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Abstract. A review of the progress in automated design of analog integrated filters is presented. Such tools are
ahead of other analog circuit automation in terms of the acceptance by designers and practical applicability. A
survey of the present-day commercial and academic systems is made and the range of facilities available is com-
pared. The problems faced in the design of this type of software are typical of the problems of analog design systems
in general; lack of openness for introduction of new design knowledge, difficulties of dealing simultaneously with
expert and novice users, poor integration in design environments, and user-interface problems, The structure of
a typical system is studied and the computer methods used within are discussed with regard to such issues as speed,
flexibility, and ease-of-use. Some future directions for analog filter compilers are proposed.

1. Introduction

Synthesis and compilation tools for analog circuits have
been slow to develop compared to their digital counter-
parts. This has been in part due to the greater difficulty
in identifying the rules involved in analog design and
a certain reluctance on the part of the designer to accept
automation of his or her highly knowledge-intensive
skill. Tools that do exist fall mainly into the categories
of design capture, analysis and verification. Filter de-
sign is an exception; a set of clearly defined hierarchical
steps backed up by a large body of well-established
mathematical theory renders the discipline amenable
to automation. The earliest design programs were devel-
oped in the 1950s and 1960s for passive RLC filters and
demonstrated the feasibility of automatic circuit synthe-
sis [1]. The domain witnessed the earliest application
of several computer techniques to circuit design prob-
lems (notably optimization). When the modern inte-
grated filter technologies such as active-RC, switched-
capacitor (SC), and continuous-time arrived in the 1970s
and 1980s they were followed up quickly by computer
autoration [2]. Moreover, these tools were successful
in gaining acceptance by designers. There are two main
reasons for this confidence. Unlike other analog blocks,
high order filter circuits are a common requirement,
demanding a considerable number of trade~-offs and

tedious numerical design steps. These increase greatly
with order, quickly exceeding the scope of manual
design but ideally suited to the capabilities of the com-
puter. Second, the filter technologies (for mainstream
applications) are now very well mastered, allowing a
sufficient degree of assurance in “what you design is
what you get” to permit computer aids to take over.

What are the main aims in the development of CAD
tools for filters?

1. To reduce design time and cost. Filter design turn-
around is reduced from months to a matter of days.
Quick estimates of silicon area and power allow
designers to make important trade-offs at system
level. Filters synthesized by compilers come with
a “correct-by-construction” guarantee (meaning that
if there are no errors in the CAD software then the
network connectivity and component values must
be correct!). No errors means no costly redesign.

2. To provide optimal designs. Filter attributes can be

tailored to specifications reducing wasted area and
power. Computer assistance is essential in this com-
putationally expensive task.

3. o adapt quickly to changes in the technology. Now

that filter design tools are accepted the challenge is
to make them more capable to absorb new techno-
logical developments, new circuit topologies and
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218 Henderson, Ping and Sewell

design methods. This need has been made particu-
larily evident by the continual emergence of new
technologies, recently switched-current and
MOSFET-C circuits [3-5].

Several filter compilers are now offered commer-
cially and many more reside in academia. Filter design
aids are also increasingly found as extensions to digital
signal processing packages, standard circuit analyzers,
and mathematics and systems simulation languages.
This article will Iook at some of the issues faced in the
design of this kind of software as a small illustration
of the problems facing the current generation of analog
CAD tools. One particularily significant issue, in view
of the rapid technological developments over the past
30 years, is the extent to which “‘technology indepen-
dent” filter design can be achieved. This means the
degree to which the shared design methodology of filter
in various technologies can be exploited to provide
reusable programs (a major goal of present-day com-
puter science). Good design software must not only be
flexible enough to adapt easily to the changing possi-
bilities offered by the technology but must also be able
to incorporate the increasing base of knowledge of cir-
cuit structures. Versatile databases and algorithms are
essential to provide this flexibility and some important
contributions to this are reviewed., CAD, in general, is
encountering increasingly the problem of tool integra-
tion; tools which were developed as stand-alone entities
are being asked to work together to build larger systems.
Filter compilers are no exception and their lack of inte-
gration is hindering the development of mixed analog/
digital filter systems. Another theme will be the extent
to which automation techniques can hide complexity
from the user to provide simpler design decisions.
There is always a tension between offering an excessive
number of options to a designer and hiding too much
(“push-button design’”). The former risks bewildering
the newcomer and the latter risks losing the confidence
of the expert. A continuum between these two extremes
needs to be offered by well-designed software with a
sufficiently uniform view of the design process. These
themes will be illustrated by developments and exam-
ples drawn from the XFILT filter compiler [6].

2. Background

Integrated filter compilation is the translation of a filter
from a high level design description into layout [7].
There is a hierarchy of levels of description, involving
more and more detail as we approach layout. Moving

58

between levels is accomplished by a synthesis step
which converts a design from a behavioral to a struc-
tural description. For example, filter synthesis com-
mences with the description of the design in terms of
a frequency response and terminates with a netlist of
parameterized building blocks, e.g., op amps, transcon-
ductors, capacitors, resistors, and switches. Several syn-
thesis steps follow before we finally arrive at silicon,
for example an analog cell generator will translate from
building block to sized device schematic and a layout
tool from sized device to layout geometry. A typical
organization of such a system is shown in figure 1 and
the “state-of-the-art” is summarized in table 1 which
compares some of the most reputed systems (this list
is by no means exhaustive).

Some pertinent comments follow:

1. There is a very dominant forward path in the com-
pilation process. Most compilers adopt the principle
of making fast synthesis modules and placing the de-
signer in control of a “weak” optimization (manual
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Fig. 1. Design flow in automated filter synthesis.
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Table 1. Comparison of integrated filter design software.
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iteration round the tools, viewing circuit simulation
results and altering specifications). The alternative
“strong” optimization approach consists of a core cir-
cuit simulator, a multivariable optimization package,
and a graphical user’s interface for viewing simulation
results. In this case, an ideal design is taken as a start-
ing point and circuit element values are manipulated
by the optimizer to improve the circuit response in the
presence of nonidealities such as switch resistance or
amplifier bandwidth. However the “weak” approach
is more efficient since there are generally many fewer
filter specifications than circuit element values, but it
relies on designer expertise to interpret simulation
results and modify specifications accordingly. The
“strong” approach trades speed for generality and ease-
of-use tending toward the “push-button” end of design
automation, Both (and a range of possibilities in be-
tween) are necessary for a complete system.

2. Very few existing compilers offer the complete
cycle as depicted in figure 1. In particular, the system

decomposition is rarely automated leaving this step to
be performed by rule-of-thumb and system designer’s
expertise. This is a prospective area for future auto-
mation. The aim would be to help system designers to
set-up realistic specifications and to obtain quickly a
feel for the trade-offs involved between blocks and the
possibilities offered by the technology.

3. At each of the filter description levels there is a
potential to save the state of the design in some data
format. There is very little standardization of these for-
mats (except at netlist or layout level) leading to a diffi-
culty in porting information between systems. For ex-
ample, a standard frequency domain specification
format or transfer function description format would
allow much more shareable and extendable use of ap-
proximation software. At present however, advanced
approximation techniques become an inaccessible part
of a single system and there is very poor reuse of even
standard software. Standard simulator formats for ana-
log and switched-capacitor circuits are emerging by
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default as SPICE and SWITCAP. Layout descriptions
have already the GDSII and EDIF formats available.
In certain cases this is the domain of analog behavioral
modeling languages such as the projected analog exten-
sion to VHDL.

4, Compilers are normally devoted to only one
design strategy and technology. Commercial compilers
in particular restrict themselves to the mainstream
design flow of cascade biquad designs in switched-
capacitor technology derived from classical approxima-
tions (Butterworth, Chebyshev, etc.). This limits the
designers ability to combine and compare technologies
(e.g., active-RC and SC) and the benefits of different
topologies (e.g., biquad and ladder). Not enough work
has been put into an open framework of description for
the design methods and the networks.

5. The importance of having more powerful approx-
imation software is emerging [23]. As the design steps
close to the fabrication technology are optimized the
“room for improvement” shifts toward the higher levels
of design (see also point 2) such as approximation. For
example, traditional approximations based on classical
functions (Butterworth, etc.) yield functions with flat
passbands which are suitable for frequency division
multiplexing applications. However, filters with shaped
frequency response can also compensate for signal dis-
tortions from other parts of a communications system
(typically antialiasing and transmission line losses).
Compared to a standard equalizer/filter solution the in-
corporation of an equalizing capability in the filter
results in smaller circuits and better overall perfor-
mance. Approximation for such designs is increasingty
being recognized as a necessary utility in a compiler
and several packages offer some facility to optimize a
frequency response to an arbitrarily shaped template
[17, 19, 22].

Instrumentation and data communications require
approximations based on phase and time domain re-
quirements. There is very little software available for
such tasks and mostly designs are either “handcrafted”
or cast in terms of problem to be solved by an optimiza-
tion package.

6. The majority of compilers originate from univer-
sities. As with all analog CAD software it covers a very
narrow and highly specialized group of users. The ratio
of difficulty of development of the software to poten-
tial market is high, making it commercially unattrac-
tive. One solution to this problem is to place the soft-
ware under the ““‘umbrella™ of digital CAD tools (i.e.,
make use of the schematic capture, layout, database,
and user-interface standards). Closer integration would
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allow the digital tool to claim “full mixed analog/digital
synthesis capability” while protecting the analog tool’s
interests.

3. Computer Methods for Analog Filter Compilation

The previous section has taken an external view of the
existing filter compilers and the trends in their develop-
ment. The present section will take an internal view
and will examine some of the computer techniques
being used inside such systems.

3.1. Approximation

In filter approximation a realizable transfer function
must be computed to meet specifications of amplitude
and delay in time or frequency domains. Obtaining a
good approximation is a struggle between conflicting
demands of filter selectivity, group delay variation, time
domain response, and transfer function order. Approx-
imation software can either help or hinder this process
depending on its flexibility, speed and ability to satisfy
both advanced and beginner users.

Table 2 shows a survey of the most successful algo-
rithms for filter approximation. From a software per-
spective, a major remaining issue is simply the degree
of accessibility to the user. Entering the specs and view-
ing the responses of classical filters such as Butterworth
or elliptic is a fairly simple matter of entering fixed
parameters and viewing the approximated solution. The
order of the response can be determined from passband,
stopband ripple, and frequency edge specifications (in
fact any one of these can be left open, to be determined
automatically from the specs on the other three). There
is usually very little exploration of responses to be done
(often the specification will even define the order and

Table 2. Comparison of different filter approximation algorithms,
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type of approximation to choose) and menu-driven input
is quite satisfactory.

Design of more complex responses is quite another
matter, the designer has great freedom to vary the char-
acteristics of the filter in the passband(s) and stop-
band(s) by exploring different pole and zero placements.
Here, graphical specification aids are important for the
designer to visualize the response in the different
domains of interest (frequency, time, and group delay).
Often a problem is to view superimposed filter response
plus a distortion function from another part of the sys-
tem or from another cascaded filter. Easy manipulation
of the plots and feedback into the pole placer algorithm
is needed (e.g., the ability to select and place zeros or
to interactively edit the shape of the template). Usually,
a graphical input needs to go hand in hand with textual
specification for detailed manipulation.

3.2. Prototype Synthesis

Prototype synthesis is the process of decomposition of
the transfer function into simple terms corresponding
to a realizable circuit building block. It is here that the
basic topology of the filter begins to be seen. The algo-
rithms are essentially numerical and are divided into
the two principal categories of cascade biquad design
and passive ladder synthesis (see table 3). The algo-
rithms themselves are now well known. The problem
is now largely how to present the bewildering (combi-
natorial) number of possible deompositions to the
designer. Each decomposition of the transfer function
will result in a circuit with different noise, dynamic
range, area, and sensitivity.

Ladder synthesis is particularly difficult to automate
satisfactorily because it requires an understanding of
a number of theoretical conditions on the types of de-
composition allowable, yet is worth the bother because
of the higher quality circuits it generally provides. For
the “push-button’ user a default ladder structure can
normally be proposed using inbuilt knowledge of the
allowable synthesis steps. For the expert who wants to
improve on the silicon area, or who needs a special
structure of prototype the ladder synthesizer can pro-
pose a prioritized choice of structures.

Cascade biquad design requires a choice of a pole
sequence and corresponding zero sequence (“pole-zero
pairing”) of which there are a factorial number. It is
feasible up to around 14th order filters to investigate
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Fig. 2. Filter building-block library in different technologies.

Table 3. Comparison of different filter prototype design methods.
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all possible combinations. However the assessment
needs to be based on some performance measure of the
filter, e.g., area and sensitivity. A compiler can have
a built-in performance measure or can allow a user to
supply his own based on access to analysis results. The
expert should also be permitted to enter a user-defined
pairing while the “push-button” user can be offered
default pairings based on reasonable rule-of-thumb
choices, e.g. increasing Q factor for lowest noise
transmission.

3.3. Network Compilation

Network compilation is the stage at which a filter proto-
type is decomposed into a netlist of ideal linear net-
work blocks (capacitors, transconductance amplifiers,
switches, op amps, etc.). There is very little standard-
ization here, and the algorithms used are often rewritten
for each different structure of filter. Yet a certain degree
of technology independence can be maintained at this
level so that the designs do not need to be recoded when
the implementation of the building blocks change. The
main task at this stage is the construction of a linear-
ized flow graph of the circuit in terms of the building
blocks. The flow graph structure itself stays essen-
tially constant between implementations. The basic
integrator or resonator building blocks do change in
implememntation (switched-capacitor, switched-current,
transconductor-D, active-RC).

A convenient and portable representation of a flow
graph is a matrix system. Several authors make use of
such a system but no convention has emerged [30-32].
One possible form is a pseudostate space description

X = AX + BY (1)
X] a(p) ap(p) ai(p) X1
X | =| an(p) an(p) au() Xy
X3 a3 1(p) an(p) azs(p) X3
bii(p) bi(p) bia(p) Y

+ | ba(p) bn(p) by(p) 2 3]

b31(p) byn(p) bis(p) ¥

where p can be either s or z and where the functions
a;(p) and by (p) represent the transfer function of the
building block (typically but not necessarily integrator
or resonator transfer functions). Figure 2 shows exam-
ples of possible block functions plus their realizations.
Note that such a scheme has several advantages for
computer implementation:
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1. The netlist can be generated directly from the matrix
form by representing each x variable by an active
device (op amp, transconductor, etc.) output and
linking the appropriate block as represented by an
a;; from output i to input j. The y vector represents
an input signal (normally only one), and they should
be linked to the corresponding x input via the blocks
indicated by the b terms.

2. A library of the standard cells and their block trans-
fer functions can be set up and modified according
to changes in the technology or development of new
cell topologies, e.g., low offset integrator structures.

3. Being based on a matrix representation the scheme
is ideal for computer implementation and storage.
A library of matrix manipulation routines can be
made available to allow quick coding of new designs.

4. The matrix can be analyzed directly by substituting
the numerical values of the block transfer functions
and solving by conventional LU decomposition
methods. This provides a quick first check before
an external circuit simulator is called and can supply
estimates of sensitivity and dynamic range. Note that
since the matrix rank is normally dependent on the
order of the filter rather than the number of compo-
nents in the eventual circuit that the analysis is very
efficient. The matrix is built up from the transfer
functions of the building blocks rather than those
of the individual components inside them (as it
would in a standard MNA scheme). This avoids
reanalyzing each occurrence of a building block in
the circuit to determine its transfer function.

5. The matrix allows scaling for minimum area and
maximum dynamic range to be performed with ease.
Simple row and column multiplications are required,

Both cascade biquad and ladder structures in a vari-
ety of technologies can be represented by the above
scheme. The designer is then faced with problem of
choosing an appropriate topology of cascade biquad or
ladder. There are many possibilities such as single op
amp biquads, E or F-type biquads, low C-spread
biquads as well as leapfrog, coupled-biquad, LU,
gyrator-based ladder simulations [29-30]. Each struc-
ture has its own characteristic properties of noise,
dynamic range, sensitivity and area requirement. The
choice is strongly dependent on

1. The class of filtering (bandpass, low-pass, all-pass,
etc.)

2. The bandwidth or Q-factor of the filter (narrow-
band, wide-band)
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Fig. 3. Screen shot of XFILT showing template specification of lower passband and approximation of eighth order filter.

3. The order of the transfer function (particularly for
ladders)

Tt is difficult to make general rules but usually some
helpful defaults can be proposed, €.g., leapfrog struc-
tures are good for low-pass odd order designs, coupled-
biquad, and LUD are best for bandpass, whereas cas-
cade biquads excel at bandstop designs. Based on exper-
imental running of a compiler over a range of specs
a rule base can be established to make a reasonable sug-
gestion of a structure. It is as important to preserve
knowledge of successful as well as unsuccessful trial
designs to avoid repreating the same mistakes. Other-
wise this involves the “weak” optimization of a designer
comparing possibilities by repreatedly running the com-
piler. This is not necessarily a bad thing in terms of
designer “psychology” as it keeps him or her as a
valuable part of the design process.

34. Module Synthesis and Layout

The interface between the block-level network descrip-
tion and silicon is filled by analog cell generators and

layout tools. These have been the slowest parts of the
design cycle to automate because they deal with diffi-
cult nonlinear design problems and are near the fast-
changing demands of the technology. Nevertheless, sev-
eral systems have been presented dedicated to switched-
capacitor filters [33]. These programs interpret the
loading demands and required charging times from the
netlist as specifications on amplifier and switch designs.
They then dimension the devices in order to minimize
the power and area of the circuit either by an optimizer
or by using rearranged device equations, This is nor-
mally the least accessible part of the process. Analog
block generators are making efforts to become more
open to the designer but are still evolving [34-35].
Often the solution is just to use a handcrafted standard
amplifier cell and to accept the overspecification of the
design.

Analog routers capable of taking into account special
requirements of sensitive and noisy nets, power sup-
plies and variable analog transistor sizes and styles have
been developed [36]. The inherent regularity of the
filter topologies makes this a more amenable task than
for more general classes of analog network. Several
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dedicated layout strategies for switched-capacitor net-
works have been reported [18-21]. Normally a fixed
topology is adopted (as in random logic layout), row of
op amps, row of capacitors, row of switches. The routing
problems are greatly simplified and dedicated algorithms
can be used. Sensitive nets such as the connections to
the virtual ground of the op amp are known in advance
and crosstalk can be avoided. Capacitors are designed
in units with constant area-perimeter ratios for high-
accuracy matching. The user can often control the rela-
tive positions of switches, op amps, and capacitors.

4. Automated Filter Synthesis Example

In this section an example of a complete synthesis of
a nonstandard filter will be illustrated from the XFILT
compiler. Figure 3 shows a screenshot of a filter fre-
quency response being defined to the filter compiler.
The response characteristics are defined in stopband
and passband by a piecewise template of lower and
upper bounds on amplitude and delay. The order and

form of the transfer function are specified band by band
(in this case the passband). Passbands can be assigned
forms anywhere between equiripple and maximally flat
and stopbands can have user-defined zero distributions,
Of particular note is the 20 dB/decade slope in the pass-
band for preemphasis. Three zeros have been placed
at the origin to reduce capacitance spread over an
elliptic-style zero distribution. Two notches are placed
in the upper stopband but are not seen because of the
frequency range of the plot. Figure 4 shows the designer
evaluating different realizations of the filter. Depending
on the designer’s level of expertise so-called automatic,
interactive or expert modes of design offer progressively
more possibility for user intervention and customiza-
tion of the circuit design. For example, capacitance
spread can be reduced by different pole-zero pairing
algorithms. In automatic mode, all possible combina-
tions are tried, in interactive mode the designer chooses
from among certain simple preprogrammed pairing
rules aimed at making certain specific trade-offs while
in expert mode he chooses the sequence by hand. The
designer will normally also try a number of different
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Circuit Realisatlon | Circult, RAnalysis [ Circuit Optinisation Hag (dBY
Circult Title |bandpass SC Filter 0,004+00 t + t
Filter Stage anplitude
Filter Inplonontation sultched-copacitor
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Out.put, Fornat. SCHAP 3000001 + £
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Haxinun Copacitance Spread 11000000 +04
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Scale Error 0,0000008+00 ~9,008+01 1 T
Oynanic range stact freq 11,000000a+00 “
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Hunber of Points 200,
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Fig. 4. Screen shot of XFILT showing circuit design of eighth order SC biquad.




circuit structures, comparing component atea, power,
dynamic range, noise, and sensitivity before arriving
at a final choice. A selection of ladder simulation and
cascade biquad structures are available. For this filter-
ing problem, an eighth order cascade biquad circuit
provides the best compromise between area and sensi-
tivity considerations. Normally the final structure will
have been selected after a number of iterations between
approximation and circuit realization stages. The meas-
ured results of the filter (figures 5 and 6) show excellent
agreement with the original template and ideal
response. Finally a filter layout is shown in figure 7.
The op amps and capacitors are standard cells taken
from a library.

5. Conclusions
As regards the basic algorithms for filter design the field

is now fairly mature. Moreover, the reliability with
which filter compilers can produce good quality designs
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has been established. More work is now necessary on
unifying the framework and offering better access to
the design facilities. Integration with digital tool envi-
ronments and more standardization of data formats is
to be hoped for in this direction. Greater gains in terms
of design efficiency should now become available at a
system level. For example, by allowing the designer to
more eagily observe trade-offs between different blocks
in his filter system design and offering more guidance
in the setup of reasonable specifications. This means
using the compiler in fast first-cut design mode and by
storing informaton about already explored design space.
Filter compilers should lead the way toward more inte~
grated analog system design exploration tools.
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