)
0

Note that the frequency of Fy; is identical to the frequency of V}, (i.e., w),
therefore, the generated capacitance variation AC would also vary at w.
This would be an issue if there is a signal feed through from the actuating
voltages V4 to the output of the readout circuit. Such signal would have the
same frequency of w, and therefore, the signal of interest AC' (acceleration),
cannot be differentiated from the feed-through signal.

The source of this feed-through can be explained as follows: when clock
phase ¢ is on, there is a path from Vj; and Vjo to the op amp. Therefore,
the output of the first stage of the readout front-end, which is provided

below, would have some components from Vjy and Vjq:
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—Via(s)Cs+ Vi(s)Cs-
C; C;

Vvout,partial(s) = (317)

If Cs4 and Cs_ are equal, Vit partiat would be 0, and there would be no feed
through. However, in practice, there will be mismatches in the fabricated
device, which results in a portion of signal from V}, to feed through to the
output of the charge-transfer amplifier. Since both the signal of interest and
the coupled signal vary at the same frequency, it is not possible to separate
them in the frequency domain. Note that this feed-through signal only exists
when electrostatic force testing is utilized.

This problem can be solved if the AC actuating voltage V4 is applied to
only one side of the actuating combs, while the other side is kept at a DC

voltage (Vyef). The resulting force to displacement relationship would be:

d’x dx €A €A
Dy— k——V2)z=F,;=-V? 1
moy + dt+< dng>m 1 ng% (3.18)
The electrostatic force can be further expanded to:
€A o (1 — cos(2wt)
Fyp=—"Vi|—r——= 3.19
= 5avi (5 (3.19)

It can be seen from (3.19) that the force has a frequency of 2w, which means
the displacement and the eventual capacitance variation caused by it would
also have a frequency of 2w. Meanwhile, the signal that is coupled from the
actuating voltage V}, is at the frequency of w; thus, the signal of interest can
be separated from the feed-through signal (in the frequency domain).

The test set up is shown in Fig. 3.12. The sensitivity of the readout cir-
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Actuating Voltage
Generator

Figure 3.12: The actual test set up to obtain measurements for the S-i-P
with each equipment identified.

cuit is measured using electrostatic forces. The amplitude of the actuating
voltage is varied from 2.5 V to 6.5 V, producing the corresponding electro-
static force according to (3.19). It should be noted that, in order to measure
the sensitivity, the actuating frequency is kept at 50 Hz (close to DC). Note
that the applied actuating voltage needs to be under 7.58 V, which is the
pull-in voltage of the accelerometer (Table 3.1). Since the actuating voltage
is known, the electrostatic equivalent acceleration can be calculated as ag;
= F,;/m. The measured acceleration to the output voltage relationship is
plotted in Fig. 3.13. The probe connected to the output has a 10x atten-
uation, and thus the circuit exhibits a sensitivity of 144 mV/g. Moreover,
the device is tilted vertically for the steady-state measurement of £1g. At
+1 g, the output voltage is at ~2.65 V, whereas at -1 g, the output voltage
is at ~2.35 V.
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Figure 3.13: The relationship between electrostatic equivalent acceleration
(aer) in terms of g to the sensor output voltage. Note that the probe has a
10x attenuation.

3.4.3 Signal of Interest and Noise Floor

The signal and noise measurements are conducted using a spectrum ana-
lyzer from Anritsu MS2034A. As previously mentioned, the signal of inter-
est, namely, AC (or equivalently, acceleration), can be separated from the
feed-through signal in the frequency domain. The test input acceleration is
generated by an electrostatic force that is produced through an actuating
AC voltage. The AC voltage has an amplitude of 6.5 V and is varying at
250 Hz. Therefore, the electrostatic equivalent acceleration would have an
amplitude of 1.2 mg with a frequency of 500 Hz. Fig. 3.14 shows the output

spectrum with the aforementioned input acceleration. It can be seen that
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Figure 3.14: The spectra of the S-i-P output under sinusoidal input accel-
eration of 1.2 mg at 500 Hz (RBW = VBW = 1 Hz).

the output noise power spectral density is 50 dBm below the signal level
at about —115 dBm, which corresponds to an acceleration noise floor of

3.9 ug/v Hz and a capacitance noise floor of 0.05 aF /v Hz.

3.4.4 Electrostatic Spring Softening

The electrostatic spring-softening phenomenon was also observed. Equa-
tion (3.18) shows that the overall spring constant under the influence of

electrostatic force is:

c0d 12

i V2 (3.20)

kovenzll =k—

Since the resonant frequency of the accelerometer is equal to /koverair/m,
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Figure 3.15: The effect of electrostatic spring softening is demonstrated
here: when the actuating voltage increases from 2.5 V to 5 V, the resonant
frequency of the accelerometer decreases.

if the amplitude of V}, (denoted as Vp) is increased, the resonant frequency

should decrease. This effect is measured and shown in Fig. 3.15.

3.4.5 Device Performance Summary

The measured performance parameters are summarized in Table 3.3. The
key parameters of interest are the acceleration noise floor and the power
consumption as the noise floor sets the minimum acceleration that the sys-
tem can sense, and the power optimization is always important, particularly
for portable designs.

Note that the low acceleration noise floor of this work is a result of careful
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Table 3.3: Performance Summary

Parameter This Work

Sensitivity (mV/g) 144
Acceleration noise floor (ug/v/Hz) 3.9
Capacitive noise floor (aF /v Hz) 0.05
Freq. where noise is measured (Hz) 500
Technology (um) 0.8

Supply (V) 5

Power (mW) 4

design of both MEMS sensor and the sensor readout circuit. Special care
has been paid to minimize the noise of the readout circuit and its input-
referred capacitance noise floor (measured in aF/v/Hz). Also, the sensor
is designed to have a high capacitance to acceleration ratio (measured in
capacitance per g). The input-referred capacitance noise floor of the design
is 0.05 aF/v/Hz. The high capacitance to acceleration ratio of 13 fF/g
contributes to the low overall input-referred acceleration noise. The high
capacitance to acceleration ratio of the sensor originates from the thick proof
mass of the device. For instance, the proof mass of the sensor used in this
work is 59.1 pugm, as opposed to the 0.932 pgm proof mass reported in [91].
The size of the proof mass is also an important factor in MEMS sensor
design, as the capacitance to acceleration ratio increases with the device
thickness, and furthermore, smaller gaps between the comb fingers increase
the net capacitance. The accelerometer used here uses a device thickness of
25 pum, which is relatively large compared to that of the comparable designs.
We have measured 4 different chips and chip to chip performance variation

is within +2%.
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3.5 Chapter 3 Conclusion

A switched-capacitor charge-transfer interface circuit with DC-offset cancel-
lation for MEMS capacitive micro-accelerometers is presented. It is shown
that the proposed circuit is insensitive to parasitic capacitances as well as
sensor mismatches. Additionally, the readout circuit utilizes CS to further
reduce op amp offset and low-frequency noise. The CMOS readout and the
micro-accelerometer are integrated in a package for testing. The electro-
static force testing methodology is utilized. The measured acceleration and
capacitance noise floor for the readout are 3.9 ug/v/Hz and 0.05 aF /v/Hz at
input frequency of 500 Hz, respectively. The sampling clock runs at 10 kHz

and the SiP consumes 4 mW.
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Chapter 4

A Low-Noise
Chopper-Stabilized
Capacitive-Sensor Readout
Circuit Using
Correlated-Level-Shifting

Technique

Various MEMS capacitive sensing interface circuits have been designed in
both academia and industry in which two particular circuit design techniques
have been widely used, namely, chopper stabilization (CS) and correlated
double sampling (CDS) [96]. As discussed in Chapter 2.3, the main purpose
of both techniques is to minimize low-frequency imperfections such as DC
offset of the op amp and its flicker (1/f) noise. For CS, the low-frequency

input signal is first modulated to a higher frequency where the effect of flicker
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(1/f) noise is negligible (as compared to the thermal noise). The signal is
processed and is demodulated back to the baseband after amplification, and
is then filtered to attenuate the out of band noise. In terms of CDS, typically
the circuit uses two phase clocking where the op amp DC offset and low-
frequency noise are sampled in one phase, and their effects are subtracted
in the next phase.

In this chapter, a CMOS capacitive readout circuit for low-power MEMS
inertial sensing applications is proposed to improve the overall accuracy
and power consumption of the sensory system by incorporating a recently
introduced switched-capacitor (SC) technique called correlated level shifting
(CLS) in conjunction with CS. CLS is used to reduce errors from finite op
amp gain while introducing negligible k7'/C' noise [98]. Given the same op
amp performance, a circuit with CLS is able to achieve a higher accuracy
and lower power consumption compared to those without CLS. Compared
to CDS, which is commonly used in capacitive-sensor readouts, e.g., [93],
an extra clock phase is required for CLS. However, for many sensor readout
applications, where the speed that the circuit operates at is not very high
(e.g., in kHz range), the extra clock phase would not cause a significant speed
disadvantage. Moreover, it is demonstrated that CLS has significantly better
noise performance than CDS at higher frequency. However, CDS does cancel
very low-frequency noise and offset, whereas CLS does not [98]. Therefore,
the CS technique is also incorporated to implement the capacitive-sensor
front-end to not only reduce op amp errors due to its finite gain, but also
cancel the aforementioned very low-frequency imperfections. Note that the

concept of using CLS in conjunction with CS was first introduced in [99],
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where it was applied to a AX analog-to-digital converter (ADC). In this
work, these two techniques are combined for a sensor readout circuit, and
moreover, the circuit structures used in [99] and this work are inherently
different.

In order to verify the functionality of the readout circuit, in this work,
the capacitive sensor is physically emulated by a pair of on-chip differential
variable capacitors that are in the femto Farads range. The proposed front-
end is designed in a 0.8 yum CMOS technology, and consumes 290 yW from
a single 5V supply. The readout circuit achieves a capacitance noise floor of
0.018 aF/v/Hz at 400 Hz with a sensitivity of 50 mV /fF.

This chapter is organized as follows: an overview of CLS operation is
described in Section 4.1, then the readout operation and non-idealities are
discussed in Section 4.2, which shows the benefits of the proposed architec-
ture. In Section 4.3, the readout circuit architecture and op amp structure
are described in detail. Measurement results are presented in Section 4.4

and concluding remarks are provided in Section 4.5.

4.1 Overview of CLS Operation

CLS is a powerful SC technique that is intended to significantly reduce errors
introduced by the finite op amp gain, thereby improving the overall accuracy
of the circuit. The basic idea behind the error reduction phenomenon can
be illustrated in Fig. 4.1 (a) and (b). Fig. 4.1 (a) shows an op amp used in
an arbitrary feedback loop without CLS. The virtual ground error voltage

(Verror) can be approximated to be —V, /A, where V,, is the op amp output
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Without CLS With CLS, during level shifting phase
Neg Feedback Neg Feedback
Verror verror
~ T~ Cars
Vo o V.
Vi
V. Vo — Vi
Verror = _70 Verror & ——~ A

(a) (b)

Figure 4.1: CLS virtual ground error voltage reduction analysis: (a) op amp
circuit without CLS and (b) op amp circuit with CLS.

voltage shown in the Figure and A is the open-loop DC gain of the op amp.
Traditionally, the error voltage Ve,ror can be made smaller by making the
op amp gain large, however, this would consume more power. Alternatively,
the error can be reduced by making the voltage at the output of the op amp
smaller. This is exactly what CLS does. As shown in Fig. 4.1 (b), with the
CLS technique used (having a level shifting capacitor Corg), at the critical
phase, the error voltage Veror is reduced because the output of the op amp

is V, — V. This indicates that the virtual ground error has become:

(4.1)

Equation (4.1) demonstrates that the error voltage Ve,or can be significantly
reduced by using CLS.

A more detailed and mathematical discussion on the operation of the
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Voo Sample Vret Estimate Vet Level Shift

Cs Cs

Gnd Gnd

Figure 4.2: Operation of correlated level shifting (CLS). Three major clock
phases are required for the circuit operation: sample, estimate, and level
shift. Single-ended structure is shown for simplicity.

CLS technique is illustrated in Fig. 4.2, where a charge-transfer amplifier
(capacitance-to-voltage converter) is used as an example. Note that single-
ended circuit structure is used for the purpose of simplicity.

As it can be seen in the figure, CLS consists of three clock phases: sample,
estimate, and level shift. Cg models the MEMS capacitive sensor (for the
purpose of the discussion, this sensor can be treated as a varactor). This
variable sensing capacitor can be written as: Cg = Cy+ AC where typically
AC <« Cy. The input to this circuit is the capacitance variation AC. In
Fig. 4.2, CR is the reference capacitor and is equal to Cy. C4 is the feedback
capacitor that dictates the sensitivity of the charge-transfer amplifier. Corg
is the capacitor used in CLS to reduce the op amp finite gain error and its
purpose is described in detail in [98]. The output at the end of the estimation

phase is:

_ |Vbp | Vpp [AC 1
VOUT,El = |:2 + T <GA):| (14—]1(> (42)

where K is the op amp loop gain during this clock phase, and can be ex-

pressed as:
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4.1. Overview of CLS Operation

ACx AC 4

K = ~
Cs+ Co+ Cy 2CH + Cy

(4.3)

where A is the DC gain of the op amp. Note that V,..; = 0.5Vpp.
The output of interest happens in the level shifting phase and is denoted as

Vour,Ls1, which can be expressed as:

_ |Yop Voo (ACN| (1
VOUT,LSl—|: 5 + 5 (CA>] (1‘*‘1(}13@2) (4.4)

where the equivalent loop gain Kpgq is:

<2+>\+K>K K? (4.5)

11

where A\ represents the effect of finite CLS capacitor Corg, and can be

expressed as:

\ 1 ( 2CHC4

— C 4.6
Ccors \2Cy+Ca * L> (46)

Assuming that there is no charge loss in Copg, i.e., by making Corg much

larger compared to the load C'7, the equivalent loop gain can be simplified:

Kpg=K2+ K)~ K* (4.7)

Equations (4.5) to (4.7) essentially demonstrate that CLS greatly in-
creases the effective loop gain of the circuit. Due to this property, designers
can also achieve the same target specifications using less power. Moreover,

it can be shown that CLS has a very good noise performance because im-
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Sampling Estimate Level Shift
Voo or Gnd Ca Vret Ca Vet Ca
4/HLO Vret L7 |
o AT A
Cs+ Cs+ Cs
Vos Vos Vos

Il nd Gnd Gnd
Gnd or Voo Vet Vret

Figure 4.3: Operation of the proposed CS 4+ CLS charge-transfer amplifier.
Three major clock phases are required for the circuit operation: sample,
estimate, and level shift. Note that the op amp offset model is included at
the inverting input.

perfections such as thermal noise, charge injection, errors from finite swing,
and incomplete settling that are sampled onto Corg during the estimation
phase are reduced by the DC gain during the level shift phase. However, as
previously mentioned, CLS does not cancel low-frequency noise and offset

at the input of the op amp [98].

4.2 Readout Operation and Non-Idealities

The operating principle of the proposed CS plus CLS capacitive readout
(charge-transfer amplifier) is shown in Fig. 4.3, where the circuit structure
in each clock phase is displayed. The sampling clock waveforms are shown in
Fig. 4.4, where three main clock phases are present: sample, estimate, and
level shift (ignore ¢r5, and ¢rsp for now). It is important to note that due
to the CS technique, the sampling clock is divided into two phases: ¢¢c, and
¢cp. During consecutive ¢, and ¢y sampling clock phases, the input ca-

pacitor structure is alternately charged with opposite voltage polarity. That
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Clock Waveforms
sample D, 1 [ 1
sample Py, [ | 1
Bimace P, | |
s Pus [
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Bisp 1 1

I I
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11

Figure 4.4: Clock waveforms governing the operation of the proposed CS +
CLS charge-transfer amplifier.

is, during ¢cq, Cs4 is charged to Vpp — Vyep, and Cg_ is charged to — V..
During the following ¢¢yp, Csy is charged to —V,.r, and Cs_ is charged to
Vbp — Vyeyp. Such operation enables the creation of an amplitude modulated
(AM) signal at the output of the charge-transfer amplifier, where the peak-
to-peak amplitude is proportional to the difference in the sensed (variable)
capacitances. Note that the op amp input offset and the flicker noise mainly
influence the DC voltage level of the output, but not the amplitude of the
AC signal [97]. Therefore, the undesirable effects of such disturbances can
be removed after the output is demodulated differentially. Also, note that,
in this work, V,.; is equal to half of Vpp. The amplifier output at the end
of the estimation phase, ¢, that follows ¢¢, (corresponding to the value of

the capacitance during ¢y ), is:

Vi 2C,
Vour,B,60, = [gD + Vos (1 + C,f)

+ VL;D <CS+CACS>} (Jé) (4.8)




4.2. Readout Operation and Non-Idealities

Similarly, the output signal at the end of the estimation phase, ¢, that

follows ¢¢cp (corresponding to the value of the capacitance during ¢cyp), is:

Vi 2C
Vourt,E,pcn = [LQ)D + Vos (1 + C;)

. ‘”g’D (CS—C—(ACS-&-)} <1+1}<> (19)

where V5 is the offset of the op amp, C4 is the feedback capacitor, Cgy =

Cop+ AC and Cg_ = Cyp — AC (Cy is the fixed nominal sensor capacitor).
Additionally, K is the op amp loop gain during the estimation phase, and

can be written as:

. AC, AC,
- Cs++CS_+CA N 2C) + Cy

(4.10)

The output signals of interest for the proposed readout circuit are gen-

erated at the end of the level-shift phase:

\% 2C
Vour,Ls,6c, = [12)1:) + Vos (1 + (JAO>

+ VgD <CS+CTACS—>} <1+1 . > (4.11)

Kgqg
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Vi 2C
Vour,Ls,6c = [gD + Vos (1 + C’j)

+ VgD <CSCACS+>} <1+1 . > (4.12)

where the equivalent loop gain, Kfq, is approximately K 2 as mentioned in
(4.7). Note that this approximation is deduced from the fact that there is
negligible charge loss from Cerg since it is much larger than the load. As
it can be seen, the equivalent loop gain is greatly improved, thus designers
can reduce the gain specification of the op amp. Assuming the bandwidth
requirement of the op amp remains the same, the amount of current needed
to operate the circuit can also be reduced, leading to less power consumption.

Once the output of the charge-transfer amplifier is demodulated differ-
entially, the final output (referred to ground) of the readout circuit can be

expressed as:

2AC 1
Vout = VDD T (4.13)
Cy 1+ Kog

where any offset is canceled because V,,; is essentially the difference between
equations (4.11) and (4.12). It can be seen from (4.13) that the accuracy
of the output is closely related to parameter Kpg ~ K 2. Assuming A is
fixed and finite, Kgg can be maximized if C4 approaches infinity. How-
ever, the larger Cy is, the less sensitivity (Volts/Farads) the circuit can
achieve. Therefore, the designer should take this trade-off into account.

Moreover, the nominal sensor capacitor, Cy, is application dependent, as
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different sensors have different nominal capacitances. Therefore, one can
make the readout circuit more versatile by having the ability to vary Cjy,
which in turn, would allow the circuit to have different gain settings. This
way, the interface circuit can be used for a wider range of capacitive sensors.
In the proof-of-concept chip implemented in this work, C'4 is realized as a
bank of 3 capacitors and can be programmed to be 200, 400, or 600 fF.

In terms of noise, similar to the analysis presented in [98], we can derive

that the CLS network adds the following amount of noise to the circuit:

2
(14 22) V2 + A
A s;opamp 1 Ceors
V2~ e (4.14)

where V;, opamp is the op amp noise that is sampled onto Ccr,g, k is the Boltz-
mann constant, and T is the absolute temperature in Kelvins. Equation
(4.14) shows the advantage of using CLS (as discussed in [98]): imperfec-
tions such as thermal noise, charge injection, errors from finite op amp gain,
and incomplete settling that are sampled onto Copg during the estimation

phase are reduced by the DC gain during the level-shift phase.

4.3 Readout Architecture and Op Amp Structure

The schematic of the overall CMOS readout circuit and the variable capac-
itive element (in the form of bank of capacitors) mimicking the sensor are
shown in Fig. 4.5 and Fig. 4.6, respectively. The front-end circuit (Fig. 4.5)
is composed of chopping switches, a CLS charge-transfer amplifier, sample

and hold (S/H) buffers that act as a demodulator, and finally an externally
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Figure 4.5: Schematic of the proposed capacitive readout circuit which con-
sists of variable capacitors (to mimic the capacitive sensor), switches for
chopper stabilization, CLS charge-transfer amplifier, S/H buffers and an
externally connected unity gain differential amplifier (INA 105) for mea-
surement purposes.

Cs+

Figure 4.6: Digitally controlled bank of capacitors to mimic the MEMS
capacitive sensor.

connected unity gain differential amplifier (INA 105) that is used to facili-
tate the measurement of the output noise and the output signal. In order
to test the interface circuit, the MEMS capacitive sensor is emulated by a
pair of on-chip differential variable capacitors Cgy and Cg_, where each
Cgy and Cg_ consists of a fixed nominal capacitor Cy in parallel with 6

capacitors (C7 to Cg) that can be selectively switched in via their control
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switches (Fig. 4.6). Note that to test different ranges of capacitance varia-
tions, 3 different capacitor banks are used (only one is shown in Fig. 4.6).
It is also important to note that Cy to Cg are equal in each set. Moreover,
Co has a nominal value of 200 fF, while the value of C'; for each set is 2 fF,
4 fF, and 8 fF, respectively. The change in capacitance is first converted
to a charge and subsequently goes through the charge-transfer amplifier
using CLS. The output of the charge-transfer amplifier is a voltage signal
that is proportional to AC as explained in Section 4.2. Such output is fed
to the S/H stage followed by an (off-chip) unity gain differential amplifier
(INA 105) which converts the output differential signals of the S/H stage
into a single-ended one. Note that, in practice, such differential amplifier is
not necessary, since typically the output of the S/H stage is directly fed into
an ADC having differential inputs.

The schematic of the op amp used in all of the building blocks is shown
in Fig. 4.7. This op amp uses the folded-cascode topology and has a DC
open-loop gain of 68.1 dB, a phase margin of 61.9°, and a gain-bandwidth
of 2.5 MHz with an output compensation capacitor of 5 pF. It consumes
88 uW from a 5-V supply and has an output swing of 3.25 V. Additionally,
the bias for the op amp is supplied externally.

The flicker noise associated with the op amp is given by [89]:

Kp 1

U’?l,flicker ~ COIWL? (415)

where K is the flicker noise coefficient that is a process-dependent param-

eter, C,, is the oxide capacitance per unit area, and f is the frequency. W

68



4.3. Readout Architecture and Op Amp Structure

VDD
4
Ms Ms2
ﬁ :r: i Mb4 My Mio
Vminus Vplus
M
M 2 M, Ms Voue
<l IRer Ms |_I_| M
Vb
I_l | |
Moz |—C 1 1
M; My
é Gnd
< ------------------------------------ ) ( --------------------------------------------------------------------------------- )

Bias Circuit Single-ended Folded Cascode Operational Amplifier

Figure 4.7: The schematic of the folded-cascode op amp that is implemented
to minimize thermal and flicker noise.

and L denote the width and length of the input differential pair, respectively.
For this design, a PMOS input pair is chosen because in the technology used
in this work, the flicker noise coefficient of PMOS devices is lower than that
of their NMOS counterparts. Additionally, to reduce the flicker noise, W is
chosen to be relatively large (i.e., 100 gm). This large W will result in a
large g, (i.e., ~78 uS) which as explained below will result in lower thermal
noise.

of the folded-cascode amplifier can be

I E—
The thermal noise (v}, yermar)

expressed as [89]:

2
Un,thermal 2 ) < gm3 gm9 )
——— x~ 2 | 4kT 1+—+— 4.16

Af ( 3gm1 gm1 gm1 ( )
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Figure 4.8: Micrograph of the test chip in 0.8 pm CMOS.

where g, is the transconductance of the corresponding transistor. From
(4.16), one can conclude that the thermal noise can be optimized if the
transconductance of the input transistors (g,1) are maximized, and the
transconductance of the current mirror transistors (i.e., gms and gmg) are
minimized. In this work, gm1, gms, and gn9 are ~78 uS, ~46 uS, and

~20 uS, respectively.

4.4 Measurement Results

The proposed capacitive readout circuit is fabricated in a 0.8 um CMOS
technology. The chip has an active area of 0.65 mm? and its micrograph is
shown in Fig. 4.8. As explained earlier, to emulate the sensor differential

capacitance, on-chip banks of capacitors are used in pairs. The test setup is

70



4.4. Measurement Results

Yi- '

. Oscilloscope

NLIES

» \
INA 105 CcMOs' A 1
7’;; Readout!

=

B = o

Figure 4.9: The test setup that is implemented to obtain important mea-
surement results. Each equipment in the figure is identified in white text.

shown in Fig. 4.9 where each test equipment is also identified. The required
clocks and capacitance control signals are generated by an Agilent 81200
data generator. The sampling clock runs at 100 kHz, and the capacitance
control signals vary at roughly 400 Hz. The measured time domain response
of the readout circuit at C4 = 200 fF with a differential capacitance varia-
tion of 24 fF (AC = 12 {F) running at ~400 Hz is shown in Fig. 4.10. Note
that the green and blue signals are the outputs of the S/H buffers (Vs t0p
and Vsppor in Fig. 4.5). The red signal is the difference between the two
S/H outputs, and it has an amplitude of 0.6 V. The measured sensitivity
(voltage variation in response to capacitance variation) of the prototype at
different gain settings is plotted in Fig. 4.11. It can be seen that the circuit

has a maximum gain of 50 mV/fF when Cj4 is equal to 200 fF. Fig. 4.12
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Figure 4.10: Differential output (in red) of the CMOS readout circuit with
respect to a differential capacitance variation of 24 fF changing at approxi-
mately 400 Hz.

shows the output spectrum of the readout circuit when an input is applied
at approximately 400 Hz. As it can be seen, the noise floor at the vicinity
of 400 Hz is —111 dBm, which can be converted to 0.891 uV/\/E. The
capacitance noise floor can then be calculated using the maximum sensitiv-
ity of the interface circuit to be 0.018 aF/ V/Hz. The noise performance is
expected to remain relatively the same if the readout circuit is implemented
with a MEMS sensor in a single chip. A summary of the measured perfor-
mance parameters in this design is shown in Table 4.1, where a comparison
with other works [90, 91, 100-102] is also presented. It is important to note
that, although the presented readout circuit compares favourably to other
works in terms of its power consumption, a few of the latter designs include

more on-chip circuitry such as clock generators and filters.
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Figure 4.11: Measured sensitivity of the CMOS readout circuit at different
gain settings. The measured output voltage indicates the AC amplitude.
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Figure 4.12: The spectrum of the output from 10 to 600 Hz when the input
is applied at about 400 Hz. The capacitance noise floor is 0.018 aF /v Hz.
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Table 4.1: Performance Summary and Comparison

Parameter This Work || [90]* | [91]* || [100] [101]* [102]
Capacitive noise floor (aF/v/Hz) 0.018 0.02 || 0.016 | 0.2 0.19 0.42
Frequency where noise is measured (Hz) 400 400 400 N/A || average from 0 to 300 3
Clock (kHz) 100 1000 | 500 1000 6 600
Technology (um) 0.8 0.5 0.35 0.35 0.35 0.6
Supply (V) 5 5 3.3 5 25-36 3
Power (mW) 0.29 30 2.57 5 1-1.44 3.75

*These designs include more on-chip circuitry such as clock generators and filters.
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4.5. Chapter 4 Conclusion

4.5 Chapter 4 Conclusion

A differential low-power low-noise CMOS readout circuit intended for MEMS
capacitive sensors is presented. The circuit utilizes techniques such as cor-
related level shifting and chopper stabilization to reduce the adverse effects
of op amp finite gain as well as DC offset and low-frequency noise. In this
work, on-chip banks of capacitors are used to physically emulate the MEMS
capacitive sensor. The capacitances are varied via control clock signals. The
circuit achieves a maximum sensitivity of 50 mV /fF. The capacitance noise
floor for the readout is 0.018 aF /v/Hz at 400 Hz. The sampling clock runs

at 100 kHz and the overall interface consumes 290 pW.

75



Chapter 5

A 14-bit XA CMOS MEMS
Capacitive Sensor Interface

Using Modified Correlated
Level Shifting

As discussed in the previous chapter, several MEMS capacitive sensing in-
terface circuits have been proposed in the literature, where two particular
circuit design techniques have been widely used. These are the chopper sta-
bilization (CS) and the correlated-double-sampling (CDS) techniques [96].
Both techniques are used to reduce the offset and the low-frequency noise,
e.g., 1/f noise of the op amp. Additionally, a relatively recent circuit tech-
nique, correlated level shifting (CLS), that aims to minimize the op amp
finite gain error is also introduced in [98], and used in [4] as a sensor read-
out circuit. The heart of the previous chapter is essentially the combination
of CLS and CS such that the readout circuit improves its accuracy, noise
floor, and power performance. Note that the need to use CS is due to the

fact that CLS does not cancel offset or very low frequency noise.
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In this chapter, a SC sensor interface front-end circuit based on a vari-
ation of CLS is proposed to retain the features associated with the readout
circuit in the previous chapter, without the need to use CS. In other words,
the proposed interface front-end in this chapter uses a single modified cor-
related level shifting technique to not only minimize the op amp finite gain
error, but also reduce low frequency imperfections associated with the op
amp. This modified CLS technique therefore improves the noise and power
performance of the circuit simultaneously.

To complete the sensor readout system, a back-end first-order 14-bit XA
ADC is interfaced with the front-end circuit to provide a 1-bit pulse-width
modulated (PWM) digital signal at the system output. As opposed to the
previously reported sensor readout architectures, in which the MEMS sen-
sor is directly connected to the integrator block of a ¥A modulator [18, 66],
the presented system architecture has the front-end circuit block that con-
verts the change in capacitance to voltage, followed by the back-end ADC
that digitizes the amplified analog voltage signal from the front-end to a
1-bit output digital stream. The advantage of this architecture is the decou-
pling of the modulator from the sensor to achieve optimized performance
independent of the sensor capacitance [93].

The content of this chapter describes a fully differential low-noise SC
readout circuit that is intended for MEMS capacitive inertial sensors. The
overall system architecture consists of two main sections: the front-end block
and the back-end block. The front-end circuit consists of the sensor and
the charge-transfer amplifier (capacitance-to-voltage converter) that uses a

variation of correlated level shifting (CLS) technique to reduce the op amp
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finite gain error as well as to minimize the effects of op amp offset and low-
frequency noise. The output at the charge-transfer amplifier is smoothened
out by a S/H stage. The back-end block consists of an anti-aliasing filter
(AAF) followed by a 14-bit first-order XA ADC. The readout circuit is
designed and laid out in a 0.8 ym CMOS process. For the purpose of
simulations, the MEMS capacitive sensor is emulated by a pair of differential
variable capacitors in Verilog-A. Post-layout simulation results demonstrate
that the circuit achieves a capacitance noise floor of ~0.25 aF/vHz at
500 Hz with a sensitivity of 12.42 mV /fF. The circuit consumes 1 mW from
a single 5 V supply.

This chapter is organized as follows: the theory of operation of the pro-
posed modified CLS is discussed in Section 5.1, where a simple single ended
capacitive sensor readout circuit is used as an example. In Section 5.2, the
overall sensor system architecture is first introduced and described, followed
by detailed discussions on the front-end and back-end circuit blocks that
make up the whole system. Post-layout simulation results are reported in

Section 5.3 and the concluding remarks are provided in Section 5.4.

5.1 Modified CLS Theory of Operation

As discussed in the previous chapter (Chapter 4), in regards to the original
CLS, while it possesses the loop gain boosting characteristic while introduc-
ing negligible noise, it has poor offset/very low-frequency noise performance.
Please refer to Chapter 4 for detailed discussion on the operation of CLS.

Therefore, we propose to slightly modify the original CLS so that the
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Figure 5.1: (a) Operation of correlated level shifting (CLS). (b) Operation of
modified correlated level shifting (MCLS). Single-ended structure is shown
for simplicity.

modified version is able to reduce offset and low-frequency noise while keep-
ing the original advantages. Fig. 5.1 (a) and (b) shows both the original CLS
and the modified CLS (MCLS) in capacitive sensor readout application. To
briefly introduce both circuits in Fig. 5.1, C's models the MEMS capacitive
sensor (in this work, Cg is described using Verilog-A). This variable sensing
capacitor can be written as: Cs = Cy+AC where typically AC <« Cy. Cg is
the reference capacitor and is equal to Cy. C4 is the feedback capacitor that
dictates the sensitivity of the readout circuit. Corg is the capacitor used in

CLS to reduce the op amp finite gain error and its purpose is described in
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detail in Chapter 4.

The operating principle of the proposed MCLS is shown in Fig. 5.1 (b),
where an input-referred voltage offset V,s of the op amp is included in the
figure. Note that V,s can also represent very low-frequency noise as an
approximation. The only difference between the two approaches (original
CLS and modified CLS) is in the sampling phase. For the variant of CLS
proposed in this work, instead of connecting the inverting input of the op
amp to a DC source, a connection is made between the inverting node of the
op amp to the output of the op amp, forming a negative feedback network.
In this way, the offset of the op amp can be sampled onto C'4 in the sampling
phase, and subsequently its value can be subtracted from the signal in the
next phases (CDS principle). The output at the end of the estimation phase

can be written as:

Vop . Vos  Vbp (AC 1
Ve ~ | — 4+ = 5.1
o [0+ e 2 (20)] () o

where K is the opamp loop gain during this clock phase, and can be ex-

pressed as:

ACy AC4

K = ~
Cog+Cop+Csa 2C)+Cy

(5.2)

In equation (5.2), A is the DC gain of the op amp. Also note that V. =
0.5Vpp.
The output at the end of the level shift phase (output of interest) can

be written as:
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Vop  Vos  Vpbp [AC 1
Vour,Ls2 = ?—F?—i— 5 <CA>] <1+K1EQ> (5.3)

where the equivalent loop gain Kgg can be approximated as:

Kpg=K2+ K)~ K? (5.4)

where the assumption lies within the fact that there is no charge loss in
Ccors. This point has also been discussed thoroughly in Chapter 4 (Equation
(4.5) to (4.7)).

As it can be seen from both (5.2) and (5.3), if the proposed modifica-
tion is applied, the op amp offset is reduce by a factor of K, which can be
maximized if C'4 approaches infinity (assuming A is fixed). However, the
sensitivity of the circuit (Volts/Farads) is inversely proportional to Cy, so
if large sensitivity is a requirement in the system specification, then the de-
signer should take this trade-off into account. On the other hand, the overall
effective loop gain is still equal to Kgg, which is approximately K 2. This
shows that the MCLS still has the benefits from the original CLS.

5.2 CMOS Interface Circuit Architecture

The overall system architecture of the designed fully differential sensor in-
terface circuit can be found in Fig. 5.2. As it can be seen in the figure,
the sensor is directly connected to the front-end circuits, where a SC charge
transfer amplifier is used to convert the changing charge of the capacitive

MEMS sensor to an amplified voltage representing the physical signal of
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Figure 5.2: The overall sensing interface architecture with the physical sen-
sor, front-end and back-end circuits. The front-end includes a modified
correlated level shifting charge-transfer amplifier and a S/H stage while the
back-end circuit includes an AAF plus a first-order XA ADC

interest. Note that the charge transfer amplifier uses the modified CLS as
discussed in the previous section.

The voltage at the output of the charge transfer amplifier is sampled
and subsequently enters the back-end circuit block. The first stage of the
back-end circuitries is an anti-aliasing filter (AAF) that filters out high fre-
quency components of the signal such that the signal is more band-limited
and is free of aliasing. The second stage of the back-end circuits is a first
order SC XA ADC that consists of an integrator, followed by a comparator
(1-bit quantizer) and a 1-bit feedback DAC. As mentioned previously, this
configuration decouples the YA modulator from the sensor capacitors such
that the size of the sensor capacitances does not affect overall system perfor-
mance. Moreover, the front-end can be clocked (sampled) at a much lower

frequency compared with the back-end, as this is particularly useful when
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Figure 5.3: Schematic of the proposed capacitive readout front-end circuit
which consists of variable capacitors (to mimic the MEMS sensor), modified
CLS charge-transfer amplifier, and S/H dual buffers. The clock waveforms
are also included in this figure.

the sensor capacitance is large (large time constant). The CMOS readout is
implemented in fully differential fashion to reduce common mode interfer-
ence (substrate and supply noise), and to increase the dynamic range. In the
following subsections, each of the above mentioned blocks will be discussed

in more detail.

5.2.1 Front-End Circuit Block

As it can be seen in Fig. 5.2, the front-end of the interface circuit consists

of a SC charge-transfer amplifier followed by a S/H stage. The detailed
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schematics of the front-end is shown in Fig. 5.3, where three major building
blocks can be identified: a MEMS differential capacitive sensor, the proposed
fully differential charge-transfer amplifier that uses modified CLS (MCLS),
and a sample-and-hold (S/H) output stage. The MEMS capacitive sensor is
essentially a three terminal device, where two of the terminals are connected
to the inverting input of the op amps (OPAMP1 and OPAMP2), and the
third is the proof mass. The variable capacitors C's; and Cg_ are differential
and can be expressed as Cgy = Cp+AC and Cg_ = Cy—AC. It is important
to note that this readout front-end theoretically can be interfaced with any
types of capacitive differential sensor as long as the feedback capacitor C'4
is programmable and can be matched with the nominal sensor capacitance.

The capacitance variations from the sensor are first converted into charges
that are transferred onto the feedback capacitors Cy, and are amplified
through the charge-transfer amplifier. The resulting output is in voltage.
The operating principle of such charge-transfer amplifier is explained in Sec-
tion 5.1 in the context of a single-ended circuit. The clocks shown in Fig. 5.3
essentially divide the system into three classical CLS phases: sample, esti-
mate, and level shift. Note that the valid outputs Vo4 and Vp_ appear at
the end of the level shift phase. The aforementioned outputs are fed to the
S/H stage to obtain a smoother signal. The final differential output Voyr

is essentially:
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Vour = Vst top — Vst pot

‘/os - ‘/os Vi AC 1

where V,51 and Vs are the input referred offsets associated with OPAMP1
and OPAMP2, respectively. Interestingly, it can be seen that the final offset
is significantly reduced by two phenomena. First, the final offset is propor-
tional to the difference between the offset from OPAMP1 and OPAMP2.
Assuming a good match between the two op amps, the offset can be very
minimal. Furthermore, the offset difference is then reduced by a factor of
K, which is derived in Section 5.1. Therefore, the offset and the very low
frequency noise in this circuit can be decreased tremendously.

The op amps used in the circuit are all identical folded-cascode structures
with a DC gain of 56.47 dB, a phase margin of 74.67°, an output voltage
swing of 3.7 V, and a gain-bandwidth of 13.64 MHz at 1 pF load. The dual
buffer consists of two op amps each configured as a unity gain buffer. The

schematic of the op amps can be found in Fig. 4.7.

5.2.2 Back-End Circuit Block

Referring back to Fig. 5.2, it can be seen that the back-end of the interface
circuit consists of an anti-aliasing filter (AAF) and a XA ADC. The output
from the S/H stage is applied through the AAF such that the signal of

interest is more band-limited, and more suitable for sampling. The detailed
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Figure 5.4: Schematic of the proposed capacitive readout back-end circuit
which consists of an AAF and a SC ¥A ADC using CDS. The clocks used
in the back-end are two non-overlapping clocks.

schematics of the back-end circuit block is shown in Fig. 5.4.

The AAF is a buffered RC low pass filter (LPF) where the R is made
of a MOSFET operating in its linear region. The transistors in this case
do not generate much flicker noise, but the thermal noise will be added to
the input signal of the XA ADC. The thermal noise can be considered as
a dithering mechanism which randomizes the quantization noise spectrum.
Note that the 3-dB bandwidth of the filter is determined by the value of R
and C, where the resistance is set by the size of the transistors.

The XA ADC is a first-order modulator, which consists of a fully differen-
tial SC integrator, a clocked 1-bit quantizer (comparator) and a SC negative

feedback network (1-bit digital-to-analog converter). It is important to note
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that, the XA ADC is an oversampling data converter that shapes the quan-
tization noise out of the signal band, meaning the ADC could achieve very
high resolution without the need of increasing analog components.

For a first-order YA ADC, the dynamic range (DR) can be expressed as
[104]:

DR = 10log (;) + 30l0g(OSR) (5.6)

where OSR is the oversampling ratio of the converter, which is essentially
the sampling clock frequency divided by 2X the input signal bandwidth.
Equation (5.6) indicates that, the DR of the ADC increases by 9 dB every
time the OSR doubles. This also translates into a 1.5 bits improvements
from doubling the OSR. For this particular design, the OSR is roughly 1000,
therefore, the DR should be expected to be ~85 dB.

The circuit is clocked by two non-overlapping clocks P; and P». Pp
and Py are slightly delayed version of P; and P», and they are used to
reduce the negative effects of charge injection. When clock phase P; is high
(sampling phase), C1 top and C1 por Will be charged with the filtered output
voltage of the front-end Vs top and Vsp por, respectively. At the same time,
the feedback capacitors Cr are charged to 0.5Vpp. When P, switches to
high (integration phase), the difference between the input signal (output of
the AAF) and the 1-bit digital-to-analog converter (DAC) will be integrated
through the SC integrator, and the digital output bit stream will show up at
the output of the 1-bit quantizer. Moreover, the correlated double sampling

(CDS) capacitors at the input of the op amp will store the offset and flicker
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noise in the sampling phase. These offset and noise will then be canceled
out during the integration phase. Also note that the XA ADC is separated
from the actual sensor, therefore, it is not required to have Cq, Cp, or Cf
programmable as the operation of the ADC does not depend on the sensor
capacitance.

The internal structure of the 1-bit quantizer is basically an uncompen-
sated op amp and a D flip-flop (DFF). The DFF is a falling edge trigger
device, meaning that the comparator digital output will be latched at the
falling edge of P,. The sampling clock runs at 1 MHz. The noise shaping
capability of a YA ADC will push the quantization noise out of the signal
band.

5.3 Post-Layout Simulation Results

The readout circuit including the aforementioned front-end and back-end
circuitries is designed and laid out in a 0.8 um CMOS process. The circuit
layout is shown in Fig. 5.5, where the active area is enclosed in a white dotted
box and has a dimension of 2 x 0.25 mm?. To simulate the interface, a pair
of voltage-controlled differential capacitors C's; and Cg_ are implemented
in Verilog-A to emulate the MEMS capacitive sensor. In terms of the front-
end circuitry, Fig. 5.6 shows the simulated transient response of the readout
front-end with respect to a sinusoidal AC' with an amplitude of 50 fF and
a frequency of 500 Hz (100 fF if considered differentially). Note that the
sampling clock frequency is set at 100 kHz.

The output of the S/H stage has a differential amplitude of 1.242 V,
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ICKBCS2J

Figure 5.5: Layout of the proposed interface circuit in 0.8 um CMOS. Note
that the active area is enclosed in a white dotted box.

which corresponds to a differential sensitivity of 12.42 mV /fF. Moreover,
an offset voltage source is intentionally placed at the input of an op amp
(charge-transfer amplifier) during the simulation, and it can be seen that
the DC level of the output is unaffected by the offset and is still at V,..; of
2.5 V. In Fig. 5.7, a comparison between the original CLS and the proposed
modified CLS in terms of low-frequency noise behaviour is demonstrated via
noise simulation. It can be seen that the proposed approach outperforms
conventional CLS at very low frequencies (6 dB improvement at 1 Hz). For
the proposed circuit, the equivalent output noise at 500 Hz is 3.05 uV'/ VHz,
which indicates an input-referred capacitance noise floor of approximately
0.25 aF/ Vv Hz. Based on this simulation result, it can be seen that the noise
floor of this readout circuit is higher compared with the previous designs.
This can be attributed to the fact that more op amps and capacitors are

used in this readout. The op amp is a major noise source, and capacitors
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Figure 5.6: Transient response of the CMOS readout circuit front-end when
an input capacitance variation of 50 fF (100 fF differential) is applied at
500 Hz.

in series with resistors will generate kT /C noise. For this particular read-
out, the purpose is to show that CLS can be modified such that offset and
very low-frequency noise can be reduced. If the designer can implement a
fully differential amplifier as opposed to two differential input single ended
output op amp, the noise can be reduced significantly. Moreover, by using
larger capacitors, i.e., larger Cr, kT/C noise can also be reduced. There-
fore, this design would be more useful for sensors that have higher nominal
capacitances. Finally, the front-end circuit consumes 555 W from a single
5V supply.

In regards to the back-end circuit block, the output of the XA ADC is a

pulse-width modulated (PWM) signal. The bitstream represents the input
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Figure 5.7: Simulated low-frequency noise response of the two approaches
(CLS and proposed modified CLS).

analog signal. This analog signal is essentially the output of the S/H circuits
from the front-end circuit block. In this case, it is a sinusoidal voltage signal
tracking the sinusoidal capacitance variation coming from the sensor.

To first verify the functionality of the XA ADC, a first-order low-pass
RC filter with 3-dB bandwidth of 4 kHz is used at the output to average
down the bitstream. Since the input signal is running at 500 Hz, the filtered
output should be a 500 Hz signal as well. Fig. 5.8 shows the low-pass
filtered output signal (LP_out), the ADC output bitstream (Qb), and the
input voltage signal (cap2) that generates the sinusoidal AC. As it can
be seen, the filtered bitstream absolutely represents the analog input signal

with a slight delay.

91



5.3. Post-Layout Simulation Results

3,25 /LP_out

3.0 MWM
2.757 i

— i

s e

= 2 22- EW
.2.0— WWWMWMM M

1.7%_ 706
5

V V)

4
3
2
1

o

7o.bT7capaT
50.04
25.01
ol
-25.01
-50.01

—75.0
0

V (V)

.5‘0 1:0 1:5 2.0

1.387ms 2.6937V time (ms)

Figure 5.8: Transient response of the CMOS readout back-end when an input
capacitance variation of 50 fF (100 fF differential) is applied at 500 Hz. The
red bitstream is the output of the XA ADC that is getting filtered. The
brown signal represents the low-pass filtered output, which tracks the input
signal in blue.

The resolution is determined by examining the output spectrum of the
YA ADC. The PWM bitstream data at the output is collected and Fast
Fourier Transform (FFT) is applied to the data in Matlab to obtain the
spectral content of the digital signal. Fig. 5.9 illustrates the power spectrum
of the ADC output, where the noise shaping capability of the XA ADC is
clearly shown. It can be seen that the CMOS interface circuit achieves a
DR of roughly 85 dB, which is equivalent to a resolution of 14 bits. Lastly,
the power consumption from the back-end is about 450 W. Therefore, the
total power consumption of the CMOS readout circuit is 1 mW.

A performance summary of the design is provided in Table 5.1. For the

purpose of comparison, the measured performance of recent related works
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Figure 5.9: The spectral content of the PWM output. The input signal is a
sinusoidal capacitance variation with a frequency of 500 Hz. The XA ADC
processes the input and shapes the quantization noise out of the signal band.
The DR is ~85 dB, which translates to 14 bits of resolution.

[90, 91, 93, 101] is also included in the table. Note that [90] and [91] use
continuous-time-based (CT-based) circuits, [101] uses pseudo-CT-based cir-
cuit, and [93] uses discrete-time-based (DT-based) circuit. Generally speak-
ing, CT-based circuits exhibit better noise performance at the cost of con-
suming more power. Table 5.1 shows that the power and noise performance
of the proposed readout circuit compares favourably with the state-of-the-

art designs.
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Table 5.1: Performance Summary and Comparison

Parameter This Work* || [90]** | [91** [101** [93]**
Noise Floor (aF /v Hz) 0.25 0.02 | 0.016 0.19 4
Frequency where noise is measured (Hz) 500 400 400 average from 0 to 300 10k
Clock (kHz) 125 1000 500 6 1000
Technology (pm) 0.8 0.5 0.35 0.35 0.25
Supply (V) 5 5 3.3 2.5 - 3.6 2.5
Power (mW) ok 30 2.57 1-1.44 6***

*Post-layout simulation results

**Measured results

***Including a SC XA modulator
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5.4. Measurement Results

5.4 Measurement Results

The CMOS readout circuit including both the front-end (charge-transfer
amplifier and S/H) and back-end (AAF and A ADC) circuits is fabricated
in CMOS 0.8 pm technology. The overall size of the interface circuit chip
is 25 mm?, however, the active area is only 0.5 mm? as discussed in the
previous section. The sensor interface chip is wire-bonded to the MEMS
accelerometer in a single package. This accelerometer is described in Sec-
tion 3.1 and the overall size of the sensor chip is 30.25 mm?. A micrograph
showing the whole system inside the package is illustrated in Fig. 5.10, where
the CMOS readout is on the right, and the MEMS sensor is on the left.
The device package is mounted at the centre of a designed PCB for
testing purposes. The dedicated PCB is shown in Fig. 5.11. The DC bi-
asing circuitries surround the packaged device, while the connectors sit at
the perimeter of the board. After powering up the chip and providing the
necessary biases, I notice that the DC voltage level at the output of the
front-end is roughly 0 V, which is substantially less than the expected value
of 2.5 V (Vggr). This phenomenon has not changed after careful board
debugging. There are no short circuits on the PCB and the biasing are all
correct. We have 3 packages for testing and they all show the same results.

I believe this problem could be caused by either of the following:

1. Mismatch between the nominal sensor capacitance Cy and the ref-
erence capacitor C'r of the charge-transfer amplifier: referring back
to Fig. 5.1(b), assuming all ideal components, if Cr is not equal to

the nominal capacitor Cp, the output of the charge-transfer amplifier
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Figure 5.10: Micrograph of the overall sensing device: CMOS readout circuit
is on the right where as the MEMS accelerometer is on the left. The sensor
and the electronics are wire-bonded together in a single package.

during the level shift phase can be expressed as:

(5.7)

Vi Vpop(Cy — C Vi AC
Vour,Ls2 = gD+ DD(2gA R)—i— gD (C_A)

This indicates that the common-mode voltage at the output of the

charge-transfer amplifier can potentially drop to near zero value if:

Cr—Co
— 2>1 .
T (5-8)
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Figure 5.11: Dedicated PCB to test the accelerometer sensing system which
is placed at the centre of the board.

For this design, Cr is designed to be equal to the nominal capacitance
(Co) value, which was provided by the MEMS designers. It is likely
that Cr turned out to be larger than Cy from all the parasitics near it,
which caused this saturation phenomenon. Although I had trimming
capability for Cg, the resolution is quite limited, as I did not design

for a wider range of reference capacitances.

2. Chips are broken during the wire-bonding process: 1 believe this is

another likely root because the packaging service provider had to cut
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off the back of the readout circuit chip partially in order for the devices

to fit inside the package.

3. Device is damaged from electrostatic discharge (ESD): I did implement
ESD protection pads for the readout circuit, therefore, this may be less

likely than other potential causes.

4. The op amp is broken: I believe this is unlikely because the current

flowing through the op amp is correct from probing.

To summarize, I believe the reasoning behind the malfunctioning chip
could be the mismatch between sensor capacitance (Cp) and reference capac-
itance (CR), and the damage caused during the CMOS MEMS integration.
Therefore, the performance of the sensing system is purely based on post-

layout simulations.

5.5 Chapter 5 Conclusion

A low-noise interface circuit for MEMS capacitive sensory systems using
modified CLS technique is presented. It is shown that the proposed cir-
cuit decreases the adverse effects of the op amp offset and low-frequency
noise while maintaining the major benefit of the CLS, that is, reducing the
effects of op amp finite gain. The design is laid out in 0.8 ym CMOS. Post-
layout simulation results show that the interface system has a sensitivity
of 12.42 mV /fF while consuming 555 uW from a single 5 V supply. More-
over, the readout circuit can resolve input capacitance variations as low as

0.25 aF /v Hz at 500 Hz.
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Chapter 6

Overall Design Flow and
Discussion on Reported

Readouts

So far in this thesis, three major circuit design techniques for MEMS ca-
pacitive sensor interface are proposed and analyzed in detail. In Chapter 3,
the parasitic-insensitive chopper stabilized readout circuit is described. In
Chapter 4, the chopper stabilized correlated level shifting readout circuit is
presented. And finally in Chapter 5, the XA modified correlated level shift-
ing readout is discussed. The primary objective of utilizing the above men-
tioned techniques is to achieve a high resolution high performance MEMS
device. In particular, the system should have very good noise and power
metrics and can be used in applications where high performance is required.

It is however very important to put the circuit design techniques aside
and form a clear design flow. In other words, when a problem is given, the
designer should follow a design flow and choose the correct circuit technique
to implement the MEMS sensing device such that the system performance

specifications are met efficiently.
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In this chapter, the objective is to discuss the overall design flow from
system level down to circuit level. In Section 6.1, a design flow chart is
first given, followed by detailed explanations for each step. In Section 6.2, a
general discussion on each of the reported readout circuit is provided, such
that the reader will be able to select suitable circuit techniques for his/her

own design.

6.1 Design Flow Chart and Detailed Explanation

Figure 6.1 shows a readout circuit design flow chart, where on the mechanical
side, MEMS accelerometer is used as an example.

As discussed in the Introduction, for performance demanding applica-
tions, high resolution MEMS devices are required. Take MEMS accelerom-
eter as an example, the resolution needs to be in the ug range for inertial
sensing. This system level resolution should be the first specification to
be examined, and the MEMS designer will implement a certain mechani-
cal structural engineering procedure to ensure such resolution mechanically.
With a sufficiently large proof mass, ug can be the mechanical Brownian
noise floor. Therefore, with a good MEMS mechanical design, theoretically,
the sensor is able to detect such small acceleration.

Once the resolution in g is determined (step 1), based on the mechanical
design of the MEMS sensor, the relationship between acceleration and ca-
pacitance variation can be derived from the mechanical sensor. By knowing
the minimum detectable acceleration, i.e., ug, the capacitance noise floor can

be calculated using mechanical sensitivity in F'/g (step 2). Note that this
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Figure 6.1: A general readout circuit design flow chart.

topic is also discussed in Section 2.1. Such minimum capacitance variation
basically determins the type of readout circuit to be designed.

The resulting readout circuit needs to resolve the aforementioned small
capacitance variation. In other words, the output voltage noise of the read-
out has to be minimized to meet such requirement. With reasonable assump-
tion on the readout gain (V/F'), the output noise voltage can be determined
(step 3).

In step 4, the designer should choose a noise reduction technique. For

instance, CS can be used to lower offset and flicker noise. However, extra

101



6.1. Design Flow Chart and Detailed Explanation

clocking is required to implement CS, which would increase the overall power
consumption. If CDS is used, although additional clocking is not needed,
the extra capacitor used to store errors would introduce extra kT /C noise.
Therefore, these interesting trade-offs between noise and power should be
considered by the designer.

In terms of step 5, circuit noise should be analyzed to determine capaci-
tor values as well as op amp noise specification. The capacitor value mainly
dictates the thermal noise level (kT /C). In regards to op amp, although both
thermal and flicker noise exist, CS/CDS can reduce the latter. It is impor-
tant to note that, it is not possible to keep increasing the capacitor value
because large capacitors consume area. Furthermore, the feedback capacitor
in the charge-transfer amplifier determines the capacitance-to-voltage gain.
Large feedback capacitor will deteriorate the gain of the circuit, which can
be undesirable (related to step 3).

From Chapter 4 and 5, it can be seen that CLS is a very useful technique
in terms of readout circuit designing. Therefore, CLS should be assumed in
the design process because it increases the loop gain of the readout circuit
(step 6). With that in mind, designer can derive the op amp specifications
based on settling time and accuracy. The op amp open loop gain is not
required to be too large due to the loop gain boosting property of CLS,
so power consumption can be reduced. The settling time can be used to
determine the op amp frequency response (step 7A and 7B). By knowing all
the specifications, the designer can implement all the circuit blocks down to

the transistor level.

102



6.2. General Discussion on Reported Readouts

6.2 (General Discussion on Reported Readouts

Based on the discussion from Section 6.1, there are many design consid-
erations from step 4 and onwards. For high resolution readout circuits,
it is important to utilize a noise reduction technique. In regards to the
reported designs, CS is used in Chapter 3 and Chapter 4, whereas the read-
out in Chapter 5 uses an offset compensation technique similar to CDS.
The designs presented from Chapter 3 to 5 are in chronological order. The
parasitic-insensitive readout circuit uses CS and very large op amp input
differential pair to reduce noise. The issue with this is that the device will
be large, and there is no power minimization technique applied. Therefore,
although good noise performance can be achieved, there are many aspects
of the design that can be improved. Chapter 3 will be removed from further
discussion.

Starting from Chapter 4, CLS has been used to improve settling accuracy
and power consumption. By utilizing CS in conjunction with CLS, very good
noise and power performance is achieved (0.018 aF/v/Hz and 0.29 mW).
It is however important to note that the power consumption reported in
Chapter 4 only includes the readout circuit, but not any other required
peripheral circuitries such as clocks, filters, or ADCs.

In terms of Chapter 5, a modified CLS technique is used to implement
the readout circuit. The designed interface circuit generates more noise
compared to Chapter 4. However, it should be noted that the circuit imple-
mented in Chapter 5 is a fast prototyping experiment, where many design

aspects can be improved theoretically. For example, there are more op amps
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used in Chapter 5 compared to Chapter 4. The designer can implement a
fully differential op amp as opposed to two differential-to-single-ended op
amps. By using a single fully differential op amp, the noise performance can
be improved. Moreover, the modified CLS technique does not require extra
clocking scheme, which is needed by CS. Therefore, the circuit in Chapter 5
should consume less power than the one in Chapter 4 when the whole system
is considered.

In conclusion, if one hopes to design a readout circuit that has very good
noise performance, the CS 4+ CLS readout introduced in Chapter 4 can be
considered. On the other hand, if the MEMS device requires very good
power consumption while having reasonable noise floor, the modified CLS
circuit described in Chapter 5 can be utilized. The development of CMOS
interface circuits in all the chapters aligns with the ultimate scientific goal:
proposing analog circuit design techniques to effectively reduce noise and
power consumption for MEMS electronic readout. The key is to find good
balance between noise and power by utilizing different approaches, in order

to develop the right circuits based on the given specifications.
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Chapter 7

Conclusion and Future Work

7.1 Research Contributions

The general theme of this thesis is the design and implementation of CMOS
electronics interfacing MEMS capacitive sensors. More importantly, the re-
search is mainly focused on analog circuit design techniques that improve the
power and noise performance of the overall system. The sensor used in this
work is a capacitive SOI MUMPS micro-accelerometer, and several readout
circuits are proposed, designed, fabricated, and characterized. The front-end
typically consists of a sensor, a charge-transfer amplifier (capacitance-to-
voltage converter), S/H circuits, and filters. The output from the front-end
would be a purely analog signal, where it is necessary to digitize the sig-
nal using an ADC for further digital signal processing. A summary of the
overall work done in the research have been published in both conference
proceedings [1-3] and journals [4]. Additionally, there is another journal

manuscript that will soon be submitted.

e In Chapter 3, a CMOS readout circuit is designed and fabricated to
interface with a MEMS capacitive accelerometer. On the mechanical

side, the micro-sensor is implemented in SOI MUMPs technology in
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which a large proof mass is utilized so that the sensor has high sen-
sitivity and good noise performance. Special circuit techniques have
been added to the readout electronic so that it is parasitic insensitive.
Additionally, the circuit utilizes chopper stabilization (CS) technique
to reduce the offset and low-frequency noise coming from MOS tran-
sistors. In this work, the CMOS interface and the MEMS sensor are
wire-bonded in a single package forming a system-in-a-package. Mea-
surement results show that the sensing system exhibits good noise

performance.

In Chapter 4, a switched-capacitor circuit technique called correlated
level shifting (CLS) is used in conjunction with CS for the design of
the readout circuit front-end. CLS was first proposed in [98] and it
significantly improves the overall loop gain of the op amp. This would
increase the accuracy of the output and loosen the gain specification of
the op amp, which would reduce the power consumption of the system.
The one drawback associated with CLS is that it does not cancel DC
offset and very low-frequency noise of the op amp. By adding CS
into the scene, the low-frequency imperfections (DC offset and 1/f
noise) associated with the op amp would be reduced. In this work, a
pair of on-chip variable capacitors are used to emulate the mechanical
sensing element. Experimental results show very good power and noise

performance from the circuit.

Extending the novelty of CLS, a modification to the technique is pro-

posed such that the modified version not only improves the loop gain
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of the op amp, but also reduces its DC offset and low-frequency noise.
Note that no other circuit techniques are required to reduce the noise.
Everything related to this circuit technique is presented in Chapter 5,
where principle of operation, circuit analysis, and post-layout simula-
tions are presented. The modified CLS preserves the benefits of the
original one, and simulation results show that the modified version has

~6 dB noise improvement at low-frequency.

e Chapter 6 provides a detailed design flow for the designers to follow
and implement the CMOS readout circuit efficiently and systemat-
ically. Moreover, discussion and comparison on the aforementioned
three circuit design approaches is presented. Each design technique

has its own merit and can be used depending on the application.

7.2 Future Work

Future directions for expanding the current research include:

e As discussed in the Introduction and Background chapters, one of the
design focus is power consumption, leading to the selection of open-
loop readout. However, it is possible to incorporate the readout circuit
in a closed-loop system too. One of the possible future work would
be to use the low-power low-noise charge-transfer amplifier inside a

closed-loop sensing system for superior linearity and dynamic range.

e The proposed readout circuits should be connected with an ADC chip

so the sensor’s output can be digitized and processed. So far the
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measurement results are purely analog. It would be interesting to use

a 2A ADC to digitize the analog signal.

To achieve the most optimal performance, The MEMS capacitive sen-
sor and the electronics should be implemented on the same wafer,
making the chip monolithic and much smaller in size. This will greatly
reduce the parasitic effect from the mechanical sensor to the readout
circuit. Moreover, this can avoid wire bonds that could potentially act
as an antenna and receive unwanted noise. Wire-bonding the MEMS
sensor and readout circuit is done in Chapter 3, but ideally, as men-
tioned previously, fabricating both devices on the same wafer would

achieve better results.

A shaker table is very important for characterizing and measuring the
sensory system as it is able to provide sinusoidal acceleration to the
devices. For future work, one may use a shaker table to test the MEMS

sensor with readout circuit.
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