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ABSTRACT

This thesis is concerned with the design of Switched-Capacitor (SC)
circuits for applications in the MHz range, and for applications requiring
bandpass filters with relative bandwidths of much less than 1% (ie.Q>>100).
Both of these design goals are presently beyond the capability of standard,
commercial SC circuits, which all use CMOS processes. In the first case, the
limitations of the CMOS FET's make it extremely difficult to design circuits
with sufficiently small settling times for accurate processing of signals in the
MHz range. In the second, large capacitor spreads and high sensitivity to non-
ideal circuit phenomena make it impractical to build conventionally designed
filters with relative bandwidths less than about 1%.

The high-frequency goal has been approached using GaAs MESFET
technology, combined with new circuit design and optimisation techniques.
Novel integrator circuits with low sensitivity to amplifier gain and immunity
to amplifier input offset are presented (these phenomena are far more
significant in GaAs than Si technologies). The circuits are used in the design
of a demonstrator GaAs SC filter, which has been carefully optimised using
automated symbolic analysis techniques.

In the work on narrow-band filters, the limitations of advanced multi-
path SC filter architectures are analysed using Monte-Carlo techniques based
on a high-level abstraction of the filter architecture. This analysis highlights
the large influence of unwanted 'mirror components' on filter responses,
resulting from the mismatch of passband centre frequencies of the individual
filters in the multi-path system. To alleviate these problems, a new 'N*M'
multi-path architecture is proposed, which uses 'pseudo-N-path' techniques
to advantage. Finally, novel pseudo-N-path circuits with very low sensitivity
to amplifier gain are presented.
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1.1 General introduction

This thesis is concerned with the design of Switched-Capacitor (SC)
circuits. The SC technique is an efficient method for implementing analogue
functions in integrated circuit (IC) form and for applications in the audio
frequency range it is used extensively in mixed analogue/digital systems.
SC circuits tend to have higher precision than integrated continuous-time
circuits, and consume less area and power than comparable digital designs, so
together the three techniques allow an optimum balance between system
performance, flexibility and cost.

A clear trend in the communications industry is towards broadband
systems, as ever higher data rates are required to support planned new
services, associated with ISDN and its possible successors [4]. These new
systems are heavily based on integrated circuit technology, and there is a
continuing drive to integrate as many analogue and digital functions as
possible into a single IC [128]. In line with these trends, the object of this
work is to extend SC design techniques in two directions. Firstly, to transfer
the SC technique, and its benefits, to GaAs technology, where it should allow
the design of very high speed SC circuits and their integration with other
high-speed, GaAs-based systems. Secondly, to develop new SC architectures to
allow filters to be built with much narrower relative-bandwidths than was
previously possible using Switched-Capacitor techniques. This will require
the development of design techniques to overcome limitations in current
narrowband SC filters, and should allow the wider use of integrated analogue
filters for narrowband signal processing.

The use of GaAs in commercial applications, where its excellent optical
and electronic properties are invaluable at high-frequencies, has recently
become far more widespread. Microwave Monolithic Integrated Circuits
(MMICs) have recently reached a state of maturity where foundry services are
widely available, and this has opened up the possibility of employing GaAs in
SC design. However, while optoelectronic and MMIC circuits operate at
frequencies in excess of 1GHz, GaAs SC designs aim to process signals in the
MHz range. New circuit architectures and design methods will therefore be
described that deal with difficulties particular to the use of GaAs at MHz
frequencies. These are applied to the design of a demonstrator GaAs SC
circuit, fabricated using a commercial D- MESFET process. Extensive
simulations of the filter show that it should be capable of operating at
significantly higher frequency than previously reported Si or GaAs SC
filters.

Work on narrow-band SC circuits has been based on an evaluation of
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current techniques for narrow-band SC filtering, taking into account
known process tolerances and their effect on filter behaviour. This
theoretical investigation has highlighted some important difficulties in
currently available structures, and new circuits have been developed to
overcome these problems. The new structures combine a variety of multi-
rate sampling techniques in a combination particularly suited to the
characteristics of SC filters. In particular, the new circuits make maximum
use of the available dynamic range of SC circuits, which is frequently the
limiting factor in the implementation of narrow-band SC filters.

1.2 Organisation of thesis

This introductory chapter presents background material and reviews
past work relevent to this thesis. Chapters 2-4 are concerned with high-speed
SC circuits, though many of the ideas presented also apply to SC circuits in
general. Chapter 2 gives detailed analyses of existing and novel SC
architectures with low sensitivity to amplifier gain, emphasising the
importance of building blocks that can be efficiently configured in second- and
higher-order filters. Chapter 3 analyses general amplifier-capacitor networks
containing one and two amplifiers to determine the time-constants of these
systems, showing how the results may be used to predict the settling-
properties of complex SC circuits. Chapter 4 then describes a demonstrator
GaAs SC filter design, exploiting results from the previous two chapters.
Chapters 5 and 6 concern multi-path and multi-rate narrow-band SC filters.
The former analyses existing structures for Ultra-Narrow-Band filtering,
taking into account technological limitations that affect accuracy. This leads,
in chapter 6, to new structures which overcome some of the aforementioned
limitations, and also to a new single-path circuit with dramatically reduced
sensitivity to amplifier gain. Finally, chapter 7 draws conclusions from the
work presented in the thesis, and suggests directions for future work.

1.3 SC circuits: their background

1.3.1 The development of SC circuits

Historically the development of SC circuits was motivated by filter
applications [1]. These are still the mainstay of SC technology and, since they
have the same basic operating principles as other SC circuits, we will use
them as a convenient vehicle for explaining fundamental aspects of SC
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circuit design and, in the research work to be described, they are used as a
‘testbed’ for new circuit techniques.

11.3mH  6-32mH

50 — T
L |

Vin = HE

, @ — 401p 2250 —— 50
25.64 1.03mH 25.6 1.03mH

Fig.1.1 Bandpass elliptic filter, centre freq. 1kHz, bandwidth 200Hz.

Switched-Capacitor technology is an integrated circuit technology,
particularly suited to CMOS processes. Prior to the use of SC circuits a major
obstacle to the integration of analogue functions in the frequency range
up to 1IGHz had been the difficulty in integrating circuits with time-
constants of the required electrical size and accuracy. To illustrate this point,
fig.1.1 shows a 6th order elliptic bandpass filter, with a centre frequency of
1kHz and a bandwidth of 200Hz (this filter is also used later in this thesis as a
source of example data). For the component values shown it can be
calculated that to integrate such a filter directly would require a chip whose
longitudinal dimensions were of the order of centimetres. Hence, the total
area of the chip would be around 6 orders of magnitude larger than is
normally considered practical (of course, when the operating frequency is
raised by this factor, to approximately 1GHz, passive components may again
be realised directly, as they are in MMIC's).

H5 P HF

—I—H —I

Fig.1.2 Active continuous time integrator building blocks
(@) RC type (b) MOSFET-C type (c) transconductor-C type

An alternative for audio frequencies is to use the techniques

adopted for hybrid filters, where the inter- relationships of the circuit's
currents and voltages are simulated wusing resistors, capacitors and
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operational amplifiers [2]. An essential building block in such circuits is the
integrator, and an active-RC integrator is shown in figl.2a. The use of such
circuits is quite restricted, however, since, using available IC processes, resistor
and capacitor values cannot be accurately defined (typical errors for R's and
C's are uncorrelated and around +/-10%) and, in addition, the chip area
required to realise these values for audio applications is frequently
excessive. One approach to these problems is to replace the resistors in these
circuits with active elements, biasing them in such a way that they give the
desired resistive effect. Two variations of this strategy, again applied to an
integrator building block, are shown in figs.1. 2b-c. The first of these is a
MOSFET-C circuit, where a MOSFET, biased in its linear region of operation
by the control voltage V¢, is used in place of the resistor of fig.1.2a. Similarly,
in the circuit of fig.1.2c, a transconductance amplifier and a load capacitor
form an integrator, and in this case the time constant and linearity of the
circuit would be controlled through ¢m, which could be altered by changing a
bias current or voltage within the amplifier . The major disadvantage of
circuits based on both of these building blocks is that a large proportion of chip
area and design effort must be devoted to the design of subsidiary control
circuits to set the main circuit's transfer function, and to reduce the non-
linearities in the resistive elements [129].

1.3.2 Basic Principles & Applications of SC circuits

The SC technique overcomes the restrictions on active-RC circuits
and their derivatives by using switched-capacitors to obtain a resistive
effect. These capacitors are charged and discharged by switching their
plates between different nodes in the circuit, thus providing charge flow
between nodes that depends on the value of these capacitors and the rate at
which they are clocked. The essential characteristics of such a circuit are
set by capacitance ratios, and such ratios can be defined with an error as low
as 0.1% using capacitor sizes convenient for circuit integration [5,6]. A circuit
that realises an integrator using the SC technique is shown in fig.1.3 [3].
Note that an analogue switch may be easily realised in MOS technologies
using an FET, as shown, whereas bipolar processes are not used for SC circuits
since they lack a device suitable for the switching element.
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Fig.1.3 Switched Capacitor Integrator

It should be appreciated that the key to the whole circuit operation is
accurate charge transfer between the C1 and C2 capacitors when the switch at
the input to the operational amplifier closes. However, at every node in an
integrated circuit there will be parasitic capacitances connected to ground or
some other voltage source, and these are frequently significant in size
compared to the intentional capacitors. An important property of the
particular SC circuit shown is that it is 'parasitic insensitive’, so that, for the
case of an ideal amplifier, these unwanted capacitors do not affect the circuit
transfer function [130].
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Fig.14 Signal Flow Graph for filter of fig.1.1

This integrator building-block is used to realise the 6th order filter
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introduced earlier by first identifying certain currents and voltages of the
original 'prototype' filter as 'state variables', then drawing their inter-
relationship with a signal flow graph (SFG), as shown in fig.1.4. In this
diagram the branch weights are functions of the passive components in the
prototype filter. Briefly, the integration operations shown in the SFG (the 1/s
functions), may then be implemented using the integrator building block just
introduced, with switched and unswitched capacitor branches interconnecting
these blocks to perform the remainder of the SFG operations. The resulting
SC filter, which inherits the good sensitivity properties of the prototype filter,
is shown in fig.1.5.
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Fig.1.5 SC filter corresponding to SFG of fig.1.4.
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The main advantages of SC circuits are small size and high precision
compared to other analogue solutions, and potentially very low power
consumption [131]. In addition, they have the major benefit of using CMOS
processes, which, because of advances in the digital field, are widely available.
These factors make SC circuits an economical solution for medium and large
scale production, and they have been particularly widely used in
telecommunications systems [132-134]. Many standard components, such as
A-D and D-A converters, also incorporate SC circuits [137], and stand-alone
programmable SC filters are also available [135,136]. The latter circuits exploit
the fact that the characteristics of an SC circuit may be easily altered by
changing its clock frequency and/or switching certain groups of capacitors into
and out of the circuit, giving them limited programmability.

The main competitor to SC circuits is Digital Signal Processing (DSP)
technology, well known for its advantages of programmability, lack of
parameter drift and the wide range of signal processing functions that it can
perform. However, these advantages are achieved at the price of circuit size,
complexity and power consumption and, when making general comparisons,
it appears that SC technology is positioned somewhere between DSP and
active-RC technologies both in terms of cost and functionality [138].

1.3.3 Performance Limits of SC Circuits

There are a number of fundamental factors limiting the
performance of SC circuits, all of which have an important impact on the
work to be described.

Component Limitations : Capacitors will have a finite Q-factor, since
their dielectrics cannot be perfectly insulating, and this limits the achievable
Q-factor for any SC filter. In Si technology it is possible to manufacture
capacitors with Q's in excess of 10,000 [2], and so this factor does not impose
a severe design limitation, but it will be seen later that this may not be the
case in other technologies.

The intrinsic gain of a FET ultimately limits amplifier gain, and so it
follows that the 'virtual-earth' node of the amplifier in the circuit of
fig.1.3 is not exactly at earth potential. It can be shown that this limitation
results in gain and phase errors for the integrator [8], although alternative
integrator architectures may be used to reduce these effects (see below).
Amplifier bandwidth has a similar effect on SC circuit performance since,
even if an amplifier did have infinite DC gain, it only has a finite time in
which to settle to its final output voltage during a given clock phase. This
means that there is some error in the amount of charge transferred onto
the integration capacitor, also resulting in gain and phase errors [8].

When used as a switching element the FET on-resistance not only
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limits the rate at which charge can pass through the switches, hence
limiting maximum circuit speed [2], it is also a source of thermal noise (see
below). The finite off-resistance of the switch allows charge leakage from
storage capacitors, and, together with FET junction leakage, sets a lower limit
on the clock frequency of the circuit. Further difficulties are caused by the
transistor's parasitic capacitances, which are non-linear, and allow
unwanted signal feedthrough between nodes, causing signal distortion.

Matching : Limitations on the accuracy with which capacitors and
transistors can be manufactured means that both these components suffer
from mismatch problems. Mismatch in capacitors leads directly to errors in
the transfer function of circuits, and is a cause of concern in demanding
applications. Transistor mismatch becomes problematic in amplifier design,
and sets a minimum for the input offset error that can be achieved [7]. The
latter is not usually a serious problem, however, since the resulting DC
offset at the output of an SC filter can be removed with simple circuit
techniques [2].

Noise: The transistors contribute several types of noise to the circuit,
the most important types being thermal and flicker noise [2,9]. Flicker noise
in a FET is dominant at low frequencies, and a 'corner frequency' is
defined at which this effectively disappears into the wideband thermal noise.
This frequency varies from process to process and from technology to
technology; typical values for Si MOSFET and GaAs MESFET processes are
1kHz [2,139] and 10MHz [139] respectively. These intrinsic noise sources are
accompanied by clock-feedthrough noise, though the impact of the latter can
usually be reduced by lowpass filtering the circuit output signal, since a circuit
is normally designed so that clock feedthrough is well separated from the
frequencies of interest. However, the clock-feedthrough mechanism also
causes signal distortion which can only be alleviated by very careful design
[10).

Sampling: The fact that the SC technique requires that a signal be
sampled imposes a number of constraints on the designer. Firstly, a
commonly used design method for filters with order greater than two is
to base them on the design of a continuous- time passive prototype filter (as
outlined above). However, the design process requires the continuous-time
equations describing the passive prototype to be converted into equations
for the sampled-data SC filter. The resulting equation in the z domain must
be of a form that can be practically implemented using SC techniques, and
this restricts us to use of the Bilinear or LDI transforms [2]. Since neither of
these transforms perfectly preserves the characteristics of the original
equations, the resulting filter transfer function does not exactly match that
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ot the prototype filter |16]. In addition, the accurate realisation of the resistive
terminations of the prototype filter presents some difficulties [16]. These filter
synthesis problems can be tackled with a number of techniques [11,12] and,
fortunately, recent improvements in computer-based synthesis programs are
also coming to the rescue in this area [13].

Xc . Xs ideal

{\/\_ - .Lll 'J'] | A sampler

Spectrum of
input signal
\\\\\\\\\“‘\\\\\\\-‘

Undersampled components of
the continuous input signal
are aliased into the baseband

Corrupted signal in baseband ( 1st Nyqist
band ) of the sampled signal.

Fig.1.6 Aliasing

More serious drawbacks of the sampled-data technique are aliasing,
imaging and sample-and-hold distortion. The effect of sampling a
continuous-time signal is illustrated by fig.1.6, which shows how bands of
frequencies are "folded back"on top of the baseband response, which is from
DC to the 'Nyquist frequency', ws/2 [14].
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Fig.1.7 Imaging & reconstruction of sampled signal

Imaging is the dual to aliasing and concerns the conversion of a
sampled signal into a continuous-time one. This process is shown in fig.1.7.
The sampled-data system is idealised, and considered to be processing
infinitely narrow data samples. These samples must pass through a hold
function before they can be filtered in the continuous domain, as shown. The
spectrum of the sampled signal is only drawn up to half the clock frequency,
since processing within the sampled-data system is necessarily limited to this
baseband. It can be seen that the hold function has introduced a sin(x)/x
attenuation, and that the baseband signal is 'imaged' around multiples of the
sampling frequency. Ideally, the (lowpass) filter shown will eliminate all
images above the baseband, leaving a reconstructed signal Y.

Continuous-time Switched-Capacitor Continuous-time
anti-alias filter Filter anti-image filter [~
0dB Qs _T 0dB
| |
s s

Fig.1.8 Standard SC system with anti-alias & anti-image filers
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In standard single-path SC circuits, where one is concerned only with
processing baseband signals (ie. those from DC up to the Nyquist frequency),
the detremental effects of aliasing and imaging are substantially reduced by
including continuous- time lowpass filters in series with the inputs and
outputs, as shown in fig.1.8. These attenuate signals at frequencies below
the Nyquist frequency, and so eliminate unwanted frequency components.
The effects of sampling are not confined just to the signals that are
intentionally being processed, however, and aliasing of wideband noise
within the circuit is a significant problem for SC circuits. This noise, whose
origins have already been mentioned, is folded back into the baseband in
exactly the same way as discussed for the filtered signals. There is therefore
an accumulation of noise in the baseband, and circuit dynamic range is
reduced. The noise is band-limited by the circuit's resistor-capacitor
network and by the amplifier bandwidth, and so the latter must not be
made any higher than is absolutely necessary for adequate amplifier
settling behaviour. Analysis shows that the overall thermal noise power
in a standard SC circuit, where the amplifier bandwidth has been set
according to this criteria, 1is proportional to kT/C, where k is
Boltzmann's constant, T the absolute temperature, and C is the unit-size of
a circuit capacitor. The switch on-resistance, Ron, does not enter the equation,
since increasing Ron has the dual effect of increasing resistive thermal noise
and decreasing the noise bandwidth, and these effects cancel. The main
design parameter determining noise level is therefore the circuit capacitance,
implying that some trade-off exists between circuit speed, which requires
low circuit capacitance, and dynamic range, which requires low noise levels.

1.4 GaAs for high-speed SC circuits

1.4.1 Past work

GaAs SC circuits offer the attractive possibility of sampled-data
analogue signal processing in the range 1-100MHz, making it suitable for a
range of applications, including IF and agile filtering for radar systems [32,34],
clock recovery in communication receivers [32], high-frequency A-to-D and D-
to-A converters [43], and anti-alias and anti-image filters for new generations
of GaAs DSP circuits [44-47]. In contrast to other areas of SC circuit design,
where interest peaked during the early 1980's [15], the field of high-frequency
design has been active more recently, and many of the papers cited in this
thesis have appeared since 1986. General issues in the design of high-
frequency SC filters have been dealt with by a number of papers [16,17,18], and
review papers dealing with the particular problems posed by GaAs technology
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have also appeared [19,20,21]. Quite recently, books on GaAs technology have
been published with chapters dedicated to GaAs SC circuits [22,23,24], and
recent sessions of the IEEE ISCAS conferences have also been given over to
the subject [25,140].

The earliest reference found to an SC circuit processing signals in the
MHz range was due to Matsui et al who used highly optimised, but quite
simple, SC circuits for video signal processing [26,27]. Pioneering work on
more complex filter circuits was performed by Choi et al, who produced a 6th
order elliptic bandbass filter with a centre frequency at 260kHz using 4p
CMOS technology [28]. Another early demonstration of a high-frequency
(15MHz) SC filter was given by Ribner et al [29]. At about the same time the
first reported work on GaAs SC filters was undertaken by workers at STC and
Imperial College London [30-35], though initial results were disappointing,
since many of the difficulties in using GaAs (see section 1.4.3) had not yet been
appreciated. Other groups have now also started working in the GaAs SC area,
and some results have recently been reported [36,37]. Research into high
frequency CMOS has also continued, with particularly impressive results
being reported recently by Song, who has produced a 10.7MHz bandpass filter
using 2.25p CMOS technology [38-40]. This achievement represents a
considerable challenge to GaAs SC research from the point of view of
frequency performance. Some work has been done recently on a radically
different approach to high-frequency SC circuit architectures, in which the
customary separation of amplifier, switch and capacitor is no longer observed,
and the smallest identifiable circuit unit is an integrator. This circuit has been
reported recently, and results from a trial fabrication are still awaited [41].

1.4.2 Commercial exploitation of GaAs

GaAs circuits were originally developed for their excellent
properties in microwave applications. These include high speed, low noise,
a low susceptibility to ionising radiation, and good temperature stability [60].
The first Microwave Monolithic Integrated Circuits (MMIC's) appeared on
the market in 1974, and the industry is growing steadily [23]. The current
increase in the market for Direct Broadcast Satellite (DBS) satellite systems
is expected to be a continuing stimulus for growth in this sector, and a
number of manufacturers now offer foundry facilities, thus allowing
widespread use of this technology [47,61-63).

There is also an increasing interest in using GaAs for high-speed
digital circuits [47,49,64] and some foundries specialise in this area (eg. [65]).
GaAs digital circuits offer several advantages over Si ECL, their closest
competitor, including lower speed-power product and much higher device

29
























































































































































































































































































































































































































































































































