Scientia Iranica, Vol. 6, No. 1, pp 59-73
© Sharif University of Technology, January 1999

Research Note

A Mixed Algorithmic and Knowledge-Based
Approach for Automatic Design of Analog
Circuits Based on a Behavioral Model

M. Shojaei! and M. Sharif-Bakhtiar*

In this paper, a novel method for automatic synthesis of analog circuits based on their behavior
is presented. The provided method is a new mixed algorithmic and knowledge-based technique.
In this method, the behavior and topological properties of the desired circuit is, first, derived.
A behavioral graph with respect to the behavior of basic components is then devised to match
the behavior of the desired circuit. The behavioral model is then transformed to a corresponding
circuit for a possible solution. These operations utilize innovative algorithmic approaches for
behavioral and topological modification based on KVL and KCL. Consequently, for a given design
problem, this method is capable of producing various circuit topologies which do not necessarily

exist in the library.

INTRODUCTION

Design of digital circuits is widely supported by so-
phisticated CAD tools. Hierarchical and structured
abstractions are fully exploited to generate complex
systems. On the contrary, much of the design of analog
circuits is still hand-crafted by expert designers.

Economic factors, increasing demands for a wide
variety of high performance analog circuits and growing
requirements for single chip mixed designs have initi-
ated efforts toward automating analog design. CAD
tools specifically tailored to analog integrated circuit
design promise to improve the design process in a wide
variety of ways [1].

Analog CAD tools have not been developed to the
extent of digital CAD tools due to inherent difficulties
attributed to the analog design. Major difficulties in
analog design automation are:

1. Complexity of analog design.

2. Inadequate or incomplete knowledge for the design
of analog circuits.
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3. Unavailability of topology construction for given
specifications for a wide range of analog circuits.

For these reasons, topological design has been
limited to selecting topologies from libraries in existing
CAD tools [2-5].

In this article, a novel method for automatic syn-
thesis of analog circuits based on a behavioral model is
presented. This method handles the synthesis problems
by performing design at the basic behavior level of the
circuit for the automated design of analog circuits by
mimicking human behavior. For a circuit with desired
functions and specifications, the behavior is designed
in such a way that the specifications are met and the
structure of the circuit is simultaneously constructed
with the use of behavioral and structural properties of
KVL and KCL. Since KVL and KCL form the basis
of topology construction, it is possible to derive new
topologies from the basic topologies even at a low level
as primitive as the level of individual elements. This
will enable the design engine to devise complex circuits
using a primitive and simple library which may only
provide the basic electronic components.

The present method has been realized in an
environment called BSDM (Behavioral based initial
Synthesis, Diagnosis and Modification) which is also
described in this paper. To enhance the speed and span
of the design process, heuristic behavioral modeling for
application of domain knowledge is also used in BSDM.
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A REVIEW OF KNOWLEDGE-BASED

METHODS FOR AUTOMATIC
ANALOG CIRCUITS

DESIGN OF

In the past few years, there has been an intense
interest in knowledge-based approaches to analog de-
sign automation [1-10]. Existing problems in analog
circuit design automation were referred to in the

previous section. These problems ne

cessitate the use

of knowledge-based approaches for antomated analog

design. Knowledge-based systems e

xploit a part of

domain knowledge (heuristics, circuit architectures and
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of knowledge-based analog design automation have
been presented in a number of references [1,5,10].
The main design philosophy that| has evolved and

prevailed for unfixed topologies, so far

is the hierarchi-

cal approach [1]. The underlying idea involves the use

of predesigned blocks stored in a librar

y to partition the

desired circuit into smaller distinct functional blocks

connected to each other. This process

is called topolog-

ical design step. In the specification agsignment step or

sizing step of the design process, a set
is assigned to each of the blocks chosen
If these specifications are met, the
these blocks will yield the desired circ
The same procedure is repeated in 4

of specifications
from the library.
performance of
uit performance.
similar manner

for the smaller blocks at lower hierarchical levels. In

order to carry out such partitioning

of circuits and

decomposition of specifications, a gredt deal of domain
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form of heuristics and design equatigns.

design ensures the greatest design free
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Hierarchical
lom among other
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and maintain, and they make better use of design
knowledge [1,10]. The required library in hierarchical

systems is also smaller than that of
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methods [1]. Different variants of the basic hierarchical

design approach have been realized |

1,5-10], however,

the following are still demanding prohlems:
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2. Topology derivation instead of top

3. Handling interactive analog specifi
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the predefined circuit modules stored in the library.
A large number of building blocks, along with their
relevant data, are to be stored in the computer for the
design of analog circuits. The stored data on the build-
ing blocks are to be changed in case of any variations
in process parameters or the desired specifications. On
the other hand, interaction of circuit modules makes it
difficult to connect circuit blocks simply as in digital
circuits. These limitations are due to the fact that
the meaningful relation between the structure and the
function of the circuit is not considered in the current
methods. However, the function of a circuit (i.e.,
its purpose) is actually related to its structure (i.e.,
its schematic). Structure is what the circuit is and
function is what the circuit is for, but behavior is
what the circuit does [11]. Analog circuit behavior
is characterized by the circuit equations and human
designers use these equations at the abstract levels
suitable for different design steps. Structural properties
of the circuit are extracted from interconnection laws
(KVL and KCL) present in circuit equations. This
usage is a special feature of the design and modification
process performed by human designers. Thus, to
provide a formal model of expert designers’ conception,
circuit equations must be considered at the basic level
of network equations. At this level, circuit variables
will be currents and voltages of circuit modules.

Here, a novel concept is intoduced by considering
the behavior of a circuit to interconnect the circuit
modules by the use of KVL and KCIL. (Automatic
design of lumped circuits are considered.) This concept
is, then, applied to topological design by expanding a
primary topology of a circuit to a new topology in a
formal manner. Consequently, this method is able to
produce alternative topologies which are all potentially
a solution to the given design problem.

The proposed concept provides a framework for
the synthesis based on initial knowledge-based design
and formal modification of circuit topology. To conduct
this modification, the structural and behavioral failures
are locally or globally located and identified in the
structural and behavioral model of the circuit, respec-
tively. These failures are, consequently, improved in
a formal manner based on the relation between the
behavior and the structure.

The purpose of the presented theory is:

o To concentrate on the circuit behavior as a radical
solution for the current problems in the design of
analog circuit topology.

o To provide a new formal framework for analog circuit
design automation in which all aspects of analog
circuit behavior can be gradually integrated.

The behavior of an analog circuit has different aspects
which must be considered and modeled, such as:
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e Functional behavior such as linearity or frequency
behavior.

o Interaction of circuit modules’ behavior which is es-
sentially originated from interconnection laws (KVL
and KCL).

In the presented method, different aspects of
analog circuit behavior are considered and the way that
circuit block diagram topology is formally constructed
from circuit behavior without the use of library is
demonstrated. The formal nature of the method makes
it expandable to consider any other aspect of circuit
behavior in future works.

In this method, behavioral modeling is done in its
basic form, i.e., an abstract representation of circuit
equations (KVL/KCL and input/output equations for
circuit modules) [12]. The basic behavioral model is in-
deed a qualitative causal representation of the network
equations. Network equations provide an appropriate
representation of interaction between circuit modules
according to the nature of the interconnections. Basic
behavioral modeling provides the ability of comparing,
composing and modifying basic interaction between
circuit components. This modeling is hierarchical to
retain a hierarchical design procedure.

To start the basic behavioral modeling, the follow-
ing information is considered for circuits and domain
knowledge:

¢ Structural information.
¢ Behavioral information including:

- Causal relations between voltages/currents.

- Qualitative constraints on causal relations and/or
voltages/currents.

Structural information is information about the
whole or some part of circuit architecture, which is
known. To represent and manipulate circuit equations
at the level of causal relations (i.e., generation of de-
pendent variables from independent variables [11,13]),
a graph, called here a B-graph (Behavioral graph),
is defined to represent causal relations. A B-graph
is a directed graph in which nodes denote terminal

| B=2

LOAD CIR.v(a)

CIR.v(c)

vili(1)
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currents or terminal voltages or terminal pair volt-
ages of circuit modules, whereas branches and paths
represent causal relations between different quantities.
The direction of each branch is from an independent
quantity to the dependent quantities (Figure 1). In
the notation used in Figure 1, for example, CIR.i(a)
denotes electrical current of terminal “a” of circuit
module CIR.

As shown in Figure 1, specific B-graphs are
assigned to causal relations of behavior of LOAD and
CIR modules as well as to KVL and KCL. “KVL” and
“KCL” subgraphs model the behavioral interaction of
CIR and LOAD.

A set of qualitative/quantitative constraints over
causal relations, currents and voltages is assigned to
each B-graph. Causal relations in the B-graph show
what quantities interact and corresponding constraints
represent the features of interaction. The use of
qualitative constraints for specifications, causal rela-
tions and electrical quantities in the network equations
provides the utility of applying qualitative reasoning
for circuit behavior manipulation. Unlike numeri-
cal techniques, qualitative reasoning deals with the
qualitative values and relationships between variables,
rather than the actual values or the precise analytic
equations [1]. It is, therefore, a powerful method for
qualitatively locating and identifying failures in the
network equations and manipulating the equations to
modify behavior in a systematic way, all at the level of
basic behavior.

Abstract level of causal relations and qualitative
constraints does not depend on the linearity or nonlin-
earity of equations. Thus, a basic behavioral model is
applied both for nonlinear and linear behavior of analog
circuits.

In order to perform qualitative manipulations, a
new discrete domain must be defined, which is called
Quality Domain (QD) [J]. First, the considered con-
tinuous domain A(AC R)is quantized to appropriate
regions, open or closed, within which the quantitative
variable behaves uniformly. This quantized version of
the continuous domain, known as quantity space, is
mapped to appropriate qualitative values in the quality
domain. For example, this process is demonstrated

Differential voltage gain

LOAD (1)

CIR.i(a)

Input impedance

KVL and KCL subgraphs model the behavioral interaction of circuit modules.

Figure 1. B-graph for A,, and Zi, of a differential amplifier circuit.
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schematically to define three linguistic values of Low, cated in the above definition, causal relations and the
Medium and High for closed interval [0,VCC] in Fig- associated constraints as well as the circuit structure
ure 2. are hierarchical. In this way, the hierarchical approach
There is one interesting thing worth mentioning has been extended from structure to behavior. For
here. In qualitative arithmetic, the| outcome of some example, Figure 3 depicts two levels of hierarchical
arithmetic operations may be “ambiguous”. For ex- representation of the structure and the behavior of a
ample, the result of adding two “Medium” values in push-pull output stage.
Figure 2 may be “Medium” or “High”. The ambiguities Figure 4 illustrates the basic behavioral based
are used here to obtain alternative options for the design procedure within the BSDM system. With
computation results. reference to this figure, a brief overview of the method
Final qualitative values for specifications and and purpose of each system module is now provided
quantities of each constructed circuit topology can [12].

be set to initial numerical points.| Then, optimum

values of the circuit parameters can be obtained by Basic Behavioral Modeling

a numerical optimizer. This stage of design is not the To design the desired circuit, the basic behavioral
subject of this article. features of the circuit are first derived from the given

For a unique circuit representation, the basic function and specifications. The desired basic behavior
circuit type U, with structure S, ¢ausal behavior B is represented by a B-graph and the corresponding set
and the corresponding constraint set C is defined. U, of constraints.

is represented in a hierarchical formas: ] ] _
Primary Circuit Generation

Sy Sy ... S, 5: The primary circuit generator selects primary circuits
U :{B1 Bz..B,n>1lorbriglyasU,: ¢ B, or elements from the library which best match the
C, Cs...C, c desired behavior. Then, this module, qualitatively,

evaluates the behavior of the primary circuit.
where S;, B; and C;(1 < i < mn) denote circuit

information at level i. As a definition, B;;; is an Circuit Behavior Modification
instant from B; and S is an instant from S;. As indi- If a failure occurs, this module will be activated. It
expands the initial B-graph such that all desired causal
@ @ @ relations and/or constraints can be met. B-graph ex-
Quhlity domain QD pansion provides a model which expands circuit equa-
Linguistic tions into more detailed equations in order to satisfy
N\ the desired constraints. In this way, B-graph expansion
9 T1 T2 \{ele Quantity provides a modified version of the initial behavior
Boundary valués space Q in which the initial synthesis problem is decomposed
Figure 2. Mapping of quantity space @ to the quality into two or more synthesis subproblems. The novel
domain. algorithms developed for B-graph expansion operate
Level=1 b KVL CIR.i(b) RLv(12) [vs¥(1)>0
el cIR 41 vertt) CIR.v(a) KCL Rl,i(l)//_ L CIR.v{b)>0
| KVL [vs.v(1)<0
@ 3 FE CIR v(b) {CIRAv(b)<O

Level=2 CIR2.i(b)=0
KVL I\’C‘\L\ CIR.v(b
CIR.v(a) viP)

CIRl.v(a) CIR1.i(b)> 0 CIR.i(b)

CIR.v(a)> 0 i
{CIR.v(b)> 0 CIRLv(b)

KVL

CIRLi(b)=0 &

KVL I\’CN CIR.v(b)

CIR.v(a) * > : v
CIR2.v(a) CIR2.i(b)>0 CIR.i(b) /KVL
CIR.v(a)<0
{CIR‘\'(b)<O CIR2.v(b) / /

Figure 3. Hierarchical representation of push-pull output stage structure and behavior.
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Desired specifications Process parameters

|

Basic behavioral model
generation for the circuit

Basic behavioral
model base for P
specifications

Circuit library ]’ ™ Primary circuit generation and

qualitative evaluation of the circuit] Success
- -»| behavior with the use of -

r behavior matching mechanism

lFailure

Circuit behavior modification and
qualitative evaluation of the circuit
behavior with the use of

behavior matching mechanism

Failure
(Backtracking)

Algorithm bases } 1 ™

Success

Set next building block No

as the desired circuit

End of hierarchical
levels?

Figure 4. Design procedure within BSDM system.

such that KVL/KCL are satisfied in the resulting B-
graph(s). These algorithms modify circuit structure
along with B-graph expansion by decomposing a circuit
module into a number of circuit modules by the use
of reasoning and then interconnecting these modules
in a way that is consistent with KVL and KCL.
Consequently, this method is able to produce different
circuit topologies without the use of a library. This is
a new and important feature of the presented design
theory.

The newly constructed block diagram, along with
the desired behavior at a determined level, is again
given to the primary circuit generator. Design proce-
dure continues up to the complete design of the circuit.

UNIFORM MODELING OF CIRCUITS,
KNOWLEDGE AND SYNTHESIS
PROBLEM

Two categories of domain knowledge are modeled and
used to apply heuristics as follows:

1. Rules:
If 51 and/or B1 and/or C1 then 52 and/or B2
and/or C2.
These rules give information about S and/or B
and/or C according to the known properties of S
and/or B and/or C. KVL and KCL and heuristic
rules for constraint assignment are of this nature.

2. Elements and circuits library.

This category includes electrical elements or already
known circuit blocks such as a MOS transistor or a
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cascode amplifier stage for which U; is known. The
library in the presented method helps to increase the
speed of convergence in the design process without
sacrificing the robustness of the method.

Problem representation is depicted in a format
similar to that of knowledge representation of the
second type above. S, B, and C are only defined
at the first level of hierarchy for a synthesis problem
defined by a U;. Design process is indeed the deriving
information for the next levels.

APPLICATION OF KNOWLEDGE BASED
ON CONCEPT BEHAVIOR MATCHING

To apply inference rules, inference engine of the de-
sign system must be able to determine when two
circuits are the same or match [14]. A matching
mechanism performs this task. This mechanism is an
algorithm, which compares the information of circuits
and calculates required replacement of variables to
decide whether a circuit can be replaced by another
circuit or not and a rule can be activated or not. At
the basic behavior level, the matching mechanism is
classified into structural matching, which is familiar
and behavioral matching, which includes B-graph and
constraint matching. If H,, is the desired behavior,

BP
(HP - {Cp ) )
in a synthesis problem and Hy is a known behavior,
By
(Hk - {Ck ) ’

behavior matching evaluates Hy and checks the satis-
faction of the H, requirements.

B-graph matching compares the causal relations
of two different circuit modules and applies a unifica-
tion algorithm for determining the variable substitu-
tions of B, and Bi. These substitutions generate the
maximum number of desired causal relations in B,
each of which will be provided by a set of causal re-
lations in Bj. Successful B-graph matching is followed
by constraint matching. Constraint matching itself
includes comparison, intersection and propagation of
constraints on the B-graph through the circuit hierar-
chy [12]. Constraint propagation will be also applied
once each function block is designed. This procedure
determines:

o What constraints are imposed by each circuit module
onto other modules (especially to those blocks that
have not undergone the design process yet).

e Whether interaction of two or more designed circuit
modules produces conflict.
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Figure 5a. Desired behavior of a voltage buffer and

behavior of a CD stage.

Quantity Matching Causal Relat

ion Matching

[Bor || m | sor [ wm |
BUF.v(a)| M.v(g) |BUF.v(a)to BUF.v(p) [ M.v(g) to M.v(s) [
BUF.v(b)| M.v(s)

IM.v(g,s)] << |vs.v(1)] = M.v(s)>M.v(g)

Figure 5b. Behavior matching results
Figure 5a.

e Whether the desired and imposed
behavior of a circuit module prod

of Up and Uy in

constraints for the
uce conflict.

As an example of behavior matching, the desired
behavior of a voltage buffer and the behavior of a

common drain stage and matching
in Figures 5a and 5b, respectively.

results are shown

B-graph matching specifies how a desired relation
from an independent variable to a dependent variable

in the desired circuit will be gene

rated by a set of

variables and their relations existing in the network
equations of a specified circuit. The situation under

which B-graph of the specified circui

t does not produce

some of the desired causal relations or constraints

of the behavior do not satisfy sor
constraints, is named partial mat
or constraints, respectively. In the
circuit modules can be replaced witl
modules. This is a generally used §
modification. In the next section,
circuit behavior modification based d
model is presented.

MODIFICATION OF CIRCUI
WITH THE USE OF B-GRAP
EXPANSION

me of the desired
hing of B-graphs
simple case, the
h other alternative
trategy for circuit
a. new method for
n basic behavioral

T BEHAVIOR
H

Circuit topology modification in traditional methods is
limited to selecting a new topology from the library
and replacing the failed configuration with the selected
topology. To overcome this limitation, a new concept is
defined and used, i.e., formal modification of behavior,
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the basis of which is to expand circuit equations into
more detailed equations.

For the case of partial matching of B-graphs, it is
necessary to add new subgraphs to the original B-graph
(B1) and form a new B-graph (By) such that complete
matching occurs. Mapping this procedure from B-
graph domain to the network equations is equivalent
to expanding the initial desired circuit equations by
adding new variables and new causal relations.

For the case of partial matching of constraints,
consider a primary component with B-graph By and
constraints set Cf. Suppose By is matched with the
desired B-graph, but Cy embodies a subset of desired
constraints set C,. Thus, by propagating Cp, and Ci
through By a set of conflicts will remain. This means
overconstrained network equations. If propagation of
both C, and Cj is done over an increased number
of variables and relations, in other words, on the
expanded circuit equations, conflicts can be resolved.
Since nodes of B-graph denote circuit variables and
branches of B-graph variable relations, adding suitable
nodes and branches to By (i.e., expanding original B-
graph) results in the expansion of circuit equations.

In general, for the case of partial matching of con-
straints, there will be some subgraphs with inconsistent
constraints resulted from the constraint propagation
mechanism. If a failed subgraph is “KVL” or “KCL”,
the situation implies that the interaction of two or more
related circuit modules must be modified. If the failed
subgraph relates to the behavior of a circuit module,
the situation means that the module equations must
be modified.

As the behavioral model is hierarchical, B-graph
modification can be applied at each level of hierarchy.
The lower the level, the more local modifications and
the upper the level, the more global modifications.

B-graph is expanded with the use of novel de-
veloped algorithms. To map the B-graph expansion
procedure from the B-graph domain to the structure
domain, it is necessary to create new modules and
interconnections whose B-graph corresponds to the
added subgraphs of the initial B-graph. The resulting
B-graph is a lower level instant from the desired B-
graph and resulting structure is a lower level instant
from the desired structure. Modification of the circuit
structure in parallel to B-graph expansion has been
predicted in the developed algorithms. This can be
briefly summarized as follows.

For each new node during B-graph expansion, a
new circuit block is generated. At the beginning, these
blocks do not have any electrical connection with each
other or with existing blocks. To create the appropriate
connections, consistency of the resulted structure with
new causal relations must be secured. To provide this
consistency, structural properties of KVL and KCL are
used in a formal manner. This usage is performed
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in such a way that specific electrical connections
are created between circuit modules for each new or
expanded KVL/ KCL subgraph generated during B-
graph expansion. As a result, the separate existing
blocks are connected to each other so that they satisfy
structural conditions of “KVL” and “KCL” subgraphs
while providing new causal relations. Thus, innovative
modification of the structure will be followed. B-graph
expansion is realized by the use of different algorithms
for each case of failure.

To illustrate the procedure, a sample algorithm
which removes constraint failure will be provided here
along with an example.

B-Graph Expansion Algorithm B for
Constraint(s) Failure in “KVL” or “KCL”

Consider failed “KVL” and “KCL” subgraphs. For
each one of these subgraphs such as B;:

1. Create a new auxiliary source node n’, and connect
it to the sink node of the subgraph. Assume one
new circuit block for n’.

2. Select a cause (source node) for n! and create a
minimal path from this cause node to n’, or set n’ as
an independent node, i.e., without any cause. In the
former case, for each “KVL” or “KCL” subgraph in
the path create the corresponding interconnections
between circuit modules.

3. Apply constraint propagation mechanism to the B-
graph.

As an example, consider design of a DC voltage
level shift with negative value and zero input and
output current in MOS technology. The B-graph of
voltage level shift is simply a node without any branch
and the associated constraint is the qualitative value
of the voltage shift. It is assumed that a NMOS
transistor M, which must be operated in the saturation
region, is selected as the primary component. Thus,
the initial B-graph is as shown in Figure 6a. The
matching mechanism locates failures in the “KCL”
subgraph in which the output current is generated and
in the node representing M.i(d). This is because M
is not connected to any circuit blocks, thus transistor
M has zero terminal currents. To modify the circuit,
algorithm B is applied.

d Tout = 0 M.V(g)
Input
KOL
KVL
g M.i(s) ) M.v(s
s Mi(d)  Mv(gs) V)

Cutput

Figure 6a. Primary component for voltage level shift.
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(Added nade)
CIR2 | (CIR1.i(a)
b

M.i(s)

M M.v(s)
Qutput CIR2.i{b) v(g,s)
o)

(Added node)

KCL

Figure 6b. B-graph expansion for initial circuit in Figure
6a leads to new circuit blocks CIR1 and CIR2.

tout = 0

M.v(g)

KCL Is.i(a)

M.i(d)
M.i(s) M.v(s)

VCC.i(a) KCL

Figure 6¢. Modified topology after structure generation
for CIR1 and CIR2.

Application of Algorithm B

Consider the “KCL” subgraph in which “i,,,” and the
node representing M.i(d) are generated (Figure 6a).

1. Create a new auxiliary source node for node “igy”
and assign this new source node to CIR1.i{a). Also
create a new auxiliary source node for node “M.i(d)”
and assign this new source node to CIR2.i(b).
CIR1 and CIR2 are new circuit blocks (Figure
6b).

2. Set CIR1l.i(a) and CIR2.i(b) as independent
nodes.

3. Apply constraint propagation mechanism to the B-
graph.

Design of CIR1 and CIR2 blocks are new synthesis
problems which are again to be solved in the same
manner. An option for topology of the whole circuit
is shown in Figure 6¢.

SYSTEM ARCHITECTURE

In order to realize the basic behavioral based design
procedure (see Figure 4), a global system architecture
is chosen for BSDM as shown in Figure 7. The main
system components are the user interface, knowledge
and algorithm bases, S unit and M unit. S unit
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S unit
Rule-base 1 [ Basic behavior modeling unit I
Rule-base 2 '
LBehavior matching unit '

Rule-base n

Inference engine }
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Inference rules ]

Circuit lib i..
treult hirary Execution unit / ll

O parts

Behavior e

Qualitative circuit

aluator

B-graph expansion M unit

Algorithm base

(Circuit behavior| modifier) ‘J

Figure 7. BSDM design system architecture.

realizes the primary circuit generat

on phase and M

unit realizes the circuit behavior modification phase of
design procedure. S unit is knowledge-based whereas

M unit is essentially algorithm based.

Communication among all system components is

established by the aid of a blackbgard [15].

BSDM

is also hierarchical, i.e., the main tasks of the design
procedure are extended to a set of subtasks to be
performed at S or M unit. BSDM has been realized on

a PC-Pentium with the use of Borl
4.5 under Windows 95.

and C++ version

DESIGN PROCESS AND EXAMPLES

To obtain a perspective of design pr

cedure, a descrip-

tion of relevant steps in the design ig given here [16].

Design Process

S1 52 ={...
Synthesis problem: U, : ¢ By By =
Cl Cg =
Step 1: select a candidate module
Sy Sy 5]
U,:<By B . B,1>1
cy CL O

from library, such that Cy N

Step 2: Compare causality of behav

(B-graph matching).

Step 3: Examine B-graph matching.

S, =7
?.B,=7n>2
7..C, =7

C1 = Max.

lor of U, and Uy
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e Case 1: B, N B; = ¢ (complete mismatch).
Backtrack.

e Case2: B{NB; = B; (problem is solved from
causal relations point of view). Go to Step 4.

e Case 3: Bin B, = B",B" # By (partial
matching). Apply appropriate B-graph ex-
pansion algorithm.
Result: By = Bgl (@] Bgz, S = 521 (W] 522,
Ci = Cy,NCs, or B = BIUB2, § = $1U82,
C=Cc1ncC2.

New synthesis problems are:

51 52
Up - { Bl and Uy : { B2 .Go to Step 1.
1 C2

Step 4: Compare constraint sets C' and C' (constraint
matching).

e Case 1: C) N Cy # ¢ for each specification.
(Synthesis problem has been solved.) Stop.

e Case 22 Cp N C] = ¢ for at least one
specification.  Apply appropriate B-graph
expansion algorithm (given as following).
Result: B; = Bgl U B22-~- @] B2,,L7SI =
521 U 522... Uuss,,, C, = 021 N ng .. N Cgm or
B = B1uB2..UBm,S = S1US2..USm.C =
CincC2..nCm.

New synthesis problems are:

51 592

Upl Bl 3 Up2 . B2, iy
cl C2
Sm

Upm : { Bm, Go to Step 1
Cm

Here algorithm A for expanding B-graph in the
case of failure in constraints is presented. Then, two
design examples executed in BSDM environment with
the use of algorithms A and B are given. Details of
algorithm A are provided for the second example.

Algorithm A for Constraints Failure

This Algorithm pinpoints the cause(s) of constraint
failure(s) on the B-graph and removes the cause(s) as
follows:

1. Select a subgraph By related to a circuit equation
in which a failure has occurred and has sink node
ni and all the related source nodes and branches.

2. For one or more source nodes in the subgraph :

- Disconnect an incident branch to ny from a source
node n.,.
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Ay subgraph

R;, subgraph

Figure 8a. Design problem definition (AC design).

- Create a new source node n/, for n; and connect
it to ny by the use of a new branch. Assume one
new circuit block for n/.

- Select a cause (source) node for n and create a
minimal path from this source node to n,. For
each “KVL” or “KCL” subgraph in the path
create the corresponding interconnections between
circuit modules.

3. Apply constraint propagation mechanism to the B-
graph.

If considered failed subgraph is “KVL” or “KCL”, the
algorithm B is also applicable.

Example 1

A basic design example is shown in Figure 8. The
problem is the design of a buffer stage with an A, = 1,
high Ri, and low R, (Low load). Figure 8a displays
the problem statement and Figure 8b shows the small
library content. Figure 8c represents the selected
candidate module from the library. This module fails to
meet the desired R;, if bias current is chosen high and
fails to meet the desired A, if bias current is chosen low.
The library includes only three basic configurations for

In In In Out

Out -

Figure 8b. Library content (only one stage topologies).

¢ Chosen from library

Figure 8c¢. Selected candidate module from library.

one-stage amplifiers. Here, it is shown how algorithm
B generates a group of new configurations which satisfy
the desired specifications.

Application of Algorithm B for Failure in .lhi‘t.,-n

1. With respect to the “KCL” subgraph of R;, i~
Figure 8a,

- Create a new auxiliary source node for the node
representing “vs.i(1)” and assign this new source
node to CIR2.i(5). CIR2 is a new circuit block.

- Select CIR1.v(4) as a cause for CIR2.i(5) and cre-
ate a path from the node representing “CIR1.v(4)”
to the node representing “CIR2.i(5)" (Figure 8d).

2. Apply constraint propagation mechanism to the
expanded B-graph.

Continuing the design procedure for CIR1 and CIR2,
with respect to the given library, will result in the
circuit of Figure 8e as a solution to the given problem.

“Ay"” subgraph

KVL CIR1. v(3) CIR1.v(4) R1.v(7)
3|CIR1 LicIr1.i(e)
. p %'vs.i(l) el cor Rl-i(T)_
N CIR2.i(6)

L7

s
5|CIR2|6 SR
2 8

CIRs .($The first node,
e _-~"added for failure

recovery in “R;,"

Rin subgraphﬁ"-._.v‘

subgraph
Figure 8d. Expanded B-graph starting from “R;,”
subgraph and corresponding new inferred schematic.

CIRI\

Q2 R1
I_ '\ CIR2 ——

Figure 8e. One option of possible circuit structures for
increasing Ri, resulted from block schematic in Figure 8d.
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The first node. added for failure recovery in Ay " sijbgraph “A," subgraph CIRl;' """""
CIRLv(4) CIR2.v(5) CIR2.v(6)
. KVL Kvi\ 0 {vs) )i
CIR2.i(5) Riv(7)
KCL :
CIR2.i() KCL R1.i(7) @ .
..................................................................... Option 1 == Option 2 Option 3

-

Figure 8f. Expanded B-graph st

The circuits of Figure 8f could also b

derived as other

altermative solutions, if A, subgraph (instead of R;,
subgraph) was chosen as the cause of| failure.

Example 2

The design of a low offset differer
given in Figures 9 to 13.
specifications are: A,q = High, R,
= Low, input offset voltage = Low, |

itial amplifier is

The desired qualitative

= Medium, P.D.
A Iy max| = High,

[AVomax| = High, input DC voltage = 0. Figure 9
depicts the component library, which only includes

basic modules and electrical elements.

the following design steps are followed.

In this example,

1. The design problem model is generated.

2. The library is searched for an initial topology whose

range of specifications maximally
straints of the desired specification

3. For each failed specification or qu
sponding subgraph is determined
algorithm A. As a result, a new B-

match the con-

w

antity, the corre-
and expanded by
graph, associated

constraints and associated block diagram, including

interconnection of circuit blocks A
are innovatively generated in a

MP1 and AMP2,
formal manner.

AMP1 will correspond to the selected topology in

Step 1.
and structure will be placed at
circuit hierarchy.

4. Constraints of the desired specifi

For this module, corresponding behavior

he next level of

cations and con-

straints of the behavior of resolved module AMP1

will be set for the circuit B-gr
set of constraints are then propag
complete B-graph of the total circu
rules of the domain knowledge are
further constraints for the behavi

Lo/

aph. The total
ated through the
t. Also, heuristic

applied to derive
or of AMP1 and

Figure 9. Library content used for design.

arting from “A,” subgraph and three options of new constructed structures.

AMP2. For low offset amplifier heuristic sets, the
offset voltage of the first stage is to be low and the
absolute value of gain of AMP1 is to be large enough,
i.e., greater than or equal to a medium value. As a
result of the constraint propagation, the behavior
interaction of AMP1 and AMP2 modules through
the associated “KVL” and “KCL” subgraphs will
impose a set of new constraints on AMP2.

5. Again design Steps 2 to 4 are repeated to design and
innovatively modify function block AMP2.

6. Design of each circuit block is a new synthesis
problem which is solved in a similar way. This
process continues until all circuit blocks at the lower
levels of hierarchy are designed.

Figure 10a demonstrates the design problem model.
There are two options for the primary solution, npn
differential pair and pup differential pair, both of which
fail to meet the desired A,q, Igmax and Vo max; npn dif-
ferential pair is selected with qualitative specifications
under the following certain loading conditions. A,q =
—M with Load > Medium, R;, = Medium, P.D. <
Medium, I(c)q. > Very Low for transistors, |Alymax]
= Medium and [{AVymax| = Medium. Furthermore,
transistors of a differential pair must operate in active
region. Then, A, subgraph of the circuit is expanded.
This subgraph itself includes some subgraphs. If a
“KVL” or “KCL" subgraph is selected, interaction of
the primary circuit with the LOAD or voltage source
module will be corrected. If input voltage-output

“Ay” subgraph

a AMP.v(a)_, AMPv(ab) LOAD v(1)
¢ . : KVL
1
: AMPv(B) [ LOAD.i(1)
LOAD : . :
AMP.i(a) : AMP.(c)

Desired specifications: A,4=High, R;;=Medium, P.D.=Low,
Input offset voltage=Low, |Algmax|=High, |AVy max|=High,
Input DC voltage = 0.

Figure 10a. Design problem definition.
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KVL e Create a new source node n/, for n; and connect it to
AMP.v(a)  AMP.v(a,b) o—>——¢LOAD.v(1,2) ny by the use of a new branch. Assign AMP2.v(e,f)
AMP.v(c) to n. AMP2 is a new circuit block at the sec-

L Y ond level of AMP hierarchy (Figure 10c). Select

KCL ' AMP.v(a,b) as a cause for AMP2.v(e,f) and create

AMP.v(b) AM’J‘—‘_" LOAD:i{1) a path from the node representing “AMP.v(a,b)”

Figure 10b. Disconnecting incident branch to to th‘? nO(ie ref)reser,l,tlng AMEZ‘V (ef)”.  For

“AMP.v(c)” from “AMP.v(a,b)". each “KVL or. KCL subgraph in the path c.reat.e

the corresponding interconnections between circuit

modules. Here, the most simple connections on

the B-graph are constructed using three branches as
following (Figure 10d):

voltage subgraph is selected, primary circuit behavior
will be corrected. However, in each case, initial circuit
block will be expanded to a topology of interconnected

function blocks. Here, input voltage-output voltage - First branch from AMP.v(a,b) to AMP1.v(a,b),
subgraph is expanded. Figures 10b to 10h illustrate the which is assigned to KVL. AMP1 is a new circuit
details of algorithm A to show how the circuit B-graph block at the second level of AMP hierarchy.

is expanded at the first level, through which a two-stage - Second branch from AMPl.v(a,b) to AMPLy

amplifier is intelligently generated. This algorithm
is much more complex than the simple process of
connecting digital circuit building blocks. This is due
to the fact that the analog circuit behavior is much
more complex compared to the behavior of digital
circuits.

(c,d), which is assigned to input voltage-output
voltage relation of AMP1 behavior.

- Third branch from AMP1.v(c,d) to AMP2.v(e,f),
which is assigned to KVL and denotes an interac-
tion between AMP1 and AMP2.

e Create KCL subgraphs corresponding to “KVL”
subgraphs Bl and B2 in Figure 10d (Figure 10e).

With respect to the input voltage-output voltage sub- “KCL” subgraph B’2 denotes another interaction

graph of A,q in Figure 10a, and for the source node between AMP1 and AMP2.

representing “AMP.v(a,b)” (n;):

Application of Algorithm A for Failure in A.,q

e Select causes for new nodes “AMP1.i(a)” and

¢ Disconnect incident branch to the node representing “AMP2.i(e)". Here a straightforward case is selected
“AMP.v(c)” (ng) from n, (Figure 10b). as following (Figure 10f):
r AMP N
AMP.v(a)
AMP.v(a,b) AMP.v(c) : :
KVL < 20— e0—] E
KVL LOAD.v(1,2) : AMP2 Coc
o f —0
AMPZ.V(e,f) b O : :
AMP.v(b) : ;
&——<«—8LOAD.(1)
K AMP.i(c) /
Figure 10c. Creating new circuit block AMP2 and assuming “AMP2.v(e,f)” as a cause for “AMP.v(c)”.
/ Corresponding to B1 \
AMP.v(b) -

AMP .v(2) = AMP.v(ab) | AMP.v(c) LOAD.v(1,2) : .
P.v(a . eemenaietaaad > . .
S S : —0
: o /—_I_(;L—‘ : AMP1 AMP2 T
3 : CVAMP2.v(e,f) \ N
B1 : 4 | KVL KCL
7 AMPlv(ab) @ o e———4¢——eLOAD.I(1)

e . Corresponding to B2

N B2 J

Figure 10d. Creating the most simple connections from “AMP.v(a,b)” to “AMP2.v(e,f)” on B-graph and corresponding
new electrical interconnections.
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AMP.v(b) N
rLOAd.v(l,z)
’ AMP1.v(a,b) R ! *————e—" .
) P : LOAD.i(1)
"""""""""""""""" AMPl.V(c,d)“.- AMP.i(c)
KCL “..' ............................................
J @&——e—@ ANPL.i(a) KOL
S AMPi(a) | ! &——e—— 8 AMP2.i(e)
EEe e : AMPL1.i(c)
B'1 B’2 — 5 This shows another interaction
\_ between AMP1 and AMP2. W,

Figure 10e. Creating

“KCL” subgraphs corresponding to “B1” and “B2” in Figure 10d.

-

~

AMP.v(b)
KVL
AMP.v(a,b) oo .
AMP.v(a) * AMP2.v(ef) 4
.................. : LOAD.v(1,2)
\j
AMP1l.v(a,b) KCL
................... &— <« LOAD.i(1)
AMP1.v(c,d}) . AMP.i(c)
AMP.i(a)  vrerrrerpereeeenreeaeenend AMP2.i(e)
AMP1.i{c) oot /

Figure 10f. Selecting causes for new nodes “AMP1.i(a)” and “AMP2.i(e)”.

- AMP1.v(a,b) as a cause for A
leads to R;, subgraph for AMP1
- AMP2.v(e,f) as a cause for AMP]
to R, subgraph for AMP2.

Replace causal relation from
AMP.v(c) with the most simples
Here the simplest path is const
branches as following (Figure 10g)

- First branch from AMP2.v(e,f) tg
is a new terminal assigned to mo
branch is assigned to input volta
relation of AMP2 behavior.

- Second branch from AMP2.v(
which is assigned to “KVL” subg

Constraint propagation is done
graph of Figure 10g, which is show
Imposed constraints on AMP2 resu
interaction with AMP1 are also illust

MP1.i(a}), which

.(e), which leads

AMP2.v(ef) to
t possible path.
ructed from two

G

AMP2.v(g). “g
dule AMP2. This
re-output voltage
) to AMP.v(c),
raph.

for the circuit B-
n in Figure 10h.
Ited from AMP2
rated.

To design AMP2, design steps are again repeated
for AMP2 module. Here, there is only one option for
the primary circuit of AMP2, that is pnp differential
pair. This is because of the required DC levels for
input and output terminal voltages of AMP2. These
constraints are imposed by AMP1 module and small
signal voltage gain of AMP2. As DC power dissipation
in AMP1 can be set “Low”, there is no failure in
power dissipation, the same thing is also applied for
AMP2. PNP differential pair fails to meet the desired
Tomax and Vomax. Again algorithm A is applied to
expand AMP2 B-graph through which an amplifier
stage AMP22 and an output buffer stage BUF are
intelligently generated. “KVL” subgraph is selected
to modify interaction of AMP2 and LOAD module.
Figure 10i depicts the complete circuit B-graph and the
associated block diagram at the second level of circuit
hierarchy. At the last phase of the algorithm, the
total set of constraints through the expanded B-graph
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AMP.v(b) \
B3
AMP.v(a,b) LAMP2.v(g) AMP.v(c): .
KVL KVL LOAD.v(1,2)
KVLl AMPZ.v(e.f) v b a AMP Corresponding to B3
KVL KCL
AMP1.v(a,b) o \ LOAD i(1) . .
AMP1.v(c,d) AMP.i(c) 2 e g
AMP1 AMP2
—at i(a
P ' . AMP2.i(e) b d
A i) AMP1.i(c) )

Figure 10g. Creating the most simple connections from °
new electrical interconnections.

‘AMP2.v(e,f)’ to “AMP.v(c)” on the B-graph and corresponding

-

AMPL. A, 4=-M= {AMPl.v(c,d):.M

(Large signal constraints)
AMP1.Av(c) min=-M
AMP1.v(c)> AMP1.v(a)

AMP1.v(d)> AMPL1.V(a)
AMP1l.v(a)g, =0

=
{AMP1l.v(a)y.=0)

AMP.AV(¢)min=-H ==> AMP2.v(g)min=-H
(KVL)

AMP.AV(c)max=H = AMP2.v(g)max=H
(KVL)

AMPL.v(c)ge > M = AMP2.v(e)g. > M, AMPL.L

(DC constraint)

AMP1.v(a,b)=L (reference value)

\

AMP1.Av(c)pmin=-M
AMP1.Av(d);n=-M

(DC constraints)

AMP1.v(c)g. > M (for example: about Vce/3 to Vece)

AMP1.v(d)4. > M (for example: about Vcc/3 to Vec)

(DC constraint)

= | AMP2.v(g)g.|=L(for example: about zero)

OAD>M AMP2.R; >M

=
(KVL)&(KCL)

(Small signal constraint)

N J
Figure 10h. Constraint propagation for the B-graph of Figure 10g.
“A, subgraph” '
AMP1.v(a,b) AMP22.v(e,f)
AMP1.v(c,d) KVL AMP22.v(g) KYL .................. AMP
BUF .v(h) c e g h i
—0—-O0—

AMP22.i(e)

AMP1.i(c) The first

’

“R;y," subgraph

KCL

BUF.i(i)

AMP22.i(g) KCL

added nodew

AMP1 BUF

Figure 10i. Final circuit B-graph and structure resulted from consequent execution of expansion algorithm A.

and then the complete B-graph of the total circuit are
propagated. As DC power dissipation in AMP2 can be
set “Low”, there is no failure in power dissipation and
power dissipation for BUF is also set “Low”, i.e., bias
current of subcircuit BUF is Low.

Application of Algorithm A for Failure in
Iy max and Vomax

With respect to the input voltage-output voltage sub-
graph of A, in Figure 10g, which has a sink node

representing “LOAD.v(1,2)” and for the source node
representing “AMP2.v(g)” (n,):

o Disconnect incident branch to the node representing

“LOAD.v(1,2)” (ng) from ns.

Create a new source node n', for n, and connect it
to n, using a new branch. Assign BUF.v(i) to n’.
BUF is a new circuit block.

Select AMP2.v(g) as a cause for BUF.v(i) and create
a path from the node representing “AMP2.v(g)” to
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the node representing “BUF.v(i)”.
or “KCL” subgraph in the path
sponding interconnections between
(Figure 101).

Figure 11 shows the generated |
design for the first stage of amplifier
knowledge (two options of possible so
generation of lower level blocks ig
expansion algorithms A and B for bot
signal behavior of the circuit as was d
module. Using resistor and transist
for removing inconsistency in the “K
large signal collector current of transg

For each “KVL”
create the corre-
circuit modules

ower level blocks
ruided by domain
utions). Gradual

obtained using
h small and large
escribed for AMP
r loads are both
CL” subgraph for
istors in differen-

tial pair. Finally, Figure 12 represents two alternatives

of the resulted topologies for the amj

Other options for circuit topol
tainable from different linguistic valu
ties. As illustrated in Figure 10h, tw
are possible for R;, of AMP2. If
considered for AMP2, a simple pnp
with Medium R;, can be selected f
in Figure 12 are based on Medium
resulted from Medium R;, for AM
Ry, is considered for AMP2, after 4

lifying stages.
gies are also ob-
es for the quanti-
linguistic values
‘Medium” R;, is
differential pair

r it. Topologies
Ri, for AMP22
P2 . If “High”

electing the pnp

differential pair primary topology for AMP22, con-

M. Shojaei and M. Sharif-Bakhtiar

"

straint propagation leads to failure in “R;,” and, as a
result, inconsistent constraints for the “R;,” subgraph
of AMP22. Again algorithm A or B must be applied
to modify circuit behavior and structure. One of the
solutions is obtained in the form of inserting a buffer
stage as shown in Figure 13 along with the associated
expanded B-graph.

”

CONCLUSIONS

A new method for automatic analog circuit design
based on behavioral modeling and associated design
environment (BSDM) was presented. Behavioral mod-
eling is conducted with the use of a new graph, called B-
graph. B-graph and associated qualitative constraints
model different aspects of analog circuit behavior. The
presented method is capable of locating the causes of
failure on the B-graph and then algorithmically mod-
ifying the B-graph to achieve behavior modification.
B-graph expansion algorithms simultaneously modify
the circuit behavior and structure without the use
of library, which is a novel feature of the method.
Mixed behavioral and structural modification makes
the method innovative in the design process with the
capability of producing alternatives for the desired
circuit structure. Heuristic rules are also applied to

-

()

N

(b)

BIAS14

iV#?.?. i
BIAS1,

(c)

Figure 11. Internal circuitry of AMP1
DC B-graph (two options are shown in

c) and (d).

Figure 12. Two options for

final inferred topology of amplifying stages for the desired circuit AMP.
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KVL

BUF2.v(a,b)

( AMP1.v(a,b)
r—hb—o—

AMP1

AMP23.v(e,f)

— >
/ AMP1.v(c,d) BUF2.v(c,d) KVL KVL
’/ BUF2.i(a)
'/ AMPL.i(c) KCL
AMPL.i(a) BUF2.i(c) KCL BUF.v(i)
. LOAD.v(1)
BUF.i(h)
BUF if; KVL
AMP23.i(g) UF"(VLOADJ(I)
./KCL KCL
AMP22.i(e)
AMP

Figure 13. Another option for circuit B-graph and structure, resulted from considering high R;, for AMP2.

the design process. This makes the method both
algorithmic and knowledge-based. For future work,
frequency information must also be included. For this
purpose, it is necessary to add another B-graph to the
circuit behavioral model.
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