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Abstract

The performance of the analog integrated CMOS circuits is very sensitive to design
parameters. Its design is a knowledge-intensive trade-off approach and requires lots
of expertise. Thus, with increased complexity, the design of high-performance analog
circuit becomes a very challenging task. In order to overcome difficulties associated
with the analog integrated circuit design, many researchers have used classical and
evolutionary algorithms to design analog circuits. However, the designs are limited to
schematic-level only. The schematic-level design is an intermediate step of the circuit
design process and, generally, based on schematic-level design, the layouts are prepared.
Since the layout parasitics are not possible to consider during schematic-level design,
the post-layout performance of the circuit differs from the schematic-level performance,

especially, for the frequency sensitive specifications.

In this work, we propose a novel concept of the parasitic-aware automatic circuit design
of analog CMOS circuits that extends the design automation from the schematic-
level to layout-level. We have utilized evolutionary algorithms based optimization
techniques. The PSO (Particle Swarm Optimization) and ABC (Artificial Bee Colony)
algorithms are widely used evolutionary algorithms. Based on these algorithms, we
propose two efficient evolutionary algorithms named; MPSO (Modified Particle Swarm
Optimization) algorithm and EABC (Enhanced Artificial Bee Colony) algorithm. The
MPSO algorithm uses the partial re-initialization scheme to overcome the problem of
diversity-loss in PSO algorithm. The EABC algorithm provides faster convergence
speed compared to the ABC algorithm.

Initially, MPSO, PSO, ABC and EABC algorithms are used to carry out the schematic-
level design of the: (1) Two-stage operational amplifier (op-amp), (2) high-gain low
voltage bulk-driven OTA and (3) second generation current conveyor in the 0.13 pm
and 0.09um CMOS technologies. The obtained results reveal the effectiveness of the

XIII



proposed algorithms to design analog CMOS circuits.

The two-stage op-amp is designed at the schematic-level with major specifications such
as 80dB gain, 100MHz bandwidth, 60° phase margin, 80dB PSRR, 75dB CMRR and
40V /S slew rate. The ABC algorithm designed two-stage op-amp in 0.13 pm CMOS
technology with an average error of 1.01% while the EABC algorithm designed opamp
with an average error of only 0.39%. The major design specifications for the OTA
are 80dB gain, 60 phase margin, 1.5MHz bandwidth, 5uWW power consumption and
0.1V/uS slew rate. The ABC algorithm designed high gain OTA with 0.69% average

error, while MPSO algorithm designed the same circuit with 0% average error.

In order to investigate the effect of the layout parasitics on the performance on the
circuit, layouts of circuits designed at schematics level were prepared and post-layout
simulations were carried out. The post-layout simulation of the two stage op-amp
indicated that, the performance of the op-amp is dropped by 6% due to the layout
parasitics. The similar experiments are also carried out for the ring oscillator, CMOS
buffer chain and, voltage controlled oscillator. The post-layout performance of the ring
oscillator was degraded by 8%. For the CMOS buffer chain and VCO, the post-layout
performances are degraded by 10.8% and 7.9%, respectively.

In order to overcome this problem and to achieve parasitic-aware automatic circuit
design, the concept of the schematic-level automatic circuit design is extended to the
layout-level by utilizing layout in the automatic design process. To achieve this, use
of the configurable layouts is proposed instead of the conventional handcrafted lay-
outs. Unlike conventional handcrafted layouts, the configurable layouts allow the user
to change the size of various components of layout and the distances between them
by changing the parameters of the layout. This feature of the configurable layout
makes the preparation of layout flexible and suitable to use in automatic circuit de-
sign framework. The configurable layouts are developed using MAGIC VLSI Tool. By
utilizing the configurable layouts in the automatic circuit design process, we achieve
the parasitic-aware design of CMOS circuits. During the automatic circuit design pro-
cess, extracted net-list generated from configurable layout is used. This enables the

consideration of all kind of parasitics from the beginning of the circuit design process.

The automatic parasitic-aware design of the ring oscillator, CMOS buffer chain, VCO,
two-stage op-amp, bulk-driven OTA, and enhanced bulk-driven OTA are carried out.
The proposed concept does not require any human intervention and provides the

parasitic-aware design of the high-performance circuit.
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Further, it has also been demonstrated that process variations can also be considered
in the design cycle. The two-stage op-amp and bulk-driven OTA are designed at
layout-level considering the process variations. The obtained results reveal that using
the proposed concept of parasitic-aware automatic circuit design even less-experienced
designer can design high-performance analog circuits at the layout-level in an efficient

manner.
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CHAPTER 1

Introduction

In recent years, with the increase of complexity, the design of the analog and mixed
signal CMOS integrated circuits in an efficient manner is a critical task. In order to
handle the complexity of integrated circuits, hierarchical blocks oriented design ap-
proach is used widely. For the analog CMOS circuits, such hierarchical blocks are
generally amplifiers, filters, references, mixers, and oscillators. The design of these
building blocks includes sizing of various MOSFETSs to achieve target design specifica-
tions such as power consumption, gain, bandwidth, slew rate. Since the performance
of such analog circuits is very sensitive to design parameters, their design requires lots
of expertise. Further, improvement in one performance parameter may adversely af-
fect the other performance parameters. Thus, the analog circuit design process is a

knowledge intensive trade-off approach [1].

1.1 Background

The traditional analog circuit design is carried out in three steps as shown in Fig.
1.1: (1) Topology selection, (2) Component sizing i.e. schematic-level design, and (3)
Layout-design and verification i.e. layout-level design [2]. In the topology selection, an
appropriate topology of the circuit is selected to meet desired specifications. During
the schematic-level design, generally, analytical calculations are followed by the circuit
simulations. Finally, based on the schematic-level design, the layout of the circuit

is prepared. The parasitics are extracted and the circuit is simulated to verify its
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( Circuit Specification )

—>( Circuit Topolo,;gy & Selection )
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FIGURE 1.1: Analog integrated circuit design process flow.

Schematic—Level Design

Layout—Level Design

performance. If desired performance is not achieved then the modifications in schematic

and layout are carried out.

In the schematic level design, to determine the length and width of the various MOS-
FETs, the behavior of the circuit is described by the set of mathematical equations.
Based on this mathematical model, analytical calculations are carried out. This re-
quires an accurate mathematical model of the MOSFET. Generally, BSIM spice models
are widely used for describing the behavior of the MOSFET. The level-2 spice model
of MOSFET has 13 parameters, and it is suitable to represent large-channel MOSFET
(i.e. L > 2pm). The level-28 model has 63 parameters. Similarly, the level-54 BSIM
model, which is suitable for describing the MOSFET in 0.13 pum technology, has more
than 150 parameters. This way, the BSIM models have become more complex to ac-
commodate various short channel and other nonlinear effects of the devices. It is very
difficult to consider such complex models in the analytical calculations of the circuit
design process. This leads to the considerable difference in the result of analytical cal-
culations and simulation. Thus, the dependence on the circuit simulation is increased

and the design of analog circuit requires expertise.

In order to overcome the difficulties associated with the analog circuit design, the re-
search community is working aggressively on the automation of the analog circuit design
process. The various classical optimization techniques, such as, linear programming [3],

dynamic programming [4], sequential quadratic programming [5] are utilized for the
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schematic-level design of analog circuits. However, they suffer from following problems.
First, the quality of the solution depends upon the starting point. In the absence of
good starting point, such algorithms may result in a locally optimized solution. Second,
it is necessary to formulate accurate and differentiable objective function. Formulating
such cost function for the analog circuit design problem is extremely difficult. Further,
for the dynamic programming, computational efforts increase exponentially with the
size of the problem [6]. The geometric programming technique is used to design op-
erational amplifier circuit [1,7] and latched comparator [8]. This convex optimization
technique guarantees the global solution; however, it requires very good knowledge
of the circuit design and requires physical models to prepare constraints. When the
short-channel effects of MOSFET are not negligible, it is very difficult to prepare such
physical models [9]. Thus, for the design of the large size analog CMOS ICs in submi-
cron CMOS technologies, which are complicated and highly constrained, the classical
optimization techniques and geometric programming are mostly not appropriate. An-
other option is a heuristic algorithm based optimization technique. Some examples of
the heuristic algorithms are simulated annealing (SA) [10], Tabu search [11], Genetic
algorithm (GA) [12], Particle Swarm Optimization (PSO) [13], Ant Colony Optimiza-
tion (ACO) [14] and Artificial Bee Colony algorithm (ABC) [15]. These algorithms
are easy to implement using the programming language. They do not include complex
mathematical operations and do not require deep knowledge of circuit as well as of the
physical model of MOSFET.

Many researchers have successfully employed evolutionary algorithms to design ana-
log circuits at schematic-level. The design of the single-ended telescopic operational
amplifier using the genetic algorithm is presented in [16]. The chaotic DE algorithm,
standard DE algorithm, ABC algorithm and PSO algorithm are used in [17] to design
Miller OTA and their performances are compared. The use of the A-NSGAII algorithm
was demonstrated in [18] to design RF low noise amplifier, leapfrog filter, and ultra
wideband LNA. The PSO algorithm and its variants are used for automatic design
of low-power low-voltage CMOS circuits [9]. In [19], the performances of the genetic
algorithm (GA), PSO algorithm and Simulated Annealing algorithm are compared
by designing the LC voltage controlled oscillator. An evolutionary algorithm based
approach is used to design RF low noise amplifier in [20]. The particle swarm opti-
mization algorithm with aging leader and challenger (ALC-PSO) is utilized to design
CMOS comparator and folded cascode op-amp [21]. The CMOS differential amplifier
and two-stage op-amp are designed in [22] using the integration of the Gravitational
search algorithm with particle swarm optimization (GSA-PSO). The optimum design
of the symmetric CMOS inverter is demonstrated in [23] utilizing hybrid Harmony
Search with Differential Evolution (HS-DE) and PSO algorithm. In [24], PSO algo-
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rithm is used to design low noise amplifier (LNA) and second generation current con-
veyor (CCII). The performances of the Multi-Objective Particle Swarm Optimization
(MOPSO), Multi-Objective Ant Colony Algorithm (MOACO), Non-dominated Sort-
ing genetic algorithm (NSGA-II) and Archived Multi-Objective Simulated Annealing
(AMOSA) are compared in [25] by designing LNA op-amp, OTA, and current conveyor

circuits.

In the layout-level design phase, based on the device dimensions obtained from the
schematic-level design, layouts are prepared. Due to the high irregularity among the
device dimensions, the analog circuit has not been automated like the digital circuits
[26]. Since the layout adds parasitic components to the circuit, there is a difference in
the simulation of schematic-level design and layout-level design, especially, in frequency
sensitive specifications such as bandwidth and slew rate. The unacceptable difference in
simulation results may lead redesigning of the circuit. Thus, the efficient approach for
the designing analog CMOS circuit is required to overcome these difficulties. Further,
the concept of the automatic CMOS analog design is only limited to schematic-level and

not yet applied to layout-level to include the layout-parasitics in the design process.

1.2 Problem definition

The aim of this research work is to develop a time-efficient method for the design
of the high-performance analog CMOS circuits at layout-level. Many researchers have
successfully applied optimization algorithms to efficiently design CMOS analog circuits
such as comparator, operational amplifier, differential amplifier, inverter, low noise
amplifier, current conveyor, and OTA. However, automation in the designs are limited
to schematic-level. The schematic-level design cannot consider the final design because
in this design process, layout parasitics are not considered and the exact value of the
layout parasitics cannot be estimated. The irregularities in the device dimensions
prevent the use of the automatic placement and routing tools for preparing the layouts
of analog circuits, and hence, the layouts for analog circuits are prepared manually.
Sometimes, the small change in such layouts may require large efforts. Due to such
limitations, the traditional design approach fails to provide a time-efficient design for

the analog circuits.

To overcome this problem, the concept of the configurable layouts is proposed. The
configurable layouts allow the user to change various parameters of the layout. This

flexibility allows the use of the optimization algorithms to carry out layout-level design.
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Thus, the use of the configurable layouts enables the consideration of all kinds of
parasitics from the beginning of the circuit design process and allows parasitic-aware

design automation for the analog CMOS circuits.

Further, we propose improved evolutionary algorithms namely modified particle swarm
optimization (MPSO) algorithm and enhanced artificial bee colony (EABC) algorithm
for the analog CMOS circuit design problem.

1.3 Objective and scope of work

There are two major objectives of this work. The first objective is to propose an
approach for the parasitic-aware layout-level design automation for the analog inte-
grated circuits. The second objective is to propose efficient evolutionary optimization

algorithms for the analog circuit design.

The scope of the work includes the following tasks. The first task is to develop the
efficient evolutionary algorithm and compare its performance with other evolutionary
algorithms by solving the set of benchmark functions and designing analog CMOS
circuits. The second task is to develop a framework for the parasitic-aware analog
CMOS circuit design. The third task includes the demonstration of a parasitic-aware

design of analog CMOS circuits using the proposed concept.

1.4 Contribution

The following is the contribution of this work.

e Two efficient evolutionary algorithms: (1) EABC (Enhanced Artificial Bee Colony)
algorithm, and (2) MPSO (Modified particle swarm optimization) are proposed
for the CMOS circuit design and optimization.

e Three circuits namely: (1) Two-stage operational amplifier, (2) High gain bulk-
driven OTA, and (3) Second generation current conveyor are designed at schematic
level using MPSO, PSO, ABC, and EABC algorithms in 0.13 um and 0.09 um
CMOS technologies.
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e The concept of the automatic circuit design is extended from schematic-level to

layout-level by proposing configurable layouts.

e The framework for the configurable layout is developed using MAGIC VLSI Tool.

e The automatic parasitic-aware designs of the ring oscillator, CMOS buffer chain,
VCO, two-stage operational amplifier, bulk-driven OTA, and Enhanced bulk-
driven OTA are carried out in 0.13um CMOS technology at layout-level using

proposed concept.

e The process and temperature variations are also considered in the automatic

design of the two-stage operational amplifier.

1.5 Organization of thesis

The rest of the thesis is organized as follows. In chapter 2, the evolutionary algorithms
such as ABC, EABC, PSO and, MPSO are discussed in detail and their performances
based on the ability to solve various benchmark functions are compared. The concept
of the schematic-level analog circuit design using evolutionary algorithms is described
in chapter 3. Further, the schematic-level design of two-stage op-amp, high-gain low-
voltage OTA and, second-generation current-conveyor are presented. In chapter 4, the
concept of the configurable layout is discussed in detail. In chapter 5, parasitic-aware
design of ring oscillator, CMOS buffer chain, VCO, two-stage op-amp, bulk-driven OTA
and, enhanced bulk-driven OTA are presented. Finally, the conclusions are drawn in

chapter 6.



CHAPTER 2

Evolutionary Algorithms

The optimization algorithm is a heart of the optimization process. In this work, particle
swarm optimization (PSO) and artificial bee colony (ABC) algorithms are utilized.
Further, based on these algorithms, modified particle swarm optimization (MPSO)
and enhanced artificial bee colony (EABC) algorithms are proposed.

The PSO algorithm is widely used for solving various engineering problems. It is simple
to implement and very effective. The convergence speed of the PSO algorithm is fast,
however, it suffers from the saturation problem and likely to trap in locally optimized
solution [27]. In the MPSO algorithm, this issue of the PSO algorithm is addressed.

The performance comparison of ABC, PSO, DE and swarm inspired evolution algo-
rithm (PS-EA) algorithms based on their ability to solve benchmark functions reveals
that the performance of the ABC algorithm is superior with the fewer number of control
parameters [15,28]. The detailed survey on the applications of the ABC algorithm [29]
shows that ABC algorithm is an effective tool to solve the various engineering problem.
For any population-based algorithm, the balance between exploration and exploitation
is necessary. The exploration is an ability of an algorithm to investigate the various
unknown region of the search space, while exploitation is the process of visiting those
regions of a search space within the neighborhood of previously visited points [30]. It
has been found that ABC algorithm has good exploitation capacity, however, it lacks
at exploration [31]. Because of this, the ABC algorithm exhibits slower convergence
speed when handling unimodal problems and it gets trapped in local minima while

solving complex multi-modal problems [32]. The various modified and hybrid ABC
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algorithms are presented in the literature to overcome this issue [32-35]. In this work,
the modified version of the ABC algorithm named enhance artificial bee colony algo-
rithm (EABC) is presented. The modified search strategy adapted in EABC algorithm

enhances the overall performance of the algorithm.

In this chapter, evolutionary algorithms such as Particle Swarm Optimization (PSO),
Artificial Bee Colony (ABC), Modified Particle Swarm Optimization (MPSO) and,
Enhanced Artificial Bee Colony (EABC) are presented. The performances of these

algorithms are compared solving the set of benchmark functions.

2.1 Particle Swarm Optimization (PSO) algorithm

The particle swarm optimization algorithm was suggested by Kennedy and Eberhart
in 1995 [13]. It is based on the swarm optimization technique. It simulates the social
behavior of birds flocking and fish schooling. The PSO algorithm models solution
candidates by particles of a swarm. Each particle of the swarm is moving in the search
space with a certain velocity. Each particle has information about its current position,
its current velocity, best position ever visited by itself and, best position visited among
all the particles. Based on these informations the position and velocity of each particle

are calculated.

Let’s assume that, the swarm of N particles is considered to solve the optimization
problem having D dimensions. The position of each particle represents a solution
candidate. The vector of D dimensions can be used to model the position of the
particle mathematically. The current position of the i*" particle can be represented by
vector z;(t) = {xi1, T, -+ ,x;p}. Similarly, the current velocity associated with the
it" particle can be given by vector v;(t) = {v;1, Vi, - -+, vip}. The new velocity v;(t +1)

and position z;(t + 1) of the i'" particle can be calculated as follows,
vi(t+1) = w-v(t) + Cr- Ry (Bi(t) — x(t)) + Co- Ry (Py(t) — x4(t)) (2.1)

where, w is an inertia weight factor, Ry and Ry are random numbers between 0 and
1, C7 and (5 are acceleration constants. ] is known as the cognitive coefficient and
(s is called the social coefficient. P;(t) represents the best position ever visited by the
i particle. P,(t) indicates the best position ever visited among all the particles. The
value of At is 1.



2.2 Modified Particle Swarm Optimization (MPSO) algorithm

The Cy- Ry (P;(t) — x;(t)) represents the cognitive component. This component causes
the particle to move near the best position ever visited by itself. The social component
Cy- Ry (Py(t) — x4(t)) tends to pull particle near position, which is represented by the
best solution found so far by the swarm. The random variables R; and Ry are respon-
sible for causing stochastic influence of cognitive and social component on the velocity

update.

The inertia constant w controls the influence of the previous velocity on the new ve-
locity. The value of w can be kept constant or can be varied with the algorithmic
iterations. The value of w can be varied linearly with algorithmic iterations as fol-

lows,
Le

(2.3)

W = Wyp — (wup - wlow) . i
max

where, w,, and w;,,, are upper and lower limits for the w, respectively, with wy, > wjow;
1. is current algorithm iteration; i,,,, represents maximum allowed algorithm iterations.
Further, along with bounded search-space, the concept of the velocity clamping is used
widely in PSO algorithm. The velocity clamping limits velocity of the particle to a
limited range of [—Unaz, Umin]. This helps preventing swarm explosion and controlling
global exploration [36]. In this work, we use Vmar = (Tmaz — Tmin) /2, Where T4, and

Tmin Tepresent the boundaries of the search space.

The important controlling parameters of the PSO algorithm are w, C; and C5. The
values of these parameters can be tuned according to the nature of the problem. The
PSO algorithm starts with the particle initialization process. When the nature of the
problem is unknown, random initialization can be used. Similarly, the initial velocity
of the particle is also selected randomly. In each algorithmic iteration, the new position

of each particle is calculated and each particle is evaluated for its fitness.

2.2 Modified Particle Swarm Optimization
(MPSO) algorithm

The PSO algorithm is used widely for the function optimization due to its simplicity
and easy implementation. When PSO algorithm starts with the random initialization,
the swarm is diverse. In the PSO algorithm, the new position of the particle depends
upon; (1) P, (best solution found so far by the swarm of particles), (2) P; (best solution
found so far by the particle) and, (3) the velocity of the particle. Since the each particle

is following P, as algorithm goes ahead, it starts losing its diversity [37]. The diversity
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of the swarm is very important in the PSO algorithm. As long as the swarm is diverse,
new solutions will be generated. When the swarm lost its diversity, the movement of
the particles in the search space vanishes, in other words, the algorithm stops providing
new solutions. This situation is known as saturation of the algorithm. The situation of
loss of diversity arises either when the global solution is achieved, or when the algorithm
is trapped in the local minima. In Modified PSO algorithm, the aim is to maintain the

diversity of swarm till the global solution is achieved.

In the MPSO algorithm, like a PSO algorithm, the new position of the particle is
decided by Eq 2.1 and Eq 2.2. However, when the global solution does not improve after
the algorithmic iteration, the velocity of each particle is examined. If the absolute value
of the velocity of each particle of the swarm in more than DS,,,, dimensions(a control
parameter for algorithm) falls below the V,,;, ( a predetermined algorithmic parameter),
one of the saturated dimensions is selected randomly and partial reinitialization for the
selected dimension is carried out. In the partial reinitialization, the selected dimension
of all particles of the swarm is reinitialized on the reduced search space. The reduced
search space is a sub-region of search space around the best solution found so far. The
region (or area) for the reduced search space is described in the percentage of full search

space using following formula.

A=S+(1—25) fgbx 100% (2.4)

where S is a number in the range [0,1] and it is a control parameter of the algorithm.
fgb is the value of the cost function (a function that describes the optimization problem
mathematically) calculated for the best solution found so far (F,). The value of the
Vinin can be described in the percentage of the allowed maximum velocity V., which is
used for the velocity clamping. DS, is an integer number and it is also described in
terms of the percentage of the D (the dimension of the problem). The reinitialization

region during the process of the partial reinitialization is controlled by parameter S.
The partial reinitialization scheme helps to avoid the early saturation of the algorithm

by maintaining the diversity of the swarm and, thus, helps algorithm to avoid local

minima.
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2.3 Artificial Bee Colony Algorithm

2.3 Artificial Bee Colony Algorithm

The artificial bee colony algorithm simulates the social behavior of bees searching food
to find the solution of the optimization problem. The algorithm is suggested by D
Karaboga in 2005. This algorithm is based on the swarm optimization technique. The
details about the algorithm, its applications solving various optimization problems and

comparison with other algorithms can be found in [15,28,38].

In the ABC algorithm, the swarm consists of three types of bees; (1) employee bees,
(2) onlooker bees and, (3) scout bee. The employee bees and onlooker bees are same in
numbers. The employee bee tries to find a new solution by carrying out a local search.
The onlooker bees select the solutions having higher chances of improvement and only

try to improve these selected solution candidates.

Let’s consider an optimization problem with D dimensions. We assume that there are
N number of employee bees and the same number of the onlooker bees in the swarm.
In the ABC algorithm, the solution candidate is represented by food-source. Let’s
assume that there are N number of food-souces. The food-source can be modeled
mathematically modeled using a vector of D dimension i.e. i* food-source can be

represented by, z; = {x;1, %1, ..., Tip}-

The ABC algorithm has four major phases; (1) initialization (2) employee bee phase
(3) onlooker bee phase and, (4) scout bee phase. In the initialization phase, random
initialization of the food-sources is carried out. In the employee bee phase, each em-
ployee bee tries to find a better food-source around existing one. To do this, each
employee bee shares information about the food-source to neighbor bee. For example,
a new food-source v; around the *" food-source ; can be found by getting influence

about k" food-source in the following manner,

- Tij, if j #p (2 5)
l'] o . . '
Tij+ ¢ (v —ayy) ifj=p

where, i = 1,2,...,N; j = 1,2,...,D; ¢ is an random number in range [—1,1]; k

represents the food-source of neighbor bee, it is randomly selected integer in range

[1, N], with ¢ # k; p is randomly selected number from range [1, D].

The fitness fit,, of newly found food-source V; is calculated as follows,

11
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b
1+ f(x:)

where, f(z;) represents the cost function representing optimization problem. This is

fity, = (2.6)

followed by the greedy selection process between v; and z; i.e. If fit,, is greater than

fit,,, new food-source v; is accepted otherwise, it is rejected and z; is retained.

In the onlooker bee phase, selected food-sources having the better probability of im-
provement are selected. The probability of improvement P; associated with food-source

x; can be calculated in the following manner,

Pi= —<———

(2.7)

The selected food-sources are updated according to Eq. 2.5 similarly like in employee
bee phase. In scout bee phase, the food-sources which are not improved after certain
pre-determined trials (T};m:) are discarded and for each discarded food-source, new
food-source is randomly initialized from the search-space. Thus, in the ABC algorithm,
the employee bees try to improve each food-source equally, the onlooker bees only focus

on the food-sources where the probabilities of improvements are higher.

2.4 Enhanced artificial bee colony algorithm

In the ABC algorithm, the new food-source is found around existing food-source based
on the neighbor food-source. This provides exploitation. However, ABC algorithm
does not utilizes the best solution found so far. Due to this limitation, sometimes, the
ABC algorithm exhibits poor convergence speed. The enhanced artificial bee colony
(EABC) algorithm addresses this issue of the ABC algorithm.

Like the ABC algorithm, EABC algorithm has food-sources, employee bees, onlooker
bees and scout bee. Further, EABC, algorithm has initialization phase, employee bee
phase, onlooker bee phase and scout bee phase. The search strategy adopted in EABC
algorithm is different. In order to improve the convergence speed during employee bee

phase, new food-source v; is found in the following manner,

12
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V;j = Aa 1f] =D and fit]\h > f?:tNQ (28)
B, if j=pand fitn, < fitn,

A= XNlj + w . (2XN1j — XNgj — GB@Stj)

B = XNQj + w . (QXNQj — XN1j — GBGStj>

where, i = 1,2,...,SN; j = 1,2,...,D; v is a random number in range [—0.5,0.5];
p is a random integer selected from range [1, D]; N7 and N, are mutually exclusive
random integers selected from range [1, D|; G Best is a best solution (G Best) found by
algorithm so far. The new food source V; is found using two mutually exclusive food

sources (N7 and Ny) and the best solution found so far.

The fitness of the newly found food-source V; is calculated and based on the fitness of
X; and V;, greedy selection is applied between them i.e. if the fitness of the V; is higher
than that of X;, V; is selected otherwise, X; is retained. The fitness of the food-source
is calculated using Eq. 2.6.

In the onlooker phase, the food-sources having higher probabilities of improvement are
selected and updated. The probability of improvement associated with i** food-source
is calculated using Eq. 2.7. The new food-source V; around selected food-source X;

can be calculated as,

Xz'j7 1f] 7A b
Vij=<C, if j=pand fity: > fit; (2.9)
D, lfj =Pp and fitNl < fltz
C= XNlj + ¢ . (2XN1j - Xij - GB@Stj)
D = Xij + ’(/) . (2X’U — XNlj — GBBStj)
where, j = 1,2,..., D; ¢ is a random number in range [—0.5,0.5]; p is a random integer
selected from range [1, D]; N; is a random integer selected from range [1, D]; GBest is
a best solution found by algorithm so far. Based on the fitness of V; and X, the greedy

selection is carried out. The scout bee in EABC algorithm behaves similarly like that
in ABC algorithm.

In the ABC algorithm, the employee bee phase is followed by the onlooker bee phase.

13
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Thus, each algorithmic iteration of the ABC algorithm contains employee bee phase,

onlooker bee phase, and scout bee phase. However, in the EABC algorithm, during

each algorithmic iteration, there are two employee bee phase, one onlooker bee phase

and, one scout bee phase.

2.5 Benchmark functions

In Table 2.1, the benchmark functions used for comparing performances of the evolu-

tionary algorithms are described with their solutions and search spaces. The functions

f1 and f5 are unimodal, while other functions are multimodal. The initialization range

for each function is same as the search space of the algorithm. All these functions

represent minimization problem.

TABLE 2.1: Benchmark functions used for the experiment.

Function Search-space Minimum
value

Sphere AHX) =N 22 [—100,100]" 0
Ackley f(X) = 20 + e — 20exp(—0.2¢/ & SN a?) — [-32,32]" 0

exp(+ vazl cos(2mx;))
Griewank  fa(X) = g5 S0, 2% — [T, cos (%) +1 [-600,600F 0
Rastrigin =~ f4(X) = 10n + Zivzl(a:? — 10cos(2mx;)) [—5.12, 5.12]N 0
Rosenbrock f5(X) = SN 71(100(22 — 2441)2 + (1 — 24)?) [—10, 10] 0

. N . N

Alpine fo(x) =3 .1 lwisin(z;) + 0.1, [—10,10] 0

2.6 Algorithm Parameters and Results

In this section, we discuss the experiment carried out on the benchmark functions
to compare the performances of the ABC, PSO, EABC, MPSO, MABC (Modified
Artificial Bee Colony) and, GABC (Gbest-guided Artificial Bee Colony) algorithms.

14




2.6 Algorithm Parameters and Results

TABLE 2.2: Results of solution of 30-dimensional benchmark functions with
30 independent runs.

Function ABC GABC MABC EABC PSO MPSO

Average | 1.3E-09 | 6.7E-20 | 8.3E-25 | 1.5E-33 | 6.1E400 | 0.0E400

SD 7.5E-10 | 7.4E-20 | 6.3E-25 | 1.0E-33 | 3.0E+01 0.0E-+-00

Sphere (f1)
Best 2.4E-10 | 1.3E-20 | 1.8E-25 | 2.6E-34 | 0.0E4-00 | 0.0E4-00

Worst 3.1E-09 | 3.7E-19 | 3.2E-24 | 5.6E-33 | 1.6E+02 | 0.0E400

Average | 8.3E-06 | 6.8E-11 | 2.8E-12 | 3.1E-22 | 9.7E400 5.1E-16

SD 2.9E-06 | 1.8E-11 9.8E-13 | 3.7TE-22 | 8.7TE400 1.7E-16
Ackley (f2)

Best 2.6E-06 | 3.3E-11 1.1E-12 1.4E-23 | 1.6E-152 | 3.0E-22

Worst 1.5E-06 | 1.0E-10 | 5.2E-12 | 1.6E-21 | 1.9E401 5.8E-16

Average | 4.0E-08 | 2.2E-10 | 1.3E-15 | 6.2E-24 | 5.9E-02 0.0E4-00

SD 8.4E-08 | 7.1E-10 3.8E-15 2.1E-23 1.8E-01 0.0E+00
Griewank (f3)

Best 8.1E-11 | 9.6E-22 | 2.5E-23 | 6.4E-30 | 0.0E+00 | 0.0E400

Worst 3.0E-07 | 3.6E-09 | 1.6E-14 | 1.1E-22 | 8.2E-01 0.0E4-00

Average | 1.0E-05 | 5.9E-17 | 1.2E-24 | 2.5E-31 5.9E-02 0.0E-+00

SD 4.5E-05 | 3.1E-16 | 1.5E-24 | 1.7E-31 1.8E-01 0.0E-+00
Rastrigin (f4)

Best 1.0E-10 | 5.8E-20 | 1.1E-25 | 3.5E-32 | 0.0E+400 | 0.0E+00

Worst 2.5E-04 | 1.7E-15 | 6.6E-24 | 7.1E-31 | 8.2E-01 0.0E4-00

Average | 3.4E-01 | 1.7E+00 | 7.3E400 | 3.2E-02 | 3.4E+01 1.5E+01

SD 2.1E-01 | 4.5E400 | 8.0E4+00 | 3.5E-02 | 5.9E4+01 | 1.4E+01
Rosenbrock (f5)

Best 2.1E-02 | 1.2E-03 | 5.8E-01 | 1.8E-03 | 5.4E-04 1.5E-05

Worst 7.9E-01 | 1.9E+01 | 3.5E+01 | 1.4E-01 | 3.4E+02 2.9E+401

Average | 1.5E-04 | 9.9E-06 | 2.8E-12 | 5.8E-17 | 1.3E400 | 0.0E400

SD 8.3E-05 | 1.2E-05 | 3.8E-12 | 5.9E-17 | 2.8E+00 | 0.0E4-00

Alpine (fs)
Best 3.3E-05 | 6.8E-08 | 4.4E-13 | 9.4E-18 | 0.0E4-00 | 0.0E+00

Worst 3.6E-04 | 5.5E-05 | 2.0E-11 | 2.9E-16 | 1.3E+01 0.0E4-00
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The GABC and MABC algorithms are modified versions of the ABC algorithms and
detailed description on these algorithms can be found in [33] and [34], respectively.

For the PSO algorithm, swarm size is taken 75. The values of the C; (cognitive co-
efficient) and Cy (social coefficient) are set to 1.49. The parameters for the inertia
constants w,, and wi,, are set to 0.9 and 0.4, respectively. For the MPSO algorithms,
the swarm size is set to 75. The values of C; and (5 are set to 1.99 and 0.49, re-
spectively. The parameters for the inertia constants w,, and wj,, are set to 0.9 and
0.4, respectively. The value of the parameter S, used for the calculation of reduced
search space during partial reinitialization, is set to 1% of the actual search space of
the problem. The value of parameter DSy is set to 85% of the problem dimension.
Similarly, parameter V,,;, which is used to determine the velocity saturation is set to
0.1% of the V,,4z.

For the ABC and EABC algorithms, the size of the swarm (i.e. the total number of the
food-sources) is set to 75. The value of Ty is set to 200. For the MABC algorithm,
swarm size is set to 75 and value of the selection probability is taken 0.7 as suggested
in [33]. For the GABC algorithm, the swarm size is 75 and the value of the parameter
C'is 1.5 as suggested in [32].

For the fair comparison of the algorithms, the algorithms are terminated based on the
number of the function evaluations. The maximum number of the function evaluations
are set to 150000 for the problem with 30 dimensions and it is set to 300000 for the
problem with 60 dimensions. Further, we utilize the “Mersenne Twister” method [39]
for the generation of the random number. In order to achieve very high accuracy in
the calculations, we use MPFR library [40] for multiple-precision floating-point com-

putations with correct rounding.

In order to compare the performances of the various algorithms, each benchmark func-
tion described in Table 2.1 is solved 30 times independently with problem dimensions
30 and 60. The obtained results are illustrated in Table 2.2 and Table 2.3. We consider
average and standard deviation (SD) of obtained solutions over 30 independent runs

along with their best and worst case values.

The obtained results reveal that the MPSO algorithm provides better results in solving
four benchmark functions (Sphere, Griewank, Rastrinsin and, Alpine) compared to
other considered algorithms. In the case of the remaining two algorithms (Ackley
and Rosenbroke), the performance of the EABC algorithm is found better than the
other algorithms. Further, the performance of the MPSO algorithm is always found

16



2.6 Algorithm Parameters and Results

TABLE 2.3: Results of solution of 60-dimensional benchmark functions with
30 independent runs.

Function ABC GABC MABC | EABC PSO MPSO
Sphere (f1) Average | 1.4E-09 | 4.4E-19 | 8.6E-23 | 5.8E-32 | 3.3E+02 0.0E-+00
SD 1.3E-09 | 3.1E-19 | 4.3E-23 | 2.9E-32 1.7E4-03 0.0E-+00
Best 4.1E-10 | 6.2E-20 | 3.3E-23 | 1.1E-32 | 0.0E400 | 0.0E+00
Worst 5.3E-09 1.6E-18 1.8E-22 1.2E-31 1.0E+04 0.0E+00
Average | 1.4E-05 | 3.5E-10 | 3.1E-11 1.4E-21 | 1.7E4+01 4.6E-16
SD 3.5E-06 | 8.3E-11 1.6E-11 | 3.3E-21 | 5.6E4-00 2.3E-16
Ackley (f2)
Best 7.8E-06 2.3E-10 1.5E-11 2.4E-23 | 8.3E-01 2.1E-20
Worst 2.2E-05 | 5.3E-10 | 8.9E-11 1.8E-20 | 1.9E+01 5.8E-16
Average | 1.4E-09 | 1.2E-07 | 2.9E-20 | 2.9E-25 | 6.2E+00 | 0.0E400
SD 2.4E-09 6.9E-07 1.2E-19 1.5E-24 2.2E401 0.0E+00
Griewank (f3)
Best 1.0E-10 | 3.1E-22 | 5.9E-24 | 2.1E-30 | 0.0E4-00 | 0.0E+00
Worst 1.2E-08 | 3.8E-06 | 6.9E-19 | 8.8E-24 | 9.0E+01 0.0E4-00
Average | 2.9E-01 3.0E-14 1.3E-22 1.1E-29 1.8E+02 0.0E+00
SD 5.8E-01 | 7.9E-14 | 7.0E-23 | 8.0E-30 | 5.5E4+01 | 0.0E4-00
Rastrigin (f4)
Best 8.0E-11 | 2.8E-18 | 3.3E-22 | 1.3E-30 | 2.4E401 0.0E-+00
Worst 1.9E+00 | 4.1E-13 | 4.2E-22 | 3.4E-29 | 2.3E+02 0.0E+00
Average | 4.1E-01 | 8.1E+00 | 1.5E+01 | 4.0E-02 | 3.9E+02 | 5.2E+01
SD 41E-01 | 1.7E+01 | 1.4E+01 | 4.5E-02 | 1.7TE403 | 1.7E+01
Rosenbrock (f5)
Best 3.3E-02 | 4.8E-03 | 1.2E+00 | 4.6E-04 | 2.8E-03 3.2E-05
Worst 1.9E400 | 8.4E+01 | 5.8E4+01 | 1.6E-01 | 1.0E+04 5.9E+01
Average | 2.5E-03 | 8.4E-05 | 8.4E-11 | 6.2E-16 | 5.2E4+00 | 0.0E400
SD 2.9E-03 | 7.3E-05 | 5.E-11 | 5.0E-16 | 1.8E-01 | 0.0E400
Alpine (fs)
Best 1.8E-04 | 8.9E-06 | 1.7E-11 1.1E-16 1.6E+01 0.0E+00
Worst 1.2E-02 | 2.,5E-04 | 2.3E-10 | 2.3E-15 | 4.3E+00 0.0E+00
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Chapter 2 Evolutionary Algorithms

better than the PSO algorithm. This indicates that the partial reinitialization scheme
used in MPSO algorithm has improved performance of the algorithm significantly.
Similarly, the EABC algorithm has provided better solutions than ABC, GABC and,
MABC algorithms. Thus, modified strategies of the EABC algorithm have improved

the overall performance of the algorithm significantly.
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CHAPTER 3

Automatic circuit design at

schematic level

In this chapter, the automatic circuit design framework for the schematic-level circuit
design is presented. The design of three analog circuits; (1) Two-stage operational
amplifier, (2) High gain low voltage OTA and, (3) Second generation current conveyor
are presented. These circuits are designed with the help of the ABC, PSO, MPSO and
EABC algorithms. The obtained results are used to compare the performances of these

algorithms.

3.1 Environment for schematic-level design

automation

The design of the analog CMOS circuit involves determining width and length of var-
ious MOSFET transistors and value of various passive components such as resistors,
capacitors and, inductors. Due to the nonlinearities of the MOSFET device, the tra-
ditional approach fails to provide solutions in time efficient manner. To overcome this
difficulty, many researchers have used evolutionary algorithms to design analog circuits
at schematic-level. In Fig. 3.1, the conceptual block diagram of the optimizer for the
automatic analog circuit design at schematic-level is illustrated. The optimization al-

gorithm may be any evolutionary algorithm. The search-space generally contains the
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[ Termination conditions Search space [ Desired specifications }
[ Parameters for schematic }—[ Optimization algorithm }

Error calculation |«
A
v

Circuit net—list =[ Circuit simulation Test bench

FIGURE 3.1: Conceptual block diagram of optimizer for automatic CMOS
circuit design at schematic-level.

information about the upper and lower bounds for the various design parameters. The
proper search-space helps algorithm to avoid generating non-practical solutions. From
the search space, optimization algorithm generates set of solutions containing design
parameters for the circuit. From the search space, optimization algorithm generates
set of solutions containing design parameters for the circuit. For the each provided
solution, the circuit is simulated against pre-determined test-bench. The error is cal-
culated from the obtained simulation results and the calculated error is used by the
algorithm to generate a new set of solutions. In order to calculate the error, the formula
of the root-mean-square (RMS) is utilized in this work. Let’s assume that there are N
specifications considered for the circuit design. Then, the RMS error is calculated as

follows,

fe ( RMS Error (%) ) = (3.1)

0, if Spect; is satisfied
L = Spects™ — Spect;
Spect;

2
) ,  Otherwise

where, i = 1,2,... N; Spect; is i'* desired specification; Spects™ is 4t

" specification
obtained after circuit simulation. The RMS error gives equal importance to each spec-

ification.
The automatic circuit design using evolutionary algorithm is an iterative process. The

algorithm continues to generate new solutions until the termination criteria are satisfied

or all the specifications are obtained. The termination criteria are generally described
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in term of the design time or allowed number of circuit evaluations.

3.2 Circuit design Examples

In order to compare the performances of the ABC, EABC, PSO and MPSO algorithms,

we designed following analog CMOS circuits using these algorithms.

e Two-stage operational amplifier
e High-gain low-voltage bulk-driven OTA

e Second generation current conveyor

Further, these circuits were also designed using two variants of ABC algorithm named
G-Best Artificial Bee Colony (GABC) [33] algorithm and Modified Artificial Bee Colony
(MABC) [32] algorithm. In order to compare consistency of the algorithms and their
quality of solutions, each circuit was designed 10 times independently in 0.13 um and
0.09 um CMOS technologies. Further, the average of the obtained specifications is
considered. For the simulation of the circuit, NG-SPICE [41] simulator was utilized.
In this work, PTM [42] device models are utilized. The design is carried out on the

computer having following major specifications.

e Operating System: UBUNTU 12.04
e Processor: AMD-FX8350

e Processor clock: 4GHz

e RAM: 4GB

The parameters for the various algorithms are set in the following manner. For the ABC
and EABC algorithms, we took 20 employee bees and the same number of onlooker
bees. The value of the maximum number of trial before reinitialization of food-source
(Thimir) s set to 200. For the GABC algorithm, 20 employee bees and 20 onlooker bees
are taken. The value of the constant ‘C” is set to 1.5 as suggested in [33]. Further, the
re-initialization limit (77;,,;) is set to 200. For the MABC algorithm, 20 employee bees
are taken with chaotic initialization scheme. The value for the selection probability

is set to 0.7 as suggested in [32]. For the PSO algorithm, the parameters are set as
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FIGURE 3.2: Two-stage operational amplifier

follows: The value for the cognitive coefficient (C}) and social coefficient (Cy) is set
to 1.5; the upper and lower values of the inertia constant w are set to 0.9 and 0.4,
respectively. For the MPSO algorithm, the value of the cognitive coefficient is set to
0.99 and the value of the social coefficient is set to 1.99. The value of parameter ‘S’
to control the reinitialization region in search-space is set to 0.25 [43]. The maximum

circuit evaluations are set to 5000 for all considered algorithms.

3.2.1 Two-stage operational amplifier

The two-stage operational amplifier (op-amp) is a very versatile circuit. It is widely
used in the analog CMOS integrated circuits. It is a building block of many important
circuits such as filter, mixer, modulator, ADC, DAC, amplifier, analog front-end etc.

The circuit of the designed op-amp is shown in Fig. 3.2 [9].

The input is applied to a differential pair of differential amplifier formed by the tran-
sistors M1la, M1b, M2a, M2b, and M9. The second stage amplifier is formed by the
transistors M3 and M4. The Miller capacitor C. and transistors M5 provide the fre-
quency compensation. The gain of the op-amp can be improved by reducing biasing
current of the amplifier. However, this deteriorates slew rate and bandwidth. The
bandwidth and phase-margin can be affected by changing the value of C, and size of
transistor M5. The improvement in the power consumption adversely affects the slew

rate. Thus the design of the op-amp requires trade-off approach.

The specifications considered for the design of the op-amp in both 0.13um and 0.09 um
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3.2 Circuit design Examples

TABLE 3.1: Two stage operational amplifier: search space for design vari-
ables.

Parameter Search space (0.13 um) Search space (0.09 um)

Wi to Wy 0.5 um to 10 um 0.5 um to 10 um
L1 to Ls 0.2 um to 1 um 0.1 um to 1 um
Iy 1 A to 10 pA 1 uA to 10 pA
Ce 0.001pF to 1pF 0.001pF to 1pF

CMOS technologies are as follows,

e Gain > 80dB

Unity gain bandwidth (UGB) > 100M H z
e Phase margin > 60°

e Power consumption < 20uW

Rise and fall slew rate > 40V/uS
e Power supply rejection ratio (PSRR) > 75dB

e Common mode rejection ratio (CMRR) > 80dB

The circuit is designed to drive the load of 0.05 pF. The value of the power sup-
ply voltage (VDD) is 1.2V and 1.0V for 0.13 um and 0.09 pm CMOS technologies,

respectively.

The design parameters for the op-amp are width and length of various transistors, the
value of the biasing current [, and value of Miller capacitor C. The design parameters
with their upper and lower bounds are mentioned in Table 3.1. There are total 16 design
parameters. The aim of the optimization algorithm is to find the appropriate values
of these design parameters so that all the specifications are satisfied. The op-amp is
designed using ABC, GABC, MABC, PSO, EABC and MPSO algorithms. The op-amp
is designed 10 times independently using each algorithm and average of the obtained

results are considered for the comparison.
The cost function for the op-amp design problem is formulated using RMS error formula

described in Eq. 3.1. This cost function gives equal importance to all the specifications.

There are total 8 specifications. During the design process, cost function value is
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TABLE 3.2: Two stage operational amplifier: Illustration for calculation of
cost function.

Specification Desired value Simulation result FE;

Gain (dB) > 80 82.7 0.0

Bandwidth(MHz) > 100 98.8 0.000144

Phase Margin(°) > 60 60.5 0.0

Power consumption(pW) <20 20.6 0.0009

Rise slew rate (V/uS) > 40 414 0.0

Fall slew rate (V/uS) > 40 38.7 0.00105625

CMRR (dB) > 75 78.8 0.0

PSRR (dB) > 80 79.9 0.000001562
Cost function value (RMS error ) 1.63%

calculated after every circuit evaluation. The example calculation of the cost function
is illustrated in Table 3.2. When all the desired specifications are satisfied, the value

of cost function becomes zero.

The average of the obtained specifications over 10 independent design trials for various
algorithms are shown in Table 3.3. The Table 3.4 represents various performance
parameters for the comparison of the algorithms. In Fig. 3.3, the variations in the

RMS error with the circuit evaluations are shown.

The following observations can be made from the obtained results.

e The average RMS error, which indicates the overall performance of the algorithm,
is the minimum with the EABC algorithm for the design of op-amp in 0.13 um
CMOS technology. However, the average RMS error for op-amp design in 0.09 um
technology is the minimum for the MPSO algorithm.

e The worst RMS error in ten independent design trials is the minimum for the
EABC algorithm for the design in 0.13 pm CMOS technology. For the design in
0.09 pm technology, MPSO algorithm has minimum value for worst RMS error.

e For the design in 0.13 um CMOS technology, GABC algorithm has minimum
design time and minimum value for the average circuit evaluations. However, its

overall performance is inferior compared to the EABC and MPSO algorithm.

e The EABC algorithm has designed op-amp with zero RMS error i.e. all the design

specifications are achieved five times and nine times for design in 0.13um and
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TABLE 3.3: Two stage op-amp: Average of obtained simulation results over
10 independent design trials.

Technology Specification  Desired valuer ABC GABC MABC PSO EABC MPSO
Gain (dB) >80 80.1 778 75.9 76.4  79.5 79.6
PM (°) > 60 63.9 64.0 62.7 60.7 63.8 60.1
UGB (MHz) > 100 242 184 117 129 153 151.2

0.13pum PSRR (dB) >80 80.7  83.5 78.4 779  85.5 76.2
CMRR (dB) >75 87.7 81.9 79.6 83.9 828 84.3
PC (uW) <20 19.6 19.3 20.5 21.0 19.7 21.1
RSR (V/uS) > 40 562 69.8 434 435 665 458
FSR (V/uS) > 40 30.6  40.1 386  37.6 401 408
Gain (dB) >80 80.2  79.0 2.7 79.7  80.6 80.7
PM (°) > 60 66.1  62.6 61.5 61.5 63.5 60.5
UGB (MHz) > 100 119 144 155 131 137.0 129.1

0.094m  PSRR (dB) > 80 755 741 732 771 766 764
CMRR (dB) >175 80.5  T78.8 71.7 79.2  80.6 80.2
PC (uW) <20 19.7 194 16.9 20.1 194 19.7
RSR (V/uS) > 40 457 482 437 468 504 46.8
FSR (V/uS) >40 39.9 393 37.3 39.3 424 39.3

TABLE 3.4: Two stage operational amplifier (Schematic-level): Perfor-

mance comparison of algorithms based on 10 independent de-

sign trials.

Technology ABC GABC MABC PSO EABC MPSO
Average RMS error(%) 0.13 pm 1.01  2.02 2.711 3.30 0.39 1.39

0.09 pm 020 2.71 7.18 0.95 0.05 0.002

0.13 .77  6.74 8.84 6.80 1.97 2.11
Worst RMS error(%) pm

0.09 uym 0.58 5.62 21.2 4.68  0.52 0.02

. . 0.13 um 4482 3604 5000 5000 3608 4680

Average circuit evaluations

0.09 pm 4720 5000 5000 4406 3500 2946

0.13 39.6 31.2 40.7 43.2  36.2 41.1
Average design time (Minutes) pm

0.09 um 16.41 17.3 15.9 15.8 12.2 10.8
Number of times zero RMS 0.13 um 3 5 0 5 1
error is obtained 0.09 um 3 0 0 9 9
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FIGURE 3.3: Two stage operational amplifier (Schematic-level): Variations
in RMS error with circuit evaluations
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TABLE 3.5: Two stage op-amp: Results of experiment to achieve best pos-
sible design in 0.13 ym technology.

Specification ABC EABC
Gain (dB) 84.3  83.7
PM (°) 60.5  70.0
UGB (MHz) 1524 206.6
PSRR (dB) 83.0 826
CMRR (dB) 79.6 79.9
PC (uWV) 201 17.9
RSR (V/uS) 709  62.7
FSR (V/uS) 46.0 443

0.09 pm technologies, respectively. The MPSO algorithm has designed op-amp
with zero RMS error one time and nine times in 0.13 ym and 0.09 ym CMOS

technologies, respectively.

e For the design of op-amp in the 0.13 um technology, EABC algorithm provides
better results, while for the design in 0.09 pum technology the MPSO algorithm

provides better results.

e The PSO algorithm in its initial stage converges fast, however, due to loss of

diversity of population, it performs poorly.

In order to exploit the maximum capacity of the automatic circuit design tool and to
achieve the best possible design of op-amp in 0.13 um technology, a new experiment is
conducted using ABC and EABC algorithm in the following manner. First, the design
of the op-amp is carried with the normal design specifications as described in Table 3.3.
Once these specifications are achieved, the specifications are made tougher i.e. gain
requirement is increased by 2 dB, the bandwidth requirement is increased by 2 M Hz
and, the slew rate is increased by 2 V/us. The other specifications are maintained at
the same value. When these specifications are achieved, the specifications are again
made tougher in a similar manner. This continues till the maximum circuit evaluations
are reached. The design specifications of the generated op-amp are illustrated in Table
3.5.

Further, the process variations can also be considered in the process of the schematic-
level automatic design. The op-amp is also designed considering the process variations
using ABC, EABC and MPSO algorithms in 0.13 ym and 0.09 um CMOS technologies.

27



Chapter 3  Automatic circuit design at schematic level

TABLE 3.6: Two stage operational amplifier: The performance measure of
the obtained solution at TT, FF, FS, SF and SS process corner
obtained by ABC, EABC and MPSO algorithms in 0.13 um
technology.

Design in 0.13 pm CMOS Technology

Algorithm Process Gain UGB PM PC RSR FSR PSRR CMRR
corner  (dB) (MHz) (%) (W) (V/pS) (V/uS) (dB)  (dB)

TT 82.1 132.0 63.4 19.1 60.4 42.7 90.4 83.0
FF 82.4 1284 60.3 19.9 59.4 43.2 90.0 85.0
EABC FS 82.6 172.0 65.1 18.5 66.6 42.7 91.1 84.7
SF 81.8 123.3 60.9 198 59.0 42.8 89.5 80.2
SS 81.8 163.3 66.4 184 66.0 42.2 90.8 80.1
RMS Error: 0.0% Design Time: 45.6 Minutes
TT 80.7 197.5 66.1 16.5 64.6 40.8 103.3 82.1
FF 80.2 193.0 68.1 16.7 65.3 41.2 95.0 83.7
ABC FS 81.5  202.8 62.3 16.7 64.9 40.8 91.1 80.7
SF 80.0 186.1 69.4 16.6 64.2 40.8 91.2 82.7
SS 81.3 196.1 63.3 16.6 64.0 40.4 104.0 81.0
RMS Error: 0.0% Design Time: 93.3 Minutes
TT 80.7  185.7 63.2 17.8 62.4 44.3 89.0 84.4
FF 80.2  184.7 65.1 17.9 62.0 44.6 87.3 85.5
MPSO FS 81.6 189.1 60.0 17.8 63.8 44.3 96.0 84.0
SF 80.0 178.1 66.0 17.8 61.5 44.2 86.2 83.7
SS 81.4 183.1 61.1 17.8 63.2 43.8 91.8 83.0
RMS Error: 0.0% Design Time: 142 Minutes

TABLE 3.7: Two stage operational amplifier: The performance measure of
the obtained solution at TT, FF, FS, SF and SS process corner
obtained by ABC, EABC and MPSO algorithms in 0.09 um
technology.

Design in 0.09 pm CMOS Technology

Algorithm  Process Gain UGB PM PC RSR FSR PSRR CMRR
cormer  (dB) (MHz) (°) (uW) (V/uS) (V/pS) (dB) (dB)

TT 779  154.9 66.8 20.0 49.0 40.0 77.0 86.7
FF 78.1 173.8 71.0 20.2 49.3 40.8 77.5 91.8
EABC FS 775 1745 66.0 19.0 49.6 40.2 73.6 90.7
SF 78.5 166.1 719 20.1 48.8 40.5 78.9 79.5
SS 78.0 168.9 67.1 18.9 494 40.0 76.3 81.5
RMS Error: 0.93% Design Time: 140Min
TT 744 116.2 72.3 208 44.6 40.4 76.2 76.9
FF 74.8 131.2 63.6 21.9 45.8 41.1 76.8 81.5
ABC FS 74.2  282.2 70.3 19.8 44.0 38.7 73.4 91.0
SF 75.2 123.7 64.5 21.6 45.2 414 77.9 69.7
SS 74.7  264.4 776 19.5 43.4 38.9 75.5 70.7
RMS Error: 4.13% Design Time: 171.5Min
TT 80.0 162.6 64.8 15.1 50.2 40.8 78.2 90.6
FF 80.4  159.7 66.1 15.2 50.1 41.3 78.7 95.8
MPSO FS 80.1 176.0 62.2 15.2 50.6 40.8 75.3 90.4
SF 80.3  152.0 67.1 15.1 50.0 40.8 79.9 80.5
SS 80.0  169.0 63.6 15.1 50.7 40.2 77.6 83.3
RMS Error: 0.0% Design Time: 59.9Min
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The five process corners i.e. TT, SS, FF, FS, and SF are considered. This leads to the
simulation of the circuit at these process corners in each evaluation. This increases the
design time. In order to reduce design time, instead of simulating circuit every time at

five process corners, we use following strategy,

TABLE 3.8: Two stage op-amp design considering process variations: val-
ues of obtained design parameters.

Technology 0.13 um 0.09 um

Design parameter | ABC EABC MPSO | ABC EABC MPSO
Wi (um) 5.4 1.4 4.9 22 4.0 3.7
Wa (pm) 0.5 1.1 1.0 4.2 1.0 2.1
W3 (pm) 49 45 7.5 62 4.2 7.8
Wy (um) 9.5 6.2 5.5 3.0 5.7 6.3
Ws (um) 2.7 1.5 5.8 0.6 4.7 7.7
We (um) 20 3.0 0.5 1.7 5.8 0.5
Wz (pm) 4.5 0.5 2.7 3.1 1.1 7.0
Ws (um) 50 05 2.8 8.0 1.1 2.9
Wy (um) 39 33 2.4 20 22 2.1
Ly (um) 06 0.7 0.6 03 02 0.3
Ly (pm) 03 04 0.3 03 03 0.3
Ls (um) 1.0 05 1.0 02 0.1 0.5
Ly (um) 03 08 0.5 01 02 0.3
Ls (um) 0.7 0.6 0.8 06 0.1 1.0
Iy (um) 28 3.7 3.3 51 2.8 2.9
Cc(pF) 0.043 0.06 0.048 | 0.1  0.05 0.05

1. The circuit design starts considering only T'T corner i.e. normal circuit optimiza-

tion.

2. When the RMS error falls bellow 10%, FF and TT corners are considered. Thus
the circuit is evaluated at two corners and average RMS error of these two corners

is considered as a cost function.

3. When the average error of TT and FF corners falls bellow 9%, third corner SS is
added in the design process.

4. Similarly, FS corner is added when average RMS error falls below 8% and SF

corner is added when average error falls below 7%.
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The specification of obtained design (single design run) at individual corners are shown
in Tables 3.6 and 3.7. In the design of 0.13 um CMOS technology, all these algorithms
are able to design the op-amp with zero RMS error satisfying all specifications. How-
ever, EABC algorithm took only 45.6 minutes to design op-amp against 93.3 minutes
for the ABC algorithm and 142 minutes for the MPSO algorithm. In 0.09 um tech-
nology, MPSO algorithm able to design op-amp with zero RMS error. The op-amp is
designed using the EABC algorithm and ABC algorithm has RMS error of 0.93% and
4.13%, respectively. The design time of MPSO algorithm is also minimum among these
three algorithms and it is 59.9 minutes. In Table 3.8, the design parameters decided

by each of the algorithms for one of the design trial are shown.

The obtained results reveal the effectiveness of the proposed approach for the designing

high-performance two-stage op-amp circuit.

3.2.2 High-gain low-voltage bulk-driven OTA
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FIGURE 3.4: High-gain Low-voltage bulk-driven OTA

The operational transconductance amplifier (OTA) is widely used analog circuit. It
is a fundamental block of circuits such as the active resistor, active inductor, voltage
controlled oscillator, ADC, DAC, gm-c filter, etc. In recent years, the demand for
the low voltage circuits has been increased. However, due to the limitations imposed
by the threshold voltage of the MOSFET, standard gate-driven circuits are not suit-
able for low-voltage applications. The bulk-driven technique is promising alternative
to overcome limitations imposed by gate-driven technique for designing low voltage

circuits [44]. In the bulk-driven technique, the input signal is applied to a substrate
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terminal of the MOSFET instead of the gate terminal. Due to this, the supply voltage
is not limited by the threshold voltage. Further, the use of the bulk-driven technique
does not require any change in the MOSFET structure. This allows the use of the bulk-
driven method in standard CMOS technology without any modifications [45]. However,
the transconductance offered by the bulk-driven device is significantly low compared

to the gate-driven device. This results in the lower gain of the amplifier.

In this work, the design of high-gain low-voltage bulk-driven OTA is presented. In
Fig. 3.4, the circuit of the designed OTA is illustrated. This OTA uses the cross-
coupled connection. The cross-coupled connection of transistors M1A and M2A imparts
negative impedance degeneration which enhances the overall transconductance of the
differential pair [46]. Further, two regulated current mirrors formed by M12, M14,
Ic and M11, M15, I improve the gain of the OTA [47]. The high-gain low voltage
bulk-driven OTA is designed using ABC, GABC, MABC, PSO and MPSO algorithms
in 0.13 pm and 0.09 um CMOS technologies to satisfy following specifications.

e Gain > 80dB

Unity gain bandwidth (UGB) > 100M H z
e Phase margin (PM) > 60°

e Power consumption (PC) < 5ulV

Rise and fall slew rate > 0.1V .S

The supply voltage (VDD) is set to 0.5V for the design in both technologies. In
order to give equal importance to each specification, the cost function is formulated
using RMS error formula described using Eq. 3.1. The circuit is designed 10 times
using considered algorithms and average of the obtained results are considered for the
comparison. The design parameters are width and length of various transistors, the
value of the current sources [, and I.. The search-space for these design parameters
are illustrated in Table 3.9.

The average of the obtained specifications over 10 independent design trials for various
algorithms are shown in Table 3.10. The Table 3.11 represents various performance
parameters for the comparison of the algorithms. In Fig. 3.5, the variations in the

RMS error with the circuit evaluations are shown.

The following observations can be made from the obtained results.
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TABLE 3.9: High gain low voltage bulk-driven OTA: Search space for design

variables.

Parameter

Search space (0.13 um)

Search space (0.09 um)

Width(W) of all transistors 1 pm to 100 um

Length(L) of all transistors 0.2 um to 2 um
Iy 0.1 pA to 2 pA
I. 0.1 pAto1l pA

1 pm to 100 um

0.1 pm to 2 um
0.1 pA to 2 pA
0.1 pAto1l pA

TABLE 3.10: High-gain low-voltage bulk-driven OTA: Average of obtained

simulation results over 10 independent design trials.

Technology Specification  Desired value ABC GABC MABC PSO EABC MPSO
Gain (dB) >80 79.5 784 82.7 79.7  79.6 80.6
PM (°) > 60 60.3  59.5 63.9 614 60.8 61.2
UGB (MHz) > 100 152  1.74 2.43 1.70  1.73 1.63

0.13pum PC (uW) <5 3.93  3.90 3.57 4.26  4.23 4.16
RSR (V/uS) >0.1 0.25 0.24 0.24 0.24 0.27 0.24
FSR (V/uS) >0.1 0.25 0.24 0.24 0.26 0.27 0.24
Gain (dB) >80 80.5 789 82.9 79.3  79.3 83.6
PM (°) > 60 60.8  60.0 62.8 59.9  59.9 62.5
UGB (MHz) > 100 1.66 1.61 2.05 1.59  1.59 1.67

0.09um PC (uW) <5 3.68 3.72 3.14 3.62 3.62 4.67
RSR (V/uS) >0.1 0.23  0.25 0.19 0.22 0.22 0.19
FSR (V/uS) >0.1 0.22 0.24 0.19 0.22 0.22 0.28
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FIGURE 3.5: High-gain low-voltage bulk-driven OTA (Schematic-level):
Variations in RMS error with circuit evaluations
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TABLE 3.11: High gain low voltage bulk-driven OTA: Performance com-
parison of algorithms based on 10 independent design trials.

Technology ABC GABC MABC PSO EABC MPSO
0.13 um 0.69 1.18 0.16 0.37 0.51 0.0
0.09 um 0.18 0.85 0.48 0.88 0.04 0.0

Average RMS error(%)

0.13 ym 1.64  3.98 1.42 3.74 188 0.0
0.09 pm 0.96 4.16 2.46 5.51  0.42 0.0

Worst RMS error(%)

0.13 pm 4148 4096 1991 2012 3950 1572
0.09 pm 3212 4700 3097 2002 2396 932

Average circuit evaluations

0.13 pm 55.8 535 28.4 32.8  53.6 27.3
0.09 pm 44.5  59.9 38.0 28.8  32.7 13.9

Average design time (Minutes)

Number of times zero RMS 0.13 um 3 4 8 8 6 10
error is obtained 0.09 um 7 3 6 8 9 10

e The MPSO algorithm is the most effective for designing OTA in both 0.13 um
and 0.09 um technologies. It had designed OTA in both technologies all 10 times
satisfying all the specifications. Further, average design times were found 27.3

and 13.9 minutes for 0.13 ym and 0.09 pm technologies, respectively.

e The MABC and PSO algorithms designed OTA in 0.13 um technology more effec-
tively than EABC algorithm. However, in 0.09 um technology, EABC performed
better.

e In 0.09um technology, EABC has designed OTA nine times with zero error, while
this number is 6 for the MABC algorithm.

e In the both technologies, the performance of EABC algorithm is superior to the
ABC algorithm.

e The worst design error for the EABC algorithm in 0.09 pm was 0.42% against
2.46% for MABC algorithm, 4.16% for GABC algorithm, 5.51% for PSO algo-
rithm and 0.96% for ABC algorithm.
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3.2.3 Second generation current conveyor (CCII+)
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FIGURE 3.6: Second generation current conveyor (CCII+)

The current conveyor circuit is a building block for the current mode circuits. The cur-
rent conveyor circuit was proposed by Sedra [48]. It can be utilized for building current
to voltage converter, voltage to current converter, current amplifier, gm-c filter, VCO,
amplifier, current integrator and, current differentiator. Further, it is a building block
of current feedback operational amplifier and active filters [49]. Here, the automatic
schematic-level design of the second generation positive current conveyor (CCII+) is
presented. The circuit of the designed low-voltage current conveyor is shown in Fig.
3.6 [50]. The relation between inputs and output of the CCII+ can be described as

follows,

Iy
v,| - (3.2)
I,

S = O
_ o O
o O O
I
=S

The ideal impedance of X-terminal is zero, while that for Z-terminal is infinite. The
voltage gain between Y-terminal (input) and X-terminal, V4 /Vy is unity. Similarly, the
current gain between input (X-terminal) and output (Z-terminal), I;/Ix is also unity.
In the circuit of CCII+, when attempts are made to increase bandwidth, the impedance
of X-terminal increases and that of Z-terminal decreases, which are undesirable effects.

The design specifications for the CCII+ are as follows,

e 0.99 < Voltage gain (V,/V,) < 1.01
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e 0.99 < Current gain (1,/I,) < 1.01

Voltage bandwidth > 500M H z

Current bandwidth > 500M H z

Impedance of X terminal, Z, < 502

Impedance of Z terminal, Z, > 100K2

e Power consumption (PC) < 200uW

TABLE 3.12: Low voltage CCII: Search space for design variables.

Parameter Search space (0.13 um)  Search space (0.09 um)
Width(W) of all transistors 1 um to 100 pum 1 pum to 100 pum
Length(L) of all transistors 0.2 um to 2 um 0.1 um to 2 um

1 1 puA to 50 pA 1 A to 50 pA

The design parameters are width and length of various MOSFET transistors and value
of the bias current I,. The CCII+ is designed in 0.13 um and 0.09 um CMOS tech-
nologies using ABC, GABC, MABC, PSO, EABC and MPSO algorithms ten times
independently. The value of the supply voltage is set to 0.8V for 0.13 um technology
and that for 0.09 um technology is set to 0.6V. The average of the obtained specifica-
tions over ten independent design runs for various algorithms are shown in Table 3.13.
The Table 3.14 represents various performance parameters for the comparison of the
algorithms. In Fig. 3.7, the variations in the RMS error with the circuit evaluations

are shown.

The following observations can be made from the obtained results.

e The MPSO algorithm designed CCII+ in the both technologies with minimum
RMS error.

e The worst design error for the MPSO algorithm is also minimal compared to

other algorithms in both technologies.

e The minimum average RMS error in 0.09 um technology is 15.9%. This indicates
that all the considered algorithms have been failed to design CCII+ in 0.09 um
CMOS technology.

e None of the algorithms is able to achieve all the specifications in any design-run.
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TABLE 3.13: High-gain low-voltage bulk-driven OTA: Average of obtained
simulation results over 10 independent design trials.

Technology Specification ABC GABC MABC PSO EABC MPSO
Voltage gain Vy /Vy 0.99 0.99 0.99 0.99 0.99 0.99
Current gain Iz /Ix 0.99 0.99 0.99 0.99  0.99 0.99
Voltage Bandwidth (MHz) 467 450 437 471 474 478

0.13pm Current Bandwidth (MHz) 717 660 784 623 724 713
Impedance of X terminal, Zx () 31.7 379 39.2 51.2  40.5 41.2
Impedance of Z terminal, Zz(K) 92.6 81.3 91.9 61.5  95.7 96.3
Power consumption (pW) 99.5  100.3  58.6 110.3 1027  110.7
Voltage gain Vx /Vy 0.99 0.99 0.99 0.99  0.99 0.99
Current gain Iz /Ix 0.99 0.99 0.99 0.99 0.99 0.99
Voltage Bandwidth (MHz) 327 309 273 344 329 328

0.09um Current Bandwidth (MHz) 530 499 505 513 528 520
Impedance of X terminal, Zx () 51.7 527 52.7 43.2 523 52.6
Impedance of Z terminal, Z;(KQ) 75.1 65.6 77.1 53.8 751 76.1
Power consumption (pW) 60.2  61.7 37.2 93.5  60.7 61.7

TABLE 3.14: Low voltage CCII: Performance comparison

based on 10 independent design trials.

of algorithms

Technology ABC GABC MABC PSO EABC MPSO
0.13 pm 3.78  9.02 5.64 15.32 2,51 2.15
Average RMS error(%)
0.09 pm 16.14 20.34 19.51 2491 16.08 15.95
0.13 pm 8.86  15.34 6.84 22.46 3.36 3.02
Worst RMS error(%)
0.09 um 16.79  36.61 22.63 49.44 16.58  15.95
L . 0.13 pm 5000 5000 5000 5000 5000 5000
Average circuit evaluations
0.09 pm 5000 5000 5000 5000 5000 5000
. . i 0.13 um 173 179 17.3 173 17.0 174
Average design time (Minutes)
0.09 um 174 178 17.2 174 16.9 17.6
. 0.13 um 0 0 0 0 0 0
Number of times zero RMS
error is obtained 0.09 um 0 0 0 0 0 0
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3.3 Observations

Following observations can be made from the conducted experiment of designing two-
stage op-amp, high gain low voltage OTA and current conveyor circuit using the ABC,
PSO, EABC, MPSO, GABC, and MABC algorithms in 0.13 gm and 0.09 um CMOS

technologies.

e The EABC algorithm has designed all three circuits in both technologies more
efficiently than the ABC algorithm and its two variants GABC and MABC algo-
rithms. Further, the complexity of the EABC algorithm is almost similar to that
of ABC algorithm and both ABC and EABC algorithms have an equal number

of parameters.

e The MPSO algorithm provides better performance than the PSO algorithm. The
partial reinitialization scheme introduced in MPSO algorithm has successfully
avoided saturation of algorithm and maintained swarm diversity. However, the
MPSO algorithm has one more algorithmic parameter to control the reinitializa-

tion region compared to PSO algorithm.

e When the performances of MPSO and EABC algorithms are compared, the per-
formance of MPSO algorithm is found better than that of EABC algorithm. Ex-
cept for the op-amp design in 0.13 pm CMOS technology, the MPSO algorithm
provided better results compared to the EABC algorithm.

e Apart from the swarm size, the EABC algorithm has only one parameter (i.e.
Tinaz)- On the other hand, MPSO algorithm has five parameters (i.e. Cf, Cs,
Wy, Wi, S). Thus, the MPSO algorithm can be tuned according to the nature of
the problem. Such flexibility is not available with the EABC algorithm.
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Configurable layouts

In this chapter, the novel concept of the configurable layout is discussed. By passing
appropriate parameters, the dimension of various components of layout and the dis-
tance between them can be changed. This flexibility of the configurable layouts makes

them suitable for the layout-level design automation of the analog circuits.

4.1 Design framework for configurable layouts

Traditionally, the layouts for the analog circuits are prepared manually using graphical
interface. Once, the layout is prepared, the distance between various components of
layout and their dimensions become fixed. If the changes are required in the later stage,
it may require moderate to large efforts. Moreover, such layouts cannot be ported in
other technologies directly. When the processes are improving continuously, the life
time of such frozen layout is very short. Because of these difficulties, the task of the
analog integrated circuit design is very much critical and development cycle of the
analog integrated circuit is not time-efficient. In order to overcome these limitations,
the concept of the configurable layout is proposed in this work. The configurable
layouts are developed for the MAGIC VLSI Tool [51]. The design environment for the
configurable layout is illustrated in Fig. 4.1.

The configurable layouts provide flexibility through which it is possible to change the

dimensions of the dimensions of various layout components and distance between them
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by changing the parameters of the layout. Further, the configurable layout can be
ported to the other technologies very easily. Further, the design environment for the
configurable layout is added to the design framework as an add-on and does not block

any feature of the framework.

Parameters
for Layout

ManLllaait]r)emgn Python

Y Script

l Y Y
Mixed Signal
Design Layout Library
Frame—work Interpreter
(Magic VLSI Tool)

Extracted Net—list \;
-La out
of Layout Y

FIGURE 4.1: User interface for configurable layout

Unlike a traditional design approach for preparing a layout, the configurable layouts
are described using the script containing specially designed macros. This script file is
interpreted and converted into the design framework specific macros. Finally, design
framework is triggered to generate the layout and netlist with all kind of the parasitics
can be extracted for the simulation purpose. The script for the configurable layout is
prepared using Python programming language [52] which is widely used user-friendly
programming language. The use of such standard programming language allows the

user to use all features of the language.

[ Parameters for layoutj

\ 4
[ Configurable layout script ]

h 4
[ Layout with desired}

parameters

FIGURE 4.2: Configurable Layout.
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In the script file of the configurable layout, the dimensions of the various layout compo-
nents and distance between them are described in terms of the technology dependent
variables. Further, the concept of configurable layout also supports hierarchical block
oriented design methodology, which allows handling of the complex layout effectively.
By passing appropriate parameters to configurable layout script, new layout according

to desired parameters can be generated as shown in Fig. 4.2.

FIGURE 4.3: Layout of two contacts connected with metal layer. The dis-
tance between contacts : (A) 15um (B) 18um (C) 20um

def con_simple(cellName=’con_simple’, distance=20, label=1)
startCell (cellName)
x=0
y=0
#Placement of Terminal ’C1°
pTerm(cellName=cellName, term=ml, x=0, y=0, name=°Cl’,
label=1label)
# Calculating distance between two contacts
d=max (distance, poly_s, ml_s_ml)
#Placement of Terminal ’C1°
pTerm(cellName=cellName, term=ml, ref=’Cl’, name=’C2’,
xoff=d, label=label)
#Placement of Contacts
pCon(cellName=cellName, con=pc, w=4*mcon, h=4*mcon, ref=’Cl’)
pCon(cellName=cellName, con=pc, w=4*mcon, h=4*mcon, ref="C27)
#Connecting contacts ’C1’ and ’C2’
pPath(cellName=cellName, layer=ml, refl1=°Cl’, ref2=’C2’,
width=4*mcon, direction=’h_v’)
endCell (cellName)

FIGURE 4.4: Script for layouts of two contacts connected with each other
using metal layer

In Fig. 4.3, three layouts of two contacts connected with each other through the metal
layer are shown. These three layouts are generated using single configurable layout.

Instead of describing the size of the metal contact using absolute value, it is described
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TABLE 4.1: Basic macros for configurable layout

Macro Description

startCell Initialization of cell

endCell  End of cell

pCon Place single contact

pMCon  Place multiple contact

pRect Draw rectangular shape with desired layer
pPath Draw path connecting two points

cCell Generate cell of lower hierarchy

pCell Place generated cell

using the technology dependent variable i.e. width and height of the metal contacts are
four times greater than the minimum contact width supported by the technology. The
distance between these two contacts is described using the parameter of the layout.
Thus, by changing the value of this parameter, the distance between two contacts
can be changed. For example, if it is desired to have distance between two contact
15 pwm, then the value of this parameter should be set to 15 ym. In Fig. 4.4, the
script file for this layout is illustrated. In Table 4.1, some of the implemented macros
developed for the configurable layout are described. Table 4.2 illustrates some of the
important technology variables. The technology dependent variables are described in
the file named “Auxiliary technology file”. The porting of the layout in the other
technology can be done by providing appropriate “Auxiliary technology file” for the
target technology.

TABLE 4.2: Some of the technology dependent variables

Variable Description

mcon Minimum height or width of metal contact
pcon Minimum height or width of polysilicon contact
dcon Minimum height or width of diffusion contact

ndiff_s_pdiff Minimum spacing between n-diffusion and p-diffusion

psub_s_nsub Minimum spacing between p-substrate and n-substrate

p-o_diff Minimum width of polysilicon over diffusion
well_w Minimum width or length of n-well/p-well
ml_s ml Minimum spacing between metal-1 layers
m2_s_m?2 Minimum spacing between metal-2 layers
poly_s Minimum spacing between poly layers
ml_w Minimum width of metal-1 layer

m2_w Minimum width of metal-2 layer

Let’s consider simple configurable layout, in which the gate of NMOS transistor MN is
connected to metal-1 wire WR1 and drain is connected to metal-1 wire WR2 as shown
in Fig. 4.5. The parameters for this layouts are W1(width of wire WR1), W2(width
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WR2 w2

FIGURE 4.5: Layout of NMOS transistor with gate and drain connected to
metal wires.

of wire WR2), TW(width of MN) and TL(length of MN). The NMOS transistor is
generated as a lower level hierarchical block. The layout is generated as follows. First,
wire WR1 of metal-1 having width W1 is placed. Then, the transistor MN is placed
in a such a way that the distance between the upper edge of its drain-source and the
lower edge of WR1 becomes S1. The distance S1 must be larger enough to avoid
any DRC (Design Rule Check) error. Instead of selecting any absolute value for S1,
technology dependent variable can be used. We use minimum spacing between two
metal-1 layers supported by the technology as S1. The polysilicon contact is placed on
wire WR1. The position for this placement can be calculated from the reference points
of MN; i.e. “G1”. The height of the contact is kept same as W1, and its width CW
is the maximum of TL and the minimum width of polysilicon contact supported by
the technology. The polysilicon layer with a width equal to TL is used to connect the
polysilicon contact with the gate of NMOS. Finally, the wire WR2 is placed on another
side of MN. The distance between the lower edge of the drain of MN and the upper
edge of WR2 is minimum spacing between metal-1 layers described by the technology.
The drain of MN is connected with WR2 using metal-1 layer. The width of this layer
is equal to a minimum width of diffusion contact. Here, the position for placement
of any component is decided based on the position of another component. Because
of such relative placement, change in size or placement of one component causes a
realignment of other components accordingly. For example, since the placement of
WR2 is in reference to the lower edge of MN, the change in the width of MN causes
the corresponding change in the placement of WR2. The change in length of TL causes
a corresponding change in the width of polysilicon contact. If the width of WRI1 is
changed, then placements of both MN and WR2 will be changed. Furthermore, the use

of relative placement and technology dependent variables provide portability of layouts
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in other technologies. By providing appropriate auxiliary technology file, the layout
can be systematically ported to other technology.

4.2 Configurable layout of CMOS inverter

HrTPW

TNW

FIGURE 4.6: Layout of inverters.

The layout of the CMOS inverter as shown in Fig. 4.6 is prepared in the following
manner. The NMOS and PMOS transistors are generated as lower level hierarchy
blocks. The parameters of the inverter are the length of both transistors (7'L), the
width of NMOS (T'NW), width of PMOS (T'PW) and, width of the power line (PLW).
Initially, the layouts of lower hierarchical blocks i.e. NMOS and PMOS transistors are
created. First, the placement of the NMOS transistor (M N) is carried out. The
placement of the PMOS transistor (M P) is carried out with respect to the position of
MN. Let’s consider that the distance between M N and M P is D1 as shown in Fig.
4.6. The value of D1 should be sufficiently large to accommodate polysilicon contact
for the input and to avoid any DRC error. For determining the value of D1, the
minimum distance between n-diffusion and p-diffusion (NPD) can be used. Thus, the
value of the distance D1 is the maximum of the N PD and minimum distance required
to accommodate polysilicon contact for the input. The gates of the both transistors are
connected using the polysilicon wire having the width of T'L. The polysilicon contact

for the input terminal is placed M1 distance away from the upper edge of the M N. The
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value of M1 is equal to the minimum distance between two metal-1 layers supported
by the technology. The size of this contact is equal to the minimum size supported
by the technology. The drains of both transistors can be connected using metal-1 wire
having the width equal to the width of source contact. The position of the polysilicon
contact is determined with respect to the source contact of the M N. The power line
of metal-1 for GND terminal of the inverter having the width of PLW can be placed
M?2 distance away from the lower edge of the M N. The value of M2 is the minimum
distance between two metal-1 layers. Similarly, the power line for VDD can be placed
with respect to M P. Finally, sources and substrates of both transistors are connected

to corresponding power lines.

..

S

)

(A) (B) ©)

FIGURE 4.7: Layout of inverters with different parameters.

TABLE 4.3: Parameters of configurable inverter layout
Parameter (A) (B) (C) (D)
TNW (um) 2 4 5 5
TPW (wm) 5 10 5 125
2
2

TL (um) 05 1 0.6
PLW (um) 2 3 1

Here, placement of various components of the layout and their dimensions are relative.
If the width of M N is modified by the user by changing the TNW parameter of the
layout, automatically placement of GND power line will be changed. Similarly, if the
length of the transistors is changed, the width of the polysilicon connecting gates of
two transistors is also changed automatically. Thus, passing the appropriate values of

parameters, the desired layout can be generated instantly. In Table 4.3, the different
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4.3 Summary

set of parameters for layout are shown and in Fig. 4.7, corresponding layouts generated

using the configurable layout method are shown.

4.3 Summary

With the help of the configurable layouts, the layout can be modified instantly by pass-
ing appropriate value of the parameters. This provides the flexibility of the schematic
to the layouts and makes them suitable for algorithm based design automation. Fur-
ther, it also provides facility to implement algorithms for the customize routing in the

layout.
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CHAPTER 5

Parasitic-aware automatic circuit

design

In this chapter, the parasitic-aware design of the analog CMOS circuit is discussed. The
parasitic-aware design for CMOS circuit is achieved with the help of the configurable
layouts and evolutionary algorithms. First, the environment for the automatic circuit
design is discussed which is followed by the circuit design examples. The parasitic-aware
design of the ring-oscillator, CMOS buffer chain, VCO, two-stage op-amp and OTA
are discussed. Further, in the process variations are also considered while designing

op-amp and OTA.

5.1 Environment for parasitic-aware automatic

circuit design

The schematic-level design of the analog CMOS integrated circuits has been done us-
ing the evolutionary algorithms. However, when the layouts are prepared from these
optimized schematics, the parasitic components are added in the circuit. These par-
asitic components deteriorate the performance of the circuit. Further, estimating the
exact value of the layout parasitic is very difficult. In [2], the parasitic models are
used to include the layout parasitics in the circuit design process and demonstrated

the design of the ring oscillator. However, the accuracy of such method depends upon
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5.1 Environment for parasitic-aware automatic circuit design

[ Termination conditions Search space [ Desired specifications }
[ Parameters for layout }—[ Optimization algorithm }

\ 4
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v
[ Extracted layout ]—’[ Circuit simulation

FIGURE 5.1: Conceptual block diagram of optimizer for the parasitic-aware
automatic CMOS circuit design.

the accuracy of the parasitic models.

In order to overcome this problem, the concept of the parasitic-aware automatic circuit
design is proposed. In the proposed concept, the concept of the automatic circuit
design at the schematic-level is extended to the layout-level using the configurable
layout. In the schematic-level design automation, the optimization algorithm generates
parameters for the design. Based on these generated parameters, the netlist of the
schematic is updated and simulated against pre-determined test-bench. This is followed
by the analysis of the simulation results and calculation of the RMS error. The layouts
prepared using the traditional design approach are rigid, making changes automatically
in the layout according to the design parameters like the schematics is not possible
and it requires human intervention. With such frozen layout, design automation at
layout-level is not feasible. These difficulties associated with the design automation
at layout-level can be overcome by using configurable layouts. Unlike a traditional
handcrafted layout, the dimensions of and the distances between various components of
the configurable layout can be modified by changing the value of the layout parameters.

This provides the layout flexibility of the schematic.

In Fig. 5.1, the conceptual block diagram describing the parasitic-aware automatic
circuit design is illustrated. Based on the search-space of the design parameters, opti-
mization algorithm generates the set of parameters for the layout. These parameters
are passed to the configurable layout and a new layout is generated accordingly in-
stantly without any human intervention. The layout is then extracted to netlist using
layout extraction tool provided by the design framework. Such netlist contains all
the parasitic components of the layout. This netlist is simulated and its performance
is evaluated. Based on the simulation results and desired (target) specifications of

the circuit, RMS design error represented by Eq. 3.1 is calculated. The optimization
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Chapter 5  Parasitic-aware automatic circuit design

algorithm uses this RMS error for generating a new set of the parameters.

In the proposed concept of the parasitic-aware automatic circuit design, extracted
netlist containing all parasitics is utilized in the design process from the beginning of
the circuit design instead of the simple schematics. Thus, without using any estimation
or models, parasitic aware design can be achieved. Further, parasitic-aware automatic

circuit design process does not require any human intervention.
In this work, parasitic-aware design of the following circuits are demonstrated
1. Ring oscillator
2. CMOS buffer chain
3. Voltage controlled oscillator
4. Two-stage operational-amplifier
5. Bulk-driven OTA
6. Enhanced bulk-driven OTA
The parameters for the various algorithms are set as discussed in section 3.2. The
specifications of computer used for the experiment has specifications as discussed in

section 3.2. For the circuit simulation NGSPICE [41] is used, while for layout-extraction
built-in extraction tool of MAGIC VLSI is utilized.

5.2 Ring-oscillator

The parasitic aware design of the ring-oscillator is carried out in 0.13 um CMOS tech-
nology with the help of ABC, PSO, EABC and MPSO algorithms. The circuit of
the ring-oscillator is shown in Fig. 5.2. It contains four inverters. The first three
inverters form oscillator while remaining one near output is used to remove the effect
of the load capacitor on the oscillation frequency. In [2], the parasitic-aware design of

ring-oscillator is demonstrated. However, it uses parasitic-models.

The ring-oscillator is designed to oscillate at the 1.5GHz frequency and VDD voltage
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5.2 Ring-oscillator
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FIGURE 5.2: Circuit of Ring-oscillator.
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Inverter
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FIGURE 5.3: Ring-oscillator: Hierarchy used in configurable layout.

is set to 1.2V. The design parameters are width and length of various transistors. For
the simplicity and to maintain the symmetry of the layout, sizes of all the inverters
are kept same. The search space for the design parameters is shown in Table 5.1. The

maximum circuit evaluations are set to 1000.

TABLE 5.1: Ring-oscillator: Search-space for design parameters.

Parameter Search-space

Width of PMOS transistor 2um to 20um
Width of NMOS transistor 2um to 20um
Length of all transistor 0.2pum to 2um

In the first experiment, the design of the ring-oscillator is carried out at schematic-level
using the ABC algorithm. We carried out ten independent design trials. The obtained
results show that the ring-oscillator is designed successfully and the average value of
the output frequency is 1.499GHz. However, when the layouts are prepared from these
optimized schematics, the post-layout simulation of these layouts show the average of
the output frequency is 1.38GHz. This variation is due to the added parasitics by the

layout which is not possible to consider during schematic-level design.

In the second experiment, the proposed concept of the parasitic-aware automatic circuit
design based on the configurable layout is used. The parasitic-aware design is also
carried out ten times using ABC, PSO, EABC and MPSO algorithms. The average of
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Chapter 5  Parasitic-aware automatic circuit design

TABLE 5.2: Ring-oscillator: Average of the obtained results.
Algorithm  Frequency RMS error Time

ABC 1.50 GHz  0.048% 18.4 Min
PSO 1.50 GHz  0.042% 15.7 Min
EABC 1.50 GHz  0.005 % 15.6 Min

MPSO 1.50 GHz  0.001% 15.6 Min

the obtained results is considered for the comparison. In the Fig. 5.3, hierarchy used for
the preparing the configurable layout of the ring-oscillator is shown. In Table 5.2, the
average value of the oscillation frequency, RMS error and design time are illustrated.
The MPSO algorithm designed oscillator with 0.001% RMS error, which is followed
by EABC, PSO and ABC algorithm. In Fig. 5.4, the layout of one of the designs by
the MPSO algorithm is illustrated. The output waveform obtained by simulating this
waveform is shown in Fig. 5.5. The convergence speed of various algorithms can be
compared using Fig. 5.6. The average design time for the MPSO algorithm is only

15.6 minutes.

MP1 MP2 MP3 MP4

VDD

ouT

GND
MNI MN2 MN3 MN4

FIGURE 5.4: Layout of ring-oscillator.

The parasitic-aware design is an iterative process. In each iteration, the layout is cre-
ated using configurable layout; netlist with parasitic is extracted using the extraction
tool; the netlist is simulated and decisions are taken as per optimization algorithm.
Thus, the time required to complete the single iteration involves summation of time
required by configurable layout to generate the layout of the circuit, netlist extrac-

tion time, simulation time and time required by the optimizer to take decisions. The
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5.2 Ring-oscillator
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FIGURE 5.6: Ring-oscillator: Variations in RMS error with circuit evalua-
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Chapter 5  Parasitic-aware automatic circuit design

simulation of the circuit based on the extracted netlist is carried out by the external
circuit simulator (NG-spice). The time required in the simulation of the parasitic-aware
net-list is quite large compared to the time required in other steps. The simulation
time depends upon the number of elements in the net-list and the complexity of the

circuit.
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FIGURE 5.7: Ring-oscillator with finger transistors (parasitic-aware de-
sign): Layout of best design obtained from MPSO algorithm.

In this work, in order to investigate the effect of the layout-topology (floor-planning
and placement), we have carried out the design of the Ring-oscillator with two different
floor-planning and placement. The result of the first design case is illustrated in 5.4
and Table 5.2. In this experiment, we have considered the simplest possible layout.
In the second experiment, we have considered different layout-topology with the finger
transistors. The specifications and the experiment environment are kept same as the
first experiment. In this experiment, we have designed the Ring-oscillator using ABC,
PSO, EABC, and MPSO algorithms. In the Figure 5.7, the layout of the obtained ring
oscillator is illustrated. The obtained results of the second experiments, illustrated
in Table 5.3, indicate that the design time is increased along with the average design

error.

TABLE 5.3: Ring-oscillator with finger transistors: Average of the obtained
results.

Algorithm  Frequency RMS error Time

ABC 1.50 GHz  0.026% 31 Min
PSO 1.50 GHz  0.049% 27 Min
EABC 1.50 GHz 0.015 % 32 Min

MPSO 1.50 GHz  0.011% 28 Min

Due to the complex layout and use of the finger transistors, the number of the com-
ponents in the parasitic-aware net-list is increased. This not only changes the cost
function for the optimization algorithm but also changes simulation time. Thus, the
performance of the optimization algorithms and the convergence speed may be af-
fected.

In this work, for the other circuits, we have designed and optimized a circuit for a
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5.3 CMOS buffer chain

given specification and for a particular layout topology. The layout topology is kept
fixed during design cycle of a circuit. Layout topology is not considered as a part of
optimization problem. But, the above example of the Ring-oscillator, clearly demon-
strates that the layout topology affects design of circuits and results of optimization

algorithm.

5.3 CMOS buffer chain
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FIGURE 5.8: Circuit of CMOS buffer chain.

The CMOS buffer chain is generally used to drive the large capacitive load in the digital
integrated circuits. The circuit of the buffer chain is shown in Fig. 5.8. It contains four
inverters. The buffer chain is designed at layout-level in 0.13 ym CMOS technology
using ABC, EABC, PSO and MPSO algorithms. The supply voltage is set to 1.2V and

load capacitor is 1pF. The design specifications are as follows:

e Rise time < 0.15nS

e Fall time < 0.15nS

e Peak power consumption (PC) < 0.25mW
The design parameters are the width of various transistors. The width of the PMOS
transistor in the inverter is kept K times higher than that of NMOS transistor, where
K is an integer number. The width of the NMOS of the first stage inverter is fixed and

set to 0.5 um, while the length of all the transistor is kept 0.13 um. The search-space

for the design parameters are shown in Table 5.4. In the layout of buffer chain, the
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Chapter 5  Parasitic-aware automatic circuit design

smallest possible transistor width is 0.5 um and largest possible width is 30 ym. In
order to maintain good aspect-ratio of the layout and to make it more compact, finger
transistors are utilized in buffer chain. Further, the finger transistor has fewer parasitics
compared to a single transistor with equivalent width. The maximum number of the

circuit evaluations during the automatic circuit design process is set to 3000.

TABLE 5.4: CMOS buffer chain: Search-space for design parameters.

Design parameter Search-space

Ws 1 um to 30 um
W3 1 pm to 30 um
Wy 1 um to 30 um
K 1,2, 3

In the first experiment, the buffer chain is designed at schematic level using the ABC
algorithm. We took ten independent design trials. The obtained results indicated
that the circuit is designed at schematic-level successfully all 10 times i.e. average
RMS error is 0%. The average of the obtained specifications over ten independent
design trials are described in Table 5.5. Now, from these optimized schematics, the
layouts are prepared for all ten design trials and post-layout simulations were carried
out. The post-layout simulation indicated that the average RMS error was jumped to
10.8%. This is due to added parasitic components in layout which were not possible

to consider in schematic-level design.

TABLE 5.5: CMOS buffer chain (schematic-level design using ABC algo-
rithm): Average of results from schematic-level simulations
and corresponding post-layout simulation.

Specification Schematic-level simulation Post-layout simulation
Rise-time T, (ns) 0.146 0.149
Fall-time 7, (ns)  0.085 0.091
PC (mW) 0.229 0.296
RMS Error(%) 0.0 10.82

In the second experiment, the parasitic-aware design of CMOS buffer chain at layout-
level is carried out using ABC, PSO, EABC and MPSO algorithms. Using each algo-
rithm, buffer chain is designed ten times independently and the average of obtained

simulation results are considered for the comparison and shown in Table 5.6.
Except for the PSO algorithm, all other algorithms are able to design buffer chain with

zero RMS error. However, the EABC algorithm is found most effective designing buffer

chain at layout-level with average design time of only 29.56 minutes. In Fig. 5.9, the
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5.4 Voltage controlled oscillator (VCO)

TABLE 5.6: CMOS buffer chain (parasitic-aware design): Average of sim-
ulation results.

Specification ABC PSO EABC MPSO
Rise-time T} (ns) 0.135 0.1564 0.134 0.149
Fall-time T, (ns) 0.086 0.115 0.086 0.095
PC (mW) 0.216 0.257 0.216  0.240
RMS Error(%) 0.0 2.41 0.0 0.0

Desin Time (Minutes) 46.9  101.42 29.56  71.96

variations in average RMS error with the circuit evaluations are shown. In Table 5.7,
various design parameters obtained by different algorithms for their best design trials
are described. In Fig. 5.10, the layout generated in the best design run by the EABC

algorithm is illustrated.

10 |
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=

0.1 -

0.01

Circuit Evaluation (x 100 )

FIGURE 5.9: CMOS buffer chain: Variations in average RMS error with
circuit evaluations.

5.4 Voltage controlled oscillator (VCO)

In this work, the parasitic-aware design of the Lee-Kim delay cell [53] based VCO is
demonstrated in 0.13 pm and 0.35um CMOS technologies. The circuit diagram of the
VCO is shown in Fig. 5.11. The use of Lee-Kim delay cell provides very good linearity
to VCO. However, the disadvantage is that, the output of such VCO does not have 50%

duty cycle. In order to overcome this problem, an additional circuit called duty-cycle
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Chapter 5  Parasitic-aware automatic circuit design

TABLE 5.7: CMOS buffer chain: Design parameters for best design run.
Design parameter ABC PSO EABC MPSO

Wy (um) 1.1 1.0 11 1.1
Ws (um) 3.0 2.1 3.0 3.4
Wy (pm) 29.3 293 29.3 29.3
K 1 1 1 1
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FIGURE 5.10: CMOS buffer chain: Layout of best design obtained from
EABC algorithm.
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5.4 Voltage controlled oscillator (VCO)

corrector is needed. In order to prepare configurable layout, the hierarchy as shown in
Fig. 5.12 is used.

Delay—cell
VCO

_{ NMOS

Duty—cycle corrector]

FIGURE 5.12: VCO: Hierarchy used in configurable layout.

The VCO is designed to oscillate between two frequencies. The design specifications
for VCO are as follows,

e Lower frequency of oscillation f7 is between 0.25 to 0.3GHz

e Upper frequency of oscillation fy is between 1.0 to 1.1GHz.

The supply voltage (VDD) is set to 1.2V and 3.3V for 0.13 pm and 0.35 um CMOS
technologies, respectively. The maximum circuit evaluations are set to 1000. The
design parameters are width and length of various transistors and the number of delay-

cells. The design parameters with the corresponding search-space are shown in Table
5.8.

TABLE 5.8: VCO: Search-space for design parameters.

Design parameter Search-space for 0.13 um technology  Search-space for 0.35um technology
Wp 1pum to 10um 2um to 10pum

W 1pum to 10um 2um to 10um

L 0.2pum to 2pum 0.4pm to 2um

Number of delay cells 2 to 8 (even numbers only) 2 to 8 (even numbers only)

In the first experiment, VCO is designed at schematic level using ABC algorithm ten
times in both technologies. The average of the obtained specifications over these design
runs are shown in Table. 5.9. The results indicate that ABC algorithm is able to design
VCO in both technologies with zero average RMS error i.e. in all ten design trials,
VCO is designed at schematic level satisfying all the specifications. Next, the device
dimensions provided by these schematic-level design are used to prepare the layout
of VCO. When these layouts are simulated, the simulation results indicate that the
average RMS error is jumped to 7.9% in case of 0.13 um technology. The average RMS
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Chapter 5  Parasitic-aware automatic circuit design

error is jumped to 22.3% for 0.35um technology. This is due to the added parasitics

in the circuit due to the layout.

TABLE 5.9: VCO (schematic-level design using ABC algorithm): Average
of results from schematic-level simulations and corresponding
post-layout simulation.

0.13 pm technology 0.35um technology
Specification Schematic- Post-layout Schematic- Post-layout
level simula- | simulation level simula- | simulation
tion tion
fr. (GHz) 0.3 0.26 0.28 0.22
fu (GHz) 1.04 0.89 1.04 0.81
RMS Error(%) | 0.0 7.9 0 22.3

In the second experiment, the parasitic-aware automatic circuit design approach is used

to design VCO. The ABC, EABC, PSO and MPSO algorithms are utilized to design
VCO in 0.13 pm and 0.35 um technologies. Each algorithm is used to design VCO ten

times and the average of the obtained results are used for the comparison.

TABLE 5.10: VCO (parasitic-aware design): Average of simulation results.

0.13 um CMOS technology 0.35um CMOS technology
Specification ABC | PSO | EABC | MPSO || ABC | PSO | EABC | MPSO
fr (GHz) 0.27 | 0.28 | 0.28 0.28 0.26 | 0.26 | 0.28 0.28
fu (GHz) 1.03 | 1.03 | 1.02 1.04 1.01 | 1.01 | 1.03 1.01
RMS Error(%) || 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Time (Minutes) || 16.2 | 4.6 10.3 7.9 106 | 4.1 10.4 4.6

TABLE 5.11: VCO: Design parameters for best design trial

0.13 um CMOS technology 0.35um CMOS technology
Design parameter || ABC | PSO | EABC | MPSO || ABC | PSO | EABC | MPSO
Wp (pm) 100 |81 | 6.7 10.0 10 10 8.8 5.2
Wp (um) 51 |55 |45 6.1 47 |47 |42 2.8
L (um) 0.4 0.3 0.3 0.3 0.5 0.5 0.5 0.5
K 4 6 6 6 4 4 4 4

In Table 5.10, the average of the obtained simulation results are described. All al-
gorithms are able to design VCO at layout-level successfully with zero average error
i.e. satisfying all the design specifications. However, the PSO algorithm is fastest
one in both technologies. It took the average time of 4.6 minutes to design VCO at
layout-level which is followed by the MPSO, EABC and ABC algorithms in 0.13 um
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5.5 Two-stage operational amplifier
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FIGURE 5.13: VCO: Layout of best design obtained from PSO algorithm
in 0.13 pum CMOS technology.

technology. In 0.35um technology, PSO algorithm took only 4.1 minutes to design
VCO. In Table 5.11, the design parameters obtained in the best design trial by each

algorithm are shown. In Fig. 5.13 and Fig. 5.14 the layouts generated during best
design run by the PSO algorithm in both technologies are illustrated.

5.5 Two-stage operational amplifier

In this work, the parasitic-aware automatic circuit design of the two-stage operational
amplifier is carried out in 0.13 pm and 0.35 pm CMOS technologies. The circuit of
op-amp is shown in Fig. 5.15. The op-amp is designed for the following specifications,

e Gain > 80dB

e Unity gain bandwidth (UGB) > 100M Hz

e Phase margin > 60°

e Power consumption < 30uW for 0.13um and 80uW for 0.35um
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FIGURE 5.14: VCO: Layout of best design obtained from PSO algorithm

in 0.35um CMOS technology.
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FIGURE 5.15: Circuit of two-stage operational amplifier.
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5.5 Two-stage operational amplifier

e Rise and fall slew rate > 35V/uS

e Power supply rejection ratio (PSRR) > 75dB

e Common mode rejection ratio (CMRR) > 80dB

TABLE 5.12: Two stage op-amp: Search-space for design parameters.

Design parameter

Search-space for 0.13um  Search-space for 0.35um

technology technology
Wia, Wsyg, W5, W 2um to 20um 2um to 20um
We, Wg, Wig, Wiy 2um to 20um 2um to 20pum
L 0.2pum to 2um 0.4pm to 2um
CapH 6pum to 200pum 6um to 200pum

The various design parameters for the op-amp are width and length of various transis-
tors and value of the Miller capacitor. The value of the supply voltage VDD is fixed
to 1.2V and value of a bias current I is set to 3uA for 0.13um technology. For the
0.35 um technology, the supply voltage is set to 3.3V and bias current is set to 4uA.
In the layout, the value of the capacitor depends upon the area of the capacitor. The
width of the Miller capacitor in the layout of the op-amp is decided automatically,
while its height (CapH) is a design parameter. Further, the length of all transistors is
kept equal. The various design parameters are described in Table 5.12. The maximum

circuit evaluations during the automatic design process are set to 5000.

TABLE 5.13: Two stage op-amp (schematic-level design using ABC algo-
rithm): Average of results from schematic-level simulations

and corresponding post-layout simulation.

0.13 um technology 0.35um technology
Specification | Schematic- Post-layout Schematic- Post-layout
level  simula- | simulation level  simula- | simulation
tion tion
Gain (dB) 81.66 81.66 78.7 78.7
PM (°) 66.52 52.71 60.7 51.6
UGB (MHz) | 169.33 147.79 110.9 96.3
PSRR (dB) 80.33 80.33 94.8 94.8
CMRR (dB) | 92.69 92.69 82.6 82.6
PC (uW) 28.25 28.25 77.4 7.4
RSR (V/uS) | 53.98 54.61 46.3 44.2
FSR (V/uS) | 35.58 31.34 35.2 32.8
Error (%) 0.00 6.46 0.65 6.05
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Chapter 5  Parasitic-aware automatic circuit design

In the first experiment, the op-amp is designed in 0.13 um and 0.35 um technologies
using the ABC algorithm at schematic-level where the layout parasitics are not possible
to consider. We carried out ten independent design trials. The average of the obtained
results is shown in Table 5.13. The obtained results reveal that the average RMS error
is 0% i.e. the ABC algorithm had designed op-amp at schematic-level all ten times
satisfying all the specifications in 0.13 um technology. However, when the layouts are
prepared from these optimized schematics and post-layout simulation is carried out, the
average RMS error is jumped to 6.46%. The obtained simulation results show that the
frequency sensitive specifications such as phase-margin, unity gain bandwidth, and slew
rate are affected worst. The deterioration in the performance at layout-level is due to
the added parasitic-components at layout-level, which is not considered at schematic-
level optimization. For the 0.35 um CMOS technology also, the ABC algorithm has
designed op-amp at schematic-level with the average error of 0.65%, which is jumped

to 6.05% when the post-layout simulation is carried out.

TABLE 5.14: Two stage op-amp (parasitic-aware design): Average of sim-
ulation results.

0.13 pm CMOS technology 0.35um CMOS technology
Specification ABC | PSO | EABC | MPSO || ABC | PSO | EABC | MPSO
Gain (dB) 81.7 | 81.5 | 80.7 81.4 T 732 | 779 77.4
PM (°) 62.7 | 62.6 | 63.7 62.2 60.3 | 59.4 | 60.1 60.3
UGB (MH?=z) 136.8 | 110.0 | 124.8 110.2 102.9 | 108.4 | 104.9 | 103.6
PSRR (dB) 79.0 | 78.0 | 77.2 78.3 92.7 | 88.8 | 93.7 914
CMRR (dB) 81.8 | 834 | 824 81.9 81.5 | 80.2 | 84.0 81.1
PC (uW) 28.6 |29.0 | 29.1 27.8 80.1 | 78.0 | 78.1 79.8
RSR (V/uS) 37.8 | 472 | 40.1 37.7 45.1 | 494 | 45.0 44.4
FSR (V/uS) 37.0 | 370 | 359 38.7 348 | 351 | 351 34.7
RMS Error (%) || 0.0 0.23 | 0.0 0.0 1.19 | 3.74 | 0.96 1.35
Time (Minutes) || 107.8 | 79.4 | 123.1 | 84.6 410.8 | 334.1 | 386.1 | 387.3

In the second experiment, the op-amp is designed at layout-level using the concept of
the parasitic-aware automatic circuit design with the help of the ABC, PSO, EABC and
MPSO algorithm. Each algorithm has designed op-amp at layout-level in 0.13 pym and
0.35um technologies ten times independently and an average of the obtained results are
considered for the comparison. The average of the obtained results is shown in Table
5.14. For the op-amp design in 0.13 um technology, except for the PSO algorithm,
all other algorithms have designed op-amp with zero average RMS error. However,
the average design time for the PSO algorithm is minimum. This indicates the lack of

consistency in the performance of the PSO algorithm. In Fig. 5.16, the variations in the
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FIGURE 5.16: Two stage op-amp in 0.13 ym technology: Variations in av-
erage RMS error with circuit evaluations.
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FIGURE 5.17: Two stage op-amp in 0.35um technology: Variations in aver-
age RMS error with circuit evaluations.
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TABLE 5.15: Two stage op-amp (parasitic-aware design): Design parame-
ters for best design run

0.13 pm CMOS technology 0.35um CMOS technology
Design parameter || ABC | PSO | EABC | MPSO || ABC | PSO | EABC | MPSO
Wia (pm) 7.4 10.4 | 10.5 5.2 5.0 2.0 2.2 2
Wiy (um) 69 |89 |45 20.0 20 |20 |25 2.7
Ws (um) 10.6 | 8.9 10.2 3.5 2.8 3.3 5.3 6.7
We (pm) 57 |55 |51 2.0 22 |32 |41 5.5
W (um) 183 [ 200 | 158 |73 47 |68 |78 11.8
Ws (um) 10.2 | 152 | 84 20.0 11.8 | 20.0 | 20.0 14.4
Wig (um) 7.3 9.2 7.8 9.3 7.1 3.3 8.0 3.8
Wi (um) 44 |80 |60 48 54 |20 |36 2.0
L (um) 0.4 0.4 0.4 0.4 1.0 1.1 1.1 1.3
CapH (pm) 35 33 33 30 83 61 78 73

VCC XB

GND

CcC \ \
IN+ IN-

FIGURE 5.18: Two-stage op-amp in 0.13 ym technology: Layout of best
design obtained from MPSO algorithm.

Metal-5

FIGURE 5.19: Two-stage op-amp: Layout scheme for stacked capacitor.
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IN— IN+ VDD CC

GND

IB

FIGURE 5.20: Two-stage op-amp in 0.35um technology: Layout of best de-
sign obtained from EABC algorithm.

average RMS error with the circuit evaluations are shown for the 0.13 um technology. It
indicates that the MPSO algorithm has designed op-amp at layout-level most efficiently
in 0.13 um technology which is followed by the ABC, EABC and PSO algorithms.

For the op-amp design in 0.35 pm CMOS technology, the obtained result suggests that
the EABC algorithm has most efficiently designed op-amp with 0.96% of average RMS
error. The variations in the average RMS error with the circuit evaluation are shown
in Fig. 5.17.

In Table 5.12, the design parameters obtained from best design trial by each algorithm
are shown. In Fig. 5.18, the layout obtained from the best design trial using the MPSO
algorithm is shown. In the layout of op-amp in 0.13 um technology, to implement the
Miller capacitor C, the concept of the stacked capacitor is used as shown in Fig 5.19.
Such stacked capacitor increases capacitance per unit area and thus reduces the space
requirement. In Fig. 5.20, the layout generated in best design trial of EABC algorithm
in 0.35 um technology is illustrated.

Considering process and temperature variations in design

There is always some process variations in the manufacturing and because of this,
all the devices do not have the same characteristics. In order to achieve the robust
design, it is necessary to consider the process variations in the design process. It is
also possible to include process and temperature variations with the proposed approach
of parasitic-aware design. We also carried out the parasitic-aware design of two-stage

op-amp in 0.13 pum technology using ABC algorithm considering process variations.
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Further, the temperature variation between 0° and 70° is also considered. To consider
process and temperature variations, five process corners TT, FF, FS, SF, and SS are
simulated at three temperatures i.e. 0°, 25° and 70° during the parasitic-aware design
process. However, considering all these 15 process corners from the beginning of the
circuit design results in a large design time. In order to save the design time, following

strategy is adopted

e The parasitic-aware design of the op-amp started with considering only T'T corner

and no temperature variation.

e When the RMS error falls below 10%, FF corner is introduced in design process

resulting simulation of layout at T'T and FF process corners.

e When combined RMS error falls below 9% another process corner SS is included.

e Similarly, FS and SF corners are included step by step when RMS error falls
below 8% and 7%, respectively.

e Once, RMS error for all process corners falls below 7%, the temperature of 0°
is included. This leads to total 10 simulations to evaluate performance of the
circuit i.e. five simulations with each process corner at 25° and five simulations

with each process corner at 0°.

e When RMS error falls below 5%, the temperature of 70° is also considered in
design process leading total 15 corner simulation to evaluate the performance of

the circuit.

This method of introducing the process corner step by step reduces the design time.
In Table 5.16, 5.17, and 5.18 illustrate the results of the post-layout simulation of
op-amp designed considering process and temperature variations using ABC, MPSO,
and EABC algorithms, respectively. The op-amp designed using ABC algorithm sat-
isfies all design specifications at all design corners. The op-amp designed using MPSO
algorithm fails to provide the desired CMRR at two process corners. In case of the
EABC algorithm, the designed op-amp fails to provide desired results at five different
process corners. The various design parameters of the designed op-amp using consid-
ered algorithms are illustrated in Table 5.19. In this design experiment, the op-amp
is designed only one time using ABC, MPSO, and EABC algorithms. Thus, obtained

results cannot be used to compare the performance of these algorithms.
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5.5 Two-stage operational amplifier

TABLE 5.16: Two stage op-amp design (parasitic-aware) using ABC algo-
rithm considering process and temperature variations

Process Temperature Gain UGB PM PSRR CMRR PC RSR FSR

) (@B) (MHz) () (dB) (dB)  (uW) (V/uS) (V/uS)
>80 > 100 >60 >75 > 80 <30 > 35 > 35
0 81.8 137.8 70.3  80.2 82.4 29.6 40.1 36.4
TT 25 81.2 130.4 67.9 79.2 81.9 29.6 40.1 36.1
70 80.2 116.8 64.8 77.5 81.2 29.6 40.0 35.8
0 81.6 135.3 72.4  80.5 83.9 29.8 40.4 36.6
FF 25 81.1 129.2 70.5 79.5 83.6 29.8 40.3 36.4
70 80.2 117.5 68.0 779 83.2 29.8 40.2 36.1
0 81.8 142.6 66.9 78.8 82.1 29.6 40.3 36.6
FS 25 81.2 132.3 63.9 77.6 81.5 29.6 40.2 36.4
70 80.2 117.1 60.3 75.5 80.6 29.6 40.1 36.1
0 81.9 128.9 73.4 81.2 83.3 29.5 40.0 35.8
SF 25 81.3 123.4 71.6  80.3 82.8 29.5 39.9 35.5
70 80.4 112.6 69.3 78.8 82.3 29.5 39.9 35.3
0 82.1 137.5 68.1 79.9 82.1 29.4 39.9 36.0
SS 25 81.5 127.7 65.3  78.8 81.5 29.4 39.9 35.8
70 80.5 113.2 61.9 77.0 80.6 29.4 39.8 35.5

TABLE 5.17: Two stage op-amp design (parasitic-aware) using MPSO al-
gorithm considering process and temperature variations

Process Temperature Gain UGB PM PSRR CMRR PC RSR FSR

(°C) (dB) (MHz) (°)  (dB)  (dB)  (uW) (V/pS) (V/pS)
>80 >100 >60 >75 >80 <30 >35  >35
0 8.9 1250 69.6 795 820 261 365 52.8
TT 25 81.3 1177 677 784 813 260  36.4 53.1
70 80.3 1052 651 767 803 260 363 53.6
0 817 1223 710 79.7 825 262 367 47.8
FF 25 811 1165 69.5 788 820 262  36.7 48.5
70 80.2 1056 673 771 811 261  36.6 49.7
0 8.9 1290 671 780  8L1 261 366 58.8
FS 25 81.3 1201 64.6 767 803 261 365 58.6
70 80.3 1061 614 747 799 261  36.4 58.3
0 820 1165 718 805 825 260 364 43.6
SF 25 814 1111 704 795 815 260 363 44.7
70 80.5 1007 684 780 807 260 363 46.2
0 823 1242 68.0 79.2 815 259 363 56.0
ss 25 81.7 1156 658 780 807 259  36.2 56.1
70 80.6 1022 628 761 795 259  36.1 56.2
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TABLE 5.18: Two stage op-amp design (parasitic-aware) using EABC al-
gorithm considering process and temperature variations

Process Temperature Gain UGB PM PSRR CMRR PC RSR FSR

(°C) (dB) (MHz) (°)  (dB)  (dB)  (uW) (V/pS) (V/wS)
>80 >100 >60 >75 >80 <30 >35  >35
0 81.0 1316 724 789  8L1 284 399 36.2
TT 25 80.2 1239 70.0 77.6 805 283 398 36.1
70 78.7 1135 626 724 782 284 398 36.0
0 810 1245 742 794 826 285  40.1 36.7
FF 25 80.3 1195 724 781 821 285 401 36.5
70 79.1  109.0 700 791 813 285  40.0 36.2
0 80.9 139.2  69.1 769 804 284  40.0 36.3
FS 25 80.0 1289 66.2 753  79.6 284  40.0 36.2
70 787 1135 626 724 782 284 398 35.9
0 812 1176 751 80.3 823 283  39.7 36.1
SF 25 80.5 1131 734 792 817 283 396 35.9
70 79.3 1037 712 773 809 283 396 35.6
0 812 1332 703 785 807 282 396 35.8
ss 25 80.3 1237 675 77.0 800 282 396 35.6
70 79.0 1091 640 745 788 282 396 35.4

TABLE 5.19: The design parameters for two stage op-amp design (parasitic-
aware) considering process and temperature variations

Design parameter ABC EABC MPSO

Wia (um) 6.4 7.5 2.1

Wsa (pm) 8.0 3.7 4.3
Ws (um) 103 102 20
We (um) 5.6 5.8 2.0
We (um) 193  19.0 8.3
Ws (m) 10.5 5.3 11.1
Wio (um) 7.7 5.7 6.6
W, (um) 5.8 7.0 15.2
L (um) 04 04 0.4
CapH (pm) 35 34 17
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5.5 Two-stage operational amplifier

The performance of any evolutionary optimization algorithm varies with the nature
of the optimization problem represented by the cost function. In the parasitic-aware
circuit design and optimization process, the cost function depends upon the following

factors.

e Circuit
e Circuit specifications

e Technology i.e. device characteristics and the model representing the behavior of

the device

e Parasitics added by the layout

The change in any of these parameters leads to change in the cost function representing
the optimization problem. Thus, whenever there is a change in the technology or
layout topology (floor-plan and placement), there is a corresponding change in the cost

function. This affects the performance of the optimization algorithm.

In this work, to compare the performances of the various optimization algorithms, we
utilize average RMS error (the difference between the obtained and desired specifica-
tions) and the average design time. The average RMS error represents the rate of the

convergence. The average design time represents the speed of the convergence.

In this work, we have designed VCO and Two-stage amplifier in two different CMOS
technologies i.e. 0.13um and 0.35um. The circuit topology and the layout topology
(floor-plan and placement) are identical for the both CMOS technologies. The com-
parison of the obtained results in both technologies are described in Table 5.10 for the
VCO and Table 5.14 for the Two-stage op-amp.

In the case of VCO design, the average design time increases for design in 0.13um
CMOS technology in comparison with 0.35um CMOS technology. However, the con-
vergence rate for the considered algorithms (ABC, EABC, PSO, and MPSO) remains
identical. In the case of the Two-stage op-amp design in 0.13um CMOS technology,
except PSO algorithm, all other considered algorithms are able to design op-amp with
the desired specifications. However, in the design of the 0.35um technology, no algo-
rithm is able to design op-amp satisfying desired specifications. The performance of
the EABC algorithm is found the best, which is followed by the ABC, MPSO and PSO

algorithms.
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Thus, the technology affects the performance of the algorithm. This is because, with
the change in the technology, the behavior of the NMOS and PMOS changes and
different models are required to describe the behavior of device. This will change the

cost function of the optimization problem and hence, the performance of the different

considered optimization algorithms may get affected.

5.6 Bulk-driven OTA
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FIGURE 5.21: Circuit of bulk-driven OTA.

In Fig. 5.21, the schematic of the bulk-driven OTA is shown. The inputs are applied
at the bulk-terminals of the MOSFETSs. The bulk-driven circuits are suitable for the
low voltage applications. The bulk-driven OTA is designed at layout level in 0.13 um
CMOS technology using ABC, EABC, PSO and MPSO algorithms. The supply voltage
is set to 0.25V. The value of the current source I is set to 15nA. The bulk-driven

OTA is designed to satisfy the following specifications.

Gain > 40dB

Bandwidth (BW) > 1K Hz
e Phase margin > 60°

e Power consumption < 20nW
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5.6 Bulk-driven OTA

e Rise and fall slew rate > 0.3V /mS

Each algorithm has designed bulk-driven OTA at layout-level 10 times and for the
comparison average of the obtained results is considered. The design parameters are
width and length of the various transistor and value of the Miller capacitor. The
design parameters with their search-space are shown in Table 5.25. The capacitor
value is decided by its area. The width of the capacitor is calculated automatically in

configurable layout and its height is a design parameter.

TABLE 5.20: Bulk-driven OTA (parasitic-aware design): Search-space for
design parameters.

Design parameter Search-space
Wiz, Waaa, Waap, Wsp 5 pm to 50 pm
We, Wz, Wsg 5 pm to 50 pum
L¢ 0.5 um to 5 um
CapH 1 um to 100 pum
Source Gate
Guard ring
drain

Bulk—terminal (input)

FIGURE 5.22: Layout of PMOS with with input at bulk-terminal

The width of the transistor is between 5 pum to 50 ym. This variation is considerably
large. Thus, in order to maintain the aspect ratio of the layout of a transistor, finger
transistor is utilized. Further, use of the finger transistor also reduces parasitics. The
layout of the transistor with bulk input i.e. transistors M1 and M2 is shown in Fig.
5.22. The guard-ring is utilized to provide proper isolation and reduces the effect of

noise.

The bulk-driven OTA is designed 10 times with the help of each algorithm. The average
of the obtained results is described in Table 5.21. Each algorithm is able to design bulk-
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TABLE 5.21: Bulk-driven OTA (parasitic-aware design): Average of simu-

lation results.

Specification ABC PSO EABC MPSO
Gain (dB) 415 411 408 410
PM (°) 63.2 63.0 61.1 63.0
BW (KHz) 22 23 24 2.0
PC (uW) 19.8 195 192 189
RSR (V/mS) 0.69 0.72 0.69 0.63
FSR (V/mS) 099 101 114  0.97
RMS Error (%) 0.0 0.0 0.0 0.0
Time (Minutes) 8.4 5.77 8.78 3.14

TABLE 5.22: Bulk-driven OTA (parasitic-aware):

best design run

Design parameters for

Design parameter ABC PSO EABC MPSO
Wia (um) 49.3 131 403 485
Wasa (um) 227 183 442 259
Waap (pm) 16.8 47.8 39.0 27.5
Wsp (um) 76 204 477 197
We (um) 14.6 9.7 14.7 26.8
We (um) 25.1  50.0 29.5 47.8
Weo (m) 204 372 370  39.0
Le (um) 3.3 3.5 4.0 3.1
CapH (um) 88 100 84 96
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IN+ IN- GND

FIGURE 5.23: Bulk-driven OTA (parasitic-aware design): Layout of best
design obtained from MPSO algorithm.

driven OTA at layout-level satisfying all the specifications. However, the average design
time is a minimum for the MPSO algorithm which is only 3.14 minutes. In Table. 5.22,
the design parameters obtained from the best design trial of each algorithm is listed.
In Fig. 5.23, the layout of bulk-driven OTA obtained from the best design trial of
MPSO algorithm is shown. The capacitor is implemented stacking the multiple metal

layers.

Considering process variations in design

Further, the bulk-driven OTA is also designed considering the process variations. This
leads to the simulation of the circuit at five process corners i.e. TT, FF, FS, SF and,
FF. However, in order to reduce design time following strategy is adopted in the design

process.
e Initially, the design is started considering FF corner. The design of the circuit is
experimentally found difficult at this design corner. Thus, the circuit is designed

at this corner.

e When the RMS error falls below 0.5% with FF corner, SS design corner is included

in the design process. This leads to the simulation of the circuit at two corners
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TABLE 5.23: Bulk-driven OTA (parasitic-aware design): The performance
measure of the obtained solution at TT, FF, FS, SF and SS
process corner obtained by ABC, EABC, PSO and MPSO
algorithms in 0.13 um technology.

Algorithm  Process Gain UGB PM PC RSR FSR
corner (dB) (KHz) (°) (W) (V/mS) (V/mS)

TT 46.1  2.10 61.5 19.5 0.72 0.94
FF 40.6  1.80 65.4 19.7 0.56 0.91
ABC FS 41.3  2.00 64.1 19.5 0.58 0.95
SF 40.4  1.88 65.2 19.5 0.69 0.88
SS 411 1.97 63.7 19.3 0.72 0.92
RMS Error: 0.0%
TT 45.6 1.81 60.8 184 0.59 0.86
FF 39.0 1.62 65.3 18.6 0.44 0.83
PSO FS 39.0 1.62 65.3 18.3 0.45 0.84
SF 41.7  1.70 62.9 184 0.61 0.81
SS 41.9 1.70 62.7 18.1 0.62 0.82
RMS Error: 0.38%
TT 46.9  2.27 60.8 19.3 0.70 1.00
FF 40.0 1.90 66.3 19.5 0.55 0.94
EABC FS 415 2.14 63.5 19.3 0.58 1.03
SF 414 1.94 65.1 19.3 0.70 0.90
SS 429 217 62.3 19.1 0.72 0.98
RMS Error: 0.0%
TT 46.7 1.84 64.2 19.7 0.64 0.85
FF 40.0 1.59 68.4 19.9 0.53 0.80
MPSO FS 41.0 1.74 66.5 19.7 0.56 1.00
SF 40.5  1.59 67.8 19.6 0.58 0.80
SS 41.2 1.72 65.9 19.5 0.62 0.98

RMS Error: 0.0%

and an average of RMS errors of these two design corners is considered.

e The FF corner represents fast NMOS and fast PMOS. While SS corner represents
slow NMOS and slow PMOS. This represents two extreme ends of the circuit

performance.

e When the average RMS error of FF and SS corner falls below 0.5%, TT corner
is included in the design. Thus, an average of RMS errors of FF, SS and, TT

corners are considered.

e Similarly, step by step remaining two process corners i.e. SF and FS are intro-

duced in the design process.
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TABLE 5.24: The design parameters for bulk-driven OTA (parasitic-aware)
considering process variations

Design parameter ABC PSO EABC MPSO

Wiz (um) 35.2 147 323 46.6
Waga (pm) 254 252 16.4 22.1
Wagy (um) 50.0  50.0 38.0 50.0
Wi, (i) 204 234 262 17.6
We (um) 304 203 17.2 36.8
Wy (um) 40.0 241 311 31.7
Wso (um) 31.8 252 262 23.9
Le (pm) 4.6 3.6 2.7 5.0
CapH (um) 109 176 200 133

The obtained performance of the bulk-driven OTA designed (single design trial) con-
sidering process variations using the ABC, PSO, EABC and MPSO algorithms is illus-
trated in Table 5.23 and the corresponding values of the various design parameters are
illustrated in Table 5.24. The obtained results reveal that except PSO algorithm, all
other considered algorithms have successfully designed bulk-driven OTA at layout-level

considering the process variations.

5.7 Enhanced bulk-driven OTA

I:M4b

W

M3a

&

FIGURE 5.24: Circuit of enhanced bulk-driven OTA.
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In Fig. 5.24, the circuit of the enhanced bulk-driven OTA is illustrated. The bulk-
driven technique suffers from the lower transconductance and it leads to a lower gain
of the amplifier. In order to overcome this problem use of the cross-coupled pair of
transistors is suggested in [46]. The cross-coupled pair of transistors imparts negative
impedance degeneration which improves overall transconductance of the differential
pair and enhances the overall gain of the OTA. The enhanced bulk-driven OTA is

designed to satisfy the following specifications.

e Gain > 60dB

Bandwidth (BW) > 1K Hz
e Phase margin > 55°

e Power consumption < 20nW

Rise and fall slew rate > 0.8V/mS

These specifications are based on the design of enhanced bulk-driven OTA presented
in [46]. The design parameters are the size of various transistors and value of the Miller
capacitor. The design parameters with their search-space are described in the Table

5.27. The supply voltage is set to 0.25V and the value of a bias current value is 10nA.

TABLE 5.25: Enhanced bulk-driven OTA (parasitic-aware design): Search-
space for design parameters.

Design parameter Search-space

Wiz, Wasa, Waap, Wi, 5 um to 100 pm
We, Wz, Wsg 5 pm to 100 um
Le 0.5 um to b um
CapH 1 um to 200 pm

The OTA is designed in 0.13 pm technology with ABC, PSO, EABC and MPSO al-
gorithms. Each algorithm has designed enhanced bulk-driven OTA 10 times and the
average of the obtained specifications are considered for the comparison.The obtained
results are shown in Table 5.26. The EABC algorithm is effective in designing enhanced
bulk-driven OTA at layout-level. It had designed OTA at layout level with zero av-
erage error satisfying all the specifications in all the design runs. The average design
time of OTA with the EABC algorithm is only 64.2 minutes. The average design error
for the ABC algorithm is 0.49%, for the PSO algorithm is 0.4% and, for the MPSO
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5.7 Enhanced bulk-driven OTA

TABLE 5.26: Enhanced bulk-driven OTA (parasitic-aware design): Average
of simulation results.

Specification ABC PSO EABC MPSO

Gain (dB) 64.0 626 651  61.4
PM (°) 612 586 588 613
BW (KHz) 46 50 40 5.0
PC (uW) 185 191 182 189
RSR (V/mS) 1.0 11 09 1.0
FSR (V/mS) 1.3 13 1.0 1.7

RMS Error (%) 049 04 0.0 0.38
Time (Minutes) 87.4 80.8 64.2 93.7

100

Average RMS Error
[}

0.1

0.01 i
Circuit Evaluation (x 100 )

FIGURE 5.25: Enhanced bulk-driven OTA (parasitic-aware design): Vari-
ations in average RMS error with circuit evaluations.

TABLE 5.27: Enhanced bulk-driven OTA: Design parameters for best de-

sign run

Design parameter ABC PSO EABC MPSO
Wia (um) 99.2  69.9 49.1 48.8
Waaq (im) 16.0 143 5.0 5.0
Waap (pm) 97.7 819 79.2 45.3
Wi, (im) 66.5 46.6 71.1 65.7
We (um) 46.8  24.2 5.0 100.0
W (pm) 78.8 952 523 79.9
Wao (um) 214 253 174 20.1
Lo (um) 39 26 1.2 1.5
CapH (um) 93 177 200 176
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FIGURE 5.26: Enhanced bulk-driven OTA (parasitic-aware design): Layout
of best design obtained from EABC algorithm.

algorithm is 0.38%. In Fig 5.25. the variations in the average RMS error with the
circuit evaluation is illustrated. In Table 5.27, circuit parameters of best design run for
each algorithm are illustrated. The layout of OTA of best design run for the EABC
algorithm is shown in Fig 5.26.

5.8 Observations

From the conducted experiments on designing various analog circuits at layout level,

following observations can be made

e With the help of the configurable layout, the layout of the analog circuits can be
modified instantly by supplying the appropriate parameters. This flexibility of
the configurable layout is utilized to carry-out parasitic aware automatic circuit

design at layout-level.

e In the proposed concept of the parasitic-aware design of circuit, the net-list ex-
tracted from the layout is used. This extracted net-list is generated with the help
of the extraction tool provided by the circuit design framework (i.e. MAGIC VLSI
tool). Thus, it does not require additional models or estimation techniques for

the consideration of the parasitics.

e The parasitic-aware layout-level automatic designs of the ring oscillator, CMOS
buffer chain, VCO, op-amp, bulk-driven OTA and enhanced bulk-driven OTA
are carried out successfully. Further, the proposed design methodology does not

require any human intervention.

e The two-stage op-amp is designed in two CMOS technologies i.e. 0.13 um and
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5.8 Observations

0.35um. The scripts for the configurable layout for these two technologies are
almost same except the minor modifications in the layout of the capacitor. This
is because the 0.35um technology has only four metal layers while in 0.13um
technology has eight metal layers. Due to the limited number of metal layers

available, the stacked capacitor is not used in the 0.35um technology.

e The concept of the parasitic-aware design is flexible enough to accommodate
the process and temperature variations or other user-defined constraints in the
design process. The two-stage op-amp is designed successfully at the layout-level
considering process and temperature variations. Similarly, bulk-driven OTA is

designed considering process variations successfully.

e The performance of the optimization algorithm depends upon the nature of the
optimization problem represented by the cost function. The technology scaling
results in the modification of the cost function. Thus, it affects the performance

of the optimization algorithm.
e With the change in the layout topology, the number of the layout parasitic com-

ponents and their value get affected. This modifies the nature of the optimization

problem, resulting in performance variations of the optimization algorithms.
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CHAPTER 6

Conclusion

Two efficient evolutionary algorithms, EABC and MPSO are proposed in this work.
The EABC algorithm addresses the issue of the slow convergence speed of the ABC
algorithm, while MPSO algorithm focuses on the diversity-loss issue of the PSO algo-
rithm. The performances of these algorithms are compared with ABC, PSO, MABC
and GABC algorithms by designing two-stage op-amp, high gain bulk-driven OTA
and second generation current conveyor at schematic level using 0.13 um and 0.09 um
CMOS technology. The EABC and MPSO algorithms have designed these circuits
more efficiently than other considered algorithms. In case of the schematic-level design
of the two-stage op-amp in 0.13 pm technology, EABC algorithm is the most effective.
It has designed op-amp with 0.39% average RMS error. In case of the op-amp design
in 0.09 pm technology, the MPSO algorithm is the most successful. It has designed
op-amp with only 0.002% average error. For the schematic-level design of the high-
gain low-voltage OTA in 0.13 pum and 0.09 um technologies, the MPSO algorithm is
the most successful. The MPSO algorithm designed OTA in both technologies satis-
fying all design specifications. Other algorithms (PSO, ABC, MABC, GABC) failed
to design OTA. In case of CCII, the MPSO and EABC algorithms generated more

promising results than other considered algorithms.

We have proposed the concept of the parasitic-aware automatic circuit design for the
analog and mixed signal CMOS circuits at layout-level. The proposed concept is im-
plemented using MAGIC VLSI tool by developing configurable layouts and including
evolutionary optimization algorithms. The concept of the parasitic-aware design en-

ables consideration of the layout-parasitics from the beginning of the design process.
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The configurable layouts provide the possibility of exporting existing solutions in the
other technologies. Further, the proposed concept of the parasitic-aware design pro-
vides layout-level design automation that does not require human intervention. With
the help of the parasitic-aware design concept, six CMOS circuits such as ring oscil-
lator, CMOS buffer chain, VCO, two-stage op-amp, bulk-driven OTA and, enhanced
bulk-driven OTA are designed at layout-level using four different evolutionary algo-
rithms namely; ABC, EABC, PSO and, MPSO algorithms. The VCO and two-stage
op-amp are designed in 0.13 gm and 0.35 um technologies, while the other circuits are

designed in 0.13 um technology.

The ring-oscillator is designed at layout-level with 0.001% average RMS error using
MPSO algorithm. The average design time is found only 15.6 minutes. In order to
investigate the effect of the change in the layout topology (floorplan and placement),
we have also designed the Ring-oscillator with different layout topologies. In this
design experiment, the Ring-oscillator is designed successfully. However, the average
design time varies significantly to 29.5 minutes. This fact reveals that the layout
topology affects the performance of the optimization algorithms. The CMOS buffer
chain is designed at layout-level satisfying all design constraints in 29.6 minutes using
EABC algorithm. The VCO is designed successfully, in both 0.13 ym and 0.35 um
technologies. This design example demonstrates the ability of the configurable layouts
to export existing solutions from one technology to another technology. The design of
the two-stage op-amp is carried out in both 0.13 pm and 0.35 pm technologies. When
the op-amp is designed in 0.13 pm at schematic-level, the RMS error is zero, satisfying
all design constraints. However, the post-layout simulation of the layouts generated
from the optimized schematics resulted in average RMS error of 6.46%. On the other
hand, the layout-level design of op-amp using the concept of parasitic-aware design
resulted in zero average RMS error and satisfies all design requirements. Further, the
op-amp is also designed successfully in 0.13 um technology considering the process and
temperature variations. It shows the flexibility of the parasitic-aware design concept
to accommodate customized design constraints. Further, the obtained results of the
VCO and Op-amp design in two different technologies, indicate that the technology
affects the performance of the optimization algorithms. Similarly, the bulk-driven OTA
and enhanced bulk-driven OTA are also designed at layout-level using the concept of
the parasitic-aware design successfully. The obtained results reveal effectiveness of
the proposed design methodology to design robust analog CMOS circuits in efficient

manner.
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