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Abstract—This paper presents an automatic parameter-
optimization method for components in analog circuits, so as to fa-
cilitate design tasks such as smallest power consumption or fastest
operstional speed. For solution space exploration a genetic algo-
rithm (GA) is used. In addition, design know-how of the target
circuit is incorporated in the GA to improve effectiveness and time
consumption of the solution search. The propesed method enables
exploration of a larger solution space than possible for the human
designer, while reducing the designer’s workload at the same time,
The efficiency of the propesed method is verified through its ap-
plication to a complex analog circuit including feedback, which is
used as minimum-distance-search circuit in fully-parallel associa-
tive memories. k

I. INTRODUCTION

Recently, in development of ASIC, especially digital circuit
design, the efficiency of circuit design is increasing accord-
ing to sophisticated CAD environments, such as Hardware De-
scription Language (HDL), automatic logic synthesis, place-
ment and routing tools. With recent advances of deep sub-
micron semiconductor technologies, the number of transistors
placed on one chip is increasing. Therefore, it becomes possi-
ble to implement high-performance applications as SoC (Sys-
tem on Chip), in which digital and analog circuits are integrated
in one chip (such as a digital-analog mixed ASIC). However, in
analog circuit design, unlike digital circuit design, automatic
design tools are not sufficiently developed, and the analog cir-
cuit designers suffer from very long design times because of
trial and error during design optimization. Therefore, devel-
opment of the automatic design techniques of analog circuits
becomes indispensable [6].

In this paper, we focus on the Genetic Algorithm (GA) [1]
method which is known to result in a robust search algorithm
for combinatorial optimization problems. A GA-based opti-
mization method for component parameters of analog circuits
is proposed so as to automatically obtain circuit design result,
which satisfies the performance specifications of the target ap-
plication. Generally, during the parameter design of circuit
components, whenever parameter values of components such
as transistor channel width or length are changed, it is neces-
sary to verify the resulting circuit performance by circuit sim-
ulation. This process is repeated until the circuit performance
satisfies the analog-circuit specification. The iteration speed
and design convergence is greatly influenced by the designer’s
skill, and generally requires significant effort until determine
the optimal circuit parameter values are determined. Therefore,
by automating the process of circuit-component design, using
the powerful search capability of GA, a substantial reduction of
the design’s workload can be expected.
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{a) An example of analog circult (Winner Line-up Amplifier, WLA 4.
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{b} An example of chromosome representation.

Fig. 1. An analog-circuit example and its chromosome encoding,

I1. CIRCUIT-COMPONENT OPTIMIZATION WITH GA

The objective of this paper is to increase the efficiency of ana-
log circuit design by using GA for analog-circuit-component
optimization. Figure 1(a) shows the minimum-distance search
circuit called Winner Line-up Amplifier (WLA) {4], as an ex-
ample of an analog circuit. Generally speaking, it is difficult to
immediately determine appropriate component-parameter val-
ues which realize the optimal circuit performance. Therefore,
in this paper, by automating an iterative improvement of cir-
cuit parameter values using GA, a set of appropriate parameter
values which satisfy the performanee specification of the target
analog circuit will be determined within a practical computa-
tion time.

Genetic Algorithms (GAs) are stochastic algorithms based on
the mechanics of natural selection and natural genetics, and
deal with the individuals (chromosomes) of candidate solutions
{called population) encoded in a problem specific representa~
tion {1]. During the genetic process, new candidate solutions
are composed by using genetic operators such as crossover and
mutation. Since, in general, GAs can generate good quality so-
tutions for complex combinatorial optimization problems, they
are used in many engineering fields [1], [3], [5] but they may
sometimes require long computation times depending on the
optimization problems. In the proposed method, to reduce
the computation time and improve the solution quality, de-
sign know-how of the target analog circuit is incorporated as
a heuristics enhancement technigue in the GA.

The flowchart of the proposed GA-based algorithm, as shown
in Fig. 2(a), is similar to a typical GA [1]. In the following, the
details of the proposed algorithm will be explained.

A. Chromosome Representation

In the proposed method, parameter values of circuit compo-
nents are represented by real numbers. In general, there are
several kinds of component parameters in analog circuits such
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Fig. 2. Proposed GA-based circuit-component optimization.

as transistor (MOSFET) channel width W and channel length
L and so on. As shown in Fig. 1(b), we adopt a sequence of
these parameters to represent each individual (chromosome) in
the population. For the parameter encoding, each parameter is
normalized with the minimum unit, which is specified by the
corresponding design process, and encoded as an integer. Fig-
ure 1(b) shows the chromosome representation of our analog
example circuit, the WLA circuit of Fig. 1(a). One capacitance
Cia, (j = 1,---,R) and channel width W; as well as channel
length L of eight MOSFETs (i = MN;, MNy, - -+, MP;.) are
encoded as genes of the chromosome.

In the following, let X; be the -th individual in the pop-
ulation of N individuals and let its representation be an n-
dimensional vector X; = (Zi1,Zi2, - - -, Tin), Where x;; is an
integer. Index ¢ (1 < ¢ < N) refers to the individual number,
and index j (1 < j < n) refers to the gene number within its
chromosome. Furthermore, let £;; imin and ;5 mqz be the min-
imum and rhaximum values of z;; (Tij min < Tij < Tijmaz)s
respectively, which are determined beforehand from the analog
circuit constraints, such as performance specification, layout
design constraints and so on. '

B. Generation of Initial Population

For all genes z;; (1 < ¢ < N, 1 £ j < n), initial values
are randomly chosen based on a uniform random distribution
satisfying the condition Z;jmin < Zij < Tijmae. Ihus the
initial population is generated. Especially, if an initial circuit-
component design is known in advance, then the starting values
of each gene x;; are generated by the equation,

Tij = Tijinit X a° 1)

where, Z;; i are the known values of each component from
the initial design, a is a constant {(a = 5.0 is adopted in the
simulation experiment) and & is a uniform random number in
[-1,1]. By using equation (1), initial values of ;; can be
generated based on feasible component values from an actual
design, so that an effective search space reduction can be ex-
pected.

C. Fitness Evaluation

In GAs, in order to select a set of individuals which should
survive in the next generation, the fitness (evaluation function)
for each individual is calculated. The larger the fitness of the
individual is, the better the quality of the circuit solution it rep-
resents is. That means, the set of component values of the cor-
responding analog circuit satisfies the design specification bet~
ter. In the proposed method, a circuit simulation is performed
based on the component values for each individual generated
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Fig. 3. Fitness evaluation.

by the GA, and its fitness is calculated based on a predeter-
mined fitness evaluation function. Figure 3 shows an example
of the fitness evaluation flow.

First, the circuit netlist for fitness evaluation is generated by
using the template of the netlist of the target analog circuit and
parameter values of the genes. In the netlist template, the con-
nection among each component is represented beforehand and
the component parameters are set to be variables. Next, by de-
coding each gene of the individual {(chromosome), the param-
eter values of each component are generated, and substituted
for variables in the netlist template. Then, a circuit simulation
is performed for the completed netlist, and simulation results
such as current, voltage or power consumption are obtained for
evaluation of the circuit performance. In the application ex-
ample of the proposed method, power consumption P(X;) of
the whole circuit and operational speed D{X;) are used for the
fitness evaluation function.

The proposed fitness function F(X;) of the analog-circuit-
optimization problem uses the power-delay (PD) product
(P(X;) x D(X;)), and is defined by the following equation.

F(X,) = PDmax ~ P(Xi) X D(Xt) - Pemz(xi) @

Here PD ., is the maximum of P{X;} x D(X;) among
all the individuals of the previous generation, and Penel(X;)
is a penalty function. Depending on the parameter values of
some components, the whole circuit may not operate normally
and violate important constraints of the design specification.
In such a case, depending on the degree of the violation, an
adequate penalty value Penel(X;) is imposed on the origi-
nal fitness value as shown by the third term of equation (2)
(Penel(X;) = 0 without violation). Thus, the total fitness
F(X;} of other individuals, which have a larger (less good)
PD product but satisfy the design constraints, becomes better
(i.e. their numerical value becomes larger).

D. Selection

Individuals are selected for the crossover and mutation steps
under fixed rules depending on their fitness. Other individuals
with low fitness are screened and eliminated from the popula-
tion. For the proposed analog-circuit-optimization method, we
combine the roulette selection and the elitist preserving selec-
tion techniques [2]. In the roulette selection, the chance of each
individual to survive the selection phase is determined by the
ratio of its fitness to the sum of all fitness values. On the other
hand, in the elitist preserving selection, the individual with the
highest fitness value in the population survives to the next gen-~
eration. By combining these two selection techniques, the chro-
mosome of the best individual of the present population is not
broken by crossover or mutation and survives as it is in the next
generation.
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E. Crossover and Mutation

The genetic operators of crossover and mutation produce new
individuals according to a predetermined probability. Our pro-
posed method adopts the uniform crossover as crossover op-
erator. Two arbitrary individuals (parents) are randomly se-
lected from the population and their genes are rearranged at
several -crossover points, which are determined randomly, in
order to reproduce two new individuals (children). First, an n-
dimensional mask pattern is created by randomly generated bi-
nary numbers. As shown in Fig. 2(b), Child-A inherits Parent-
A’s gene at the 1-positions of the mask. Similarly, Child-B
inherits Parent-A’s genes at the O-positions of the mask.

As mutation operators, we used the uniform mutation [5] and
equation (1) in the same way as for the generation of the initial
population. The uniform mutation is carried out by selecting
some genes randomly. Their corresponding gene values z;; are
changed by generating a uniform random number within the
boundaries Zijmin < Tij < Fijmaz. In the case of using
equation (1), Zijni¢ is defined as the gene value of the indi-
vidual in the current generation. In the proposed method, one
of these two techniques is selected for each circuit component
to reflect the differences in design constraints. This is done be-
cause the magnitude of possible parameter values is generally
different and depends on the component type as well as on the
corresponding layout design rules. For the gene of a component
with small range, mutation technique according to equation (1)
is applied and for one with large range, the uniform mutation is
used. Therefore, new gene values should remain in the suitable
range even if mutation is applied.

FE Termination Condition

The proposed method results the operation series of evalua-
tion, selection, crossover and mutation until a predetermined
generation number is reached. Individuals of the final popula-
tion which have the highest fitness values are the candidates for
the design solution. The circuit designer finally selects the most
suitable design solutions among the individuals, which satisfy
the initial analog-circuit specification.

G. Consideration of Design Know-How

Generally, GAs can be expected to converge on a better so-
lution, if individuals have a critical variety in each genera-
tion. However, when applied to the component-parameter-
optimization problem in analog circuit design, the circuit per-
formance may critically depend on the values of each compo-
nent. Since especially the fitness of individuals which do not
have the normal circuit operation becomes very small, such in-
dividuals will not survive in the next generation. As a result,
the variety of individuals in the population may become low
and convergence to a local optimum may occur.

Therefore, in the proposed method, effective incorporation of
the design know-how of the target analog circuit in the GA, is
important to keep the variety of individuals in the population
high so that the efficiency of the search is increased. For ex-
ample, when the case of abnormal operation of the circuit is
detected during the circuit simulation, the value of the respon-
sible component can be modified so that this problem is cor-
rected. Moreover, when the designer has detailed knowledge
about the relation and dependability among circuit components,
the corresponding component parameters can be suitably mod-
ified based on this knowledge. Thus, the modified individuals
will likely survive to the next generation because their fitness
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Fig. 4. Fully parallel nearest-distance search associative memory [4].

becomes higher and in consequence the variety of individuals
will remain also high. This heuristic modification is applied
after crossover or mutation depending on the fitness of each
individual.

III. SIMULATION EXPERIMENTS

A. Application to a Fully-Parallel Nearest-Distance Search
Associative Memory Design

In order to verify the effectiveness of the proposed method,
the simulation experiments were carried out with a practically
applied analog circuit, namely the Winner Line-up Amplifier
(Fig. 1(a)) of a mixed digital-analog fully-parallel nearest-
distance search associative memory (Fig. 4) [4]. This asso-
ciative memory is a functional memory which finds the nearest
match for an input data among reference data based on a dis-
tance measure (for example, Hamming distance or Manhattan
distance). As shown in Fig. 4, it consists of three blocks; mem-
ory cell region, Winner Line-up Amplifier (WLA) and Winner
Take All circuit (WTA). The memory cell region holds refer-
ence data and calculates the distances between search data and
reference data in parallel. WLA and WTA circuits search the
nearest-distance reference data, called winner, using the prin-
ciple of distance amplification by an analog circuit.

The row which has minimum distance between search data
and reference data is called winner row, and the voltage on the
match-line of the winner row becomes the lowest (Fig. 5(a)).
The voltage differences of the match-lines between the winner
row and other rows (called loser rows) are amplified by the
WLA, and it is designed so that the output voltage of WLA at
the winner row becomes the highest.

WLA is an especially important analog circuit which deter-
mines the performance of the associative memory. Since, it
is necessary to amplify even small differences of currents be-
tween winner and losers at high speed in the WLA, the opti-
mization of each circuit component is very important.

B. Simulation Experiments

We implemented the proposed GA-based method with C and
Perl languages. Execution of the GA, generation of netlists and
analysis of a circuit simulation results including fitness eval-
uation were realized (Fig. 2,3). Nassda’s HSIM simulator is
incorporated for in the circuit simulation task.

The GA parameters used for the simulation experiments are
shown in Table I. The individual (chromosome) representa-
tion shown in Fig. 1(b) is adopted. For the fitness evalua-
tion, transient information was acquired by circuit simulation
in Ins steps for the time interval from 50ns (rise time of an en-
able signal) to 250ns. From the acquired information the power
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Fig. 5. Waveform of the initial circuit (the original design) and the best circuit obtained with

the proposed component-optimization method based on GA.

consumption and the search time were calculated, Power con-
sumption is defined as the average power consumption during
the specified time interval (Fig. 5(a)). The search time is de-
fined as the time from the rise time of an enable signal until
the search result of the associative memory is determined. For
this purpose, the output signal of the WTA (Fig. 4) is analyzed,
and the search time is calculated from the time point when the
output voltage of the winner row falls bellow 1.63V (threshold
voltage of an A/D conversion inverter in the decision circuit).

We also incorporated design know-how about WLA circuit of
Fig. 1(a) into the GA processing. As shown in Fig, 1(a), the
WLA circuit uses a feedback from its output signals (LA;) to
the match-lines (MLy). Due to this feedback, the voltages of the
match-lines may oscillate, if unsuitable component values are
chosen. If such oscillations occur, stable amplification of the
WLA is no longer possible. However, the oscillations can be
reduced by changing the value of capacitances C;, connected
to the match-lines and by adjusting the transistor sizes {channel
width or length) in the feedback loop. During the simulation
experiments, the genes of the corresponding individuals with
oscillations were modified heuristically before selection.

C. Experiment Results

The circuit performance result of the solutions obtained by
simulation experiments is compared with the initial solution in
Table I1. PD product, power consumption and search time of the
original circuit, (A) the solution with the minimum PD product,
(B) the solution with the minimum power consumption and (C)
the solution with the minimum search time are listed, respec-
tively. In addition, the waveforms of the power consumption,
the voltages on the match-lines and the output voltages of the
WTA are shown for the solution (A) in Fig. 5(b).

The simulation experiment verified that three sets of circuit-
component parameters (A)~(C), which improved the per-
formance of the initial circuit design could be obtained
by applying the proposed GA-based component-parameter-
optimization method. Therefore, application of the proposal
method allows the designer to select the best circuit solution
from a number of improved design results, which satisfy the
constraints given by the design specification.

All simulation experiments were performed on a Sun Blade

workstation (Ultra SPARC 11 1.4GHz). The computation time
of the proposed method was about 20 hours on the condition
in Table 1. Therefore, the proposed method can achieve the im-
provement of the circuit performance in relatively short time
as compared to the manual circuit parameter design with trial
and error, thus substantially reducing the designer’s workload.
This demonstrates the effectiveness of the proposed GA-based
method for circuit-component design.

1V. CONCLUSION

In this paper, we proposed a parameter optimization method
of circuit components in analog circuit design. From the exper-
imental results of applying the proposed method to an actual
analog circuit design, the effectiveness of the GA-based opti-
mization method could be demonstrated.

Future work includes further the shortening the computation
time of the program, applying the proposed method fo other
analog circuit designs, introduction of other GA types (for ex-
ample, adaptive GA [3]) and the consideration of the design
know-how in 2 more quantitative formulation.
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