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Abstract

Demand for low-power low-voltage integrated circuits (1Cs) has rapidly grown due to the
increasing importance of portable equipment in al market segments including
telecommunications, computers, and consumer electronics. The need for low-voltage ICs is
also motivated by the new submicron CMOS technology scaling that requires all transistor’ s
gate-to-source (Vgg) Voltage to operate in less than 1.5V in the year 2001 and 0.9V in 2009, as
predicted by the Semiconductor Industry Association. In recent years, a lot of researches were
done on designing switched-capacitor (SC) filters for low supply voltages. The primary reason
isthat SC filters achieve high filter accuracy with low distortion. SC filtersthat can operate with
asingle 1-V supply in standard CMOS process have been designed using the switched-opamp
technique without any clock voltage multiplier or low-threshold devices. However, this
switched-opamp (SO) technique requires the opamps to turn off after their integrating phases
and thus cannot be applied to realize a SC pseudo-N-path filter.

In this project, a modified switched-opamp technique has been proposed to redlize a
fully-differential 1-V SC pseudo-2-path filter in HP 0.5um CMOS process with V, = 0.86V
and V., = 0.7V. A fully-differential two-output-pair switchable opamp is designed to achieve a
low-frequency gain of 69dB to preserve the filter transfer function accuracy. With the use of SC
dynamic level shifters, an output signal swing of 1.4-V ,, can be achieved even with asingle 1-V
supply. The filter implements a bandpass response with center frequency of 75kHz and
bandwidth of 1.7kHz (Q=45) with a sampling frequency of 300kHz. It consumes a power of

about 310mN and occupies a chip area of 800mmx1000mm.
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Preface

There have been increasing interests on the inventions and improvements of Micro-
ElectroMechanical Systems (MEMYS) since 1970s. MENS devices are small in size and low
cost. It also allows high degree of design flexibility compared with conventional systems that
consists of mechanical parts. The advantages of putting gyroscope in micro scale are obvious,
since conventional gyroscopes are large in size, easily wear out after several thousand hours of
operation and very expensive. In this project, we have explored the design and fabrication
issues on making vibrating piezoel ectric microgyroscope on silicon crystal, which is explored
in Chapter 1 of this thesis. The preparation and poling method of the piezoelectric materia -
PZT (Lead Zicronate Titanate) is covered. The operation of the microgyroscope and its testing
results are presented. Some critical fabrication steps of the piezoelectric microgyroscope will
be discussed while the complete fabrication process is attached in the appendix for your

reference.

Based on the performance of the microgyroscope, a 1-V switched-capacitor (SC)
pseudo-2-path bandpass filter is designed and implemented. The filter will be applied in the
lock-in amplifier, which is used as the signal conditioning circuitry for improving the signal-
to-noise-ratio (SNR) of the microgyroscope. The principle of the lock-in amplifier isintroduced

in Chapter 2, where different ways of implementing narrowband bandpass filters are discussed.

The detailsin the synthesis of aclassica SC pseudo-2-path filter are covered in Chapter 3.

Techniques like Z to —Z transformation and RAM-type path cells are discussed in details.

In Chapter 4, the considerations and limitations of operating SC circuits at low supply

voltage are explored. The shortcomings of the conventional switched-opamp techniques are

Vi



pointed out and a modified switched-opamp technique is proposed. The proposed switched-
opamp technique is verified and illustrated through the design and implementation of a1-V SC
pseudo-2-path filter. A fully-differential two-output-pair switchable opamp is introduced the
first timein literature. For improving the output dynamic range, SC dynamic level shifters are

applied. The performances of the filter are verified by SWITCAP2 ssimulations.

The transistor level implementation of the 1-V SC pseudo-2-path filter in standard CMOS
processis presented in Chapter 5. A 1-V fully-differential two-output-pair switchable opampis
designed in HP 0.5mm CMOS process to achieve a low-frequency gain of 80dB with a unity-
gain frequency and phase margin of 7.5MHz and 54° respectively. A dynamic common-mode
feedback (CMFB) circuit is designed to operate with 1-V switchable opamp. Unlike continuous
time CMFB circuit, the dynamic CMFB circuit does not reduce the output dynamic range of the
opamp. An on-chip voltage buffer is designed for driving capacitance from externa pads and
measuring equipment. The HSPICE simulations results of the building blocks and the 1-V SC

pseudo-2-path filter are presented.

The layouts and post-simulations results of the building blocks and the filter are discussed
and summarized in Chapter 6. The testing results and methodologies are covered in great details
in Chapter 7. Testing results show proper operation of the 1-V SC pseudo-2-path filter, from
which the proposed modified switched-opamp technique is verified. A conclusion is drawn at
the end of this thesis to explore the potential applications of the proposed switched-opamp

technique as well as its limitations and ways of improvements.

Vii
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Chapter 1 Design and Fabrication of Piezoelectric Microgyroscope

Chapter 1

Design and Fabrication of Piezoelectric Microgyroscope

Thelack of input and output transducers with a performance/price ratio comparabl e to that
of standard integrated circuits has motivated a lot of researchers on the inventions and
improvements of many creative Micro-electromechanical-systems (MEMS) over the past 20
years. MEMS devices are small in size and low cost. It also allows high degree of design
flexibility compared with conventional systems that consist of mechanical parts. With the
evolutions of fabrication materials and novel architectures, many useful MEMS devices, like
microgyroscopes, accelerometers, gas sensors and so on, have been put in production linesin
industries for different applications.

Being angular rate sensors, microgyroscopes have received a lot of attentions due to its
wide range of applicationsin military (e.g. missile control and auto-pilot systems), automotive
industry (e.g. crash sensors and vehicle navigation) and low-end consumer markets (e.g.
video-camera image stabilization, virtual reality and intelligent toys). In order to boost the
MEMS devices performance and further reduce the cost of most miniature information

processing systems, a lot of efforts have been put on integrating MEMS devices with on-chip

1V Switched-Capacitor Pseudo-2-Peth Filter 1 f}‘



Chapter 1 Design and Fabrication of Piezoelectric Microgyroscope

signal-conditioning circuitry in recent years. In view of this, a novel piezoelectric
microgyroscope is designed and fabricated on silicon [1]. Its operation principle is given, and

the theory is confirmed by experimental results.

1.1 Poling Piezoelectric Materials

Piezoelectricity is a property of certain classes of crystalline materials. When mechanical
pressure is applied to one of these materials, the crystaline structure produces a voltage
proportional to the pressure, thisis referred as the “direct piezoelectric effect” (Fig. 1.1(a)). In
the reverse, when an electric field is applied to one of these materials, the crystalline structure
changes shape, producing dimensional changesin the material, thisis known as the “reciprocal

piezoelectric effect” (Fig. 1.1(b)).

Piezodl ectric materid:
—— Origina shape = = Deformed shape

LF
H+++++1 IF
E-field T

E-field

Fig. 1.1 (a) Direct piezoelectric effect (b) Reciprocal piezoelectric effect
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Chapter 1 Design and Fabrication of Piezoelectric Microgyroscope

However, newly prepared piezoelectric materials have random responses toward an

applied pressure or electric field, and thus they are usually accomplished with a poling step to

precisely orient the mechanical and electrical axes to response to the applied pressure and

electric field respectively. Thisis similar as poling the North and South poles on a magnet. The

orientation of ad.c. poling field determines the orientation of the mechanical and electrical axes.

At suitable temperature (depends on materials), when a d.c. voltage is applied to the two sides

of a piezoelectric material along the x-axis as shown in Fig. 1.2, the dimension between these

poling electrodes increases (x-direction), and the dimension parallel to the el ectrodes decreases

(y-direction). This poling process permanently changes the dimensions of a piezoelectric

material, even when the poling voltage is removed. By so doing, the orientation of the

mechanical and electrical axesis set.

Poling axis
a 7
Plezoé:@le-)ctrm A Piezoq'ﬂectric > A’
mat?arlal mat‘lerial
- , | X
: |

Before Poling After Poling

Fig. 1.2 Effectsof poling
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Chapter 1 Design and Fabrication of Piezoelectric Microgyroscope

1.2 Direct Piezoelectric Effect

After the poling process is complete, at room temperature, any voltage that is lower than

the poling voltage changes the dimensions of the poled piezoelectric material, as long as the

voltage is applied. Thisis referred as the “direct piezoelectric effect”. A voltage with the same

polarity as (but lower than) the poling voltage causes additional expansion along the poling axis

(x-axis, Fig. 1.3) and contraction in the y-axis. Meanwhile, a voltage with the opposite polarity

as the poling voltage induces contraction along the poling axis (x-axis) and expansion in y-axis.

In both cases, the poled piezoel ectric material returnsto its poled dimensions when the voltage

is removed from the electrodes. The effects are shown greatly exaggerated in Fig. 1.3 below.

X

‘ Poling axis i
y : ; ~
a 7 T
} ' . i Pi ! .
Plezoé:@le-)ctrlc A Piezoslectric Wy ezd:ele?caltnc > A
mat?erlal m aﬂlerial maferl
\ \l{ J L= =1
Y | o | \_vi

_ _I_ 0 O B’ _I_ B”
Applied voltage of same
polarity as poled element

Applied voltage of opposite
polarity as poled element

No applied voltage on poled
element

Fig. 1.3 Direct piezoelectric effect
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Chapter 1 Design and Fabrication of Piezoelectric Microgyroscope

1.3 Reciprocal Piezoelectric Effect

Conversely, a voltage is generated when a compressive and tensile force is applied to the
poled piezoelectric substance. This phenomenon is referred as the “reciprocal piezoelectric
effect”. A voltage with the same polarity asthe poling voltage is obtained either from an applied
compressive force along the poling axis (x-axis, Fig. 1.4), or from an applied tensile force in the
y-axis. On the other hand, a voltage with the opposite polarity is generated either from an
applied tensile force along the poling axis (x-axis), or from an applied compressive forcein the

y-axis.

Tensle force
Compressive force Poling axis T
’ | — +
: | + Compressive
Piezoelectric Tensile o Piezoel ectrid PIessv
<« _ L 5 Piezoelectric —> & force
material force at‘:erial material
m
_|_ —_ 0 O _!_
Output voltage of same Output voltage of opposite
polarity as poled element polarity as poled element

Fig. 1.4 Reciprocal piezoelectric effect
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Chapter 1 Design and Fabrication of Piezoelectric Microgyroscope

1.4 PZT Solution Preparation

A suitable piezoelectric material for fabricating microgyroscope should possess with large
piezoelectric constant and electromechanical coupling factors. Meanwhile, the solution
preparation method should be some common and easily handled ones. The Lead Zicronate
Titanate (PZT) shows large piezoelectric constant and electromechanical coupling factors
[2][3][4], and the fact that thin film PZT can be coated with sol-gel processing method or
sputtered on silicon wafer [2][3], thus making it the piezoelectric material choice for the
microgyroscope. Among the methods of fabricating PZT films, sol-gel processing isbelieved to
have considerable advantages over the sputtering method, these include easier fabrication of
large areas thick film, better control of PZT film composition and lower cost. Figure 1.5
outlines the flow diagram for preparing PZT solution with lead acetate trihydrate as the lead
source [2][3][5][€][7].

Acetic acid is added in a beaker of lead acetate tribydrate inside a fume-cupboard. The
solution is heated at 100°C until all lead acetate trihydrate is dissolved. Afterwards, the solution
is put inside adry-box for the addition of zirconium propoxide and titanium isopropoxide. This
is because toxic gases are given out during the mixing of zirconium propoxide and titanium
isopropoxide with the dissolved lead acetate trihydrate to form the precursor solution. Latic

acid and distilled water are used as solvents, while glycerol and ethylene glycol are used as

1V Switched-Capacitor Pseudo-2-Peth Filter 6 f}‘



Chapter 1 Design and Fabrication of Piezoelectric Microgyroscope

additives to prevent cracking and to improve the surface smoothness of the films. The solution
isthen stored for several daysto make surethat it iswell stable for use. Precipitateis seenif the

solution is not prepared well.

Dissolve 59 lead acetate in 4g acetic

Donein Film Cupboard ¢
Heat the solution at 100°C until

lead acetate is dissolved
[

Add 3.848g zirconium propoxide

Donein Dry Box

Add 2.032g titanium isopropoxide

Dilute the solution in 4g distilled
water

Add 1g latic acid
No special equipment

required
Add 0.77g ethylene glycol

Add 1g glycerol

Filter the solution

L eave the solution for severa days

before use

Fig. 1.5 Flowchart of PZT solution preparation
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Chapter 1 Design and Fabrication of Piezoelectric Microgyroscope

1.5 Critical Fabrication Steps of Microgyroscope
Figure 1.6 shows some critical fabrication steps of the micro-gyroscope. (Detail

fabrication steps are shown in Appendix A).

Cr (50nm) / Au (400nm) Ti (30nm) / Pt (150nm)

Aluminum Electrode

A PZT Cantilever-Beam With

SO lvsili Top And Bottom Electrodes
?  Substrate Polysilicon P

Bulk Silicon Removed By
TMAH Solution

Window Openings For Device

Suspension By RIE Etching

Fig. 1.6 Ciritical fabrication steps of piezoelectric microgyroscope

The fabrication of the microgyroscope starts with a double-side polished <100> p-type
silicon wafer. A polysilicon layer is deposited to act as a mechanical ground plane for the
microgyroscope. Titanium (Ti) and platinum (Pt) are sputtered on silicon dioxide to form a
PUTI/SIO2/Si substrate for better orientation [8][9][10][11] of the PZT thin film that is coated

ontop of it in next step. The titanium/platinum layer a so acts as the bottom electrode to connect

1-V Switched-Capacitor Pseudo-2-Path Filter 8




Chapter 1 Design and Fabrication of Piezoelectric Microgyroscope

with the PZT layer. A thin PZT layer is coated using sol-gel method. The PZT solution is
spin-coated on titanium/platinum (Ti/Pt) electrode with a spin rate of 6000rpm and firing at
350°C for 20 seconds [7][12]. Annedling is carried out at 700°C for 3 hours [7][12] to reduce
stress and cracking of the PZT layer. Chromium/silver is sputtered onto the PZT layer to act as
the top electrode. The whole structure is covered with silicon dioxide and then undergoes bulk
silicon etch from the backside such that the silicon underneath the structure is removed. Lastly,

RIE etching of silicon is done to open up some windows such that the sensor is suspended.

1.6 Design and Operation of Microgyroscope

— Top Electrode (Cr/Au)

Bottom Electrode (Ti/Pt)

i\ Center Mass

2700mm

Fig. 1.7 Top view of the 4-sensor-beams microgyroscope. F1 isthe force due to center
mass vibration (upward direction); F2 is the Coriolis force
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The top view of the piezoelectric microgyroscope is shown in Fig. 1.7 above. The die photo is

shownin Fig. 1.8.

Copper PCB

Microgyroscope

Fig. 1.8 Die photo of the 4-sensor-beam piezoel ectric microgyroscope

There are four sensor beams (labeled 1-4) in this design. Each sensor beam has a layer of
piezoelectric material (PZT) and the top and bottom electrodes with dimension of 380 nm x 800
nmm each.

Due to the direct piezoelectric effect, when an AC input signal is applied to the “IN”
terminal, the sensor beams 1 and 3 are made to compress and expand at a frequency equal to
that of the input signal. This sets the central structure and the sensor beams to vibrate up and
down at a frequency equal to the applied input frequency. Suppose the micro-gyroscope is put
paralel to the xz-plane and the micro-gyroscope isrotated around z-axis asindicated in Fig. 1.7.

Then the piezoelectric particles in beams 2 and 4 experience a moving velocity V in the y-
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direction. The cross product of this moving velocity and the applied rotation rate W (z-direction)

creates a Coriolisforce [2] in the x-direction given by Equation 1.1:

— AN
F.=2mV x W (Eq. 1.1)

where m isthe mass of the central structure. This Coriolis force can be treated as shear stresses,
which act on the xz-plane of the piezoelectric plates in beams 2 and 4 in the x-direction and
produce an electric field in the y-direction. As a result, a voltage is induced in the y-direction
across the two electrodes formed at the top and bottom of the piezoelectric plate. Since the
output signal is a consequence of the Coriolis force, its frequency is exactly the same as the
vibration rate of the center mass, and hence exactly equal to that of the applied input frequency.

The two output-beams 2 and 4 give out differential responses for an applied rotation.
Suppose the center massis vibrating up such that beams 2 and 4 are in contraction mode. At this
moment, both beams 2 and 4 experience a moving velocity V in the y-direction. By the above
formula, the Coriolis force generated in beam 2 is in the positive x-direction while that
generated in beam 4 is in the negative x-direction. The output signal components at the two
beams are illustrated in Fig. 1.9. Since the output signal due to vibration at beam 2 is out of
phase with the output component due to the center mass vibration, the net output amplitude at
beam 2 decreases with rotation rate. Similarly, the net output amplitude at beam 4 increases

with rotation rate.
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Net output signal obtained at beam 2 Net output signal obtained at beam 4

Fig. 1.9 Output signal components at beams 2 and 4 of microgyroscope
Signal due to center mass vibration
Signal due to Coriolisforce
----------- Net output signal

1.7 Testing Procedures and Results

The testing procedure is summarized as follows:

1. The piezoelectric film is measured to have a thickness of about 1mm. It is therefore
activated by poling it at the following conditions. 200°C, 1 hour with a DC bias of 0.3V
across the top to bottom electrodes of al the piezoelectric plates (sensor beams 1-4). The
DC poling voltage is determined by the critical E-field that the PZT layer can sustain.

Typical critical E-field for PZT crystal is about100V/cm [2][4][13].

2. The resonant frequency of the microgyroscope is measured by plotting the output signals

(without rotation) at various input signal frequencies.

3. The microgyroscope is put on arotational table. An AC input signal of 0.3V, is applied to
actuate the central structure of the gyroscope for vibration. Sensitivity of the
microgyroscope is measured by obtaining differential output signal (beam 2's output - beam

4's output) amplitudes versus rotation speeds. Because the change in the output voltage is
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comparable to the noise floor, alock-in amplifier is employed to obtain the signal. The test

setup is shown in Fig. 1.10.

Function
Rotational Table  Signdl to control  |_e Generator
i rotation rate of L
Microgyroscope
step motor h
/N ok $ ou *
Input signal at | ocl u
resonant U | Input
frequency Y _ | Step Motor
fMg_QaLd
B —
® Lock-in ** _
. Micro-gyroscope niv o
Amplifier _
output signd (Measure rotation rate)

Fig. 1.10 Experimental setup for measuring sensitivity of gyroscope

Figure 1.11 shows the measured frequency response of the micro-gyroscope, from which

the resonant frequency is obtained to be 73.84kHz.

Frequency Response of Microgyroscope

70

> 60 A

2 A

= 50

g J

4(2 30 W' \

>

a 20

3 10 \e/
0 T T T T T

0 20 40 60 80 100 120
Input Signal Frequency /kHz

Fig. 1.11 Differential output response (measured at no
rotation) at various inbut freauencies
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Measured differential output signals (output on beam 2 —output of beam 4) that response to

different rotation rates show a sensitivity of -30.8nV/V/(°/sec) at the resonant frequency (Fig.

1.12). The linear range is around 150°/sec. As predicted, the decrease in output signal with

increasing rotation speed is observed.

Differential Output Response at Resonant Frequency
(73.84kHz)

67

—~—

65 T T T
0 50 100 150 200

Output Signal /mV
&
()]

Applied Rotational Speed /deg/sec

Fig. 1.12 Differential output responses of microgyroscope operating
at resonant frequency

A novel vibrating micro-gyroscope is designed and fabricated on silicon crystal. It is based
on the thickness-extension vibration mode of the piezoelectric material and does not use any
elastic element. Lead acetate trihydrate is used as the lead source for the preparation of the
piezoelectric (PZT) solution. High quality PZT thin film is deposited by sol-gel technique on
PUTi/SIO2/Si substrate. Due to direct piezoelectric effect, the micro-gyroscope can be drivenin

a resonant state with a single 0.3V,,, AC source, hence it is suitable for low voltage portable
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applications. The output is detected by the reciprocal piezoelectric effect and is linearly

proportional to the rotational speed. Its operation principleis given, and the theory is confirmed

by experimental results. Measured sensitivity of this micro-gyroscope is -30.8nV/V/(°/sec)

with a measurement range of 150°/sec at a resonant frequency of 73.84kHz. The total area of

the micro-gyroscope is 2.7mm x 2.7mm.
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Chapter 2

Introduction to Lock-In Amplifier and N-Path Filters

The microgyroscope generates sensitivity in the nV range and therefore suffers alot from
noise distortion. Signal conditioning circuitry is needed to help improve the poor signal-to-
noise-ratio (SNR). Intuitively, a suitable design of a narrowband bandpass filter can improve
the performance of the microgyroscope by rejecting the out-of-band noise. However, the
achievable Q-value of the bandpass filter is usually limited by process variations in nowadays
technology. Thus the performance of the microgyroscope cannot be improved significantly by
using only a bandpass filter to reject the out-of-band noise.

To improve the microgyroscope performance, we adopted to use alock-in amplifier, which
is capable to detect ac-signals all the way down to afew nano-volt. Its operation will be covered
in the first section of this chapter. After that, the specifications and design considerations of a
narrowband bandpass filter for the lock-in amplifier will be discussed. Lastly, the N-path and
pseudo-N-path filter concepts and the corresponding design techniques will be introduced. As
will be shown later, the pseudo-N-path filter concept is very useful for implementing

switched-capacitor narrowband bandpass filters.
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2.1 Lock-In Amplifier
Figure 2.1 shows a simple lock-in amplifier, which consists of a low-noise pre-amplifier
(Pre-amp), narrowband bandpass filter (BP Filter), AC amplifier (AC amp), phase-lock-loop

(PLL), mixer, lowpass filter (LP Filter) and a DC amplifier (DC amp).

—_
—

—

—

f fe fe
¢ Pre-amp AC amp
Vref f
»Gyroscope | BP Filter > — ’
» P LP Filter > —
Vout
L |1 Mixer !
f, DC amp
I | N to ] ! f f
f. 2f, 3f. ¢ c

Fig.21  Block diagram of aLock-In Amplifier

The microgyroscope is activated to resonsate by a reference AC signal source (Vref) at

frequency f.as described graphicaly in Fig. 2.1. The low-noise pre-amplifier then amplifiesthe

microgyroscope’ s output signal, which is also at the same frequency as the reference signal.

The signal is extracted while the out-of-band noise is rejected by a narrowband bandpass filter

before the signal is passed to another amplifying stage. The use of the mixer and PLL
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implements a phase-sensitive detection technique to single-out the components of the signal at
a specific reference frequency and phase. As aresult, noise signals at frequencies other than the
reference frequency, as well as the out-of-phase noise at the reference frequency, are rejected.
The signal is mixed down to zero frequency (DC) and is extracted by a high-order lowpassfilter,
which suppressed the side-bands signal created by the mixer. The signal can then be further
amplified by a DC amplifier to alevel that depends on applications' requirements. As aresullt,

AC signas al the way down to a few nano-volts can be detected and measured.

2.2 Narrowband Bandpass Filter

In this project, we focus on the design and implementation of the narrowband bandpass
filter. In addition to be narrowband, the filter should also be low-noise so as to prevent the
AC-amplifier from being saturated by the noise. Some considerations of implementation of the

filter are listed below:

Low-power: The microgyroscope is mostly employed in portable applications like video-
cameraimage stabilization, intelligent toys and so on. Obviously, the power dissipation of

the signal conditioning circuitry should be low.

Low-voltage: Fundamentally, the power consumption of circuits can be reduced efficiently
if the supply voltage can be cut down. Meanwhile, sub-micron CMOS technology scaling
will soon require al transistors gate-to-source (Vgg) Voltageto operatein lessthan 1.5V in

2001 and 0.9V by the year 2009, as predicted by the Semiconductor Industry Association.
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Filter choice: At frequency in kilo-hertz range, SC filters are more attractive over Gm-C
filters. Thisis because, the linearity of OTAsthat used in Gm-C filtersworsen alot and the
filter distortion increases rapidly when the power supply voltage is reduced. More
importantly, the Gm-C filter transfer function is too sensitive to process variation
especialy for high-Q filter implementations [1]. This is due to the fact that their transfer
functions depend on the matching between absol ute transconductance and capacitor values,
which cannot be closely controlled in foreseeable future CMOS technology. Though
automatic frequency-tuning and Q-tuning can help solve some of the mismatch problems,
they introduce excessive noise to the system while burning a lot of power. For SC filter,
however, the transfer function depends on capacitor ratio, and its distortion is determined
by the linearity of the capacitors. In standard CMOS technology, two capacitors can be
matched with an error of less than 0.1%, while the availability of linear-capacitor optionin

HP 0.5um process can reduce the distortion of the SC filter.

As aresult, a switched-capacitor bandpass filter is built with HP 0.5um CMOS technol ogy

for the Lock-In amplifier.

2.3 SC Filters

There are several ways to realize a SC bandpass filter such as cascading simple biquadratic

filters, implementing ladder bandpass filter or using N-path techniques [1][2]. Though in

principle any high-order transfer function can be realized by cascading biquadratic filters and

first-order section, in practice, the resulting circuit is often difficult to fabricate and very

sensitive to finite opamp gain effects, stray resistance and capacitance, and element-value
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variations. The capacitance-spread is aso unacceptably high. Hence, in nowadays fabrication

technologies, the response of such kind of narrowband filter implementation is often

unacceptable, and the yield becomes too low for economical production. Hence the Q-value of

thiskind of filter is often limited to be about 50 and the required number of opampsis equal to

the filter order.

For filters that have to realize higher-Q-values, ladder filter structure is often employed. Its

principleisin utilitizing the low-sensitivity response of a doubly terminated reactance two-port

network. Consequently, the resulting filters are also of low-sensitivity to element variations,

and hence are capable to realize bandpass filters with Q-value up to a hundred with acceptable

yield. However, it still suffers from high capacitance spread and needs the same number of

opamps as the filter order for the implementation.

For achieving even higher Q-values (relative bandwidth of 1% or less), filter designs based

on the N-path filter concept may be used [1][3][4][5][6]. It makes use of the alias and image

frequency-trandated responses of SC filters in order to achieve highly selective bandpass

responses using low sensitivity SC filters with low capacitance spread. The principle is

explained in next section.
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2.4 N-Path Filters

To explain the principles of N-path filters we consider the schematic amplitude response
A Of a switched-capacitor lowpass filter (SC-LPF) as shown in Fig. 2.2. This SC-LPF isa
sample-data network and is sampled with the clock frequency f. The resulting periodical
frequency response A, » has a bandpass characteristic related to the low-passfilter at multiples
of the clock frequency f.. This characteristic suggests the use of the low-pass filter as a
bandpass filter. As stated by the Nyquist theorem, sampled data filters can only correctly
process any input signal up to the half of the sampling frequency f.. The frequency range is

referred to as the Nyquist range (NY).

SCLP
filter [—© Output

Input T

fc

ASCLP

< > | > f
0 NY ‘ f
fc/2 C 2fc

Fig. 2.2 Amplitude response (Ag ) Of an SC lowpass filter

In fact, we can increase the Nyquist range of the SC lowpass filter by increasing the
number (N) of samples per period. This can be achieved by using additional paths (not by

over-sampling aone, as this will only enlarge the whole frequency response). Such an
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expanded filter is called an N-path filter. Figure 2.3 shows an N-path (N=3) filter.

SCLP
filter #1

3f
3f(8 SoLp c Output
filter #2

—o
Input [ i Vou Voo, Vos, Vor, Voo, .
SCLP

filter #3

Fig. 2.3 N-path filter structure consisting of N parallel, identical, and cyclically
sampled lowpass filter cells with the corresponding clock scheme (N=3 is shown)

The N-path (N=3) filter consists of 3 parallel identical filter cells, which are cyclicaly
sampled with the frequency f.. As such, the 3 path-filters take turn to give out its output signal
Vo Voar Vaa Vo, Ve @nd s0 and so forth. As such, the transfer characteristic as seen from the
output node is the same for every switch position, and so the overall frequency response of the
N-path filter is equal to the response of an individual path, which is alowpass response in this
case. However, the output signal is now composed of N samples per period, so that the Nyquist
range for the N-path filter is expanded by N times. The situation can be presented graphically as

shownin Fig. 2.4.

AN path

< !
0 NY  fc 15fc  2fc

Fig. 24 Amplitude response A, of an N-path filter with N=3
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Now the Nyquist range (NY) has been extended by 3 times (since N=3 is used) to cover

the bandpass response that centered at frequency f.. With the use of appropriate lowpass pre-

filter and bandpass post-filter, such an expanded SC low-pass filter can be used as a bandpass

filter with the center frequency at f..

Unlike the case of using over-sampling to expand Nyquist range, the amplitude response

of the N-path filter isthe same as that of the lowpass filter though N times higher sampling rate

isused to operate thefilter. Therefore, the overall transfer function of N-path filter has the same

filter coefficients and, accordingly, identical sensitivities as an individual filter path cell. More

importantly, since the path cell is a lowpass filter, the sensitivities to element value variations

and the resulting capacitance spread are much less than that of a conventional SC bandpass

filter that implements the same transfer function as that of the N-path filter. Thisis one of the

most important advantages of using SC N-path filters over the conventional SC bandpassfilters.

The low sensitivity to element value tolerances of this approach allows the design of bandpass

filters with quality factor (Q - value) up to a few hundreds with acceptable yield and

capacitance spread. Besides, since the center frequency of the passband is equal to a multiple of

the clock frequency, a very stable and exact center frequency can be obtained. Meanwhile, by

controlling the clock frequency, the center frequency of the filter can be adjusted, thus the N-

path filter is tunable [7].

However, the N-path filter aso has several important shortcomings:
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(1) The MOS switches used in SC filters introduce clock feedthrough signal at the output.
This clock feedthrough signal produces not only an undesirable offset voltage, but also
additional spectral components at integer multiples of the clock frequency f.. These
spectral components reduce the maximum dynamic range in the filter passband at f,
since the clock feedthrough noise falls into the passbands of the filter.

(2) Another disadvantage of N-path filtersis that N times more components are needed
and hence approximately N times more power consumption.

(3) Besides, any asymmetry among the path filters introduces spurious output signals and

mirror frequency noise.

The clock feedthrough noise can be eliminated for N-path filter that uses highpass filter as
filter path cell instead of lowpass one [4][6][8]. To explain this, we consider the amplitude

response of a SC highpass filter (SC-HPF) as shown in Fig. 2.5.

SC-HP Lo Output

filter
Input ?
fe
A 1% Bandpass response
SC-HP /

Fig. 25 Amplitude response (Agp) Of a SC highpass filter

For a highpass resposnse, the Nyquist range only covers up to half of the sampling

frequency, and hence the bandpass response centered at f/2 cannot be used. In order to utilize

1V Switched-Capacitor Pseudo-2-Peth Filter 25 f}‘



Chapter 2 Introduction to Lock-In Amplifier and N-Path Filters

the first bandpass response, we can build a N-path (N=2) filter with two highpassfilters as path

cells, which is shown in Fig. 2.6 below.

SC-HP
filter #1

N
o‘e—o Output

2f, -HP 2f
Input o\— Sﬁer #2 —/) ¢ Vo Voo, Vou Voo,
A
2o S
< Bu— | > f

0 g NY fo  3fc2 26

Fig. 26 N-path filter structure consisting of N paralel, identical, and cyclically sampled
highpass filter cells with the corresponding clock scheme (N=2 is shown)

By so doing, the Nyquist range is extended to cover signal frequencies up to f,, and hence
the whole bandpass response can be used. Here, the passbands lie at frequencies f =if /2 (i
=1,3,5 ..) while the clock frequency components are located at integer multiples of f.. As a
result, the clock feedthrough noise do not appear in the passbands and therefore can be filtered
out by applying approriate post-filter, which is a lowpass filter if the first passband is being

used.

2.5 Pseudo-N-Path Filters
Though N-path filters can achieve a bandpass response with Q-values as high as a few

hundreds, they are power hungry as N paths are needed and hence N times more components
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are required. The main idea of pseudo-N-path filter [1][9][10][11][12] is that since only one of
the path filters is active at any given time, it is therefore worthy to time share all memoryless
elements of the path filters, that is, opamps and the switched capacitors which are fully
discharged in each cycle. Such timesharing is advantageous not only because it saves
components, but it also eliminates some potential sources of path asymmetry that causes
spurious output signals and mirror-frequency noise, since now the same opamps and switched
capacitors can be used in al paths. A table of comparison between the properties of N-path
filter and pseudo-N-path filter (using lowpass path cell or highpass path cell) can be readily

obtained. Thisisshown in Table 2.1 below.

Table 2.1 Comparison on N-path and pseudo-N-path filter using lowpass path cells and
highpass path cells

N-Path Filter Pseudo-N-Path Filter
Parameters Lowpass Highpass Lowpass Highpass
path cell path cell path cell path cell
Sampling frequency (f,) N, pf; 2N of. N, pf, 2N of.
Center frequency (f.) of resulting fN p f2Nyp fIN p fJ2Nyp
bandpass response
Bandwidth of resulting bandpass 2f, 2(f-f1) 2f, 2(f-f1)
response
Minimum number of paths 3 2 3 2
Clock feedthrough Yes No No** No
Pre-filtering Bandpass L owpass Bandpass Lowpass
Post-filtering Bandpass Lowpass Bandpass Lowpass
Number of Opamps needed (in N times N times Same Same
multiple of that required in a path
filter)

* Where f, and f, stand for passband edges for lowpass and highpass filters respectively.

** Pseudo-N-path filter with lowpass path cells can be made free from clock feedthrough noise by using

circulating delay type cells[10]
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SC narrowband bandpass filters can be realized with N-path filter technique, which

provides a good control on the Q-values of the filters. As such, relative bandwidths of less than

1% can be obtained with acceptable yield and capacitance spread. Meanwhile, the use of

highpass path filters provides us two important advantages. the whole system is intrinsically

free from clock feedthrough noise and the pre-filtering and post-filtering can be done by using

lowpass filters. Though it requires a higher sampling frequency, thisisnot critical to the system

if the frequency is aready low. As a result, a pseudo-2-path filter using highpass path filters

was designed and implemented. Table 2.2 summarizes the specifications of the narrowband

bandpass filter.

Table 2.2 Specifications of the bandpass filter

Parameters Specifications

Passband gain 3 0dB

Passband ripple <0.1dB

Center frequency 75kHz (tunable range +/- 5kHz)
Bandwidth 1.5kHz

Stopband minimum loss 340dB

Sampling frequency (fJ) 300kHz (for N=2)

Filter type Elliptic response

Filter order 6

Filter Q value 50

The center frequency is chosen according to the resonant frequency of the microgyroscope.

The filter has a tunable range of +5kHz so as to cope with process variations of the

microgyroscope that lead to resonant frequency shift. The center frequency of the filter can be
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easily adjusted by changing the clock frequency, for instance, an 80kHz center frequency can be

obtained by using a 320kHz (80kHz x 4) clock frequency. Elliptic filter response is adopted to

reduce the filter order requirement. Though elliptic filter response has a large passband ripple,

thisis not critical to our application since the microgyroscope outputs a monotonic signal. The

synthesis procedures of the pseudo-2-path filter are illustrated in next chapter.
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Chapter 3

Synthesis of Classical SC Pseudo-2-Path Ladder Filter

Switched-capacitor (SC) bandpass filters can be realized with SC highpass path-filters

using pseudo-2-path technique or with SC lowpass path-filters using pseudo-3-path technique

[1][2]. Though the pseudo-2-path filter offers better filter performances, the required SC

highpass ladder filters have generally stray-sensitive structures unless those stray-sensitive

switching capacitor branches are replaced by opamps [3], which certainly increases the power

consumption and therefore is not desirable. Meanwhile, SC lowpass ladder filters usually have

stray-insensitive structures [3][4], and thus a trade-off between power consumption and filter

performances seems unavoidable when choosing between pseudo-2-path filter and pseudo-3-

path filter. However, in the z-domain, a lowpass response can be transformed to a highpass

response by replacing al “z” terms in the transfer function with “-z”, which is known as the “z

to —z transformation”. The highpass ladder filters so derived inherently obtains the advantages

of the lowpass ladder filter structure without asking for additional opamps. In this chapter, an

LDI-transformed lowpass ladder filter is derived and converted to a highpass ladder filter using

z to —z transformation method [2][5][6][7]. A RAM-type path cell [8] is then introduced to

implement the pseudo-2-path filter.
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3.1 Specifications of SC Lowpass Ladder Filter

To reduce the required filter order of the lowpass path cell, eliptic filter prototype is
chosen [9]. Ladder filter structure is adopted since its transfer function is less sensitive to the
opamp DC gain and unity-gain frequency as well as process variation [3][4]. As the sampling
frequency is required to be four times of the center frequency of the pseudo-2-path filter, it is
therefore much higher than the passband frequency of the lowpass filter. In this case LDI-
transformation can be conveniently used to map the continuous-time transfer function into the
discrete-time domain accurately. Unlike bilinear-transformation (which requires a sampled-
and-held input signal), no sample-and-hold circuitry isrequired for LDI-transformed SC filters.

Table 3.1 summarizes the required specifications of the discrete-time lowpass filter.

Table 3.1 Specifications of the lowpass filter

Parameters Specifications
Passband Gain 10dB
Passband Ripple <0.1dB
Stopband Minimum Loss > 30dB
Bandwidth 750Hz
Sampling Frequency 150kHz

Filter Order 3

Filter Type Elliptic

3.2 Realization of SC Lowpass Ladder Filter

The SC lowpass ladder filter can be derived from an elliptic lowpass LCR filter as shown
in Fig. 3.1. From filter design handbook [10], elliptic filter prototype CO03, g=11 fulfills the
specifications of the required lowpass filter. Table 3.2 summarizes the parameters of the LCR

filter prototype.
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9]

Fig.3.1 Elliptic LCR filter prototype

3)

out

Table 3.2 Summary of parameters of the LCR prototype
W, Anin q L, C G G Rs R
5.24 41dB 11 0.9411 | 0.6194 | 0.0291 | 0.6194 1 1

where W, and A ,;,, are the normalized stopband frequency and the stopband minimum loss of

the filter respectively. Note that the passband gain is pre-set to be unity while the circuit hasits

passband at w, = 1 rad/sec. For LDI-transformation, frequency wrapping between continuous-

time (w,) and discrete-time domain (w) is done via Equation 3.1, where T stands for the

sampling period used in the discrete-time system. By so doing, the discrete-time domain

specifications are wrapped into the continuous-time domain to realize the LCR filter prototype.

If the LCR filter is realized with SC circuit, the resulting SC filter possesses the desired filter

specifications in the w-domain, since SC circulit is a discrete-time system.

:zsin(jwv
T e

(Eg. 3.1)

By taking C,=1, Z,=1/w, and L =1/w;?, the denormalized L CR filter prototype parameters

can be obtained by multiplying the capacitors, inductors and resistors valueswith C,, L, and Z,

respectively. Table 3.3 summarizes the denormalized values.
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Table 3.3 Summary of denormalized LCR filter parameters
Parameters A C, T oAl oA LT RS R
Denormalized Value | 6283.1 | 0.6194 | 0.0291 | 0.6194 | 0.2383n | 0.159m | 0.159m
The state-space equations of the LCR prototype can be written as follows:
1 é&/. -V u
-V, =- 71, +sC,7V, Eq. 3.2
1 SClFT c Rs 2 2 38 ( q )
g °1 - (Eq. 3.3)
2 (]
-1 V,u
sCSTV, - I, +=3 Eq. 3.4
3 S CZFT CFT e_ R H ( q )

URFT
-1
sccn [
-l )
SO I e 812
sL, T
SCZFT\ ; Vs
FTo~ FT P—o
URFT
A 4

Fig. 3.2 Block diagram describing the state-space equations
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To transform the block diagram into a SC circuit, the charge versus voltage relations of all
blocks and branches will first be found in the ss<domain. For LDI-transformation, these relations
can be transformed via Equation 3.5 into the z-domain and then realized by SC components,

which are presented as follows.

s® L2 (Eq. 35)

In the analog system, the charge that flows through the input branch /R is given by:

Vi”—;_l_o = |in = dq_'” (Eq 36)
R, dt
which can be written in the s-domain:
Vin (S)
Qus) =g (Eq. 3.7)
By using Equation 3.5, Equation 3.7 can be LDI-transformed into the z-domain as:
7 1/2 Vin 7
Qnle)=T— RF(T) (Eq. 3.8)
b (1 'l)Q (2)= Ty (2)
-7, (z)= RFT z v
Equation 3.8 can also be written in the time-domain as:
qin (tn )_ qin (tn-l) = CinV (tn-l/Z) (Eq 39)

Figure 3.3 shows the stray-insensitive SC circuit implementation of the input branch using

two non-overlapping clock phases f, and f,. (Note that f, and f, will be used as non-

overlapping clock phases throughout the whole thesis and the clock phases diagram will
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therefore not be shown in al other SC circuits implementation mentioned thereafter).

A

Vin o

f2 C f1
1

At

J2 Virtua
] j_ ground of £

+“—>
T

Fig. 3.3 Redization of input and feedback branches with SC circuit

Similarly, the feedback branches 1/Rs"" and 1/R, 7" can also be realized the same way as
that of the input branch. As will be shown later, it is very useful to have memoryless resistive

branches for performing z to -z transformation and hence facilitating the pseudo-N-path

implementation.

The charge versus voltage relation of the coupling branches marked sC,™" is given by

QIV=C,T, which is frequency independent. They can thus be realized simply by capacitors of

value C,7.

Lastly, the transfer functions of all the three blocks in the Fig. 3.2 ssmply correspond to

integrators in both s-domain and z-domain. They can be easily realized by using op-amps with

feedback capacitors as shown in Fig. 3.4.

Fig. 3.4 Implementation of transfer function -1/sC
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By replacing the block diagram in Fig. 3.2 with the above pieces of SC circuits, the LCR
filter prototype can be transformed into a SC ladder filter, which is shown in Fig 3.5 in

differential form.

f27 — f1
f1l _l_<
>/ . - f2 C,, =
™ — f2 = Cx
=Cxu fzr Cs _T_‘
[y~
=Cu =—=Cyu :__ L
=c | 2 c. CoT Coop
2 |
'||_/ I py s
— N 4)
i1 r— T
- \Ce Lil Me f1
* N Vout-
‘1 A3 i1 —o Vout
——— 8 Vout+
+ i -
Ce szi . f1
m _”_‘ =

I I

£2 C, (

Fig. 3.5 Schematic of afully differential LDI-transformed ladder lowpass filter
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The resulting ladder lowpass filter shares the low-sensitivity properties of the LCR
prototype filter and it is parasitic-insensitive. The realization of afully-differential structure not
only helps reject common-mode noise and reduces clock-feedthrough noise but it also provides
a sign conversion of the output voltages, which is required in the z to -z transformation. The
frequency response of the filter is simulated with SWITCAP2 [11] as shown in Fig. 3.6. Table

3.4 summarizes the derived capacitors’ values.

20

40

. \l/

Magnitude /dB

-80

-100

0Hz 2KHz 4 KHz= G KHz 3 KHz 10 KHz

Frequency

Fig. 3.6 Frequency response of SC lowpass ladder filter

Table 3.4 Summary of capacitor values of the LDI-transformed SC lowpass ladder filter

Capacitors Derivations Values (unit capacitor)
Ca =C+C, " = 0.6485

Cs =L, = 0.23838x10°

Cc =C,+C," = 0.6485
Cy;=C,=Cy=C,, =T (sampling period) = 3.33x10°

Cs =TIRg = 0.0209

Ci =TIRg = 0.0209

C. =T/IR = 0.0209

C, =C,)’ = 0.0291

C,, =C,)’ = 0.0291
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As expected, the -3db frequency is about 750Hz and the stopband loss is 40.1dB lower
than the passband. However, a passband gain of -6dB is resulted and the maximum capacitance
spread of the circuit is 27.2x10° which is impossible to implement on chip. The actual
performance of the SC filter can be improved by performing dynamic range optimization and
capacitance spread optimization [3]. The resulting frequency response and the capacitors
values are shown in Fig. 3.7 and Table 3.5 respectively. Here, the passband gainis 10dB and the
resulting total capacitance spread is only 50. Table 3.6 summarizes the lowpass ladder filter

characteristics.

10

5 LY

. \

Magnitude /dB

-70;

-90,

0H:= 2KHz 4KHz 6 KHz 8 KHz 10 KHz=

Frequency

Fig. 3.7 Frequency response of the optimized SC lowpass |adder filter

Table 3.5 Summary of optimized capacitors values
CL COl C02 C03 C

Capacitors C

S 04
Values /pF 0.1454 (0.1 0.152 (0.1 0.1 0.1048
Capacitors Cn Ca Cs Ce C, C,,
Values /pF 0.588 |45 5 3.1 0.133 |0.212
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Table 3.6 Summary of SC lowpass ladder filter characteristics

Parameters Simulated Results
Passband Gain 10dB

Passband Ripple <0.1dB

Stopband Minimum Loss > 30dB

Bandwidth 750Hz

Sampling Frequency 150kHz

Filter Order 3

Maximum Capacitance Spread 50

3.3 Z to —Z Transformation

In z-domain, a lowpass response can be transformed to a highpass response by replacing

al “z" termsin the transfer function with “-z”, which is known as the “z to —z transformation”.

Voltage inversion techniques designed to achieve the z to —z transformation have been reported

in [2][5][6][7]. In order to obtain a stray-insensitive circuit, differential technique is adopted.

Figure 3.8 shows one possible way of implementation of a z to -z transformed SC inverting

integrator.
f2 | —|_]c2
. . ] off f1
Vint o— |
f1
fl Cin fl
Vin- o— lT
f2 f2
1 4L
_N j-/fs K_

201212102

Fig. 3.8 Differential z to —z transformed SC inverting integrator
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Suppose capacitors C. and C, are of the same size and all capacitorsin differential path are
perfectly matched. C.and C. are the integrating capacitors while C, and C,’ are the capacitors
for temporary signal storage. The operation of the circuit isasfollows: At f 1, capacitor C-(C)
receives the new signal from the input capacitor C, (C,,") and the inverted old signal from the
storage capacitor C,’ (C,), which isin the opposite path. This operation givesthe signinversion
required by the z to -z transformation. Equation 3.10 describes the operation mathematically.

Vout*(nT) = E@‘—ZC—F%/out' (hT-T)- C;N.‘Vin (nT)i

U
|
C C
Fhe F ;, (Eq.3.10)
T
)
p

Vout~ (nT)z%ﬁC—Fg\/out*(nT -T)- Cyin- (nT):
F 7] Ce

During phase f 2, the updated charge in C-(C.) istransferred back to C, (C,") for storage.

Asaresult, the transfer function of this z to —z transformed integrator can be derived asfollows:

Vout* (nT)- Vout™ (nT)=Vout™ (nT - T)- Vout* (nT - T)- C'N =N vin*( gae 8
2
(Eq.3.11)
By z-transform:
VOUt+ = VOUt- —_ ClN (Eq312)
Vin® - Vin’ C.l1+2)
It isworth to recall here that a SC inverting integrator has atransfer function of the form:
VOUt+ = VOUt- —_ ClN (Eq313)

vin'-vin  c.(1- z?)

and thus a z to —z transformation is achieved by the z to —z transformed SC integrator. As a
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result, a highpass ladder filter can be realized by simply replacing all the integrators in the
lowpass ladder filter (Fig. 3.5) with the z to —z transformed integrator. Figure 3.9 shows the
schematic of the highpass ladder filter. Minor modifications are needed for the coupling
capacitors C,, (C,’) and C,, (C,,’), which are memory elements in the system that realize z-
transfer function of the type (z*-1). Therefore, when the z to —z transformation is used, their
transfer functions have to change to be (-z*-1). This can be achieved by connecting the bottom
plates of these coupling capacitors, which were connected directly to the amplifier output nodes
“A-B” in the lowpass ladder filter (Fig. 3.5), to the switched nodes “C-D” [2]. In fact, the
charge on these coupling capacitorsis temporarily stored on the integrating capacitors C, (C,’)
and C (C.’), and will be given back after each sampling periods. The frequency response of the
highpass ladder filter is ssimulated with SWITCAP2, and the results are shown in Fig. 3.10 and
Fig. 3.11. We observe that the passband is centered at 75kHz, which is half of the sampling rate
(150kHz) and thus a highpass filter frequency response is obtained. The passband
characteristics of the highpass filter is the same as that of the lowpass ladder filter except an
about 3dB passband gain reduction due to the sin(x)/x roll-off distortion of the sample-and-hold

action in the circuit [1][5]. Table 3.7 summarizes the SC highpass |adder filter characteristics.

1V Switched-Capacitor Pseudo-2-Peth Filter 42 f}‘



Chapter 3 Synthesis of Classical SC Pseudo-2-Path Ladder Filter
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Fig. 3.9 Schematic of afully differential highpass ladder filter
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Fig. 3.10 Frequency response of a z to -z transformed SC highpass ladder filter
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Fig. 3.11 Passband characteristics of the SC highpass ladder filter

Table 3.7 Summary of SC highpass ladder filter characteristics

Parameters Simulated Results
Passband Gain 6.7dB

Passband Ripple <0.1dB

Stopband Minimum Loss > 33.3dB
Bandwidth (f,—f) 750Hz

Sampling Frequency (fJ) 150kHz

Filter Order 3

Maximum Capacitance Spread 50

where f, and f; are the passband frequency and sampling frequency respectively
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3.4 Implementation of a Pesudo-2-path SC Filter

Theoretically, bandpass response can be realized by using two SC highpass ladder filtersto

operate alternatively to build a 2-path filter, the block diagram is redrawn in Fig. 3.12 for easy

discussion.
SC-HP
filter #1 N\
Output
2 SC-HP 2f
Input \— filter #2 —/) ° Vour Voo, Vou, Voo, o

' : : : : > f
< P! 1 I
0 g NY f 2 o

Fig. 3.12 2-path filter structure consisting of two parallel, identical, and cyclically sampled
highpass filter cells with the corresponding clock scheme

The two SC highpass path filters are operating at a sampling rate of f, (150kHz) in
aternative phases, while the overall system works at a sampling frequency of (300kHz). As
such the Nyquist range covers the whole bandpass response centered at f/2 (75kHz). However,
as discussed in Chapter 2 Section 2.5, it is worth to time share all memoryless elements of the
two highpass filters, that is, opamps and the switched capacitors which are fully discharged in
each cycle since only one path is active at any clock cycle. This results in the redlization of a

pseudo-2-path filter [8]. By adding two more storage capacitors (C; and Cy’) into the z to —=z
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transformed integrator (Fig. 3.8) and two other non-overlapping clock phases f , and f 5 that
work at half of the sampling frequency of the overall system, we can obtain a pseudo-2-path
transformed integrator, which is shown in Fig. 3.13. Note that the clock phasesf, and f , are

operating at a sampling frequency of 2f..

JAHBHAHBL

Fig. 3.13 Differential pseudo-2-path transformed SC integrator

The same integrating capacitors C. and C. are used by both paths. The two paths are
performed by the switching capacitors C, and C,’, and Cg and C;’ respectively, which are also
the only memory elements in the circuit. During f 4, the first highpass filter is integrating the
new signal and the stored signal in capacitors C, and C,’ at f ;, the resultant signal is passed

back and stored in storage capacitors C, and C," at f,. The second highpass filter works
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similarly at f ; but with Cgz and Cy’ as the storing elements. Thisis optimized to use same size
capacitorsfor C, C., C,, C,’, Cg and Cy'. It is because if the storage capacitors (C,, C,’, Cg
and C;') are smaller than the integrating capacitors (C- and C.'), the signal will be amplified by
the ratio (C,/C: or C,/C;) when it is stored. Therefore requiring more signal dynamic range
from the opamp to prevent it from being distorted. Meanwhile, using storage capacitorsthat are
larger than the integrating capacitor will slow down the speed of operation, and thisis also not
desirable in the chip-area point of view. Now, assume all capacitorsin the differential paths are
perfectly matched, at phases f , and f ;, capacitor C. (C.) receives the charge from the input
capacitor C,, (C,) and from the storage capacitor C,’ (C,) from the opposite path. This
operation gives the sign inversion required by the z to -z transformation as explained before in
section 3.3. During the time when both f , and f, are on, the updated charge in C. (C;) is
transferred back to C, (C,") in the storage array. This charge is then held on C, (C,") for two
sampling periods since each highpassfilter is operating at half sampling frequency of that of the
overal system. The same operation is repeated during phase f ; while the charge is stored on Cy
(Cg"). By doing so, z to —z* transformation is resulted. Equation 3.14 and 3.15 mathematically

describes the time-domain operation of path A and path B respectively.
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Vout*(nT) = é—SKC—Fg/ ut (nT - 2T)- Ci =N Vin(nT)" :J
Y’ Ce : (Eq.3.14)
vout (1) =B Ce Qute (o7 27). Covvingery |
5.5y 5 Ce b
Vout® (T +T) = E&C_F%/ out (T +T)- 37)- S0 vin(uT +7)'}
CF \&B 2 F I (Eq 3 15)
. y
. &, C. 0 Cn i
Vout™ (nT +T )= —F Nout™((nT +T)- 3T)- Vin(nT +T
(nT+T) éﬁ& 2 ((nT+T)-37)- : (nT+T) 1

Equation 3.16 describes the transfer function of the SC pseudo-2-path integrator, which is
derived by performing z-transformation on either Equation 3.14 or 3.15, since both equations

give the same result towards z-transformation.

Vout” - Vout” _ Cuy i (Eq.3.16)
Vin® - Vin CF(1+Z' )

The SC lowpass ladder filter can now be transformed into a bandpass filter firstly via z
to —z transformation to a highpass filter and then via the z to z* transformation into a bandpass
filter using pseudo-2-path technique by replacing all the integrators with the pseudo-2-path
transformed integrators. As shown in Fig. 3.14, the pseudo-2-path bandpass filter can be
realized by replacing all the integrators in the lowpass ladder filter (Fig. 3.5) with the pseudo-

2-path-transformed integrators.
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Fig. 3.14 Schematic of afully differential SC pseudo-2-path filter
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SWITCAP2 simulation result of the pseudo-2-path SC bandpass filter is shown in Fig.

3.15.

Magnitude /dB

0H=z 100 KHz 200K Hz 300KHz
Frequency

Fig. 3.15 Frequency response of the SC pseudo-2-path filter

As expected, two bandpass responses are obtained within the sampling frequency range.
Interested passband is located at 75kHz, which is 1/4 of the sampling frequency of the system,
while the passband at 225kHz (3/4 of the sampling frequency) is out of the Nyquist range and
will therefore be suppressed by post-filtering filter. The use of the upper passband will not be
discussed here.

Figure 3.16 shows the passband characteristics obtained by using three different opamp
gains (10°, 10" and 10°). It can be observed that an opamp gain larger than 70dB is sufficient to

preserve the filter transfer function accuracy. The center frequency is 75kHz with a bandwidth
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of 1.5kHz. The passband gain is 6dB with a passband ripple less than 0.1dB. The minimum

stopband loss is 34dB. Table 3.8 summaries the pseudo-2-path filter characteristics.

Opamp Gain: 60dB Opamp Gain: 100dB
2 .
i | Opamp Gain: 70dB
O Frmrmnr e e L e :, ......
o0 R N Ry sty A b _________ o sy S By
S - . -
() é
© ;
PR ol W U SN L, s o e Db, 8 st o _
=
g ;
S sgl sssbesellsoesamediveen] S e T o
RONE W - — S .- — |
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Fig. 3.16 Passband characteristics of the SC pseudo-2-path filter

Table 3.8 Summary of SC pseudo-2-path filter characteristics

Parameters Simulated Results
Center Frequency 75kHz

Passband Gain 6.7dB

Passband Ripple <0.1dB

Stopband Minimum Loss > 33.3dB
Bandwidth 1.5kHz

Sampling Frequency (fJ) 300kHz

Filter Order 6

Filter Q value 50

Maximum Capacitance Spread 50

Asaconclusion, a SC pseudo-2-path bandpass filter has been derived from a SC lowpass |adder

filter using z to —z transformation and pseudo-2-path technique. System simulations using
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SWITCAP2 show good agreements with theory. The SC pseudo-2-path filter requires 3 opamps

with DC gain better than 70dB in order to preserve the transfer function accuracy. The total

capacitance spread is 50 only and is therefore suitable for on-chip implementation in standard

CMOS process. In the next chapter, problems and solutions on low-voltage operation of SC

circuits will be discussed.
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Chapter 4

Considerations of L ow-Voltage Operation of SC Circuits

Over the years, the demand for low-power low-voltage integrated circuits (ICs) has

rapidly grown due to the increasing importance of portable equipment in all market segments

like, for instance, telecommunications, computers, and consumers. The need for low-voltage IC

is al'so motivated by the new submicron CMOS technology scaling that requires all transistor’ s

gate-to-source (VGS) voltage to operate in lessthan 1.5V in the year 2001 and 0.9V in 2009, as

predicted by the Semiconductor Industry Association. In recent years, a lot of researches were

done on operating switched-capacitor (SC) filters at low supply voltage [1][2][3]. The primary

reason of thisisthat the SC filters achieve high filter accuracy with alow distortion, for which

these two parameters are fairly independent of the power supply. Thisis in contrast to Gm-C

filters where the linearity of the operational transconductance amplifiers (OTA) degrades a lot

and the filter distortion increases rapidly when the power supply voltage is reduced In this

chapter, fundamental limitations and solutions of operating switched-capacitor circuits at low

supply voltage will be discussed. A modified switched-opamp technique is proposed to redlize

a 1-V SC pseudo-2-path filter.
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4.1 Minimum Supply Voltage for SC Circuits

The minimum supply voltage required by most SC circuits is primarily determined and
limited by the turn-on requirement of the switches that have to be able to switch the total signal
swing. Typically this occursfor switches that are connected to the output of opamps. Figure 4.1

illustrates the problem with a NMOS switch connected to the output of a two-stage opamp.

vdd o
Lﬂ | vdstp |
| | Vdsat,p
1 Clk 1
Vt+Vov A1 S, mmmmmmmmmmmmmmm o
Vref _{ e *_I_ 4 | vswing

Vout

Vref i l— i
1 Clk i
Vdsat,n : |

_________________

Fig. 4.1 Schematic of a 2—stage Opamp with NMOS switch connected at the output

Since the maximum voltage that appears at the source of MOS switch S, iSVg,ing + Vs

the minimum supply voltage that is required to turn on this switch is given as:

VddSLmin »VDSsat +V +V V

swing DSsat, p (Eq' 4 1)

Typicaly, for a standard CMOS process, the minimum supply voltage is 2V for a signal
swing of 1V. For supply voltage below 2V, the signal swing is reduced and becomes zero when

the supply voltage dropsto 1V. However, alower supply voltage can be used to drive the rest of
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the switches that are connected directly to a constant reference voltage in most of the SC

circuits. The situation can be substantially described by considering a simple SC integrator as

shownin Fig. 4.2.

Fig. 4.2 A simple SC integrator (Vi is the Opamp output of previous stage)

In classical switched-capacitor circuits, the input voltage level of the opamp is usualy set
to be middle of the rails in order to achieve the largest output swing. This can be achieved by
setting the reference voltage (Vref) in Fig. 4.2 to be Vg,n/2 + V 4 - As aresult, the minimum

supply voltage that is required for turning on these switches S2, S3 and $4 is given as.

(Eq. 4.2)

Vdd Ve, +V +—VSWing +V
s2,34,min > Vbssat T Vn 5 DSsat, p

which is about 1.5V for asignal swing of 1V. Thisis important to emphasize here that a two-
stage opamp can still be operated with a voltage supply as low as 1V with an output swing of

about 0.8V.
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4.2 Switched-Opamp Technique

Obviously, by using aspecial process with extralow threshold (V) transistors, SC circuits
are ready to operate with low supply voltages. However, the cost of a dedicated low-V - process
is high, and the low-V; MOS switches suffer from off-state leakage problem, which causes the
charge on the integrator capacitor to leak away. This leakage is signal dependent and
consequently causes harmonic distortion. Another solution is to use an on-chip voltage
multiplier or charge pump to provide a voltage higher than the supply to drive the MOS
switches while keeping the rest of the circuit (mainly the opamps and the voltage multiplier) to
operate in low-voltage supply [4][5][6][7]. However, the on-chip voltage multipliers occupy a
large chip area and consume a lot of power. More importantly, MOS transistors in future
submicron technologies will have to operate with a very low voltage supply for reliability
issues since their gate oxide layers are scaled too thin to sustain high voltage (high E-field)
operation. In view of these, the switched-opamp technique has been introduced by J. Crols and
M. Steyaert in 1994 [8][9], and is further explored in [10][11]. The basic idea of the switched-
opamp technique is that if the switch at the output of the opamp can be replaced by a
switched-opamp, most of the switched-capacitor circuits can be operated in supply voltage as
low as 1.5V for a1V signal swing. An example of the switched-opamp techniqueisillustrated

in [8] and isredrawn in Fig. 4.3 below for easy discussions.
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— Vout

Fig. 4.3 Topology of alowpass low-Q biquad
(a) switched-capacitor version, (b) switched-opamp [6] version

Figure 4.3 (a) shows atopology of a switched-capacitor lowpass low-Q biquad. Figure 4.3

(b) shows its switched-opamp version. It can be easily observed that the problematic switch at

the output of the first stage opamp is now replaced by a non-inverting delay SC integrator. The

operation isasfollows. Opamp Alisturnedonat f , while A2 and A3 areturnedonat f 2. At f |,

input signal storedin C,, is passed to the feedback capacitor C. of the opamp A 1. Output voltage

of Alisstored ininput capacitor C of A2. Atf ,, the voltage stored in C is copied to the output

of A2 through the non-inverting delay integrator with unity gain, while the opamp A1l isturned

off with its output shorts to the reference voltage. By doing so, the blocked integrator actslike a

switch, whichisturned on at f ,. Now all the switchesin the circuit are connected either directly

or virtually to the reference voltage (Vref). As aresult, the circuit can now operate at a supply

voltage of 1.5V for a signal swing of 1V in standard CMOS process without using on-chip
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voltage multiplier. However, the original switched-opamp technique shows three important

limitations:

1. Since the common-mode input voltages of opamps are set at middle of the rails, the

minimum supply voltage is 1.5V for a signal swing of 1V. If the filter is operated in 1V

supply, the common-mode input voltage has to be biased at ground for the two-stage

opamp in Fig. 1. As aconsequence, the available signal swing is zero.

2. Only non-inverting integrators are allowed to use. Asaresult, extrainverting stages used to

replace the problematic switches are needed to build high-order infinite impulse response

(IIR) filters. Nevertheless, all problematic switches can be simply removed if there exist

only non-inverting integrators in the SC circuit and al opamps turned off after their

integrating phases.

3. The opamp Al is completely turned off for half cycle. Hence the switched-opamp

technique cannot be applied to some useful switched-capacitor circuits such as pseudo-N-

path and capacitance-reduction techniques that require the use of the idle phase to process

the signal. Besides, the operating speed is also limited by the turn-on time of the opamp.
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4.3 SC Dynamic Level Shifter

Solutions for some of the above limitations were proposed by Andrea Baschirotto and
Rinaldo Castello in [10][11], in which a SC dynamic level shifter is introduced to allow the
common-mode input voltage of opamp to be set independently to the quiescent output voltage

of opamp. Fig. 4.4 illustrates the idea:

VDD
)/ Coc
fl ]
SC negative =
i feedback branches “n_i/_r_ef_ ““““““““““““““ |

N

IEe JHT—

Fig. 4.4 SC Dynamic level shifter

Suppose the common-mode input voltage of opamps are set to ground and the input signal
is zero, the output steady-stage voltage of opamps are forced to settle at middle of rails (0.5V in
case of 1V single supply) by the switching capacitors negative-feedback branches. In another
words, the steady state is reached when no charge injection from capacitor C, into the virtual
ground node of opamp A2 occurs. This happensif Equation 4.3 holds:

C,\ ¥

+ CDc Wipp =C i ¥pp (Eg. 4.3)

out _dc

where V,, 4 isthe output common-mode voltage of opamp A1. The requirement is fulfilled by
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choosing C,.=C,/2. As such, if there is not input signal, the charge in C, is aways kept the
same at any clock cycle.

Since all MOS switches have their source terminals connected either to ground (realized
with NMOS) or VDD (realized with PMOS) instead of connecting to the reference voltage,
simultaneous optimization of switch operation and output swing can be achieved. By applying
the dynamic level shifter, the minimum supply voltage is determined by the opamp requirement.
For a two-stage opamp (Fig. 4.1), thisis equal t0 Vi, = Vi + 2V » 1V. Note that the

signal swing is now determined by the output swing of opamp.

4.4 Modified Switched-Opamp Technique

Previous switched-opamp technique [10][11] requires using a fully differential approach
to obtain the required sign inversion for building high-order IIR filter. This is not easy and
obvious in some SC applications. Besides, the opamps still only worksin the integrating phase,
hence the switched-opamp technique cannot be applied to some useful switched-capacitor
circuits such as pseudo-N-path and capacitance-reduction techniques that require the use of the
idle phase to process the signal. We proposed a modified switched-opamp technique that can
solve the above problems. The modified switched-opamp integrator is different from the
previous switched-opamp integrator by the addition of an extra switchable opamp (A1) in
paralel with the original switchable opamp (Al). Here, it is assumed that the common-mode

input voltage of opamps are biased at ground, while the outputs, in steady state without input
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signal, are biased to middle of rails by the use of dynamic common-mode feedback circuits
[10][11]. Figure 4.5 shows a universal integrator (though only differential configuration is
shown, single-ended version is also viable) that uses the modified switched-opamp technique

for low-voltage switched-capacitor applications.

dd Cs Vdd
T Tl flp—'_
f1p (f2p) Coc ~ \'
Ai',_ {j_ Vsout+
f2(f1)i - = Vsout-
H fip an
\le_d C Csr vaq Vad
= I —F RN b
f1(f2) fl Vout+ : ! ! :
102 C, 11 T fr\l_ L o /Y [\ 5
- ' | ) £1 —n T
f2p (f 1p) 21_ L f2 Y f2p7) P /: i\ /.: '.\
Vdd C- Vad £2 :/—\: :/—\i
vdd ! i . i
T o] N/ N\
f1p (f2p) ! . . i
<4+“—>

£2 (F1) i Coc T

Fig. 4.5 Low-voltage universal SC integrator using modified switched-opamp technique
(differential configuration is shown)

Notethat f,, and f ,, are for PMOS switches, and hence they are just the same clock phases
asf, and f, respectively, which are clock phases for NMOS switches. These two switchable
opamps are turned on and off aternatively in two complementary clock phases (f ,,f,). In f ,,
opamp A1l isturned on to integrate the sampled signal from C, (C,,’), and the processed signal

is stored in Cc (C.). In f,, opamp A1’ is turned on, while opamp Al is turned off with its
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outputs (Vout+, Vout-) shorted to Vdd. Inthis case, C- (C.') are charged to Vdd while the signal
that stored in C (C.) is passed to Cq (C4 '), which are also charged to VVdd in the previous
clock cycle. If C= C4 (C. =C4'), the signal reappears at the outputs (Vsout+, Vsout-) of
opamp A1 . When f , goes high again, opamp A1l is turned on, while opamp A1’ is turned off
with its outputs shorted to Vdd. By doing so, the signal is passed back to C. (C.') again while
opamp A1l isintegrating with new sampled signal from C,, (C,;).

The modified switched-opamp (SO) integrator applies the original switched-opamp
technique, and hence it can also be operated with asingle 1V supply. Besides, by the addition of
aswitchable opamp A1, output signal is availableto collect in both clock phases, asin the case
of classical SC integrators. As a result, this modified SO integrator can be directly applied to
replace the classical SCintegratorsin any SC applications at |ow-voltage operation. Thiswould
save alot of re-designing efforts to implement SC circuits at low-voltage because the modified
SO technique can be directly applied to nearly al existing SC synthesizing methods. More
importantly, due to the creation of an idle phase in this SO integrator, useful techniques like
pseudo-N-path, double-sampl e correction and so on may be implemented in a supply voltage as
low as 1-V with standard CMOS technology. To illustrate this, a RAM-type switched-opamp

pseudo-N-path cell for the z to -z transformation with N=2 is shown in Fig. 4.6 below:
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Fig. 4.6 Differential switched-opamp RAM-type pseudo-2-path transformed integrator

Again, C.(C.) isthe integrating capacitor, C, (C,") and C; (Cg") are the capacitors of the
storage array. When phasesf A andf 1 areon, A1’ isturned off with its outputs shorted to Vdd.
Capacitor C-(C.) receives the charge from the input capacitor C,, (C,\) and from the storage
capacitor C, (C,") which isin the opposite path. This operation givesthe sign inversion required
by the z to -z transformation. During phase f 2, opamp A1’ is turned on while Al is turned off
with its output shorts to Vdd. In this way, the updated charge in C. (C;) is transferred back to
the storage capacitors C, (C,"). This charge is then held in C, (C,") for two sampling periods.

The same operation is repeated during phase f B with the charge stored on C; (Cy") instead of C,
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(C,). By doing so, z to -z transformation is resulted with the modified switched-opamp
technique. Notice that all MOS switches have their sources connected directly or virtually to

ground or VVdd, this ensures the proper operation of MOS switches in the system.

4.5 The Design of Switchable Opamp

To optimize the modified switched-opamp technique, a suitable design of switchable-
opamp is valuable. The idea comes from the fact that in the modified switched-opamp
technique, the input terminals of the two switchable-opamps A1 and A1' are shorted together,
while only one of the two opampsison at atime. Assuch, it isuseful to share the input stage of
the two switchable-opamps. This results in the design of an amplifier with differentia inputs
and two pairs of differential outputs that are turned on and off aternatively (Details can be
found in Chapter 5 section 5.1). For easy discussion in later sections, a symbol is created to
represent the fully differential two-output-pairs opamp as shown in Fig. 4.7. Note that the fully
differential opamp has embedded with a dynamic common-mode feedback, which will be

covered in Chapter 5 section 5.3.

f2

Fig. 4.7 Symbol for the fully-differential two-output-pairs switchable amplifier
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Figure 4.8 shows the switched-opamp RAM-type pseudo-2-path integrator using the full-
differential two-output-pairs switchable opamp. The operation of this switched-opamp
pseudo-2-path integrator is similar to the one described in section 4.3 that uses two switchable
opampsto work in parallel, and henceit is not repeated here. The basic differenceisthat thetwo

switchable opamps are replaced by two pairs of switchable output-stages instead.
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Fig. 4.8 Differential switched-opamp RAM-type pseudo-2-path transformed integrator
using full-differential two-output-pairs switchable opamp

Sl "F\*

By removing all the problematic switches at the output of all opamps of the pseudo-2-path
filter in Fig. 3.13 and replacing the integrators with the switched-opamp RAM-type pseudo-2-
path transformed integrators, a switched-opamp pseudo-2-path filter is implemented as shown

in Fig. 4.9. Table 4.1 summarizes the capacitors size used.
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Fig. 4.9 SC Pseudo-2-path filter using modified switched-opamp technique
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Table 4.1 Summary of capacitors size of switched-opamp pseudo-2-path filter

Capacitors Size
Car Canr Coorerr Coorenrr Coorezr Cotoren 4.5pF
Co: Casr Caoresr Catoreass Cstorear Catorens SpF
Ce: Cacr Cuoress Catorenss Catoreer Coorens 3.5pF
Cinvs Can 0.588pF
Cs Cas 0.1454pF
Coz Cacz 0.1pF
Cocr= (CstCp)/2, Cpcar= (CastCarnp)/2 0.1707pF
Cows Caor 0.152pF
Cosr Caos 0.1pF
Coez= (CoutC3)/2, Cocnr = (CroitCans)/2 0.126pF
Cos Cau 0.1048pF
C. Ca 0.1pF
Coes= (C +Cy)/2, Cpoep = (Cp +Chol)/2 0.1024pF
Coi, Can 0.133pF
Co Camo 0.212pF

A switched-opamp model is created for simulations with SWITCAP2, the frequency

response and the passband characteristics are shown in Fig. 4.10 and Fig. 4.11 respectively.
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Fig. 4.10 Frequency response of the switched-opamp pseudo-2-path filter
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Fig. 4.11 Passband characteristics of the switched-opamp pseudo-2-path filter

The frequency response of the switched-opamp pseudo-2-path filter is basically the same

as that obtained in the switched-capacitor implementation. As expected, a reduction of 3dB

passband gain is resulted due to the sample-and-hold comb-response effect as discussed in

section 3.2. However, a 6dB passband gain reduction is experienced in the switched-opamp

system due to the existence of the return-to-zero effect, which is caused by the fact that the

outputs of opamps are shorted to Vdd after the integrating phase. Hence the overall passband

gain isreduced to about 1dB, though the lowpass path-filter is designed to have again of 10dB.

Table 4.2 summarizes the switched-opamp pseudo-2-path filter characteristics.
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Table 4.2 Summary of switched-opamp pseudo-2-path filter characteristics

Parameters Simulation Results
Center Frequency 75kHz

Passband Bandwidth 1.5kHz

Passband Gain 1dB

Stopband Gain -40dB

Filter Order 6

No. of switchable Opamps 3

Capacitance Spread 50

Sampling Frequency 300kHz

To sum up, a modified switched-opamp technique is proposed to operate switched-
capacitor circuits in a single voltage supply as low as 1V in standard CMOS process. This is
illustrated through the implementation of a 1-V switched-capacitor pseudo-2-path filter. The
passband gain reduction due to the return-to-zero effect must be taken into account when the
switched-opamp technique is applied. In next chapter, the transistor level implementations of

the 1-V SC pseudo-2-path filter will be presented.
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Chapter 5

Transistor Level Implementation of a1-V SC Pseudo-2-Path Filter

While the proposed switched-opamp technique eliminates all the problematic switchesin

the SC circuits, a high-gain fast-settling switchable opamp that can be operated in a single 1-

V supply isrequired. For very low voltage operation, multi-stage amplifier approach [1][2] (by

cascading gain stages to obtain high gain) is more attractive than using cascode topology [3] (by

cascoding transistors to obtain high output resistance for high gain), which is usually applied in

classical SC circuits. The latter one providestoo small effective output dynamic range dueto its

cascode structure at the output stage. Meanwhile, the former one gives a high amplification

with only two transistors in the output stage, which delivers the maximal possible signal swing.

The difference here becomes significant when the power supply voltage is reduced to 1-V. This

is because every transistor that is cascoded in the output stage would reduce the maximum

dynamic range by more than 10%. In this chapter, the design issues and implementation of a

1-V fully-differentia two-output-pair switchable amplifier that bases on a two-stage amplifier

approach are discussed. The HSPICE simulation results of a 1-V SC pseudo-2-path filter that

utilizes the switchable amplifier are presented.
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5.1 Opamp Specifications and Justifications
Most of the specifications of the opamp are chosen according to the requirements of the
1-V SC pseudo-2-path filter. Table 5.1 summarizes the performance requirements of the

switchable opamp.

Table 5.1 Summary of opamp specifications

Parameters Specifications
Supply Voltage Single 1V
Low Frequency Gain > 75dB
Unity-Gain Frequency >5MHz
Phase Margin > 60°
Output Swing > 0.8V
Settling Time < 250n sec
Slew Rate > 1.2V/msec
Input Offset Voltage <5mV
L oad Capacitor 4ApF
Power Consumption < 100mN
Turn-On/Turn-Off Time < 167nsec

\oltage supply & power consumption: The opamp should operate at a single 1-V supply
for the 1-V SC pseudo-2-path filter. For portable applications, the opamp is designed to
dissipate less than 100mN such that the filter, which consists of 3 opamps, consumes no more
than 300mw.

Low-frequency gain and phase margin: The low frequency gain of the opamp must be

high enough to preserve the filter transfer function accuracy, especially for high Q filter
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implementation. Simulation results from SWITCAP2 show that a low frequency gain of more

than 75dB is required. For stability issue, the phase margin should be larger than 60° as the

opamps are connected in feedback.

Unity gain frequency: The unity gain frequency is chosen based on the settling time

requirement and to minimize filter transfer function sensitive to the opamp gain-bandwidth. In

general, the larger the unity gain frequency, the shorter the opamp settling time and the more

accurate thefilter transfer function. However, too large the unity gain frequency creates serious

noise aliasing effect in the SC system. In fact, to avoid excessive noise aliasing effect while

preserving the filter transfer function, the unity gain frequency is generally set to be about 5 to

10 times larger than the sampling frequency in most of the switched-capacitor filters[4]. In our

case, the required unity gain frequency of the opamp is 10x300kHz = 3MHz. This is the

requirement of aclassical switched-capacitor circuit that uses a sampling frequency of 300kHz.

For any SC circuits that utilize switched-opamp technique, the unity-gain frequency should be

made larger to reserve more time for turning on the switchable opamps. Here, a unity gain

frequency of 6MHz is chosen.

Settling time: The settling timeis set to be less than 1/3 of the sampling period (555nsec)

with an accuracy of 0.1%. This can be achieved if the time constant of the opamp t is smaller

than 555nsec/7 = 106nsec [4]. In general, the settling timeis dependent on the-3dB bandwidth,

which in turn depends on the unity-gain frequency and the closed-loop gain of the opamp, and
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hence it may be configuration dependent. This is because, for some opamp configurations like
the folded-cascode amplifier, their unity-gain frequencies depend strongly on the load
capacitance. As aresult, the settling time for these amplifiers will also depend on the equivalent
load capacitance when it is capacitively fed-back (usually happens in switched-capacitor and
Gm-C applications). However, for classical two-stage opamps, the unity-gain bandwidth
mainly depends on the compensation capacitor but not on the load capacitor, hence it is
unnecessary to take into account the equivalent |oad capacitance to calcul ate the settling timein
this case.

Slew rate: Sine the opamp is used to implement a switched-opamp filter with sampling
frequency (switching frequency) fc of 300kHz with the highest signal passband w; and signal
SWing V,ing Of 75kHz and 0.8V respectively. Then the sampling time T, is found to be 1/2fc
= 1.67u sec. According to the switched-opamp operation principle, the output voltage must
reach its fina value within the sampling time since the opamp will be off after the sampling
phase. This can be achieved only if the total amount of time for turning on the opamp plus the
dew timet,,, plusthe settling time .. is less than the sampling time, as described in Equation
5.1

T #T 4T <T. =1 (Eg.5.1)

switching _on slew settle sampling 2 f
s

The dlew time is determined by the slew rate of the opamp and the output voltage V,,t(t)

change DV, = V,(nT)-V,,(nT-T) that must undergo in each step, as defined in Equation 5.2:
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Ty, =—2 Eq. 5.2

slew SR ( q )
It is no doubt that the largest step DV,,,, occurs when the highest passband frequency signal
is under processing. In the worst case, V,,, Will be a sampled-and-held sine wave with a
frequency wg and a sampling time Tg,;,.. This is actualy a result of sampling and holding a

continuous time voltage V(t)=V,,, Sinwst. Hence the maximum step which V,,(t) must take

every T=1/fs seconds is given by Equation 5.3:

VeV
dv t)| _ _ B swing whereT :i (Eq 53)
dt f f

|max S S

DV

out,mzx

= TI
Let x bethe alowed portion of T, for ew time, we have the slew rate requirement given

by Equation 5.4:

\Y; vV

SR 3 _out.max swing

T

_ 2 8Voung (Eq. 5.4)
Xf Thoig X

slew

In our case, x=10%, V,;,,=0.8V, Wg=75kHz, this requires a slew rate of 1.2V/nsec. Note
that this slew rate requirement has to be fulfilled for each of the compensation capacitor that
exists in the circuit. There are of course also signals of higher frequencies than wy present
internally in the SC circuit. However, they and their harmonics fall into the stopband of the SC
filter, and hence the resulting distortion will normally not affect the output signal of the whole
circuit.

CMRR, PSRR and noise consideration: Fully differential architectureisused to increase

CMRR, PSRR and minimize the noise problem. Meanwhile, the noise performance of a 2-stage
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opamp can be improved by making a better noise performance for the first stage, given that the
first stage gain ishigh. Thisis because the noise generated by later stageswill be divided by the
gain of the first stage when it is transferred back to calcul ate the equivalent input voltage noise.
To achieve better CMRR, the input stage can be implemented with a differentia pair, which
ideally has a common-mode gain of zero. At low frequencies, the supply noise that can be
coupled to the output is mainly due to variation in bias circuits and mismatches in differential
structures. At high frequencies, coupling from parasitic capacitors becomes more important. To
reduce the noise gain due to the parasitic capacitors, it is desirable to maximize the input and
feedback capacitors and to minimize the parasitic capacitors by employing good layout
techniques.

Turn-on time of switchable opamp: 20% (335nsec) of the sampling time is allocated for
the opamp to turn on from off state. While looking for fast switching time, the power

consumption should be minimized.

5.2 Opamp Design and Operation Principle

Figure 5.1 shows the schematic of the proposed 1-V fully-differential two-output-pair
switchable opamp. The opamp is implemented with HP 0.5nm CMOS N-well process with
NMOS and PMOS threshold voltages of 0.7V and 0.85V respectively. A PMOS differential

pair is used as the input stage for smaller Flicker noise [5][6].
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Vdd

Vout2+
—4

Ibias

<+> M11

M13

Fig. 5.1 Schematic of afully differential two-output-pair switchable opamp

To cope with the aready tight voltage budget, the body effect that tends to increase the
threshold voltage of the PMOS input transistors has to be eliminated by connecting the PMOS
bodiesto their sources. Thisis possible in N-well process when the PMOS input transistors are
laid-out with a separate N-well from other PMOS transistors.

In order to obtain alow frequency gain of better than 75dB to maintain the filter transfer
function accuracy, this is necessary to ensure that both input (M1 and M2) and load (M3 and
M4) transistors operate in saturation region. Therefore, the gates of output stage transistors (M7,
M8, M11 and M12) are not connected directly to the output nodes of the input stage as in the
case of conventional two-stage opamp configuration. Instead, level shifters formed by M5,
MB2 and M6, MB3 respectively are inserted in between such that M3 and M4 are biased with
one Ve higher than ground while ensuring M1 and M2 operate in saturation region [7][8].
Capacitors CC1, CC2, CC3 and CC4 are compensation capacitors for the two pairs of output

stages. The output stages are turned on and off by the transistors M9, M10, M13 and M 14,
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which are controlled by the two non-overlapping clock phases f 1 and f 2. When the output

stages are cut-off, compensation resistors MCC1 and MCC2 (or MCC3 and MCC4) are turned

off to prevent the compensation capacitors from discharging or charging up for faster switching

operation. Since the switches that connect at the outputs of opamps in the proposed 1-V SC

pesudo-2-path filter are tied to Vdd when the output stages are in off phase, thus preventing

static current from flowing through those switches and the output stages.

A dynamic common-mode feedback circuitry (will be explained in next section) can adjust

the output common-mode voltages to 0.5V (middle of rails) by negatively feeding back signal

to the gates of transistors M3 and M4. Transistors MA and MB are used to adjust the

common-mode feedback loop-gain by drawing currents from M3 and M4 respectively. As such

the transconductance of M3 and M4 can be adjusted. Table 5.2 summarizes the transistor sizes

of the proposed switchable opamp.

Table 5.2 Summary of transistors sizes of switchable opamp
Transistors Unit size Quantity

M1, M2 12mi2.1m 12
M3, M4 3ni3m 12
MA, MB 3m3m 20
M5, M6, M7, M8, M11, M12 3.3m2.1m 20
MB4 10.2m2.1m 4
MB1 10.2m2.1m 24
MB2, MB3, MB5, MB6, MB7, MB8 10.2m2.1m 20
M9, M10, M13, M14 3.3m2.1m 8
MCC1, MCC2, MCC3, MCC4 5.1m0.6m 10
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It is worth to mention that, with a single 1-V supply, the input common-mode voltage of
the switchable opamp has to be set at ground, which results in zero input common-mode range.
But thisis not critical to the operation of SC circuits, since the inputs of opamps are operating
near the virtual ground in steady state, therefore no input common-mode range is required.

5.3 Simulation Results of the 1-V Switchable Opamp

The proposed fully differential two-output-pair switchable opamp is simulated with
Hspice using HP 0.5mm CMOS model. Figure 5.2 shows the frequency response of the
switchable opamp. The DC gain is 81.8dB with a unity gain frequency of 7.5MHz. The phase

margin is 54°.
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Fig. 5.2 Frequency response of the fully differential two-output-pair switchable opamp
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Thetest circuits for simulating the settling time for a switched-capacitor filter is shown in

Fig. 5.3 [4]. The feedback C: and input capacitors C, are chosen to be 3pF, C, (0.2pF) is the

parasitic capacitance while C_ (1pF) is the loading capacitance. This is the SC integrator

configuration in the SC pseudo-2-path filter that has the largest time constant.

C
T
1|

Fig. 5.3 Testing circuit for settling time measurement of SC integrator

In this case, the output node will experience the same step voltage that appears at the input

node. The time constant of the integrator can be estimated as:

1 1

t =
Voae AV,

_ G
C.+C, +C,

(Eq. 5.5)

f
Obvioudly, the -3dB frequency of the system depends on the feedback factor. In genera,
CF >> CP and CF»CI for SC pseudo-2-path filter, therefore A»0.5. As a result, the time

constant can be estimated as:

t » 2 (Eq. 5.6)
\

0

In order to achieve a settling error of lessthan 0.1%, a settling time of 7t isrequired, thisis
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estimated to be 300nsec (10% of the sampling period) for a unity gain frequency of 7.5MHz.
The simulated settling time is about 350nsec.

The test circuit for checking slew rate of the opamp is shown in Fig. 5.4.

Vi A VOJ
|+

Fig. 5.4 Test circuit for opamp slew rate measurement

Since the DC operating point of the input terminals and the outputs of opamp are different,

the opamp cannot be connected in unity-feedback configuration for slew rate measurement.

Instead, a step voltage is applied to directly to observe the rise and fall times of the response at

the outputs. Figure 5.5 shows the simulation results.

FILE
Sas0Bs032 13:36:21

e =5

Fig. 5.5 Slew rate measurement of the switchable opamp
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The ssimulated slew rate of the opamp is 1.68V /s with a positive input triggering step and
1.48V /s with a negative input-triggering step. With the worst case dew rate, the sew time is

470nsec (about 1/6 of the sampling time) for a maximum signal step of 0.7V.

The noise performance of the amplifier can be determined by analyzing the noise
performance of thefirst gain stage, given that the first stage gain is high (~100). Thisis because
the noise generated by output stages will be divided by the gain of the first stage when it is
transferred back to calculate the equivalent input voltage noise. Take into account the thermal
noise and flicker noise in the analysis, the noise generated by the first gain stage (differential

pair) can be derived as shown in Equation 5.7:

2

2 _ 2 20 . &gm,. 9 2 2 B
VIT - ?leql + Veq2 Qg-'- ggm—ﬂé ?leq3 + Veq4 % (Eq. 5.7)
1- 2

where

V., = 4KT 2 o4 K ZE
‘ 3gm WLCox? f

(Eq. 5.8)

It can be easily observed from Equation 5.8 that the white noise (therma noise)
component is inversely proportional to transconductance of the MOS transistors (gm a W/L)
while the flicker noise is inversely proportiona to the gate area (W*L). As aresult, these two

noise components can be optimized separately. For better noise performance, PMOS transistors

should be used as the input devices as it has lower flicker noise coefficient (Kf) [5] [6]. The
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calculated total input referred noise (with no flicker noise) is 76nV/CHz. The calculated result
agrees very well with the simulation result (77.4nV/CHz). Since the flicker noise coefficients
have not be obtained, no hand calculation can be done. Meanwhile, the input transistor gate

areas are made reasonably large to minimize the flicker noise.

Theinput offset voltage of the opamp is determined by estimating the offset voltage dueto
the first gain stage, given that the first stage gain is high (~100). This is because the offset
generated by later stageswill be divided by the gain of the first stage when it is transferred back
to caculate the total input offset voltage. The analysis is thereby the same as that for a
differential pair and therefore the estimated offset voltage of the switchable opamp is given by

Equation 5.9:

é DIW/L DWW /L) u
& ( )"- i )”g (Eq. 5.9)
e )

agm, 0 b/Gsp } VTP)
T+
(W/L)p (W / L)

V., =DV, +DV .
0s P TNgnga 5

n

Assume that, for standard CM OS technology, the worst case mismatch for active devices
is 3% and that of the threshold voltageis 2mV for agood layout technique. The offset voltageis
found to be 7mV. To reduce the offset voltage, low VsV should be used for M1 and M2 to
reduce the geometry mismatch effect while making gm,;>>gm, to reduce V; mismatch. Table
5.3 summarizes the specifications and simulation results of the fully differential two-output-

pair switchable opamp:
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Table 5.3 Summary of simulation results of the switchable opamp
Parameters Specifications Pre-Simulation
Results
Low frequency gain > 75dB 81.4dB
Unity gain frequency > 7MHz 7.5MHz
Phase margin > 60° 54°
Power consumption < 100mWV 63.8mN
Supply voltage v v
Settling time < 300nsec 350nsec
Slew rate > 1.2V/msec (+ SR) 1.53V/rsec
(- SR) 1.65V/rrsec
Output swing 0.7v 0.75v
Input offset voltage < 10mVvV 7mV (calculated)
Equivalent input noise NA 31.6nV/CHz
Loading capacitor 4pF 4pF
Switching time < 300nsec 290nsec

5.4 SC Dynamic Common-Mode Feedback

For fully differential topology, an additional common-mode feedback circuit (CMFB) is
required to control the opamp outputs dc voltage. This can be done using continuous-time or
sample-domain approach. For a continuous-time solution, the key problem is due to the fact
that the inputs of the CMFB circuit must be dc-connected to the opamp output nodes that are
located around VVdd/2 [9][10]. For supply voltage as low as 1-V, Vdd/2 is lower than threshold
voltages of transistors, thus continuous-time solution is not viable. For sample-domain

approach, a dynamic CMFB circuit can be used [7][8]. The proposed CMFB circuit that is

1-V Switched-Capacitor Pseudo-2-Path Filter 855 {}‘



Chapter 5 Transistor Level Implementation of A 1-V SC Pseudo-2-Path Filter

suitable for the fully-differential two-output-stage switchable opamp is shown in Fig. 5.6.

Fully differential two-

output-pair VDD
switchable Opan’}pz ) f1p ) f1p Coues
|
| CP1 f2 | 4
- -+ .|.J d H
A__ CP?2, f1 A Vemfb
- Ch4 <t
—|_ — T\ » I - =
o | r CP3 /| N\f2
1 f2p\ f2p -
Vemfb \ \
VDD

VDD

7_ CCM2

fip WH_
h

Fig. 5.6 Dynamic common-mode feedback circuits for fully differential two-output-pairs
switchable opamp

To explain the operation of the dynamic CMFB circuit, let’ sconsider only output pair “A”.
During phasef 1, the output pair “A” isoff, and capacitors CP1 and CP2 (CP1=CP2=0.1pF) are
charged to VVdd while the capacitor CCM 1 is completely discharged. During phase f 2, the loop
is closed with the output pair “A” turned on, capacitors CP1 and CP2 discharged from Vdd to
the DC output voltage of the opamp and thus injecting charge to the capacitor CCMFB
(CCMFB = 0.2pF). On the other hand, capacitor CCM1 is charged from ground to VDD and

thus collecting charge from capacitor CCMFB. As a matter of fact, the CMFB circuit steady
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state occurs during phase f 2 when no charge is injected into or collected from the integration

capacitor CCMFB. Therefore, with CCM 1=CP1=CP2, the opamp output pair “A” common-

mode voltage will be forced to Vdd/2 by the common-mode feedback circuit. The output pair

“B” common voltageis also set in asimilar manner, but using acomplementary clock phases. A

differential pair is implemented to act as the opamp for the CMFB integrator. The differential

pair has a low frequency gain of 120, which is sufficient for proper operation of the dynamic

CMFB circuit. Figure 5.7 shows the Hspice ssimulation result of the proper operation of the

dynamic CMFB circuit.
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Fig. 5.7 Operation of dynamic CMFB circuit on switchable opamp

It can be observed that all outputs common-mode voltages are settled at 0.5V (Vdd/2) in

steady state when the output pairs are turned on. The common-mode feedback voltage settles at
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about 0.8V in 600msec. The output stages can be properly turned off.

5.5 Transistor Level Simulation of the 1-V SC Pseudo-2-Path Filter

The 1-V SC pseudo-2-path filter can then be built with the fully-differential two-output-
pair switchable opamp and the dynamic CMFB circuit. Figure 5.8 shows the transient response
of thefilter without any input signal applied, it can be observed that the outputs of filter settle at

0.5V when that output pairs are turned on.
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Fig. 5.8 Filter transient response without input signal

With a sampling frequency of 301.2kHz (clock period 3.32msec), two transient responses

of the filter are obtained and shown in Fig. 5.9 and Fig. 5.10 with 0.3Vpp input signa at

75.3kHz (passband response) and 70kHz (stopband response) respectively.
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Fig. 5.10 Filter transient response with 0.3V pp 70kHz input signal

The differential output signal has about 0.9Vpp swing with 75.3kHz input signal. Thisis

due to the 10dB gain of the lowpass path-cell frequency response, though the overal filter
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passband gain is about 0dB due to the comb-response effect and the return-to-zero effect in this

system. Meanwhile, the output signal isless than 10mVpp in response to a 70kHz input signal,

which isin the stopband of the system.

By performing Fast-Fourier-Transformation (FFT) on the transient response, we obtain

the frequency spectrum of the output of the filter. Two FFT analysis are performed, one with

75.3kHz 0.3Vpp input signal, another with 70kHz 0.3V pp input signal, the results are shown in

Fig. 5.11(a) and Fig. 5.11(b) respectively.
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Fig. 5.11 Frequency spectrum of filter to input signal at (a) 75.3kHz, (b)70kHz

As expected, the signal at stopband is attenuated by 40dB relative to the signal at the

passband. The -3dB drops are observed from other simulations with input signals of
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frequencies 74.5kHz and 76.1kHz are used, this corresponds to a bandwidth of 1.5kHz (Q=50).

Table 5.4 summarizes the ssmulation results of the 1-V SC pseudo-2-path filter.

Table 5.4 Summary of simulation results of the 1-V SC pseudo-2-path filter

Parameters Simulation results
Supply voltage v
Center frequency 75.3kHz
Sampling frequency 301.2kHz
-3dB frequency 74.5kHz and 76.1kHz
(1.5kHz bandwidth)
Stopband loss >40dB relative to signal at passband
Power consumption 229nMWV
(63.8mMN @ opamp,
12.5mWV @ CMFB circuit)
Q-vaue 50
Capacitance spread 50 (unit capacitor of 0.1pF is used)

5.6 Design and Implementation of On-Chip Buffer

An on-chip buffer is designed to drive capacitor loading up to 100pF for testing purposes.
Meanwhile, the input capacitance of the buffer should be kept low such that no severe
capacitance loading is experienced at the filter output. The differential voltage buffers are made
up with PMOS transistors. The input terminals are connected to the filter outputs, which has a
signal swing from OV to 1V (rail-to-rail operation). The signal isthus level-shifted up to appear
at the outputs of the buffer, which has a gain of about unity. The schematic of the buffer is

shown in Fig. 5.12. Table 5.4 summarizes the transistors size of the voltage buffer.
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Differentia voltage buffer

Table 5.4 Transistors

vad (5V) size of voltage buffer
| MBU7| € MBUS| Transistor |Size
MBUZ || I |
MBU1,
MBUS 12.6m
’ 2.1m
vour || MBUﬁl «* Mo MBU6
Vaut+ Vaout- MBUS, 12.6m
. Cl vin- C. 1o
v 1> Vin L~ MBU4 1.2m
ls (y I8+—‘ MBU3 | G—‘ MBU4 T
MBU2,
% 4 MBU?7, —122'52
Fig. 5.12 Schematic of an on-chip differential voltage buffer MBUS '

The buffer is operated with a5-V supply instead of 1V. Thisis because it is fundamentally

impossible to implement a voltage buffer in a single 1V supply with both input and output

signal swings of 1V. Nevertheless, the 1V SC filter does not require strong buffering stagesif it

is connected monolithically with other circuitries. Table 5.5 summarizes the simulation results

of the differential voltage buffer.

Table 5.5 Summary the simulation results of the differential voltage buffer

Parameters Simulation Results
Supply voltage 5V

Input signal swing oV to 1V

Output signal swing 2.4V to 3.4V

Buffer gain

0.984V/V @ Input signal at OV
0.981V/V @ Input signal at 1V

Buffer -3dB bandwidth

6MHz

Slew rate

(+SR) 8.9V/nsec
(-SR) 11.4V/msec

Max. capacitance loading

100pF
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The proper operation of the voltage buffer with the 1-V SC pseudo-2-path filter is verified
with Hspice simulation. Figure 5.13 (a) and 5.13 (b) show the transient response of the filter

after buffer with input signal of 0.3Vpp 75.3kHz and the corresponding frequency spectrum

respectively.
S . 99, 0B/ 05 1?:5.2:49 : Tl’ansent (dlfferentla' )
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Fig. 5.13 (a) Filter transient response after buffer with 75.3kHz input signal
(b) Corresponding frequency spectrum of filter after buffer

In this chapter, the realization of the 1-V SC pseudo-2-path filter in standard CMOS (HP
0.5nmm N-well) processis presented. A 1-V fully differential two-output-pair switchable opamp
is designed to achieve a DC gain of 81dB and unity-gain bandwidth of 7.5MHz with a phase

margin of 54°. A dynamic common-mode feedback circuit is introduced to operate with the
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proposed switchable opamp. Hspice ssimulation results show proper operation of the 1-V SC

pseudo-2-path filter. An on-chip voltage buffer is designed to drive external input capacitance

of measuring equipment. The operation of the buffer with the filter is verified by simulation.
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Chapter 6

Layout Considerations and Post-Simulations

In this chapter, the layout considerations of the switchable opamp, common-mode
feedback circuit, voltage buffer and the SC pseudo-2-path filter are discussed. Cadence is used
as the drawing tool for the transistor layouts. Post-simulations showed the functionality and

performances of the building blocks and the filter.

6.1 Layout and Post-Simulation of Switchable Opamp
The schematic of the 1-V fully-differential two-output-pair switchable opamp is redrawn

in Fig. 6.1 for easy discussion.

MB4
| |MB7

I '
f2 f1
cc3 —+— 1 M5
Vout2+ Voutl+ 1
+
. MCC3 MCC1
Ibias
| M7 1] |
<+ M11 j | I’ '
M13 H |— f2

Fig. 6.1 Schematic of afully differential two-output-pair switchable opamp

1V Switched-Capacitor Pseudo-2-Peth Filter 955 '?3‘



Chapter 6 Layout Considerations of SC Circuits

To reduce the offset voltage of the switchable opamp, the input transistors M1 and M2 are

splitted into eight equal parts and laid out with common-centroid symmetry [1] as shownin Fig.

6.2.

Fig. 6.2 Opamp input transistors matched with common-centroid

Meanwhile, for fully-differential circuit, the differential path should also be matched. This

can be achieved by adopting the layout floorplan as shown in Fig. 6.3.

vdd
MB4, MB1 MB2, MB3 MB5, MB6 MB7, MB8
MCC1, MCC2 cc1 cC2
M1, M2 |[MCC3,MCC4
M5, M6 CC3 CC4
MA, MB M3, M4 M9 M13
M10 M7, M8 M1L,M12 | \a7s
Gnd

Fig. 6.3 Layout floorplan of switchable opamp

Inside each block, two transistors in the differential path are paired up (e.g. transistor pair

M5 and M6 corresponds to the same functionality in the differential path) and laid out with
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common-centroid symmetry. The layout of the switchable opamp is shown in Fig. 6.4. The

switchable opamp occupies a chip area of 50mmx120mm.

Fig. 6.4 Layout of switchable opamp

Figure 6.5 shows the post-simulation frequency response of the switchable opamp, which
achieves a low-frequency gain of 81db with a unity-gain frequency of 7.4MHz with a phase

margin of 60.2°.
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Fig. 6.5 Frequency response of the fully differential two-output-pair switchable opamp
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Other characteristics of the switchable opamp are obtained, and the results are summarized
together with the pre-simulation resultsin Table 6.1. Good agreements between pre-simulation

and post-simulation are achieved.

Table 6.1 Post-simulation results of the switchable opamp

Parameters Specifications Pre-Simulation Post-Simulation
Results Results
Low freguency gain > 75dB 81.4dB 81.4dB
Unity gain frequency > 7MHz 7.5MHz 7.4MHz
Phase margin > 60° 54° 60.2°
Power consumption < 100mN 63.8mN 63.8mN
Supply voltage v v v
Settling time < 300nsec 350nsec 360nsec
Slew rate > 1.2V/rreec (+ SR) 1.53V/nsec (+ SR) 1.51V/nsec
(- SR) 1.65V/reec (- SR) 1.63V/reec
Output swing 0.7v 0.75v 0.75v
Input offset voltage <10mv 7mV (calculated) 7mV (calculated)
Equivalent input noise NA 31.6nV/CHz 31.6nV/CHz
Loading capacitor 4pF 4pF 4ApF
Switching time < 300nsec 290nsec 300nsec

6.2 Layout of the SC Dynamic Common-Mode Feedback (CMFB) Circuit
The schematic of the SC dynamic CMFB circuit is redrawn as shown in Fig. 6.6. The
required opamp is made with a PMOS differential pair, which islaid out with common-centroid
symmetry. Each of the capacitors CP1, CP2, CP3, CP4, CCM1 and CCM2 are 0.1pF. For
accurate operation, capacitors CP1 and CP2 should be matched with CCM 1 while CP3 and CP4

should be matched with CCM2, otherwise the DC common-mode voltage of the outputs of
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opamp will not be accurately set at the middle of the rails. Figure 6.7 and Fig. 6.8 show the

floorplan and layout of the SC dynamic CMFB circuit respectively.

E CCcM1
f2p H |——
J_ f1
VDD
) / Cewrs
fip fip I
L CcP1 f2 3
1|
Voutl+ dc l) o) I| I A L vamib
Voutl- dc cpa !
Vout2+ dc M Il
Vout2- dc >, —F -
r CP3
f2p \ f2p \
VDD PMOS differential pair
VDD
; CCM2
flp
J_ f2

PMOS Differentia Pair

Switches
CP1 CP3
ccMl || Cewrs || com2
CP2 CP4
Switcheq

Fig. 6.7 Layout floorplan of SC
dynamic CMFB circuit Fig. 6.8 Layout of SC dynamic CMFB circuit

1-V Switched-Capacitor Pseudo-2-Path Filter 995 ‘ﬁa



Chapter 6 Layout Considerations of SC Circuits

6.3 Layout Considerations of Capacitors

Linear capacitors can be fabricated in HP 0.5nm CMOS process using linear-cap option.

The structure and the equivalent model of the linear capacitor C,., are shownin Fig. 6.9 (a) and

6.9 (b) respectively.

Gate oxide _
(@) AT Polysilicon ‘[ °B ?aF_"Wdl (active o
egion (N+))
I__é:f‘_l_'lz o e Cl:llinear

Cot Field Ao ' I :_ 0B

oxide N | S ;
Co ::;:: C:Iplz ::'::: Cu

P-Substrate Coavell (N-typ) v H

| _d_.
— _

Fig. 6.9 (a) Linear capacitor cross-section (b) Capacitor model with parasitic capacitors

The capacitor C,., iS realized across the thin gate oxide between the polysilicon and the

active N+ region of the Cap-well. Parasitic capacitors appear at both terminals A and B of

capacitor C;;,. Parasitic capacitor C,, isvery small because of the thick field oxide layer (about

two orders of magnitude larger than the gate oxide), and hence can be ignored. Parasitic

capacitor C, is formed between the polysilicon, field oxide and the cap-well, and hence its

capacitance is directly added to the total capacitance as seen between terminals A and B. But its

effect is small because the field oxide is much thicker than the gate oxide. Nevertheless, if too

small polysiliconisused to make capacitor C,,.., because too small capacitance valueis desired,

it can happen to affect the total capacitance value significantly because the routing area
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(redundancy for contacts and spacing, etc.) of the polysilicon may not be reduced with
capacitance value. In this case, polysilicon strips should be avoided to Oroute on top of the
cap-well region. Lastly, parasitic junction capacitor C;.appears at the bottom plate of C;; ey, it
has avalue of about 20% of that of capacitor C;,., because of the highly doped cap-well region.
To avoid extra capacitance |oading to the opamps, the bottom plates of the capacitors should not
connect to the outputs of the opamps. A unit-capacitor layout is shown in Fig. 6.10. A squared
structure [1][2] is adopted to minimize the capacitor error due to over-etching. The unit-

capacitor is 0.1pF with dimensions of 6.75mm x 6.75mm.

Fig. 6.10 Layout of a unit capacitor

The capacitor is defined by the overlapping region between the polysilicon layer and the
active-areainside the cap-well. Asthe corners of the polysilicon layer are likely to suffer from

higher etching rate than the edges, the corners are made with 45° [1] to obtain a better shape
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control. All capacitors used in the SC pseudo-2-path filters are made up with numbers of unit-
capacitors. For better matching between capacitors with non-integer ratio, the ratios of

perimeter to area of the two capacitors are made the same.

6.6 Layout of Differential VVoltage Buffer

Good matching of the differentia voltage buffer pair is necessary because the differential
output signals of the filter are level-shifted up by them before the signals are measured by
equipment. Therefore, transistors in differential path (MBU3 and MBU4, MBU5 and MBUSG,
MBU7 and MBUS8 in Fig. 5.11) are matched with common-centroid symmetry. Figure 6.11 and

6.12 show the floorplan and layout of for the differential buffer pair respectively.

MBU7, MBU8

o
=

él
H
2
-
g
-
g

MBUS, MBU6

MBU4

MBU3

Fig. 6.11 Layout floorplan of Fig. 6.12 Layout of differentia
differential voltage buffer voltage buffer
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6.7 Layout and Post-Simulation of 1-V SC Pseudo-2-Path Filter

The floorplan and layout of the SC pseudo-2-path filter are shown in Fig. 6.13 and 6.14

respectively.

Capacitor Arr
apStage i & |lcMFB

Switchable Opamp

CM Flé” Capacitor Array
Stage #2

Switchable Opamp

Capacitor Array
Stage#3 ~ |M F%

Switchable Opamp ‘

SOUOING

SOUOIMG

SOUOING

Clock Bus/ ™~ Guard Ring
Fig. 6.13 Layout floorplan of the 1-V SC Fig. 6.14 Layout of the 1-V SC pseudo-2-
pseudo-2-path filter path filter

To minimize the noise from the clocking signals to inject into the filter, a ground-shielded
guard ring is used to surround the clock lines. The filter consists of three stages, each of which
has a switchable opamp, CMFB circuit, capacitor array and switches. The post-simulation
shows proper operation of the SC pseudo-2-path filter. Figure 6.14 (a) and 6.14 (b) show the

transient response and frequency (FFT) spectrum of the filter respectively with a 0.3V pp input
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signa at 75.3kHz. Table 6.2 summarizes the post-simulation results of other filter

characteristics.

Table 6.2 Summary of post-simulation results of the 1-V SC pseudo-2-path filter

Parameters Post-simulation results
Supply voltage v
Center frequency 75.3kHz
Sampling frequency 301.2kHz
-3dB frequency 74.5kHz and 76.1kHz
(1.5kHz bandwidth)
Stopband loss >40dB relative to signal at passband
Power consumption 229nMWV
(63.8mMN @ opamp,
12.5mWV @ CMFB circuit)
Q-vaue 50
Capacitance spread 50 (unit capacitor of 0.1pF is used)
Chip area 800Mm x 1000mMm
Reference

[1] M. Ismail and T. Fiez, Analog VLSI — Signal and Information Processing, McGraw-Hill Book, 1994

[2] H. C. Luong, Elec 304 Course Notes, HKUST, 1998
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Chapter 7

Testing Considerations and Methodologies

Figure 7.1 shows the die photo of the testing chip, which consists of the SC pseudo-2-path

filter, switchable opamps and buffers (the voltage-control oscillator (VCO) is for another

buffers

SC filter

Switchable
opamp

VCO from
other project

=
=]
o
o
|
£
|-
|
d
|

5 BB R EEEENEDN

Fig. 7.1 Die photo of the circuit test chip

project and so is not related).

In this chapter, the testing results of the buffer and switchable opamp are discussed in the
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first two sections. The 1-V SC pseudo-2-path filter performance is then presented. By turning
off one of the paths in the SC pseudo-2-path filter, the SC pseudo-1-path highpass response is
also tested. From the testing results, the possibility of operating SC pseudo-2-path filter in a

single 1-V supply is verified.

7.1 Measurement Results of Voltage Buffer

Gain-phase analyzer (HP4194A)

b e e
Signal source Reference channel Input channel
DC coupling I I Buffer
capacitor (10nF) ‘ _I Input capacitance of
Resistor (1MW) ;7_ equipment (30pF)
A

Fig. 7.2 Testing setup for measuring bode plot of buffer

Gain-phase analyzer (HP4194A) is used to measure the Bode plots of the voltage buffer.
The testing setup is shown in Fig. 7.2.

An AC sweep is performed by the gain-phase analyzer through varying the input signal
source frequency. The Bode plots are obtained by plotting the relative amplitude and phase
between the signals at the input channel (output signal of buffer) and the reference channel

(input signal of buffer) against frequency. The voltage sourceV 4 biasesthe input of the buffer
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to 0.5V, which isthe middle of opamp output DC level. The Bode plots are obtained and shown

in Fig. 7.3.

T i;;i
1’ 10of 10 Wt 10 10 10
irequancy

bbb on

R,

10 10 10 1t 10 10 10
1requanoy

Fig. 7.3 Frequency response of voltage buffer

The slew rate of the buffer is measured by applying a step voltage from OV to 1V through
V - 1HE OUtput step response is obtained with CRO and the result isshown in Fig. 7.4. Table

7.1 summarizes the buffer performance.
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Table 7.1 Summary of testing results of voltage buffer

Parameters Results

Technology HP 0.5-mm CMOS

Low freguency voltage gain 0.98V/V

-3dB bandwidth 1IMHz

Sew rate 10V/rrsec (-ve)
9V/rreec (+ve)

7.2 Measurement Results of Switchable Opamp

The gain-phase analyzer is again used to obtain the transfer curves of the fully-differential
switchable opamp with only one of the output pairs activated for the measurement. However,
only single-ended configuration is used in the measurement as there is no appropriate power
splitter (to convert single-ended signal to differential form) and power combiner (to combine
differential signal at outputs of opamp to single-ended form for the equipement). Figure 7.5

shows the testing setup for measuring the Bode plots of opamp.

Gain-phase analyzer (HP4194A)

Ox G
Reference channel
Input channel
Signal source A9
buffer
V1 o—4 Vo(s) _Vbuffer(s)
V, o 4 Input capacitance of
equipment (30pF)

\Y
Fig. 7.5 Testing setup for measuring Bode plots of switchable opamp
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A resistor feedback configuration is adopted for the measurement. By superposition, the

output transfer functions of the opamp and buffer can be derived as shown in Equation 7.1 and

Equation 7.2 respectively.
V,(s)=- %Z)(S)vl(s)- %vz(s) (Eq. 7.1)
buffer( ) Abuffer( )‘/ ( ) (Eq' 7'2)

where A(S) and A, (S) are the transfer characteristics of opamp and buffer respectively. Input
signal isapplied at V, while a DC voltage of -0.5V isapplied at V, to set the opamp output DC
operating point at 0.5V (middle of rail). Instead of measuring the transfer curves of opamp
directly, the gain-phase analyzer measures the Bode plots of buffer output signal against the
opamp input signal (i.e. V ««(9)/Vi(s). This is because the opamp cannot drive the heavy
capacitive loading from the measuring equipment and thus the on-chip buffer is used. Since the
transfer curves of the buffer (A, «(S)) has been obtained in previous section of this chapter, the
amplitude plot and phase plot of the opamp can thus be obtained by using Equation 7.3 and 7.4

respectively. The bode' s plots of the opamp is shown in Fig. 7.6 below.

|A( |V S :| |XVbuffer 1 |Vbuffer )| (Eq 73)
|V S | buffer | |Abuffer | | |
DA(S) =P Vo (S) =P Vbuffer (S) -P Vo (S) - Dvbuffer (S) _ DAbuf-fer (S) (Eq 74)

Vils) T Vils) Vi (s) T vils)
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; e i
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1requancy

Fig. 7.6 Frequency response of switchable opamp

The measured single-ended |ow-frequency gain of the opamp is 63dB with a unity-gain

frequency of 7MHz. Therefore, for differential configuration, the opamp achieves a low-

frequency gain of 69dB. The opamp achieves a phase margin of 45° and consumes only 75mN

inasingle 1V supply. The measurement results agree with simulations.

Figure 7.7 shows the testing setup for measuring the settling time of the opamp [1].

Signal generator CRO
3pF @
Input channel

Step input signal measuring step
with an offset response
voltage of -0.5V | Vister

_I Input capacitance of

| equipment (30pF)
\Y

Fig. 7.7 Testing setup for measuring settling time of opamp
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The opamp is capactively fed back with capacitor values of 3pF, which models the
integrator configuration used in the filter that gives out the longest settling time (the case with
the largest feedback capacitor) towards a step input. The feedback resistors provide a DC path
to the input of opamp. An DC offset voltage of -0.5 is applied so such the opamp output DC
level is set to 0.5V, which is the middle of rail. The step response of the opamp cannot be
measured directly by CRO due to its large input capacitance. Instead, the CRO measures the
step response of the opamp through the on-chip buffer, which is supposed to reflect the settling
phenomence of the opamp. Since the buffer has a large bandwidth, it should not affect the

overal settling time of the system. The measurement result is shown in Fig. 7.8 below.

TEKTEONIX 2221/

A2 BB TRIG 1=-26% aT=0.36Ls

AUREE . pRBU SAUE
/ [

e | 1 .

>HE.gU B.5u SANPLE| 2uls

Scope Location: 8

Fig. 7.8 Measurement of settling time of switchable opamp
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The measured settling time with a positive input step voltage is 450n seconds while it is

about 500n seconds for a negative input step voltage. The opamp performance is summarized in

Table 7.2.

Table 7.2 Summary of testing results of opamp

Parameters Results
Technology HP 0.5-mm CMOS
Supply voltage v

Low-frequency gain (open-loop) |69dB

Unity gain frequency 7TMHz

Phase margin 45°

Power consumption 75nW

Output swing 0.7v

Settling time 500n sec

Chip area 150mm x 50mm

7.3 Generating Differential Signal for SC Filters

The operation of the SC pseudo-2-path filter requires differential input signal, which can
be converted from a single-ended signal source using Mini-Circuits 2-way 180° power-splitter
(ZF8CJ2-2). Meanwhile, the output signal amplitude of the power splitter is 3dB lower than
the input signal amplitude, so we have to adjust the input signal amplitude until the desired
outputs of the power splitter are achieved. A DC offset voltage is required to apply along with
the input signal for proper operation of the switched-capacitor filter. Figure 7.9 shows the

testing setup for generating differential input signal with DC offset voltage from a single signal
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Source:

Voffset Input switching-capacitors of SC filter

IN+_|CT %RT_\ Cﬁ(\ ______

Single-ended input
. 00— Power J__ J__
signal source = =

C: Cin
_—I?—\T—H—(\— ——————
IN N i
Voffset 1

Fig. 7.9 Setup for generating differential input signal with DC offset voltage

DC offset voltages can be applied to the SC filter through the use of the resistors R; while

the capacitors C,; ac-couple the input signal. The input capacitor C,,, of SC filter is about 0.6pF,

which corresponds to an impedance of 2.6MW at 100kHz. As a result, the resistors R, are

chosen to be about 100MW in order to reduce their loading effect. Meanwhile, capacitor value

of 10uF isused for C; such that most signal can drop across input capacitor C,.

7.4 Measurement Results of the 1-VV SC Pseudo-1-Path Filter

Figure 7.10 shows the clocks diagram to turn off one of the two paths of the SC pseudo-

2-path filter to realizes the SC pseudo-1-path filter, which is actually the SC highpass filter that

was shown in Fig. 3.9.
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f1 _\E i/—\i i/— NMOS switches
f1p /*;—':\ /EI—;'\ PMOS switches
£ i/—\: i/—\i NMOS switches
f2p —\:}\ /E—;’\ /E_ PMOS switches
fA Path “A” is“ON”
fB E E E E Path “B” is“OFF”
) . > !

T = (/150kHz2)

Fig. 7.10 Clock diagram for operating the SC pseudo-1-path filter

The frequency reponse of the SC pseudo-1-path filter can be obtained directly by

performing an AC signal sweep from 100Hz to 100kHz using the network analyser (SR770),

where the input signal is generated by the network analyser. The testing setup is shown in Fig.

7.11.
Network Anayzer (SR770)
Single-ended | '
naie-en Differential
signal source E filter outputs
St SC filter
o
Clock bus

Tekronic 9000 stimulus

Fig. 7.11 Setup for measuring SC filter frequency response

The network analyser accepts true differential inputs, and hence no power-combiner is

needed to combine the differential output signals of the filter to single-ended form before
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further processing. By plotting the frequency response of the filter, we obtain the passband
bandwidth and passband gain of the SC pseudo-1-path highpass filter. The measured frequency
response is shown in Fig. 7.12. Table 7.3 summarizes the 1-V SC pseudo-1-path filter

characteristics.

Fig. 7.12 Frequency response of SC pseudo-1-path highpass

Table 7.3 Summary of testing results of 1-V SC pseudo-1-path filter

Parameters Results
Technology HP 0.5-nm CMOS
Supply voltage v

Filter type Highpass

Center frequency 75kHz

Passband 850Hz

Passband gain 1dB

Sampling frequency 150kHz
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7.5 Measurement Results of the 1-V SC Pseudo-2-Path Filter

The clocks diagram shows in Fig. 7.13 operates the SC pseudo-2-path filter.

f1 —\E i/—\i i/_ NMOS switches

f1p \ /—\ PMOS switches
f2 N\ | | NMOS switches
f2p —E\ /?—Er\ / E_ PMOS switches
n e T e

T = (1/300kHz)

Fig. 7.13 Clock diagram for operating the SC pseudo-2-path filter

Again, an AC signal sweep is performed to obtain the frequency response of the SC

pseudo-2-path filter using the testing setup in Fig. 7.11. The measured frequency response is

shownin Fig. 7.14.

Badwidth=17Hz |
= I ......... ......... ......... ....... ........ .......... ...... A ........ ull

loss: -37dB

dB

Fig. 7.14 Frequency response of the SC pseudo-2-path filter
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As expected, the center frequency of the SC pseudo-2-path filter is located at 75kHz (1/4
of the sampling frequency) with a bandwidth of 1.7kHz (Q=45). Thefilter achieves aminimum

stopband loss of -37dB.

Transient Response of the 1-V SC Pseudo-2-Path Filter
Figure 7.15 show the single-ended output transient response of the 1-V SC pesudo-2-path
filter without input signal. It can be observed that the output common-mode voltage of thefilter

iswell controlled at about 0.5V by the dynamic common-mode feedback circuit.

TEKTREONIXK 2221R Vdd=1V

AU 8.8k |TRIG 1=1F AT=0.00hs
AU2LB 8RB SAUE /
NN ARRNIINAYWR

: i

DC output common-mode =0.5V

—— - o — e —

LY o LD [

>@.80 |8.5{ SANPLE| puls

Scope Location: 8

Fig. 7.15 Output transient response of the SC pseudo-2-path filter without input signal

The differential output transient response of the filter with a 0.3V, input signal at 75kHz
(passband) and the corresponding frequency spectrum are shown in Fig. 7.16 (a) and (b)
respectively. It can be seen that the signal is settling even for a signal amplitude as large as

1.2V ,,. We observe a passband gain of 1dB by comparing the output signal magnitude with the
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input signal.

TEKTEOMIX =2221A

A1 8.8% TRIG 1=-19% |aT=0©.88Ls
SAUE

|
RINPrSR A

L]

Rl

>@. 30 18.30 SA

PLE| 2uls

Scope Location: B

Fig. 7.16(a) Output transient with a single 75kHz 150mV input signal

Output signal of filter

bR T e e e oy g Gl S R i
B OO Y TN L N R T T |
. S R SN W NN T . . |
FA W T T T T W e . |
% il S B e Bl et B e S e iR sl e B e 2 BB _
[ T T T T T e e e |

Fig. 7.16(b) Frequency spectrum with a single 75kHz 150mV input signal

—10

J -15.4dB at 75kHz

1raqua ncy
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From the above waveforms, it is evident that the switched-opamp mechanism is based on

the fact that during one clock phase the output signal is not available and the output node istied

to the power supply (return-to-zero).

Measuring Inter-Modulation of the 1-V SC Pseudo-2-Path Filter

Two sinusodial signals of frequencies f,=74.6kHz and f,=75.3kHz are applied to measure

their inter-modulation (IM) at the output of the filter. The modulated signals are located at f .,

and f.,, which are given by Equation 7.5 [2].

f =2f - f,=74.1kHz
f o =2f,- f, =76kHz

(Eq. 7.5)

Here, thefirst modulated signal f .., islocated out of the passband of thefilter while another

modulated signal f,, is in the passband. Figure 7.17 (a) and (b) show the one-percent and

three-percent inter-modul ation measurement results.

i..\nput sgnal

M3 (19%) with

- amplitude of 4

TTM3(3%) With input

- signal amplitude of

- 106mV

Fig. 7.17 Measurement of inter-modulation (a) 1% plot, (b) 3% plot
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The one-percent IM is measured with an input signal amplitude of 80mV ,,, which causes

pp?
the output signal amplitude of f,, 40dB lower than the output signal amplitude at frequency of
either f, or f,. While the three-percent IM is measured with an input signal amplitude of

212mV ,, which causes the output signal amplitude of f., only 30dB lower than that of the

pp?

frequency components at either f, or f,. The dynamic range (defined as signa™/noise™) for 3%

IM is47dB.

Measuring Third Harmonic Distortion of the 1-V SC Pseudo-2-Path Filter

The total harmonic distortion (THD) is measured with an input frequency at f,,=75.9kHz.

The third harmonic at 3f;, cannot be directly measured since it is located out of the passband,

which results in heavy suppression by the filter itself. Instead, due to the 2p periodic

phenonmence at the frequency-domain of discrete-time system, the thrid harmonic component

of f;,isfolded at (f, - 3f;, = 75.3kHz, where f, is the sampling frequency) which for the specific

bandpass filter (with sampling frequency f, = 300kHz) is in the passband [2]. The 1% THD

corresponds to a 200mV pp input signal and the 3% THD to a 226V pp input signal, asshownin

Fig. 7.18 (a) and (b) respectively. Table 7.4 summarizes the filter performance, which is

compared with the two reported 1-V SC filters[2][3] in literature.
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@ | 1 | @ ]
| THD 1%with200mVinput] | “| THD 3%with226mv |
P - LoL s N S — | nedsgnala SxHz G b b
oA 1 1A _ 3’;\
L VLJJ‘/ \“tlm‘ 5 L LTINS
) i i i i ) : i ! :
o 7o 7 i = T - e . — sae e
Fig. 7.18 Third harmonic distortion measurement (a) 1% THD (b) 3% THD
Table 7.4 Summary of testing results of 1-V SC pseudo-2-path filter
Parameters Simulations Test Results Results from [1]  |Results from [2]
Technology HP 0.5-mm CMOS |HP 0.5-mm CMOS |0.5-mm CMOS 2.4-mm CMOS
Supply voltage v v v 15v
Power consumption|260mn/ 310mwv 160mN 110mnN
Sampling frequency|300kHz 300kHz 1.8MHz 115kHz
Q 50 45 6.6 NA for lowpass
filter
Center frequency  |75kHz 75kHz 435kHz NA
Passband gain 1dB 1dB NA 6dB
Minimum stopband|-39dB -37dB NA NA
loss
Total output noise  |NA ImVrms 0.8mVrms 140mVrms (input)
THD 1% NA @ 416mV input @725mVppinput |NA
THD 3% NA @ 452mV input @1.1Vpp input (-60dB @ 0.6Vpp
input)
IM3 1% NA With two 40mV With two 40mV NA
input signals at input signals at
74.6kHz and 427kHz and
75.3kHz (D= 441kHz (D=
700Hz2) 12kHz)
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IM3 3% NA With two 106mV  (With two 106mV  [NA
input signals at input signals at
74.6kHz and 427kHz and
75.3kHz 441kHz
Dynamic range|NA 46dB 52dB 69dB
(IM3 3%)
Capacitance spread |50 50 75 9
Chip Area 0.8mm? 0.8mm? 0.15mm? 2.1mm?

The filter is also tested with a single 900mV voltage supply. The transient differential
output response with a 150mV 75kHz input signal and the frequency response of the filter are
shown in Fig. 7.19 (a) and (b) respectively. We observe that the output signa is still settled
correctly even the supply voltage is reduced to 900mV and the filter frequency response is

similar to the one measured with 1V supply.

(@) (b)

TEETROHIK Z221h o=

ol13 8.8 TRIK 1=15% (aT=b.80)=
SAUE

3‘—"" || I I3
llu_J P | LY Il"‘"ﬂ. e T R S :

5 = DO R - O B SHMNFLE| 2.l

Scope Leocatiomt B

Fig. 7.19 Filter performance at 900mV
(a) transient with 75kHz 0.3V pp input signal, (b) filter frequency response

To conclude, an SC pseudo-2-path filter isimplemented in 0.5mm standard CM OS process

inasingle 1-V supply using the proposed modified switched-opamp technique. The switchable
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opamp achieves a low-frequency gain of 69dB with a phase margin of 45°, which agrees with
simulation results. With a sampling frequency of 300kHz, the filter achieves a passband
bandwidth of 1.7kHz at center frequency of 75kHz (Q=45). A measured THD of 1% is
measured with input signal amplitude of 200mV. The filter dissipates a power of 310mA and
occupies a chip area of 0.8mm? Finaly, testing result shows proper operation of the SC

pseudo-2-path filter even with supply voltage as low as 900mV.
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Conclusion

A novel vibrating micro-gyroscope is designed and fabricated on silicon crystal. It is based
on the thickness-extension vibration mode of the piezoelectric material and does not use any
elastic element. Lead acetate trihydrate is used as the lead source for the preparation of the
piezoelectric (PZT) solution. High quality PZT thin film is deposited by sol-gel technique on
PUTi/SIO2/Si substrate. Due to direct piezoelectric effect, the micro-gyroscope can be drivenin
a resonant state with a single 0.3Vpp AC source, hence it is suitable for low voltage portable
applications. The output is detected by the reciprocal piezoelectric effect and is linearly
proportional to the rotational speed. Its operation principleisgiven, and the theory is confirmed
by experimental results. Measured sensitivity of this micro-gyroscope is -30.8nV/V/(°/sec)
with a measurement range of 150°/sec at a resonant frequency of 73.84kHz. The total area of
the micro-gyroscope is 2.7mm x 2.7mm. The results have been presented in the Transducers
99 —The Tenth International Conference on Solid-State Sensors and Actuators, Sendai of Japan,

June 1999.

Based on the performance of the microgyroscope, a 1-V switched-capacitor (SC)
pseudo-2-path bandpass filter is designed and implemented. The filter is applied in the lock-in
amplifier, which is used as the signal conditioning circuitry for improving the signal-to-noise-
ratio (SNR) of the microgyroscope. A modified switched-opamp technique is proposed to
operate the SC pseudo-2-path filter in a single 1-V supply. Testing results show proper
operation of the filter, from which the proposed switched-opamp technique is verified. As
expected, the center frequency (75kHz) of the filter is located at exactly one quarter of the
sampling frequency (300kHz). The measured passband gain and bandwidth of thefilter are 1dB

and 1.7kHz respectively, with a minimum stopband loss of 37dB. The whole filter consists of
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three switchable opamps, which has a measured low-frequency gain of 69dB with a unity-gain
frequency and phase margin of 7MHz and 45° respectively. Thefilter isrealized with HP 0.5mm
CMOS (N-well) process. A 1% THD is measured with an input signal amplitude of 200mV pp
while a 1% IM3 is measured with two 80mVpp input signals at frequencies of 74kHz and
75.3kHz. The filter consumes a power of about 310mA and occupies a chip area of 0.8mm?.

The filter is still functional properly at a single 900mV supply.
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Appendix A

Piezoelectric Microgyroscope Fabrication Process

Pre-process 1.1 Check-out double-side polished wafers from MFF
Preparation

Remark: Wafer type: Double-side polished P-type <100> Initial Doping Conc. 1x10cm?,

Thermal 2.1 Wet Oxidation (Target=500nm/50004)
Oxidation TCA clean furnace for 8 hours the night before
Standard wafer cleaning (include a new control wafer [1])

WEet oxidation @ 1100°C, 5/35'/5' dry/wet/dry O2 and 20
minutes N2 anneal

M easure oxide thickness on control wafer

Remark: The oxide thickness on both front side and back side can be measured either on the control
wafer or on the device wafer directly using nanospec

Cr Deposition | 3.1 Deposition of Cr (Target=200nm/2000A)

Remark:

Cross-section:

Substrate
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A-side 4.1 Standard Lithography with A-side Alignment Mark (#1) MFC Phase:
Alignment - Spin photo-resist (PR204) on A-side, soft-bake, expose, develop and 11 Yellow
Mark hard-bake Room

. No alignment is necessary for thisis the first mask
Formation

Lithography &
(Etching ) Py 4.2 Wet Etching Cr (Target 200nm/20004) MFC Phase:
g Put wafersin alarge beaker of EDP-200 (stored in yellow room) 1

- Experiment done outside yellow to observe color changes for end-pt -
Mask #1 (AL) SiO2 color (green)

4.3 Photo-resist Strip MFC Phase:
Remove photo-resist in O2 plasma |
Can also use 2001 in yellow room standard bath 1

Remark:

Cross-section: /Qr (2000 A, A-side Alignment Mark)

I / (5000 )

Mask #1 A-side Alignment

A-side BOE 5.1 B-side Photo-resist Spinning for B-side Protection MFC Phase:
Wet Etching . Spin photo-resist (PR204) on B-side and hard-bake I
SiO, & A-side
Plasma Dry

Etching Silicon 5.2 BOE Wet Etching SiO2 (Target=500nm/5000A)

5.3 Plasma Dry Etching Silicon (Target=300nm/3000A)

Remark:

Cross-section: Cr (2000A, A-side Alignment Mark)
a

H/ Silicon over-etch (1um)
Sio,
(5000 A)
Substrate
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B-side 6.1 B-side Photo-resist Removal MFC Phase
Alignment ]

Mark 6.2 Spin photo-resist (PR204) on A-side for protection, and hard-bake MFC Phase
Formation L

6.3 Non-Standard Lithography with B-side Alignment Mark (#2) MFC Phase

1
Using A/B-M Contact Aligner

Spin photo-resist (PR204) on B-side, soft-bake, expose, develop and
hard-bake

6.4 BOE Wet Etching SiO2 (5000A) and Silicon (1um)

6.5 Photo-resist Strip MFC Phase
I

Mask #2 (BA)
Remark:

Cross-section:

Cr (2000 A, A-side Alianment

@ Silicon plasma-etch (300nm)
1

Si02 \
(5000 A) Photo-resist
Substrate

Mask #2 B-side Alignment Mark

Silicon etch (1um)

7 | A/B-side Cr and || 7.1 A-side Photo-resist Strip (2001)
SiO, Removal

Phase:
I
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A/B-side LTO 8.1 Standard Clean Wafers MFC Phase:
Deposition and |

Densification 8.2 LTO Deposition (Target=500nm) MFC Phase

8.3 Stand Clean Wafers (Not necessary if directly transferred from LTO MFC Phase
tube)

8.4 LTO Densification MFC Phase:

Transfer wafers to oxidation furnace, densify at 950°C, 20 minutes |
02, 10 minutes N2

Measure LTO thickness

Remark:

Cross-section:

A-side Alignment Mark
/ Silicon plasma-etched (300nm)

SiO, (50004)
Substrate

Silicon Wet etched (1um)

A/B-sides 9.1 Standard Clean Wafers MFC Phase:
LPCVD |

Polysilicon 9.2 LPCVD Polysilicon (Target=400nm) MFC
Phase:

Remark:

1-V Switched-Capacitor Pseudo-2-Path Filter 129




Appendix A Piezoel ectric Microgyroscope Fabrication Process

Doping 10.1 N+ Doping of Polysilicon (Target=10-20W/sq.)
Polysilicon Standard clean wafer (not necessary if directly transferred
from polysilicon deposition furnace

Phosphorus diffusion at 950°C, 30 minutes POC1,, 5

minutes N,
10.2 PSG Removal on A/B sides MFC
BOE Wet Etching (180sec) Phase:

Remark:

A-side Making ] 11.1 Standard Lithography with A-side Making Ground Electrode Mask MFC Phase:

Ground (#3) I
- Spin photo-resist (PR204) on A-side, soft-bake, expose, develop and
Electrode hard-bake

11.2 Plasma Dry Etching Polysilicon (Target=400nm)
Mask #3 11.3 Photo-resist Strip (2001)

Remark:

Cross-section:

A-side Alignment Mark
Silicon plasma Etched (300nm)
‘Z Polysilicon (400nm)

Substrate

Mask #3 Ground Electrode
Definition
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A/B sides LTO || 12.1 Standard Clean Wafers MFC Phase
Deposition and |

Densification 1551 T Depostion (Target=500nm) MEC Phase
|

12.3 Stand Clean Wafers MFC Phase
(Not necessary if directly transferred from LTO tube) |

12.4 LTO Dendification MFC Phase
Transfer wafers to oxidation furnace, densify at 1050°C, 20 minutes |
02, 10 minutes N2
Measure LTO thickness

A-side Bottom 13.1 Standard Lithography with A-side Bottom Electrode Mask (#4) MFC Phase:

Electrode - Spin photo-resist (PR1518) on A-side, soft-bake, expose, develop 1

Formation

(Lift-off process S :

for patterning || 13-2 Sputtering Ti (30nm) / Pt (150nm) on A-side
. 11

Pt/Ti)

No hard-bake step is required (for lift-off process)

13.3 Photo-resist Strip MFC Phase:
Lift-off process: Put wafers in cassette in a beaker of I
acetone for aday
Observe Ti/Pt lift-off

13.4 Annealing MFC Phase:
600-800°C for 15mins !

Remark:
Cross-section:
A-side Alignment Mark _ Silicon Plasma Etched (300nm)

Ti (30nm) / Pt (150nm)

SiO, (5000A) Polysilicon

Substrate
Mask #4 Bottom Electrode

Definition
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14 | Coating PZT 14.1 Sputtering SIO2 (Target=3004) MFC Phase:
- For preventing shorting between top and bottom el ectrodes 1

14.2 PZT Spinning (Target=500-800nm) MFC Phase:
- Standard wafer cleaning 1

- Bakein over for 10mins at 120°C

. HMDSd ition for 10mi

- Spin coating at 500rpm for 5sec followed by 6000rpm for 30sec

14.3 Firing of PZT MFC Phase:
- 350°C for 2mins on heater (heater reading 4-5) 1

- (seems not necessary to do so long, 15 sec may be good enough)

- (Try to repeat coating and firing)

14.4 Annedling MFC Phase:
- Put wafer into an oven at 400°C. 1

- Riseto 700°C and stay for 3 hoursin oven

- Allow cooling down to room temperature

Remark:

hard-bake

15.2 Wet Etching PZT MFC
- HNO,;:HF:H,0=15:8:500, 35°C Phase:1l
15.3 Photo-resist Strip MFC
Phase:11
Mask #5

15.4 Measure PZT thickness MFC
Phase:11

PZT Patterning J 15.1 Standard Lithography with PZT Patterning Mask (#5) MFC
- Spin photo-resist (PR204) on A-side, soft-bake, expose, develop and || phase: 11

Remark:

A-side Alianment Mark PZT
Ti (30nm) / Pt (150nm)

SiO, (5000A) Polysilicon
Substrate
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Making
Contacts for
Ground
Electrode

Mask #6

Remark:

15.1 Standard Lithography with Ground Electrode Contact Mask (#6)
Spin photo-resist (PR204) on B-side as protection
Spin photo-resist (PR204) on A-side, soft-bake, expose, develop and
hard-bake

16.2 BOE Wet Etching Pads LTO (Target=500nm)
About 6 mins

16.3 Deposition Aluminum (Target=800-1000nm)
Lift-off of auminum
Remains aluminum as contact to ground

16.4 Photo-resist Removal (both A and B sides)

A-side Alianment Mark

PZT
Ti (30nm) / Pt (150nm)

Aluminum

SiO, (5000A) Polysilicon
Substrate o o

Top Electrode
Formation
(Lift-off process
for patterning
Cr/Au

Mask #7

Mask #6 Ground Contact Mask

17.1 Standard Lithography with A-side Making Top Electrode Mask (#7) )| MFC Phase:
Spin photo-resist (PR1518) on A-side, soft-bake, expose, develop
No hard-bake step
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Appendix A Piezoel ectric Microgyroscope Fabrication Process

A-side Alianment Mark Cr (50nm) / Au (400nm)

Ti (30nm) / Pt (150nm)

Aluminum

SiO, (50004) Polysilicon ___n___.
Substrate

Mask #7 Top Electrode Definition

A-side Open 18.1 Sputtering SIO2 (Target=300nm) on A-side
Bonding B-side oxide thickness remains unchanged

Windows
18.2 Standard Lithography with A-side Bonding Windows Opening Mask
(#3)
Spin photo-resist (PR207) on A-side, soft-bake, expose, develop and
hard-bake

18.3 BOE Wet Etching Pads SIO, MFC
Phase:11

18.4 Photo-resist Strip MFC
Phase:1l

Cr (50nm) / Au (400nm)

Remark:

A-side Alianment Mark
Ti (30nm) / Pt (150nm)

Aluminum

Substrate

Mask #8 A-side Open Bonding
Windows
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Appendix A Piezoel ectric Microgyroscope Fabrication Process

B-side Back 19.1 Standard Lithography with B-side Back Windows Opening Mask

Windows #9) _ _ _
Spin photo-resist on A-side as protection, hard-bake

Opening . Spin photo-resist (PR207) on B-side, soft-bake, expose, develop and
hard-bake

19.2 Backside Etch
BOE Wet Etching SIO, (6 mins)

Plasma Dry Etching of Polysilicon
(observe color change for end-point detection, needs lot of over-etch)

BOE Wet Etching SIO, (6 mins)

Mask #9
Remark:

Cross-section:

Cr (50nm) / Au (400nm)
A-side Alianment Mark Ti (30nm) / Pt (150nm)

SiO, (50004) Polysilicon

Substrate

Mask #9 Black-side
Windows Opening

Bulk Silicon 20.1 TMAH Anisotropic Etching Silicon (Target=Si 50 - 100um left) MFC Phase:
Removal Measure wafer's thickness to estimate the required time 1

Put wafersin the TMAH standard bath (change solution first because

the bath is dirty asit is seldomly used)

85°C for about 10 hours (5 hours per day in MFC, needs two daysto

finish) depends on wafer's thickness

Monitor temperature every hour

Remark:

Cross-section:
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Appendix A Piezoel ectric Microgyroscope Fabrication Process

Micro-Gvroscope
Cir (50nm) / Au (400nm)

. . PZT
A-side Alianment Mark

Polysilicon

Substrate (50-100um)

Al Deposition 21.1 Deposition of Aluminum (Target=1500-2000nm) MFC Phase
Prefer to do in phase | (important for quality control in the meantime) |

A-side Front 22.1 Standard Lithography with A-side Front Windows Opening Mask
Windows (#10) _ , ,
Opening - Spin photo-resist (PR204) on B-side and at'tach the B-s deto a
dummy wafer for one day such that the device wafer is glued with the
dummy wafer. Thisis done because the B-side is aready etched by
TMAH, there are alot of holesthere and so it cannot be fixed on the
resi st-spinning machine which uses vacuum pump to fix wafer for
high-speed spinning.
The dummy wafer becomes the back-side of the device wafer. Now,
we can spin photo-resist (PR204) on A-side, soft-bake, expose,
develop and hard-bake

22.2 Wet Etching Al (H,PO, in standard bath) MFC
Phase:11

22.3 Photo-resist Strip MFC
Phase:11

22.4 BOE Wet Etching of SIO, MFC
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Appendix A Piezoel ectric Microgyroscope Fabrication Process

22.5 RIE Dry Etching Silicon (Target=100um) MFC
- Pressure: 130, Phase:
115: 150 I

Sk 150

Time: 200mins (takes wafer out of plasma chamber every
20 mins and let the chamber to rest for 5-10mins before
next run, needs atotal of 10 runsin other words).

22.6 Al Remova (H4PO, in standard bath) MFC
Phase:

Remark:

Cross-section:
Cr (50nm) / Au (400nm)

A-side Alianment Mark PZT Ti (30nm) / Pt (150nm)

Aluminum

Substrate (50-100ym)
s 008 < —

Polysilicon
Mask #10 A-side Front
Windows Opening

Die Separation J23.1 Separate the Die by a Careful Cut Sensor Lab
May be able to break the wafer into pieces of die manually.

24 | Wire-bonding []24.1 Gold-wire-bonding for Testing Sensor Lab

Testing 25.1 Testing For Sensitivity and Functionality of Gyroscope || Analog
Research Lab

~ END OF PROCESS ~

2 o,
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