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1. INTRODUCTION

The VHDL-AMS Synthesis Environment (VA SE) isaverticdly integrated colledion d software
tods for synthesis of CMOS mixed signal systems from spedfications written in VHDL-AMS.
As discussed and cemonstrated at the 1997 EETimes Analog and Mixed Signal Applicaions
Conference[1], threesuccessve generations of VA SE systems are being developed.

Criticd to the success of analog synthesis in VASE is the acaracy of analog performance
estimation at various levels of abstradion. The analog performance estimator (APE) in VASE is
used duing mixed signal partitioning, analog behavior synthesis as well as analog circuit
synthesis. APE is capable of accepting the design parameters (bias current) of an analog
comporent asinpu and cetermines its performance parameters (UGF, slew rate, areg along with
anticipated sizing for the drcuit comporents.

VASE APE is gructured as a hierarchicd estimation engine and contains performance models of
analog circuits at various levels of abstradion. The levels include the basic drcuit elements
(MOS transistors, resistors, cgpadtors), basic analog comporents (current mirrors, V-l
converters), operational amplifiers (in various configurations), analog library cdls (integrators,
filters, amplifiers) and the user-level analog structures which include series and parallel
combinations of the library cdlswith or withou feedbad connedions. APE uses SACE models
of analog circuit elements and performance ®@mposition equations for determining circuit
performance d other levels of abstradion.

APE provides fast and acarate estimates of analog system performance d various levels of
abstradion. This presentation will focus onthe analog performance estimator and haw it is used
by the @nstraint transformation and modue seledion todsin VASE. Spedfic emphasis will be
placeal on

* Thehierarchicd estimation techniques used in the APE.



* Experimental results demonstrating the acarracy of the estimates provided by the APE.

* The impad on the speed and quality of analog circuit synthesis when the APE is used in
analog design-space eploration.

2. Architecture of VASE

Figure 1 shows the achitedure of VASE. The inpu isa VHDL-AMS description d the mixed-
signal system and the cnstraints on the system. After partitioning and performing mixed-signal
constraint al ocaion, the digital behavior is subjeded to dgital high-level synthesis. The analog
behavior is taken through analog behavioral synthesis to generate an analog system-level net-list.
The onstraint transformation and modue seledion step allocates constraints to the individual
comporentsin the system, and seleds a suitable topdogy for the comporent from the comporent
library. Finaly, ead of the seleded topdogies along with the dl ocaed constraintsis $zed by the
circuit synthesis tod to generate a sized transistor net-list. This gep is followed by layout
synthesis and layout integration steps to generate the final layout of the system. In the Figure 1,
the usage of the analog performance estimator in the various gages of VA SE is highlighted. In
the final sedion, we daborate on the role of the estimator in the diff erent stages of mixed-signal
synthesis.

3. Analog Performance Estimator

Our performance estimation methoddogy is based ona hierarchicd structure a sown in Figure
2. Thismethoddogy predicts the dharaderistics of an analog circuit and produces aroughly sized
circuit. The inpus are a ¢rcuit topdogy and a set of constraints. The topdogy is a net-list of
blocks sleded from the analog comporent library, which behaves as the spedficaion. The
hierarchy goes from the CMOS Transistors to the User Applicaion.

3.1 CMOSTransistor Models

The transistor models are useful in predicting the performance of the devices before they are
fabricated. There ae several device models in the market to be used with dfferent simulation
tods. As SACE has beme the industrial standard for analog integrated circuits smulation, the
SHCE models are one of the most used. SHCE and SACE-like simulators implement various
levels of device models [2]. The first generation comes from mathematicd models. The seaond
generation d models is based onthe Berkeley Short-Channel IGFET Modd (BSIM), which use
empiricd parametersinsteal of analytic equations.

A CMOS transistor’s operating charaderistic can be dasdfied into three modes of operation:
cutoff, nonsaturation and saturation regions, where eat is charaderized by a DC and an AC
model. The DC model describes the voltages and currents through the transistor ports. The
current drain-source lgs is a function d the voltage gate-source Vg, voltage drain-source Vs,



voltage flat-band Vy,, and the fabrication processparameters. The small signal equivalent circuit
charaderizes the CMOS transistor behavior for AC, where the transcondictanceis a function o
l4s @nd the processparameters.

The transistor sizing processinvolves lving these equations uch that the constraints are met. It
shoud be noted that, the sizing process depends on the fabrication process parameters, and the
sizing acairacy isdiredly propational to the preasion d the transistor models.

3.2 Basic Analog Components

A library of basic comporents is the next level in the estimator hierarchy. Some of these
comporents are DC-bias voltages, current sources, gain amplifiers, ouput buffers, differential
amplifiers and dfferential-to-single-ended converters. The symbalic equations of these dements
are kept in memory. For example, a Differential CMOS amplifier can be charaderized by the
differential-mode gain Agm, the commorn-mode gain Acm, and the ammmon-mode rejedion-ratio
CMRR. Ead o these parameters depends on the topdogy of the basic comporent and the sizes
of the transistors. When a comporent is required, the componrent elements are sized acarding to
the spedficaions. A list of performance etimated parameters are dtached as attributes to the
sized comporent.

3.3 Operational Amplifiers

Thethird level of the hierarchy consists of a set of Operational Amplifier topdogies. The general
structure of an op-amp is represented by three stages: (1) Differential inpu amplifier; (2) Level
shift, differential to single ended converter and gain stage; (3) Output buffer. Each of these stages
can be implemented with elements from the library of basic comporents. The op-amp behavior
depends on the topdogy seleded, the behavior of the basic analog comporents and the sizes of
the transistors. The differential gain, common gain, slew rate, common-mode rejedion-ratio,
unity gain frequency, input impedance and ouput impedance describe the performance of an op
amp. The op-amp estimation procedure uses the atributes of the basic comporents after being
sized and the eguations, which relate these dtributes to the op-amp behavior. Then, the sized op
amp is marked with its performance dtributes.

34 Analog Modules

Thelibrary of comporentsisthe fourth level of the hierarchy. Thislibrary is constructed with op-
amps, resistors, cgpadtors and transistors. The library consists of circuits sich as inverting
amplifiers, integrators, comparators, analog-to-digital conwerters, digital-to-analog conwerters,
filters and sample-and-hald circuits. The performance of ead element depends on its topdogy
and the sizes of the op-amp used. As ead of the comporents describe different analog circuits,
the performance parameters are spedfic for eat analog modue. The performance etimation o



these mporents is dore using the operational amplifier estimation attributes and the
comporent library information.

3.5 User Applications

The User Applicaion is the highest level in the hierarchy. At this level, the spedficaionis a
structural definition d the analog system. The system is defined as a net-list of library
comporents. The net-list is built with four configurations: seria, fork, join, and feedback. Each
configuration consists of blocks, where the blocks are dements of the analog modue library or
one of the four configurations. In the serial configuration, the output of ablock isthe inpu of the
next block. In the fork configuration, an input goes to two blocks, where eat bock has its own
output. A block with two inpus and ore output credes the split configuration. In the feedbadk
configuration, the output of a block is fed-bad through another block to the input of the first
block. The performance etimator uses the library estimation and the relation o the four
configurations to estimate asystem net-list.

3.6 APE Experimental Results

To illustrate the dfediveness of APE, the performance of an Analog-to-Digital Acquisition
System (seeFigure 3) was estimated. For all comporents, the MOSIS HP 0.8um CMOS26G n-
well, triple metal, run N58A processwas chosen. The inpu to the system is an analog signal,
and the output is a 4-bit digital signal. The inpu is a sinusoidal signal with 10mV pe& and a
bandwidth of 300Hz to 33Khz (Telephore bandwidth). The first stage hasagain of 100, so that
the output is a 1V pe&k. The sampling frequency used was 8KHz, with a 50% duty cycle TTL
sampling signal. The ADC implemented was a 4-bit Flash Analog-To-Digita Conwverter.

ASTRX/OBLX [5] tod was used to perform the drcuit synthesis. (ASTRX/OBLX is an
automated synthesis tod developed at the Carnegie Méellon University, which can size apre-
defined circuit topdogy. The drcuit topdogy is gedfied ona SHCE-dedk format, where the
transistor sizes and kas points are set as unknowns [6].) It was observed that ASTRX/OBLX
was unable to converge when the input description dd na have knowledge of the solution space
The inpu file was then modified such that the intervals were reduced and the starting points were
set using the APE’s estimated transistor-sizing information. A functional circuit was produced by
ASTRX/OBLX using this modified inpu. Table 1 compares the estimation and SHCE
simulation results after the drcuit was g/nthesized.

4 Analog Performance Estimator in the context of VASE

In this swdion, we discuss the anadog performance estimator in the mntext of mixed-signal
synthesisin VA SE.



4.1  Application of APE for Behavioral Synthesis of Mixed-Signal Systems

The VASE APE is used duing solution space eploration for behavioral synthesis of mixed-
signal systems. In ou CAD environment, mixed-signal systems are spedfied in VHDL-AMS [9]

by describing their behavior. The spedfication is compiled into an internal representation. After
this, the exploration step for system-level topdogy seledion is performed. This is dore by
extensively using information dfered by APE. Topology selection explores passble cmporent
interconredions that redize the spedfied functiondity. The topdogies represent different
“solvers” for the defined DAE. The solvers are ranked for synthesis acording to the performance
information povided by VA SE-APE at the achitedura level. For ead topdogy that proves to
be digible for further analysis, a cnstraint transformation and comporent seledion step foll ows.

4.2  Analog System Level Constraint Transformation

The task of transforming the high-level spedficaions onto modue level parameters is cdled
constraint transformation. The cnstraint transformation and topdogy seledion step in VASE
takes as inpu the analog system level net-list and the cnstraints on the analog system. It
generates the set of design/performance @nstraints on the individual modues in the system and
seleds a suitable topdogy for the modue from the cmporent library. The seleded topdogy
along with the constraints is used by the underlying circuit synthesis tod to generate asized
transistor net-list that is followed by the layout synthesis dep. Typicdly, the drcuit synthesis
process invalves eaching the parameter spaceof the drcuit in order to find the values of the
widths and lengths of the transistors that satisfy the @nstraints. This sach space is large
because of the number of variables invaved. The constraint transformation medianism in VASE
explores the parameter space & the system level to find ranges for the modue
design/performance parameters. During the exploration step, the performance etimator that is
used by the mnstraint transformation engine generates approximate sizing solutions, which are
used to limit the search spaceof the drcuit synthesis tod. The @nstraint transformation method
consists of an Interval Genetic Algorithm core interading with the hierarchicd performance
estimator.

4.2.1 Genetic Algorithms

Genetic Algorithms (GA) are stochastic seach techniques based on the mechanism of natural
seledion and genetics [8]. They start with an initial set of randam solutions cdled a population.
Each individual solution keing cdled a chromosome, which represents a candidate solution to the
problem being solved. The diromosomes evolve through successve iterations, cdled
generations by using genetic operators, like crossover and mutation. Each chromosome is
evaluated using some measure of fitness to determine which of them are used to form new ones.

4.2.2 Constraint Transformation using Genetic Algorithms

Congtraint transformation as mentioned ealier involves computing values for the comporent
design parameters, while topdogy seledionis the task of seleding a suitable implementation for



the comporent from the set of avail able comporents in the library. The solution encoding for the
constraint transformation roblem consists of atwo dmensiona array of red numbers. The first
row represents the center of the interval being computed and the second row, a delta value that
givesthe width of the interval. The representation consists of two parts, the first part representing
the values to be asumed by the design parameters and the second part represents the topdogy
information. Figure 5 shows the fitness evaluation technique that uses the analog performance
estimator (APE). In a solution, the design parameters and the topdogy information
correspondng to eaty of the comporent in the system level net-list are used to evaluate the
performance of the wmporent by cdling the performance etimator. The @mporent
performances correspondng to the aurrent set of design parameters are stored in an intermediate
performance aray. With this st of performances, the APE is invoked at the user applicaion
level to evaluate the performance of the eitire system. At the User Applicaion level APE
estimates the performance of the atire system, given the performances of the individual blocks
constituting the system. The objedive function is a two level one, the locd objedive function
verifies whether al the constraints stisfy the user spedfied ores, and the global one deds
whether al the solutions in the region are @nstraint satisfying. The GA works towards
minimizing the objedive function. The global objedive function returns a value of zero only if
al the pants in the region are onstraint satisfying. Uniform crosover and nonruniform
mutation operators were defined for the representation. The GA generates a solution that best
satisfies the user asserted constraints. The solution gives us the values for the design parameters
and atopdogy for ead of the comporent in the system level net-list.

4.3  Analog Circuit Synthesis

The analog circuit synthesis processtypicdly consists of three steps: topdogy seledion, circuit
sizing and design verificaion [3],[4]. Topdogy seledion is the process of choasing an
architedure that performs the desired behavior. The drcuit-sizing phase determines the physicd
dimensions, bias points, and element values to med user constraints. Typicaly, the drcuit sizing
processemploys an agorithm to search through the design-spaceuntil converges at a design that
is likely to med the user constraints. The speed of convergence and the quality of the design
produced depend onthe initia design pant as well as the design-space aploration algorithm
used. Finaly, the design verification plreseis typicaly performed by a drcuit smulator such as
SHCE.

Some of the analog circuit synthesis todls darts with a pre-seleded topdogy and attempt to size
it until the mnstraints are satisfied. Other todls try to seled an architedure from a pre-defined
database. The verificaion processinvolves many iterations through the design process and a
badktradking methoddogy is generally used. The drcuit synthesis tod ASTRX/OBLX asaumes
afixed topdogy and wses a simulating anneding processto size the analog cdls.

ASTRX/OBLX requires svera condtions to converge. The simulation is performed in two
phases, the DC anaysis, which evaluates the bias point, and the AC analysis, which evaluates the
small signal behavior. The st function is evaluated using these analyses and it is compared
against the constraints, oljedives and spedficaions. A proper test-bench becomes criticd to
find afunctional design. However, it may take an expert analog designer to dedde aproper test



bench. Besides, The mnwergence time and the acaracy of results are improved when the
unknawns intervals are kept small and the number of unknowns, spedficaions, obedives and
constraints are & minimum as posgble. Therefore, an initial knowledge of the transistor sizes,
operating points, and small signal charaderistics can speed up the process of convergence
succesdully. The Anaog Performance Estimator presented in this paper provides a way to
generate such initial design condtions.

4.4  Analog Component Library

The analog cdl library consists of a set of comporents such as current mirrors, opamps,
differentiators, integrators, adders, multipliers, dividers, sample axd hdd circuits, analog to
digital conwerters, and dgital to analog converter. Each comporent describes just the drcuit
topdogy at the CMOS transistor level; no sizing information is obtained from the library. The
goal isto have aretargetable library that doesn’t depend onthe fabricaion process parameters
and the functional constraints. However, having a library in this format requires extra
information to guide the synthesis process The performance of ead library comporent depends
on the fabricaion process parameters, the sizes and the environment in which is used. The
analog performance estimator presented in this paper can generate such information.

5. Conclusion and Future plans

The analog performance estimator (APE) presented in this paper uses a hierarchicd approac to
analog circuit performance and size estimation. These size estimates could be used effedively as
astarting point for analog circuit synthesis. The APE was discussed in the cntext of a mixed-
signal synthesis s/stem (VA SE). The goplication d APE in performing constraint transformation
was also presented. Currently we ae trying to charaderize the eror of the estimator and wse this
to improve the acaracy of the constraint transformation process Work isaso dreded towards
extending the estimator for use in analog behavioral synthesis.
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