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FPreface

PREFACE

Voltage scaling in future sub-micron CMOS technology requires the gate-to-
source {Vs) voltage of transistor to operate in less than 0.9V by the year
2008 as predicted by the Semiconductor Industry Association. This has
motivated new circuit techniques to be developed for low-voltage operation
of analog circuits in recent years. In this research, the focus is on design and
development of new switched-capacitor (SC) architectures and novel circuit
techniques to implement high-performance SC systems to operate at low
supply voltages. Emphasis is put on the design and development of the
switched-opamp technique, which enables SC systems to operate with a
supply voltage as low as the threshold voltages of the transistors in a given
process. Detailed theoretical analyses and design limitations of the original
switched-opamp technique are discussed in details. Following is the
presentation of a novel multi-phase switched-opamp technique, which greatly
improves the original switched-opamp technique in terms of operation speed
and design compatibility with conventional SC architectures.

To improve the performance of switched-opamp systems, several new
system architectures are proposed. A generic fast-settling double-sampling
SC biquadratic filter architecture is proposed to achieve high-speed operation
for SC circuits. Besides, a low-voltage double-sampling (DS) finite-gain-
compensation (FGC) technique is employed to realize high-resolution XA
modulator using only fow-DC-gain opamps to maximize the speed and to
reduce power dissipation. Furthermore, a family of novel power-efficient SC
filters and XA modulators are built based on using only half-delay SC
integrators. Lastly, single-opamp-based SC systems are designed for ultra-
low-power applications. On the circuit level, a fast-switching methodology is
proposed for the design of the switchable opamps for switched-opamp
circuits to achieve switching frequency up to 50 MHz at | V, which is
improved by about ten times compared to the prior arts.

The proposed multi-phase switched-opamp  technique is verified with
experimental results through the demonstration of a low-voltage SC pseudo-

2-path filter implemented in a 0.5-um CMOS process (Vo = -0.85 'V and

Xiii




Design of Low-Voltage CMOS § wilehed-Opamp Switched-Capacitor Systems

Vin = 0.7 V). To demonstrate potential applications of the proposed multi-
phase switched-opamp technique, additional four tegrated circuits and
systems have been designed and implemented in a standard 0.35-ppm CMOS
process (Vip = -0.8 V and Vyy = 0.6V) to meet with different design corners
such as the highest possible speed, the highest integration level, the highest
power efficiency and the fowest possible power dissipation. A [0.7-MHz
switched-opamp bandpass A modulator is designed to operate at 1 V with
the operation speed improved about 10 times compared (o the existing
designs at 1 V and comparable to other SC circuits operate at much higher
supply voltages. A 1-V 3.5-mW switched-opamp quadrature 1F cireuitry
demonstrates a practical design of a low-voltage, low-power and highly
integrated SC system for Bluetooth receivers. In addition, designs of a 0.9-V
single-switched-opamp-based TA modulator and a 0.9-V single-switched-
opamp-based SC signal conditioning systems for pacemaker applications
successfully illustrate the possibility to further reduce the power consumption
to the suts UW range.
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Introduction

Chapter 1
INTRODUCTION

1.1 Situation of Research

The trend towards low-voltage low-power single-chip systems has been
growing quickly due to the increasing demand of smaller size and longer
battery life for portable applications in all market segments including
telecommunications, computers and consumer electronics. Meanwhile,
single-chip implementation of both analog and digital systems in standard
CMOS technology is recommended for lower cost, superior performance and
smaller size, However, single-chip systems are not only difficuit to design
and implement but also face a new critical constraint tmposed by voltage
scaling in the sub-micron CMOS technology in recent years. Sub-micron
CMOS technology shrinks the transistor size to boost for higher speed and
lower power consumption, but it imposes reliability problems to the
transistors at high voltage operation. As predicted by the Semiconductor
Industry Association [STA 99], MOS transistors are required to operate in
less than 1.2 V by 2004 and 0.9 V by 2008, while their threshold voltages are
kept more or less unchanged (V1= 0.7 V ~ 0.9 V) to avoid excessive leakage
current. At low-voltage operation (as low as 1 V), digital circuits can still
attain reasonable performance, but most of the analog circuits even do not
function. Nowadays, most analog circuits still need a supply voltage of at
least 2 — 3 ¥V for acceptable performance. As a result, low-power and low-
voltage analog circuits solutions become essential to the development of
single-chip systems in the near future.

Switched-Capacitor (SC) circuits [GRE 86, ANA 95] achieve high precision
and low distortion. The performance of SC circuits depends mainly on
capacitor matching that can be controlled very well (less than 0.1% error is
possible with good layout technique), the circuit performance is therefore
insensitive to process variation. On the other hand, the distortion in SC
circuits is mainly determined by the linearity of its capacitor [CAS 95, STE
97] when the amplification of the opamp is high enough. As a result, the

!
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uality of SC circuits is fairly independent to the reduction of the power
supply. Nowadays, high dynamic range of between 50 dB to 80 dB can be
achieved in SC circuits [DES 01, PEL 98a], even running at a supply voltage
of less than | V. This is in contrast to the continuous-time designs, e.g. Gm-
C designs [LIN 99], where the linearity of the opamp’s is highly dependent
on the available power supply voltage and where the distortion increases
much more rapidly when the power supply voltage is decreased to very low
voltages [CAS 95].

As @ result, SC circuits generally achieve good and robust low-voltage
pertormance than continuous-time circuits, and most of the recently reported
I-V CMOS filters [BASY7a, CHE 01] and XA modulators [BAS 97h, CHE
02b, PEL 98b] are implemented with SC circuits, Besides, some research
works have been demonstrated to operate SC filters [BAS 00, CAS 90b] and
2.A modulators [GER 00a, CHE 02a] in the W-W range while running at low
supply veltages, which are both the key factors for most biomedical
applications [SAN 96, STO 89]. Yet, at low-voltage operation, the operation
speed of SC circuits drops dramatically. Figure 1.1 plots the operation
frequency (sampling frequency) of some of the state-of-the-art SC circuits
against the supply voltages.

State-of-the-Art SC Circuits Performance
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Introduction

The state-of-the-art performance of SC circuits operating at high supply
voltages (~3 V to 5 V) can reach up to the hundred-MHz range, which makes
them very attractive and useful for audio [ZWA 96, 97], video [BIR 98, GAL
96] and wireless communication applications [GUO 01, JAN 97}
Unfortunately, though both the precision and distortion are fairly
independent to the supply voltage reduction, the operation frequency of SC
circuits decreases in log-scale with the reduced supply voltages. At I-V
operation, prior arts demonstrated experimentally an operation speed of up to
about 5 to 10 MHz, which is far lower than the attainable performance of SC
circuits at higher supply voltages.

On the other hand, the power consumption of a SC cireuit is quite linearly
related to its operation frequency (sampling frequency) as shown in Fig. 1.2,
which plots the power consumption (normalized to the number of poles of
the system) of some of the state-of-the-art SC circuits against the operation
frequency. Nevertheless, the power consumption of conventional SC circuits
is fundamentally Hmited in the p-W range by the efficiency of the
architecture for systems and by the noise and leakage current considerations
for circuits.

s State-of-the-Art SC Circuits Performance
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1.2 Research Objectives

In this book, the objective is on the design and development of SC systerns
and circuit techniques to operate SC circuits at a supply voltage as low as 1-
V. Special attention is paid on the switched-opamp (SO) technique [CRO 94,
PEL 96, CHE 02b], which demonstrates very good and robust performance at
low-vollage operation. Substantial emphasis is put on the development of
high-speed and power-efficient switched-capacitor architectures to push the
operation speed while reducing the power consurmnption. Four circuit
prototypes are fabricated:

A circuit prototype for a 10.7-MHz SC bandpass ZA modulator is realized to
achieve a sampling frequency of up to 50 MHz, which is improved about five
times compared to prior switched-opamp designs at 1-V operation as
indicated in Fig, I.1. A highly-integrated design of a 1-V switched-opamp IF
circuitry for Bluetooth receiver is tmplemented. The quadrature channel
consists of filters and TA modulator consumes a very low power
consumption of only 350 pW per complex-pole pair. Lastly, sub-uWw
operation of a SC ZA modulator and a SC signal-conditioning system are
demonstrated at a 0.9-V supply. The circuit prototypes are realized using the
developed power-efficient SC architectures to achieve for significant power
reduction as can be observed in Fig. 1.2.

1.3 Outline of this Book

Chapter 2 discusses the primary challenges of designing SC circuits at low
voltages. Problems of designing operational amplifiers (opamps) at low
supply voltages and providing enough overdrive to turn on the MOS switches
under low-gate-voltage operation are addressed. Four different approaches to
solve the switch-driving problem are discussed: multi-threshold processes
with low-threshold devices, voltage multiplication ctreuits, the local-
bootstrapping technique and the switched-opamp techniques. The switched-
opamp techniques are described in great details. Detailed analysis and
comparison of the switched-opamp integrators with the conventional
switched-capacitor integrators conclude to employ half-delay non-inverting
SC integrator as the basic building block for realizing SC systems.

Chapter 3 presents the proposed high-speed and power-cfficient SC
architectures. This chapier begins with a brief review of the double-sampling
technique. The limitations, in terms of compatibility and settling problems, of
applying double-sampling technique on conventional SC architecture are
addressed. A novel fast-settling double-sampling SC biquadratic filter is then
proposed. On the other hand, based on the analysis of the switched-opamp
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integrators in Chapter 2, switched-opamp technique is proven to be most
power efficient to realize half-delay-SC-integrator while maintaining low
sensitivity to the finite-opamp-gain effects as for the conventional SC
integrators. A family of half-delay-SC-integrated-based filters and XA
modulator are derived.

Chapter 4 discusses the circuit design of switchable opamp and layout issues
for switched-opamp circuits, The fundamental limitations of the switching
time of the conventional switchable opamp are addressed. Solutions to
reduce the turn-on time of the switchable opamp for high-speed switched-
opamp circuits are presented. Some layout considerations are discussed.

Chapter 5 presents the first circuit prototype that employs the proposed
multi-phase switched-opamp technique to realize a low-voltage SC pseudo-
2-path filter, which is not feasible to be constructed using the original
switched-opamp technique. The application of the multi-phase switched-
opamp on multi-phase SC systems 1s demonstrated through the realization of
a low-voltage RAM-type SC pseudo-2-path integrator. The design
considerations of using multi-phase switched-opamp technique are presented.

Chapter 6 describes a high-speed switched-opamp technique to implement a
1-V 10.7-MHz switched-opamp bandpass XA modulator for wireless
applications. The chip prototype demonstrates a sampling frequency of up to
50 MHz, which is improved about five times compared to prior switched-
opamp designs and comparable to the performance of the state-of-the-art SC
circuits that operate at much higher supply voltages. A low-voltage finite-
gain-compensation (FGC) technique that significantly reduces the DC gain
requirement of opamps is presented and applied into the proposed fast-
settling SC bigquadratic architecture to realize the XA modulator. Low-voltage
circuit building blocks are described from which a novel fast-switching
current-mirror opamp is proposed. The measurement results of the ZA
modulator are presented.

Chapter 7 presents a high-level integration of switched-opamp filters and ZA
modulator to realize a 1-V CMOS quadrature [F circuitry for a wireless
receiver for Bluetooth applications. To operate at a single 1-V supply,
switched-opamp technique 1s employed to realize the half-delay-SC-
integrator-based biquadratic filter, ladder filter and XA modulator topologies
for the quadrature IF circuitry. As described in Chapter 3, half-delay-SC-
integrators-based architectures require the opamp to be active only during the
integration phase, which allow up to 50 % power reduction to the whole
system and lead to a low power consumption of 350 uW per complex pole
for the quadrature IF circuitry. The issues on time-sharing the active
elements among the quadrature channels to enjoy both better channel
matching and lower power consumption are discussed.

5
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Chapter 8 describes design considerations to further reduce the power
consumption to the sub-uW range while achieving robust operation at low
supply voltages using switched-opamp technigque. Two single-switched-
opamp-based designs for pacemaker applications are presented. Design
issues on time multiplexing of a single opamp to realize a high-order
switched-capacitor system are addressed. By employing a multi-phase
switched-opamp technique and one switchable opamp, sub-uW operation of
a XA modulator and a switched-capacitor signal conditioning system are
demonstrated at a single 0.9-V supply. Robust operation is also observed for
both designs at supply voltages from 0.8 Vto 1.2 V.

Chapter 9 gives the final conclusion with a summary of the potential
apphcations for the proposed system architectures and design techniques.

Appendices provide reviews on basic analytical skills and design
methodologies for switched-capacitor circuits.

6
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Chapter 2

ANALYSIS AND DESIGN CONSIDERATIONS OF
SWITCHED-OPAMP TECHNIQUES

2.1 Introduction

SC circuits consist of three types of components: capacitors, operational
amplifiers (Opamp) and MOS switches. A standard CMOS process with
cither double-poly or linear-capacitor options provides linear integrated
capacitors, which do not have any voltage supply requirements for proper
operation. Though transistor stacking should be aveided in designing the
opamps for maximum output swings at low-voltage operation, multi-stage
operational amplifier [CHE 00a, FAN 97] (Opamp) topologies could still, in
general, be designed at a very low supply voltage (sub-1-V operation is stili
possible) while achieving sufficient gain and bandwidth for SC circuits. The
switches” driving capability, however, becomes the main limitation for
supply voltages reduction. 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. Usually this
occurs for switches that are connected to the output of opamps. In this
chapter, the existing solutions for improving the switches driving capabilities
are briefly discussed. Then the principle of the Switched-Opamp (SO)
technique [CRA 95, CRO 94] is introduced. After that, a few key
modifications of SO techniques are described. Comparisons, in terms of
opamp-gain sensitivity and power efficiency, between switched-opamp and
switched-capacitor are carried out based on the realizations of two
conventional parasitic-insensitive integrators. The comparison results suggest
using half-defay switched-capacitor integrator as the basic element to
implement any kind of switched-opamp architectures to save 50% power
consumption while maintaining the same or even less opamp-gain sensitivity
as the SC implementations.
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2.2 Minimum Supply Voltage for SC Circuits

Figure 2.1 ilustrates a SC integrator operating at a -V supply.
Complementary switches are employed at the output of the opamp for
maximal output swing. A two-stage opamp topology [GRA 93] is chosen as
an example here because it delivers the maximum output swing while
providing high DC gain even running under a very low supply voltage.
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Figure 2.1 Schemalic of a Two-Stage Opamp with a Pair of Complementary Switches
Connected at the Qulput

Proper operation of this two-stage opamp requires careful biasing of the DC
operating points of its input and output terminals. At a 1-V supply, the
opamp can operate at high performance by setting the DC operating points of
the input and output terminals at ground and 0.5V respectively. By setting
the output DC point at the middle of the rails, an output swing of 0.7V
{0.15V to 0.85V) can easily be achieved. Such an output swing is usually
sufficient for most of the applications. However, when taking into
consideration the operation swing of the pair of complementary switches,
there is no useful swing at all for SC circuits to operate at a -V supply. This
is illustrated in Fig. 2.2, which plots the conductance of a properly scaled
complementary switch (both NMOS and PMOS devices are scaled to have
same on-resistance) against the output signal level of the opamp.
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Figure 2.2 Plot of Conductance of a Pair of Complementary Switch

Impiemented in a standard CMOS process (VT=0.65V, [VT=0.8V} and a
1-V supply, there exists region where the pair of complementary switches is
completely turned off. More seriously, this dead-zone region overlaps with
most of the opamp signal swing. As indicated in Fig. 2.2, the usable output
range is now only between .15 V to 0.35 V and 0.8 V to 0.85 V in this
example. As a result, the actual useful output swing of an opamp used in a 1-
V SC circuit 1s dramatically reduced to a level that is net useful at all for any
application. Lastly, it 15 worth to point out that the rest of the NMOS
switches {S,. S5 and S,) can be referenced to a constant voltage (connected to
the ground in this illustration), which makes it possible to operate these
switches with enough driving voltages even at a 1-V supply.

23  Low-Voltage Solutions for SC Circuits

Existing solutions of low-voltage operation of SC circuits include using fow-
V1 devices [BAZ 951, on-chip voltage multiplier [CAS 90a, NIC 96], local
switch bootstrapping technique [DES 01, COB 00] and switched-opamp (S0O)
techniques [CRO 94, PEL 98a, CHE 01, KES 01]. The first solution is to
employ MOS switches with low threshold voltages (0.1V ~ 0.2V} so as to
improve the driving capability of the switches under low-voltage operation.
Unfortunately, in addition to the increased leakage and distortion problem,
the cost of using this kind of special process is usually too high to be
attractive.

9
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The second solution employs on-chip voltage multiplier [CAS 90a, NIC 96]
to boost the clock signals to drive the MOS switches while operating opamps
at low-voltage. However, the voltage multiplier generates a lot of noise and
dissipates a large portion of power of the whole circuit. More importantly,
the employed technology must be able to withstand the generated high
voltages from the voltage multiplier. As predicted by the Semiconductor
Industry Association [SIA 99], voltage scaling in future submicron CMOS
technology would require all transistors’ gate-to-source (Vgg) voltages to
operate i less than 0.9 V by the year 2008. As a result, this technique can no
longer be used in the future submicron CMOS technology due to voltage
scaling,

Local switch bootstrapping technique [ABO 99, DES 01] employs charged
capacitor to keep the gale-to-source voltage (Vgs) of MOS switches equal to
Vion. The operation makes the on-resistance of the MOS switches
independent of the input signal level and so tow-voltage operation is possible.
‘The main concern of the local switch bootstrapping technique is, however,
stll on the reliability issue of the devices. It is because this technigue needs
to bias the gate-to-body voltage of the device to be higher than the supply
voltage.

2.4 Original Switched-Opamp Technique
Swilched-opamp (SO) technique [STE 93, BAS 94, CRO 94] has been

shown to be a promising low-cost solution to realize SC circuits in standard
CMOS processes. The SO technique basically eliminates those critical MOS
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switches that set the minimum supply voltage to allow sub-1-V operation of
SC circuits without reliability problem. The original SO technique can be
explained by considering a c¢lassical SC  biquadratic filter and its
corresponding SO version as shown in Fig. 2.3.

As explamed in section 2.2, the MOS switch (problematic switch) that
connects at the output of opamp A, has to drive the full signal swing and thus
fimiting the minimum supply voltage that can be used for operating SC filters.
The switched-opamp technigque [CRO 94} employs a umty-inverting delay
SC integrator to replace the problematic switch that connects at the output of
opamp A, as indicated in the dotted blocks in Fig. 2.3. As a result, there only
remain MOS switches that are either connected directly or virtually to a
reference voltage (V). With the use of dynamic level shifters [BAS 974,
CHE 00b, PEL 98b], the common-mede input voltage and the quiescent
output voltage of the opamp can be set independently such that the reference
voltage (Vyep) can be set either at ground or Vi, Hence, even operating at a
1-V supply, those remaining MOS switches that connect either directly or
virtually to the reference voltage will be provided sufficient driving voltages.
On the other hand, the operation of the switched-opamyp technique requires to
turn-oft all opamps after their integration phase. This i1s to preserve the

Table 2.1 Performance Summary of Low-Voltage SC Circuits Using Original S

Technigue

Design [CRO 94 | [BAS 97a] | [PEL 97aj [ IM.KES 1] | [SAUL 02|
Technique Switched-Opam
YA - - - 5-
Technology 2.4-pm 0.5-pum 0.5 pn? ().‘35 HIT} (L3 .un‘)
= CMOS CMOS CMOS CMQOS CMOS
Voliage 1.5V 1OV 0.9V 1.0V 0.7V
s 0.62 0 0.53 0,43
Threshold VT\ 0.9V VT\ .05V VT‘\ {)(: v VT;' 0 f"v VT\ 043V
i YTk VTl VTl
Voltages 0.6 I . i ; 1
oltages VTl 0.9V | IVTHE 0.7V 055y 0.5V 0,38V
Sampling 115 kHz I $MHz | 1.538 MHz | 1024 MHz | 1.024 MHz
Frequency
Center NA 435 kHy NA NA NA
Frequency
Bandwidlh 1.5 kHz 65 kHz 16 kHz 50 kHz 8 kHz
Order Second Second Third Second Second
_— ) e Lowpass Lowpass Lowpass
T el el I S T S
Modulator Modulator Maodulator
Peak SNDR NA NA 62 dB 78 dB 79 dB
Pynamie 69 dB 5248 77 dB 74 dB 86 dB
Range
Chip Area 114 mm’ 0,05 mm’ 0.85 mm* 0.41 mm’ 0.082 mum’
Powcer 0 uW 160 pW 40 pw 5.6 mW 80 uwW
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charge (interested signaly in the integration capacitors (e.g. Cr of A, in Fig,
2.3) and prevents static current from flowing into the opamp outputs, which
are tied to a reference voltage (Vapp) after the integration phase.
Implemented in a standard CMOS process, switched-opamp filters [CRO 94,
BAS 97a], XA modulators [PEL 97a, J. SAU 02, KES 01] and pipeline
analog-to-digital converters (ADC) [WAL (1] have been demonstrated
successfully to operate in a supply voltage as low as 0.7 V in recent years.
Table 2.1 summarizes the state-of-the-art performance of low-voltage SC
circuits using the original switched-opamyp technique.

It can be observed that switched-opamp circuits generally achieve very good
performance at both low power consumption and supply voltages. Though
the dynamic range of most analog circuits, such as Gm-C filters, would be
reduced dramatically at low-voltage operation, switched-opamyp circuits can
stifl maintain a fairly high dynamic range of more than 45 dB (more than 7-
bit resolution), which is sufficient for many nowadays applications. Yet, as
can be observed from Table 2.1, switched-opamp circuits at 1-V operation
can only achieve an experimentally reported operation speed up to about 10
MHz, which is in fact still far lower than the attainable performance of SC
cireuits at higher supply voltages. The operation speed has been improved by
switching off only the output stage of a two-stage amplifier after the
mtegration phase [BAS 97a, CHE 02b] while maintaining the input stage
active at all time. The required turn-on time of the output stage of the opamp
becomes one of the main limitation factors of switched-opamp circuits. In
addition, since the original switched-opamp technique requires isolating the
opamp from the signal path by turning off completely either the whole
opamp or its output stages (for a two-stage amplifier approach) after the
integration phase, these switched-opamp techniques cannot be employed to
realize many useful SC circuits, such as SC pseudo-N-path filters [INO 86,
PAL 89, FRA 96] and opamp-gain-compensation techniques [KI 91, NAG
971, which require the opamps to be active at all phases in the system for
signal processing,

2.5 Multi-Phase Switched-Opamp Technique

A multi-phase switched-opamp technique [CHE 997 has been proposed to
improve the performance of the SO techniques in terms of operation speed
and compatibility with existing SC circuits. The multi-phase switched-opamp
technique improves the compatibility of the original switched-opamp
techniques on switched-capacitor circuits by employing the additional
switchable opamp (A,") that is put in parallel but operated in alternative
phase with the original switchable opamp (A;}. Figure 2.4 shows a fully-
differential universal integrator (though differential structure is shown,
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single-ended version is also viable) that uses the modified switched-opamp
technique for low-voltage switched-capacitor applications.
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Figure 2.4 Low-Voltage Fully-Differential SC Integrator Using Multi-Phase
Switched-Cpamp Technigue

$12 and ¢y, are complementary clock phases for NMOS and PMOS
swilches, respectively. The dynamic level shifters in [BAS 97a] are adopted
and implemented with switching capacitors Cpe and Cyye”, which are half as
large as the input capacitors Cy and Cjy" respectively. By so doing, the
common-mode input voltage of two switchable opamps are biased at ground.
while their outputs, in steady state without input signal, are biased to middle
of rails by the use of common-mode feedback circuits. The two switchable
opamps are wrned on and off alternatively in two complementary non-
overlapping clock phases. In ¢, opamp Ay is turned on (o integrate the
sampled signal from Cn (C") and the stored signal in Cyp (Cyp7)y while the
processed signal is stored in the integration capacitors Cp (Cy'), which is
charged to Vyyp in previous ¢ cycle. In 9, opamp A" is turned on and the
opamp A is turned off with its outputs (V.. Vo) shorted to Vi, In this
case, Cp (C7) is charged to Vi while the signal that stored in G (Cy7) 18
passed to Csp (Cg'). which is charged to Vpp previously in ¢, When ¢,
comes again, opamp A, is turned on, while opamp A" is turned of " with its
outputs shorted 10 Vpp. By doing so, the signal is passed back to Cp (C)7)
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again while opamp A is integrating with new sampled signal from Cy (C').
Equation 2.1 describes the situation mathematically.

s, 8, L C
Vout' (nT) = LB\}"—'—%JVUL{F (n7— T)—ED- Vinln Ty

Cr (Eq.2.1)
%}G\" - ]Vout (nT— I"}fcL Vie{nT)
-

OB, "

Vour (n T) = [

It can be observed that capacitors Cgr and Cep in the Equation 2.1 are
cancelled and hence even capacitors Crand Cgp (as well as Cp and Cyr’) are
not matched, the output signal obtained in previous cycle still reappears at
the virtual ground of opamp A,. The design is optimal when all capacitors C,.
Cy’, Cypand Cg;” have the same value. If the storage capacitors Cyp and Cygp”
are smaller than the integrating capacitors Cp and Gy, the signal would be
amplified by the ratio (Cy/Cr or Csie/Cr) when it is stored and thus more
signal dynamic range would be required from the opamp to prevent it from
being distorted. On the other hand, using storage capacitors that are larger
than the integrating capaeitors would slow down the speed of operation. and
increase the chip area.

The multi-phase switched-opamp integrator can also be operated with a low
supply voltage. Besides. with the addition of a switchable opamp A)’, the
output signal is available for processing in both clock phases, as if a classical
SC integrators. As a result, this multi-phase switched-opamp integrator can
be directly applied to replace the classical SC integrators in any low-voltage
SC applications. This would save a fot of re-designing efforts to implement
SC circuits at low voltage because the modified switched-opamp technigque
can be directly adapted to nearly all of the existing SC synthesizing methods.
More importantly, due to the creation of an idle phase in this switched-
opamp integrator, useful techniques like pseudo-N-path [CHE (0b, CHE 01]
and opamp-gain-compensation [CHE 02b, CHE 02b] can be implemented in
a very low supply voltage in a standard CMOS technology.

The performance of the multi-phase switched-opamp technique can be
further improved with a special design of the switchable opamp. The idea
comes from the fact that in the multi-phase switched-opamp technique, the
input terminals of the two switchable-opamps A, and A,' in Fig. 2.4 are
connected together, while only one of the two opamps s turned on at a time.
As such, it is useful to share the input stage of the two switchable-opamps if
a two-stage amplifier approach is adopted. This result in the design of a
single two-stage amplifier with one differentjal input stage and two pairs of
differential output stages that are turned on and off alternatively. As
mentioned previously, the turn-on time of the switchable opamp can be
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improved by maintaining the input stage of the opamp active at all time while
only switching on and off of the output stages. To demonstrate the idea, a
multi-phase switched-opamp integrator, which utilizes a fully-ditferential
two-stage amplifier with dual-time-multiplexing-switchable-output-pair is
shown in Fig. 2.5 below.
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Figure 2.5 Optimized Switched-Opamp Iutegrator Using the a Fully-Differential Two-Stage
Opamp with Dual-Time-Multiplexed-Output-Stages

Similarly, the optimized multi-phase switched-opamp integrator [CHE 00b]
employs two identical capacitors Cp and Cy: (C}7 and Cyy’) as the integrating
capacitors. At ¢, the output “B” of the switchable opamp is shorted to the
supply (V) after its integration phase @, the signal stored in Gy (Cy7) Is
passed to Cyp (Csp") through the virtual ground of the opamp and the signal
re-appears at the output “A” of the opamp. During ¢, this stored signal in
Cye (Cgr) 18 re-injected into Cp. (C¢") 1o integrate with a new input sample.
As such, the output signal is available for processing at both clock phases
though appears at different nodes. Since the input stage of the opamp is
always maintained active, the optimized multi-phase switched-opamp
technique can achieve higher operation speed than the original multi-phase
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switched-opamp technique. On the other hand, as there is only one output
stage turned on at a time, the optimized multi-phase switched-opamp
integrator dissipates one unit of opamp power, which is same as a
conventional SC integrator. As will be shown in this book, with the
employment of the optimized multi-phase switched-opamp technique, further
speed enhancement of switched-opamp circuits can be achieved with tailor-
made designs of SC systems and switchable opamps.

2.6 Analysis of Parasitic-Insensitive Switched-Capacitor
and Switched-Opamp Integrators

2.6.1  Anpalysis of Conventional Parasitic-Insensitive SC Integrators

Conventional  switched-capacitor circuits [GRE  86] employ parasitic-
insensitive SC integrators as the basic building blocks for realizing the
required z-domain transfer functions such that the overall architecture also
enjoys low parasitic sensitivity. Figure 2.6 shows the schematic of a
parasitic-insensitive SC integrator [GRE 86].

+ V- I SCtranch from |

C: Vo following stage |

Vi I : :

O () C) g, : ¢, |
Vm @ r - : Vnu! | ;I
S 1

92 (0} b A, i |
] ]

- = + S (T)\ ° Vmuq :

| 1

1 1

1 1

Figure 2.6 Parasitic-Insensitive Switched-Capacitor [ntegrators

The stray-insensitive SC integrator can be further categorized into two
different types: inverting SC integrator (operates with non-parenthesized
clock phases) and non-inverting SC integrator (operates with parenthesized
clock phases). Since the output Vi, of the integrator is collected by the
following SC circuit during the integration phase while the output V,, is
collected after the integration phase, in the z-domain, V »(2)= Z_IQVUMI(Z-)»
where z'” represents a half delay.

To analyze the finite-opamp-gain effects of the non-inverting SC integrator,
the opamp is assumed to be ideal except with a finite DC gain of A,, while
all capacitors and switches are considered perfect. Table 2.2 is constructed to
perform the time-domain analysis [KI 95] of the non-inverting SC integrator

16
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with V. taken as the output. Procedures ol performing time-domain
analysis on SC circuits are summarized in Appendix A,

Table 2.2 Timing Diagram Showing the Charge Transferring that Occurs at SC Integrators

¢, = I,IZ(H - %) T.onT —k ¢, = 1,[111',{1?-%%) T] Capacitor
Vt(ﬁ —_

bk J =V L(” - ) fjw Vo (nT )= 0+ w_-—v-w;‘(”r ) ¢!

v T Ty Vo T ) C2
e LA Ry

7 | I

Note that: Since there is no charge transferred to the integrating capacitor during ¢,

therefore: v [(f? + %) T} =V, .. (aT )=V, [(.-1 + %) T] )

By Kirchhoff Charge Law, during ¢, — ¢ transition, i.c. from fime (n-1/2) to
(n), the change in charge of capacitor C; (AQ,) is equal to that of capacitor C;

(AQ-).

ie. AQI = AQ2
y .
~C {——j@ v, [(n - 1) ]H

= C‘:{mj}@- ‘/nmé (”TV)-*_Q_L(/’:——_]JL] + Vum‘] [(H o ])Tj:|

=l = S (| S, o)

"

By z-transformation, the z-domain transfer function of the conventional non-
inverting-delay SC integrator with output taken at V,,,, during ¢, is given by:

7 7—5/2
Hl (Z): el (\) — Ci re

Wl e o 16 |

o
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The ideal transfer function of the non- -inverting-delay SC integrator with
infinite opamp gain is given by:

Vrmfi(z) CIZWHZ
2= =
n’dm[( ) V‘,N (Z) C2 (1 _ Z—ij

It can be observed that the gain of the integrator has been reduced from C, /Cy
to a smaller value due to the finite opamp gain. Also, the pole has now a
smaller positive value. To investigate the finite-opamp-gain effects to the
frequency response of the integrator, the transfer function of the Integrator is
wrilten in term of the ideal transfer function [GRE 861:

Jsee] o]
H " fdeat NS (Z) AU Af'
1 z)

C, (’l ﬁ;’“')

;a);’

- H ( Jedt )_ fu'(u‘ﬂ'

i+ (/C

A taﬂ

[+ —L—=22

m)!
g
H!rt'c i f €

1—M@—m<)

m)l
F a))H Irmu’ )

S %

2A tar 1( G;T J a,07

The error factor F(w) introduced by the finite-opamp-gain effects into the
frequency response of the inverting SC integrator can be written in the polar
form:

Flw)= [F(a))ie et tw)
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where

o == L -l

[1=m(@)f +16(@)]  [1-mle)
and
ZF{w)=—tan" L—_—f}%i‘ =tan " Blw)=6(w)
= F((U) = [1 + HI((U)]( ol = 1—“21—(1 +—2% (e. : et ;

Thus, m{w) represents the relative magnitude error, while 8(w) the phase
error in radians caused by the finite-opamp-gain effects. Considering when
the integrator is operating at its unity-gain frequency @, at which

joT Y _
H el (E )7 !

C, (wTJ
= —L = 2sin
C, 2

= mlw, )= _,;_‘]_ I+ sin[%]

o =

For o, << ®,, where @, is the sampling frequency of the circuit,

¥
= sin(&J =0
2

= mlw, )= m;‘;]m

f

aned

H(a),)——l—co{wT] L
A 2 A,

(2}

Implications: The magnitude error m(m) can be regarded as the deviation of
the designed gain of the integrator C,/C, from its nominal value by a relative
error of 1/A,, while the finite opamp gain also introduces a relative phase
error of 1/A,,.
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Considering the conventional non-inverting SC integrator with oulput taken
at Vo during ¢y, the transfer function is given by:

ot = 1 s
H? (:): V:ml(") — CI ~ — H[ (;): 1/2

vilzd Tc +c, o, |-lC

i 2

The transfer function is different from the one taken at V., only by a half

-4 . ~ N . ~ . . . .
delay ' The ideal transfer function of the mverting SC integrator with
infinite opamp gain is given by:

(7) - Vnml(s)
It A5 V. (: ) c. (l - )

The full delay 7' is cancelled when writing the actual transfer function Hy(7)
(n term of its ideal equation. As a result, the sensitivity to finite opamp gain
of the non-inverting SC integrator is the same no matter at which clock phase
its output is taken. Lastly, it could be easily shown that the error factor Flw)
introduced by the finite-opamp-gain effects into the frequency response of
the inverting SC integrator is identical to that of the non-inverting SC
integrator. The complete analysis is shown in Appendix B.

2.6.2  Analysis of Parasitic-Insensitive Integrators Using Original
Switched-Opamp Technigue

Figure 2.7 shows the schematic of a non-inverting half-delay switched-
capacitor integrator using the original switched-opamp technique. To analyze
the finite-opamp-gain effects of this integrator, the opamp 1s assumed to be
tdeal except with a finite DC gain of A, while all capacitors and switches are
considered perfect.

Figure 2.7 Non-Inverting SC Integrator Using Original Switched-Opamp Technigue

20

T



Anealvsis and Design Considerations of Switched-Opamp Technigues

Table 2.3 is constructed to perform the time-domain analysis of the inverting
SC integrator with output V,, at ¢,. Since the opamp is turned off after
integration phase ¢, the output signal is only available during ¢,.

Table 2.3 Timing Diagram Showing the Charge Transferring that Oceurs at Hall-Delay Non-
Inverting Switched-Cpamp Integrator

oo =1 b- )T | o[l )] [

V‘[(H _%) le =0 V;{HT ): V. (HT )+V%(”T) Cl
.. _ V.. ['{” . y) ]J vV (aT V= — V. (rzT ) C2
T e A
T - ol U

vl 157

Though the opamp output V,,, is shorted to ground when the opamp is turned
off after its integration phase, the information stored in the integrating
capacitor C; 1s not discharged. As a result, this non-inverting half-delay
switched-opamp integrator would have the z-domain transfer function as
given below:

v, (2) e
CZ

H o= anll —
]( ) Vw(z) Ci+C2

+C, |=|—=2+C, |2

[ !

which is as same as that of the conventional non-inverting SC integrator with
output (V) taken at the end of its integration phase ¢,. As a result, 1t also
has the same sensitivity to the finite opamp gain as that of the conventional
non-inverting SC integrator, as given below:

mle)=———| 1451
AL 2c,
C, C/
tlo)= 7 T\ A CT
2A, tan[%j o

2
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where m{m) and 8(®) represent respectively the relative magnitude error and
the phase error in radians caused by the finite-opamp-gain effects.

Considering when the integrator is operating at its unity-gain frequency o,
we have

mim, )= _ L and 8w, )= 1

A A,
Again, the magnitude error m(m) can be regarded as the deviation of the
designed gain of the integrator C/C; from its nominal value by a relative
error of 1/A,, while the finite opamp gain also introduces a refative phase
error of 1/A,. It is obvious that the performance of the half-delay non-
inverting SC integrator is not degraded when implemented with the original
switched-opamp technique. Nevertheless, since the output signal is not
available after the integration phase, additional hatf-delay element has to be
employed to realize the full-delay non-inverting SC integrator, which is
shown in Fig. 2.8 below:

Switched-Opamp Half-Delay Switched-Opamp Half-Delay Cell
[ntegrator
- + V-
C,
v i
O o 0 + V-
Vin“"‘&—T—| f—T—/ v c.
i i3 22
Q) (1): —o—| I—T—_/
- N
- - I

i

Figure 2.8 Full-Delay Non-Inverting SC Integrator Using Original
Swilched-Opamp Technique

To analyze the finite-opamp-gain-cffects of this integrator, the opamp is
assumed to be ideal except with a finite DC gain of A, while all capacitors
and switches are considered perfect. Capacitors Cx and Cs are considered
identical to realize a unity-gain half-delay function. Obvicusly, the switched-
opamp half-defay cell introduces additional error to the integrator. Table 2.4
15 constructed to perform the time-domain analysis of the SC half-delay cell.

2
3



Analysis and Design Considerations of Switched-Opamp Technigues

Tuble 2.4 Timing Diagram Showing the Charge Transferting that Occurs ar Hatf-Delay Cell

d, = 1,[:17'.(11 4%) T} 8, = 1[(” N %) T (n+ l)T} Cap.
vt )=V, (nT) vl ti2y] oo {m v+ 1/2)7"]} C3

A,

V.(nT )=10 i , v‘m?01+/p/)r} 4
RV I Ris
‘El..(n+%)1l_w A,

v b )7

By Kirchhoff Charge Law, during ¢, — ¢ transition, i.e. from time (n} o
(n+1/2), the change in charge of capacitor Cy (AQs) is equal to that of
capacitor Cy (AQy).

ie. AQ3=AQ4

: Toou I :
=, V,,“”(HT)—E{—E[—(T—%-H =C1LO—M+%M[(H+%)T]

= C, [Vm (117')] = C{l +_2_—L|:Vm"2 [(n + | ?}f]]

- Iransiormrion

e SO

H . z)= st 2 — R
ety (.x’/[( ) VMM(:) { 2 }

The ideal transfer function of the unity-gain SC half-delay cell with infinite
opamp gain is given by:

(,,)_ VamE(Z) S V)
fdeat \~ ] 7 V (H) oA
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It can be observed that the gain of the SC half-defay cell has been reduced
from C+/Cy to a smaller value due to the finite opamp gain. To investigate the
finite-opamp-gain effects to the frequency response of the integrator, the
transfer function of the integrator is written in term of the ideal transfer
function:

r ;
2
, C| 1+
Hl'('f(*a'l (:) _ Ziwm — 4\‘ /4.2 }
H deteiv—cell (: ) C'g < e C*}

Substituting z = ¢'",

T jor )
((;.JFUT‘ )g H.’r!‘r.’M (6 ) _ Hi!f(’(if ()'
(“ {l (S [" - - .
o 1—mlw)— j6(ew

) =F (C())Hfrw (er)

(AN
Colip=
where
m(a)):i ! -1
Ciipe 2
B(w)=0

The error factor F(@) introduced by the finite- ~opamp-gain effects into the
frequency response of the inverting SC integrator can be written in the polar
form:

Flw)=|F(w)e“ !

where
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Plof = e L <l

-ml(w)] + [9((1))] 1 m(e)
and
LF(@)=—tan” {%} —tan 6() = 6(e) =0

© o C I C 2
= Filo)=|{1+mlw o0l - 273 ESgi) | [
e c;( ]

Thus, due to the finite opamp gain, the SC half-delay cell only introduces a
relative magnitude error of () but not phase error. The overall sensitivity
of the switched-opamyp full-delay intcgrator is given by:
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At 2C2 (j4

Considering when the integrator is operating at its unity-gain frequency o,
and capacitors Cy and C, are 1dentical, this implies

jo T ) _
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= & = QSiH[%f]

2
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For o, << @, where @, is the sampling frequency of the circuit,

7
= sin(f&—} =)
2

= mlw, )= _Ai

7

and

New,) -Lcos[ioim{;} -1
A 2 A,

o
i

Implications: The magnitude error m{w) can be regarded as the deviation of
the designed gain of the integrator C,/C, from its nominal value by a relative
error of 3/A,, while the finite opamp gain also introduces a relative phase
error of 1/A,. Though the SC half-delay cell does not imtroduce additional
phase error to the overall integrator response, the magnitude error is
increased three times. As a result, the minimum opamp gain requirement of
those SC circuits that employ such a full-delay switched-opamp integrator
would be higher in order to preserve the amplitude response.

Similarly, the original switched-opamp can be employed to realize the
inverting SC integrator. However, since the output signal is not available
after the integration phase ¢, only non-delay inverting switched-opamp
integrator can be implemented with the original switched-opamp technique
unless additional SC half-delay cell is employed. It could be shown that the
performance of the non-delay inverting SC integrator is not degraded when
implemented with the original switched-opamp technique. Nevertheless,
additional half-delay clement has to be employed to realize the half-delay
version of the inverting SC integrator due to the switch-oft of the opamp
after the integration phase. As a result, the magpitude error is increased by
three times. Since the analysis of this switched-opamp integrator is the same
as the conventional inverting integrator, it is not repeated here.

2.6.3  Analysis of Parasitic-Insensitive Integrators Using Multi-Phase
Switched-Opamp Technigue

Figure 2.9 shows the schematic of a non-inverting full-delay switched-
capacitor integrator implemented with the multi-phase switched-opamp
technique. Two opamps with finite DC gain of A; and A, are operated
alternately at ¢, and &, respectively. To analyze the finite-opamp-gain effects
of this integrator, the opamps are assumed to be ideal except with finite DC
gain while all capacitors and switches are considered perfect. Specially,
capacitors C, and Cs are assumed identical. This non-inverting switched-
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. & d

opamyp integrator functions as a full-delay integrator when the output Vo is
taken. Table 2.5 is constructed to perform the time-domain analysis.

Figure 2.9 Full-Delay Non-Inverting SC Integrator Using Mulii-Phase
Switched-Opamp Technique

Table 2.5 Timing Diagram Showing the Charge Transferring that Oceurs at Full-Delay Non-
Inverting Switched-Opamp Integrator
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By Kirchhoff Charge Law, during 0y —> ¢, transition, i.¢. from time (n)T to
(n+1/2)T, there is no charge transfer from capacitor C; to the opamp. Thus
the net change in charge of capacitors C; (AQ») and Ca{AQ:) are null,

ie. AQ2+ AQ3=0

Vm_”g[(n+%) T} v }
C 3 - +

+ Vm.v.’i (” 'f )|

— - ol (” T)
- A

2 I

Vmﬁ?[ t ! TJ - w
ey BB AT e
A, f J

- ,:%+ C, -i-%j}ﬁ/mm (I?T)]—{;%“P%—FCSJ[VW!Q [(” +%)Tﬂ= 0

By z-transformation, the outputs V., and V., are related in the z-domain
by:

,+C
(Cg +~——C~ ?J
oni ] (“7) _ A3 . S112 (Eqg. 2.2}

Vﬂml(z) (C + Cz + C\J )

With matched capacitors C, and C; and matched gain of opamps A, and A,
Voua 18 just a duplication of V,,, but delayed by half a clock cycle. It should
be emphasized that the actual gain of the opamps is not important to maintain
the quality of this equation.

During ¢; — ¢y transition. i.e. from time (n-1/2) to (n), the change in charge
of capacitor C; (AQ;) is equal to the sum of that of capacitor C, (AQ3) and C,
(AQs).
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ie. AQI=AQ2+AQ3

=, {Lﬁ@ —v,{(n —%2) Tﬂ =C, [_Kﬂ -V, (nT) +3Mﬂ

I 1
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Z—trunsformaion
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_1 J[V,,,m(z}]{ YR }[ () (Eq. 2.3

Substituting Equation 2.2 into Equation 2.3, the z-domain transfer function of
the integrator with V> taken as the output is given by:

C, +C,
G C +C,+C,
= Gl " = | [Ca 2 Vel
C-, M{-‘__...:"N.).,,,...,m.._X 1
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The ideal transfer function of the non-inverting full-delay SC integrator with
infinite opamp gain 18 given by:

‘/(11112 (Z) Cl< B

VIN (Z) C( o )

It cai: e observed that the gain of the integrator has been reduced from C,/C
to a naller value due to the finite opamp gain. Also, the pole has now a
smaller positive value. To investigate the finite-opamp-gain effects to the
frequency response of the integrator, the transfer function of the integrator is
written in term of the ideal transfer function:
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Substituting z = /T,

. C/ C/ et et
el Do) 2[4 L) | e
4,
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The error factor F(®) introduced by the finite opamp gain into the frequency
response of the mverting SC integrator can be written in the polar form:

Flo)=|F(a)e™

where
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[Fle) = 1 { 1 Tzlum(w)]z

[l - m(a))J2 + [9(({))]2 | — m(a))
and
ZF()=—tan { - ngg)} ~ tan ' 0(e) = 6(w)

[re ‘l Y
[

= Flo)=ls e =| 1=+ £E ] 2]
A, A 2

Thus, m(®) represents the relative magnitude error, while 8(w) the phase
error in radians caused by the finite-gain effect. Considering when the
integrator is operating at its unity-gain frequency ®, at which

1
= ml@, | = —
o)~
and
6(w,) = __,CDS(%LJ L
2 2 A,
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Implications: The magnitude error m(w) can be regarded as the deviation of
the designed gain of the integrator C,/C from its nominal value by a relative
error of 1/A,, while the finite-opamp-gain also introduces a relative phase
error of 1/A;. This is interesting to point out that both of the magnitude and
phase errors, at the unity-gain frequency, of the integrator is independent to
the finite opamp gain of opamp A,. Consequently, if V., is the only
interested output to be taken, the integrator is operating as a half-delay non-
inverting SC integrator, which requires only one opamp (A,) for the
realization as described in section 2.6.1. Nevertheless, being implemented
with the multi-phase switched-opamp technique, the inclusion of opamp A,
could still implement the half-delay non-inverting SC integrator by accessing
the output V. Substituting Equation 2.2 into Equation 2.3 to extract the
transfer function between V,,1(z) and Vin(z):

= Cl {Vm (\7)]3”2 - {Cz +M:|[V~m (Z)]

Rl

C, +C,
Cv +(; C2 '!‘W%Am
- : + I V Z z*i
[ A2 “ZI C} +ﬁ [ umi( )]
A A
Py ‘:;m](z) — . i C}Z—UE

m(‘:') 1:(/‘_)+(1] "*“(zz"'*“(%:}#[(/z +(: m}ucﬂ} Z—l

) A, A, -

The result shows an important implication that the transfer function of this
switched-opamp integrator, where its output is taken during its integration
phase, 1s not affected by the introduction of the additional opamp A., though
dissipating power. This analysis can be extended to show that the additional
opamp A, would also not affect the performance of SC pseudo-N-path cells.
As a result, the sensitivity to finite opamp gain of this half-delay non-
inverting switched-opamp integrator is same as that of the conventional 5C
implementation as well as that realized with the original switched-opamp
technique as discussed previously. The magnitude and phase ecrror at the
unity-gain frequency of the integrator is given by:
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Lastly, since the analysis of inverting switched-opamp integrator 1s the same
as the non-inverting integrator, it is not repeated here. It should be pointed
out that the performance of both inverting and non-inverting integrators,
being realized by the multi-phase switched-opamp technique, is same as the
conventional SC integrators. As a result, low-voltage SC architectures
employed the multi-phase switched-opamp technique could maintain low
sensitivity to finite-opamp-gain effects as for the conventional 5C
implementation.

2.7  Performance Comparisons of Switched-Capacitor and
Switched-Opamp Integrators

From the above analyses, it can be observed that multi-phase switched-
opamp technique could be employed to realize all kinds of parasitic-
insensitive SC integrators with same sensitivity to finite opamp gain and
consume same power (need also | unit of opamp power). Three-time lower
finite-opamp-gain sensitivity is achieved when employing multi-phase
switched-opamp technique rather than the original switched-opamp
technique to implement full-delay non-inverting SC integrator.

An important observation is on the realization of the half-delay non-inverting
SC integrator using the original switched-opamp technique, which achieves
both low sensitivity to finite opamp gain and also reduce the power
consumption by 30 % as a result of the turning off of the opamp after the
integration phase. Table 2.6 summarizes the sensitivity and power efficiency

of the non-inverting switched-capacitor and switched-opamp integrators.
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Fable 2.6 Performance Summaries of Switched-Capacitor and Switched-Opamp Integrators

Non-Inverting Half-Delay Switched-Capacitor Integrators

ldeal Fransfer Function of {a-¢) (b} Origimal Switched-Opamp Integrator:
Reatization:

V oAz v o—

e Gg
H Me-w(f-): — ] . . ¢i H.:(_(b/

Vm' ( -

Fransler Function:

an‘ (:)

Vi (:) [C| + C:

o

Magnitude Error: = —

Phase Error:

(a} Switched-Capacitor Integrators:

o ¢ b
: o
@2}_’ lq)w

Vine-

Transfer Function:
(’_w ) gy Transfer Function:
GHT AN = - - _ _ v . -
viuled Te o, 7 e, | el i
——lE A L I ) R e
A - A LCot -
o L A!

1

Mugnitude Error: = Magnitude Error:
Phase Error: —_ Phase Error:

Power Consamption; | unil opamp power Power Coensumption: | unit opanp power

36



Anclysis and Design Considerations of Switched-Opamp Techniques

Non-Inverting Full-Delay Switched-Capacitor Integrators
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2.8 Conclusion

Switched-opamp techniques present a promising and reliable way to realize
low-voltage switched-capacitor circuits. However, since the opamp is set
inactive after the integration phase, the original switched-opamp technique
causes design problems when it is applied to conventional SC systems.
Multi-phase switched-opamp technique is shown to be a fully-compatible
solution for low-voltage SC circuits. Nevertheless, the original switched-
opamp technique, when it is applied to realize half-delay non-inverting SC
integrator, could achieve 50 % power reduction while maintaining low
sensitivity as the conventional SC integrators. To take advantage of the
switched-opamp technique for power reduction, a family of half-delay-non-
inverting-switched-capacitor-integrator-based  architectures  has  been
proposed as illustrated in next chapter.
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Chapter 3

SYSTEM CONSIDERATIONS FOR HIGH-SPEED
AND LOW-POWER SWITCHED-OPAMP
CIRCUITS

11 Introduction

While circuits” performance could be increased quite lincarly with the
advancement of technologies, modifications and novelties in the system-level
designs could achieve far more significant and pronouncing performance
improvements. This chapter begins with a briel review of the double-
sampling technique, which has been one of the most uselul techniques in
boosting the operation speed of SC circuits by double without requesting
higher opamps’ performance. More importantly, most of the conventional SC
architectures can be directly transformed into their corresponding double-
sampling architectures by duplicating a parallel path to operate alternately
while maintaining the overall characteristics. However, the transformed
architectures are usually not optimal in term of opamp settling consideration,
which could easily waive the benefits gained by the double-sampling
operation. The settling problem will be investigated by considering a
conventional double-sampling SC biquadratic filter. After that, a fast-settling
double-sampling SC biquadratic filter architecture will be proposed.

In the second part of this chapter, the system-level considerations for
switched-opamp circuits are provided. A Tamily of half-delay-SC-integrator-
based filters and XA modulator has been developed to combine with
switched-opamp technique for low-voltage, low-power and high-speed
applications. Besides a noise-shaping-extension technique is proposed to
maximize the achievable signal-to-noise-ratio for a lowpass ZA modulator.
Detailed design equations are developed.
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3.2 Principle of the Double-Sampling Technique

Constder a conventional inverting SC integrator [GRE 86, P.ANA95] as
shown in Fig. 3.1(a), being operated with a pair of complementary clock
phases ¢; and ¢, the input signal is only sampled during ¢, while the
integrator 1s integrating only during ¢;. It is obvious that the opamp is idle
during ¢».

{4) (IILJ () q)‘ C, P C2

Vm & C‘ (I)[

N > v Vol %] fb1 >

V(\Lli

(bii f¢3 T o O oy

= -[,__.+ H_”_T—/

every clock phases

Sample —y Integration Both sampling & integration occurs at
3

oy i\
o H o\ e
:6"-“'“9’»% ! o ?_.H "_%

Figure 3.1 (a} Conventional Inverting SC Integrator;
{b) Double-Sampling Inverling SC Integrator

The idea of double-sampling operation is to fully utilize the opamp such that
it is never idle and thus achieving double of the throughput. Figure 3.1(h)
shows the configuration of the conventional inverting SC integrator in
double-sampling operation. Two sampling capacitors are employed to
operate alternately to sample the input signal, which is then transferred to the
opamp for integration at next clock phase. As a result, the opamp is always
integrating new signal at every clock phase. Since the clocking frequency is
identical to the conventional SC integrator, the double-sampling technique
thus effectively increases twice the sampling frequency of the circuit without
requiring a higher performance opamp. It is because the opamp is still given
half a clock period for settling as in the conventional SC integrator.
Nevertheless, the mismatch between the two sampling paths would produce
an image signal [BAZ 98, ONG 971 of the input signal. Figure 3.2 illustrates
the path-mismatch effect of a double-sampling system.
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Figare 3.2 (a) Clock Signal: (b) [deal Frequency Spectrum; () Non-ldeal Frequency
Spectrum of a Double-Sampling System with Input Path Mismatch

Due to the path mismaich, the system experiences a sampling tone at 2F,
with amplitude (A-AA). but also another sampling tone at F, with amplitude
(AA), where F; is the input clock frequency. As a result, the input signal
would also ahias with the sampling tone at F; to produce its image signal. A
1-% mismatch (with good layout technigue in nowadays technology) would
preduce an image signal 40 dB lower than the fundamental. A mismatch
cancellation technique was proposed in [YU 98] to reduce the image problem,
but the technique is only applicable to ZA modulator topology. For systems
with high image rejection requirement [GUO 01, TAD 01] (typically larger
than 60 dB}, the double-sampling technique may not be applicable.
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3.3  Settling Problems of Opamps in Conventional Double-
Sampling SC Architecture

In most of the SC systems, the double-sampling technique can be easily
applied by duplicating those SC branches to operate in alternate phases,
though not always optimised in term of settling problems among the opamps.
Figure 3.3 depicts a typical realization of a double-sampling SC biquadratic
filter architecture [NAG 97].

CH
Il
H
l
-+
Ao vf)l.T
e A &

Figure 3.3 A Typical Realization of a Double-Sampled SC Biquadratic Filter

This double-sampled SC biquadratic filter architecture 15 derived from an E-
type SC biguadratic filter [FLE 79]. The additional switched capacitors
employed for double-sampliing operation of the E-type biquad are drawn in
grev colour. The main characteristic of the E-type SC biquad is the
employment of an un-switched capacitor (Cp) as the global feedback of the
system to achieve a second-order transfer function. Such a continuous
capacitive feedback would lengthen the required settling time of opamp A,
since the final output value of apamp A, 1s affected unless opamp A; settles.
As a result, in order to achieve good settling within each clock phase (half
clock period), the opamp A, would have to operate much faster. Besides, the
upper and the lower switched capacitors Cg, which work as the input
sampling capacitors of an inverting SC integrator formed by opamp A and
capacitor Cp, also apparently provide continuous capacitive feedback
between the two opamps during ¢, and ¢, respectively. As a result, the
settling problems of the opamps are getting even more severe. It should be
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emphasized that the E-type SC biquadratic filter without double-sampling
operation would still be good enough in terms of settling of opamps.
Considering the original E-type SC biquad architecture (schematic draws in
black colour), opamp A, integrates the charge from capacitor C, only during
¢, where opamp A, settles. On the other hand, the output of the opamp A, is
fed back to the opamp A; only during ¢.. Hence, the two opamps will settle
in different clock phases and thus their settlings are not affecting each other.

In fact, the solution for the settling problems of the opamps can be readily
observed from this architecture as well. Considering the non-inverting SC
integrator formed by opamp A, and integration capacitor Cg, the input
sampling capacitors C, always sample the output of opamp A, in one clock
phase, while passing the sampled data to opamp A, in next clock phase.
Consequently, the settling of opamp A, is independent 1o the settling of
opamp A,

Though it 15 readily motivating encugh to adopt only non-inverting SC
integrators to realize a double-sampled SC biquadratic filter, connecting two
non-inverting SC integrators in a loop would create positive feedback
configuration, which is unstable. This also explains the reason why most of
the SC architectures adopt both non-inverting and inverting SC integrators.
In next section, the issues on achieving stable operation and generic
coefficients of the proposed double-sampled SC hiquadratic filter based on
non-inverting SC integrators are addressed.

Lastly, when cascading several stages of SC circuits to form a high-order SC
system, the input sampling branch formed by Cg should be employed to
isolate the cascaded stages. Besides, it should be careful when applying
double-sampling technique to conventional SC circuits, as there also exist
some exceptional cases that the employment of double-sampling technique
would change the transfer function of the original circuit.

3.4  Proposed Fast-Settling Double-Sampled Generic SC
Biquadratic Filter

Figure 3.4 shows the proposed fast-settling double-sampled SC biquadratic
filter architecture [CHE 02b, CHE 02b]. The corresponding minimum switch
configuration can be easily obtained by combining those switches with same
function. Equation 3.1 describes the transfer function of the proposed SC
filter.

1 ()= Vo (x)_ DI +(AG —DI —DJ )™ +(DJ — AH )2
BD +{DF + BE =2BD ):™ +{(BD + FE + AC — FD ~ BE )™
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Figure 3.4 Generic Fast-Settling Double-Sampling SC Biguadratic Filter

By operating in a double-sampling manner, and the unity-gain-frequency
requirement of the opamps is reduced by 50%, compared with conventional
SC biguadratic filter [FLE 79]. Moreover, unlike the double-sampled SC
biguadratic filier in [NAG 97], the proposed architecture employs only non-
inverting delay SC integrators for the realization ot the core of the filter such
that there is no direct feedback in the architecture. As a result, the two
opamps are decoupled from cach other to achieve independent and fast
settling. Besides, the use of non-inventing delay SC integrators is also
immune to parasitic effects [GRE 86]. A fully-differential architecture not
only helps reject common-mode noise, but also provide a free sign inversion
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for switched capacitors Cg, Cg and C¢ to achieve for stable operation while

maintaining a generic transfer function.

3.5 Proposed Half-Delay-SC-Integrator-Based Generic SC
Biquadratic Filter

Figure 3.5 shows the proposed generic SC biquadratic filter.
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Figure 3.5 Generic Half-Nelay-SC-ntegrator-Based SC Biquadratic Filter

The core of the proposi,d filter consists of two half-delay non-inverting SC
integrators connected in closed-loop form to work as a second- order
resonator. To make the overall architecture in a negative feedback
configuration for stable operation, sign inversion technique [INO 86] 1s
applied. A free sign inversion can be obtained by connecting the switched
capacitors Ce inversely at the differential outputs of opamp A,

An important criterion ol the design of the proposed architecture 1s on the
adoption of only two opamps, which can be turned off after their integration
phases to save power. With this consideration, the switched capacitors Cy
and C;, which perform the damping factors of the filter, are connected
respectively across the opamps A, and A; during their integration phases ¢,
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and ¢, On the other hand, the three switched capacitors (Cy;, C)) and C,
which enable the proposed filter with transfer Function having a generic
nominator, sample the input signal and pass the sampled data respectively to
the opamps A and A, also during only their integration phases ¢, and o,.

It general, the input signal of SC filter is continuous unfess a sample-and-
hold circuit is employed in front of the filter [GRE 86). For general
applications, the filter is designed to sample the nput signal only during ¢,
but not at both clock phases. It should be emphasized that the sampling of the
nput signal at both ¢, and 2 clock phases would only insert in the nominator
of the transfer function some half-delay coefficients, which are not useful for
designing of real SC filters.

To obtain the transfer function of the proposed biguadratic filter. time-
domain analysis [KI 95] is performed. The Opamp, capacitors and switches
are considered perfect. Table 3. summuarizes the charge transfer oceurs at all
capacitors,

Table 3.1 Timing Diagram Showing the Charge Transferring that Oceurs at Al Capacitors

%] Co

,

V,(n)=0

Vo (n ) =V . (n - %)
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By Kirchhoff Charge Law, during ¢; — ¢» transition, i.c. from time (n-1} to
(n-1/2), the sum of the change in charge of capacitors C¢ (AQg) and Gy (AQy)
is equal to that of capacitor Ciy (AQu), Cn (AQp) and Ce (AQc).

ie. AQ, +AQ, = AQ, +AQ, +AQ,,

= Cy [VL-\? (n - %)_' Vi (n - %)] 4 {V” = %) ]
= CH [_ Vum‘l (” - %) Ol+ ¢ o { V“"f ! (H %) V"“” (n B l)]
veo-v - 1)

# —Transorma Hoi

= O (2”“2 - :_:”2) Viy (7)'*' C
=-Cy ’:—'-”?Vraml(:)-!— Cy (_ 2 :_“1) Vo (:)
+C('Z_ Evnur.'.’,(z)

= [C(_: (1 — 2 )+ CJ] Vi (2)
-[CH + (E -z )] Vi (5)7 CoVoa (:) (Bq. 3.2)

Consider during the ¢, — ¢, transition, i.e. from time (n-1/2) to (n), the sum
of the change in charge of capacitors Ca (AQ4) and G (AQ;) 18 equal to that
of capacitor Cy (AQy) and Cy (AQy).

ie. AQ, +AQ, =AQ, +AQ,,

= o-v, b= Yl o-vile- 1)
—c,lv,.m-v ( Y+ -V, ln)-0]

Z=Trunsformation

:>_C.=lziifzvfa(1!l(7) I‘VHEVI.'\ (Z)
= CB (‘ < i + Z'_Hz ) an!’.’ (‘7) - Cf’ ZHEVUH.’Z (Z)
= Cr _l‘/nml( )+ CI “ VIN (Z) = [CF + CH (1 - : l )} Vmu?_ (Z) (Eq' 3.3)
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Substituting Equation 3.3 into Equation 3.2 to equate V. ((2)/Vin(z):

=2 WV, (D) €27V ()

e, vc,li-: EJ{[C” =NV -le, e l- )

w]{.:) {(‘ i +( }{(' +C ) [(‘i ((_‘(: +C,’ )+(‘-\(F(CH +C‘I—'}m ?I(:' ‘}l‘-'_‘ +C"H('(?:M2

Substituting Equation 3.2 into Equation 3.3 to equate V,,2(2)/Vin(Z):
e, v -2 v (2
¢+ Gyl V(2= C 2 Vs
*[C,; + Cu(| -z 1:[ : ] - ( ) - Ct'v.mf':(:)

€2

L (:) - [C! (Cﬁ +C, )ﬁ C,\ {Cr; + C; )Jzii - (C:)C.' +C, C(; ): -
Viele) (€, +C NG, +C)=[C,(C +C)+CL(C, +C, ) -CC ) +C,C Lz

Equations 3.4 and 3.5 describe the transfer functions of the proposed
biquadratic filter with output taken at opamp A; and A, respectively. As for
most of the conventional SC biquadratic filters, equations 3.4 and 3.5 have
same denominator, which determine the location of the poles of the filter.
The main difference between the two transfer functions 1s that equation 3.3
does not contain the integer term (non z-lerm) in the nominator, which
positions the zeros of the filter. Nevertheless, the lack of the integer term in
the nominator would only affect the realization of all-pass function [ANA 95]
with V,,(2) taken as the output of the proposed filter.

In a fully-differential realization, the input switched capacitors Cq, €, and C,
can be inversely connected to achieve for negative coefficients in the
nominator of the transfer function to facilitate the realization of the zeros.
Sign inversion of other switched capacitors is limited. however, by stability
concern. Certainly, the integrating capacitors Cj, and C must be connected
respectively across the opamps A, and A, in negative feedback
configurations for stable operation. The switched capacitors Cyy and Cy: are,
however, conditionally stable to be inversely connected between the
differential path provided that Cy < Cpy and €y < Cy such that the overall
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feedback across each of the opamps is still negative at any time instance.
Lastly, either but not both of the switched capacitors Ca and Ce must be
inversely connected to maintain 4 negative feedback of the whole loop as
indicated in Fig. 3.5.

Since both of the switched capacitors Cy and Cy provide the damping factors
of the filter, either one of them is necessary to be employed. It is interesting
to point out that switched capacitor Cy does not affect the placement of the
zeros in Equation 3.5 while in Equation 3.4, it affects the placement of both
the zeros and poles. Therefore, it is more desirable in terms of the sensitivity
to variations of elements to employ switched capacitor Cg instead of Cy in
Equation 3.4. Similarly, since the switched capacitor Cp also affects the
placement of both the zeros and poles in Equation 3.5, switched-capacitor Cy
should be employed instead if output Vi is taken.

The proposed filter is generic and parasitic-insensitive in a fully-differential
realization. However, for single-ended implementation, free sign inversion
cannot be obtained. As a result, in order to keep the stability of the loop,
parasitic-sensitive switched-capacitor branch has to be employed 1o replace
either but not both the switched capacitor C, or Ceas illustrated in Fig. 3.6.

Replacement for single-

ended realization
Sign Inversion C

Ca b) f

[0 O & + &
_/—.T-_—H—T—/ =+ /—-0 f’_'
(b‘_[ c (4 | Q2 Parasitic ! = =
= = 1t Sensitive 2= -
C, Node

V (,.7) C EAHE
H y 7= (s [ 1
Teferg f( ) VIN (Z) Cz (E - :1 )

Figure 3.6 (a) Parasitic-Insensitive Non-Inverting Integrator with Sign Inversion:
{(b) Parasitic-Sensitive Inverting Integrator

Both of the integrators require the opamps to be active only during their
integration phases and thus maintaining the power efficiency of the
architecture. Nevertheless, the single-ended architecture is parasitic sensitive
and suffers from noise and interference from the operating environment.
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3.6  Proposed Half-Delay-SC-Integrator-Based SC Ladder
Filter

SC ladder filter [GRE 86] has been widely employed for realizing high-order
filter transfer function. Though first- and second-order SC filters, in principle,
can be cascaded to realize any high-order transfer function. In practice,
however, the resulting circuit is often very sensitive to process variations for
high order and selective filters. The reason is that for such filters, the
response of each of the cascaded sections, which realizes high-Q poles, is
very semsitive fo element variations. The SC ladder filter, instead of
cascading first- and second-order SC filters, achieves high-order transfer
function based on simulating the low-sensitivity response of a doubly
terminated LCR circuit prototype with equivalent SC circuits. Hence, the
resulting filter is less sensitive to process variations than it is achieved by
cascading low-order SC sections. Figure 3.7 shows the schematic of a 5"-
order Chebyshev LCR prototype circuit. Since the characteristics of the
lowpass LCR prototype can be easily obtained from most of the filter data
books [NIE 89], the derivation of the SC ladder fiiter.

Ry v, L v, (#Yl\ Vs
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Figure 3.7 A $"-Order LCR Filter Prototype Cireuit

The state-space equations of the 5"-order LCR prototype circuit can be
written as follows:
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The state-space equations can also be presented in a block diagram as shown
in Fig. 3.8.
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Fignre 3.8 Block Diagram Describing the State-Space Equations

It can be observed that all the blocks represent the transfer function of an
integrator in the continuous-time domain (s-domain). By performing the s-to-
z transformation, the corresponding z-domain transfer function of the block
diagram is obtained. Among all the s-to-z transformations, LDI-
transformation |GRE 86] provides an accurate and simple realization of the
block diagram. This is because the LDI-transformed integrator that realized
with SC circuit is exactly same as a continuous time integrator. The resulting
implementation of the SC ladder filter 1s shown in Fig. 3.9.
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Figure 3.9 L-Transiormed Switched-Capacitor Lowpass Ladder Filler

The resulting lowpass ladder filter shares the low-sensitivity properties of the
LCR prototype filter. Besides, the filter is constructed using only parasitic-
tnsensitive integrators thus further improving the immunity to process
variations. The detailed design equations of the ladder filter are provided in
Appendix C of this dissertation.

It can be observed from Fig. 3.9 that opamps A, Ay and As are employed to
realize non-delay inverting integrators. All of these mtegrators perform
integration only during G2. Therefore, during ¢, the opamps Ay, A; and As
are idle and can be turned off to save power. However, the opamps A, and A
are realizing non-inverting integrators that require these opamps to be active
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at all time. Fig. 3.10(a) extracts the opamps A, and A;, which form a SC
gyrator.
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Figure 3.10 (a) Original SC Gyrator in the Lowpass Ladder Filter,
by Modilied SC Gyrator Using Half-Delay Non-Inverting Integrators

Sign Inversion

Figure 3.11 Proposed Hall-Delay-SC-Integrator-Based Lowpass Ladder Filter
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In order to realize the SC lowpass Tadder filter using only half-delay non-
inverting integrators to achieve for the lowest possible power consumption,
some modifications are necessary. In fact. by interchanging the clock phases
of the switches that connect at outputs of opamp A; and inserting a sign
inversion, an equivalent SC gyrator can be realized using only hatf-delay
non-inverting SC integrators as shown in Fig. 3.10(b). The sign inversion of
the output signal of the opamps can be freely obtained from a fully-
differential structure, which also helps reject common-mode noise and
reduces clock-feedihrough noise. Fig. 3.11 shows the proposed fully-
differential half-delay-SC-integrator-based SC lowpass ladder filter.

The proposed SC lowpass ladder filter, when implemented with switched-
opamp technique, could save up to 50 % power consumption compared with
the conventional realization. This is due to the adoption of half-delay non-
verting SC integrators as the basic building block, which allow the opamps
to be turned off after their integration phases.

3.7  Proposed Half-Delay-SC-Integrator-Based SC
Lowpass ZA Modulator with Noise-Shaping Extension

Fig. 3.12 shows the linear model of the proposed 3“-order lowpass TA
modulator, which consists of three half-delay non-inverting integrators, a 1-
bit Digital-to-Analog Converter (DAC) and a quantizer, Equation 3.6
describes the ideal transfer characteristic of the TA modutator,

Quantization
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Figare 3,42 Livcar Model of the Hall-Delay-Integrator-Based Lowpass £A Modulator with
Noise-Shaping Extension

Y(Z) = ZZX(:)—F (! — 7 ){i — (2v—a}k)z_i +z 2JE(:) (Eq. 3.6)
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The first integrator suppresses the quantization noise at the DC, while the
second and the third integrators can be configured as a resonator to suppress
the quantization noise at low-frequency regions. The noise-shaping region is
extended to enhance the resolution without increasing the over-sampling-
ratio (OSR), which in turn reduces the power consumption. The position of
the resonator is determined by the parameter ask in Equation 3.6. Specifically,
by setting the parameter sk to be zero, the architecture returns to a
conventional 3"-order lowpass topology [AZI 96, COB 00], which creates a
3“order notch to suppress the quantization noise at the DC. The design
equations to apply the noise-shaping extension technique are derived as
follows:

The designed center frequency (o, = 2xf,) of the resonator is swapped mto
the z-domain by LID-transtormation (GRE 86):
l . .
@, =-—s1n (a)ﬂl’ )
T
Foram << = ol <<]
=, =,
=, =1

where 1, is the center frequency of the resonator in the z-domain. The transfer
function of the resonator is given in the z-domain by [Appendix B]:

~ N(S)
Hz)= —2-a-B) +(1- Bl

For a resonator, (J=ec

4 _[ A,

( 2f, }'+ 29, ),

0

Hence, o represents the relationship between the center frequency f, of the
resonator and the sampling frequency f, of the system.
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For a |-bit quantizer having a zero mean error e[n], its variance o, (power)
is given by:

A

B ’
o, =— |} e de=—
; Af;j 12

When a quantized signal is sampled at frequency f, = [/T, all of its power
folds into the frequency band 0 < f < f,. Assume the quantizer has a white
noise spectral [A.PZI 96], the spectral density of the sampled noise is given

The noise spectral density of the quantizer is shaped by the proposed lowpass
YA modulator:

-2 i-@-a) ! +27]

Hence, the in-band (interested bandwidth: fay; < f < fyw) quantization noise
power of the ZA modulator can be calculated as follows:

Va2

N{f)=["EN(f) fi - z"ﬂl ~(2-a): ™+ z‘zlzaff

f.‘x’\‘- !

Substituting z = &= cosh - jsinB, where 8 = 2rf/f,,

]l— z-t_}l.2 =|l~cos @+ jsin 6’|'2
=(1-cos@) +(sin @)
=2—-2cos

x4sin2(5€) =0*
2
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Equation 3.7 describes the total noise power of the proposed EA modulator.
If noise-shaping extension technigue is not employed, 1.e. f, = 0, the
proposed TA modulator works as same as a conventional 3*-order lowpass
ZA modulator, which has a total noise power given by Equation 3.8:

o i :

=N, ()= . E'(f)0) df
. fﬂm 2 zi
H\ f /2 .
1287[ 0 11
B I J;m
_ 1287560': [mlwfv}fmw
O IR b P
1287°02 1 1 1 |
= f_\7 ' (T?” f - ‘,?fmw ]] (Egq. 3.8)

The performance of the proposed LA modulator and the conventional design
can be compared by writing the ratio of their noise power as a function of the
center frequency f, of the resonator in the proposed XA modulator:

%(.f}m'zv - .[.1'3\‘»-'17 )

1 1 2 e s
{7”1\“ - fu f;;uv += fu fbu“ ]_["{fﬁw —""g.fu fHH,g-i—Ef”L‘fm_H%}

fmm# B fywas
14 s 71 s O N A R
[fm-n'z _?f{r fﬂu': +Efa4f.!;u-'z J“[fmﬂ _?‘/u ./.'m‘l +§.fu .fBWE }

---------------------------------------------------------- (Eq. 3.9)
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Consider both ZA modulators have an interested bandwidth of 0 < f < fryw (1.c.
fawr = 0, fywz = frw), Equation 3.9 is simplified as shown in Equation 3.10.
The result 1s plotted as shown in Fig. 13.

! ,
N, (f) B ?‘fmvz
NFY b 2 s L e s
(f) .'—/Tfm!'z _gfu .fswz +§fu4.fnwz
- .2 -4 (Eq. 3.10)
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Figure 3.13 Plots of Neise Power Reduction with Optimal Placement of Resonator

The peak value of N(f)/N(f) is 6.25, which corresponds to a noise reduction
of 16 dB when the resonator is positioned at 0.76 fgy. The proposed noise-
shaping extension technique thus minimizing the quantization noise at a
given over-sampling-ratio. As a result, without dissipating extra power, the
proposed XA medulator achieves much better signal-to-noise-ratio than the
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conventional realization. It should be emphasized that when the interested
bandwidth does not include the DC (i.e. fuwy # 0), the effectiveness of the
proposed noise shaping extension technique would be even higher since the
conventional lowpass YA modulator is only most efficient in noise
suppression at frequency near DC. Nevertheless. when fewi 1s too high,
lowpass ZA modulator, with or without noise-shaping extension, may not be
applicable unfess a higher over-sampling-ratio is employed. A bandpass YA
modulator [AZI 96] or a pipelined analog-to-digital converter [ABO 99) may
be applied instead. Lastly, if fuw; is not zero (does not cover the DC),
Equation 3.9 can be applied to find the optimal placement of the resonator.
Fig. 3.14 shows the schematic of a fully-differential realization of the
proposed 3"-order lowpass TA modulator.
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Figare 3.14 SC Implementation of the Half-Delayv-dntegrator-Based Lowpass ZA Moduiator
with Noise-Shaping Extension

Opamps A realizes the first integrator of the modulator while the opamps A,
and A; can be configured to implement the resonator to achieve for the
proposed noise-shaping extension. Equation 3.11 describes the design
equation of the proposed A modulator.

Y(s)z z":X(:)+ (I - :"{] w(2 m%},é + z'w[f(z) {Eq. 3.11)

The advantage of using halt-delay integrators for the implementation is that
the opamps are required to be active onl y during their integration phases. As
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a result, these opamps can be turned off to save power or time-shared for
other circuits after their integration phases. The proposed ZA modulator
works as a conventional design when switched capacitor Ck 18 ignored.

18 Conchusion

To improve the performance of switched-opamp circuits, novel SC
architectures are proposed. In term of operation speed, a fast-settling double-
sampled SC architecture has been proposed and successfully employed to
realize a 10.7-MHz bandpass ZA modulator [CHE 02b] in a single 1-V
supply as will be discussed in Chapter 6. In term of reducing power
consumption, the development of a family of half-delay-SC-integrator-based
SC filters and LA modulator reduces the required power consumption by 50
% compared with conventional realization. Besides, a noise-shaping
extension technique, accompanied with detatled analysis and design
equations, is proposed to maximize the achievable signal-to-noise-ratio of a
3order towpass A modulator. The proposed noise-shaping extension
technique can be applied to other high-order lowpass and bandpass ZA
modulators. All the works have been applied to recalize a low-power
quadrature IF circuitry [CHE 03b] for Bluetooth receiver [RLU 99] (Chapter
7y and an ultra-low-power SC signal-conditioning systems [CHE 02a] for
pacemaker applications [STO 89] (Chapter 8}.
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Chapter 4

CIRCUITS IMPLEMENTATION AND LAYOUT
CONSIDERATIONS OF SWITCHED-OPAMP
CIRCUITS

4.1 Introduction

This chapter begins with the design considerations of switchable opamps for
switched-opamp circuits. The derivation of the specifications of a switchable
opamp will be discussed. Due to the extra time required to turn on the
switchable opamp, the operation speed of a switched-opamp circuit is slower
than its switched-capacitor counterpart for a given current consumption. The
fundamental turn-on time limit of a few switchable opamps reported in
literatures in recent years will be discussed. To improve the turn-on time of a
switchable opamp, a novel switching methodology is proposed.

Lastly, layout considerations to minimize switching noise coupling and the
loading effects of parasitic capacitors to the opamp as well as layout
techniques 1o maximize the matching of capacitors are presented.

4.2  Opamp Design Considerations for Switched-Opamp
Circuits

A. Topology:

For very low voltage operation, multi-stage amplifier approach [CHE
00a][FAN 97] (by cascading gain stages to obtain high gain) is more
attractive than using cascoded topology [JOH 96][GRA 93] (by cascoding
transistors to obtain high output resistance for high gain). which is usually
applied in conventional SC circuits operating at high voltages. The latter one
provides insufficient output dynamic range due to the cascoded structure at
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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 15%.

B. Low-Frequency Gain and Phase Margin:

The low-frequency gain of the opamp must be high enough to preserve the
accuracy of the circuit characteristics. A low-frequency gain of about 60 dB
1$ usually required and sufficient for most applications. A phase margin of
higher than 45° should be achieved to provide enough tolerance to process
variations that may reduce the phase margin and thus affects the stability of
the circuits, It would be advantageous to design the opamp with a phase
margin of 45° to achieve critical damping [GRA 93] when a step signal is
applied at the input of the opamp, which is connected in feedback
configuration in SC circuits.

C. Unity-Gain Frequency:

The wunity gain frequency is determined based on the settling time
requirement and on the sensitivity of filter transfer function to the opamp
gain-bandwidth. In general, the larger the unity gain frequency is, the shorter
the opamp settling time and the more accurate the filter transfer function
becomes. However, too high the unity gain frequency would create serious
noise alrasing effect into the SC system while also dissipating extra power. In
fact, to avoid excessive noise aliasing effect while preserving the fiiter
transfer function, the unity gain frequency is generally set to be about 10
times larger than the sampling frequency of the targeted switched-capacitor
circuits [GRE 867.

D. Turn-on Time of Switchable Opamp:

In accordance to the switched-opamp operation principle, the output voltage
must reach its final value within a half-clock period (T/2) of time since the
opamp will be off after its integration phase. This can be achieved only if the
sum of the turn-on time Tiyonimg o the slew time 7y, and the settling time
Tsome of the opamp is less than half a clock period as described befow:

¥
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As a result of the additional turn-on time requirement, switched-opamp
circuits operate slower than in conventional switched-capacitor counterparts
for a given current consumption. For moderate frequency operation (in less
than 1-MHz operation), it is reasonable to allocate about 20% of the half-
clock period for the turn-on time of the opamp. However, for high frequency
operation (from a few MHz to tens of MHz), the turn-on time of a switchable
opamp could be about 40% to 50% of the half-clock period. The long turn-on
time is usually fundamentally limited by the turn-on mechanism of the
switchable opamp. More elaboration of this fundamental limit will be
provided in next section of this chapter.

a) Settling Time:

The settling time can be assumed to occupy less than 40% of the half-clock
period with an accuracy of 0.1%. In general, the settling time 1s dependent on
the —3dB bandwidth, which in turn depends on the unity-gain frequency and
the closed-loop gain of the opamp, and 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 a result, 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 a two-stage opamp, the unity-gain bandwidth and thus the settling time
mainly depend on the compensation capacitor but not on the load capacitor,

b) Slew Time:

The slew time is determined by the slew rate of the opamp and the output
voltage V,t(t) change, AV, = V,(nT)-V,(nT-T), that the opamp output
must undergo in each integration step, as defined below:

AV

2

T\fmr -
SR

It 1s no doubt that the largest step AV, occurs when the signal at the highest
passband frequency wg is under processing. In the worst case, Voun will be a
sampled-and-held sine wave with a frequency wy and a hold-time of a half-
clock period T/2. This is actually a result of sampling and holding a
continuous time voltage V{1)=V,;,, sinwgt. Hence the maximum step which
V... (t) must take every T=1/f, seconds is given by:

e T dV(I )\ mﬁvh'z\-'fn,q

1
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Let x be the allowed portion of half-clock period for slew time, the slew rate
requircment is given by:

m!?V\-wa'ny _ 2(0.[51[/

SATI2)

SR > ]/zmr LS siing
T

vlew

Typically, x = 40% can be employved for most SC circuits employing
switched-opamp technique. Note that this slew rate requirement has to he
fulfilled for each of the compensation capacitors that is used in the circuit.
Besides, there are of course also signals of higher frequencies than wg
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.

E. CMRR, PSRR and Noise Consideration:

Fully differential architecture is used to increase CMRR, PSRR and to
minimize the noise problem. Meanwhile, the noise performance of a two-
stage opamp can be improved by making a better noise performance for the
first stage, given that the first stage gain is high. This is because the noise
generated by later stages will be divided by the gain of the first stage when it
is transferred back to calculate the equivalent input voltage noise. To achieve
better CMRR, the input stage can be implemented with a differential pair,
which 1deally 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 capuacitors and (o minimize the parasitic capacitors by
employing good layout technigues.

4.3  Design Review of Switchable Opamps
4.3.1 Design of Switchable Opamp by Switching Bias Current

Fig. 4.1 shows a two-stage opamp topology. The switch transistor Mgy can
short-circuit the current mirror transistors Mpg, My, and Mg, [CRO 94]. A
“High™ clock signal makes the conductivity of MSW equal to zero and the
current mirror acts as if Mgy 18 not present to turn on the opamp. A “Low”
clock signal makes the conductivity of Mgw high thus drawing all the biasing
current and pulling up the gate voltage of the current mirror transistors to
turn off the opamp.
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Figure 4.1 Switchable Opamp Design By Switching Bias Carrent

To maximize the switching speed, transistor MBO must be made large to
achieve large transconductance (gm) to charge the total gate capacitance
(Cei o) OF the current mirror when turning on the opamp. The time constant
associated with the current mirror is given by:

"

TGS aonal

trfon
My

It is obvious that the time constant would be minimized when the Mg 1s a8
big as the total size of the other current mirror transistors My, and My, At
this condition, however, My, would dissipate as much power as the total
power consumption of the opamp. Besides, since the gates of the transistors
of the current mirror is to be charged by a constant current source, the
switching is slow and power inefficient. In addition, the compensation
capacitor is discharged during the off-phase of the opamp. In order turn on
the opamp, the compensation capacitor takes long time to re-charge to its
operation point due to its large time constant. Consequently, the maximal
switching speed would be very limited.

4.3.2 Design of Switchable Opamp by Disconnecting from Power Rails

Another possible way to switch off an opamp is to disconnect it from the
power rails [PEL 98a] as shown in Fig. 42. The advantage of this switching
methodology is that the turn-on time is not fundamentally limited as in the
case of switching the bias current as discussed in previous section. Besides,
all switches could be driven by buffers, and therefore their turn-on and turn-
off speed is under better control than in the bias current-switching case.
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Figure 4.2 Switchable Opamp Design By Disconnecting from Power Rails

Nevertheless, this switching methodology creates a Tot of switching noise to
the supply and ground of the analog circuits. Moreover, the opamp takes long
time (o seltle when it is turned on and re-connected to access the power rails.

4.3.3  Design of Switchable Opamp by Switching Output Stage

An important implication can be observed from the previous discussions that
the amount of switching of the opamp circuitry should be minimized for fast
switching. In fact, it is possible to switch only the output stage [BAS 97a] of
a two-stage opamp to fulfil the operation principle of the switched-opamp
technique as shown in Fig. 4.3, By keeping the input stage active all the time,
the switching speed is now limited by the turn-on time of the current source
MB3, which does not conduct current during the off-phase of the output
stage. To minimize the time taken for re-charging the compensation capacitor
of the two-stage opamp, switch Mgy 1s inserted to prevent the compensation
capacitor from neither charging nor discharging during the off-phase of the
output stage. When the output stage is turned on, the switch Mgy acts as the
compensation resistor to remove the right-half-plane zero [GRA 93] of a
two-stage opamp to achieve higher phase margin. However, additional level-
shifter has 10 be employed to provide proper biasing of the switch MSW. As
a result, the power consumption is increased.
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Figure 4.3 Switchable Opamp Design By Switching Output Stage

4.4 A Proposed Fast-Switching Methodology for the
Design of Switchable Opamp

Figure 4.4 shows the proposed fast-switching opamp with dual time-
multiplexed output stages.
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Figure 4.4 Proposed Fasi-Switching Opamp with Dual Time-Multiplexed Outpul Stages

The two identical output stages are controlled to turn on and off alternately
using the differential switches My and M3 (M, and Myy) with a pair of
complementary clock phases (¢, and ¢;) [CHE 02b]. Fast turn-on time 18
achieved not only because the current biases Mg, and Mg of the output
stages are always kept active but also because the differential switches
provide low output impedance at the turn-on instance and thus reduce
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dramatically the RC time constant associated at the opamp output node. This
switching methodology is most suitable to be employed for realizing the
multi-phase  switched-opamp technique [CHE 99], which requires two
switchable opamps to work alternately such that there always exists a
functional opamp. Besides, the proposed fast-switching methodology can be
extended to apply on two individual switchable opamps, which work in
alternate phases in the same SC system as will be described in Chapter 7.
Besides, the compensation capacitors can be prevented from charging or
discharging by inserting additional switches in series with them as similarly
described i previous section.

4.5  Layout Considerations for Switched-Capacitor
Systems

4.5.1 Layout Floorplan for Switched-Capacitor Circuits

A typical floorplan of a fully-differential switched-capacitor circuit is shown
n Fig. 4.5, The analog part of the switched-capacitor circuit consists of
opamps, swiiches and capacitors, To minimize the noise from the clocking
signals to the analog part of the switched-capacitor circuit, a ground-shielded
guard ring is used to provide isolation from the clock bus. For good matching
of a fully-differential switched-capacitor circuit, capacitor arrays are laid out
close together. Digital circuits and clock generator are laid out away from the
anafog part to minimize its noise coupling (o the analog circuits.

[ Clock Bus

Capacitor Ir Capacitor n

=)

Array 2 Array - E

& £ 2 11 pigital g
= 2]|Opamp 2| Oramp Parts @
= = o

. o . U] ~

Capacitor Capacitor g
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Figure 4.5 A Typical Lavout Floorplan of 4 Fully-Differential Switched-Capacitor Circuit
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4.5.2 Layout Technique for Matching Capacitors
Linear capacitors can be obtained in the TSMC 0.35-pum CMOS process with

its double-poly option. The structure and the equivalent model of the linear
capacitor Cpuy pay are shown in Fig. 4.6 (a) and 4.6 (b) respectively.
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Figure 4.6 () Linear Capacitor Cross-Section (b) Capacitor Maodel with Parasitic Capacitors

The capacitor Cpaypoly 18 realized across the thin oxide between the two
Javers of polysilicon. Bottom-plate parasitic capacitor Coumeprae 15 formed
between the bottom polysilicon layer, field oxide and the substrate, and
hence its capacitance is seen at the terminal “A”. The bottom-plate parasitic
capacitor Choem pue Nas a value of about 20% of that of capacitor Couiypals
because of the thin field oxide between the bottom polysilicon layer and the
substrate. To avoid extra capacitance loading to the opamps, the bottom
plates of the capacitors should not be connected to the outputs of the opamps
as will be further discussed in next section.

The best matching between capacitors can be achieved it all capacitors are
designed to be an integral number of identical unit-capacitor cells. The unig-
capacitor cell should be drawn in square shape (o minimize the capacitance
error due (o the over-etching, which is propostional (o the ratio of the
perimeter to the area of the capacitor [LUO 99]. As the corners of the top
polysilicon layer are likely to suffer from higher ctching rate than the edges,
the corners are made with 45° [ISM 94] to obtain a better shape control.

For good matching of two capacitors with the ratio being a non-integer, the
ratios of perimeter to area of the two capacitors should be maintained the
same. Consider a squared capacitor C, with each side being x; to match with
a rectangular capacitor Cy with a ratio of C/C=K. The two dimensions x;
and y» of the rectangular capacitor C, are related to the capacitor ralio as:
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where Apand A, are the areas of the capacitor C; and C,. In addition, for
good matching, the ratios of perimeter to area of the two capacitors should be
the same:
P A (x, )
P4 2x,

4.5.3  Layout Considerations for Minimizing Switching Noise Effect

Most serious noise factors of a switched-capacitor circuit are the clock
signals (Veroek) and all digital signals in a mixed-mode systemn like XA
modulator that capacitively couple through any overlapping metal layers to
the input terminal of the opamp as illustrated in Fig. 4.7 below.
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Clock Bus [~ ]

i
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metal layers between clock —» G
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Figure 4.7 Parasitic-Insensitive Switched-Capacitor Integrators
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The ideal transfer characteristic 1s written below:

V) __Co

V(,”f()('n{ (f ) CZ

It can be observed that the noise signals is divided by the capacitive ratio
between the parasitic capacitor Cp and the integration capacitor C; of the SC
integrator. The sencusness of the noise coupling can be observed by
considering the case where Ve = 1V, Cp = 1 fF and C; = 1 pF. The notse is
coupled through the input terminal of the opamp to appear at V., with
amplitude as big as 1 mV, which would already limit the resolution of SC
circuits to below 60 dB. In practice, since the parasitic capacitor could be
much more than | fF, the noise signals that couple to the opamp output could
easily go over the ten-mV range, which would kill the performance of SC
circuits, As a result, this noise coupling effect must be taken into
consideration when the circuit it laid out. In general, the input terminal of the
opamp is too sensitive to noise that it should be kept as silent as possible and
away from any large and fluctuating signal that appear in the svstem. Lastly,
subject to the frequency of the noise signal, the effect of coupling will be less
than predicted from the ideal equation 4.6 due to the finite opamp-gain-
bandwidth,

4.5.4 Layout Considerations for Minimizing Parasitic Capacitive
Loading to Opamp

Figure 4.8(a) illustrates the schematic of a SC integrator employing
integrated capacitors with their bottom-plate parasitic capacitors connected at
the output terminal of the opamp. Obviously, this adds additional capacitive
load to the opamp and thus degrading the operation speed of the SC circuits.
Notice that the bottom-plate parasitic capacitor Cjp will be added to the
output of the other opamp in a SC circuits wherein a few integrators may be
cascaded.

() ﬁ () ﬁ
Cap L. e,
v i il .
I
- Vnul l . T Vuul
Cip gc- I |

Figure 4.8 (3) Bottom-Plale Parasitic at Ouiput of Opamp:
(b) Bottom-FPlate Parasitic at Input of Opamp
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On the other hand, the bottom-plate parasitic capacitors can be connected at
the input terminal of the opamp as shown in Fig 4.8(b). The bottom-plate
capacitors usually do not affect the transfer characteristics of the integrator it
high-gain opamp is employed. By not connecting the bottom-plate capacitors
at the output of the opamp, the operation speed of the SC circuits is not
degraded. Nevertheless, substrate noise could be coupled to the bottom-plate
of the capacitors to the opamp’s input terminal, which is quite sensitive to
noise as discussed before.

4.6 Conclusion

The turn-on time of a switchable opamp makes switched-opamp circuits
work slower than the switched-cupacitor counterpart. In general, both the
settling and slew rate performance of the opamp has to be improved to
compensate for the extra time spent on waking up the opamp. To improve the
turn-on time of switchable opamps, different switching methodologies have
been proposed in literatures. A novel switching methodology is proposed in
this chapter to achieve fast-switching by maintaining the bias current active
at all time 50 as fo reduce the time to turn 1t on again from off-state. To
improve the performance of switched-capacitor circuits, layout
considerations are discussed.
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Chapter 5

DESIGN OF A SWITCHED-CAPACITOR
PSEUDO-2-PATH FILTER USING MULTI-PHASE
SWITCHED-OPAMP TECHNIQUE

5.1 Introduction

High-Q Switched-capacitor (SC) bandpass filters can be realized with SC
highpass path-filters using 2-path lechnique or with SC lowpass path-filters
using 3-path technigue [VON 83][ANA 95]. Though the 2-path filter offers
better filter performances while employing less path cells, the required SC
highpass ladder filters have generally stray-sensitive structures unless those
stray-sensitive swilching capacitor branches are replaced by opamps [GER
861, which certainly increases the power consumption and therefore is not
desired. Meanwhile, SC lowpass ladder filters usually have stray-insensitive
structures [GER  86][ANA 95], and thus a trade-off between power
consumption and filter performances seems unavoidable when choosing
between 2-path filter and 3-path filter topologies. However, n z-domain, a
lowpass response can be transformed to a highpass response by replacing all
“z” terms in the transfer function with “-z”, which is known as the "z to —z
transformation”. By employing z to -z transformation on a switched-
capacitor lowpass filter, a highpass filter can be obtained while inherently
enjoying the advantages of the lowpass ladder filter structure without asking
for extra.

In practice, an LDI-transformed lowpass ladder filter is firstly derived and
converted to a highpass ladder filter using z to —z transformation method
[PAT &I]IRAN &5][BET 90|[SHA 91]. A z to 7" transformation, which
further converts the highpass fitter into a bandpass filter, can then be realized
through employing a RAM-type pseudo-N-path integrator cell [PAL 89a].
However, at a low supply voltage, the design of RAM-type path cell 1s
infeasible to be constructed using the original switched-opamp technique,
which does not provide multi-phase operation since ils operation principle
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requires to shut down the opamps after their integration phases. To solve the
problem, the multi-phase switched-opamp technique is proposed and
demonstrated a low-voltage switched-opamp RAM-type path cell to
implement a 1-V SC pseudo-2-path filter in this chapter.

5.2  N-Path and Pseudo-N-Path Filters

5.2.1 N-Path Filter

To achieve very high Q-values (relative bandwidth of 1% or less) bandpass
filter response, design technique based on the N-path filter concept may be
used |[VON 83][RAN 85][BET 90][SHA 91]. The N-path technique makes
use of the alias and image frequency-translated responses of SC filters in
order to achieve highly selective bandpass responses using low sensitivity SC
filters with low capacitance spread. To explain the principles of N-path filters
we consider the amplitude response Ascip of a switched-capacitor lowpass
filter {SC-L.PF) as shown in Fig. 5.1. This SC-LPF is a sample-data network
and is sampled with the clock frequency f.. The resulting periodical
frequency response Ascrp has a bandpass characteristic related to the low-
pass filter 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 QOutput

Input T

fc

AS('[.P

4P
0 NY fef2 fe 2fc

Figure 5.1 Ampiitude Response (ASCLP) of an SC Lowpass Filier

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 alone, as this will only enlarge
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the whole frequency response). Such an expanded filter is called an N-path
filter. Figure 5.2 shows an N-path {(N=3) filter.

SCLP
filter #1

Output
SCLP

[ilter #2

—o
i Vaze Voze Vize Vo, Voo ooon
SCLP

filier #3

Input

Figure 5.2 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) filters consist of 3 parallel identical filter cells, which are
cyclically sampled with the frequency f.. As such, the 3 path-filters take turn
to give out its output signal Vo, Voo, Vas, Vo, Vi, and so and so for. 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 a lowpass 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 shown in Fig. 5.3.
Axpamn

»' |

F 3

0 NY pe lsfe  2fc
Figure 5.3 Amplitude Response (Anpath) of an N-Path Filter with N=3

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 is the same as that of the
lowpass filter though N times higher sampling rate is used to operate the
filter. 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 Towpass filter, the
sensitivities to element value variations and the resulting capacitance spread
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are much less than that of a conventional SC bandpass filter that implements
the same (ransfer function as that of the N-path filter. This is one of the most
important advantages of using SC N-path filters over the conventional SC
bandpass filters. 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 [PAT 81]. However,
the N-path filter also brings out several important shortcomings:

t. 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 fecdthrough noise falls into the
passband of the filter.

2, Another disadvantage of N-path filters is that N times more
components are needed and hence approximately N times more
power consumplion,

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 [RAN &5][BET
90][FRA 91]. To explain this, we consider the amplitude response of a SC
highpass filter (SC-HPF) as shown in Fig. 5.4,

SC-HP
fiher

Input 1
¢

(S

—=o Output

1" Bandpass response
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A e
/ 1

e
0 NY 1 fe 3fe/2 2f¢

Figure 5.4 Amplitude Response {ASCHP) ot a SC Highpass Filter
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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 the first bandpass response, we can build a N-path
(N=2) filter with two highpass filters as path cells, which is shown in Fig. 5.5
below.

SC-HP

filter #1
Output

- 21 . . , .
SC-HP / Yo Yoz Yo Yoz, oo

lilter #2

2 Q

Input

ﬁk

2,

L : < z > f
D ————r e \
0 fe/2 NY fc Kiiv) 2 2fc

Figure 5.5 N-Path Filter Structure Comsisting of N Parallel. ldentical. and Cyclically Sampled
Highpass Filter Cells with the Corresponding Clock Scheme (N=2 35 Shown)

By so doing, the Nyquist range is extended to cover signal frequencies up to
£.. and hence the whole bandpass response can be used. Here, the passbands
lic at frequencies [,=if./2 (i =1.3,5...) while the clock frequency components
are located at integer multiples of .. 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 desired
to use.

3.2.2 Pseudo-N-Path Filter

Though N-path filter 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 are required. The main idea of pseudo-N-path filter
[GER 86][PAL 89a|[PAL 89bj[SHA 92][SHA 94] 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 1s
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 all 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. This is shown in Table 5.1
below.
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Fable 5.1 Conparisens 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 (1) N, of. 2Nyl Ny 2Nyl
Center frequency (F) ol f/N; /2Ny [Ny f 2Ny
resulting bandpass response
Bandwidth of resulting 2L, 2f-1) 2L, 208-1)
bandpass response
Minimum number ot paths 3 2 3 2
Clock Teedthrough Yes No No## No
Pre-filtering Buandpass Lowpass Bandpass Lowpass
Paost-liltering Bandpass Lowpuss Bandpass Lowpass
Number of Opamps needed (in | N times N times Same Same
multiple of that required in a
path filier)

Whuf Jpand fi stand for passband edges for lowpass and highpass filters respectively.
* Pseudo-N-path filier using lowpass path cells can be made free from clock SJeedthrough
noise by using cireularing deley ivpe cells [PAL 89h)

5.3  Zto-Z™ Transformation Using RAM-Type SC
Pseudo-N-Path Integrator

One elegant way of constructing a SC pseudo-N-path filter is to replace those
SC integrators that employed in a lowpass filter topology with a RAM- typ{,
S5C pseudo-N-path integrator [PAL 89a), which achieves z to —z"
transformation on a conventional SC integrator, An example of 4 RAM- -type
SC pseudo-2-path integrator is shown in Fig. 5. 6
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Figure 5.6 Differential Pseudo-2-Path Transformed SC Integrator
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The capacitors Cy and C¢ are the differential integrating capacitors of a
conventional SC integrator. The capacitors C, and C4’, and Cy and Cg’ work
as the only storage elements in this circuit. The operation is as follows.
During 05, the RAM-type path cell is integrating the new signal and the
stored signal in capacitors C, and C4™ at ¢, the resultant signal 18 passed
back and stored in storage capacitors C, and C4" at ¢». The circuit works
similarly at ¢; but with Cg and Cy’ as the storing elements. Now, assume all
capacitors in the differential paths are perfectly matched, at phases ¢, and ¢,.
capacitor Cp (C) receives the charge from the input capacitor Cyy (Ciw') and
from the storage capacitor C,’ (C4) from the opposite path. This operation
gives the sign inversion required by the z to -z transformation to the
integrator. During the time when both ¢, and ¢, are on, the updated charge in
Ci (CeY s transterred back to Cy (C4'y in the storage array. This charge 1s
then held on C, (Cn) for twe sampling periods. Equation 5.1 presents the
operation of C, mathematically.

Vout™ (nT) = (%E‘QVOM_ (nT ~27T) - gf*@\/in (nTY
ok A

! (Eg. 5,13

Vour (nT) = (g&}/{ml (ntT =27)- (CH Vin{nT)”

. ‘k

Stmilarly, the same operation 1s lﬁpedttd during phase ¢g while the charge is
stored on Cy (Cy"). By doing so., z to ~7” transformation is resulted. Equation
5.2 mathematically describes the operation on capacitor Cg,.

C,

Vout' (nT +T) [ (k‘—({mm (nT+T}-3T)~ (:‘” Vin(n T +T)
P

(Eg.5.2)

o (
Vout (nT +T)= (%\%}vmn AnT+7)-3T)~ ij-"' Vin(nT +T)
F h\ F )

Equation 5.3 describes the transfer function of the RAM-type SC pseudo-2-
path imugmtor, which is derived by performing z-transformation on either
Equation 5.1 or 5.2, since both equations give the same result towards z-
transformation.

Voui™ —Vour”™ Cn (Eq. 5.3)
Vin' —Vin~ C, (l +z 2)
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It can be observed that the RAM-type SC pseudo-2-path integrator has
successfully transformed the equation of a conventional SC integrator with a
7 to —z" transformation. Such an arrangement would basically guarantee the
memory elements, such as the mtegrdtmg capacitors in SC circuits, are
properly handled to achieve « to —z" transformation. For some SC systems
that involve memory elements other than the integrating capaciiors, such as
an elliptic SC ladder filter architecture, minor modifications are needed. This
will be explained turther in section 5.4. A usetul design consideration of the
storage capacitors Ca and Cy of the RAM -type SC pseudo-2-path integrator
can be observed through Equations 3.1 and 5.2, which show that the transfer
function 1s mdc,pmdu']t to the \dlue.s of capacitor C, and Cy. It is however
optimized to use same size capacitors for Cg, CF', Ca, Cu', Cp and Cy'. It 15
because 1f the storage capacitors (Ca, Ca’, Cp and Cg™y are smaller than the
integrating capacitors (C and Cp”), the signal will be amplified by the ratio
{CA/Ck or Cg/Cy) when it 1s stored. Therefore requiring more signal dynamic
range from the opamp to prevent it from being distorted. Meanwhile, using
storage capacitors that are larger than the integrating capacitor will slow
down the speed of operation, and this is also not desired in the chip-area
point of view.

54  Design of a 1-V Switched-Opamp SC Pseudo-2-Path

Filter

Figure 5.7 shows a swiiched-opamp RAM-type pscudo-2-path integrator
[CHE 00b] using the proposed multi-phase switched-opamp technique
described in section 2.5,
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Figure 5.7 Ditlerential RAM-Type Pscudo-2-Path {ntegrator Using
the Proposed Multi-Phase Switched-Opamp Technique [CHE 00b)
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C. and C,' are the integrating capacitors while C4 (Cy') and Gy {Cg" are for
the storage array. When ¢, and ¢, are on. output pair A is turned on to
connect C- and Cy' in feedback configuration while output pair B is off with
its outputs shorted to Vpp, Cp(Cy) receives the charge from Cp (C) and
from C4'(C,) from the opposite path. This operation gives the §ign inversion
required by the z — ~z transformation [PAL 89b][SHA 92]. When ¢4 and ¢
are on, output pair B 1s turned on to connect the storing capacitors C, and Cy'
in feedback configuration while output pair A is lurmd off with its outputs
shorled to Vyp. In this way, the updated charge in Cp(C)') is transferred back
to Cx (C4). This charge is then held in Cy (C) for two sampling periods.
The same operation is repeated during ¢y wnh the ¢harge stored in Cy(Cy')
instead of C, (C4"). By doing so, 2 - —2° transformation is successfully
realized with the fulty-differential two-switchable-output-pair opamp.

Figure 5.8 shows the schematic of the switched-opamp SC pseudo-2- path
filter [SHA 921, which is synthesized by replacing the integrators in a
conventional elliptic 3-order SC lowpass ladder filter [GER 86] with the
switched-opamp RAM-type pseudo-2-path integrator. A fully-differential
structure not only helps reject common-mode noise and reduce clock-
feedthrough noise but also provides a free sign inversion of the output
voltages, which is required in the overall z — ~7" transformation. Since only
one pair of output stages is active at a time, the resulting -V SC pseudo-2-
path filter uses the same number of opamps as its classical counterpart.

It is important to notice that some minor modifications are needed for the
coupling capacitors Gy (Cyy7) and Co, (Cy'), since they are also munorv
elements in the system Ehat realize z-transfer function of the type (z'-1).
Therefore, when the 7 to -7* 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 originally connected directly
to the amplifier output nodes [GER 86] in the lowpass ladder filter, to the
switched nodes |PAL 89b]. In this case, the charge on these coupling
capacitors is temporarily stored on the integrating capacitors Ca(Cy7) and Ce:
(Cc™), and will be given back after each sampling periods.
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Figure 5.8 5C Pesudo-2-Path Filter Using the Proposed Multi-Phase
Switched-Opamp Technique
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5.5  Circuits Implementation

Figure 5.9 shows the schematic of the proposed 1-V fully-differential two-
oulput-pair switchable opamp. The opamp 1s implemented with HP 0.5-um
CMOS N-well process with NMOS and PMOS threshold voltages of 0.7 V
and 0.85 V respectively. A PMOS differential pair is used as the input siage
for smaller Flicker noise [HUN 90][VAN 94].
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Figure 5.9 Schematic of the Proposed Fully-Differential Two-Switchable-Output-Pair Opamp

To cope with the already 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 bodies to their sources. This 1s 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 a low
frequency gain of better than 75 dB to maintain the filter transfer function
accuracy, this is necessary to ensure that both input (M, and M;) and load
(Mz and M) transistors operate in saturation region. Therefore, the gates of
output stage transistors (Ms, Mg, My, and M2) 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 Ms, My and Mg, My
respectively are inserted in between such that M and M, are biased with one
Vs higher than ground while ensuring M1 and M, operate in saluration
region [BAS 97a][CHE 00b]. Capacitors C¢y, Ces Cei and Cgy are
compensation capacitors for the two pairs of output stages. The output stages
are turned on and off by the transistors Mo, My, M5 and My, which are
controlled by the two non-overlapping clock phases ¢, and .. When the
output stages are cut-off, compensation resistors Meey and Mg (or My and
M) 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 -V SC pesudo-2-path filter are tied

85




Design of Low-Voltage CMOS Switched-Opamp Switched-Capacitor Svstems

to Vi, when the output stages are in off phase, thus preventing static current
from flowing through those switches and the output stages.

Figure 5.10 shows a dynamic common-mode feedback circuitry, which can
adjust the output common-mode voltages to 0.5 V (middle of rails) by
negatively feeding back signal to the gates of transistors Mz and M.
Transistors M, and My are used to adjust the common-mode feedback loop-
gain by drawing currents from M, and My respectively. As such the
transconductance of My and M, can be adjusted. Table 5.2 summarizes the
transistor sizes of the proposed switchable opamp.
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Figure 5.1 Dynamic Common-Mode Feedback Circult for the Fully-Dilfereniial
Two-Switchable-Outpui-Pair Opamyp

Table 5.2 Summary of Transistors Sizes of Switchable Opamp

Transistors Unit size Quantity
My, M, P2um/2. T um 12
M. M, 3um/Aum 12
M., Mg 3um/3um 20
Ms. Mg Mz, Mg M. M, 33uwm/2. lum 20)
Mg 10.2um/2. 1uim 4
My, 1.20m/2. Tum 24
My, Mg, Mps. Mo, Mz, Mgy 10.2um/2. I um 20
My, My Mys My 3.3um/2. lwm &
M Moo Meess Mees 5. 1um/0.6am 10
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It is worth to mention that, with a single 1-V supply, the inpul common-mode
voltage of the switchable opamp has to be set at ground, which results in zero
input common-mode range. But this is 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. Table 5.3
summarizes the measured performance of the switchable opamp.

Tahble 5.3 Mceasured Perlormance of the Switchable Opamp

Technology 0.5-pm CMOS
; Supply Voltage Y
f Low Frequency Gain 69 dB
Unity Gain Bandwidth 7 MHz
Phase Margin 457
Power Consumption 80 uUwW
Chip Arca [O0 uwm x 50 pm

5.6  Experimental Results

Figure 5.11 shows the chip photograph of the filter, which occupies an area
of (.8 mm* with unit capacitors of 0.1pF and a capacitance spread of 50. The
filter is implemented with a single-poly triple-metal 0.5-um CMOS process.

Fig. 5.11 Die photo of the filter
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The capacitors are formed with polysilicon and highly doped N-well (cap-
well option) regions to achieve both good linearity and small chip-area (2
fF/um’). The main drawback of using such a linear capacitor is that a large
bottom-plate parasitic capacitor of about 1/4 size of the linear capacitor is
created between the highly doped N-well and the P-type substrate. To
minimize the loading effects of those large bottom-plate parasitic capacitors,
special care should be taken in the layout to avoid the bottom-plate of the
linear capacitors to connect to the opamp outputs, Table 5.4 summarizes the
capacitor values used.

Table 5.4 Summary of Capacitor Valucs

Ca Cans Caoretr Crenls Cororers Coomeaz 43pF | Cooo Cage. Cos Cags O.1pE
Ch: Can: Cooess Caorears Coorea Catoreas SpF Car: Cag 0.15pl°
Cee Caes Caores: Carorense Caorens Crtonens A5pF Cay, Can 0.13pF
Cixe Can 0.59pF Cor, Cam 0.21pF
Cs. Chy 0.14pF Cr. CaL 0.1pF
Cher= (Cs+Cn)/2, Choar= (CastCam)/2 0.17pk
Coer = (CortCpal/2, Ciacan = (Cagi+Caosif2 0.13pE
Crea= (CLACul2, Cpoa = (Ca +Ca00)2 0.1pF

The measured transient responses [or a single-ended output and the
differential output of the filter with a 75-kHz 0.3-V,, in-band input are
shown, respectively, in Fig. 5.12(a) and 5.12(b). The corresponding
frequency spectrum for the differential output signal is shown in Fig. 5.12(¢).
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It can be observed that the filter settles properly even for a differential output
signal amplitude as large as [.2 Vip. From the above waveforms, it is evident
that the proposed switched-opamp mechanism is also based on the fact that
during one clock phase the output node is tied 1o the power supply and (he
output signal is not available, which is the same as in the case of the previous
switched-opamp technique. This causes a return-to-zero  cffect, which
reduces the passband guin of the filter by 6 dB [BAS 97a] if the si gnal 1s
processed continuously. Hence, it must be taken into account when the filter
passband gain is designed. In order to Fully utilize the output swing of the
proposed filter prototype, the filter is designed to achieve about 10 dB
passband gain for sampled-and-held output signal waveforms. In this case.
the peak-to-peak filter output signal is about 4 times of that of the input
signal in the passband. This is because the mput signal swing of the filter is
limited to be less than 0.3 Vi due to the turn-on requirements of the input
switches,

Theoretically, the maximum input signal amplitude is limited to be less than
0.4V, if NMOS (v, ~ 0.7 V) switch is used and the clock voltage is same as
the supply voltage (1 V). Certainly, the on-resistance of the input switch is
signal  dependent. The required on-resistance of the input switch is
determined by the RC time constant requirement during the sampling phase
for realizing a sufficient input signal bandwidth and proper settling at the end
of each sampling instance. The drawback of this design is that the input
switch is made large in order to enlurge the input signal swing while
achieving a low on-resistance but mereasing the charge injection and clock
tecdthrough noise. However, thermal noise contribution by the first sampling
switch will be decreased since most of the time the on-resistance of the input
switch is lower than required.

Figure 5.13 shows the measured frequency response of the filter. The filter
achieves a 6™-order bandpass response with a bandwidth of 1.7 kHz and a
passband gain of 1 dB. A minimum stopband Joss relative to passband of —38
dB is measured at frequencics of 72.5 kHz and 77.5 kHz. As a property of a
pseudo-2-path filter, the center frequency of the interested passband is
accurately focated at 75 kHz, which is exactly 174 of the sampling frequency
{3000 kHz), as desired. The filter actually could still settle properly for
sampling frequencies up to 800 kHz. Besides, power consumption could still
be increased to achieve faster operation if necessary.
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Figure 5.13 Frequency Ruesponse of the SC Pseudo-2-Path Filter

The third-harmonic distortion is measured with an in-band continuous nput
signal at frequency at f,, = 75.3 kHz. The third-harmonic component of the
input signal is located at 3#f, = 225.9 kHz and is folded at f, - 3%t, = 747
kHz, which is in the passhand of the filter, Figures 5.14(a) and 5.14(b) show
the measurement results for 1% and 3% total harmonic distortion (THD)
respectively. The 1% THD corresponds to a 0.42-V,, input signal and the 3%
THD to a 0.45-V,, input signal. The measured total output noise of the filter
is about | mV,m. The dynamic range for 3% THD is about 54 dB. Table 5.5
summarizes the filter performance.
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Table 5.5 Summary of Filter Performance

Technology

Supply Voltage
Center Frequency

()} Value

Sampling Frequency
Max. Qutput Swing
Total Output Noise
THD 1%

THD 3%

Dynamic Range (for 3% THD)

Powcer Consumption
Filter Chip Arca

(1L.5-um CMOS
Y

75 kHz
45
RILERISF
1.4V,

I mVrms
416 mV,
452 mVy,
54 dB
310w
(0.8 mm’

The filter is also tested with a single 0.9-V voltage supply. The transient
differential output response with a 75-kHz 0.3-V,,, input signal is shown in
Fig. 5.15, from which the filter is still observed to settle correctly. Figure
5.16 shows the frequency response of the filter for a single 0.9-V supply,
which is quite similar to the one measured with a 1-V supply.
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Figure 5.15 Quiput Transient with 75-kHz 0.3-Vpp Input Signal Using 0.9-V Supply
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Figure 5.16 Filler Frequency Response at 0.9-V Supply

5.6 CONCLUSION

A novel multi-phase switched-opamp technique is proposed. By using a
fully-differential two-switchable-output-pair opamp, the output signal is
available in any clock cycle, and hence useful SC techniques like pseudo-N-
path can be implemented at low supply voltages. The idea is illustrated
through the design and implementation of a 1-V SC pseudo-2-path filter
using the proposed switched-opamp technique in a 0.5-pum standard CMOS
process. The opamp has a measured low-frequency gain of 69 dB with a
phase margin of 45°. With a sampling frequency of 300 kHz, the filter
achieves a passband bandwidth of 1.7 kHz at center frequency of 75 kHz,
which corresponds to a quality factor Q of 45. The 1% THD is measured
with in-band input signal amplitude of 0.42 V. The filter dissipates a power
of 310 LW and occupies a chip area of 0.8 mmy. Proper operation of the SC
pseudo-2-path filter is still observed with supply voltages as low as 0.9 V.,
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Chapter 6

DESIGN OF LOW-POWER AND HIGH-
FREQUENCY SWITCHED-OPAMP CIRCUITS

6.1 Introduction

In 1994, switched-opamp (SO) technique [CRO 94] has been shown to be a
promising low-cost solution to realize SC circuits at 1-V in standard CMOS
processes. Since then, a few numbers of modifications [BAS 97a, CHE 00b]
have been proposed to improve the performance of the switched-opamp
technique in terms of operation speed and compatibility with most of the
existing SC systems. Yet, SC circuits employing those switched-opamp
techniques at 1-V operation can only achicve a reported operation speed up
to 10 MHz, which is far lower than the SC circuits at higher voltages. This
chapter focuses on the development of switched-opamp circuits, on both
system-level and circuit-level, to handle with both low power and high
frequency applications. Up to 50 MHz of operation speed was measured
through the demonstration of a 1-V 10.7-MHz CMOS switched-opamp
bandpass LA modulator [CHE 02b].

On the system level, the proposed fast-settling double-sampling SC
biquadratic filter architecture (Chapter 3 Section 3.3) is employed to achieve
high-speed operation. Besides, a Jow-voltage double-sampling (DS) finite-
gain-compensation (FGC) technique [NAG 97] 1s employed to realize high-
resolution TA modulator using only low-DC-gain opamps to maximize the
speed and to reduce power dissipation. On the circuit level, a fast-switching
methodology is proposed for the design of the switchable opamps (o achieve
switching frequency up to 50 MHz. The operation frequency is improved
five times more than prior 1-V switched-opamp designs and comparable to
the performance of the state-of-the-art SC circuits that operate at much
higher supply voltages. Implemented in a 0.35-im CMOS process (Vyp = -
0.8 V and Vyg = 0.65 V) and at 1-V supply, the modulator achieves a
measured peak signal-to-noise-and-distortion-ratio (SNDR) of 42.3 dB at
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10.7 MHz with a signal bandwidth of 200 kHz while dissipating 12 mW and
occupying a chip area of 1.3 mm?.

6.2  Bandpass XA Modulator Topology

Figure 6.1 shows the block diagram of a second-order bandpass XA
modulator topology {BAS 97b, CHE 02b], which consists of an adder, a
resonator, a I-bit analog-to-digital converter and a I-bit digital-to-analog
converter (DAC). The ideal transfer characteristic of the bandpass XA
modulator is given below:

Quantization noise efn]

Loop-filter (resonator)

Input signal
XN | ——

Bit siream
¥[n]

<

Comparator

1-hit DAC

Figure 6.1 Linear Modei of a Second-Order Bandpass ZA Moduiator
Y(z)=z" (.1 - z’l)X (z)+ (I +z7 )E(z)

It can be observed, in the z-domain, that the input signal is shaped with a
highpass function z"(l-z']) instead of a delay (z°) as in most A modulator
bandpass designs [A.AZI 96] while the quantization noise is still shaped with
a notch function at the center frequency of the modulator. Similar to
conventional second-order bandpass XA modulators, every doubling of the
over-sampling-ratio (OSR) offers a 9-dB improvement in the si gnal-to-noise-
ratio (SNR). Theoretically, the maximum achievable SNR of this TA
modulator is about 60 dB at an OSR of 107. For a bandpass SC XA
modulator, it is possible to use only AC-coupling capacitor (Cg) to realize the
highpass function for the input branch of the £A modulator [BAS 97a]. For
low-voltage operation, this is an advantage since the AC-coupling capacitor
basically does not impose any swing limit to the input signal. The adder and
the DAC can be easily implemented with switching capacitors in SC circuits,
The quantizer can be easily realized with a latch-type comparator to save
static power consumption. The discrete-time resonator can be easily realized
from most of the reported SC biquadratic architectures (FLE 79, GRE 86,
ANA 95, KT 95], which are generally insensitive to process variations.
Therefore, the modulator performance can be preserved without acquiring
automatic tuning circuits [LIN 99], which would generate additional noise
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and consume extra power as in continuous-time XA modulators. Nevertheless,
as explained in Chapter 3, the conventional SC biguadratic filters may not be
optimal for high-speed applications, the proposed fast-settling double-
sampling SC biquadratic filter architecture (Chapter 3, Section 3.3) is
employed to implement the resonator for the bandpass LA modulator.

6.3  Fast-Settling Double-Sampled SC Resonator

Figure 6.2 shows the proposed fast-settling double-sampled SC resonator.
The corresponding minimum switch configuration can be easily obtained by
combining those switches with same function. The transfer function of the
proposed SC resonator architecture is written as shown below:

Ce o
ozf Lm
i—f}) _..ib_'T_;Ci g
BEART ,;%i To
»—-(/DE—T—i b )
o o Ca ", £¥
E‘G ~ 2@% ™ P
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Figure 6.2 Proposed Fasi-Settling Double-Sampled SC Resonator

H(") — V(ﬂm(z) C.’\C(?Z_i {] - Zii}
Vin(z) CpCp + (Cf»'CD - 2CBCD){i + (CBCD +CyCe — CFCI))Z_Q

Intuitively, by ChOOSiﬂg Cp = 2C5, C]CD = CCCA and CAC(_; = CBC]), the
required resonator for the ZA modulator can be implemented as illustrated
below.

ASS.[U’”(‘.’ C.;;“ s ZCB’CACC :CFCD’CACG :CBCD

i~ (1 _
H(Q)— - 1+ z°°
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By operating in a double-sampling manner, the unity-gain-frequency
requirement of the opamps is reduced by 50%, compared with conventional
SC biquadratic filter as explained in previous section. Moreover, unlike the
double-sampled SC biguadratic filter in [NAG 97], the proposed architecture
employs only non-inverting delay SC integrators for the realization of the
core of the filter such that there is no direct feedback in the architecture. As a
result, the two opamps are decoupled from each other to achieve independent
and fast setthng. Besides, the use of non-inventing delay SC integrators is
also immune to parasitic effects [GRE &6].

6.4  1-V Double-Sampling Finite-Gain-Compensation
Technique

Although opamp bandwidth requirement is reduced by 50% with double-
sampling technique, high opamp gain (usually over 60dB) is still required to
preserve the resonator performance [ALANA 95]. As a result, most high-
frequency SC XA modulators consume large power [SON 89, ONG 97, BAZ
98]. Ta further reduce the opamp gain and bandwidth requirements, finite-
opamp-gain compensation technique ¢an be applicd, Figure 5.3 iltustrates the
effect of finite opamp gain to the performance of a SC integrator [MAR 81,
GRE 86].

o Gy

jCC);

Vou

Gain error -V, /A,

Figure 6.3 BEflcet of Finite-Gain Opamp in SC Integrator

Obviously, due to finite opamp gain, a residual error is imposed at the input
terminal of opamp at every integration event of a SC integrator and thus
limits the accuracy. This in turns Hmits the resolution of the £A modulator.
On the other hand, 1f the output signal can be effectively predicted, a battery
that 1s pre-charged with the amount of gain error can be used to make the
charge transferring node a pegfect virtual ground as shown in Fig, 6.4,
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Banery pre-charged at Vo /A,

uul

{0 ﬁ,/‘ N
Xin acts as perfect

virtual ground

Gain error -V /A

Figure 6.4 Compensated 5C Integrator

Theoretically, the opamp DC gain can be compensated to make it infinite
with a perfect prediction scheme. In practice, a tew number of possible
compensation techniques have been proposed [KI 91, 95, NAG 977 in recent
years to significantly reduce the finite-opamp-gain error to achieve good
circuit performances. Specifically, for bandpass applications, the double-
sampling finite-gain-compensation {DSFGC) technique proposed in [NAG
97] can be employed to achieve a compensated opamp gain up to A}, where
A, is the actual opamp DC gain. The concept of the DSFGC technique [NAG
97] is based on the fact that the output waveform of a high-Q bandpass filter
being sampled at f. is basically a sinusoidal waveform at the filter center
frequency f.. Moreover, if the ratio f./f. is chosen to be equal Lo 4, the output,
as illustrated graphically in Fig. 6.5, will consist of only four samples with
magnitudes Vi, Vo, Viand Vg, where Vy=-Vyand V; = -V,

Input signai at £ (f/l. =4)

n /

"
(n+2 )T( n+3T

Figure 6.5 ustration of DSFGC Scheme
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In other words, if the output components V| and V. can be memorized by the
system, they can be used to predict and to effectively compensate the gain
errors for the next two output components Vi and V,. For signals at
frequencies other than f,, the compensation will be less effective as the stored
samples cannot be used to accurately predict future samples for
compensation. As a result, this technique is most effective for realizing high-
Q bandpass filter and is perfectly suitable for implementing the resonator
required for the bandpass XA modulator.

For low-voltage operation with a high-swing output, the DSFGC architecture
proposed in {NAG 97] must be modified to avoid connecting MOS switches
at the opamp outputs. This is achieved by using the SO technique proposed
tor multi-phase operation in [CHE 00b] together with the free sign-inversion
[INO 86] from a fully-differential architecture. Figure 6.6 shows the
proposed low-voltage fully-differential DSFGC SO integrator using the
multi-phase SO technique.

4
=
o Voutdl
=
Vin ¢
= ,
= [/ Vould2

e

Figure 6.6 Proposed Low-Vollage SO DSFGC Integrator
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The proposed DSFGC employs two switchable opamps, each of which has a
single differenttal input stage and two pairs of differential output stages that
are turned on and off alternately to implement the multi-phase SO technique
[CHE 00b]. The integrator capacitor is realized with two capacitors Cyy; and
Cps of the same size as discussed previously in the multi-phase SO technique.
C,; and C,; are the battery capacitors, which compensate for the finite gain
error during integration. Cy; and Cyao are the memory capacitors on which
the output samples are stored while Cypy and Cygo (having the same size as
Cuwar and Cyan) are used to achieve the required sign inversion for the gain
compensation. At t = aT, ¢,=[, opamp A, operates on the input V,[nT] and
produces the output V,,[nT] = V|, which is sampled and stored by Cya;.
Gain compensation for input V[(n+2)T] can be performed during t = (n+1)T
and 02 = 1, where Cyg, is connected to the opamp in feedback loop while
Cyiay 18 discharged and with the stored output signal injected into Cyy. As a
result, the opamp output voltage 1s set to about V. [nT] if Cyar = Cyps.
Capacitor C,; is therefore pre-charged to about V,,[nT)/A,, where A, is the
actual opamp DC gain. This pre-charged value at C,, is approximately equal
to =V, [(n+2YT)/A,, which corresponds to the virtual ground error at the
opamp’s negative input terminal during processing the input signal
Vitm+2)TL At t = (n+2)T, capacitor C,; remains charged at the value
previously acquired and acts like a battery in scries with the opamp’s
negative input terminal. Similar operations are carried out by the bottom
opamp (Ag) but in opposite phases as Ay, Unlike in conventional double-
sampling techniques, however, two opamps are required here for each
integrator to implement gain-compensated double sampling. The transfer
characteristic of the finite-gain-compensation technigue is written as follows:

v e+ 1T J-v {n+ 7, ]

A

X [(n + 1T = X [(n + i)T(_]x -

i

The equation shows that the DSFGC SO integrator, with the input terminals
Xins and X, acting as the virtual ground, exhibits an effective opamp gain of
AL where A, is the actual opamp DC gain. To verify the efficiency of the
proposed low-voltage gain-compensation technique, three simulated SC
resonator responses are obtained with SWITCAP2 [FAN 83] as shown in Fig.
6.7. Figure 6.7(a) and (b) show two responses of a resonator using the
conventional SC biquadratic architecture with opamp gain of 5000 V/V and
70 VIV respectively. Obviously, not only the peak of the resonator drops
significantly, but also the center frequency shifts in case of an insufficient
opamp gain. On the other hand, as illustrated in Fig. 6.7(c), even with an
opamp gain of only 70 V/V, SC resonator that employs the DSFGC
technique can still have its response well preserved as if a conventional SC
resonator using high opamp gain. Though the passband and center frequency
characteristics of a resonator are maintained with the employment of DSFGC
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technique, the resultant stopband attenuation is even larger than both
conventional cases (a) and (b). This 15 because the DSFGC scheme is
designed only to be effective to predict and compensate for errors due to
finite-opamp-gain for signals near Y of the sampling frequency. As a result,
the DSFGC would create more errors to signals that are located far away
from Y4 of the sampling frequency. Nevertheless, the effect of the errors
created due to incorrect gain-error compensation to signals at the stopband is
gencrally not important to the overall system performance, and in most cases
exira stopband attenuation could be a benefit.

o

Amplitude Responses /dB

I L ; 1
1 12 14 1€ T s
QuencyHz

x 10"

Frequency /

Figure 6.7 (a} SC Resonator bmng/()pump with Gain 5000 V/V: (b) SC Resonator Using
Opamp with Gain 70 V/V: (¢) DSFGC SC Resonator Using Opamp with Gain of 70 V/V

Consequently, by employing the DSFGC technigque to implement SC system,
the opamp gain requirement is greatly reduced. Moreover, due to the double-
sampling feature, the required opamp unity-gain bandwidth is also halved.
Hence, the power consumption of the SC system can also be significantly
reduced.

6.5  Realization of DSFGC Bandpass A Modulator

Figure 6.8 shows the overall implementation of the proposed SO DSFGC XA
modulator. The resonator, which is realized with the proposed fast-settling
biguadratic filter architecture, consists of two DSFGC integrators as
described in previous sections with capacitive input coupling (Cg) to achieve
large input signal swing at low-voltage. This would provide unlimited input
swing to the modulator at a low-supply voltage.
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Fignre 6.8 Schematic of the Proposed LA Modulator
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Differential latch-type comparators E, and E; are used to process the
resonator outputs at ¢, and ¢, respectively. Clock phases ¢, and ¢, are
applied to reset the comparators E, and E; respectively before they perform
the comparison. The comparator outputs are stored and fed back to the
resonator with switched capacitors Cg, which form non-inverting delay SC
branches. The comparator outputs are held by two D flip-flops (DFF) and
combined at two complementary clock phases using multiplexers (MUX) to
produce the output bit streams. The modulator coefficients are optimized
with simulations for maximizing the achievable signal-to-noise ratio. Table
6.1 summarizes the value of the capacitors.

Table 6.1 Summary of Capacitor Values

Ca 0.675pF Cy; 0.225pF
Cy 0.405pF Cr 0.225pF
Co 0.81pF Cy 2pF

Gy 0.675pF Cus IpE
Cper = 0.4Cc+ 0.5C 0.436pF
Chea=04C,+0.4C: 0.594pF

6.6  Design of Low-Voltage Building Blocks
6.6.1  Current-Mirror Operational Amplifier

As explained in Chapter 4 (section 4.1), primarily due to the long turn-on
time of the required switchable opamps, the maximum sampling frequency of
switched-opamp circuits is still limited to only a few MHz. Since the
switchable opamp is basically operated in slew-limiting situation during the
turn-on moment, enhancing 1ts slew-rate performance can significantly
reduce its turn-on time. By far, current-mirror opamp topology [JOH 96] has
been well known for its excellent slew-rate performance. The reasons are
two-folded: Firstly, unlike two-stage opamp topology, current-mirror opamp
does not require compensation capacitors that usually limit the opamp stew-
rate for a given power consumption. Secondly, the slew-rate performance can
be enhanced significantly by scaling the current-mirror ratio in the current-
mirror opamp. Figure 6.9 shows the topology of a current-mirror opamp. The
detailed analysis of the current-mirror opamp is shown in Table 6.2,
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Figure 6.9 Current-Mirror Operational Amplitier

Table 6.2 Summary of Current-Mirror Opamp Transfer Characteristics
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The overall transfer function of the current-mirror opamyp i3 basically a two-
pole system with approximately a single-stage-amplifier low-frequency gain.
In fact, for high-voltage operation, cascoded output stage can also be
employed to improve the overall opamp low-frequency gain to be
comparable to that of the two-stage opamps. However, it will severely reduce
the output swing of the opamp for low-voltage operation. Besides, as
discussed previously, non-cascoded single-stage amplifiers can already
achieve sufficient gain for preserving the performance of the proposed XA
maodulator with the DSFGC topology.

In Fig. 6.9 and Table 6.2, the K factor is the ratio of the current mirrors,
which sets the amount of current amplification from the input stage to the
output. Employing a larger K value could improve both the opamp gain and
slew-rate, however, the second pole of the opamp alse moves to a lower
frequency and thus degrades the stability of the opamp. It is worth to mention
that the transconductance of the transistors Mz and Ms of the current-mirrors
to the first order does not affect the opamp DC gain and the bandwidth.
Instead, given a current consumption, the design of transistors M. and M;
with a larger gate-to-source-voltage (Vgs) can push the second pole farther
apart from the dominant pole to obtain better stability performance. This is
intuitively true since the transconductance is proportional to the square root
of while the parasitic gate-capacitance {Cgy) 1s hinearly dependent to the
device aspect ratic (W/L). In addition, employing an advanced CMOS
process with higher device mobility and smaller device feature size (Lyy)
could put the second pole location to higher frequency due to the
improvement of transconductance and reduction of parasilic capacitance. In
fact, for 1-V aperation, the Vg of transistors Mz (M) and Ms (M) is Iimited
to a maximum value of about 0.7 V in order to keep the PMOS input
transistors M, and M. and the current source Mg, in saturation region, To
compromise between the slew-rate and the stability, a moderate K value of
1.67 1s used.

6.6.2 1-V Switchable Current-Mirror Opamp with Dual Time-
Multiplexed Output Stages

As discussed above. though slew-rate-enhanced opamp topolegy could
reduce the switching time of switchable opamp, the amount of speed
improvement 1s fimited by low supply voltages. A new switching mechanism
15 therefore proposed to further reduce the turn-on time for low supply
voltages. Figure 6,10 shows the proposed fast-switching fully-differential
opamp with dual time-multiplexed output stages.
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Figure 6.0 Fast-Switching Current-Mirror Opamp with
Dual Time-Multiplexed Output Stages

The input stage of the proposed opamp is made up of a PMOS differential-
pair (M, to M) with the common-mode input voltage set at ground. The two
identical output stages are controtled to turn on and of! alternately using the
differential switches My and M (M, and M,;) with a pair of complementary
clock phases (¢, and ¢»). Fast turn-on time is achieved not only because the
current biases My and Mgs of the output stages are always kept active but
also because the differential switches provide low output impedance at the
turn-on instance and thus reduce dramatically the RC time constant
assoctated at the opamp output node. For fast turn-off, additional NMOS
switches are added at the outputs to pull them to ground. With all these
design techniques, a maximum sampling frequency up to 50 MHz at 1-V
supply is measured, which is improved more than ten times compared with
prior arts [CRO 94, BAS 97b, WAL 01]. The opamp achieves a measured
DC gain of 70 V/V and a unity-gain frequency of 100 MHz for a 3-pF
loading at 1-V supply. As a result, the DSFGC topology could provide a
compensated and effective opamp gain of 4900 V/V to preserve the
performance of the ZA modulator. To maximize the output swing of the
opamp, the common-mode output voltage was measured to be (.4 V with a
measured linear output swing of about 0.4 V. Table 6.3 and Table 6.4
summarize the size of the devices used for the opamp and the measured
opamp performances respectively.
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Table 6.3 Summary of Device Size

Transistors Unit Size Quantity
Mp) g0um / 0.8um x48
Mg,. M3 {Om / 0.8um x40
M,. M, 20um / 0.414m x24
M;, My 10m / 0.0um x24
M;, Mg, My, My 10um / 0.6um x40
Mo, Mg M. My 20um / 0.4um x40

Table 6.4 Summary of Measured Performance of the Proposed Switchable Opamp

Technology 0.35-pum CMOS
Supply Voltage 1V
Low-Frequency Gain TOV/IV
Unity-Gain Frequency 100 MHz
Phase Margin 50°
Max. Switching Frequency 50 MHz
Power Consumption 2.8 mW
Linear Output Swing (Single-ended) 0.4V
Loading Capacitor 3pF
Chip Area 400 x 300 wm’

6.6.3 Current-Injected Common-Mode Feedback Circuit

Figure 6.11 shows the current-injected error-amplifier-based common-mode
feedback circuit (CMFB) for the proposed opamp.
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Figure 6.4 Comnmon-Mode Feedback Cireuit for the Proposed Switchable Opamp
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The CMFB circuit consists of SC level shifters and an error amplifier [WAL
99]. The SC level shifters not only solve the DC-biasing problem between
the opamp output nodes and the error-amplifier input but also provide the
reference voltage to the CMFB circuit to control the opamp common-mode
output voltage to 0.4 V to maximize the opamp’s output swing. The proposed
current-injected ervor amplifier, being made of a differential pair with two
identical output branches, is employed to enhance the common-mode
teedback loop-gain for fast response. The outputs Vey and Vi of the
CMFB circuit are connected to the currene-mirroring noedes of the opamp
input stage, which are at low impedance. As a result, error signals that are
generated by the SC level-shifters due to inaccurate common-mode output
voltage of the opamp will be injected to the error-amplifier and fed back in
form of current to the input stage of the opamp at Vg and Vo 10 control
the common-mode voltage.

6.6.4 1-V Latch-Type Comparator

The schematic of the 1-V latch-type comparator [PEL 97a] with NMOS
regenerative pair is shown in Fig. 6.12.
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Figure 6.12 1-V Latch-Type Comparator
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Similar to the CMFB circuit, SC level-shifters are used not only o generate
appropriate bias for the opamp output nodes and the comparator’s tnput
nodes but also to provide appropriate reference level tor the comparator. The
comparator is reset by cutting off M¢, and My and pulling Mgy and Mgp to
ground at ¢,. When ¢; and ¢, are high, the comparator is still in the reset
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phase, and the SC level shifters pass the differential output signals of the
resonator to the Input terminals of the comparator. When ¢, is low, the

comparator makes decision and produces the result, Parenthesized clock
phases are used for comparator reset at @,

6.6.5 1-V D-Flip-Flop

Figure 6.13 shows the 1-V D-flip-flop (DFF) used for the realization of the
LA modulator.

vV [2Fy

DFEFout- : : DFFout+
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My, ’:l )-_._H:{i Lalch control

Figure 6.13 1-V 1}-Flip-Flop

The DFF consists of a PMOS regenerative pair for fast operation. Since the
transistors My, and Mpy; operates m triode region as switches, the minimum
supply voltage is given by Vpp = Vg + Vg, = 1V, The DFF fatches the

result when the latch control goes low such that My, and Mps are cut off
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6.7  Experimental Results

Figure 6.14 shows the chip photograph of the proposed second-order SO XA
modulator.

1.3 mm

A
Y

Figure 6./4 Chip Photograph of the Proposed A Modulator

The SO A modulator is designed and fabricated in a standard double-poly
four-metal 0.35-um CMOS process (Vip = 08 Voand V= 0.65 V). The
chip arca is about 1.3 mm’. Poly-to-poly capacitors are used for good
lincarity. The opamps arce distributed evenly at two sides while all capacitors
are laid out close together for good matching. The analog circuits {opamps
and switched-capacitors) are placed at the top surrounded by a guard ring to
minimize the switching noise coupling from the digital parts (comparators,
DEFs and multiplexers), which are placed at the bottom of the layout.

Figure 6.15(a) plots the measured output frequency spectrum of the ZA
modulator operated at 1-V supply with an input frequency of 1, = 10.676
MHz. The A modulator operates at a clock frequency of 21.4 MHz to
achieve an effective sumpling frequency of 42.8 MHz with the double-
sampling technique. The  bandpass noise-shaping function 1s accurately
centred at 107 MHz as designed, which verifies that the proposed SO
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DSFGC scheme indeed achieves high effective opamp gain and preserves the

resonator [’)CI’fOI’E“ﬂZlHCE .

- ! 1 z ! E 1 : ! ! i
() ¢ Input signal 10.676 MHz) A : : :
: : L3 Emage signaliat 10,724
T
i
1
Il-
jan) 1
] )
—— 1
"
-
=
=
Z
ol Hfut;\ e 5t xmpllng flu]uu‘:n
OF e s RN
Ruolutlon Bandmcfth 10 kH? (Clock fn;qut.nuy 21 4 Ml]x)
—an ? i } i i | i I ] i
2 4 [ a i 12 % L 18 iy
Frequency / MHz
~tor—H . . . . . .
E*uﬂdmm,n[di '\I&Jkl] _________“5“ mmmmmmmmmmmmmmmm
71" KSR SR SOV O AUEORU PR ROV S b A
; : : ; : : : : a
= : 5 42 4B b3 di
Z 5 5 5 ‘ i
= : : : t 0
= : : ! i
= © Emage signal ¢ a0
< .--y—-,,,,,,, L
[ : : - ‘ O
: ﬁ hammnmv
s} B
ANl
U M o
| - ; “:F (il

o L
108 1062 10.84 108é 1068 0¥ 1072 10.74 Lo 1078 0.8

Frequency / MHz

Figure 6,15 (a) Measured Output Frequency Spectrum of the Proposed ZA Modulator at 42.8

MHz Operation: (b) Expanded View of the Output Spectrum

¢

e




Low-Power and High-Frequency Switched-Opamp Cireuils

Figure 6.15(b) plots the zoom-in frequency spectrum with a -17-dBV
10.676-MHz input signal at which the peak SNDR is obtained. The image
signal created coherently with the double-sampling structure [BAZ 98] 1s
located at /2 - f,, = 10.724 MHz and is suppressed by 42 dB which is
considerably better than the image-rejection requirements by many
applications [BLU 99]. A 42-dB image suppression is equivalent to a path
matching as good as 0.1%. The third-harmonic component of the input signal
is located at 3%f,, = 32.028 MHz and folded back at f, - 3%, = 10.772 MHz,
which is inside the interested 200-kHz bandwidth centered at 10.7 MHz, and
is measured to be 53 dB below the fundamental. Figure 6.16 plots the SNDR
as a function of the input level.

* * ' ! ‘ 5 i E
: ‘ 2ak SNDR #2.3 .
o : : Pe 1k SNDR 4 . dlifﬂ%
Bl A Distarion.
= : . . ; : & | .
2 : ‘ : : v . domipated
E I O
3 wl //” i
= : I P ’
+ : ‘ pd
& ! . )
B pEb e b RSRIRTERRTRY oo g W -
= !
. : o
& ; A
o : o : :
Z = AL T R
= ‘ Input Signal Frequency: 10.676 MHz
& 3 /./”; Effective Sampling frequency: 42.8 MHz
L2 i / """ """;Passhand: 200kHz centered at 1027 MHz ~ 7
e : Owver sampling ratio: 107
" : :
i0 i | 1
&0 4G —40 - ~30 —20 20 -1& —10

Input Signal Level / dBY

Figure 6.16 Mceasured SNDR vs, Input Signal Level

The SNDR is measured from the frequency spectrum captured through a
spectrum analyzer. Unfortunately, the capturing system does not have an
averaging property and so resulting in noise fluctuation during capturing. As
a result, though the slope of the measured SNDR versus input signal Tevel is
very close to one, it does not has a slope of unity. The measured peak SNDR
is 42.3 dB (not including the image signal) with a bandwidth of 200 kHz at
an input level of —13 dBV. At 1-V operation, the ZA modulator dissipates 12
mw.
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Theoretically, with a bandwidth of 200 kHz and a sampling frequency of
428 MHz, the over-sampling-ratio (OSR) is about {07, and the maximum
achievable SNR of this second-order bandpass XA modulator is about 60 dB.
Hspice simulation result shows an achievable peak SNDR of 49.5 dB with an
input magnitude of —10 dBV. The difference between calculation and
sinulation could be caused by several factors, namecly the non-linear
behaviours of the ZA modulator and the non-idealities of the circuit
performance. The measurement result is 7 dB lower than the simulation
result mainly due to the significant increase in harmonic distortion at input
magnitude larger than —15 dBV, The distortion is caused by insufficient
settling tirme and unexpected reduction of linear output swing of opamp from
0.5 Vto 0.4 V. To verify the settling problem, the ZA modulator is tested at a
sampling frequency of 21.4 MHz. With the same OSR, a peak SNDR of 46
dB is achieved with an input magnitude of —12 dBV. Nevertheless, because
of the reduction of the opamp output swing, large distortion is resulted with
input levels farger than —12 dBV and thus reduces the maximum achievable
peak SNDR. For sampling frequencices below 20 MHz with the same OSR.
peak SNDR measurements of about 46 dB are obtained. This shows that the
settling error is dominant at sampling frequencies above the designed value,
which i1s 42.8MHz.

The ZA modulator is also measured at a sampling frequency up to 50 MHz.
Figure 6.17(a) shows the measured frequency spectrum with a 12.475-MHz
input signal at a sampling frequency of 50 MHz. A proper operation is still
observed but the performance is poorer mainly due to insufficient settling
time.
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Figure 6.17 (a) Measured Quiput Frequency Spectrum of the Proposed 2A Modulator at 50
MHz Operation: (b Expanded View of the Output Spectrum

Figure 6.17(b) plots the zoom-in spectrum with a -20-dBV 12.475-MHz
input signal at which the peak SNDR is measured. The image located at a
frequency of t/2 - f,, = 12,525 MHz is suppressed by 25 dB. The third-
harmonic component located at 3*f;, = 37.425 MHz and folded back at f; -
3%f, = 12.575 MHz is measured to be 33 dB below the fundamental. At an
input level of =20 dBV, the modulator achicves a peak SNDR of 25 dB (not
inchuding the mage).

Table 6.5 summarizes the performance of the proposed ZA modulator
together with that of other modulators. Compared to the switched-opamp ZA
modulator designs in [PEL 98a, BAS 97b], the proposed SO DS FGC ZA
modulator achieves a sampling frequency at least ten times higher and a
comparable SNDR while operating at similar supply voltages at a cost of
consuming more power. In comparison to the 5-V BiCMOS switched-
capacitor ZA modulator designs in [F.SINOS5, FRA 96], not only does our
modulator operate at much lower supply voltage (1 V) but it also consumes
much less power while achieving acceptable SNDR.
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Table 6.5 Perlormance Summary of the Proposed DSFGC ZA Modulator and
State-of-the-Art ZA Modulators

Design |[CHE 02b] | [V.PEL 934] | |BAS 97b] | SIN 95 [FRA 96]
Technigue Switched-Opamp Switched-Capacitor
Technology (.35-um 0.5-um {.5-um O.8-pm I.2-um

& CMOS CMOS CMOS BiCMOS BiCMOS

Voltage 1Y 0.9V Vv 3V 3V

Sampling s gy, | (538 MH. | L8MH. | 428 MHz | 42.8 MHy
Frequency

Center 10.7 M7 NA 400 kHz 107 MHz | 10.7 MHz
Frequency
Bandwidth 200 kHz 16 kHe 20 kHe 200 kHe 200 kHz

Order Second Third Second Second Second

Type Buandpass Lowpass Bandpass Bandpass Bandpass

Peak 42dB 57dB 46 dB
423 ¢ 2

SNDR 42348 o2 d (SNR) (SNR} (SNR)
Chip Arca L3 mm® 0.85 mm’ 1.5 mm’ NA 0.84 moy’

Power 12 mW 40 UwW 240 uW 60 mW 30 mw
6.8  Conclusion

A -V A modulator 1s presented vsing a high-speed SO technique to achieve
a sampling frequency of up to 50 MHz, which is improved about five times
compared to prior switched-opamp designs and comparable o  the
performance of the state-of-the-art SC circuits that operate at much higher
supply voltages. A low-voltage DS FGC technique 1s proposed to realize
high-resolution ZA modulator using only single-stage low-gain high-
handwidth opamps to maximize the speed and to reduce power dissipation.
In addition, a fast-switching methodology is also proposed for the design of
the switchable opamps to achieve switching frequency up to 50 MHz. An
error-amplifier-based CMFB is embedded in the opamp for optimal operation.
At 1-V, the modulator achieves a measured peak SNDR of 42,3 dB at 10,7
MHz with a signal bandwidth of 200 kHz.
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Chapter 7

DESIGN OF LOW-POWER AND HIGH-LEVEL-
INTEGRATED SWITCHED-OPAMP CIRCUITS

7.1 Introduction

Nowadays 1C designers are constantly challenged not only with single-chip
integration but also with low-voltage and low-power designs. This is
motivated both by the increasing demand of low-voltage low-power 1C
designs from most market segments and by the reliability concern under
voltage scaling of deep-submicron CMOS processes. While many low-
voltage RF circuits [SHA 97, WAN 98, WON 02] have been able to operate
at very low supply voltages, and recently low-voltage receiver front-end
[UGA 01] has been demonstrated with special SIMOX/CMOS processes of
low Vy, the possibility of integrating 1-V channel-select filter and A/D
converter in a CMOS process with high-Vy is stll unknown.

Implemented in a standard (1.35-um CMOS technology, simulation results of
a 1-V analog front-end circuit for Bluetooth receiver applications have been
shown possible and recently published [CHA 01]. With the availability of the
1-V CMOS quadrature IF circuitry, a monolithic Bluetooth receiver can be
realized using only single 1-V supply to reduce power dissipation and thus
the life of batteries for portable applications. Monolithic implementation also
reduces the cost as well as the size and weight of the portable equipment. In
this chapter, the realization of 1-V guadrature IF-filter and quadrature ZA
modulator is presented. Using the switched-opamp technique, the integration
of the low-voltage quadrature IF circuitry for Biuetooth receivers is
demonstrated in a standard 0.35-um CMOS process.
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7.2 System Description

Figure 7.1 shows the simplified block diagram of the proposed Bluetooth
receiver, which consists of a low-noise amplifier (LNA), image-rejection
mixers, anti-aliasing filters, frequency synthesizer and quadrature IF circuitry
for channel selection and A-to-D conversion. Table 7.1 summarizes the key
specitications [BLU 99] of the wireless receiver for Bluctooth applications.
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Table 7.1 Summary of Key Specitications ol the

XA Modulator

Proposed Bluetooth Receiver

Key Specifications

Frequency Band

2.4 - 248GHz

Sensitivity @ .15 Bit Error Rate {BER) <-70 dBm
Image Rejection =20 dB
Noise Figure <22 dB
Lincarity >-16 dBm
Channel Spacing | MHz
Bandwidth / Data-Rale { MHz
V(O Phase Noise < 89 dBe
Modulation GESK
Additional Design Parameters
Technology 0.35-um CMOS

Supnly Voltage

1V

Total Power Consumption

< 50 mw

Intermediale Frequeney

(LG5 MHz

Variable Gain Control

48 dB

Output Signal-to-Noise Ratio

=>4 dB
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Antenna receives radio-frequency (RF) signals to pass to the low-noise
amplifier (LNA) for amplification of the interested signal band of 2.4 GHz to
2.48 GHz. According to the spectfications of the Bluetooth system [BLU 99],
a 20 dB in-band image rejection is required, which usually can be casily
achieved by employing image-rejection mixer provided that good - VCO
signals are available. Good layout techniques should also be employed (o
keep good matching between the two mixers in order to maintain sufficient
image-rejection. Since the image-rejection requirement is not high, a single-
conversion super-heterodyne architecture [RAZ 98, BEH 00] with a low
intermediate frequency (IF) of 0.65 MHz can be chosen to minimize the
power dissipation compared using a high-1F receiver [GUO 01] or dual-
conversion [TAD 017 topology, while coherently avoiding DC-offset and
Flicker noise problems that occurs in direct-down systems [RAZ 97]. To
operate the quadrature switched-capacitor IF circuitry at low power
consumption, a low sampling frequency of 10 MHz 1s used. A minimum of
30-dB rejection to aliasing signals at 9.35 MHz is achieved by employing a
third-order lowpass anti-aliasing filter with cut-off frequency at around 1.6
MHz, The quadrature IF circuitry [CHE 03b] consists of a guadrature
seventh-order IF-filter (a ¢ascade of a second-order biquadratic SC bandpass
filter and a fifth-order ladder lowpass filter to achieve a 1-MHz bandwidth at
a center frequency of 0.65 MHz) and a third-order lowpass ZA modulator
with extended noise-shaping to obtain at least 12-dB signal-to-noise-ratio.
Variable-gain-control {(VGC) stages are inserted between these blocks to
achieve a total gain control of 48 dB. The guadrature outputs are combined in
the digital domain through digitaf-signal-processing (DSP) where decoding
of signals 1s carried out. Therefore, DSP technique can also be employed to
further improve the image-rejection.

To address the low power dissipation requirement of the Bluetooth receiver,
new destgn technigues at both the system and the circuit levels are proposed.
circuitry is built using only half-delay switched-capacitor (SC) integrators.
As deseribed in Chapter 3 half-delay-SC-integrators-based  architectures
require the opamp to be active only during the integration phase, which allow
up to 50 % power reduction to the whole system. To operate at a single 1-V
supply, switched-opamp technique is employed to realize the half-delay-SC-
integrator-based biquadratic filter, ladder filter and ZA modulator topologies
for the quadratwre IF circuitry for Bluetooth receiver. Besides, a deeper
insight of the advantage of using half-delay SC integrators for SC system is
on the possibility to time-share the active clements among the quadrature
channels to enjoy both better channel matching and  fower power
consumption. In order to achieve it, a novel dual-input switchable opamp s
designed to coherently avoid coupling of signals and allow time-sharing of
the opamps between the quadrature channels.

119



Desigin of Low-Voliage CMOS Switched-Opamp Switched-Capacitor Systems

7.3 Design of 1-V Switched-Opamp Biquadratic Filter

As mentioned in Chapter 2, switched-opamp technique [CRO 94, CHE 00b)]
maintains low sensitivity to opamp finite gain while saving 50 % power
consumption compared with the SC counterpart when applied to implement
the half-delay non-inverting SC integrator. Fig. 7.2 shows the switched-
opamp realization of the proposed half-delay-SC-integrator-based
biquadratic filter in Chapter 3 for channel-selection. By eliminating those
problematic switches and replacing the original opamps with switchable
opamps that are set active during their integration phases, a low-voltage SC
channel-select filter of the IF circuitry is implemented.

O-bit variabie-

. SC Dyvnamie Level-Shifters
gain-control

in

Figure 7.2 Proposed Switched-Opamp Biguadratic Filter with 6-bit Variable-Gain-Control

It can be observed that, due to the adoption of only half-delay SC integrators
in the architecture, the two opamps A, and A, are only required to be active
during their integration phases ¢ and ¢, respectively. As a result, these
opamps can either be turned off or time-shared with other circuits after their
integration phases to save power. A 6-bit (Bit-A to Bit-F) variable-gain-
control circuit (VGC) is implemented by capacitor-ratio scaling at the input
stage of the filter. For bandpass applications, it is possible (o employ only
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AC-coupling capacitors [BAS 97a, CHE 02b] as the input stage of the filter
to maximize the input signal swing. It is because the AC-coupling capacitors
do not impose a signal swing Limit. Equation 7.1 describes the transfer
characteristics of the proposed switched-opamp channel-select filter.

[ (:) — - (“1(‘(1 (l — Zi] ): ] _ (Ea. 7.1}
Vi, (z) (Cn +Cy )C.'; - [(Zczecp +CC, —C,C )]5_1 +C,Cpe P

The denominator coefficients can be set by means of capacitor ratios to
achieve for different bandpass filtering responses. In order to achieve a
bandwidth of | MHz and a center frequency of 0.65 MHz while running at a
sampling frequency of 10 MHz, a set of capacitors values are calculated and
summarized in Table 7.2.

Tuble 7.2 Summary of Capacitor Valucs for 8C Channel-Select Filter

Ca .11 p
Cy 0.44p
Ce 0.22p
Ce (for 0-dB gain) 0.48 p.
Cy 0.3p
Capacitance Spread = Cp/Cp = 4

A low capacitance spread of 4 is achieved, For 1-V operation, dynamic level-
shifters [BAS 97a] (Cpey and Cpen) are employed to set the input and output
common-mode DC operating points at 0 V and 0.45 V respectively. A 0-V
input DC common-mode point favours the employment of a PMOS
differential-pair as the input stage of the opamp. The output common-mode
DC operating peint of opamp is set at (.45 V for circuit realization
consideration to maximize the linear output swing.

7.4 Design of 1-V Switched-Opamp Ladder Filter

A fifth-order switched-capacitor ladder filter is employed to provide further
attenuation of more than 12 dB and 30 dB at 1.65 MHz and 2.65 MHz
respectively to fuifill the interference rejection requirement of the Bluetooth
receiver., The filter is designed to have a —3-dB frequency of 1.5 MHz at a
sampling frequency of 10 MHz. For low-power and Tow-voltage operation,
the proposed half-delay-SC-integrator-based SC ladder filter, which is
described in Chapter 3 section 3.5, is employed. Figure 7.3 shows the
simplified switched-opamp realization of the fifth-order ladder lowpass filter,
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which is derived from LCR-prototype [GRE 86] to achieve low passband
sensitivity to element variations.
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1 ‘"\._- il
1 -
! =
1 1‘,-0
1 )
| v
iz
H
I
1
"
o

£

Outputs connected to ZA modulalor e

Figure 7.3 Proposed Switched-Opamp Ladder Filier with 1-Bit Variable-Gain-Control

As described in Chapter 3 Section 3.5, the key modification compared with
conventional realization [GRE 86] s on the signal inversion at the outputs of
the opamps OPg and OP), such that only half-delay SC integrators are used to
implement the filter. By employing switched-opamp technique, all
problematic switches are eliminated such that the filter can be implemenied
in a single |-V supply. Besides, the opamps OP,, OP¢ and OP;; are required
to be active during ¢, while opamps OPy and OPy, are only turned on during
¢r. This saves 50 % of the power consumption compared with a conventional
SC ladder filter, which does not turn off the opamps after their integration
phases. To avoid cxcessive loading effects to the switched-opamp channel-
select filter, only 1-bit (Bit-G) variable-gain-control is employed at the input
of the switched-opamp lowpass ladder filter. Table 7.3 summarizes the
capacitor values of the proposed switched-opamp ladder filter.

Table 7.3 Summary of Capacitor Values for SC Channel-Select Filwer

Ca .24 pF Cy 0.2 pF
Cp (0.32 pF Cie 0.2 pF
Ce (0.44 pF Coz 0.2 pk
Cp (.29 pF Coa 0.2 pFF
Cr 0.14 pF Cos 0.2 pF
Cy 0.2 pF Cog 0.2 p¥
Cp 0.2 pF Ciyr 0.2 plF

Cog 0.2 pF
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7.5  Design of 1-V Switched-Opamp Lowpass TA
Modulator with Extended Noise-Shaping

For the Bluetooth receiver, the ZA modulator must provide a signal-to-noise-
ratio {SNR) of more than 9 dB for the analog-to-digital conversion for the
interested frequency range of 0.15 MHz to 1.15 MHz (bandwidth of | MHz)
while running at a low sampling frequency of 10 MHz to reduce power
consumption. For this system, bandpass XA modulator [AZI 96, CHE 02b]
cannot be employed since 1t requires the sampling frequency to be four times
of the center frequency of the interested bandwidth. On the other hand,
conventional lowpass £A modulators [COB 00, GER 00b] are only efficient
for noise shaping at frequency range near the DC. In order to achieve for
high resolution, either a large OSR {(high sampling frequency) or a high-order
XA modulator topology [AZI 96] must be employed. However, a high
sampling frequency requires the circuits to run faster while a high-order
topology needs more hardware, either ways dissipate much more power. In
fact, tfor a conventional single-loop third-order lowpass LA modulator that
operates at such a low over sampling ratio (OSR) of only 5. the signal-to-
noise-ratio (SNR) is only 3 dB, which is insufficient. In order to employ a
low sampling frequency of 10 MHz for the whole IF circuitry to reduce
power consumption, as described previously in Chapter 3 section 3.6, noise-
shaping extension technique can be applied to enhance the signal-to-noise-
ratio (SNR) of the conventional 2A modulator. Simulation result shows that,
at a low OSR of only 5, the noise-shaping extension technique improves the
SNR from 3 dB to 22 dB without acquiring extra active elements. Figure 7.4
shows the simplified schematic of the switched-opamp implementation of the
proposed third-order ZA modulator with noise-shaping extension for 1-V
operation.

1 {-bil variablc-gain- 1
1
cantrol

: um'_m_ 2zos - |

: | -(. }l. ‘

: 1 I\G)l BitH i

1 NNt

' 1 Q2

: | . ;

: I o cb{ -
Output ol i O
I Aout

ol G

Co o

L Ve 2t

1 Cofer Bidf

X .

' v {BitH .

1 """'“_"'""-"il'""

1

! H

R ! —~ Complementary

Switch
Figure 7.4 Hall-Delay-Integrator-Based Lowpass £A Modulator
with Noisg-Shaping Extension
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The %A modulator employs only half-delay SC integrators to reduce power
consumption. It can be observed that the opamps OP,, and OP: are required
to be active during ¢, while opamp OP- is only turned on during ¢,. This
saves 50 % of the power consumption compared with conventional designs
that employ full-delay integrator cells [COB 00, GER 00b, DES 01].
Extended noise shaping is achieved by employing an integrator to suppress
the quantization noise at the DC and a resonator, which is placed at around
0.6 MHz, to notch out the quantization noise at low frequency. As a result,
the noise-shaping region is extended and high SNR can be obtained even
under a low OSR. A 1-bit (Bit-H) VGC is included at the input of the SO ZA
modulator to further enhance the linear range of the whole IF circuitry but
not putting excessive loading effects to the switched-opamp lowpass ladder
filter. Table 7.4 summarizes the capacitor values used.

Table 7.4 Summary of Capacitor Values [or the Lowpass A Modulator

C, (1.5 pF
Cy 0.135 pIF
Cp 0.155 pFF
C: (.5 pF
Cy 0.225 pE
Co (.25 pF
C 0.5 pI-
C; (.09 pF
Cy {.085 pF

7.6 Quadrature Channels Optimization

By employing switched-opamp techniques to implement the half-delay-SC-
integrator-based filter and XA modulator, alt the opamps employed in the IF
circuitry can be turned off after their integration phases. As a result, the
power consumption can be reduced as much as 50% compared with
conventional SC implementation.  Nevertheless, the input stage of the
switchable opamp may be kept active at all time to achieve fast turn-on for
high-speed operation as discussed in Chapter 4. Considering a typical two-
stage opamp design, the input stage may burn 1/4 of the total power
consumption of the opamp. Consequently, the power reduction is typically
between 40 % 1o 50 % depends on the design of the switchable opamp.

To waive the extra power dissipation for maintaining the input stage of the
switchable opamp always on, a deeper insight is put on the possibility to

time-share the input stages of the opamps hetween the quadrature channels.
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The sharing of the input stages of the opamps would also bring for better
matching and faster operation. Considering two half-delay SC integrators
that are employed respectively in the I<channel and Q-channel of the
guadrature path as shown in Fig. 7.5.
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Ouiput stage is turned OFF
alter integration

Figure 7.5 Two Hall-Delay SC Integrators Operate in Alternate Clock Phases

By operating the quadrature channels in alternate clock phases, the half-delay
SC integrators are therefore set to be operational alternately. In this sense, it
is possible to time-share the input stages between the switchable opamps
employed among the quadrature channels to save power and gain in better
matching.

However, time-sharing of opamps could create a serious problem. This is due
to the finite opamp gain, which left behind the residual errors at the opamp
input terminals after each integration, therefore inevitably introduces
coupling between the two channels and degrades the overall image rejection
of the receiver. With this consideration, though it is possible to, the input
stages of the opamps among the quadrature channels are not shared.
Nevertheless, the output stages of the switchable opamps between the
channels could still share a single current source for fast turn-on. This
motivates the design of a dual-input switchable opamp to coherently avoid
coupling of signals and allow time-sharing of the opamps between the
quadrature channels, as discussed in next section.
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7.7  Circuits Implementation

Figure 7.6 shows the proposed dual-input switchable opamp, which consists
of dual two-stage operational amplifiers,
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Figure 7.6 Proposcd Dual-Input Switchable Opamp

The input stages of the opamps are made of PMOS differential-pairs with the
common-mode mput voltage set at ground. The outpur stages are controtled
to turn on and off alternately using the differential switches My and M, (M,
and M,-) with a pair of complementary clock phases. The combination of the
ountput stages at current sources My and My can significantly reduce the
turn-on time of the output stages of the opamps. This is not only because the
current sources My, and My» of the output stages are always kept active but
2150 because the differential switches provide low output impedance at the
tari-on instance and thus reduce dramatically the RC time constant
¢ sociated at the opamp output node {CHE 02b]. For fast turn-off, additional
NMOS switches are added at the outputs 1o pull them down to ground. Two
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error-amplifier-based common-mode  feedback  cireuits {[PEL 97a] are
employed to control the common-mode outputs voltages of opamp to L.45 V
for muaximal linear output swing. Table 7.5 summarizes the measured
performance of the switchable opamp.

Table 7.5 Summary of Measured Performance of the Proposed Swilchable Opamp

Technology 0.35-pum CMOS
Supply Voltage 1V
Low-Frequency Gain 65 dB
Unity-Gain Frequeney 80 MHz
Phase Margin 47°
Max. Swilching Frequency 15 MHz
Power Consumption .3 mW
Tincar Outpul Swing 04V
Mading Capacilor I pF

The measured lTow-frequency gain of the opamp is 65 dB. which is high
enough to preserve the characteristics of the filters and XA modulator. The
opamp is designed to have a maximum swilching frequency of only 15 MHz,
which minimizes the power consumption of the opamp while providing
about 5-MHz margin. The design of the common-mode feedback circull,
comparator and D-flip-flop are simifar as that presented in Chapter 6 section
6.6 and thercfore are not repeated here.

7.8  Experimental Results

Figure 7.7 shows the chip photograph of the guadrature IF cireuitry for the
Bluetooth receiver.
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Figure 7.7 Chip Photograph of the [F Clreuitry
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The quadrature IF circuitry is implemented in a 0.35-um CMOS double-poly
four-metal process (Vyp = -0.77 V. Vqy = 0.6 V) and occupies a chip area of
about 3.15 mm”.

Figure 7.8 shows the measured frequency response of the whole IF-filter.
The variable-gain-control for the whole [F filter is set at a nominal gain of 24
dB for the measurements. A |-MHz bandwidth is obtained with -3dB
corners located at 150 kHz and 1.15 MHz. The IF-filter provides an
attenuation, with respect to the 24-dB passband gain, to interferences at .65
MHz and 2.65 MHz of more than 18 dB and 40 dB respectively, which well
exceeds the Bluetooth specifications,

Fraquency Responea of IF Fillsr

Amplitode Gain /dB

Y 0.5 1.0 1.5 2.0 25 3.0 3.5

Frequency /MHz

Figure 7.8 Measured Frequency Response of the [F Filter

The differential output transient response of the IF filter with a 240-kHz 0.5-
V,» In-band input with VGC sets at 0-dB gain 1s shown respectively in Fig.
7.9.
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Figure 7.9 Differential Output Transient Response of IF Filter

Since the IF-fikter 1s implemented with the switched-opamp technique.
Therefore, a return-to-zero effect [BAS 97a, CHE 99] can be observed due to
the shorting of the output of the opamps to the ground after the integration
phase. The return-to-zero effect reduces the passband gain of the filter by 6
dB [CHE 00b] if the signal is processed continuously. Hence, it must be
taken into account when the fiter passband gain is designed.

A 42-dB variable gain control is measured for the IF filter with 6-dB step
size. At a nominal gain of 24 dB, the IF filter achieves a 46-dB dynamic
range at a [-% third-harmonic distortion while dissipating 2.5 mW at a |-V
supply.

Figure 7.10 {a) and (b) show the full-span and in-band frequency spectrum of
the ZA modulator,
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The proposed ZA modulator achieves a 3"-order lowpass noise-shaping
function. The interested signal bandwidth is 1-MHz (0.15 MHz to 1.15 MHz).
It can be observed that with the placement of the resonator at 600 kHz
position, the noise-shaping region is extended with quantization noise not
more than ~60 dB before 1.15 MHz. The extension of quantization noise
suppression makes it possible to use a low oversampling ration (OSR) to
achieve a high resolution, which can only be achieved with an increasing
sampling frequency (OSR) with conventional topology.

Figure 7.11 plots the signal-to-noise-and-distortion (SNDR) ratio against the
input signal level. A peak SNDR of 18 dB is achieved in a 1-MHz bandwidth
and a sampling frequency of only 10 MHz. It shows a 20-dB improvement in
the peak SNR compared with conventional third-order lowpass ZA modulator
topology without applying noise-shaping extension technique.

Measured SNDR vs. Input Signal Level
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Figure 7.11 Measured SNIDR vs. Input Signal Level
Figure 7.12 shows the 3% third-harmonic distortion (THD) for the IF
circuitry. The 3% THD is obtained with a 240-kHz and 0.8-Vpp input signal

with the VGC sets at 0-dB gain. The third-harmonic component is located at
720 kHz with an amplitude 30 dB lower the fundamental.
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Qutput Spectrum of ZA Modutator

Output signal at 240 kH»

Third-harmomc at 720 kHz
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Figure 7.12 OQuiput Spectruny al the Za Modulator Qutput Showing 36 THD
Figure 7.13 plots the 1IP3 measurement result of the whole IF circuitry with
the variable-gain-control circuit sets at a gain of 24 dB. In a [-V supply, the

whole IF circuitry achieves an TIP3 of better than -3 dBm for two tones at
1.65 MHz and 2.65 MHz with a power consumption of 3.5 mW,

TIP3 Measurement with VGC=24dB
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Measurement result shows that the matching between the quadrature
channels is better than 34 dB (2%), which is sufficient to fulfil the image
rejection requirements. The circuits have also been successfully tested at a
supply voltage of 0.9 V with proper operation. Figure 7.14 shows the output
spectrum of the whole IF circuitry (measured at the output of the ZA
modulator).

Output Spectrum of ZA Modulator
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Output Power / dBm
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a 05 1 18 z 8 e a5 4 48 5
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Figure 7.74 Qutput Spectrum of ZA Modulater ata 0.9-V Supply

Though similar IF-filter frequency response is obtained, distortion increases
a lot such that the HP3 only reaches about -8 dBm at 0.9V operation. Also,
the peak SNDR measured from the XA modulator reduces to 15 dB, which is
marginally enough for Bluetooth receiver applications. Nevertheless, the 48-
dB variable-gain-control still works properly and the power consumption
reduces to 2.6 mW, Table 7.6 summarizes the performances of the proposed
quadrature IF circuitry.
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Table 7.6 Perlormance Summary of the Proposed Quadrature IF Circuitry

Technology

0.35-pum double-poly 4-metal
CMOS process

Supply Voltage .
Filter Bandwidth IMHz

Channel Matching

34 dB (2%)

Vartable-Gain-Control

(dB to 48dB
6dB per step

Lincarity

- 3dBm @ 24 dB Gain

Dynamic Range @ Filter

48dB @ 3% 1M

Peak SNR

18 «B

Power Consumption

35 mw

Chip Arca

3.15 n'mi

7.9 Conclusion

A single 1-V switched-opamp IF circuitry for Bluetooth receiver is
implemented based on half-delay SC integrators to improve channel
matching and reduce power consumption. To further reduce the power

consumption of £A modulator.

. @ novel noise-shaping extension technique is

proposed to achieve high resolution with low OSR. At 4 1-V supply, the IF
circuitry consumes only 3.5 mW, which makes it very attractive for most
portable applications. With the availability of low-voltage CMOS front-end

cireults, single 1-V CMOS wireless transceivers maybe avail

future.
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Chapter 8

DESIGN OF ULTRA-LOW-POWER SINGLE-
SWITCHED-OPAMP-BASED SYSTEMS

8.1 Introduction

In the past decade, biomedical ICs have been playing an important role in
medical treatment such as pacemaker applications [SAN 96]. The biomedical
1Cs must be:

Compact to be implanted into body
Ultra-low-power to extend battery life
Tiny-size and highly reliable.

CMOS technologies are always good candidates for low-cost, low-power and
rehable IC designs, The feasibility of integrating both analog and digatal
circuits in single-chip makes CMOS technologies possible for compace
designs in low cost. In recent years, a few numbers of low-power biomedical
ICs have been emploving switched-capacitor (SC) crreuits for signal
selection and digitization [CAS 90b, GER 00a, BAS 00]. In fact, SC circuits
guarantee high performance accuracy and provide high dynamic range due to
the use of highly-matched-and-linear integrated capuacitors. Besides,
switched-opamp technigques [CRO 94, BAS 97a, CHE 993 show robust and
good performance for operating SC systems at low supply voltages, which
allow hiomedical 1Cs to operate at sub-1-V region. The lowering of supply
voltages can reduce the power consumption as well as the size of battery,
thus improving the chip’s implantability. Lastly, biomedical applications
usually require SC circuits to work only in a few kHz sampling frequency,
which makes it possible to operate in a few W,

In fact, at a sampling rate of a few kHz, the power consumption of a SC
cireuit is primarily determined by the number of opamps count. On the other
hand, the current draw of an cpamp is mainly lower limited by, system-wise,
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the speed and noise requirements: and technology-wis
of the devices. For micro-power operation, the opamf
with the leakage current and noise requirement while th

over-designed in term of speed. As a result, convent':

that employ multiple opamps would have power dis-
ranges [BAS 00, GER 00a].

Intuitively, time-multiplexing one over-designed opa
order SC system would give the best compromise ans
leakage current requirements while possibly reduci
consumption. However, the amount of the time mult.

cuge current
“aed to cope
- are actually

chitectures
a few-uW

ize a high-
, noise and
em power
opamps 1s

usually limited by the conventional SC architecture th- aumt of two
opamps 1s required to work alternately [CAS 90b]. On hand, most
of the previous reported opamp-time-mulitiplexed desigr. v 95] employ
high supply voltages and suffer from the stability problem. ..¢ 10 open-loop
connection of the opamp during the period between non-overlapping clock
phases where the change of the integrator capacitors occurs as a result of
time  multiplexing.  Conventionally, the problem could be solved by
employing XY feedback technique [ANA 95], which, however, adding
additional capacitive loads at both input and output of an opamp. Thus
making the opamp run slower. In this chapter, two single-opamp-based
designs for pacemaker applications are presented. The focus is put on further
power reduction to the sub-puW range while achieving robust operation at
low supply vollages.

8.2  System Considerations

Figure 8.1 shows the block diagram of the proposed SC signal-conditioning
system for pacemaker applications.

Part [: SC Signal conditioning System

: i— __________________ Ciraniization I
: |
: |
frynit —\I |

signa T “) ]\l_lb @k

) |
Chopper- Lowpash
Stabilized SC " Filter |
Instrumentation {
amplifier and 8/H {
|
L

Figure 8.1 Proposed SC Signal Conditioning System
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A double-correlated-sampling [KAJ 01, WAN 01] SC chopper-stabilized
sample-and-held  circuit works  as  an  nstrumentation  amplifier 1o
preampiifier the signal to a detectable level. The SC lowpass fitter achieves a
cut-off frequency of about 100 Hz to suppress the interference {BAS 00]. The
selected signal is digitized in high resolution with a A modulator. In order to
reject the noisy common-mode signals like power supply noise and clock
feed-through noise, fully-differential architecture 1s adopted.

In the first part of this chapter, the design of a single-opamp-based 3™-order
lowpass ZA modulator is described. Sub-pW operation at a single 0.9-V
supply is achieved by employing the multi-phase switched-opamp (SO)
technique [CHE 00b], which, as will be discussed further on, intrinsically
guarantees stable operation for single-opamp designs in a 0.9-V supply
without employing XY feedback technique. In the second part of this chapter,
the possibility of integrating a complex SC system by time-multiplexing one
opamp will be demonstrated through the design of a SC signal conditioning
system, which consists of a 3"-order ladder lowpass filter cascaded with a
3"order lowpass ZA modutator with extended noise-shaping.

8.3  Design of a 0.9-V Sub-pW SC ZA Modulator

In this section, a sub-uW ZA modulator is demonstrated for pacemaker
applications. The modulator employs a half-delay-SC-integrator-based 3"
order single-loop topology, which was described in Chapter 3 section 3.7, to
achicve high power efficiency. To further reduce the power consumption, a
single-opamp (SOP) realization is proposed to reduce the opamp count.
Figure 8.2 shows the proposed time-multiplexing scheme for the half-delay-
SC-integrator-based switched-opamp ZA modulator.

Figure 8.2 SC Implementation of the Half-Delay-Integrator-Based Lowpass £A Modulator
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The opamps A, A> and A; are realizing half-delay integration function for
the ZA modulator at on-chip non-overlapping clock phases ¢y, O and ¢4
respectively. It can be observed that, due to the use of half-delay integrators,
these opamps ¢an be turned off after their integration phases to reduce power
significantly. With this special clock phase arrangement, only one of the
three opamps 1s required (o be active at a time. As a result, with proper time-
multiplexing scheme, single opamp can be employed to replace all these
opamps.

8.3.1 Single-Opamp-Based ZA Modulator Topology

Figure 8.3 shows the simplified single-switched-opamp-based (SSOP) design
of the 3“-order lowpass ZA modulator.
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Fignre 8.3 Schematic ol the Proposed Single-Opamp-Based ZA Maodulator
(Single-ended is shawn)

To cope with the low supply voltage requirement and multi-phase operation,
multi-phase switched-opamp technique 1s employed. The proposed SOP ZA
modulator employs an opamp with three switchable output stages. which are
turned on and off alternately with three on-chip non-overlapping clock
phases ¢a. O and O¢ (Oap, My, and oy are the complementary clock phases of
Oa, Oy and ¢ respectively). The integrator capacitors Ca, Cg and Cg are
connected in feedback with the opamp during their integration phases, but
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kept open-connected to preserve their stored charge for next integration event.
Dynamic SC level-shifters are employed to bias the common-mode voltages
of the opamp input and output at ground and V,,/2 tespectively. The analeg
output of the opamp 15 passed at 04 to a latch-type comparator with a SC
level shifter. The comparator 15 reset at ¢, and its output is then stored by D-
flip-flops (DFF). Since the outputs of the DFFs are either Vi, or ground,
complementary switches can be emploved to feed the DFFs output back to
the opamp.

8.3.2 Switchable Opamp Design

To achieve high-efficient SSOP design, a novel two-stage operation
amplifier  with  three-switching-output-pairs  is  proposed  for  the
implementation, Figure 8.4 shows the schematic of the proposed switchable

opamp.
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Figure 8.4 Proposed Opamp with Three Switchable Output Pairs {(Single-ended is Shown)

To reduce the supply voltages and Flicker’s noise effect, a« PMOS differentiai
pair operates at sub-threshold region is employed as the input stage. In an N-
well process, 1t 1s possible to connect the bodies of the mput transistors to
their sources rather than connecting to the highest supply voltages te reduce
the body effect, where the lafter case increases the threshold veltages of the
device, Implemented in a standard 0.353-pum CMOS process (VTp= 077 V
VTx=0.6 Viund at a 0.9-V supply, the common-mode input voltage is set at
ground. Three identical switchable output pairs are controlled to turn on and
oft alternately by three non-overlapping clock phases ¢a. ¢ and ¢¢ Each of
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the output stages is connected to a compensation capacitor to stabilize the
opamp when the output stages are turned on. Since only one output pair is
turned on at a time, the differential output stage dissipates only 140 nA. Take
into account the 30 nA current dissipation from the input stage and 15 nA
current draws from the biasing circuit, the opamp consumes only 185 nA. At
a 0.9-V supply, the opamp achieves a measured DC gain of 75 dB and a
unity-gain bandwidth of 50 kHz at 1-pF loading. Table 8.1 and Table 8.2
summarize the device size and the measured performance of the opamp
respectively.

Table 8.1 Summary of Device Size

Transistors Unit Stzc (W/L) Quantity
Mpq 0.8u/6u X2
My 0.8u/6u X4
My 0.8W6u X8

M. M, 0.8u/6) X2
M., My 0.80/81 X2
M 0.8L/81 X8
M, 204U X8

Fable 8.2 Measured Performance of the Opamp

Supply Voltage 0.9V
Low Frequency Gain 75 dB
Unity Gain Bandwidth 50 kHz
Phasce Margin 467
Linear Quiput Swing Y
Power Consumption 200 nW
Core Chip Area 300um x 204 pum
Loading | pF

8.3.3 Dynamic Common-Mode Feedback Circnit

Figure 85 shows the common-mode feedback circuit (CMFB) for the
proposed opamp. SC level-shifters are used to compute the common-mode
output voltage of the opamp and inject the result to the error-amplifier-based
CMFEB [WAL 991, which is built with a differential-pair. The error signals
arc fed back to the opamp input stage at V. e.s to control the opamp output
common-mode voltage to Vyy/2. The current consumption of the CMFB is
15 nA.
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8.34

The schematic of

the

I-V Latch-Type Comparator

-V

latch-type

comparator with NMOS regenerative pair is shown in Fig. 8.6
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SC level-shifters are used not only to suit the different DC-hiasing of the
opamp oulput nodes and the input nodes of the comparator, but also to
provide appropriate reference level for the comparator. The comparator
receives the output of the opamp at ¢, which corresponds to the output of the
last integrator of the LA modulator. Comparison is done during ¢y, which is
the next clock phasc after ¢. The output of the comparator is then latched by
& DFF at gy, The comparator is reset with two mechanisms in order to match
with the time-multiplexing scheme of the system without employing
additional clock phases. The NMOS regenerative pair is reset to ground
during @y, is high. This guaraniees the comparator will only  make
comparison at &g, On the other hand. the inputs of the comparator are also
reset to ground during ¢ just alter finished the comparison, where ¢ is the
next clock phase after &y, The comparator shares the same current bias with
the opamp and dissipates 30 nA.

8.3.5 Experimental Results of the SSOP XA Modulator
Figure 8.7 shows the chip photograph of the proposed SSOP ZA modulator,

which 1s implemented in a 0.35-um CMOS double-poly four-metal process
(VTy=0.6 V. VT, =-0.77 Vyand occupies a chip area of about 0.14 mm”.

+— 20 —
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v
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Figure 8.7 Chip Photograph of the Proposed 135 Modulator

Poly-to-poly capacttors are used for good lincarity. All capacitors are
distributed evenly at two sides and laid out close together for good matching,
The analog circuits (opamp and switched-capacitors) are placed at the left
hand side surrounded by a goard ring to minimize the switching noise
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coupling from the digital parts (comparator and DFFs), which are placed at
the right hand side of the layout.

Figure 8.8(a) shows the testing setup for characterizing the LA modulator. A
FFT network analyzer (SR770, Stanford Research Systems) is employed to
generate the input signal and capture the output frequency spectrum of the
ZA modulator.

2A Modulator

Capacitor Array

O Single-end to

Differential !iu ¢

Converter o 5 o

Q

FFT Nelwork Analyzer (SR770)

Figure 88 {a) Testing Setup tor the Proposed DS Modulator

Figure 8.8(b) shows an off-chip single-end-to-differential converter to
generate the required difterential signal to the A modulator. Two opamps
(Op. 07, MAXIM Inc.) are configured identically, but one operates in non-
inverting mode while the other one operates in an inverting mode by
applying the source signal at different nodes. Variable resistors are employed
{o obtain the best matching of the generated differential signals. Further
processing of the stored frequency spectrum is then carried out with Matlab
10 obtain the corresponding signal-to-noise-ratio (SNR).
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Figure 88 (v Single-End 1o Dilferential Converter

Figure 8.9 plots the full-span view of the measured output frequency
spectrum of the ZA modulator operated at 0.9-V supply with an input
frequency of f, = 26.12 Hz. A system clock frequency of 30 kHz is applied
to the on-chip clock generator to operate the ZA modulator at an effective
sampling {requency of 10 kHz under the proposed time-multiplexing scheme.
A 3"order lowpass noise-shaping function is obtained as designed, which
verifies that the possibility to time-share one opamp to realize high-order £A
modulator.

Egpotrum of LPESD cufut

:

b

Arrpltoder o B

gl L 1 P :
a a0 ooy - 1800 000 2500 2000 H
" Frequency! Hz

Figure 8.9 Measured Ouiput Spectrum (Full-Span View) of the Proposced
Single-Swilched-Opamp-Based £A Modulator
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Figure 8.10 plots the zoom-in view of the frequency spectrum of the XA
modulator with a —14-dBV 26.12-Hz input signal at which the peak SNDR is
obtained. The third-harmonic component of the input signal is located at 3*fj,
= 78.36 Hz, which is inside the interested 70-Hz bandwidth centred at 55 Hz,
and is measured to be 71 dB below the fundamental. The XA modulator is
designed to operate at a sampling frequency of 10 kHz such that the noise
floor is dominated by the thermal noise of the opamp but not the quantization
noise. This would maximize the achievable SNR at a given power
consumption.
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Figure 810 Mcasured Outpul Spectrum (Full-Span View) of the Proposed
Single-Swilched-Opamp-Based 24 Modulator

Figure 8.11 plots both of the signal-to-noise-ratio (SNR) and the signal-to-
noise-plus-distortion-ratio (SNDR) of the XA modulator as a function of ratio
of the input level over the reference voltage (Vref). A reference voltage of
V2 is employed for the ZA modulator. At 0.9-V operation, the measured
SNR is 60.2 dB at an input level of =13 dBV. The corresponding dynamic
range of the A modulator is 64 dB, which is equivalent as 10.7-bit
resolution. The measured peak SNDR is 60 dB with a bandwidth of 70 Hz
(20 Hz to 90 Hz) at an input level of —14 dBV. The SNDR is limited by the
significant increase in harmonic distortion at input magnitude larger than —14
dBV. The distortion is caused by the limited output swing of opamp of only
0.5 V. The total power consumption is only 0.4 uW where the opamp
dissipates 0.2 pW while the digital circuitry (including clock generator)
disstpates 0.2 UW using a master clock frequency of 30 kHz.
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Figare 8,17 Measured SNR und SNDR vs. Input Signal Level at 0.9-V Operation

Theoretically, with a bandwidth of 70 Hz and a sampling frequency of 30
kHz, the over-sampling-ratioc (OSR) is about 143, and the maximum
achievable SNR of this 3rd-order lowpass XA modulator is about 83 dB.
Hspice simulation result shows an achievable peak SNDR of 75 dB with an
input magnitude of —14 dBV. The difference between calculation and
stmulation could be caused by several factors, namely the non-linear
behaviours of the XA modulator and the non-idealitics of the circuit
performance such as distortion, The measurement result is 135 dB lower than
the simulation result mainly because the simulation did not take into account
the thermal noise from the opamp.

To show the robustness of the XA modulator, measurement results at supply
voltages of 0.8 V, 1.0 V and 1.2 V are obtained. Figure 8.12 (a), (b) and (¢)
piots the measured SNR and SNDR of the XA modulator as a function of
ratio of the input level over the reference voltage (Vref) at a supply voltage
of 0.8 V. 1.0 V and 1.2 V respectively. The measured SNR and SNDR of the
2A modulator at 0.8-V operation are both 55 dB, which are about 5 dB lower
than the measurement results at 0.9-V operation. This is primarily due to the
reduction of the supply voltage from 0.9 V o 0.8 V, which reduces the
available output swing of the opamp. As a result, there is more distortion
even at lower input level, which in turns reducing the resolution of the TA
modulator,
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On the other hand, when supply voltage is increased from 0.9 Vo 1.0V, the
SNR of the ZA modulator is improved by about 2 dB due to the increase of
the output swing of the opamp at higher supply voltages. Besides, a 3-dB
resolution enhancement is also obtained when a supply voltage of 1.2 V is
employed. Table 8.3 summarizes the performance of the A modulator.

Fable 8.3 Summary of Measured Performance of the A Modelator [CHE (24|

Technology 0.35-um CMOS

Supply Vohage 08V 0.9V 1.0V 12V
Topology Single-Toop 3"-Order Lowpass
Sampling Frequency 10 kHx

Bandwidth 20w 90 Hy

SNR 35dB 60.5 dB 61.8dB 62.3dB
SNDR 535 dB 60.2 dB 60.4dB 61.53 dB
Dynamic Range 57 dB 62.5 dB 60 dB 67 dB
Power Consumption 180 nW 200 nW 220 nW 240 oW
Core Chip Area 200pm x 700pm
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8.4  Design of a 0.9-V Sub-pW SC Signal Conditioning
System

In this section, a 0.9-V single-opamp-based SC signal conditioning system
[CHE 03a] for pacemaker applications is presented. The proposed SC signal-
conditioning system consists of a 3-order ladder lowpass filter cascaded
with a 3"-order Towpass £A modulator as described previousiy in Fig. 8.1,
The lowpass SC ladder filter is synthesized from a 3™-order LCR prototype
filter to achieve a Chebyshev 3™-order lowpass response with a passband
ripple less than 0.5 dB to preserve the phase and amplitude information of
the signals. The filter is cascaded with a noise-shaping-region-extended 3"-
order lowpass XA modulator, which consists of an integrator and a resonator.
In a conventional implementation, six opamps are usually required to
implement this sixth-order SC system [GRE 86, KI 95]. Besides, these six
opamps would be required to be active at all time. Due to the noise and
leakage current limitations, cach opamp would have to consume a minimum
current (Ig). It is likely that, at this current consumption, the opamp is over-
designed in terms of speed requirement. As a result, the system burns a
fundamental current consumption of 6ly, for which the opamps maybe
running at a speed that is higher than required. For such an integrated system,
the possibility and potential improvement of scaling the requirements of
cascading stages [PEL 98b] may not be high due mainly to the leakage
current problem. To achieve the most power-efficient design, the signal
conditioning system employs the half-delay-SC-integrator-based lowpass
fadder filter and XA modulator, which have been described in Chapter 3.
Fundamentally, if the opamps employed in those half-delay SC integrators
are turned off after their integration phases, a power reduction of as much as
50% can be achieved compared with a conventional SC system that employs
full-delay SC integrators, where the opamps are required 1o be active at all
time. Besides, in a fully-differential implementation, a half-delay-SC-
integrator-based  system can be made parasitic-insensitive  and  more
importantly, can be easily converted into a single-opamp-based system with a
proper time-multiplexing scheme, as illustrated in Fig. 8.13.
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In this proposed system, the opamps A, to A, are realizing half-delay
integration function for the filter and A modulater at non-overlapping clock
phases ¢4 to ¢ respectively. It can be observed that, due to the use of half-
delay integrators, these opamps can be turned off afler their integration
phases to reduce power stgnificantly. With this special clock phase
arrangement, only one of the six opamps is required to be active at a time. As
a result, with a proper tme-multiplexing scheme, a single opamp can be
recursively used to access all the integrator capacitors to implement the
system. It also makes it possible to optimize the opamp amoeng speed, noise
and Teakage requirements, and consequently, by combining with low-voltage
operation, push the minimum power consumption to the sub-LtW range.

Lastly, at a given total power consumption, it is interesting to point out that
single-opamp-based system could sull provide advantages over noise,
compared with a conventional architecture that employs N opamps with each
ol them biased at a given ¢urrent, even those N opamps are already designed
to optimize for speed. This can be observed if considering the N opamps 1o
be replaced by a single opamp that is designed to have its devices aspect
ratios {W/L} and bias current N times of any of the N opamps. In this case,
this single opamp could run N times faster than any one of the N opamps
whilg its noise performance is improved by a factor of square-roat N. In a
best case if a cascaded system noise source is dominated by the thermal noise
of the first-stage opamp {most likely to happen in a low-power and low-
frequency SC systems), the total system noise can be reduced by a factor of
square-root N,

8.4.1 Single-Switched-Opamp-Based Realization

As sumilar (o the realization of the single-opamp-based A modulator as
described in section 8.4 of this chapter, a straight forward realization of the
proposed system with switched-opamp technique could be achieved using a
switchable opamp with six switchable output pairs [CHE (2a] as shown in
Fig. 8.14. The switchable opamp consists of a PMOS input pair and six
switchable output pairs, which are controlled on and off with non-
overlapping clock phases ¢, to ¢y respectively. In this case. every integration
capacitor (Cyg) of the signal-conditioning system is accessed by one
switchable output pair of the switchable opamp. However, since every
switchable output pair is accompanied with a compensation capaciter, the
slew-rate performance of the opamp are degraded severely while much more
chip area is consumed. Besides, 1t also complicates the realization of the
associated common-maode feedback circuit for differential operation.

15§



Design of Low-Voltage CMOS Switched-Opeamp Switched-Capacitor Svstems

Voo
Py

| |é | J{?fi/_‘-__ o
v

it

cafh

Fig. 814 Preposed Opamp with Six Switchable Output Pairs (Single-ended is Shown)

in the proposed system, only two pairs of switchable output stages are
employed instead of using six switchable output pairs to maintain good slew-
rate performance of the opamp while keeping the common-mode feedback
circuits as simple as conventional switched-opamp designs. The arrangement
ts shown in Fig. 8.15.
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Figure 8.15 Opamp with Dual Switchable Output Pairs (Single-ended is Shown)
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The opamp consists of two switchable output stages, which are turned on and
off alternately with non-overlapping clock phases ¢, and ¢, In this
arrangement, the integrator capacitors Cs, Cy, Co, Cp. Cp and C,. are
connected in feedback with the opamp only during their integration phases
(Oa ... O, but kept open-connected to preserve their stored charge for their
next integration events. All clock phases are generated on chip with the
employment of a single master clock phase. As mentioned previously, unlike
conventional single-opamp designs that suffer from stability problem during
the period between non-overlapping clock phases where the change of the
integrator capacitors occurs as a result of time multiplexing, the single-
switched-opamp design has its opamp output shorted to Vyy, after integration.
As a result, the opamp is disconnected from the system and hence stable
operation is always guaranteed. Dynamic SC level-shifters are employed (o
bias the common-mode voltages of the opamp input and output at ground and
Vin/2 respectively. It would be interesting to point out that, during ¢, the
analog output of the opamp represents the output of the lowpass filter.
Besides, during ¢y, the ouiput of the opamp, which represents the output
stignal of the last integrator of the ZA modulator, is coupled to a latch-type
comparator with a SC level shifter, The comparator is reset at @, and its
output is then stored by D-flip-flops (DFF). Since the outputs of the DFFs are
either Vo, or ground, complementary switches can be employed to feed the
DFFs output back to the opamp. Cascaded DFFs are employed to realize the
required feedback delay for the ZA modulator.

Figure 8.16 shows the proposed single-switched-opamp-based design of the
signal-conditioning system. To cope with the low supply voltage requirement
and multi-phase  operation, multi-phase  switched-opamp  technigque  is
employed. Table 8.4 summarizes the value of the capacitors used.

Tahle 8.4 Summary of Capacitor Values

Cre 2000F Ce, [75E
Ch S28F Cy 200F
C 465F C, 260F
Ce 528F Cu [55F
Cr, 500F Cx 135F
Cr SO0E Cs 200F
C, 5008

Co 200F Con 2008
Con 200F Cos 200F
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8.4.2 Switchable Opamp Design

Figure 8.17 shows the schematic of the proposed switchable opamp.
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Figure 8.17 Proposced Opamp with Dual Switchable Output Pairs
(Single-ended is Shown)

The design of this switchable opamp is similar as the one described in section
8.4. To reduce the Flicker's noise cffect, a PMOS differential pair aperates at
sub-threshold region 1s employed as the input stage. To cope with the low
supply voltage, the common-mode input voltage is set at ground. In an N-
well process, it is possible to connect the bodies of the input transistors to
their sources rather than connecting to the highest supply voltages ta reduce
the body effect, where the fatter case increases the threshold voltages of the
device, Only two identical swilchable output pairs are controlled (o turn on
and off alternately by a pair of non-overtapping clock phases ¢, and ¢ Each
of the output stages is connected to a compensation capacitor to stabilize the
opamp when the output stages are turned on. Since only one output pair is
turned on at & time, the differential output stage dissipates only 140 nA. Take
into account the 30 nA current dissipation from the input stage and 15 nA for
biasing, the opamp consumes only 185 nA.
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8.4.3 Dynamic Common-Mode Feedback Circuit

Figure 8.18 shows the common-mode feedback circuit (CMFEFB) for the
proposed opamp.
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Figure 818 Propased Dynamic CMFB Circuit
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SC level-shifters arc used to compute the common-mode output voltage of
the opamp and inject the result to the error-amplifier-based CMFB [WAL 99],
which is built with a differential-pair. The error signals are fed back to the
opamp input stage at Ve to control the opamp output common-mode
voltage to Vypp/2. The current consumption of the CMFB 1s 15nA. The
performance and the size of the devices of the opamp are similar to that of
the switchable opamp described in section 8.4. Table 8.5 summarizes the

measured performance of the proposed switchable opamp for the single-
switched-opamyp signal-conditioning system.
Table 8.5 Measured Performance of Switchable Opamp
Technology 0.35-um CMOS
Supply Vollage SR
Low Frequency Gain 75 dB
Unity Gain Bandwidth 50 kHz
Phase Margin 467
Lincar Cutput Swing (single-ended) 05V
Power Consumplion 200 nW
Loading | p¥
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8.4.4 Experimental Results of the SC Signal-Conditioning System
Figure 8.19 shows the chip photograph of the design, which is implemented

in a 0.35-um CMOS double-poly four-metal process (VIy=06V, VT, = -
0.77 V) and occupies a chip area of about 0.2 mm’,
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Figure 819 Chip Photograph of the Proposed SC Signal-Conditioning System

Figure 8.20 shows the testing setup for measuring the performance ot the SC
sensing system. A 50-kHz system clock is applied to the on-chip cleck
generator to produce a sampling frequency of 8.3 kHz to the SC signal
conditioning system. Again, an off-chip single-end-to-differential converter
(Fig. 8.8{b)) is emploved to generale the required dilferential signai to the ZA
modulator, A simple sample-and-hold (8/H) 1s built on-chip to sample the
oulput of the opamp during ¢¢, which corresponds to the output of the filter.
For measurement purposes, the NMOS switches of the S/H are driven by a 3-
V on-chip inverter clocked at ¢O¢ 1 order to access the whole opamp output
swing. The held value is passed to measuring equipment through on-chip
analog buffer, which is designed to operate at 3-V supply to achieve both
good linearity and driving capability. Figure 8.19 shows the measured
frequency response of the filter. The filter achieves a 3"-order lowpass
response with a -3-dB bandwidth of 120 Hz and a passband gain of 15 dB. A
minimwm stopband loss relative o passband of -25 dB is measured at
frequency of 900 Hz.
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Figure 8.22 shows the third-harmonic distortion (THD) measurement of the
filter. The third-harmonic component of an input signal (f,,) at 26 Hz is
located at 3+f;, = 78 Hz. A 1% THD to a 0.18-V,,, input signal. The dynamic
range of the filter, fora 1% THD, 1s 46 dB.

Distortion Measurement of Filter
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Fignre 8.22 Third-Harmonic Distortion Measurement ol Filler

Figure 8.23(a) shows full-span view of the output frequency spectrum of the
YA modulator with a 26-Hz input signal. Figure 8.23(b) shows the zoom-in
view of the interested-band of the modulator. It can be observed that a 3"-
order noise-shaping function is obtained. Figure 8.23(c) plots the in-band
frequency spectrum of the £A modulator without applying input signal. As
described in section 3.4, the XA modulator achieves noise-shaping extension
by employing integrator to suppress the quantization noise at the DC, while
using a resonator, which is placed at 65 Hz, to suppress the quantization
noise at low-frequency regions. As a result, the noise-shaping region 18
extended to enhance the resolution without increasing the over-sampling-
ratio (OSR}Y, which in turn reduces the power consumption.
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Frequency Spectrum of the ZA Modulator
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Figure 8.23 (a) Full-Span Quiput Frequency Spectrum of the DS Modulator
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Figure .23 (b) Zoom-In Output Frequency Spectrum of the DS Modulator
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Output Spectrum of ZA Modulator
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Figure 8.24 plots the signal-to-noise-ratio (SNR) and the signal-to-noise-
plus-distortion-ratio (SNDR) as a function of the input level.
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Figure 8.24 Measured SNR and SNDR vs. Input Signal Level
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The SNDR is calculated using Matlab through processing the measured
frequency spectrum through the FFT network analyzer (SR770). With a 0.9-
V supply, the £A modulator achieves a measured peak SNDR of 39 dB with
a 26-Hz input signal of —18.5 dBV at an interested signal bandwidth of 70 Hz
(20 Hz to 90 Hz). The measured peak SNR is 44 dB with a 26-Hz input
signal of -16.5 dBV at an interested signal bandwidth of 70 Hz. The
corresponding dynamic range of the ZA modulator is 45 dB. By employing
single-opamp design, the whole SC signal conditioning system consumes an
ultra low power of only 0.5 pW, which is reduced by more than half of that
of the existing designs. Table 8.6 summarizes the overall system
performance together with the state-of-the-art micro-power SC circuits.

Table 8.6 Performance Summary of the Proposed SC Signal Conditioning System
and State-of-the-Art Micro-Power SC Circuits

Design This Design [R.CAS 90] [ABAS OO * | [A.GER 0D} *
Technology .35-um 2-um CMOS | 0.35-pum CMOS [0.8-pum CMOS
CMOS
Supply Voltage 09V +H- 12V Py 2V
Technique Employed | Multi-phase Swilched- Switched-opamp|  Switched-
switched- capacitor without time- opamp
opamp with one] echnique with | multiplexing of lechnique
opamp time- LwO Opamps opamp wilhout lime-
multiplexed time- multiplexing

multiplexed

of opamp

Type Lowpass Filier | Bandpass Filler [ Bandpass Filter [ Lowpass XA

& Lowpass EA Modulator
Modulator

Sampling Frequency 8.33 kHz 2048 kHz 1 kHz. 8 kHz

Filter Order Third Sixth Fourth NA

Filter Dynamic Range 46 dB 55 4B NA NA

Passband Gain I5dB NA 44.5 4B NA

Stopband Loss 25dB NA NA NA

{relative 1o passhand)

ZA Modutator Order Third NA NA Third

TA Maodulator 45 dB NA NA 35 dB

Dynamic Range

A Modulator Peak 44 dB /39 dB NA NA NA

SNR / SNDR

Chip Arca 0.2 mm” 1.4 mm* NA NA

Power Consumption

Analog: 0.2 pW

Digital: 0.3 uW

Analog: | UW
Digital: NA

Anzlog: 1.2 uW
Digital: NA

Analog: 2 pW

Digital: NA

* Simulation results
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8.5 Conclusion

Biomedical ICs are usually provided with very minimal power and chip-area
budgets for battery and implantability concerns. A single-opamp-based
system is demonstrated to be a good candidate to cope with these tight
budgets. By employing a switched-opamp technique and one switchable
opamp, sub-IUW operation of a XA modulator and a SC signal conditioning
system are demonstrated at a single 0.9-V supply. Robust operation is also
observed for both designs at supply voltages from 0.8 Vto 1.2 V.,
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Chapter 9
CONCLUSION

In this book, the limitations and design issues of switched-opamp ¢ircuits
have been addressed. Efforts have been put on the development of novel
system architectures and circuit design techniques for switched-opamp
circuits. Through theoretical analysis and circuits implementations, the
limitations of the original switched-opamp technique, which requires the
opamp to be turned off after integration, are resolved successfully with the
proposed multi-phase switched-opamp technique, which enables SC systems
to have opamps active at all time. As a result, it significantly improves the
compatibility of switched-opamp technigue on conventional SC architectures
as demonstrated with a circuit prototype of a 1-V SC Pseudoe-2-Path Filter.

Detailed theoretical analyses of both of the original switched-opamp
technique and multi-phase switched-opamp technique have also shown that
the employment of the mualti-phase switched-opamp technique could
maintain a low sensitivity of SC circuits to a finite gain of the opamp. In
order to improve the operation speed and power efficiency of SC systems at
low-voltage operation, new system and circuit designs are developed. On the
system level, the study of the speed limitations of the conventional double-
sampled SC filter architecture suggests decoupling the active elements for
independent settling. The idea 1s further illustrated through the realization of
a generic fast-settling double-sampling SC biquadratic filter for a high-speed
switched-opamp bandpass ZA modulator. The chip protolype achieves a
measured sampling frequency reached up to 50 MHz, which is more than
ten-times improvement over prior switched-opamp designs and comparable
to the performance of the state-of-the-art SC circuats that operate at much
higher supply voltages. Accompanied with a low-voltage finite-gain-
compensation technique, low-voltage low-power and high-speed operation of
switched-opamp circuits is successtully demonstrated.

In addition, a family of hall-delay-SC-integrator-based SC filters and ZA
modulator has been proposed. Implemented with the proposed switched-
opamp technigues, these systems achieve up to a 50 % power reduction while
maintaining low sensitivity to finite opamp gain effects as for the
conventional switched-capacitor realization,
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The proposed noise-shaping extension technique is shown to maximize the
achievable signal-to-noise-ratio of a 3"-order lowpass LA modulator by at
least 16 dB without dissipating extra power. Further development of the
proposed half-detay-SC-integrator-based systems leads (o the realization of a
single-opamp-based system for ultra-low-power applications. By employing
the switched-opamp technique and one switchable opamp, sub-UW operation
of a ZA modulator and a SC signal conditioning system are demonstrated at a
single (19-V supply. Robust operation is also observed for both designs at
supply voltages rom 0.8 Vie .2V,

On the circuit level, the study of different switching methodologies suggests
keeping the input stage of a two-stage opamp active all the time while
switching only the output stages. For maximum speed operation, the output
stages may take turns sharing one bias current source that is always on to
reduce the turn-on time. The successful integration of a -V low-power
switched-opamp IF circuitry for Bluetooth recetvers demonsirates, with the
availability of low-voltage low-power CMOS front-end circuits, the
tfeasibility to achieve single 1-V low-power CMOS wireless transceivers.

Altogether, the developed tow-voltage technigues and the proposed low-
power systems make it possible to significantly extend the battery life for
portable equipment and, in a broader sense, to further advance the progress
on single-chip integration of mixed-signal systems with sub-micron CMOS
technologies.
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Time-Domain Analysis of Switched-Capacitor Circuits

Appendix A

PROCEDURES OF PERFORMING TIME-
DOMAIN ANALYSIS OF SWITCHED-
CAPACITOR CIRCUITS

The procedures of performing time-domain analysis of switched-capacitor
circuits are exiracted from reference [K1 95] and summarized here.

Conditions:

Opamp non-idealities such as finite-opamp again (A,) and offset voltage (V)
can be included when performing time-domain analysis of switched-
capacitor circuits. On the other hand, opamp bandwidth and switch-on-
resistance are assumed perfect.

Methodology:
Apply Kirchhoff Charge Law (KQL), which stated that:

In a switched—capacitor circuit, the sum of all charges leaving any
ron-source node at any instance of charge transfer equals zero.

Steps:

i) For all capacitors, the left plate s designated to be positive, while the
right plate negative as illustrated in Fig. Al.

2) Charge transfer occurs at the instants of the clock, which happens at t=nT,
i.e. phasel (&), and t=(n-1/2)T, 1.e. phase 2 (¢,), where ¢, and ¢- are
non-overlapping clock phases.

3) Divide capacitors into two groups:

-One group is to the right of the inverting node (V-) at the opamp (the
right-hand group (RHG)), while the other is to the left (the left-hand
group (LHG)).

4} Construct a table to keep track of the change of the branch voltages of
the capacitors.
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Figure AI Application of KQL in SC Circuits
Setting Up Equations:
1) By KQL, the change in the charge in the RHG must equal to the LHG
Le. AQ, g = Ay
N . M
— Z‘-:, AQ, e = Z.jf]_ AQRH(;;

Or equivalently,

- Z‘\l C e [VI_H(}(' [(’ 1T I)T]“" Ve (”T)] = t: C e [VRH(;_; [(7 1+ k)T]_ Vs (”T

2) Each opamp (each inverting node) corresponds to one of this equations.

Caution:

Additional equations are needed for parasitic sensitive CIFCUiLS,
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amp 2 it 3

Appendix B

The Effects of the Finite Opamp DC Gain on
Conventional Inverting Switched-Capacitor
Integrator

Figure Bl shows the schematic of a conventional inverting switched-
capacitor integrator. To analyze the finite-opamp-gain effects of this
integrator, the opamp is assumed to be deal except with a finite DC gain of
A,, while all capacitors and switches are considered perfect. Table Bl is
constructed to perform the time-domain analysis of the inverting SC
integrator with output V.

o

Vi O_OL‘T_ﬁiT_% - T NP VR

(D:j. $2 Aq b
- NV

Figure B Parasitic-Insensitive Inverting SC Integrator

Table BI Timing Yagram Showing the Charge Transferring that Occurs at All Capacitors

&, =l.[r?']‘.(n +%) T] Cap

v )= v, r ) Ll C

Vot )= — K“”"I(ﬂf_) _v oy €2
I

o

Notethat v (w7 )=V, , “”‘ + %) T}
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By Kirchhoff Charge Law, during ¢» — ¢, transition, i.e. from time (n-1/2) to
(n), the change in charge of capacitor C; (AQ)) is equal to that of capacitor C,
(AQa).

ie. AQL=AQ2

= C, {Vn. (nT )+ M}

r

-c, {MLZ(Q v () Yl = OTT I)T]}

] o

= W, )= L+ v, v ) S, Vol - 17])
A A A

2] 2] '

By z-transformation, the z-domain transfer function of the conventional
inverting SC integrator with output taken at V,; during ¢, is given by:

H|(Z): ‘/r:i.;il(z) _ _C]

V(o) C +C, N BT

(el

tr

The ideal transfer function of the inverting SC integrator with infinite opamp
gain is given by:

(2) = Lo G
Tt \ V., (:) C, (]_ i )

It can be observed that the gain of the integrator has been reduced from C,/C,
to a smaller value due to the finite opamp gain. Also, the pole has now a
smaller positive value. To investigate the finite-opamp-gain effects to the
frequency response of the integrator, the transfer function of the integrator is
written in term of the ideal transfer function [GRE 86]:

H.’u’(‘(lt’ (:) — A!’ ] A )

Hl(’:) -

0

Cz(i_?])
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Substituting z = ¢,
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The error factor F(m) introduced by the finite-opamp-gain effects into the
frequency response of the inverting SC integrator can be wriften in the polar
form:

Flo)= !F(a))te jerie)

where

a

Flo) = ; ”{ 1 } =[1+m(@)f

It} <] | 1= mo)
and
2(@)=—tan” L;_%%} -t 00) = 0(0)
by
= Flo)=[1+ m@)l ™ = ;_;\‘T[H% )

Thus, m(m) represents the relative magnitude error, while 8(w) the phase
error in radians caused by the finite-opamp-gain effects. Considering when
the integrator is operating at its unity-gain frequency o, at which
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For wy << m,, where o, is the sampling frequency of the circuit,

= mlw, )~ ——

aned

g(w[ ) — _]__005[5{),&) e _]_
. 2 A,

Implications: The magnitude error m{w) can be regarded as the deviation of
the designed gain of the integrator C,/C, from its nominal value by a relative
error of 1/A,, while the finite opamp gain also introduces a relative phase
error of 1/A,,

Lastly, the z-transfer function of the conventional inverting SC integrator
with output taken at V., during ¢, is given by:

The transfer function is different from the one with output being taken at
2

Vo by a half delay z . The ideal transfer function of the inverting SC
integrator with infinite opamp gain is given by:

<

1712
-1
<

Hl’dt’ui (Z) -

=

;mE(Z) — B CI
(1

wlz)  Cll-z 7

The half-delay 7' is cancelled when writing the actual transfer function
Hs(z) in term of its ideal equation. As a result, the sensitivity of the inverting
SC integrator is the same no matter at which clock phase its output is taken,

173




Design Procedures of Switched-Capacitor Biguadratic Filter

Appendix C

Design Procedures of Switched-Capacitor
Biquadratic Filter

Brief Review

An s-domain (continuous-time domain) second-order transfer function with
complex poles as shown in Equation C1:

H(.v): ﬂ ° JE (Fqg. C1)

where , and Q@ are respectively the interested pole frequency (in rad/sec)
and the gquality factor of the pole. Specifically, f,=0,/2% and Q specify the
center frequency and the quality factor of a continuous-time bandpass filter
where its bandwidth is defined as f/Q. There exist many kinds of z-
transformations such as LDI transformation, bilinear transtormation,
forward/backward Euler transformations and so on [GRE 86]. Among them,
the bilinear transformation provides more robust performance over most of
the frequency range while the rest of the z-transformations would require a
sampling frequency much higher than the interested frequency range to
preserve the accuracy and robustness.

Bilinear Transformation

When applying the bilinear transformation, the s-domain transfer function is
converted into its z-domain counterpart through Equation C2:
-

s =2f ~— (Eq. €2)
1+2z
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where .=1/T 1s the sampling frequency employed in the discrele-time
domain. Besides, the pole of the s-domain transfer function is pre-wrapped
into the z-domain through Equation C3:

S
) X @ . af L
£ =27 tan | =2/ tan ——/——J (Eq. C3)

2f ' /.

Consequently, the s-domain transfer function can be transformed in the -
domain (discrete-time domain) counterpart as given by Equation C4:

Hia= L) v &)

) L
() LX“W»XMLH
Q

} (Eq. ¢

where N*(z) and D*(z) represent the pre-wrapped zeros and poles in the z-
domain and X,=2{/Q,.. For Q, << {_, or and B can be defined as:

2

(X:———-———-z —\z
X - +m&+l I
8]

4 Q)

X, 4 )
ﬁ:[??j X o
Q X, +—"+1 o,

The corresponding z-domain transfer function can be expressed as given in
Equation C5:

N v ()
G O R ey S S

(Fig. C5)

where (t-3) represents the attenuation factor while (o+B) sets the pole
frequency ol the transfer function. There exist many generic switched-
capacttor biquadratic architectures from which Equation CS can be realized
by selting appropriate capacitor ratios.
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Appendix D

DESIGN PROCEDURES OF SWITCHED-
CAPACITOR LADDER FILTER

Quick design procedures [GRE 86] of a fifth-order switched-capacitor
lowpass ladder filter can be obtained by emulating the passive components of
a fifth-order LCR filter prototype [GRE 86] with switched-capacitor eircuits.
Figure DI shows a 5™-order Chebyshev LCR filter prototype, which consists
of inductors, capacitors and termination resistors.

Ry 2 1o v, L, Vs
G MA J‘_ . l rmn J_ >
Vi <, C, . éi{i
N — L 1.

Fignre DI A 5th-Order LCR Filler Prototype Circuit

Given a required passband cut-off frequency (fvs), a minimum attenuation
(Ag) and a stopband frequency (fgs), the values of the inductors and
capacitors can be obtained from most of the filter design handbooks [NIE 89].
For designing a switched-capacitor filter, the termination resistors (Rg and R} )
are nermalized to 1€, Since a switched-capacitor lowpass filter usually
employs a sampling frequency much higher than the interested passband
frequency, hence LDI-transformation [GRE 86] can be used to accurately
transform the continuous-time LCR filter prototype nto its corresponding
switched-capacitor ladder filter, which is shown in Fig. D2, The resultant
filter architecture is the simplest in realization compared with employing
other transformations.
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Figure D2 LDI-Translormed Switched-Capacitor Lowpass Ladder Filler

Tt is important to emphasize that the passband gain and the passband limit of
a LCR filter prototype is pre-set (o be unity and 1 rad/sec respectively. In
order to obtain the designed filter characteristics, the designed passband cut-
off frequency (fpg) is pre-wrapped via the LDI-transformation with Equation
DI:

.| S,
Q, =2f sin oy (Eq. D1y
J >

&

where 1, stands for the sampling frequency used in the switched-capacitor
filter. By taking C,=1, Z.=1/0, and L.=1/w,”, the denormalized LCR filter
prototype paramelers can be obtained by multiplying the values capacitors,
inductors and resistors with C,, L, and Z, respectively as shown in Table DI
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Table DI Summary of Denomarlized Component Values of LCR Filter Prototype

c," =c L =L, -L, R, =R, 7
c,” =c, L =L, L R, =R, Z,
c.” =c,

The value of the capacitors of the corresponding switched-capacitor Jadder
filter are related to the denomarlized component values of the LCR filter
prototype as shown in Table D2:

Table D2 Summary of Yalue of Capacitors of the Switched-Capacitor Ladder Filter

C,=C, " C. = T
c,=L" bR
Ceo= C%” C, = T
F1 - R
C,= L4 -

C v A
C.n - Coz = Cu;z =Cy = Cns = Co& =Cy = Cr)x =T

The capacitors Cyy, Cya, Coa, Cog, Cos, Coos Cor and Cygare arbitrarily chosen
to be equal 1o the sampling period of the switched-capacitor filter. These
values will be readjusted in any case by the scaling processes of switched-
capacitor filters such as the dynamic range optimization and the capacitance
spread reduction [GRE 86].

These design procedures can be extended to design other switched-capacitor
ladder filters with different order and frequency response [GRE 86].
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