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EVOLUTIONARY ALGORITHM BASED ELECTRONIC CIRCUIT DESIGN
AUTOMATION
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MSc. Thesis

Supervisor: Prof. Dr. Tilay YILDIRIM

Together with the increase in electronic circuit complexity, the design and optimization
processes have to be automated with high accuracy. Generally, optimization is a very
difficult and time consuming task including many conflicting criteria and a wide range
of design parameters. Therefore, fast and accurate evolutionary methods are being
utilized for accommodating required functionalities and performance specifications in
electronic circuit design automation area.

Harmony Search and Differential Evolution algorithms are utilized for fast and optimal
design of analog discrete and integrated circuit design having a fixed topology for a
particular process technology. Simulation results indicate that these algorithms are
very efficient methods for optimal component selection and sizing task in electronic
circuit design automation. Since once programmed, no human intervention is required,
the proposed method yields completely automated sizing of optimal circuits by means
of both discrete and integrated design concepts.

Keywords: Harmony Search, Differential Evolution, Multi-objective Optimization, Design
Automation.
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OzET

EVRIMSEL ALGORITMA TABANLI ELEKTRONIK DEVRE TASARIM
OTOMASYONU

Ufuk BOZKURT

Elektronik ve Haberlesme Mihendisligi Anabilim Dali

Yiksek Lisans Tezi

Tez Danismani: Prof. Dr. Tiilay YILDIRIM

Elektronik devrelerin karmasikhginin artmasiyla, tasarim ve optimizasyon islemlerinin
de yiiksek dogruluk ve vyiksek hizda olmasi gerekliligi artmistir. Genel olarak
optimizasyon, devredeki bir cok kriter ve genis bir dizayn parametresi sebebiyle
oldukca zor ve zaman alan bir slrectir. Bu sebeple elektronik devre tasarim
otomasyonu, devrenin gerekli fonksiyonlarini ve performans kriterlerini yerine
getirmesinde ve hizli ve dogru evrimsel algoritmalara ihtiya¢ duymustur.

Harmoni Arama ve Farksal Gelisim algoritmalari, analog ayrik ve entegre devre
tasariminda, hizl ve en uygun yontem olarak oOnerilmistir. Similasyon sonuglari,
elektronik devre tasarim otomasyonunda optimum eleman secimi ve boyutlandirma isi
icin bu algoritmalari etkin bir yontem olarak gostermistir. Bir kez programlandiktan
sonra kullanici midahalesi gerekmediginden Onerilen yontem, devrelerin tamamen
otomatik olarak boyutlandirmasini saglamaktadir.

Anahtar Kelimeler: Harmoni Arama, Farksal Gelisim, Cok amagli Optimizasyon, Tasarim
Otomasyonu.
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CHAPTER 1

INTRODUCTION

1.1 Review of the Literature

Circuit design process can cover systems from the individual transistors to the complex
electronic systems. This process begins with determining the specification which is the
functionality that the design must provide, but does not indicate how it is to be done
[1]. First step of the circuit design is to determine technical description of what the
requirements are. These requirements can include a variety of electrical requirements
and some of the physical parameters that design must meet. A designer first initiates
the circuit design by determining a circuit topology by modifying a known topology
instead of creating a new one. Next, the designer determines the values of parameters
of a selected topology, such as transistor sizes and component values, to satisfy given
specifications. Early in this stage, the designer may use analytical equations and assign
approximate values to the design parameters. Later these values are refined by a
circuit simulator such as SPICE after to check whether circuit satisfies design

requirements or not [2].

Parameters p=(x,s) which express the behavior of electronic circuits must be taken into
account when optimizing performance functions f(p); design parameters x and
manufacturing process parameters s. During optimization, performance function f(p)
should be minimized, also several constraints must be satisfied [3]. Optimization is

extensively used in following electronic design areas [4].

. Design accommodating complex device models



. Design accommodating non-standard specification constraints (minimum
component spread, minimum sensitivity to component variations, maximum

yield, etc.)

. Large-scale analog and digital circuit design; printed circuit board and
interconnection; integrated circuit (IC) design and layout (e.g., minimum

interconnection length, optimum placement of major functional blocks)
. Distributed device design (microwave, surface acoustic waveform structures, etc.)
. Passive component and topology selection in analog and digital filter design
. Neural network training for applications in electronic engineering

It is clear that the optimization complexity has increased in parallel with the increase
of the circuit complexity of today’s ICs. Thus finding the optimal solution meeting the
criteria by hand became more unaffordable and time consuming. Besides, dramatic
growth of search space makes the manual search process of the optimal solution

inefficient. Therefore efficient optimization methods are required.

Classical approaches are either deterministic or statistical-based techniques.
Deterministic methods, such as Simplex [5], Branch and Bound [6], Goal Programming
[7], Dynamic Programming [8] are effective only for small size problems. They are not
efficient when dealing with multi-criteria problems. Besides they do not offer general
solution strategies. Most of the optimization problems require different types of
variables, objective and constraint functions simultaneously in their formulation.
Therefore, classic optimization procedures are generally not adequate. Heuristics are
necessary to solve big size problems and/or with many criteria [9]. They can be easily
modified and adapted to meet specific problem requirements. Even though they don’t
guarantee to find in an exact way the optimal solutions, they give good approximation
of them within an acceptable computing time [10]. Some mathematical heuristics that
were previously utilized were Local Search [11], Simulated Annealing (SA) [12], Tabu
Search (TS) [13], Genetic Algorithms (GA) [14], Differential Evolution Algorithm
(DE)[15], Harmony Search (HS) [16], [17] etc.



The application of nature inspired heuristics which is mentioned above in analog
design automation and optimization is a promising area which is based on concepts of

natural selection and survival of the fittest.

In [18], a comparative study on analog passive filter design with evolutionary
methodologies was presented. An automated passive analog circuit synthesis
procedure based on GA [19], genetic programming (GP) [20] and GP based tree
representation method [21] was utilized for the simultaneous generation of both the
topology and the component value selection. An evolutionary strategy method is
presented in [22] where unconstrained and constrained evolutions were applied to
analog low pass filter design. In [23], GP was used to evolve robust low-pass and high-
pass analog passive filters. In [24], a GA based growing technique for component value
optimization of analog passive filters was presented. Sheta [25] explored the
advantages of DE over numerical optimization approaches to perform the selection of
the best values of circuit elements for various types of band-pass filters. In [26] and
[27] component value selection and topology optimization of analog active filter has
been performed using GA and adaptive immune GA, respectively. Moreover, some
particular analog active filter types were also optimized using evolutionary approaches
in the literature. A voltage controlled voltage source (VCVS) low pass Butterworth
active filter circuit was designed using clonal selection algorithm (CSA) and results of
CSA based design was compared with results of TS, GA and conventional design
methods [28]. Particle swarm optimization (PSO) and artificial bee colony (ABC) based
component value selection methods [29], [30] have been utilized for the optimal
design of the same circuit topology used in [28] and less design error [29], [30] was
obtained when compared with results of [28]. In [30], [31], [32], [33] and [34],
component values of a low pass state variable active filter (SVF) circuit was determined

using ABC, PSO, GA, TS and artificial immune algorithm (AlA), respectively.

1.2 Aim of the Thesis

In this study, the applicability of nature inspired metaheuristics in analog active filter
design is investigated by means of both accuracy and elapsed time. Two analog active

filter topologies, 4th order VCVS Butterworth filter [28], [29], [30] and a 2nd order low

3



pass SVF [30], [31], [35], are designed using DE and HS algorithm. SVF filter is designed
using discrete components selected from two different manufactured series in order
to investigate the performance of DE and HS when tighter tolerances are preferred in

discrete component selection.

Another problem considered in this work is the optimal selection of transistor
dimensions of CMOS differential amplifier, CMOS operational amplifier and CMOS
comparator for minimum occupied MOS transistor area. Here, particular specifications
for a specified topology of these ICs are aimed to be met by adjusting design variables
such as device sizes and bias current with two nature-inspired metaheuristics, DE and
HS. Metaheuristics are introduced to obtain near-optimal solutions for a given cost
function (CF) in a reasonable amount of computation time. The most recognized works
on metaheuristic based analog IC sizing are investigated in [36] and [37]. Developed by
Storn and Price, DE is one of the most widely used metaheuristics for analog IC sizing
[38], [39], [40], [41], [42], [43], [44], [45]. A more recently introduced metaheuristic
technique, HS has only been investigated in [45] for sizing of CMOS operational
transconductance amplifier. To see whether DE and HS algorithms are useful for
automation of circuit optimization, we compared the results with another algorithms

which are studied previously in [2].

1.3 Hypothesis

With this study, we will provide that evolutionary algorithms are useful for electronic
circuit design automation. With these algorithms; the time spent on circuit design will
be reduced dramatically. The organization of this dissertation is as follows: Chapter 2
provides an insight of the evolutionary techniques. Chapter 3 provides selections of
passive components of two different analog active filter structures for two different
manufactured series. Results are discussed in detail. Chapter 4 describes design
equations of differential amplifier with current mirror load source, two-stage
operational amplifier and comparator. Also the methods for optimal sizing of MOS
transistors for minimum occupied area are provided. Results are discussed in detail.
Chapter 5 concludes with a discussion of simulation results and suggests possible

extensions.



CHAPTER 2

EVOLUTIONARY ALGORITHMS

Evolutionary algorithm (EA) is a subset of evolutionary computation which refers to
computer-based problem solving systems that use computational models of
evolutionary processes. Each EA maintains a population of candidate solutions. One of
the canditate solutions to the optimization problem are chosen by the fitness function
of the EA as the optimal solution of that problem at the end of the optimization
process. In order to terminate the optimization process, one of the following

conditions should be satisfied.
e Aspecified number of generations or iterations have been exceeded.
¢ Thereis no improvement in optimal solution over a number of generations.

e An acceptable solution is found.

2.1 Harmony Search Algorithm

Harmony Search (HS) is a music-based metaheuristic optimization algorithm. It was
inspired by the observation that the aim of music is to search for a perfect state of
harmony. Scientists have found such an interesting connection by developing a new
algorithm, called Harmony Search. HS was first developed by Geem et al. in 2001 [16].
Since its first appearance in 2001, it has been applied to many optimization problems
including function optimization, engineering optimization, design of water distribution
networks, groundwater modeling, energy-saving dispatch, truss design, vehicle

routing, and others [46], [47].



The effort to find the harmony in music is to find the optimality in an optimization
process. In other words, a jazz musician’s improvisation process can be compared to
the search process in optimization. On one hand, the perfectly pleasing harmony is
determined by the audio aesthetic standard. A musician always intends to produce a
piece of music with perfect harmony. On the other hand, an optimal solution to an
optimization problem should be the best solution available to the problem under the
given objectives and limited by constraints. Both processes intend to produce the best
or optimum [48]. Following figure is the steps of HS algorithm.

HARMONY MEMORY

HM1 | Hi2 | HME | Hias Acozptihe MEW
-— new |
Parameter1| 24 18 1 4.3 solution if it e
iz better
Parameter2| 1.5 0.3 2.3 1.3 | — ":;;‘e | 14
wrorst 1
s Lo the same
steps for
Famamete
N ¥
Choose onewalue for a
new Farametar from =T
one of the Hammony
hlemorny members 23
Farametert. Create a new . -
Farameterl

Edjust the value | +—1" Ran{) < PAR I —se] Dont
adjust the valus

Figure 2. 1 Steps of HS algorithm

The total number of individual solutions to the optimization problem is equal to
harmony memory size (HMS) and individuals are stored in harmony memory (HM).
Following, a new solution is improvised according to harmony memory considering
rate (HMCR). A stored value is chosen from HM with probability of HMCR (0<HMCR< 1)
and 1-HMCR is the probability of generating it randomly. If the solution is picked from
HM, it is mutated according to the pitch adjust rate (0<PAR< 1). After HM is updated
the fitness values are evaluated. If the improvised solution yields a better fitness than
that of the worst member in HM, it replaces the worst one. Otherwise the improvised
one is eliminated. The above procedure is repeated until a preset termination criterion

(maximum iterations or a target fitness value) is met [16].



2.2 Differential Evolutionary Algorithm

Differential Evolution (DE) is a real coded population-based optimization technique
based on parallel direct search method and developed by Storn and Price [15]. It
diverges from Genetic Algorithm (GA) by adding the weighted difference between two
chromosomes to the third in order to generate new ones. DE uses a population P
having NP individuals that evolves over G generations to reach the optimal solution.

Each individual X; is a vector that features a dimension size of D.
P = X, .., X' (2.1)
X = x4, ..., X0, i= 1,...,NP (2.2)

Algorithm starts by creating an initial population of NP vectors. Each vector in

population matrix is assigned follows.
Xj:ijin‘f'nj(ijaX'ijin), j: 1,...,D (23)

Where X", X™" are the upper, lower bounds, respectively and n; is a uniformly
distributed random number within [0,1] of the j feature. The optimization process in
DE is carried out using the three basic operation; mutation, crossover and selection.

The mutation operator generates mutant vectors (X,-') according to (2.4).
X% = X, +F(x,¢ - x.[)), azbzczi (2.4)

Where X,, X, and X, are randomly selected vectors among population matrix including
NP different vectors. F is the scaling constant used to improve algorithm convergence.
The crossover operation is employed to create trial vectors (X,~”) by mixing the
individuals of the mutant vectors (X;) with the target vector (X;) according to (2.5).

'(G) . ' -
xi"(jG) - xi,j 1|f (’7] < CR)Or(J - q)

(2.5)

X{9, otherwise

Where g is a randomly chosen index within [1,NP], guaranteeing that trail vector
employs at least one individual from the mutant vector. Cz is the crossover constant
within [0,1] that controls the population diversity. Finally selection operator compares
the fitness values of trial vectors and target vectors. If trial vectors yield better fitness

values then they replace the target vectors with which they were compared, otherwise



predetermined population member is retained. The above procedure restarts until the
chromosomes have been successfully updated to improve their fitness values to a

specified value [15], [49].

1. Choose tanget vecior 2. Randamly choose bwo other 3. Third randomty chosen
weclors vesior, subject of mutations

N

individwal 1 | indiwidual 2 | dfvidua! 3 | individus! 4 | individual 5§ | individual 6
cost valus 2,83 .60 1.29 1.58 27T 258
parameter 1 0,68 0.92 0.22 0.12 0.40 0,94 CURRENT
pavameler 2 0.69 0.92 0.14 0.089 0.81 0.63 POPULATION
parameder 3 0.04 0.33 0.40 0.05 0.83 0.13
parameder 4 0.08 0.58 0.34 0.66 012 0.34
parameder 5 094 0.86 0.20 0.66 0.60 0.54
-+ -
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0.19 0.18 Add difference vector
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+ k4
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veclor, otherwlse select value < 1.59
Trom targel veclor 1.29
0.35
l 0.29
0.70
friad vector J|EVALUATION OF
COST FUNCTION:
costvaie 328 Evaluation of cost
paramoler T 1.59 function value for
parameter 2 0.89 lrial wector Lakes i's
knci Pir
parameter 3 0.04 p control variables of DE
parameter 4 0.06 number of dimensions D 5
parameter 5 0.70 population size NP 6
SELECTION: v mutation constamt F 0.80
Select targel vector or trial crossover constant CR 0.50

welon, the one wilh Ihe lower
cost survive

¥

individual T | irdividheal 2 | individeal 3 | individual 4 | indhiduad 5 | idvicoal 6
cost value 263
parameter 1 0.68 POPULATION
parameter 2 0.89 FOR NEXT
paramoter 3 0.04 GENERATION
paramater 4 0.06
pararmaler § 0.94

Figure 2. 2 Steps of DE for the function F(x) = X1+ X, + X3 + X4+ X5 [50]
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CHAPTER 3

EVOLUTIONARY ALGORITHMS FOR ANALOG DISCRETE CIRCUIT DESIGN

In order to investigate the usage of nature inspired metaheuristics in active filter
design and to compare with previous methods, two different low-pass analog active
filter circuits are selected. Design problem has been introduced by composing an
equation consists of design parameters, as CF. In the beginning of the algorithm, a
certain range was determined for design parameters by human designer. DE and HS
should minimize the given CF and obtain design criteria and design parameter values
for the specified range which gives minimum CF value. In this study, the aim is to
estimate the preferred values of resistors and capacitors of the selected circuit with

minimum design error [30], [32], [51].

3.1 EA Based Butterworth Filter Design

In following sub-sections Butterworth filter structure was examined and the required
equations were determined. Then DE and HS algorithms were used to find the optimal
solution for the required equations. As a last step results were compared with previous

methods.

3.1.1 Butterworth Filter Structure

Butterworth filters are termed maximally-flat-magnitude-response filters, optimized
for gain flatness in the pass-band. The 4™ order VCVS low-pass Butterworth filter can

be realized by cascading two second order blocks as depicted in Figure 3.1.



C4
I |
o Vo
Vi R1 R2 R3 R4
C1 C3 —

Figure 3. 1 Butterworth 4™ order VCVS low-pass filter topology [28], [29],[30]

The response of a 4™ order Butterworth low pass filter is specified by cutoff frequency

(we1, wep) and quality factor (Q;, Q;) of two second order filters are given in (3.1) and
(3.2).

1 1
Wy = —m——Wp = —F————
o R,R,C,C, ¢ R3R4C5C, (3-1)
_JRR,C,C, o, - R;R,CsC,
1 T~ A~ 12

" RC,+R,C, % RCs;+R,C, (3.2)
In order to make a true comparison with [28], [29] and [30], same error criterion is
adopted. Design error of Butterworth filter (3.3) is the summation of cost function
error of cutoff frequency (CF,.sr) and quality factor (CFq.gf). Those definitions are

provided in (3.4) where target cut-off frequency w, is 10k rad/s and target quality
factors Qi; and Qy, are 1.3065 and 0.5412, respectively.

Errorge = 0.5CF,, ge + 05CFq_gr

(3.3)
CF, g = |wC1 _wc|;‘w02 _wc‘
C
CFo-gr = [~ Qul +|Q2 —Qq| (3.4)

Qtl Qt 2

Total error definition of Butterworth filter is rewritten by means of design parameters

(R1...4, C1...4) in (3.5). The right side of (3.5) would constitute the CF which DE and HS

10



algorithms would minimize. They should also obtain the preferred values of design
parameters that minimize CF. In each decade, any of twelve preferred values can be
taken according to standard E12 series within the range of 10° to 10° ohms for

resistors and 10 to 10 farads for capacitors.

V 1R2C1C2 \/ R4C3C4

Errorge = (3.5)
JRR.C,C RRCC
NTT2EI2 1306 NT8TMTSTA _ 0,541
. os RC, + R,C, . on R.C; + R,C,
' 1.3065 0.5412

The number of capacitors and resistors constitute the feature size of an individual in
the population matrix of both DE and HS methods. Since the probable values vary from

three decade range, a coding scheme is used as in (3.6).

Ri=ax100x10°*'Q), R,=bx100x 10" Q)

Rs=cx100x 10 (Q), R,=dx 100 x 10™ (Q) (3.6)
Ci=ex100x 10 (pF), C,=fx 100 x 10™ (pF)

C3= g x 100 x 10°* (pF), C,=h x 100 x 10™ (pF)

Since each resistor should take an E12 serial value in the range of 10° to 10° ohms, the
design constraint for resistors given in (3.7) must be satisfied. Similarly each capacitor
should take E12 serial value in the range of 10”° to 10°® farads. If capacitor values are
defined in picofarads (pF) then design constraint for capacitors given in (3.8) would be

valid.

0l<a,b,c,d< 082 2<alblcldl<4 )

0l<e f,g,h< 082 2<e€l, flglhl<4 (3.8)
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3.1.2 Simulation Results

Butterworth filter components are selected from E12 series with a target CF value
aimed to be smaller than 0.007. Considering DE method, this requirement has been
met at the 36544th iteration in 45.68 s and the exact CF value is obtained as 0.0057
with crossover probability (CR) of 0.3, scaling constant (F) of 1.5, and individuals in the
population (NP) is 12. The effect of DE’s own parameters over design error values (CF
values) is given in Table 3.1. 0.0066 has been obtained as design error with HS
optimization at the 15000th iteration in 5.2 s with a memory size (HMS) of 10,
considering rate (HMCR) of 0.9 and a pitch adjust rate between 0.1 and 0.9. The effect

of HS’s own parameters over CF values is tabulated in Table 3.2.

Following, we explored the performance of nature-inspired metaheuristics over 20
runs with optimal own parameters as given in Table 3.1 and Table 3.2. The resulting CF
values obtained in each run were used to produce box and whisker plots to show the
median performance of DE and HS as given in Figure 3.2. Upper and lower ends of
boxes represent 75th and 25th percentiles. Median is depicted by the red line. The
whiskers are lines extending from each end of the boxes to show the extent of the rest

of the data.

Simulations are performed in MATLAB environment with Intel Core 2 Duo CPU, T7300
@ 2.00GHz.

Table 3.1 Effects of DE own parameters on Butterworth filter design performance

CF Values NP =8 NP =12

(DE-E12) CR=0.3 CR=0.5 CR=1 CR=0.3 CR=0.5 CR=1
F=0.5 0.013 0.009 0.255 0.014 0.009 0.255
F=1.0 0.007 0.022 0.582 0.008 0.009 0.062
F=1.5 0.008 0.012 0.147 0.0057 0.007 0.013
F=2.0 0.009 0.014 0.040 0.017 0.012 0.144

12



Table 3.2 Effects of HS own parameters on Butterworth filter design performance

CF Values HMS = 5 HMS = 10
(HS-E12)
HMCR =0.3 |HMCR=0.6 HMCR=0.9 HMCR=0.3 |HMCR =0.6 |HMCR = 0.9
PAR = 0.4-0.9 0.051 0.045 0.013 0.119 0.013 0.019
PAR =0.1- 0.9 0.11 0.052 0.007 0.118 0.028 0.0066
PAR=0.1-0.6 0.10 0.010 0.016 0.09 0.028 0.016
! !
:
] i712] S A — bommmmnmnnnee -
] SRR | s S — -
2 : :
= i i
= : :
b 0DE e R e booememeeee s -
0.01 fenmmmmmeeemmnnes oemmn e 1 -----------
0.005 'L L
1 2
HS DEA,

Figure 3.2 Box and whisker plots of DE and HS algorithms for Butterworth filter design
with E12 series over 20 runs

CF values versus iteration number for five independent runs are plotted in Figure 3.3
and Figure 3.4 for DE and HS algorithms, respectively. In those figures, it can be seen

that number of iterations required to achieve the quality requirements are slightly

different in each run.

Exact values of discrete components, total error and computation time of DE and HS
based design and previously used methods are tabulated in Table 3.3. Compared to
the previous methods and other techniques, DE and HS algorithm achieved the smaller

design errors among the other methods in a shorter computation time than GA and

PSO.
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Figure 3.4 CF versus iteration number for HS algorithm (E12)

Following, we employed Monte Carlo analysis in order to investigate robustness of DE
and HS based Butterworth Filter design in case of component value variations due to
specified tolerances of manufactured series. One hundred different trials of Monte
Carlo simulations were applied by adding tolerance value of relevant manufacturing
series for each analog filter structure where AC simulation results for ten trials are
depicted in Figure 3.5 and Figure 3.6. Tolerance values are randomly chosen from %0

up to %10 which is the maximum value for E12 series.
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Table 3.3 Component values and performance of previous methods vs DE and HS
algorithms for Butterworth filter design

TS GA CSA GA ABC PSO
[28] [28] [289] [30] [30] [29,30] HS PE

R1(k2) | 27 4.7 4.7 6.8 4.7 4.58 5.6 4.7
R2(k2) | 0.27 1.8 4.7 6.8 4.7 4.7 5.6 4.7
C1(nF) 2.7 12 8.2 5.6 8.2 8.2 6.8 8.2
C2(nF) | 470 100 56 39 56 56 47 56
R3(k2) | 220 100 0.27 39 1 1.1 180 180
R4(k2) | 0.82 4.7 27 1 39 1 5.6 5.6
C3(nF) 82 1.8 6.8 4.7 4.7 87.6 1 1
C4(nF) | 0.68 12 200 56 56 102.2 10 10
;:2 0.02778| 0.01817| 0.00789  0.016 0.0113  0.0076  0D0660.00573
Time - - - 4.1 min 0.7s 3.2min| 5.2s 45.68 s

db{ Gain) O <

Ao+ O

B0 l G A Y E
-108 : :
-200 i
188mHz 1.8H=z 188Hz 18KHz 1.8MHz
Frequency

Figure 3.5 Monte Carlo analysis for DE based Butterworth filter design (E12)
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Figure 3.6 Monte Carlo analysis for HS based Butterworth filter design (E12)

3.2 EA Based State Variable Filter Design

In following sub-sections State Variable filter structure was examined and the required
equations were determined. And then DE and HS algorithms were used to find the
optimal solution for the required equations. As a last step results were compared with

previous methods.

3.2.1 State Variable Filter Structure

A state variable filter (SVF) realizes the state-space model directly. The instantaneous
output voltage of one of the integrators corresponds to one of the state-space model's
state variables. A second-order SVF is illustrated in Figure 3.7 and is well described in

[35]. The low pass output is assumed here to be the desired output.

R3

R4 C1

}7 C2

R1 R6

R

Figure 3.7 State variable 2" order low pass filter topology [30], [31], [35]
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The response of a 2" order low pass SVF circuit is specified by the cut-off frequency

(wsve=2mfsye) and the quality factor (Qsyr) as given in (3.9).

R3 | €1CoRgRg
(3.9)
Qe - Ry(R, + Ry) [C R, Rs
Ry(Rg + Ry) || CoR3R,

In order to make a true comparison with [30] and [31], same error criterion is adopted.

YDoyF

Design error of SVF (3.10) is the summation of cost function error of cutoff frequency
(CF-sve) and quality factor (CFg.svr). Those definitions are provided in (3.11). The target
cut-off frequency (wp) is 10k rad/s (fsyr=10000/(2*m)=1591.55 Hz) and target quality

factor (Q;) is 0.707 for reduced peak on low pass response.

EI’I’OI’S/F = OSCFQ)—S/F + OSCFQ—S\/F (3.10)
‘C‘JS\/F _a’o‘
CFo-sr o
(3.11)

Qsvr —Q
or. . Q-0

t
Total error definition of SVF is rewritten by means of design parameters (Ry_g, C12) in
(3.12). The right side of (3.12) would constitute the CF which DE and HS would
minimize. They should also obtain the preferred values of discrete components that
minimize CF. In each decade, any of twenty four and ninety six preferred values can be
taken according to E24 and E96 series, respectively within the range of 10° to 10° ohms

for resistors and 10” to 10°® farads for capacitors.
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R, 1
Rs RsRsC1C,
Wy
3.12
Rs (R + Ry) CiRyRs ) (3.12)
t
Ri(Rs + R;) C,R3Rg
Qi

05

Errorge =

+ 05

The number of capacitors and resistors constitute the feature size of an individual in
the population matrix of both DE and HS methods. Since the probable values vary from

three decade range, a coding scheme is used as in (3.13).
Ri=ax100x10°*'Q), R,=bx100x 10" Q)

Rs=cx 100 x 10 (Q), R,=dx 100 x 10™ (Q)

(3.13)
Rs=e x 100 x 10°*'pF), Re=fx 100 x 10 (pF)

C:= g x 100 x 10°* (pF), C,=h x 100 x 10™ (pF)

DE and HS estimated the component values of the SVF circuit for different preferred
series. First, SVF is designed with components that are compatible with E24 series.
Since each resistor should take an E24 serial value in the range of 10° to 10° ohms, the
design constraint for resistors given in (3.14) must be satisfied. Similarly each capacitor
should take E24 serial value in the range of 10° to 10 farads. If capacitor values are

defined in picofarads (pF) then design constraint for capacitors given in (3.15) would

be valid.
0.1<a, b, ¢, d, e, f<0.91 2<al,bl, cl,dl, el fl1<4 (3.14)
0.1<g, h<0.91 2<g1, h1<4 (3.15)

Following, DE and HS algorithm estimated the component values of SVF circuit that are
compatible with E96 series. Design constraints are specified similarly as explained for
E24 series. The difference is the upper limit constraints for resistors and capacitors s

givenin (3.16) and (3.17).
0.1<a, b, ¢, d, e, f<0.976 2<al,blcl, dl, el,fl<4 (3.16)

0.1< g, h<0.976 2<g1, h1<4 (3.17)
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3.2.2 Simulation Results

SVF components are selected from E24 and E96 series with a target CF value aimed to
be smaller than 5x107°. Considering E24 series, DE method met this requirement at the
34652™ iteration in 36.7 s and the exact CF value is obtained as 3.23x10” with
crossover probability (Cg) of 0.3, scaling constant (F) of 0.5, and individuals in the
population (NP) is 12. The effect of DE’s own parameters over design error values (CF
values) is given in Table 3.4. HS optimization could not reach target value within
maximum iteration limit. However a CF value of 1.94x10™ is obtained at 232138"
iteration in 79.8 s with a memory size (HMS) of 5, considering rate (HMCR) of 0.9 and a
pitch adjust rate (PAR) between 0.4 and 0.9. The effect of HS’s own parameters over
CF values is tabulated in Table 3.5. The performance of nature-inspired metaheuristics
is explored over 20 runs with optimal own parameters as given in Table 3.4 and Table
3.5. Simulations are performed in MATLAB environment with Intel Core 2 Duo CPU,

T7300 @ 2.00GHz.

|

| 3
25 |l ----------------------------------- oo J

| .

) N EE - S _
g 15 ------------------------------ ---------------- .
T O R U _
EIE|- ---------------- -
1 —
o I 1
1 2
HS DEA

Figure 3.8 Box and whisker plots of DE and HS algorithms for SVF design with E24
series over 20 runs

19



The resulting CF values obtained in each run for SVF design with E24 series were used
to produce box and whisker plots in Figure 3.8. CF values versus iteration number for
five independent runs are plotted in Figure 3.9 and Figure 3.10 for DE and HS

algorithms, respectively.
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Figure 3.9 CF versus iteration number for DE algorithm (E24)
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Figure 3.10 CF versus iteration number for HS algorithm (E24)
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Table 3.4 Effects of DE own parameters on SVF design performance (E24)

CF Values NP =8 NP=12
DE-E24

( ) CR=03 | CR=05 CR=1 CR=03 | CR=05 CR=1
F=0.5 1.71x10™ | 2.00x10™* | 2.89x107 | 3.23 x10° | 1.81x10* | 4.8x10°
F=1.0 9.67 x10° | 7.79 x10™ | 4.03x10° | 4.3x10" | 5.34x10” | 3.1x10°
F=15 2.22x10" | 9.19x10* | 1.1x10% | 5.74x10* | 8.37x10* | 2.31x10™
F=2.0 6.57 x10* | 4.41x10™ | 2.87x10? | 5.25x10° | 1.90x10” | 3.88 x10™

Table 3.5 Effects of HS own parameters on SVF design performance (E24)

CF Values HMS =5 HMS = 10
(HS-E24)

HMCR=0.3 | HMCR=0.6 | HMCR=0.9 |HMCR=0.3 HMCR=0.6 | HMCR=0.9

PAR=0.4-0.9 | 0.0014 9.05x10™* 1.94x 10" 0.0046 0.015 7.87 x10™

PAR=0.1-0.9 | 0.0069 0.0020 5.29x10™ 0.0018 0.014 2.75x10™

PAR=0.1-0.6 | 0.0043 0.0013 6.82 x10™* 0.0021 0.031 7.84 x10™*

Finally, components of SVF are selected from E96 series in order to investigate
whether performance of DE and HS will be affected when same topology is designed
with a tighter tolerance manufactured series. Target CF value for SVF design with E24
series is retained. A total design error of 1.95x10-5 is obtained with DE method at the
47169th iteration in 50 s with crossover probability (CR) of 0.5, scaling constant (F) of
0.5, and individuals in the population (NP) is 12. The effect of DE’s own parameters
over design error values (CF values) is given in Table 3.6. HS algorithm has successfully
minimized total error in 102.8 s at 298725th iteration. CF value of 1.66x10-5 is
obtained with a HMS of 5, HMCR of 0.9 and PAR between 0.4 and 0.9. The effect of
HS’s own parameters over CF values is tabulated in Table 3.7. The performance of
nature-inspired metaheuristics is explored over 20 runs with optimal own parameters
as given in Table 3.6 and Table 3.7. The resulting CF values obtained in each run for SVF
design with E96 series were used to produce box and whisker plots as in Figure 3.11.
CF values versus iteration number for five independent runs are plotted in Figure 3.12

and Figure 3.13 for DE and HS, respectively.
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Figure 3.13 CF versus iteration number for HS algorithm (E96)

Table 3.6 Effects of DE own parameters on SVF design performance (E96)

CF Values NP =8 NP =12
DE-E96

( ) CR=03 | CR=05 | CR=1 | CR=03 | CR=05 CR=1
F=0.5 421x10° | 6.03x10* | 0.1092 | 2.55x10° | 1.95 x10” 0.0028
F=1.0 7.79x10° | 6.15x10* | 0.0725 | 7.63x10” | 3.12 x10” 0.064
F=15 5.32x10° | 9.03x10° | 0.1537 | 1.6x10" | 7.25x10™ 0.0127
F=2.0 9.01x10* | 3.7x10* 0.048 | 9.12 x10° | 1.78 x10™ 0.00296

Table 3.7 Effects of HS own parameters on SVF design performance (E96)

CF Values HMS =5 HMS =10
(HS-E96)
HMCR=0.3 | HMCR=0.6 | HMCR=0.9 |HMCR=0.3 |HMCR=0.6 | HMCR =0.9
PAR=0.4-0.9 | 23x10" 7.13x10” | 1.661x10~° 0.0025 0.0076 2.92x107
PAR=0.1-0.9 | 7.2x10™" | 6.276x10° | 9.97x107° 1.5x10™ 0.002 2.414 x 10
PAR=0.1-0.6 | 9.33x10™* 5.2x107* 3.18x107° 46x107" 0.0013 5.01x 107
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Exact values of discrete components, total error and computation time of DE and HS

based design and previously used methods are tabulated in Table 3.8.

Following, we employed Monte Carlo and worst case analysis in order to investigate
robustness of DE and HS based SVF design in case of component value variations due
to specified tolerances of manufactured series. One hundred different trials of Monte
Carlo simulations were applied by adding tolerance value of relevant manufacturing
series for each analog filter structure where AC simulation results for ten trials are
depicted in Figure 3.14, Figure 3.15, Figure 3.16 and Figure 3.17. Tolerance values are
randomly chosen from %0 up to %5 which is the maximum value for E24 series. For
E96 series; tolerance values are randomly chosen from %0 up to %1 which is the

maximum value.

Table 3.8 Component values and performance of previous methods vs DE and HS
algorithms for SVF design

GA- PSO- ABC- DE- HS- GA- PSO- ABC- DE- HS-
E24 E24 E24 E24 E24 E96 E96 E96 E96 E96
[30] [30,31] [30] [30] [30,31] [30]
R1(kQ) 43 10 62 560 43 69 10.2 59 953 95.3
R2(kQ) 5.6 1.65 1 1.6 8.2 2.55 8.66 88.7 4.64 6.34
R3(kQ) 24 30.11 91 30 33 65.3 14.7 54.9 7.87 4.42
R4(kQ) 280 212 4.3 750 7.5 237 187 90.9 442 57.6
R5(kQ) 4.4 1.039 27 4.7 27 2.87 1.13 10 4.22 97.6
R6(kQ) 9.2 3.9 1.8 62 13 1.43 2.94 51.1 2.94 42.2
C1(nF) 180 470 2.7 390 2.7 110 464 7.5 953 9.53
C2(nF) 16 37 3.6 2.2 2.4 80.4 82.5 4.32 47.5 3.32
Total Error
2.2 3.6 3.8 0.32 1.9 11 3.1 0.17 0.19 0.16
-4
(x10)
Computation 5.2 4.5 3.4 36.7 79.8 7.4 5.6 2.6 50 102.7
Time min min S S s min min s S s

24



db{ Gain )

[ e

L B

L BO=o= —J.—G—+—><-EA-Y-X—D-<>- -ﬁ-d“*\&
----------------- R S S
-1080 : : ‘R“ :
1 1 \ 1
""""""""" é‘iﬁ
------------------ T T R
159 ; ; %
188mHz 1.08Hz 188Hz 18KHz 1.08MHz
Frequency

Figure 3.14 Monte Carlo analysis for DE based SVF design (E24)
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Figure 3.15 Monte Carlo analysis for HS based SVF design (E24)
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Figure 3.16 Monte Carlo analysis for DE based SVF design (E96)
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Figure 3.17 Monte Carlo analysis for HS based SVF design (E96)

For the last step we tabulated worst case analysis for Butterworth filter and SVF. Worst
case analysis is one of the most important elements needed to ensure reliable
operation of electronic circuits and systems. In this study, it is used to determine the
worst possible cut-off frequency values in case of the greatest component tolerance
arising from manufacturing series. The worst case errors of cut-off frequency

variations for nature inspired metaheuristics based analog filter design are calculated

using (3.18) and tabulated in Table 3.9.
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f

0(WorstCase) ‘
‘ (3.18)

f —_
O(actual )
ErrorWorstCase( fo) — f

O(actual )
From Table 3.9, it can be seen that the greatest worst case error arises in Butterworth
design case. SVF filter design schemes are more robust with respect to previous case.
However it has to be noted that E12 series utilized in Butterworth design involves a
greater tolerance value than E24 and E96 series utilized in SVF design. Therefore, it is
obvious that worst case design error decreases as component tolerance value
decreases. Maximum tolerance values (%10 for E12, %5 for E24, %1 for E96) are used

for the worst case scenario.

Table 3.9 Worst case cutoff frequency values of DE and HS based design

HS DE

Butterworth Filter (E12) | 0.193 | 0.193

SVF (E24) 0.045 | 0.077

SVF (E96) 0.037 | 0.037

3.3 Summary

Automation of analog active filter optimization is a very challenging and a time
consuming task. The emphasis of this work is creating designs using actually existing
components, which will yield feasible circuits. The performances of two nature-
inspired metaheuristics on analog filter design have been explored comprehensively.
DE and HS algorithms were utilized for both 4™ order Butterworth low pass filter and
2" order SVF design and were investigated for the selection of passive components
from different manufactured series by means of accuracy and execution time.
Considering Butterworth filter design, both algorithms minimized the total design error
with respect to previous methods. Components of SVF are selected from both E24 and
E96 series in order to investigate whether performance of DE and HS will be affected

when same topology is designed with different series. Considering SVF design with E24
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series, DE successfully minimized the design error in a short computation time. Box
and whisker plots also demonstrate that variation of CF values obtained with DE
method is the smallest when multiple runs are of concern. HS obtained the minimum
design error when components are selected from E96 series. In addition, the optimal
parameter set of both algorithms with exception of Cz of DE remains unchanged for
SVF design with different manufactured series. Monte Carlo and worst case analysis
results are also presented in order to demonstrate the robustness of the proposed

approaches especially for SVF design.

Future directions would be to evaluate the optimization performance of
metaheuristics on more complex analog circuit structures with particular design

constraints and specifications
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CHAPTER 4

EVOLUTIONARY ALGORITHMS FOR ANALOG INTEGRATED CIRCUIT
DESIGN

Analog IC design is a challenging process which involves the characterization of
complex tradeoffs between nonlinear objectives and also satisfying required
constraints. Those objectives are comprised of design parameters which are ideally
accepted as variables and optimum solution set is searched. However, as the circuit
complexity increases the search space expands such that obtaining the optimal
combination of design parameters by hand becomes a time consuming and
unaffordable process. Considering CMOS IC design process, there are several relations
that should hold between length, width and width/length ratios of MOS transistors to
ensure that the search space is smooth and the optimization process is reliable.
Therefore, efficient optimization methods are required for automation of optimal

sizing of CMOS analog IC design [52].

In this study, we will use HS and DE as optimization method for automation of optimal
sizing of differential amplifier, operational amplifier and comparator circuits.
Simulations are performed with TSMC 0.35 um technology parameters in MATLAB
environment with Intel Core 2 Duo CPU, T7300 @ 2.00GHz.

4.1 EA Based CMOS Differential Amplifier Design
4.1.1 Differential Amplifier Structure

The problem considered here is the optimal selection of transistor dimensions, which
is only a part of a complete analog circuit CAD tool. Actually, analog sizing is a

constructive procedure that aims at mapping the circuit specifications (objectives and
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constraints on performances) into the design parameter values [53]. In other words,
the performance metrics of the circuit, such as gain, power dissipation, occupied area,
etc. have to be formulated in terms of the design parameters [54]. Then, these design
parameters such as device sizes and bias currents should be adjusted under multiple
design objectives and constraints. The many degrees of freedom in parameter space as
well as the need for repeated circuit performance evaluation made this a lengthy and
tedious process [55]. Here, particular specifications for specified topology of a
differential amplifier is aimed to be met by adjusting design parameters such as device
sizes and bias currents with HS and DE algorithms, while minimizing the total MOS

transistor area.

The configuration considered here is a differential amplifier with a current mirror load
(Figure 4.1) and this circuit can be characterized by a number of specifications as given

below. More detailed description can be found in [56], [57], [2] and [58].

¢ Common Mode Rejection Ratio (CMRR)

¢ Input Offset Voltage (Vos)

¢ Slew Rate (SR)

e Power Dissipation (Pgiss)

¢ Small Signal Characteristics (A, W.ags , ft, f3q8 )
¢ Input Common Mode Range (ICMR)

¢ Power Supply Rejection Ratio(PSRR)

Vbp
limE‘ |——| M4 lim lias
1 VouT <¢>
liDl l'lDz ;CL
V-
v++ 'KTL| . |M<T—‘ ’l
L ips
] "l | Jra
Vss

Figure 4.1 Differential amplifier with current mirror load [58]
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Small-signal differential voltage gain (A,), cut-off frequency (f.348), unity gain bandwidth
(fe), maximum and minimum input common mode range voltages (Vicimax), Vicimin)), Slew
rate (SR) and power dissipation (Pyiss) as design specifications and output capacitance
(C,), compensation capacitance (C.) and MOS transistor dimensions as design
parameters are provided within limits. Equations defining each specification [57], [2],
[58] are utilized for cost function (4.1) of HS and DE based analog IC design and are
considered for obtaining MOS device sizes and moreover minimizing the total MOS
transistor area. i in (4.1) indicates the number of each transistor (i = 1..6). T is the total

number of transistors which is 6 for differential amplifier in Figure 4.1.

T
CF = Z-'Wcz-nﬂn:u I
=1 (4.1)

Following is constraints and objectives for differential amplifier.
¢ Determination the range of /45 (/ss) to satisfy both SR and Pjss.
* Design of W1/L1 (W2/L2) to satisfy A,

* Design of W3/L3 (W4/L4) to satisfy the upper ICMR

* Design of W5/L5 (W6/L6) to satisfy the lower ICMR

4.1.2 Simulation Results

DE and HS are utilized for a differential amplifier with current mirror load having
design specifications of SR=10V/us (C;=10pF), f.342100kHz (C,=5pF), -1.5V<ICMR<L2V,
A>100 V/V, Pgss<2.5mW  with inputs Vpp=-Vss=2.5V, V;,=0.4761V, V;,=-0.6513V,
K',,:181.2uA/V2, K'p: 65.8uA/V?, A,=0.04 V!, A,=0.05 V', Constraints for design
variables are set as C;>=10 pF, 100=(W/L);>2 (i=1..6), Li=1.4 um.

Considering both DE and HS particle vector structure is expressed in (4.2).
x=[SR, C, A, f—3dB; Vicmins Viemax Pdiss) (4.2)

Target value of CF is aimed to be smaller than 300 um? DE based design method
resulted in a total MOS transistor area of 185 pum? along with exact values of design

specification and design variables (W, Iy, C;) as tabulated in Table 4.1. Despite the
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fact that DE resulted in shortest computation time minimum MOS transistor area is
obtained with HS method when compared with DE and previous works. Algorithm
parameters and computational performance for metaheuristics are tabulated in Table
4.2. Simulation results show that both DE and HS resulted in shorter computational
time than PSO. ICMR and cut-off frequency values of DE based design method are also
improved when compared to that of PSO as given in Table 4.3. Figures 4.2- 4.11
demonstrate that SPICE Simulator validates the EA based design results as design

specifications are met.

Table 4.1 Design variable obtained with metaheuristics

Design Darwin PSO

HS DE
Variables [59] [52]
Ipias (UA) 2 125 88 153.5

Wy/Li, Wo/L; (um/um) | 240/13.2 | 29.4/3.5 17.5/1.4 51.1/1.4

Ws/Ls, Wa/Ls (um/um) | 7.3/7.7 11.3/3.5 2.8/1.4 10.1/1.4
Ws/Ls (um/um) 4.6/2.4 |4.2/1.4 2.8/1.4 4.9/1.4
We/Ls (um/um) 4.6/2.4 |4.2/1.4 2.8/1.4 4.9/1.4
Ci (pF) 2 > > /

Table 4.2 Comparison of computational performance

PSO [52] DE HS
Computation Time | 25.02s 0.047 s 0.25s
Iterations 582 7 1000
Parameters NP: 10 NP :10 HMS: 6

c1:1.7,¢c:1.7 |CR:1.0 HCMR: 0.9

w(inertia)=0.9 | F:0.85 PAR: 0.4-0.9
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Table 4.3 Comparison of previous methods with DE and HS by means of design criteria

Design Criteria Specs | DARWIN | PSO [52] HS DE
[59] (SPICE) | (SPICE) | (SPICE)
Output Capacitance (pF) | =5 2 5 5.0107 | 6.9855
Slew Rate (V/us) =10 3.2 22.4 14.916 | 21.248
Power Dissipation (UW) | <2000 | 31 1260 886 1540
Phase Margin (°) > 45 72 83.8 89.1 87.33
Cut-off Frequency (KHz) | =100 - 100 114 162
Gain (dB) >40 60 42 40.98 |42.175
Vicmin (V) >-1.5 |-1.3 -0.8 -0.7 -0.8
Vicmax (V) <2 1.9 1.4 1.2 1.63
CMRR (dB) > 40 - 84.2 78.5 83.9603
PSRR* (dB) >40 - 40.1 42.93 | 44.05
PSRR™ (dB) >40 - 68 67.64 | 67.04
MOS Area (x10™° m?) <3 65 2.96 0.65 |[1.85
o Gain [2] < Phase
i by —-8d

2541 -hod
84 -8ad
>

-25- -128d

1.8KHz

Frequency

1.8MHZz

188MHz

Figure 4.2 Gain and phase margin of DE based differential amplifier

33



188MHz

vGS1 - UTII

1.8HHz

Frequency
34

o ID{Ms} [Z] < VDs1

1.8KHz
Figure 4.4 PSRR" of DE based differential amplifier

= B B i B B
=T Lo = , N
it L | ® R Lo Lo
e Lo ™ S Lo oL
_ Lo RIS N TN N S TR B
R e 4t Rty EER RS EER \ A N T
CHERRVIRE Co . N
= id Lo ks — — —
L ] B St BURERE £ Lo Lo Lo
0 s Lo o Lo Lo Lo
ey bl Co S Lo Lo Lo
= < Lo Lo Lo
T T e I | U S| A.Iq IIIIII CTT T TTAT AT T [l i My M A TTTrTT YT ST T
v o e T Vo I
L Lo c Lo Lo Lo
T Lo o = Lo Lo
L . 22 9 A T A
S e R SRR EEFERE FEE
© 1 1 1 1 1 1 1 1 | 1 1
o Lo Lo Lo
e 1 1 1 1 1 1 1 1 1 1 1
? Lo Lo Lo
0 ' ' ' ' ' ' ' ' | ' '
W A S — A
=) Lo Lo Lo
“ Lo Lo Lo
o oo o .
o« T Lo Lo
2 [E - R R
O o i Vo A
P TaTi Lo Lo
< IR Lo Lo
u 1 1 1 1 1 1 1 1 1 1 1
= A A RS S T N U S S A
o & A A
: : i Lo Lo Lo
A A S Z Lo Lo I
= = = A + o A o
= n = el o Lo [ T T T
: : & Lo Lo Lo
o o o & Lo Lo A
_ ! o LR Lo Lo
== L=
= = ] = Ky =
_...ﬂ.r =t =t =] -]
~

188mHz  1.8Hz



o [PSRR (jw)l

| |
| |
| I |
"\":":" "
IR A |
| R O N "
i | el i R M i | L el e Rl Sl m A b e
(N I A |
| A O S N N S AT SR N
I T "
| I T B "
| A |
| A |
Y I R R B
R T I |
{ I I I !
IR R T T '
S It =) S S S A S
"\"\m?:":" "
11 LT ] R T o '
| A |
| A |
A A |
il 4 I T I T !

i@

608

58

48

a8

188MHz

1.8MHz

1.8KHz

188mHz 1.8Hz

Frequency

Figure 4.5 PSRR’ of DE based differential amplifier

o Vout < Vin

[V [P R N P I R B,

6 .08us

0
L .Bus

[P P P P

4 _Bus

Time

Figure 4.6 Slew rate of DE based two-stage differential amplifier
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Figure 4.11 Slew rate of HS based two-stage differential amplifier
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4.2 EA Based CMOS Operational Amplifier Design
4.2.1 Operational Amplifier Structure

The configuration considered in this part is a two stage CMOS operational amplifier
(op-amp) (Figure 4.12). This circuit can be characterized by a number of specifications

as given below. More detailed description can be found in [56], [57], [2] and [58].
¢ Common Mode Rejection Ratio (CMRR)

¢ Input Offset Voltage (Vos)

¢ Slew Rate (SR)

¢ Power Dissipation (Pgiss)

¢ Small Signal Characteristics (Av, w.gs, ft, f34z)

¢ Input Common Mode Range (ICMR)

¢ Power Supply Rejection Ratio(PSRR)

J_ O Vout
T"

Vss

Figure 4.12 Two stage operational amplifier [58]

Following is constraints and objectives for operational amplifier.

* Selection of minimum value for Cc.

e Determination of /4 (Iss) to satisfy SR

* Design of W1/L1 (W2/L2) using the transconductance of the differential input stage

e Design of W3/L3 (W4/L4) to satisfy the upper ICMR
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¢ Design of W5/L5 (W8/L8) to satisfy the lower ICMR

* Design of W6/L6 assuming balanced conditions

W, /L) = (W, / L) Ins

9.0 (4.3)
where
O 2100, (4.4)
and
0., = 277f,C, (4.5)

assuming zero z; is placed beyond ten times f; [58]

Oma :\/2K40N4/L4)|d4 (4.6)

¢ Calculation of I; which will most likely determine the majority of the power
dissipation.

2
lge = Ing
2K (W, /Ly) (4.7)

¢ Design of W7/L7 to achieve the desired current ratios between /45 and /46

W, /L) =W,/ |-5):_6 (4.8)
5

4.2.2 Simulation Results

Considering two stage operational amplifier, only DE is utilized for design specifications
of SR=210V/us, fi23MHz, A,>1000 V/V, -1.5V< ICMR<S2V, Pgiss<2.5mW with the inputs
and particle vector structure as same with previous design scheme. Constraints for
design parameters are set as C;>=10 pF, 100=(W/L)=2 (k=1..8). In order to minimize
the channel modulation effect, all MOSFET length values are chosen as 2 um [60].
Since there is another study going on simultaneously for designing operational

amplifier with HS algorithm, we didn’t consider HS for our study.

Target value of CF is aimed to be smaller than 300 um? DE based design method
resulted in a total MOS transistor area of 259 pm? which is minimum area compared
with PSO, along with exact values of design specification and design variables (W, lpias,

C,) as tabulated in Table 4.4. DE resulted in shorter computation time than PSO as
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tabulated in Table 4.5. Comparison of previous methods with DE by means of design
criteria is given in Table 4.6. Figures 4.13- 4.17 demonstrate that SPICE Simulator

validates the DE based design results as design specifications are met.

Table 4.4 Design variable obtained with metaheuristics

Two-Stage Op-amp Convex opt. [59] | PSO DE
Design Parameters [52]
Iyias (LA) 10 40.39 | 39.1506
W1/L1, W2/L2 (um/um) 232.8/0.8 4.9/2 | 3.2056/2
W3/L3, W4/L4 (um/um) 143.6/0.8 5.9/2 | 6.9662/2
W5/L5 (um/um) 64.6/0.8 2.1/2 | 3.1130/2
W6/L6 (um/um) 588.8/0.8 90.9/2 | 84.1094/2
W7/L7 (um/um) 132.6/0.8 16.3/2 | 18.7930/2
W8/L8 (um/um) 2/0.8 2.1/2 | 3.1130/2
Ci(pF) 3 10 10
Ce(pF) 3.5 3 3

Table 4.5 Comparison of computational performance

PSO[52] |DE

Time 8.6s 4,594 s
Iterations 100 677
Parameters | NP: 10 NP : 10

c1:1.7,c:1.7 CR:1.0

w(inertia)=0.9 | F:0.85
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Table 4.6 Comparison of previous works with DE by means of design criteria

Two-stage OPAMP Convex Opt. | PSO [52] DE
Design Criteria specs [59] (SPICE) (SPICE)
Output Capacitance (pF) >10 3 10 10
Slew Rate (V/us) > 10 88 11.13 10.53
Power Dissipation (LW) < 2500 5000 2370 1860
Phase Magrin (°) >45 60 66.55 69.092
Unity Gain BW (MHz) >3 86 5.32 4.1011
Gain (dB) > 60 89.2 63.8 60.393
Vicmin (V) >-1.5 - -0.8 -0.813
Vicmax (V) <2 - 1.75 1.8155
CMRR (dB) > 60 92.5 83.74 81.4793
PSRR" (dB) >70 116 78.27 75.605
PSRR" (dB) >70 98.4 93.56 93.782
Output Resistance (kQ) >200 - 751 790.8
Total Area (x10™°m?) <3 82 2.65 2.59
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4.3 EA Based CMOS Comparator Design

As a last step of this study, a comparator is designed with HS and DE algorithms. The
configuration considered here is comparator with PMOS input driver (Figure 4.18)

where details can be found in [61].
4.3.1 CMOS Comparator Structure

A comparator is a device that compares two voltages or currents and switches its
output to indicate which is larger. They are commonly used in devices such as Analog-

to-digital converters (ADCs).

(Voo

I

4 :rss

Figure 4.18 CMOS comparator with PMQOS input driver

Design specifications are VDD=2.5V, VSS=-2.5V, AV>10000, -1.75<CMR<1.75,

-2.25<V0<2.25, SR>10V/us. Following is constraints and objectives for comparator.

¢ Determine the current drive requirement of (W/L) to satisfy the SR specification.

I =C {ﬂ}c SR
- dt

(4.9)
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¢ Determine the size of (W/L)¢ and (W/L); to satisfy the output-voltage swing

requirement.

27
Wik, = ¢F
L IVDS?(WJ (4.10)
21
(WiL, = 250

Ko W pssyaam (4.11)

¢ Calculate the gain of the second stage.

A, = _(Aj (4.12)

gdSG + gds7
¢ Calculate the gain of the first stage to satisfy the overall gain.

A, = A, A, 210000 (4.13)

¢ Determine the first stage biasing current using the minimum allowable size of 1,
and minimum output offset. Consider (W/L); and (W/L)s; using the minimum size

for (W/L)4, determine the current Isps that mirror with (W/L)e. That is,

WL
. =—""23*T
pst T e T ) nEe (4.14)
| 5 =2l pey (4.15)

and consider (W/L)s and (W/L)7; using the minimum size for (W/L)s, determine the

current lpss that mirror with (W/L). That is,

I _ 'W:—;L IS

L ¥ Sm7 (4.16)
loss = s 12= 1 pgg (4.17)
lsp2 = lep1 =l ops /2 (4.18)

finally select the larger of the two Isps and adjust the size of (W/L), if necessary.
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¢ Determine the size of (W/L); to satisfy the gain requirement.

[ﬂmfs.m Ay + A ']2

WL, =
*  The minimum size of (W/L)s can be adjusted to satisfy the positive input CMR.
21

g =V, -V - -

S05(EAT oo Flimas) K, Wil | r1| (4.20)

2I
WL = =
KPIVESSEMTJ ' (4.21)

Select the larger of the two, (W/L)s and adjust the size of (W/L); for proper mirroring
with (W/L)s.

. i .
IW.“‘ L I? = _TIW.': L Ij
I

(4.22)
3
¢ The size of (W/L)3 or (W/L)4 can be adjusted to meet the negative input CMR.
. 27
WL, = ik - s
4,
KPIFGIKMJ_VSE_VI‘S+|FT1|I ( )

Select the larger of the two (W/L)s.

* Determine the size of (W/L)s to provide as the main current mirror for the

comparator.

27 e
2
KoV ow = Vpp | (4.24)

WL, =

¢ The external resistor Rb connected between Vgg and ground must be chosen to
provide the required current for (W/L)s.

R = Ves =0

| (4.25)
DS8

46



4.3.2 Simulation Results

Considering CMOS comparator, DE and HS are utilized for design specifications of
VDD=2.5V, VSS=-2.5V, AV>10000, -1.75<CMR<1.75, -2.25<V0<2.25, SR>10V/us. In
order to minimize the channel modulation effect, all MOSFET length values are chosen
as 2 um [60]. Target value of CF is aimed to be smaller than 500 um?. HS based design
method resulted in a total MOS transistor area of 457 pm? which is minimum area
compared with DE, along with exact values of design specification and design variables

as tabulated below.

Table 4.7 Comparison of computational performance

DE HS
Time 0.469 s 4.641s
Iterations 21 2000
Parameters | NP : 10 HMS: 6
CR:1.0 HMCR: 0.9
F:0.85 PAR: 0.4-0.9

Table 4.8 Design variables obtained with metaheuristics

COMPARATOR
DE HS
Design Parameters
wW1/L1, W2/L2 (um/um) 20.057/2 | 24.230/2
W3/L3, W4/L4 (um/um) 2/2 2/2
W5/L5 (um/um) 6.899/2 | 6.386/2
We6/L6 (um/um) 58.396/2 | 58182/2
W7/L7 (um/um) 100.72/2 | 92.894/2
W8/L8 (um/um) 20.071/2 | 18.579/2
C.(pF) 10.04 10
Rb (kQ) 68.383 67.827
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DE resulted in shorter computation time than HS as tabulated in Table 4.7.
Performance of DE and HS algorithms and design variables obtained with
metaheuristics are given in Table 4.8. Comparison of DE and HS by means of design
criteria is given in Table 4.9. Since different design constrains are used in [61], it is not
possible to perform a comparison between this work and [61]. Figures 4.19- 4.28
demonstrate that SPICE Simulator validates the DE and HS based design results as

design specifications are met.

Table 4.9 Comparison of DE and HS by means of design criteria

COMPARATOR Specifications DE HS
Design Criteria
Output Capacitance (pF) >10 10.04 10
Slew Rate (V/us) > 10 160 160
Power Dissipation (LW) < 1000 511 508
Unity Gain Bandwidth >10 16.055 17.255
(MHz)
Gain (dB) >80 82.424 82.932
Vicmin (V) =-1.75 -1.6042 -1.6146
Vicmax (V) <1.75 1.6458 1.5938
CMRR (dB) > 85 87.4715 87.8223
Propagation Delay (us) <2 1.165 1.111
Voff (mV) <60 49.191 55.571
Total Area (x10™° m?) <5 4.60 4.57
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4.4 Summary

In this work, particular specifications for a specified topology of a differential amplifier,
operational amplifier and comparator are aimed to be met by adjusting design
variables such as device sizes and bias currents by DE and HS methods. Design
equations are utilized for cost function of metaheuristics, considering that numerous
conflicting design criteria are of concern. Resulting design variables are utilized for
redesign in SPICE simulator in order to validate the exact values of design
specifications obtained with metaheuristics. Simulation results proved that DE and HS
based design not only meets all design specifications but also minimizes total MOS
area with respect to the previous methods. While minimum occupied MOS transistor
area is obtained with HS, DE is superior in computation time and also improved ICMR
and cut-off frequency with respect to HS and PSO. As further work, these methods

would be investigated in mixed signal circuit optimization.
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CHAPTER 5

CONCLUSION AND SUGGESTIONS

In this study, the applicability of DE and HS algorithms on the analog circuit design
have been investigated. For this purpose these algorithms are utilized as an
optimization tool for both discrete and integrated circuits. In chapter 3, the
performances of two nature-inspired metaheuristics on analog filter design have been
explored. DE and HS algorithms were utilized for both 4™ order Butterworth low pass
filter and 2™ order SVF design. Considering Butterworth filter design, both algorithms
minimized the total design error with respect to previous methods. Components of
SVF are selected from both E24 and E96 series in order to investigate whether
performance of DE and HS will be affected when same topology is designed with
different series. Considering SVF design with E24 series, DE successfully minimized the
design error in a short computation time. Box and whisker plots also demonstrate that
variation of CF values obtained with DE method is the smallest when multiple runs are
of concern. HS obtained the minimum design error when components are selected
from E96 series. Monte Carlo and worst case analysis results are also presented in
order to demonstrate the robustness of the proposed approaches especially for SVF
design. As a result, we are able to say that HS and DE methods are suitable for
optimizing analog discrete circuits. In chapter 4, specifications for differential amplifier,
operational amplifier and comparator are aimed to be met by adjusting design
variables such as device sizes and bias currents by DE and HS methods. Simulation
results proved that DE and HS based design not only meets all design specifications but

also minimizes total MOS area with respect to the previous methods. While minimum
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occupied MOS transistor area is obtained with HS, DE is superior in computation time

and also improved ICMR and cut-off frequency with respect to HS and PSO.

As a further work these algorithms could be used for mixed analog circuit automation
and an interface between MATLAB and SPICE could be developed in order to minimize

total design time.
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UC1
WLN
VWAL
LW
CAPMOD
CGSO
PB
PBSW
PBSWG
PVTHO
VKETA

LEVEL =
27 TOX =
8. 52E16 VTHO =
-5.542793E-3 K3 =
7.054287E-6 NLX =
0 DVT2W =
0. 5369794 DVT2 =
1E-10 uB =
1. 540022E5 A0 =
2. 609264E- 6 Bl =
2. 72138E-4 A2 =
-0.1013163 PRWB =
1. 342653E-7 LINT =
1.5E-7 DWG =
-0. 122767 NFACTOR=
2.4E-4 CDSCD =
0. 099556 ETAB =
5. 5082963 PDI BLC1=
0.1 DROUT =
5.027754E-10 PVAG =
154. 6 MOBMOD =
-1.5 KT1 =
0. 022 UAL =
-5.6E-11 AT =
1 WV =
0 LL =
0 LW =
2 XPART =
4. 08E-10 CEBO =
0.99 M =
0.99 MISW =
0.99 MISWG =
7.800191E-3 PRDSW =

4.072642E-5 LKETA
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~

7.8E-9

-0. 6513775

97. 1641761

2.516648E-7

0

3. 747654E- 3

1. 535287E- 18

0. 7990549

5E-6

0. 9725641

0. 0728675

0

-9.772747E-9
. 9970207

1

0

2. 606693E- 3
9. 987419E-4
3. 141427E-6
9. 6519816

1

0.5

1E-12

0. 5609267
0.3817474
0.3817474
29. 6696742

- 6. 119295E-3
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: English
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Education .
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Engineering
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Intensive High School
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2008 - still NETAS

Senior Engineer
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