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ABSTRACT

A GENERALIZED PARETO FRONT APPROACH FOR
PERFORMANCE ESTIMATION IN ANALOG DESIGN
AUTOMATION SYSTEMS

The design of analog circuits requires a deep insight into both physical and
technological parameter interactions. In addition, every application of analog circuits
has specific constraints and requirements with large number of design equations, and
also there is no unique solution of the design. At the same time, analog circuits are the
key components of mixed-signal systems. Nowadays, not only design issues but also
tradeoff analysis of competing performances is considered to be a significant issue in
circuit modeling such that analog design automation tools, which increase efficiency and
productivity, have become an attractive solution for integrated circuits (IC) providers.
Furthermore, performance estimation tool becomes a requirement in order to speed up
the automation system by eliminating the unfeasible circuits and the circuits which

cannot meet the specifications.

In this thesis, a general methodology for the performance estimation of mixed-
signal systems is proposed while exploiting the Pareto Front concept. Performance
estimation requires a well-determined performance design space (PDS) exploration for
a given technology. Since the complexity of mixed-signal systems grows progressively,
the exploration of a huge design space is required for the performance estimation of
system blocks with a dramatically increased exploration time. Therefore, a Matlab-
based library is presented for a fast and accurate PDS exploration. Then, Pareto Front
approach is applied to the system blocks. In addition, not only are optimum solution
sets extracted but also an approximate design of the blocks is obtained in this thesis.
Finally, Pareto Front composition is discussed by supporting the dominance rule with

algebraic representations.



OZET

ANALOG TASARIM OTOMASYON SISTEMLERINDE
PERFORMANS TAHMINI ICIN GENELLESTIRILMIS
PARETO EGRIiSI YAKLASIMI

Analog devre tasarimi, hem fiziksel hem de teknolojik parametrelerin etkilegim-
lerini derin bir bi¢gimde anlayabilmeyi gerektirir. Bununla beraber, analog devrelerin
uygulamalari ¢ok sayida tasarim denklemi ile beraber, kendine 6zgii gereksinimlere ve
kisitlamalara da sahiptir. Tasarimin da tek bir ¢6ziimii yoktur. Ayni zamanda karigik-
sinyal sistemlerinin en 6nemli anahtar parcasidir. Giiniimiizde, tasarim sorunlarinin
yani sira performans parametrelerinin birbirleriyle olan baglantisi ve etkilegimleri de de-
vre modellenmesi acisindan 6nemli bir konu olmustur. Oyle ki, tiimlesik devre iiretici-
leri analog tasarim otomasyon araclarini, verimliligi arttirabilmek icin bir ¢6ziim olarak
gormektedirler. Buna ek olarak, otomasyon araglarini hizlandirmak i¢in tasarima uy-
gun olmayan veya performansi yeterli olmayan devrelerin gereksiz yere zaman har-
camasini engelleyecek, performans degerlendirme araglari kullanilmaya baglanmigtar.
Bu calismada, karigsik-sinyal sistemlerinin performans tahmini icin genel bir yontem
onerilmektedir. Bu yontem, optimizasyon algoritmalarini ve Spice benzeri simiilator-
leri kullanmadan, Pareto Egrisi tanimindan faydalanmaktadir. Performans tahmini,
verilen bir teknoloji i¢in, iyi belirlenmig performans tasarim-uzay: aragtirmasi gerek-
tirir.  Karngik-sinyal sistemlerinin karmagikhgr giderek arttik¢a bu sistemlerin genis
capli tasarim-uzayi aragtirmasi icin ihtiyag¢ duydugu siire de hizla artmaktadir. Bu
sebepten, daha hizli ve daha dogru bir tasarim-uzay: aragtirmas: icin Matlab tabanh
bir kiitiiphane hazirlanmigtir. Daha sonra sistemin her bir bloguna Pareto Egrisi yak-
lagim1 uygulanacaktir. Ek olarak, optimum ¢6ziim kiimelerinin (Pareto Egrileri) or-
taya cikarilmasinin yani sira sistemin her bir bloguna ait yaklagik bir tasarim da elde
edilecektir. Son olarak, elde edilen Pareto Egrilerinin birlegtirilmesi cebirsel ifadelerle

desteklenerek ele alinacaktr.
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1. INTRODUCTION

The signals in the real world around us are analog signals and the connection
between the real world and the electronic system is realized by analog circuits while
sensing, amplifying or processing these signals in a continuous domain. In other words,
most electronic systems must interface with the real world via analog circuits. At the
same time, analog circuits are the key components of mixed-signal systems. Besides,
the total design time is generally dominated by analog circuits in these systems because
design of analog circuits requires a deep insight into both physical and technological
parameter interactions. Moreover, every application of analog circuits has specific con-
straints and requirements with a large number of design equations, and also there is
no unique solution of the design. Furthermore, analog circuits are sensitive to supplies,
noise, loads, temperature etc. Consequently, analog design has traditionally been con-

sidered as a difficult discipline.

In the past decades, CMOS (Complementary Metal Oxide Semiconductor) tech-
nology was the dominant semiconductor technology for analog systems due to the
low-cost and high performance solutions. In addition to this, low-voltage, low-current
circuits (both analog and digital) and application specific integrated circuits (ASICs)
have risen to dominate the market. However, design in the analog domain requires
more creativity in evaluating the large number of free parameters and the interactions
between them. Due to this fact, design of analog circuits is much more complicated
compared to that of digital systems, and analog designs have been carried out by ex-
perienced designers. Also, many performance parameters such as gain, speed, power
dissipation, bias voltages etc. are to be considered at the same time. Hence, while

designing analog circuits, parameters require many trades-offs between specifications.

In the past, analog design lacked Computer Aided Design (CAD) tools, which
improve efficiency and productivity of the design. However, nowadays, Analog Design
Automation (ADA) has become an important research field aiming to overcome the

design problems of mixed-signal systems such as complexity, faster and more accurate



modeling, topology selection etc.

An ADA system, which is illustrated in Figure 1.1, has generally three main
levels- system level synthesis, circuit level synthesis and layout level synthesis- and
five intermediate blocks-Performance estimator (PE), library, simulator, layout advi-
sor and circuit extractor. At the top, there is a system level synthesis tool which takes
behavioral specifications as its inputs and provides a block diagram solution while in-
teracting with the library block. Circuit level synthesis tool is present at the second
level. Detailed implementations of the given specifications and a block diagram are
taken from the system level tool. Fully-sized device level circuit schematic is prepared
by using the selected technology. A simulator block is used for calculating DC so-
lutions, solving user-defined equations or finding AC behavior. A circuit level tool
is responsible for fabrication considerations (such as mismatch and tolerances). At
the bottom, layout level synthesis takes place, which is responsible for translation of
the electrical schematic of the circuit into a geometrical representation of the layout.
Circuit extractor block is the crucial part for making detailed circuit simulation by
considering layout parasitic effects. Before the generation of the layout, layout advisor
block speeds up the verification process by giving necessary information on different

parasitic effects of the circuit.

One of the significant blocks of an ADA system is the PE tool which is generally
based on optimization techniques supported by Spice-like circuit simulators and behav-
ioral modeling, interactions between system level synthesis and circuit level synthesis
[1]. At the circuit level, sizing of analog cells requires consideration of all variations
of the parameters for each transistor. When it is assumed that a selected technology
provides a lower bound of a transistor size is 0.5 pm and an upper bound of Imm and
each time the sizes are swept by 1 um steps, it is easily calculated that 1000 data points
for a single transistor are needed. As a result, 1000'° data points must be calculated
for a simple 10 transistor-analog block. Without a PE, numerous possibilities, most
of which do not meet the performance specifications, are evaluated at the circuit level.
Unfortunately, too much time will be wasted until a desired result can be obtained.

Therefore, a crucial block which has to make fast approximations for circuit level and
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Figure 1.1. Flowchart of analog design automation system.

allows some error levels within certain bounds has to be constructed so that the circuit
level does not have to realize unfeasible results. Consequently, the utilization of PE
speeds up the overall performance of an ADA system. PE gives hints for optimization
or sizing to the circuit level. Thus, PE avoids unwanted sections of the design space

and obtains a tradeoff between competing performance parameters.

1.1. Purpose of the Thesis

The main objectives of this thesis are summarized as follows.

PE techniques are widely used by the designers in order to speed up the au-
tomation process, which has to satisfy the following two significant issues: reasonable
accuracy and time-consumption. Definition of PE problem can be given as follows: PE
must be able to handle any circuit topology, accepting some performance parameters,

Pn, (gain, bandwidth, slew rate etc.) as variables, and estimating the remaining perfor-



mance parameters. The problem is to find an expression or at least estimation for a p,
in terms of each other without having to calculate i,,, (width, length of the transistor,
current, bias voltages etc.). There are several modeling approaches of analog blocks
such as behavioral, simulation-based, knowledge-based, and manually-generated mod-
eling (design planning) etc. Each approach has its own advantage and disadvantage.
As mentioned before, the main tradeoff is the accuracy of the model and its execution

time. In Table 1.1, a summary of comparison of PE approaches is given.

Table 1.1. Comparison of PE approaches

PE Approach Advantage Disadvantage
Table-Based Approach Simple algorithm, wuseful for Requires large memory,
small blocks huge tables

Auto-Generated Modeling  Intelligent design, decreased May not be valid in all re-
modeling time gions of operation

Manually-Generated Mod- Better model accuracy, less ex- Topology specific

eling ecution time

Simulation-Based Template The best model accuracy data Execution time, local

Fitting or Knowledge- fitting, optimization, large in- min/max problems

Based formation in literature

Although forming a look-up table (brute force) should be the simplest solution,
the size of the table could be a problem. However, a simple algorithm is adequate for
simple circuits such as output stages, R-C circuitry etc. Using the analytical equations
of MOSFET models can be a good solution for execution time-accuracy tradeoff. If
they are specific to a topology, analog designers have to derive new equations manu-
ally for a given new analog block and therefore, this approach becomes impractical for
such complex blocks. However, it consumes less execution-time and it has an accept-
able range of accuracy when compared to the other approaches. On the other hand,
auto-generated modeling with analytical equations can be applied to any topology. Ex-
ecution time can be reduced by applying intelligent design methods; nevertheless, their
accuracy cannot be as good as that of the topology-specific ones because they may not
be valid in all regions of operation (from weak to strong inversion). The best model

accuracy can be achieved by simulation-based or knowledge-based approaches since



they are provided by powerful Spice-like simulators and/or optimizers. In addition, a
designer can find extensive information about different optimization and data fitting
techniques for PE, but they suffer from long execution time. In this thesis, manually-
generated PE approach is selected in order to utilize the advantage of less execution
time. The accuracy is also adequate within certain error bounds. The disadvantages of
the manually-generated models (this can be named as design planning) are that they
are specific to the selected topologies and designers have to derive new equations manu-
ally for a given new analog block and thus, this approach becomes impractical for such
complex blocks. Therefore, hierarchical decomposition of a complex system is applied
so that the advantage of manual design of simple subblocks can still be exploited by
determining the performance of each subblock. Moreover, an analog designer is still

the key element and has the control of the design process.

PE tool helps the circuit level synthesis by giving hints about design plan of the
circuit and eliminating unfeasible solutions. Since PDS of analog blocks refers to the
elimination part, an approach is required for obtaining optimum solution set which can
be derived from that PDS set. In the literature, PE tools widely use optimization tech-
niques for optimum solution sets. In the past, single-objective optimization algorithms
were used; however, local minima/maxima problems might be encountered. Therefore,
multi-objective optimization is preferred and Pareto Front (PF) approach is the most
desired one. The concept of Pareto optimality is the evaluation of optimization of one
performance feature related to other performance features, i.e. a performance feature
is called Pareto optimal if it can only be improved at the expense of deteriorating an-
other performance feature [2]. In our study, there is no optimizer or simulator; only the
definition of PF is used and then, an elimination method called dominance rule will be
applied to PDS set. It will be shown that execution time is reduced when compared
to other surveys. This approach can be applied to all performance parameters such as
bandwidth, delay, input resolution, gain etc. In other words, it is not limited to the

area-power tradeoff as proposed in some publications |7, 53, 54].

PE approach together with PF can also be used as a standalone tool as a topology

selector. In the literature, there are several applications for that purpose. In this thesis,



the approach can advise us which topology must be preferred in an automation process.
PE modeling and PF approaches use different algorithms and simulators. Most of them
are only practical for small blocks. However, today’s circuitry requires PDS of complex
mixed-signal circuits. Therefore, researchers have decided to cope with the complexity
problem by hierarchical decomposition of the large systems as mentioned before. This
decomposition can be done either manually or automatically. Topology-specific design
automation systems, whose subblocks are already extracted for the system, such as
sigma-delta ADC, P-ADC, charge-pump phase-locked loop (CPPLL) etc. dominate
the literature. For example, sigma-delta ADC has three main subblocks: integrator,
comparator and digital to analog converter (DAC). In this thesis, PE tool can be
implemented to specific systems whose subblocks are already found or whose subblocks

are determined by an algorithm called topology divider.

The designer needs a fast way to get insight into capability of the whole system
after the decomposition process. Since PF of subblocks are obtained, a composition
algorithm must be applied to subblocks in order to achieve the PF of the main block. In
the literature, composition is again based on an optimization procedure with powerful
simulators, which is a very time consuming issue. Determining PE using the design
space sets is a costly process. Instead, Pareto points can be used for that purpose.
This is the advantage of PFs, especially when the systems start to become more and
more complex. The approach suggested here, for the first time, is simple and fast:
any operation which preserves the domination rule can be used in connecting the

performance parameters.

1.2. Background of the Problem

Literature survey is divided into two sections; modeling approaches of analog
blocks and PF approach in PE tools. Definition of PE will be given, and then, modeling
approaches will be investigated. After that, different approaches, which use PF concept,

will be investigated.



1.2.1. Performance Estimation Model

Let us assume P; is a performance parameter of any analog circuit such as gain,
bandwidth, slew rate, output resistance etc. and I; is an independent circuit parameter
influencing the performance such as current, width, length of MOSFET etc. The

performance of the circuit can be defined by the following expressions:

P =fi(IL,1,... I)
P2:f2([17]27"'7]m)

Pn:fn(-[17-[27"'7]t)

The problem is to find an expression or at least estimation for P; in terms of each other
without having to calculate I;. In general, the functions f; are non-linear and most
of the time it is very complicated to express them analytically. From this problem

statement, therefore, it is obvious that developing a PE tool is a very difficult task.

One simple solution would be to form a look-up table for all combinations of the
parameters I; once and to search from the table the required performance criterion F;
combinations each time. Although forming a look-up table seems to be the simplest
solution, the huge size of the table could be a problem. This method can be named
as the brute force approach. There is an important point which has to be taken
into account; the performance of analog blocks is strongly tied to the behavior of the
transistors. Therefore, an accurate modeling has to be used; otherwise the performance

or feasibility of the design cannot be evaluated correctly.

PE modeling can be grouped into two main areas: generating macromodels and
design space exploration. Generally speaking, macromodels are extracted for one spe-
cific circuit that is fully designed at cell-level; as design variables are changed, the model

must be re-extracted. Moreover, at system level synthesis, CPU time and engineering



process may be costly. Unfortunately, extracting a macromodel is necessary but not a
sufficient solution to the problem. Therefore, exploring the design space plays an im-
portant role in system-level analog synthesis. For instance, a method which gives the
designer access to the design space boundaries of a circuit topology is proposed in [3];
multi-objective genetic optimization is employed in that study. The authors proposed
a performance evaluation tool which uses a given set of design variables and calcu-
lates a set of circuit performances then combines them into an overall cost function.
Optimization method plays an important role in minimizing the cost function while
satisfying the given performance constraints. It is claimed that multi-objective opti-
mization method is superior to the single-objective optimization since it, for instance,
reduces the number of cost function evaluations. After gathering the data points, mul-
tivariate regression method is applied in order to construct the Pareto-optimal hyper
surface. To automate this procedure, a framework called WATSON was developed.
The main advantage of this approach is that no restriction is imposed on the shape of
the design boundary space which can include non-convex portions and discontinuities.
In addition to this, the algorithm finds the global optimum rather than getting stuck
at a local optimum. On the other hand, computational effort can still be a problem
since the Miller op-amp, for example, is modeled in five and a half hours on a Sun

Blade 1000 machine.

Authors of [4] had proposed a method which is a mixture of a simulation-based
design space exploration and macromodeling techniques. Posynomial format was used
in modeling because they tried to guarantee convexity without any local optima. Au-
thors claimed that no automatic posynomial recasting approach had been reported by
the end of 2003. The proposed automation method is a simulation-based generation
of posynomial performance model for the sizing of analog circuits. Basically, their
approach generates numerical performance data samples for all circuit characteristics
based on numerical SPICE simulations using accurate device models. The actual per-
formance data are extracted from the simulation results using a set of performance
extractor scripts after the SPICE simulation. Then, a posynomial template is fitted to
these data. This fitting was applied in two ways: indirect-fitting method and direct-

fitting method. The signomial and posynomial fitting techniques were implemented
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in Posynomial Response Surface Modeling (PRISM) prototype. The performance of
model generation is given like this: CMOS OTA was taken as an example. PRISM was
run on Intel Celeron 466 MHz running Linux. The analysis servers ran on 16 UNIX
workstations ranging from a SUN Ultra SPARC I to HP B-1000 using their native OS
in parallel manner. The simulations needed to obtain a full orthogonal hypercube of
sampling points took 3 minutes. Although the execution time seems to be reasonable,
TCP-based client-server system including sixteen workstations was used for analysis
computation. In Figure 1.2, simplified flowcharts of [3] and [4] are illustrated so that
these approaches can be comprehensible. As mentioned before, these approaches are

provided with a simulator and/or an optimizer.

A different performance modeling approach which is based on support vector
machines (SVM) is proposed in [5, 6] . Authors of [5] studied SVMs as a way of ap-
proximating the performance relation and compared 2-class SVM and one-class SVM
solutions. On the other hand, least-squares support vector machine training type
of regression was applied in [6]. It was shown that LS-SVM is advantageous over
least-square regression and regression using polynomial models in terms of accuracy,

prediction and reduction of free model tuning parameters. One can even make mod-
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Figure 1.2. Simplified flowcharts of WATSON and PRISM.

els after optimization with all the simulation data from the run. Authors of [7] had

implemented a system which generates data points from a tool called EsteMate and
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calculates power and area requirements using an optimal sizing which is performed by
another tool called OPTIMAN (Optimization tool for analog system). EsteMate tool
has two responsibilities: it uses a grid to sample the parameter specification space of an
analog block and then, it sorts the selected samples. The samples are used as a training
set for an ANN system which helps to represent a model between block parameters
and power/area constraints. On the other hand, optimal device sizes for the given set
of specifications and optimization targets are performed for each selected sample by
OPTIMAN that uses global optimization algorithm (Simulated Annealing) followed by
a local optimization algorithm. Actual optimal power/area values, which are reference
for ANN system, are derived from optimal device sizes. Evaluating the ANN, accepted
and rejected samples are grouped and rejected samples are eliminated automatically.
Finally, power and area estimation are obtained. However, for a comprehensive esti-
mation performance, the number of useful samples that is obtained from the parameter
space is not enough because a much higher number of samples are required for all per-
formance parameters. This usually leads to a time consuming procedure. For instance,
2500 samples were selected for class AB op-amp and calculation of the training set

took 48 hours of CPU time (Sun Ultral-170).

Symbolic analysis is also an attractive solution to PE problem. The authors of
[8] had declared that they had proposed the first-ever tool to do template-free symbolic
modeling, called Canonical Functional Form Expressions in Evolution (CAFFEINE).
This method automatically generates compact symbolic performance models of analog
circuits without any equation template. SPICE simulation data is taken as input space
and genetic algorithm is applied as a means of traversing the space of possible symbolic
expressions which are designed to be in the form of canonical functions. Symbolic mod-
els, which are the output of the system, provide a tradeoff between error and model
complexity. In addition to this, it is claimed that the method demonstrates better
prediction quality than posynomials. There have been proposals to leverage numerical
performance modeling to improve efficiency. As we know, a performance model is a
mathematical model relating the performance characteristics of a circuit to the design
variables. Accuracy is maintained by constructing the performance model based on

sample sets of SPICE simulation data. Authors of [8] compared some different model-
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ing approaches such as polynomials, posynomials, genetic programming, feed forward
neural networks, multivariate adaptive regression splines, support vector machines.
The best prediction results are obtained by genetic programming, CAFFEINE tool,
according to the authors of [8], however it is costly to construct. Multivariate adaptive
regression spline is next-best. SVM and FFNN are all very close. Polynomial reference
model is the worst approach. On the other hand, posynomials are easy to optimize
on; however, the important point is reducing circuit simulation time. In Figure 1.3,

simplified flowcharts of [7] and [8] are illustrated. It is a well-known fact that there is a
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Figure 1.3. Simplified flowcharts of [7] and |8|

tradeoff between accuracy and speed in PE modeling. Although the approaches, which
are based on the Spice-like simulators, are the best solution to the accuracy problem,
simulating an entire system makes the execution time so high that it is not applicable
to analog sub-blocks which have more than three or four transistors such as differential
pair stage, advanced current mirror stages etc. Therefore, behavioral macromodeling
techniques which represent the mathematical equivalent of the original block are de-
ployed in order to simulate analog blocks in practical amounts of time. As mentioned
before, macromodels are usually created by the same person who designs the original
block. Many complex blocks are modeled by this approach. It is also possible to auto-
matically build models such as using neural networks and splines before sizing. In this
method, a target error level is tried to be obtained so that the model tries to capture
whole mapping even for the infeasible regions in the performance space. Therefore,

much more samples than necessary are taken.
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Harjani and Shao [9] proposed a numerical and general macromodeling solution
for the accurate prediction of feasibility and performance which have to be checked
and evaluated for a given topology. They also mentioned that the simple solution
was to try out all the possibilities; however, it is obvious that the design time in-
creases exponentially. Their methodology, which uses general basis functions to per-
form macromodeling and general techniques for experimental design, is made of two
macromodels: feasibility and performance macromodels. The behavioral specifications
include the domain of the input variables and the constraints on the output responses.
Experiment design techniques reduce the number of experimental runs, and thus they
can save some execution time. Firstly, vertical binary search method is applied to the
feasibility region which has boundary points. Once an adequate number of data points
are collected, a macromodel can be built for the feasibility region. Then, static experi-
ment factorial design technique is applied in order to measure the variable significance.
While constructing a macromodel, some input variables which have more influence to
the output response are taken into account whereas the rest are discarded from consid-
eration. Even among the selected significant input variables, the degree of influence on
the response is different. Therefore, in order to obtain savings in regression analysis,
variable screening and variable grouping that is called dynamic volume slicing tech-
nique are implemented. The set of significant input variables, which are also grouped
into layers, is obtained. Eventually, the method is ready to construct the macromodel
by employing radial basis function model as regression analysis. Authors claimed that
the performance macromodel of OTA was obtained in 524.34 seconds CPU time with
196 experiments. One major disadvantage of this method arises while obtaining the

data points from the feasibility surface since it is a non-convex curve.

Wavelet basis functions have also been used for behavioral modeling of analog
circuits. Approximating the input-output function of any topology by wavelet colloca-
tion method is proposed in [10] with multi-companding algorithm. The crucial part of
the method is to decide on how to determine the companding function automatically
for any circuit. Multi-companding algorithm consists of four steps. Firstly, the original
modeling error distribution is obtained by estimating the original input-output func-

tion of an analog block. This procedure is called the adaptive scheme. Next, using
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the modeling error distribution, the nonlinear companding function is automatically
generated. Thirdly, nonlinear-companding algorithm is used to compand the original
input-output surface to control the error distribution continuously. Finally, adaptive
scheme is applied again to the model in order to decrease the number of used wavelets.
As a result, modeling is achieved with reasonably low error value with fewer wavelets.
However, execution time of the companding function generation is high because of sev-
eral optimization procedures. Therefore, this model seems to be useful when a large

number of repeated analog blocks are present.

An alternative modeling methodology, the black box modeling, is proposed in [11].
Only the input-output behavior is needed to construct the model; however, in order to
generate the data required to fit the model equations, the circuit has to be simulated
by a compact model before the modeling procedure starts. Artificial Neural Network
(ANN) technique is used for fitting. The theory behind the black box modeling is
straightforward. Firstly, the circuit has to be simulated and several data points have
to be obtained. Then, the output has to be written as a function of the states of the
system and as an external drive signal in the form of two-port network representation.
Finally, those functions build the model by fitting the measured or simulated output
variables to the measured or simulated independent variables. This simple method
could be useful instead of using a huge model. On the other hand, this method is not
good enough as the desired estimator tool should accept any topology without any
knowledge of the behavioral model. It would be a time wasting procedure to simulate
the given topology to obtain the data points for ANN. In addition, ANN models reduce
the error (difference between measured and simulated outputs) to an approximate level.
However, the error level at some regions of the model could be so high and if the model
operates at these regions, undesired results can be obtained. That is the main problem

of the ANN models.

A transistor modeling tool [12| has been proposed using the combination of pa-
rameter extraction and simple analytical equations. Extraction of Early voltage is
implemented in the X-Ray tool which is based on inversion level modeling. Blue Print,

the second tool, combines the data points from X-Ray and analytical equations to size
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the transistor. One drawback of the tool is that Blue Print takes the first result found
among multiple ones. An improved equation arrangement formulation could be the
subject of another study. Moreover, analytical equations are topology-specific. For

each transistor, early voltage has to be extracted for second order effects.

There is another analog PE tool which is not a PE in our definition of the con-
cept, but it tries to make a prediction for the nonlinear performance equations. APE
[13] contains interesting features and the most significant one is the hierarchical de-
composition of the circuits to its analog subblocks. In APE, basic circuit elements such
as resistors and capacitors are modeled analytically at the lowest level. Then, using
these basic circuit elements, basic analog building blocks such as current mirrors and

differential amplifiers are constructed. At the top of the system, op-amps are modeled.

Using analytical equations which are specific to the topology can be a solution to
construct the circuit model in reasonable execution time. However, those equations are
derived manually for a given analog block and for each new circuit; analog designers
have to derive new equations. This is not a good solution for complex analog blocks
because deriving an analytical equation according to the MOSFET models increases

the set-up time of the system.

Proposed methods in [14]-[15] are based on using the analytical equations of the
EKV model to estimate the behavior of some basic blocks and later on utilizing the
block estimations to arrive at the final circuit PE. The estimator is coded in C-+-+
programming language. Design equations are implemented into the code which takes
the performance parameters as input and gives us the estimation results, solution sets,
or optimum results as outputs. The main advantage of this method is its combined

execution time and accuracy.

1.2.2. Pareto Front Approach in PE

PE tool helps the circuit level synthesis by giving hints about optimization and

eliminating unfeasible solutions. Since extracting PDS of analog blocks refers to the
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elimination part, an approach is required for obtaining optimum solution sets which
can be derived from that PDS set. As a result, PF approach can be preferred because
PF can handle all interacting parameters and constraints of an analog design.

Assume that the optimization can be formulated as follows:

minf (xq) subject to c(xq) > 0

where x, representing the design parameters x4 = [z41,...,%qx] is subject to the
sizing process. Appropriate design parameter values have to be calculated such that
the performance is optimal. The constraints ¢ (xz4) > 0 describe AC/DC behavior of

the transistor for proper operation, stability and robustness.

Multi-objective optimization techniques can be grouped into two: stochastic and
deterministic methods, which are commonly found in the literature for the systematic
generation of the Pareto points. In the past, only single Pareto point was calculated

but today designers focus on extraction methods of many Pareto points.

Two different deterministic simulation-based methods are described in [16] for
PDS. One of them is based on normal boundary intersection method and the other one
is based on a linearized circuit model. The authors have mentioned that exploring de-
sign space is useful and a key factor for hierarchical sizing in terms of; topology selection
and feasible system parameter space. In [17], detail of the normal boundary intersec-
tion method is given. It is based on circuit simulations including sizing, technological
and topological constraints. In addition to this, sequential quadratic programming
SQP algorithm is used to solve the NBI problem so that a designer can explore the
performance capability of a circuit block and the trade-off analysis by evaluating the
feasible performance space and the Pareto fronts of computing performances. More-
over, goal attainment method, which is described in [18], formulates the optimization
problems instead of NBI. A sequential quadratic programming (SQP) algorithm is used
to minimize each of these optimization problems independently. This new approach
called Wave Front SQP algorithm solves the optimization problems simultaneously in-

stead of solving each GA optimization problem independently with a SQP algorithm.
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Therefore, significant improvement has been achieved in the efficiency of Pareto front

extraction.

In addition, the authors of [19]-[20] tried to implement the technological variations
into the Pareto optimization problem. This approach uses the worst-case performance
values of the Pareto points. In other words, it is a combination of Pareto-Front ex-
traction and worst-case analysis. Variations of the given technology are modeled by
statistical distributions. In conclusion, at each Pareto point, a realistic worst-case

analysis is done.

Pareto optimization is also very popular in industrial applications. In real world
applications, genetic programming is usually used in developing nonlinear models.
However, high accuracy and high fitness models are very complex and very sensitive to
minor changes. Furthermore, lower complexity requires time-consuming experiments.
The solution is Pareto Front optimization, which is a significant approach for generating

high-performance models. An example of this can be seen in [21, 22, 23] .

PE modeling and PF approaches use different algorithms and simulators. Most
of them are only practical for small blocks. However, today’s circuitry requires PDS
of complex mixed-signal circuits. Therefore, researchers have decided to cope with
the complexity problem by hierarchical decomposition of the large systems as men-
tioned before. For example, in [24]-[25] , charge-pump phase-locked loop system and a

continuous-time delta sigma modulator are taken as a case study.

PE tools can also be used as a topology selector. For example, the authors of
[26]-[27] create thousands of analog circuit topologies using simple blocks and obtain
Pareto-optimal sized topologies from them. Experimental results show that 15 topolo-
gies were returned as an optimal solution among a couple of thousand topologies in
approximately 5 days on 2 GHz Linux machine covering 100.000 search points. On
the other hand, they reach the conclusion that a dozen op-amp topologies serve most
purposes. Moreover, in [28], Liu et al. use PFs for searching the best solution from

different topologies in a topology library of analog cells.
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Furthermore, in [29], hierarchical synthesis of PF is studied considering recon-
figurable circuits, but it has not been applied to any systems yet. PF composition is
studied in [30]; however, only three possible operations are presented. Consequently,
it should be observed that there is an increasing interest in PFs for PE of mixed-signal

systems.

1.3. Contributions of the Thesis

In this thesis, the main goal is to develop a PE tool for ADA systems. The
proposed approach has three main sections: Library, PF extraction and PF composi-
tion, which are illustrated in Figure 1.4. There is also an optional block, namely, the

topology divider which will be described in section 3.1. The approach is composed of
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Figure 1.4. Sections of proposed PE tool

different methods but uses their most advantageous points. Novel contributions of this

paper are summarized below.

e The Library: It provides PE design plans of analog blocks which are generated by
EKV MOSFET model. Analytical equations of EKV model are preferred instead
of BSTM3 model in order to generate a design plan of an analog block. Nowadays,
MOSFET is modeled at the moderate inversion region in most of the design pro-
cess. The advantage of EKV model is the continuity in all regions [31]. On the
other, BSIM3 has some problems in the moderate inversion region. In addition,

the number of EKV model parameters is less than the number of BSIM3 model
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parameters so that EKV is more suitable for paper work analysis.

In our work, it has been observed that a maximum of three hours is adequate
for collecting PDS estimation and the estimation results are verified within an
acceptable error rate. The library, which has been used as an embedded PE
tool for sigma-delta ADC design automation system and already proposed in [32]
where the library also enables us select the best op-amp topology through the

automation process, serves most purposes for mixed-signal systems.

If the given system does not exist in the library, it is partitioned into subblocks so
that the designer has the advantage of observing the behavior of subblocks which
may affect the performance of the whole system. In other words, performance
tradeoffs of subblocks can be defined by PFs. In this thesis, the designer not
only evaluates PE of subblocks but also attains knowledge about an approximate
design including circuit and design parameters of each subblock. In this thesis,
PE tool can be implemented into a specific system whose subblocks are already

found or whose subblocks are determined by an algorithm called topology divider.

PF extraction: PF extraction provides less execution time when compared to
complex optimization algorithms. Since PDS is already explored, only a simple
algorithm is applied to that data set and then Pareto set is extracted quickly.
Each Pareto point refers to circuit and design parameter sets, which are saved
by the library for circuit level synthesis. Illustration of PF extraction is given in
Figure 1.5. PDS of any block in n dimensional space is considered as an input for
the PF extraction. At the output, PF of the given block is extracted from the

input by an algorithm in n-dimensional space.

PF extraction

PDS of a block for Geometrical N-dimensional

X ; ) ance —p
N-dimensional Sominance PF of a block
Algorithm

Figure 1.5. Demonstration of PF extraction
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e PF composition: A designer needs a fast way to get insight into the capability
of the whole system after the generation of PF of subblocks, which is shown in
Figure 1.6. Therefore, a fast composition process of PF is required. However,
in the literature, this process is based on optimization procedure with powerful
simulators, which is very time-consuming. Estimating overall performance using
the design space sets is a costly process. Instead, Pareto points are used for
that purpose. This is the advantage of PFs, especially when the systems start
to become more and more complex. The approach suggested here, for the first
time, is simple and fast: any operation which preserves the domination rule can
be used in connecting the performance parameters. The composition process will

be explained in details in Chapter 5.
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Figure 1.6. Demonstration of PF composition

e Applications: Utilization of PE tool can be classified into two: single-level per-
formance estimation (SL-PE) and multi-level performance estimation (ML-PE).
If the given system is partitioned to its subblocks, each subblock constitutes a
new level and the system is evaluated as a ML-PE, which strongly requires a
composition process. PE tool can also be used as a topology selector in both
SL-PE and ML-PE. For example, design automation system in [32] provides this
property by comparing different op-amp performances in relation to the given

input set for an optimum solution.
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1.4. Overview of the Thesis

The thesis is organized as follows: Chapter 2 provides a short overview of the pro-
posed methodology, which has three main parts; the design plan library, PF extraction
and PF composition. Chapter 3 covers the design part. In this chapter, early stages
of the tool are described starting from the topology divider algorithm. Then, EKV
MOSFET model, which will be used in PE design-based modeling of analog blocks,
is briefly explained. Details of the design procedure are introduced and some design
examples are examined. Verification of the models is provided with case studies. In
Chapter 4, the concept of Pareto optimality is introduced. Next, an algorithm, which
is extracted from the definition of PF, is developed for n-dimensional space and it will
be shown that the speed of PF extraction is faster than the proposed approaches in
the literature. This will be demonstrated by different examples. Chapter 5 continues
the Pareto concept by introducing the composition process. PF composition is applied
to subblocks of a given system and effectiveness of the proposed method is verified
by examples. Chapter 6 applies the proposed library, PF extraction and composition
methods to different mixed signal systems. The library will be used in a sigma-delta
automation system as an embedded PE tool. Then, a Flash ADC system is taken into
account. The last example is the Pipeline ADC system automation. Performance of
the thesis is discussed in this chapter. Finally, in Chapter 7, some conclusions and
contributions of this thesis are summarized. Eventually, some recommendations for

the future work are specified.
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2. THE PROPOSED APPROACH

In this thesis, the main goal is to find a suitable tradeoff between accuracy and
execution time of the approach. Therefore, a hybrid approach to the problem is pro-
posed. Reasonable execution time, high accuracy property of topology specific ana-
lytical equations and/or topology-free design space exploration property will be used

together. The flowchart showing the main blocks of the PE tool is given in Figure 2.1.

Any given topology (system), which can either be that of a well-known analog
block or that of an application specific analog block, is taken as input to our system
and whether or not its existence in the library is checked. If the topology exists in
library, then the performance model is readily available and there is no need to waste
time on modeling; if it does not, any approach summarized in literature survey can be
applied to that topology. However, the execution time is still a problem. Therefore, the
topology will be divided into its sub-blocks such as differential input stages, current
mirrors, op-amps etc. and whether or not a sub-block’s existence in library will be
checked. If yes, one can use the predefined performance model in the library; if not,

any behavioral modeling can be applied to the subblock.

If the given block has no subblocks, SL-PE is evaluated. PDS of the block is gen-
erated regarding input specifications and then PF extraction is considered. If the given
system has subblocks, the procedure is called as ML-PE. In addition, determination of
subblocks can be implemented manually or automatically. Assuming that a system’s
subblocks are already determined, there is no need to partition the system. In other
words, topology divider block is bypassed. However, if there is no knowledge about the
given system, "divide and conquer" method can be applied by topology divider block.
As a result, topology divider can be considered as an optional block (block 1). If a
subblock does not exist in library, any PE approach from literature can be applied to
that subblock (block 2). In our research group, an optimizer, which was also developed
for ADA systems, can be used for that purpose. As a result, execution time will be

reduced as any approach will be applied to a sub-block rather than the main analog
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Figure 2.1. Flowchart of the proposed PE.

block. It should not be overlooked that the construction time of modeling increases

exponentially with the number of elements in analog blocks. Finally, composition of
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PF is taken into account. PF of each subblock is combined together in order to obtain
the PF of the main block. Two or three-dimensional graphical representation of PFs,
look-up tables for N-dimensional optimum solution sets and an approximate design of

each subblock are obtained as an output of the PE tool.
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3. DESIGN PLANS OF ANALOG BLOCKS

This chapter covers the strategy of design plans. Early stages of the tool are
described starting from the topology divider algorithm. Then, EKV MOSFET model,
which will be used in PE design-based models of analog blocks, is briefly explained.
Details of the design procedure are introduced and some design examples are examined.

Verification of the design-based models is provided with some case studies.

3.1. Topology Divider Block

Topology divider block (block 1) is executed with the C++ programming lan-
guage. The details of the division process are illustrated in Figure 3.1. To start the
process, Spice-like net-list file of a topology is constructed and used as a source file of
the code. The code reads the transistor information such as its drain, gate and source
connections. Then, basic analog components which are - for example, current sources
and current mirrors - and differential input stages are searched. To give an example,
assume that the code finds two nMOS transistors. If the gate connections of both tran-
sistors are common and if the drain and gate connections of one transistor are combined
to each other, these two transistors are saved as simple nMOS current mirrors. After
that all simple basic components are displayed so that initial information about the
topology can be evaluated. At the second stage, cascode-type connection possibilities
such as cascode current mirror, low-power current mirror, cascode differential input
pair blocks etc. are scanned. Next, using the basic components and cascode-type con-
nected elements, more complicated sub-blocks such as differential input stages, which
consist of a current source, differential input pair and a current mirror, are explored.
At the third stage, pre-defined blocks obtained in stage three are evaluated if their
connection possibilities yield main analog blocks like Miller op-amp, folded cascode
op-amp or cascode op-amp. Finally, the number of transistors in the net-list and that

of those found in the code are compared to see if there is an inconsistency.
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Figure 3.1. Flowchart of topology divider algorithm.

3.2. The Library: Generation of EKV-Based Analog Designs

The library is based on analytical equations of EKV MOSFET model to estimate
the behavior of analog blocks such as current mirrors, differential input stage, output
stage, op-amps, comparator etc. EKV-based analog designs are coded in C++ pro-
gramming language. Model equations are implemented into a code which takes the
performance parameters as input and gives the estimation results, solution sets, or
optimum results as outputs. Moreover, an analog designer is still the key element and

has the control of the design process.

In this approach, analytical equations are applied to the analog blocks. The
‘divide and conquer’ method, which means partitioning the main analog circuit into its
analog sub-blocks according to its device library, can be utilized to this end. Modeling
each analog sub-block with its simple equations analytically is easier to translate the
input specifications of the main analog system to its sub-blocks so that the partition
is at its lowest level. For example, a typical Miller (BTS) op-amp is composed of four
analog building blocks, namely differential input pair, current mirror, common source
driver and a current source. At one step higher level, a differential input pair and a
push-pull output stage might be present. As a result, the estimator was coded in C++
programming language. Model equations were implemented with a code, which takes

the performance parameters as input and gives the estimation results, solution sets, or
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optimum results as outputs.

PE design plans in [32] have been improved by increasing the accuracy of solutions
to analytical equations which result in g,,/Ip and g4 parameters. Before going into
details of the design algorithms of different analog circuit examples, EKV MOSFET
model will be described briefly.

There are several MOSFET models in the literature, however, the fundamentals
of the modeling concept stems from Solid state physics. In analog design, the expression
given in Eq. 3.1 is quite simple but accurate for older technologies. When submicron
parameters are considered, this expression is not adequate. In Figure 3.2, analog design
and its verification process loop can be seen. Here, the problem is to define a model
in order to minimize the trial-and-error simulations and the mismatch between the

spaces.

Circuit
Performance

Design Space

ndependent
Circuit

Pararneter

Space

“erification
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Figure 3.2. Analog design loop.
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Most researchers believe that the expression which is given in (3.2) is the root of all
MOSFET modeling approaches. In other words, the technique by which the total
electron charge density (@Q,) at the junction and the voltage variation are derived
determine the modeling type. In the expression, z; represents deep of the surface
space-charge region. J is the current density. Although the formulation seems easy

to derive, the strong relation between (), and voltage variation has to be taken into
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av

W (3.2)

0

3.2.1. EKV MOSFET Model

The EKV MOSFET Model is a fully analytical model dedicated to the design
and analysis of low-voltage, low-current analog circuits. EKV is the abbreviation of
the surnames of Christian C. Enz, Francois Krummenacher and Eric A. Vittoz, who
are from Swiss Federal Institute of Technology of Lausanne (EPFL). Continuity is
the significant point of the model. All the large and small signal variables such as
currents, the intrinsic capacitance, transconductance etc. are continuous in all regions
of operation including weak inversion, moderate inversion and strong inversion. All
equations of the model are also derived by the same approach. This means that the
asymptotes of the inversion regions are first derived, and then the relevant large or
small signal variables are normalized and linked using an interpolation function. The
model is based on the inversion charge );, which is controlled by the voltage difference
Ve — Vou. Von is defined as the difference between the quasi-Fermi potentials of the
carriers as the channel voltage. The particular value of Vg is defined as the pinch-off
voltage, where the inversion charge is zero for a given gate voltage. Pinch-off voltage,
(Vp) and the various operation points of transistors are then expressed in terms of
voltages Vp — Vg, Vp — Vp [33]. Pinch-off voltage and gate voltage equations are

derived as in expression (3.3) and (3.4) with model parameters ¢, v and Vro.

Ve = Vi — Vio — 7 \/VG—VTO+<\/E+%>2—(\/E+%) (3.3)

Ve =Vio+ Ve +7y [\/m —~ \/ﬂ (3.4)
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Ip is derived using the charge sheet model with the assumption of constant doping
in the channel and is expressed as the difference between I, forward current and a
reverse component Iz. As mentioned before, Ip is also proportional to voltages Vp — Vg
and Vp — Vp and a specific current Ig, which are given in (3.5) and (3.6) respectively.

In expression (3.6), n represents the substrate factor.

Vp—Vg \ 2 Vp—Vp \ 2
Ip=1Is- [m (1 yeom ) “Tn (1 4w ) ] — Is - [Ip — Ig] (3.5)

W
15:2-n-u~00x~f-Ut2 (3.6)

Inversion coefficient I, which is a numerical measure of MOS inversion, given below is
a key parameter for design-based modeling. Selecting inversion coefficient and channel
length operating plane of MOSFET can be formed. Adding the drain current, perfor-
mance tradeoffs of a MOSFET can be evaluated easily.

Strong Inversion : Io > 10
Ic = Moderate Inversion: 0.1 < Io < 10

Weak Inversion : I < 0.1

Effective gate-source voltage (Vs — Vr) and transconductance efficiency, which is given
in (3.7), are dependent on the inversion coefficient, the substrate factor (typically 1.3-
1.5 for bulk CMOS in I > 0.1) and the thermal voltage. For example, at room
temperature (T=300K) and n=1.4, inversion coefficient can give an idea about effec-
tive gate-source voltage. For instance, strong inversion starts from 225 mV (Vs — V)
where I is 10.

G 1—eVie

Jgm_ - - 3.7
Ip nUt\/E ( )
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Moreover, width of the transistor can also be calculated as it is given in the following

expression;

Ip- L

W =
2‘n'[C'M'Cox'Ut2

(3.8)

EKV MOSFET model is based on surface potential model combined with inversion
charge linearization. In order to construct a model of an analog circuit block, different
technology parameters and foundries such as AMS 0.35 pm, UMS 0.18 um etc must
be applicable to the EKV MOSFET model parameters. Although EKV has more
advantages than BSIM Models such as strong dependence on device physics and small
number of parameters with very good accuracy, BSIM is widely used by the foundries.
EKYV parameters consist of intrinsic model parameters, temperature, noise, overlap and

junction capacitance parameters.

PE may use any technology defined by a technology file which contains many
EKYV parameters. BSIM models are much more popular than EKV models; hence, it
is sometimes difficult to find EKV models of every technology. This bottleneck of the
EKV based designs may be overcome by some approaches available in the literature
[34, 35] . If the foundry does not provide the EKV models, they can be derived from
various measurements of fabricated transistors. However, this approach is not suitable
most of the time since it is time and budget consuming. A more practical way is to
use BSIM models to derive EKV models [34]. BSIM models provide accurate results
under certain conditions. For these conditions, certain transistor sizes and inversion
types for transistors should be selected. If these conditions can be managed for certain
simulations, the results may be utilized like real measurement results. However, it is
clear that the results will not be as accurate as foundry provided parameters. The
important point to note in this respect is that the tolerance of PE is large enough to
accept these variations. Since PE is not a synthesizer but an "estimator”, the error
coming from the model can be tolerated. In order to test the PE, two technologies
were used. The first one is the 0.5 pum technology which is delivered with EKV 2.6 [36].
The error between estimated values and simulation results is small and, thus, results

prove that PE provides accurate calculations. However, real technology parameters
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would present the effectiveness of the developed methodology. Thus, BSIM AMS 0.35
pum parameters were converted to EKV parameters. In order to convert models, the

approach given in [34]-[39] can be utilized.

In modeling one of the difficult and significant tasks is to estimate the output
conductance, especially at the output stages. MOS intrinsic voltage gain depends on
the gq4s quantity, and g4s depends on Early voltage, V4, which is a measure of normalized

drain-source conductance given in (3.9).

Ip  0Ip
Va4 Vps  OVpg

Jds (39)

Early voltage is not a constant value for the process but depends upon the channel

length, inversion level and drain-source voltage.
3.2.2. g4s Interpolation
In this thesis, output conductance is estimated using the expression (3.9). One

can take the derivative of (3.5) as formulated in (3.10) and the following expression

can be obtained:

IS k- 10g(1 + k) Vp-Vp
= h = 2U 1
Gds O, kD) where k = e (3.10)

In the modeling procedure, it is observed that the difference between estimation results
and simulation results of the output conductance value can increase unpredictably. Ac-
cording to the several simulation results, it is observed that unpredictable errors are
encountered especially when gds is calculated smaller than 1075(2)~! because expo-
nential and logarithmic calculations can deviate rapidly for small changes in drain and
pinch-off voltage differences. More complicated g4s expression can be evaluated instead
of (3.10) including channel length modulation, early voltage for large-geometry process
and vertical dimensions, electric field components of gate and drain for small-geometry
process. Applying such kind of g4, approach results in accurate solutions, but it takes

too much time to calculate each candidate’s response. However, the main goal is to
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construct a fast and accurate estimation tool. Therefore, a new output conductance
formulation which is based on Spice simulation and curve fitting is formed. The advan-
tage of this approach is that the expressions include simple mathematics. It is known
that gds depends on drain current and early voltage. Moreover, early voltage is a func-
tion of length of the transistor (L). It is proposed that the modified g4s formulation is
a function of both L and drain current. g4 estimation procedure is given in Figure 3.3.

First, a single nMOS circuit is set up. Bias voltage (strongly depends on Vp and I),

NMOS Lo
design PMOS design Gds = (Id,L,V) is
parameters I}“r"lme"?rs fit to a polynomial
lis.file generator Related parameters are
for W read from lis file
for L. S is formed

Part of a netlist file for
H-Spice simulation,
Append after .alter

e T

e Output File of H-Spice
H-Spice simulator  |———>gimulation : .lis file

Mos.reader
Parser-like program

Figure 3.3. g4s estimation procedure.

L and W are defined as parametric variables for Spice simulations. Bias voltages are
arranged such that effective gate-source voltages search through the all inversion region
from weak to strong. In addition, L is varied from Lmin to 8 Lmin. This input space
is automatically calculated using a C++ based program called lis_ file generator.
After the simulation, output file (.lis file for H-spice) is obtained. This output file is
given as an input for a smart C++ based parser-like program called mos_reader in
order to read the necessary information inside the output file such as drain current, L
value and output conductance. Early voltage value for each solution is calculated using

(3.9) (neglecting drain-source voltage) so that a solution matrix, which is illustrated in
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(3.11), is obtained.
S: [gdS,ID,L, VA] (3.11)

The matrix is divided into 4 regions due to the inversion level selection as weak, mod-
erate, strong and very strong inversion. In each inversion region, a polynomial (4%

degree) is fitted to gy4s using the current and early voltage values as given in (3.12).

Ip

= Foor D (3.12)

9ds
The maximum error for the fitting procedure is calculated as 15 percent, which is
generally observed near borders of the inversion regions. Finally, this modified output
conductance prediction formulation is embedded into our estimation tool. The same
approach is applied to the PMOS circuit. Details of the EKV MOSFET model can be
found in |40]-|46] .

3.3. Design Examples

The library has PE design plans of basic analog subblocks such as differential
input stage, output stage, current-mirror etc.; different op-amp topologies such as
Miller, Folded-Cascode and Telescopic; a comparator, a low pass filter and an F-ADC
as mentioned before. In this section, details of design-based PE models of some analog

blocks are given together with validation and verification of the designs.
3.3.1. Differential Input Stage

First, a differential input subblock, which is given in Figure 3.4, is taken into
account as an example. EKV-based analytical equations are used for constructing
design plan of the subblock. The design procedure takes some performance parameters
as input and estimates the remaining performance parameters together with the design
and circuit parameters. Assume that, gain, bandwidth and slew rate are given as an

input set. This input set determines some constraints such as a minimum current value,
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which flows at the output of the block, is calculated by the slew-rate and the output
capacitance. In Table 3.1, the input set and variable design parameters are given.

Design space is estimated with respect to the following parameter setup; inversion
Yoo

\'rhlu: M T

e e

1

Cy,
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v

Diff. Pair Input Stage Gnd

Figure 3.4. Schematic of differential input stage.

coefficient of M3, My and M; are searched from moderate to strong inversion and L

values of M3 and Mj are varied from 0.35 pm to 2.4 pm. First, minimum current

Table 3.1. Input set and variable design parameters

Input Set Gain BW SR
Variable Design L values of (C, I values of
Parameters M3 and M- M3, My and M,

(output current) value is determined using the given SR and output capacitance (Cf)
values as mentioned before. For instance, SR is given as 5 V/us and the C}, is varied
from 0.2 pF to 2 pF. As a result, multiple minimum current values are obtained. Next,
minimum transconductance of Mj5 is calculated using the selected minimum current
value and inversion coefficient of Mj5. Again, multiple transconductance values are
obtained since I¢5 is also varied from weak to strong inversion. Each transconductance
(gm) and current values determine the bandwidth of the subblock with respect to the

given gain. Bandwidth is calculated at the output node because the output pole (Drain
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of M3) is often dominant. However, the calculated bandwidth must be higher the given
bandwidth. If not, the minimum current (output current) is slightly increased until
the desired bandwidth is achieved. After that, multiple gate voltages of Mj (output
voltage) and Mj are calculated using different I values of both transistors. Width
values of the transistors can be obtained by currents, inversion coefficients and different
L values of the transistors as given in (3.8). Subsequently, output transconductance
(gas) values of M3 and My are calculated. Since g, and g4 values are calculated, gain
of the differential pair can be obtained. This gain must be higher than or equal to the
given input gain. In addition, all W values of the transistors are compared whether
or not their values are smaller than the WMIN specified by the selected technology.
Values of remaining performance parameters such as power and area can be calculated
using the estimated values of circuit parameters. Consequently, PDS of the subblock

can be extracted for the given input set.

Assume that gain value is 40 V/V and bandwidth is 10 kHz. Slew rate is given
as 4 V/us and output load as 1 pF. After half an hour, all circuit parameters and
remaining performance parameters are extracted and PDS is formed. PDS has 137984
candidates which meet the given specifications. This solution set can be extended by
increasing the search space of inversion coefficients (from sub-threshold to very strong
inversion region) and/or by varying L values higher than 2.4 ym. A designer can select
a subset of the design space for different operation regions and optimum solution sets

can be extracted for the desired performance parameters.

3.3.2. Miller op-amp

Details of lead compensated Miller op-amp which is illustrated in Figure 3.5, is
considered. The block, which is divided into two subblocks: differential input stage

and output stage, is also named as basic two stage (BTS) op-amp.

Places of the dominant and the non-dominant poles are significant for frequency
calculations. Non dominant pole and dominant pole are located at the output node

(Drain of M;) and at the drain of Ms, respectively. In addition, overall gain of the
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op-amp consists of gain of input stage, Ay, and gain of output stage, Ayo. The overall
gain can be distributed to its subblocks; nevertheless, the total gain should be kept
constant. For instance, assume overall gain is 2000 V/V. If Ay, is selected as 40 V/V,
Ayo must be 50 V/V, or vice versa. Varying gain values of the subblocks, different
solutions satisfying the given input specifications can be found. In other words, the
gain pairs will be analyzed to see which of them give the optimum solution. Input
space consists of Ay, BW, Cp and SR. Design space exploration strongly depends
on inversion coefficients, length of the transistors, compensation capacitance and drain
current. Electrical constraints (e.g. stability control) and geometrical constraints (e.g.

W values) are being controlled during the design process. Moreover, it is crucial to
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Figure 3.5. Schematic of Miller op-amp.

know the position of the non-dominant pole for stability. Generally, non-dominant
pole (fna) is forced to have a value at least three times larger than the gain-bandwidth
product (GBW). Also, the compensation capacitor (C¢) is chosen to be at least three
times larger than the gate capacitance of M; (Cy;) and it has to be smaller than the
output capacitance (Cr). In Table 3.2, the input set and design parameters of the
op-amp are given. Design procedure starts from the output stage. Firstly, GBW
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Table 3.2. Input set and variable design parameters of the Miller op-amp

Input Set Gain BW SR CL

Variable Design L values of Cp g values of Ay and Ayo

Parameters My and M; My and M5

product is calculated using the given performance parameters. Non-dominant pole is
placed three times away from the GBW. An analog designer can derive the slew rate
condition for the given op-amp and write it as in (3.13). Current flowing from M, and

M5 are named as ]DOUT and ]DIFF-

SRypy = 1DOUT 0 SR, — 1DIFE (3.13)

Cr Cc
Minimum output current is calculated for the given slew rate and output capacitance
so that the external slew rate is satisfied. Then, multiple transconductance values of
M, are obtained since I is also varied from weak to strong inversion. Next, values
of non-dominant frequency are calculated using (3.14). It is assumed that C,,; is three

times smaller than Cc.

9mi 1

= : 3.14
2nC}, 1+g—nc1 (3:14)

fnd

Calculated-g,,; value must be checked in order to control the position of the non-
dominant pole; if not satisfactory, a new current value which of course is higher than
the calculated one must be searched until stability of the op-amp is satisfied. After
that, values of input voltages (gate-source voltages) of M; are calculated using inversion
coefficient values. Width values of M; can be obtained by currents, inversion coefficients
and L values of the transistor as given in (3.8). Output voltage value is expected to be
at the midpoint of the power supplies for maximum output swing. As a result, width

values of M; are obtained by the ratio as it is given in (3.15).

KPp
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Gate-source voltage of M, is obtained since Ipoyr, W and L values are known. This
means that value of inversion coefficient of M, is obtained. The last design step of the
output stage is to calculate values of the output transconductance of both output tran-
sistors. Internal slew rate condition is taken into account for calculating current value
of the differential pair. In other words, multiple minimum current values are obtained
for input stage since compensation capacitance has multiple values. For instance, Cc
is varied from C,/10 to C/2. Transconductance values of M are determined related
to calculated current. Then, dominant pole is considered. 3dB frequency is calculated
using (3.16) and whether or not it’s satisfactory is checked. If the calculated frequency
is lower than the given 3dB frequency, the current value of the input stage is increased

until the expected frequency is obtained.

|Ay| =1 = GBW = 2?;’(‘;0 (3.16)

Gate-source voltage and width values of M5 are calculated using the new current value
of input stage together with the inversion coefficient of M;. Output voltage value of the
input stage is equal to the input voltage value of output stage. In other words, drain-
source voltage of Mj is equal to gate-source voltage of M;. Since the input voltages of
M3 are known, inversion coefficient and width values of the transistor can be calculated.
Current of M; is double the current of M;. Also, gate-source voltage of M7 is equal
to the gate-source voltage of Ms. Since current, /- and L values of M; are found, W
values can be obtained. Finally, output transconductance values of My and Mj are
calculated resulting in gain values of input stage. All width values of the transistors
can be checked, if their values are smaller than the W MIN which is defined by the
selected technology. In addition, calculated gain values are compared to the given
value. Unfeasible values are eliminated. The flowchart of the modeling procedure of
Miller op-amp is illustrated in Figure 3.6. All feasible solutions are collected to create
a lookup table. Using the values of current and transistor width, power and area can
be obtained. Now, all possible candidates which satisfy the input space requirements
have been obtained; however the optimum solution set or Pareto curves which are very
useful to the end user still need to be constructed and this will be the subject of the

following chapter. In order to validate the design, estimation results are simulated in
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Figure 3.6. Flowchart of Miller op-amp design plan.

H-Spice such that estimated values of W, L, biasing voltages, capacitances and resistors
are included into a net-list file (input for simulation) and then design and performance
parameters are read from the output file of the simulator for comparison. Assume

input space of the op-amp is given in Table 3.3. PDS of the op-amp was obtained in

Table 3.3. Input space of the op-amp

Input Set Gain BW SR CL
2000 V/V 10 kHz 4V/ps 2 pF
Key L wvalues of Cc Ic values of Ay and Ayo
Parameters My and M;y My and M;y Ayvi=71-Ay
0.35 ym to 2.8um  Cp/10to Cr/3 0.1 to 1000 Ay = Ay /Ay
r=0.02 {0 0.1

40 minutes on Pentium 2.5GHz machine for the given input space. Three arbitrary
candidates were chosen from PDS. In other words, these solutions were selected from
different regions of operation to verify the accuracy and continuity of the design plan.
The generated solutions were examined by H-spice simulations and their accuracy was
compared with the estimated values. Circuit parameters of the selected candidates are
given in Table 3.4 and their comparison is shown in Table 3.5. It was observed that

gain errors remained below 3% percent and bandwidth errors below 10%. In terms of



40

Table 3.4. Estimated circuit parameters for H-Spice

Parameters C¢ Ro L values Wi Wy Ws Wi W, VBras
(pF) (k) (pm)  (pm)  (pm) (pm)  (pm) (V)
1%tcandidate 0.3 3.5 L = Lpn 16.45 59.5 1.05 945 595 2.5
omdcandidate 0.5 2.7  Lyosr = 13.30 47.95 245 850 1855 2.48
Lnin
Ls =6 Liin
3rdcandidate 0.9 1.7 Lyosr; = 13.30 47.95 560 1505 41.30 2.48
Linin
Ls =8 Lyin

Table 3.5. Comparison of estimation and simulation results

1%t candidate  Igou: Tig GJoutl Gout2 Vbs f3db Gain

(wA)  (uA) ()™ ()" (V) (kHz) (dB)
Estimation 73.7 3.2 15.5 0.9 1.65 10 71
Simulation 67 1.2 18.8 0.94 2.1 11 69

2nd candidate Idou,t I,iqu GJoutl Jout2 VDS f3db Gain
(wA)  (pd) () W)™ (V) (kHz) (dB)
Estimation 81 14 17 1.53 1.65 10 68.5
Simulation 77 12 17.3 1.3 1.76 9 67

37 candidate Liout Laiy Joutl Gout2 Vps f3db Gain

(1A)  (ud) (@) @) (V) (kHz) (dB)
Estimation 81 31 17 3.2 1.65 10 66.7
Simulation 72 27 17.4 2.7 2 10 65

DC parameters, value of the output node, which was desired to be 1.65V, simulation
results show that the variation in this value is bounded by +350mV. In addition, current

errors remained below 10%.

A different design case, whose parameters were taken from a reference design in
[47], was taken into account. In this example, PDS of high speed Miller op-amp was
explored. The aim was to find approximate design parameters which were equal to or
better than the expected values of the reference design. Input set and the expected

values are shown in Table 3.6. PDS was obtained in 30 minutes on Pentium 2.5 GHz
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Table 3.6. Input set and solution of the reference design for the high speed op-amp

Input Set Gain BW SR Cr

4000 V/V 100 kHz 220 V/us 5 pF

Design Parameters Iprr Ipour Ce Wy

Expected Values 0.63 mA 2.3 mA 2.5 pF 417 pm

machine. Expected current values were searched from the design space and approxi-
mate ones with a smaller compensation capacitance and W values were selected. The
selected solution was examined by H-spice simulations and its verification was shown
by comparing with the selected value. In Table 3.7, selected parameters and their com-

parison are given. The results in Table 3.7 show similar accuracy with the previous

Table 3.7. Selected solution of the high speed op-amp and its verification

Circuit Co Re L Wy Wy Ws Wi Wy VBras
Parameters  (pF)  (Q) (pm) (pm) (pm)  (pm) (V)
Selected 2.3 50 Li237 = Ly, 3681365 85 512 675 2.48
Solution Ls =2Lmin

Design Ipovr Iprr Goutl Gout2 Vps  f3db  Gain
Parameters  (mA)  (mA) (u2) " (u2) " (V) (kHz) (dB)
Estimation 2.25 0.53 423 64.1 1.65 100 73.5
Simulation 2.2 0.5 496 72.9 1.58 100 70

example. Another design example, which was significant in order to validate design-
based model in weak inversion region, was again taken from a reference design in [47].
Input parameters were given to the design procedure and PDS of the low speed op-amp
was obtained. Input set and the expected values are shown in Table 3.8. A better solu-
tion was selected from PDS and was simulated by H-spice. Estimated parameters and
comparison results are given in Table 3.9. The results show that the design strategy
can be used in our library for PE in ADA systems. Execution time and accuracy of

the design plan perform a suitable solution.
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Table 3.8. Input set and solution of the reference design for low speed op-amp

Input Set Gain BW SR cy,

2000 V/V 500 kHz 0.1 V/us 5 pF

Design Parameters Iprr Ipour Ce Wy

Expected Values 1.6 pA 2.7 pA 25pF 5pum

Table 3.9. Selected solution of the high speed op-amp and its verification

Circuit Cco Re L Wy Wy Ws W5 Wy VBras
Parameters  (pF) () (jum) () (um)  (um) (V)
Selected 2.5 135 Li2z7 = Lpmin 3.8513.65 2.110.85 13.65 2.58
Solution Ls =2L,in

Design Ipovr Iprr Jout1 Gout2 Vbs f3db Gain
Parameters  (mA)  (mA) (u)~" (u)~! (V) (kHz) (dB)
Estimation 3.6 1.6 1.6 0.55 1.65 100 66
Simulation 3.7 1.6 1.3 0.41 1.84 80 70

3.3.3. Telescopic (Cascode) op-amp

Another common structure is the Telescopic (Cascode) op-amp which is given
in Figure 3.7. Inversion coefficients of transistors Ms-M; and L values of PMOS and
NMOS transistors are taken as the key parameters for the design procedure. Input
performance parameters are gain, bandwidth, output capacitance and slew rate. Con-
straints are determined by the gate-source voltage, drain-source voltage, W and L
values. In addition, output estimations must fulfill the given gain and bandwidth re-
quirements. First, minimum current value is calculated from the given SR and the out-
put capacitance. Then, minimum transconductance value of M7 is calculated. f3dB,
which is compared with the given BW | is calculated using the minimum gm value. If
the given BW is not satisfied, minimum current value will be increased until the desired
BW value is reached. When the given BW is satisfied, the corresponding current value
is used for the rest of the design. Next, multiple values of W7, Wy and bias voltages
of current source and differential pair transistors are calculated with respect to the

inversion coefficients. Output swing is not as good as the Miller op-amp because of the
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Figure 3.7. Schematic of Cascode op-amp.

cascode structure. Therefore, output voltage is set to at around 1.2 V. Vpg values of
cascode current mirrors are set to be equal. Then, W and bias voltage values of NMOS
transistors are calculated. After that, output transconductance values are calculated.
Finally, output resistance of the op-amp can be obtained. The calculated gain must be
higher than or equal to the given input gain. All values of the gate-source voltages are
checked to ensure that they are higher than their threshold voltages and all W values
of the transistors are checked to ensure that they are not smaller than the minimum
W value given by the technology. Flowchart of the design procedure procedure is il-
lustrated in Figure 3.8. Assume that gain value is 2000 V/V, bandwidth is 10 kHz,
slew rate is 4 V/us and output capacitance is 2 pF. Input parameters were given into
the model and PDS of the op-amp was obtained in 45 minutes on Pentium 2.5 GHz
machine. Three candidates were chosen from different regions of PDS to verify the
accuracy of the model. The generated solutions were examined by H-spice simulations
and their accuracy was compared with the estimated values. Circuit parameters of the
selected candidates are given in Table 3.10 and their comparison is shown in Table 3.11.

It was observed that estimated bandwidth values deviated from the desired values.

However, it should be noted that, they always stay on the safe side. In other words,
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Figure 3.8. Flowchart of the Telescopic op-amp.

Table 3.10. Input space and estimated circuit parameters for H-Spice

Parameters L values Wy Ws W Wy Wy Virasi  Vbrasz2
(pm)  (pm) (pm) (pm) (pm) (V) (V)
15t Ln=2Lmin 105 49 1214 1214 2495 257 1.47
candidate L, = 2Lyp
ond L,=4L,,;, 3.85 22 3.85 23.8 47.25 2.42 0.97
candidate L, = 2Ly
3rd Ly =TLmin 42 231 245 85  4.55 2.47 0.9
candidate Ly = 2Lyp

acceptable gain-bandwidth product is obtained. In terms of DC parameters, current

errors remained below 4%.

3.3.4. Folded (Cascode) op-amp

The schematic of the op-amp is given Figure 3.9. Inversion coefficients of the
transistors Ms-My-Mo-My; and L values of PMOS and NMOS transistors are taken as
key parameters for the design procedure. Constraints are again determined by the gate-

source voltage, drain-source voltage, W and L values. In addition, output estimations
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Table 3.11. Comparison of estimation and simulation results of Cascode op-amp

1%t candidate Ip Goutl Gout3 Gouts f3dB  Gain

(BA) ()" ()™ (uQ)T (kHz) (dB)
Estimation 15 0.32 0.64 2.34 10 84.3
Simulation 15.5 0.3 0.61 2.37 12 84.5
2nd candidate Ip Joutl Jout3 Jouts f3dB  Gain

(WA) () (@) (i)' (kHz) (dB)
Estimation 20 0.11 0.23 3.99 10 69.2
Simulation 20.6 0.12 0.25 2.2 7 73.5
37 candidate Ip Goutl Jout3 Jouts f3dB  Gain

WA) ) () () (i) (dB)
Estimation 21 0.12 0.24 2.66 10 66.8
Simulation 20.5 0.12 0.25 1.77 7 72.3

must fulfill the given gain and bandwidth values. Non-dominant pole is evaluated

during the design procedure for the stability control. First, minimum current value of
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Figure 3.9. Schematic of Folded Cascode op-amp.

M, is calculated using the given slew-rate and output capacitance. Since the GBW
is known, minimum transconductance value of M, is calculated because the dominant

pole is located at the differential input pair. Then, current values are varied from
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the minimum value to a maximum value which can be determined by the designer.
Next, gate-source voltages of M, are calculated using I~ values, and then, W values
of the transistor are obtained. Input voltage (V7x) is connected to ground. This kind
of ground rail is widely used in such applications that only one single supply line is

required.

Moreover, p type folded cascode and n type folded cascode can be connected
in parallel in order to achieve full rail to rail range. Although it is not a necessity,
all currents in the input and cascode devices are set to the same value in order to
avoid artifacts. Gate-source voltage of My is set to a specific value, 2.4 V. As a result,
inversion coefficient of the transistor is obtained and used in calculation of the W
values of My. Current value of M5 is set to equal value of the cascode block current as
mentioned before. Since the current is mirrored, there is no way for DC current to flow
away. Therefore, the current sources have double-valued current. Next, DC analysis
of current sources is completed with respect to different I values. After that, non
dominant pole is calculated using M3 parameters and it is set to a proper place for the
stability. Drain voltages of current sources and output voltage values are limited with

respect to minimum and maximum output voltage values.

Furthermore, DC analysis of the cascode block is completed. Subsequently, out-
put transconductance of all transistors are calculated. Since g,, and g4 values are
obtained, gain values of the op-amp can be found. These gain values must be higher
than or equal to the given input gain. In addition, all gate-source voltages are con-
trolled to ensure that they are higher than their threshold voltages and W values of
all transistors are controlled to ensure that they are not smaller than the minimum
W value given by the technology. Same input parameters are given as in the other
op-amp topologies and eventually, estimated results show that the model can be used
in our library for PE in ADA systems. Execution time and accuracy of the design plan

perform a suitable solution. Flowchart of the design procedure is given in Figure 3.10.
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Figure 3.10. Flowchart of Folded cascode op-amp.

3.3.5. Latched Comparator

Comparators are one of the most important building blocks in an ADC system.
They compare a signal with a reference signal and produce an appropriate output

defined as follows;

v = 4 Vot Vi (3.17)
Vor if Viny = Vin- <0

The comparator has two inverters connected back to back with each other forming
a latch, and an NMOS transistor is placed between two differential outputs. The

schematic of the comparator is given in Figure 3.11.

The comparator has two main operations; reset phase and regenerative phase. In
the first phase (reset phase), the clock is set to high so that the switch transistor closes.
As a result, the differential outputs of the comparator become short-circuit and are set
to certain DC voltage level around midpoint of the supply. In the second phase, switch

transistors become open circuit which means input is disconnected. Charge imbalance
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is amplified to digital voltage level on the differential nodes of the comparator. The
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Figure 3.11. Schematic of latched comparator.

cross-coupled inverter pair structure (transistors M;-M,) forms the regenerative loop
for the latch operation. The transistor sizing is adjusted in order to set the output
nodes to midpoint of the supply voltage. Sizing My is also important. Increasing its
width brings the voltages of both nodes close to each other; yet, the charge injection

also increases. As a result, the sensitivity of the latch decreases.

Flowchart of design procedure is illustrated in Figure 3.12. First of all, inverter
pairs are taken into consideration. While varying their sizes, output nodes are set to
midpoint of the supply. Then, all dc voltages and currents are calculated including
small signal parameters. Biasing conditions are implemented in order to eliminate un-
wanted results. Then, kickback elimination part of the comparator is designed. An
n-type MOSFET is used instead of an ideal current source. Bias voltage and the tail
current are calculated. After that, input transistors are sized with the appropriate

reference voltage and then switch transistors are taken into account. Next, gain val-
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ues and bandwidth are compared to the given specifications including slew rate and
input resolution. Finally, solution set is obtained. Each candidate satisfies the given

specifications.

Design plan is embedded into a C++ programming language. Generally, two
performance parameters, gain and bandwidth are applied as an input set. As a result,
a feasible design space is obtained including performance, design and circuit parame-
ters for the given input set. In order to verify the accuracy of the design procedure,
arbitrary candidates are chosen from different regions of PDS and simulated in H-spice
simulator. 17904 candidates are found out of 5.76 million trials in 45 minutes on Pen-

tium 2.5 GHz machine. Two candidates were chosen from different regions of PDS to
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Figure 3.12. Flowchart of the comparator.

verify the accuracy of the design plan. The generated solutions were examined by H-
spice simulations and their accuracy was compared with the estimated values. Circuit
parameters of the selected candidates and their comparison results are given in Table
3.12. Index numbers of the selected candidates are also shown in the Table 3.12. It was
observed that the maximum error was obtained in output transconductance values. On

the other hand, input resolution and clock frequencies were estimated in an acceptable
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Table 3.12. Circuit parameters of the selected candidates and their comparison

results for the latched-comparator

Design Wi /Ly Ws/Ls Ws/Ls Wz /L7 Wo/Ly  Wio/Lio  Vbias
Parameters (um/pm)  (pm/pm)  (pm/pm)  (pm/pm)  (pm/pm)  (pm/pm) (V)
# 752221  3.5/0.35 9.45/0.35 3.85/1.4 2.45/0.7 2.45/0.35 2.8/0.35 1
Circuit Iq Jds1 9ds3  Gds5 Gds7  Gml 9m3 Im5 Gm7 Vs a5 Thias
Parameters  (uA) (1S) (1S) (1S) (1S) (V) (1A)
Estimation 530 8 63.9 0.41 883 148 24 0.5 80
60.6 1210
Simulation 482 7.2 50 0.4 80 700 900 169 31 0.52 88
Performance Area Power Input Clock Latch Gain of Gain of
resolution Freq Time(ns) Kickback Latch
Parameters  (um) (mW) (mV) (MHz) Constant
324 3.7 1 58 87 30 0.12
Design Wi /Ly Ws/Ls Ws/Ls We /Ly Wo/Lg Wio/L1o Vibias
Parameters (jm/um) (um/pm) (um/pm) (um/pm) (um/pm) (um/pm) (V)
# 5.95/1.05 17.5/1.05 4.55/1.4 4.55/0.35 3.15/0.35 2.45/0.35 1.1
5747436
Circuit In 9ds1 9ds3  9dss 9ds7  9ml Gm3  Gm5 Gm7  Vs.M5 Tyias
Parameters (pA) (1S) (1S) (1S) (1S) (V) (1A)
Estimation 353 1.65 13.8 0.52 589 807 179 32 0.58 110
Simulation 375 2125 0.51 978 670 200 50 0.51 107
Performance Area Power Input Clock Latch Gain of Gain of
resolution Freq Time(ns) Kickback Latch
Parameters  (um) (mW) (mV) (MHz) Constant
88.4 2.6 1 50 40 90 0.13

error range. PE design plans of all analog blocks and subblocks were implemented
into the library, which is one of the most important parts of PE tool. Therefore, the

following example considers an interface for the library.
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3.3.6. An interface for the Library

The tool presented in this example enables one to search the design space of analog
blocks such as op-amp configurations and main sub-blocks. An automatic engine built
in Matlab estimates the design space boundaries and calculates the Pareto optimum
curves for the end-users. In other words, the tool collects EKV-based design plans
of different op-amp configurations (such as miller op-amp, telescopic op-amp, folded
cascode op-amp) and basic analog sub-blocks (such as current mirror types, differential
stages and output stages) and then embeds them into a Matlab-based program (running
C on background), which illustrates 2D /3D Pareto curves of the selected analog block.
One can select any analog block from library attached to the graphical user interface
(GUT), which is shown in Figure 3.13, and set the performance parameters as required

by the application.

Before running the program, it is possible to apply a specific search mode such
as key transistors being limited to only sub-threshold region (weak inversion search).
Generally, design space is searched through all regions from sub-threshold to strong
inversion (full search). Furthermore, there is a technology popup menu on the GUI.
EKYV model parameters are extracted from AMS 0.35 pm model parameters as men-
tioned before. When the user runs the program, data points of the selected-topology
are gathered in the background using the pre-defined design-based PE models. Then,
any tradeoff analysis between circuit and performance parameters can be illustrated
by graphical representations together with the number of solutions as given in output
information. For example, a designer may question the relation between area-power
and gain in the Miller op-amp or try to find the minimum power or area values due to

the gain value by pressing showgraph button on the interface [15].

This GUI can be improved for different applications. For example, it can be used
as a standalone topology selector or can be implemented into an automation system.
Assume that an automatic design system has to consider performance response of an
op-amp for given specifications. Optimum performance response can be searched from

different type op-amps and the best one can be selected for the given purpose as given
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4. PARETO FRONT EXTRACTION PART

PE tool helps the circuit level synthesis by giving hints about optimization and
eliminating unfeasible solutions. Since extracting PDS of analog blocks refers to the
elimination part, an approach is required for obtaining optimum solution sets which
can be derived from that PDS set. Therefore, PF approach can be preferred because
PF can handle all interacting parameters and constraints of an analog design. In this

chapter, extraction of PF is explained starting from 2-dimensional space.

4.1. Pareto Front Extraction for 2-D

Tradeoff boundaries of the performance design space are limited by the PF be-
cause one performance cannot be improved unlimitedly at the cost of others. In Figure
4.1, a feasible design space and its Pareto Front are shown in two-dimensional space;
p1 and py are performance parameters such as area, power, gain and bandwidth. As-
sume that performance parameters in Figure 4.1 are area and power. In other words,
a designer wants low power with small area. p*! and p*? are individual minima points;

that is, minimum power and area values that can be found in PDS.

There are no optimization runs such as genetic algorithm, goal attainment, se-
quential quadratic programming etc. Instead, the inequality operator and the dom-
wnance rule obtained from the definition of PF are being used. Pareto points are
extracted from the performance design space which is already explored in the library.

The details can be found in the previous section.

In our work, the PF set can be formulated as follows; Let D be the feasible design

space in N-dimensional space where x; is a performance parameter.

D={X,X5,Xs,.... X} > X; €RY fori=1,2,... k. (4.1)

Let P (D) be the Pareto points set. An inequality operator defines the dominance rule
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by denoting components of X.

Y # X is dominated by X < x; <y; Yi(Dominance rule) (4.2)

z; € P(D) & x; dominates all X

For example, (z3,ys3) is dominated by (z1,y;) because x; < x3 and y; < y3. Neither

L r s

A Feasible Design
\“ ~ Space

~,

N

b2 | _ParetoFront ~Qn
min

]

Figure 4.1. Pareto Front & Design Space for N=2

(x1,71) nor (x2,7ys) is dominated by each other since x; > x5 and y; < yo. So that if
the design space consists only of

D = {(z1,11), (x2,92), (z3,y3)} then the Pareto set is: P (D) = {(x1,11), (22, 2)}
The dominance rule is embedded with a simple algorithm into a Matlab code and
applied to a performance design set. This can be defined using two rows of operation

in Matlab such as:

D = load (" Per formance Design Space Set of a block’) (4.3)

P (D) = dominance operator (D)

PF set includes not only the performance parameters of the block but also the circuit
parameters such as W, L, biasing, external circuitry elements (R, C') etc. In other
words, the designer can have an insight into the capability of the system and attain
knowledge about an approximate design of each block which may affect the overall per-
formance of the system. Two and three-dimensional PF can be illustrated by graphical
representations and they can be more useful than searching lookup tables for tracing

the tradeoff limits.
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In Figure 4.1, it is assumed that performance parameters are area and power.
In other words, both dimensions are tried to be minimized. Therefore, (4.2) is valid
only when a designer wants both parameters to be small. In Figure 4.2, other possi-
bilities such as gain-power pair where maximum gain is desired with a small power are

illustrated. For example, in Figure 4.2a, (x3,ys3) is not dominated by (z1,y;) because

F 9 4

p*1

Pz

PR

Figure 4.2. PFs for performance goals: a. maximize X- minimize Y b. minimize

X-maximize Y ¢. maximize X-maximize Y

x3 > x1 and y3 > y;. However, since 3 < x5 and y3 > yo , (x3,y3) is dominated by

(x2,y2) so (x3,ys3) is eliminated from PDS.

Dominance rule is applied to PDS and dominant points are eliminated while
searching all points in PDS as mentioned in (4.3). However, the number of points in
PDS can vary from a couple of thousands to several millions. Therefore, comparing
each point in PDS according to the dominance rule consumes time for elimination,
especially when the number of PDS is huge. As a result, in our work, a simple geo-
metrical constraint is added and, thus, the proposed algorithm is called as geometrical

elimination rule.

In Figure 4.3, geometrical constraint is illustrated for minimum X, (p;) and
Xiy(p2) performance pair. Individual minima are found for both performance parame-
ters. Their coordinates are shown as p*' and p*?>. PF must remain between the three
coordinates which form a triangle. First of all, points which are outside the triangle
are eliminated and then, dominance rule is applied to the points which are inside the

triangle. Points which are inside the triangle are represented by cross sign. (Geometrical
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Figure 4.3. Geometrical constraints for PF extraction

dominance algorithm is embedded into a Matlab code and (4.3) is modified as given in

(4.4).

D = load (" Per formance Design Space Set of a block ") ;
T = eliminate (D)(eliminate points which are inside the shaded region in Figure 4.3)

P (D) = dominance operator (T)
(4.4)

Consequently, most of the solutions are eliminated and dominance rule will be applied
to set-T. However, the triangle region can only be defined if it is known that PF is a
convex curve. In Table 4.1, both dominance rule and geometrical constraints are shown
in general form. Figure 4.4 illustrates the third column of Table 4.1. In other words,
PF must be located in the defined square region. Simulation results show that imple-
menting geometrical elimination to the PF approach consumes less time in the process.
The following example shows that the execution time of PF extraction decreases from

67 seconds to 1.4 seconds. In order to emphasize the 2-dimensional PF extraction

Table 4.1. Dominance rule and geometrical elimination for 2-dimensional space

Performance Dominance Geometrical Elimination
parameter goals Rule Set T is defined

Min X-axis Y # X is dominated by X {(Xm,Xiy) Ipil < X, < p;‘f}
Min Y-axis S x; <yVi A {p;;z <Xy < pzl}

methodology, some examples were taken into account. Firstly, a Miller op-amp was

considered as a case study.
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Figure 4.4. PF must be located in the shaded region where set-T is defined.

Case Study 1: Input parameters were given Table 4.2. The library found 1.2 mil-
lion candidates out of 56.6 million trials in 45 minutes on Pentium 1.6 GH z machine
with 1 GB memory. Assumed that a designer wants to analyze power-area and gain
bandwidth-power tradeoff. In Figure 4.5, PDS of area-power, which was represented by
discrete points, was illustrated. All values were normalized between 0 and 1. Individual

minima were represented by a circle and a cross sign. After gathering PDS, (4.4) was
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Figure 4.5. Normalized PDS of area-power pair for Miller op-amp.

applied together with the constraints given in Table 4.1. PDS had 1231087 solutions.
Then, geometrical elimination was applied. As a result, a decrease in the number of
solutions was observed. The number of solutions reduced to 9743 (set-T). Eventually,

dominance rule was applied and 9 Pareto points were calculated. In Figure 4.6, most
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Table 4.2. Input set of case study-1 for PF extraction

Input Set Gain (V/V) BW (kHz) SR (V/us) CL (pF)
Minimum values 3000 1 10 )

of the points were eliminated and set-T and Pareto points were shown. Cross symbols
represent elements of set-T and blue-circles are the Pareto points. Curve fitting was
applied to Pareto points and PF was obtained in Figure 4.7. Extraction procedure
took 3 minutes on the same machine. As a result, PDS exploration and PF extraction
of Miller op-amp required 48 minutes for the given input set. However, we do not
need to construct PE model of Miller op-amp again for the same input specification.

Different performance analysis can be evaluated using the pre-defined PE model. A
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Figure 4.6. set-T and Pareto points.

designer can attain performance limits of Miller op-amp for the given input set. For
example, PF can be interpreted as there is no power value lower than the individual
minimum one. In addition, an area value which is lower than the individual minimum
of area cannot be achieved by this design. Each Pareto point has the knowledge of its
design parameters. In other words, an estimated design which gives the corresponding

area-power value is obtained. Therefore, Pareto points are verified by H-spice simula-
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tion in order to validate the estimated design. In Table 4.3, comparison for estimation

and simulation results is tabulated for individual minima.

Table 4.3 shows the reliability between the design procedure and the analytical
equations in PF extraction. In other words, the comparison proves that the design

plan together with its equations work properly in a specific region (IM points) of PF.

Area fmxm)

i
18 2 22 24 26 28 3

Power (W) ' 1[1*

Figure 4.7. PF of Miller op-amp for area-power pair.

Another performance analysis of the op-amp might be gain bandwidth product- power
pair. In this example, a different input set was used as given in Table 4.4. PDS had
2588 solutions and after the elimination, 325 solutions were obtained. In Figure 4.8,
cross symbols in the rectangle represent set-T. After that, dominance rule was applied
to set-T and three Pareto points were extracted as given in Figure 4.9. Utilization
of geometrical elimination was verified by PDS given in Figure 4.8. Firstly, PF was
extracted using (4.3) and then (4.4) was applied for extraction. Table 4.5 shows the
comparison in execution time for both algorithms, which are expected to find the same
Pareto points. Execution time reduces dramatically; from 67 seconds to 1.4 seconds.

Secondly, a comparator was examined as a case study.



Table 4.3. Design parameters of IM and comparison of estimation vs. simulation

results
Parameters C¢ Rc L values Wi Wo Wi Ws W VBras
(pF) (k2) values (pm)  (pm)  (pm)  (pm)  (um) (V)
Minimum 0.35 7.2 Li23=2Lp;, 10.85 40.25 1.1 1.05 3.85 3.42
Power Ls7 = Lpin
Minimum  1.05 2.7 Lys3=2Lp;, 455 1755 1.05 455 3.85 2.28
Area L5,z = Linin
Minimum Power Liour (LA) Lyif Joutl  Yout2 Vps  f3db  Gain
(nA) ()~ ()L (V) (kHz) (dB)
Estimation Results 50 4 5 0.7 165 3.6 69.5
Simulation  Results 47 4.4 4.5 0.7 1.8 3.4 71.2
Minimum  Area Liout (RA) Liiy Joutli  Yout2 Vps  [f3db  Gain
(nA) ()~ ()L (V) (kHz) (dB)
Estimation Results 65 11 6.67 2.1 1.65 5.7 69.1
Simulation  Results 58 12 4.5 2.1 1.64 4 71.3

Table 4.4. Input set of case study-1 for PF extraction for gain-power

Input Set

Minimum values

Gain (V/V) BW (kHz) SR (V/us) CL (pF)

2500

2.5

5

4

Table 4.5. Comparison in execution time for both algorithms

Execution Time

Applied algorithm Only dominance rule

67.26 seconds

1.4 seconds

Geometrical elimination rule

60

Case Study 2: Only two performance parameters were taken into account; minimum

gain value was selected as 5 V/V and minimum bandwidth value as 50 MHz. There

are important performance parameters of the comparator such as delay, input resolu-

tion, power consumption and clock frequency. In Figure 4.10, delay-input resolution

and latch frequency-offset voltage trade-off analysis were shown. It was observed that

delay of the comparator increases while the input resolution gets smaller or smaller

offset voltage requires less frequency response.
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Figure 4.9. PF of Miller op-amp for gain-power pair.
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Figure 4.10. PF of the comparator (a) input resolution-delay, (b) latch

frequency-offset voltage.

4.2. Pareto Front Extraction for 3-D

PF extraction for 2-dimentional space was described in the previous section. All
possible performance parameter relations were considered as illustrated in Table 4.5.
These examples can be reproduced using different performance parameters. However,
not only 2-dimensional performance is examined in mixed-signal systems. Three or

more dimensional PF extraction has to be investigated.

It is a well-known fact that one performance can only be improved at the cost
of the others on a PF. For example, the tradeoff can only be modified along PF while
sacrificing p*! to improve p*? as given in Figure 4.1-4.2. Therefore, p*! is determined by
improving p; (minimizing p;) at the cost of py. p*! and p*? are the trade-off limits for
2-dimensional PF. Besides, the same logic is applied for 3-dimensional PF. However,
this time, trade-off limits are determined by three curved-edges instead of individual-

minima. Three PF of performance pairs form the boundary.

Generation of PF for three performances can be summarized in four steps. This

methodology is a common, widely-used procedure in the literature up to step 4. In step
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4, different approaches are applied to find the inner part of 3-dimensional PF. In our

work, a similar approach which is utilized in 2 dimensional PF is taken into account.

e Step 1: Find all individual minima as given in Figure 4.11
Improve p; at the cost of py and p3 = p*!
Improve p, at the cost of p; and py = p*?
Improve ps at the cost of p; and p, = p*?
e Step 2: Generate tradeoff limits for 3-dimensional PF.
Improve p; and p, at the cost of p3 = PFs
Improve p; and ps at the cost of py = PFi3
Improve p, and ps at the cost of p; = PFy3
Tradeoff limits are curved edges which are determined by PFs of performance
pairs.

e Step 3: Trade-off limits (Pareto curves) compose the boundary of 3-D PF

Boundary of PFia3 = PFio U PFi3U PFys (4.5)
A A
1 PFy, p*3
& "'\ & %jﬂ
p*3 p*2
P1 Pa
1% step 2" step

Figure 4.11. Individual minima and trade-off boundaries for 3-dimesional PF.

e Step 4: Inner part of the PF is selected from PDS.
Inner points and boundaries construct the PEF of 3-dimensional PF. In Figure
4.12, boundary and inner points of three dimensional PF are shown. Generation

of inner part will be described later.
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Q“)
4" step

3" step

Figure 4.12. Boundary of PF and the inner points for 3-dimensional space.

This approach can be applied to n-dimensional performance as described below.

Extension to n-dimensional space;

e Step 1: Individual minima are generated. (Trade-off limits for two-dimension)

e Step 2: Individual minima define the boundaries of the PF of the all performance
pairs.

e Step 3: As in the second step, boundaries of PF for performance triples are
estimated by PF of performance pairs. Inner points are selected.

e Step 4: PF of performance triples define the boundary of PF for all four perfor-
mances. Inner points are selected.

e Step 5: Same approach proceeds until the PF of N-1 performance define the final

N-dimensional performance.

For example, four dimensional performance parameter was considered. Let us apply

the rules step by step:

o p*l , p*2 p* and p** individual minima were found.
o PIy, PFi3, PFiy, PFys, PF,, and PF34 were determined, i.e.;
PFyy = p Up* U innerpoints (explained in the previous section)
o PFy3 = PF\,UPFi3U PFy3 U innerpoints
PFi9y = PFi5s U PFyy, U PFyy U tnnerpoints
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PF134 = PF13 U PF14 U PF34 U i?’LTLGTpOi?’LtS
PFy3y = PFy3 U PFyy U PE3y U innerpoints
] PF1234 - PF123 U PF124 U PF134 U PF234 U innerpoints

4.2.1. Calculation of Inner points

In two-dimensional space, boundaries of the PF are the individual minima points.
Elimination method is first applied to data set and then the dominance rule is applied.

The same method is considered in 3-dimensional space. The aim is to show the follow-

ing;

nyz = {(l’, Y, Z) |£ (xka Yk, Zk) = (.I', Y, Z) dominates (wka Yk Zk)}
Py, = (z,y,2) = PF,, U PF,, U PF,, Uinner Pareto points

(4.6)

This can be easily verified by 2-dimesional PF as given in (4.7). Individual minima
mean Pareto front of a single parameter because one parameter is improved at the cost

of the other.

Py, = (z,y) =IM, U IM,U inner Pareto points (4.7)

In Figure 4.13, the above expression is illustrated. As mentioned before, performance

inner Pareto
points

Pa

P4

Figure 4.13. Illustration of inner Pareto points in 2-D space.

pairs form the boundary of three-dimensional PF and each performance pair is ex-
panded by the third coordinate in order to find the points in 3-D. Thus, each of them

refers to a curve, which is formed by the boundary points in 3-D. Boundary points can
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be shown as follows;

P=P,(x,y,2)U P, (r,y,2)U Py, (x,y,2) (4.8)

Next step is to find the inner points from a surface surrounded by the boundary points in
3-D. Therefore, the problem is simplified to 2-D by the projection method. Expression
(4.8) is projected on to X-Y plane together with the data set as illustrated in Figure
4.14. Circle points represent the data set of 3-D performance parameters. Cross points
are the inner Pareto points and the black circles are the boundary points in X-Y plane.

However, when z values of the inner part are considered, some of them might be out of

A Boundary

" Inner Pareto .~

~ X points Projected
/o SO x a7 Boundary
@ —~— — ) > points
PrﬂjECtEd o0 o o

Data points

Figure 4.14. Projection of boundary points on X-Y plane.

the region which is defined by the boundary points in 3-D. Therefore, projection must
be applied on to the other pairs such as X-Z and Y-Z plane. Then, common points are

selected as in (4.9).

IN (z,y,2) = PPy (z,y,2) U PP, (z,y,2) U PP, (x,y,z) (49)

where PPy, (x,y,2) is the projected inner points with their z values.
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Finally, the dominance rule is applied to set-IN, and inner Pareto points are extracted.

[nnerzyz (x,y,Z) = {(xaya Z) ‘ﬂ (xlmyk;/zk) > (x,y,z) dominates ($k7yk7 Zk)}

Up to now, only two-dimensional PFs have been extracted. However, relation
between gain, power and area can also be an attractive performance analysis. Three-
dimensional PF extraction is given step by step as illustrated in Figure 4.11 and 4.12.
First of all, PDS is illustrated with individual minima as it is given in Figure 4.15.
2600 points represent PDS solutions. p*! , p*? and p*3 are individual minima of gain,
power and area, respectively. In Table 4.6, maximum gain, minimum power and area

estimations of the design are given for the given input set. The dominance rule was

Table 4.6. Individual Minima- Limits of the design

IM Gain (V/V) Power (uW) Area (um)?
Maximum Gain 3870 237.6 60.39
Minimum Power 2620 184.8 18.49
Minimum Area 1965 237.3 14.82

first applied to data set before calculation of the boundary and inner points in order
to show the efficiency of the proposed method. Dominance rule is given in (4.10) for

gain, power and area.

Y # X is dominated by X < (zip > yiz) N (Tiy < Yiy) A (252 < i) Vi (4.10)

Execution time took 6.5 minutes when (4.3) is considered. By the way, the execution
time rise dramatically if the number of PDS solutions increase. Hence, expression 4.4,
which may refer to the calculation of the boundary and the inner points in 3-D, was

taken into account.

Discrete PF of the performance pairs were generated for three-dimensional per-
formance space as illustrated in Figure 4.16. After that, boundary was obtained and

boundary points were tabulated in Table 4.7.
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FDS of Miller op-amp and TH
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Figure 4.15. PDS of Miller op-amp for gain, power and area.

Table 4.7. Number of boundary points

PF pairs PFxy PFxy PFyy

Calculated in 40 seconds 3 points 20 points 4 points

Projection method of boundary points is demonstrated in Figure 4.17 i.e. for
X-7Z plane. Boundary points and data set were both projected and the inner points
were extracted. Points represent data points that are at the outside of the region. The
region was formed by boundaries, which were represented by circles and circles were
connected by lines. Inside that region, cross signs represent the inner points. Same
projection was applied to each plane and the inner points were obtained as in (4.9).
Finally, over 400 inner part solutions were obtained. After the appliance of dominance
rule, inner Pareto points were collected. As a result, 41 solutions were found in only
20 seconds including the boundary points. Total time for execution was less than 1
minute. Consequently, it can be observed that applying (4.10) directly to data set
consumes time (6.5 minutes), however, after the elimination, all Pareto points can be
obtained quickly (1 minute). In Figure 4.18, visualization of the Pareto points are

given including IMs. Table 4.8 verifies the efficiency of the proposed approach.
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Figure 4.16. Discrete PFs of performance pairs. (a) PF of Gain-Power, (b) PF of
Gain-Area, (¢) PF of Power-Area

In addition, design of the comparator can be evaluated by analyzing additional
performance parameters. For example, an optimum solution set could be found for
offset voltage-area-power parameters as given in Figure 4.19. Limits of the design were

summarized as follows;

Minimum offset voltage that could be obtained from the comparator is 5.7mV
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Figure 4.17. Projection of boundary points and data set on X-Z plane.
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Figure 4.18. Boundaries of 3D PF and inner points.

Minimum area of the comparator was 10.9um?
Minimum power that the comparator can reach was 0.7mW

31 Pareto boundary points and 18 inner Pareto points were extracted among 65685 data



Table 4.8.

Verification of the approach

dominance rule

Pacyz (ma Y, Z)

PF,, U PF,., U PF,. U inner Pareto points

# of points after

Dominance rule

41 points in

6.5 minutes

41 points in

1 minute
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points. In other words, 49 Pareto points were obtained from PDS of the comparator,

which had 65685 solutions for the given performance parameters in 30 minutes.

8
B Offset Voltage (mV)

Figure 4.19. PF of comparator for offset voltage-area-power.
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5. PARETO FRONT COMPOSITION PART

A designer needs a fast way to get insight into the capability of the whole system
after generation of PF of subblocks. Therefore, a fast composition process of PF is
required. It is better to start with an example as given in Figure 5.1. Assume a system

which does not exist in the library. The system is partitioned into its subblocks; assume

Top-down decomposition Mixed-
of the main block Signal N _/
System [~

4]}

v v

A
I
I
I
[
I
I
I
[
I

Subl Suh2 I
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Bottorm-up
composition of PFs

Figure 5.1. Bottom-up composition of PFs.

two, subl (op-amp) and sub2 (comparator). From the library, op-amp is selected as
Miller op-amp (two stages). Moreover, the op-amp can also be divided into subblocks:
sub3 (differential input stage) and sub4d (output stage) so that the example becomes
a three-level hierarchical system. Then, from bottom to up, PF composition starts in
order to reach the upper level until the PF of the whole system is achieved. PF of sub3
and sub4 which are the elements of third level, are obtained by (4.4). Composition is

applied to sub3 and sub4 and the result gives us the PF of subl at the second level.

For example, assume that the designer wants to evaluate area-power pair of the
subl. PF of sub3 and sub4 is calculated and four points are extracted for both. It is
obvious that summation of area and power values of subblocks gives the total area and

power values. This summation must be considered in element-wise. Therefore, number
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of points in the composed set will be sixteen. After that, dominance rule is applied to
that set and the composed PF is obtained. Composition procedure of sub3 and sub4
is illustrated in Figure 5.2. In our work, considering (4.1) and (4.2), the validity of the

4 PF of sub3 'l PF of subd

) ]
3 g
o o
Area i Area y
k=1; =
for n=1:length(sub3)
for m=1:length(sub4)
Composed_sety(k)=sub3yx(n)+subdy(m) Element-wise
Composed_sety(k)=sub3y(n)+sub4y(m) > summation
k=k+1;
end
end J
A Composed set n (,ump.uscd PF
0‘1 subl
- ™ ] L]
& ] ] ™ A|:}|'}|}' 5
= . dominance 4
[+] . . o
o L] o
™ * L
L ] » .
Area Area

Figure 5.2. PF composition example for area-power pair.

above procedure is based on the following which means the PF of a composition ® of
data points is a subset of the composition of PF points when the composition preserves

the dominance rule;
PF {subX © subY)C PF (subX) ® PF (subY) (5.1)
where PF (subX) ® PF (subY) is the set obtained by applying operation ® to all

elements of subX and subY .

Assume the dominance rule is preserved under the operation ®. Then, the following



chain of implications is obtained.

X = Xoux © Xouwpy
X dominates all Y in D (subX ® subY’)

X € PF (subX ® subY) <

X = Xawnx © Xy < Yourx © Ysupy
VY €D (subX ® subY)

In order to prove (5.1), the following must be shown.

Xowx € PF (subX) A Xgpy € PF (subY’)

Contradiction will be used, so assume;

wlog let Xgpx ¢ PF (subX) = 3 Zgpx which dominates Xgupx =

ZsubX S XsubX where (ZsubX ?é XsubX)

Re-write (5.5);

Zsuwx © Yoy < Xoupx © Yoy, V Yoy € D (subY) =
Xoubx © Yoy ¢ PF{subX © subY), V Yyuy € D (subY) =
X = Xowwx © Xy ¢ PF {subX © subY)

74

(5.2)

(5.3)

(5.6)

Hence, contradiction (to (5.3)) implies Xgpx € PF (subX) and the same procedure is

applied for X,y € PF (subY’). Eventually, it can be stated that domination relation

does not change under ® operation if

Xownx dominates Zgpx = Xewx ©Y dominates Zgpx ©Y

(5.7)
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Performance parameters could be power, area, bandwidth, gain etc. In Figure 5.1,
assume p; and py are area and power for sub3 and sub4, respectively. Power and area
values of sub3 and subd are added in order to calculate the power and area values
for subl. In the literature, when performance estimation is evaluated, area-power
parameters are frequently considered. However, gain and bandwidth are also important
and multiplication operation is usually required. Consequently, it has to be shown
that addition and multiplication operations preserve the dominance rule. To give an
example, say p; and p, are gain and bandwidth. In both dimensions, assume that

component-wise multiplication ® is required.

Xsub31 Xsub41
XsubSQ Xsub42
Xsub3 = 7Xsub4 =
L Xsub?)N i L Xsub4K |
Xsub31 ® Xsub41
Xsub31 X Xsub42
®
Xsub3 & Xsub4 =
XsubSL ® Xsub41
®
| Xsub3N X Xsub4K ]
X1 Y
. Xo Y,
If X dominates Y = > , 9.7 must be shown
XN Yn
X1 ® 4 Yi ® 74
. Xo ® 2y Yo ® Zy
X ® Z dominates Y ® Z = >
Q.. X
Xy ® Zy Yy ® Zy
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Since all the points in design data set are positive values, component-wise multiplication
preserves dominance. In addition, same verification can be applied to vector addition
and division. Finally, it can be said that with positive values the dominance rule does
not change under multiplication, addition and division operations. Consequently, PF
algebra can be applied to various performance parameters which can be combined by

composition operations as necessitated by system requirements.

In order to validate the composition procedure, two examples were considered.
Initially, the composition approach was applied to a Miller op-amp, and then, first
order low pass filter was taken in to account.

Case Study 1: It was assumed that the Miller op-amp did not exist in the library.
Therefore, it was divided into its subblocks, which are differential pair stage and output
stage. Assume differential pair stage was in the library. This means that EKV-based
approach has already been applied and macromodel of differential pair stage exists
in the library. Then, performance parameters for differential pair were given as an
input for the macromodel. EKV-based macromodel calculated all feasible solutions and
formed different lookup tables for the end users. On the other hand, it was assumed
that the second subblock, output stage, did not exist in the library. Then, table-based
method which calculates all solutions including the infeasible ones was applied to the
subblock. A huge lookup table was formed for the output stage. This approach takes an
enormous amount of time in contrast to EKV-based modeling even though differential
stage has five transistors whereas the output stage has two. Finally, two subblocks,
which were modeled by different approaches, had to be merged in order to obtain the
performance estimation results of Miller op-amp. The aim was to show the accuracy
of the proposed hybrid approach when two different PE modeling methods were used.
This example was evaluated as ML-PE where the system had two subblocks. Hence,

composition process was also required. The approach could be verified in five steps;

Extract PF of Miller op-amp using library, i.e. area-power pair

Extract PF of output stage using Brute-Force approach

Extract PF of differential stage using library

Compose PFEs from step 2 and step 3.
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e Compare PFs from step 4 and step 1.

It was expected that same values were achieved in comparison part (step 5).

First of all, let us start with the analysis of Miller op-amp. PDS was obtained us-
ing the following performance parameters: Minimum gain and bandwidth were given
2000 V/V and 10 kHz respectively, lower bound of slew-rate was taken as 4 V/us and
output load was 2 pF. A sample of the lookup table, which represents biasing, gain,
total power consumption and area, was given in Table 5.1. Vg4s was shown in Figure

5.3 and V, is the gate-source voltage of M;. Estimation results, which were collected

Table 5.1. Sample of a Look-up table for Miller op-amp

Veras (V) Vgu (V)  Gain of first stage  Power (uW)  Area (um)?

2.5 0.63-0.65 38.95 161.7 124.85
2.5 0.63-0.65 37.24 161.7 150.56

from each subblock of the Miller op-amp, must satisfy the overall performance of the
main block. In other words, the results of differential stage modeled by EKV-based
method and the results of output stage modeled by Brute Force method must satisfy
the results given in Table 5.1. For example, area solutions gathered from the differen-
tial part plus area solutions collected from the output stage must be equal to Miller

op-amp area solutions. Figure 5.3 illustrates the verification process. Secondly, anal-

Vin VYon

gl
1
Vi“'.[H M,

Vi

M jl——-|
*V« * i + Gnd
Diff. Pair Input Stage Output Stage o ) Gnd
n A Diff. Pair Input Stage Output Stage
Vi V2
Modeled by EKV based Modeled by EKV based Modeled by Brute-Force
approach approach appoach

Figure 5.3. Schematic of Miller op-amp and its subblock.
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ysis of the output stage was considered using Brute-Force approach. As mentioned
in the literature survey, this method was the simplest solution to the problem. All
input possibilities were considered and their corresponding outputs were obtained and
performance parameters were calculated. Considering the input space and gathering
output and performance information from SPICE, a look-up table was formed. It is
obvious that this table provides all information about the circuit block and has a large
memory which inevitably increases the execution time exponentially as the number of
elements in the analog block increases. However, simple algorithm of the approach
may be useful in some analog blocks which have one or two elements. Two different

methods could be applied by forming a performance model.

e A lookup table is obtained according to the input space and corresponding to
output and performance values. After that, infeasible solutions which do not
meet the given performance specifications are eliminated. Next, a simplified
table is obtained.

e A lookup table can be formed by controlling the performance criteria in each step.
If the given input value results in a feasible output value, the result is written

into the table, otherwise next input value is considered.

H-spice was used in order to obtain the simulated results for constructing the table.
In the net-list, which is given in Figure 5.4, the initial value W of P type and N type
of the transistors and also initial value of input voltage are set to 0.5 ym and 0.8 V
respectively. After each simulation, different W and bias voltage values were assigned
to the net-list because design space of the circuit could be obtained by applying all
possible W values and bias voltages. Therefore, sizing parameters and bias voltages
were defined parametrically. In addition to this, net-list had to be recalled for sev-
eral times and W and bias voltage values had to be altered each time. This problem
could be solved by creating a simple algorithm which alters the W and bias voltage
parameters varying from 0.7 pm to 50 pum (200 pm for p-type) in 0.7 pm steps and
0.6 V to 0.8 Vin 0.05 V steps. In addition, L values were set to 0.7um just for this
example. Output of this simple program could be appended to the original net-list file.

When H-spice simulation was completed, a huge lis-file (output file of the H-spice) was
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formed including all possible output values of the circuit. Spice-like simulators could
automatically calculate and list voltage, current and some small signal parameters in
their output files. Using the appropriate ones, voltage gain, slew rate and bandwidth
values were calculated.

Another problem could occur in reading the necessary parameters from the "lis-file"
for each different input value. A parser-like program which read the circuit parameters
from lis-file such as g,,, gqs etc., was designed. Finally, a lookup table was formed and

using this table an optimum solution space or Pareto-optimum curves were obtained.

vbias 2 0 vbhias
vin 4 0 vgs

ml 3 4 0 0 nfet L=l_m H=u_m1
mZ 3 2 11 pfet L=1 m W=v_m2

-include c35_ekv.lib
.param v_ml=0.5 v _mZ=0.5 1 m=0.35 vbias=Z.35 vgs=0.8

.op
LOPTIONS SCALE=1e-6 LIMPTS = 30000 post=1 co=132
{
ALTER STATEHMENTS
¥
.end

Figure 5.4. Net-list of simple output stage.

Outlines of the Brute-Force approach can be summarized as follows;

o Generation of lisfile.cpp program, which was used to create alter statements for
H-spice, was modified due to the given input parameters. When W and L values
are known, the program calculates area and form area lookup table for the given
topology. The program prepared 30MB text file which included alter-statements
in less than 1 minute.

e Output file of the above program was copied and appended to the original net-
list. The modified net-list was run. H-spice took 2 days to finalize the entire
simulation (Intel Pentium4 2.0 GHz, 512 MB of RAM)

e Mosreader.cpp program, which read the necessary information from the lis-file,

created a lookup table including circuit parameters for each of the transistors.
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Using the appropriate ones, gain and power consumption were also calculated
and included into the table.
e A Matlab program was used to form a lookup table and modified them in order

to prepare graphical representations.

Brute force approach found out 404701 candidates for the output stage. This could
be increased to one million if different L values were taken into account. However,
some of the candidates gave infeasible results which were meaningless for the circuit
behavior such as smaller values from 1 V for the output voltage. 404701 candidates
were reduced to 4324 solutions when 1 < Vpg < 2 and Gain > 10 inequality was added
to the Matlab code. Since design space of an output stage was obtained, the entire
simulation took two days, which had to be reduced. Therefore, a simple rule between
W ratios of nMOS and pMOS was applied in order to reduce the number candidates
for faster simulation. W value of pMOS was taken 2, 3 and 4 times higher than W
value of nMOS respectively. Thus, some infeasible W pairs could be eliminated by the

second approach, which was a kind of simple intelligent-design technique.

Wy = 0.7um — 50um,
Wy =Wy - I where i = (2,3,4)

As a result, 4260 candidates were obtained in only 5 minutes. If the same inequal-
ity (1 < Vpg < 2 and gain is higher than 10) had been added to the Matlab code, 4260
candidates reduced to 211. The accuracy of the second approach could be verified by
showing that its solution set was a subset of the design space set obtained from the

first approach as expressed in (5.8).

PFApproachQ C PFApproachl (58)

Numerical examples are shown in Table 5.2. Same area values were found for the same
bias voltages and power values. A subset was found from the first approach and their
values were compared. Thirdly, analysis of differential stage was given: Minimum gain

value was 30, 3dB frequency was 10 kHz, slew-rate was 4 V/us and maximum output
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Table 5.2. A sample of numerical examples from 1% and 2" approach

Random Solution Index of the Solution Vgrasg Vin Power Area
1st Approach 306" of 4324 2.5V 0.65V 21 yW  12.2um?
2nd Approach 13" of 211 2.5V 0.65V 21 uyW  12.2um?
1st Approach 265 of 4324 2.5V 0.6V  3.89 uW  29.4um?
2nd Approach 4th of 211 2.5V 0.6V 3.89 uW  29.4um?

conductance was 1pF'. Here, the output load was taken as 1 pF because in Miller
op-amp, compensation capacitance, whose maximum value was the half of the output
capacitance (Cp), was the output capacitance of the differential stage. EKV-based
approach found out 30 solutions when gain was limited between 35 and 40. The tool
estimated the power consumption as 26.4 uW; thus, the current was 8 puA for Vgas
was 2.5 V and Vpyr was 0.65 V. In Table 5.3, a sample of a lookup table which has
7 elements out of 58 is given because same biasing voltages (Vpras, Vy,) have to be
selected as determined in Table 5.3. It should not be overlooked that Vgrag is common
for both subblocks and that the output voltage of the differential stage is equal to
the input voltage of the output stage. Hence, biasing values from subblocks must be

equal to each other for a robust op-amp design. Then, first three steps were examined:

Table 5.3. A sample of look-up table for differential pair stage

Veras (V) Vour (V) Gain  Power (uW) Area (um)?
2.5 0.65 38.826 26.4 4.77
2.5 0.65 38.826 26.4 4.29
2.5 0.65 34.278 26.4 4.45
2.5 0.65 39.975 26.4 5.73
2.5 0.65 39.975 26.4 5.25
2.5 0.65 39.365 26.4 7.64
2.5 0.65 39.784 26.4 14.49

analysis of Miller op-amp (by library), analysis of differential stage (by library) and
analysis of output stage (by Brute-Force with two approaches). Finally, the last two
steps were taken into account. Solution sets from step 2 and step 3 were composed and

then compared to step 1. In Table 5.4, solutions from subblocks and Miller op-amp
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are shown. It was observed that solutions verified the hybrid approach using (5.9).

Areanrijer = Areapifs + Areaoy:
Powerier = (Currentp;r + Currentoy:) x Power Supply (5.9)

Powerijer = (Powerp;sf + Poweroy:)

In this example, it was shown that instead of extracting PF of Miller op-amp, its

Table 5.4. Verification of the results collected from subblocks and Miller op-amp

Blocks Differential Output Stage BTS OPAMP
Pair Stage
Output voltage of M; In- 0.65V 0.65V 0.63 0.65V

put voltage of M,
Gate voltage of M7 and 2.5V 2.5V 248 — 2.5V

M- Bias voltage

Current(pA) 8 40 8 for diff input stage
40 for output stage
Area (um)? 4.77-14.49 120-135 124-149.49

subblocks were used to obtain optimum solution set of the op-amp. In other words,
subblocks of the system (the op-amp) were adequate for obtaining the overall perfor-
mance. This statement was verified by comparing the solution set of the op-amp to
the composed set of subblocks. The relation between the subblocks was given in (5.9)
for area-power pair and the numerical results were given in Table 5.4. Consequently, it
can be suggested that subblocks of a system can be used for PDS exploration instead
of exploring performance space of the main system. In addition, different approaches

can be applied to subblocks in order to speed up the automation process.

Case Study 2: First order low-pass filter (LPF) was taken as a case study and di-
vided into its subblocks to simulate ML-PE. Miller op-amp was used instead of an
ideal op-amp as shown in Figure 5.5 so that LPF was considered as a three-layer hier-

archical system illustrated in Figure 5.6.
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In many applications, feedback loops can be observed as in Miller op-amp. In our
example, compensation capacitance (C¢) creates a feedback path inside the Miller op-
amp. Therefore, performance information must be allocated to subsystems considering

the feedback path and the relation between subblocks as given in Figure 5.6. Firstly,

c1

W1

Figure 5.5. 1% order LPF, Miller op-amp is used.

PFs of differential input stage and output stage (subblocks of Miller op-amp) were
composed for the next upper layer (Miller and RC part) since PF of subblocks was
already extracted using previous example. In this example, performance was searched
for gain-power pair. However, gain parameter was considered in two states; open-loop
gain (Gain) and closed-loop gain (C'LG). Open loop gain was used for Miller op-amp
and closed loop gain was used for LPF. Hence, x-axis on Figure 5.7a is open loop
gain and closed loop gain is used in RC-part part as in Figure 5.7b. The relation
between the subblocks is defined in (5.10). After that, PF of RC part was extracted
using Brute-Force approach as in output stage of Miller op-amp. However, there is no
need to use H-Spice simulation to generate RC-part. Instead, resistors and capacitance
were varied while considering dc-gain and bandwidth constraints. PF of RC-part is

illustrated in Figure 5.7b. Then, composition method proceeded and Figure 5.7a and
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| il DC Gain=-Ry'R, |
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| | P P !
| [
| v v I
: Input Stage Output Stage :
| Cain > X Gain > 2.10%X |
| BW= 2.10%X Hz BW =2 10°.X.3 [
I SR=4Vis |, \ SR=4Vis [ [
' Cpi20=CeaCy2 | |  CL=5pF :

* = Pi
P |
Bottom-up [

composition of PFs

Figure 5.6. Hierarchical top-down decomposition bottom-up composition.

Figure 5.7b were combined in order to achieve PF of LPF for gain-power pair.

PFyower (LPF) = PFpoper (Miller) & PFpoyer (RCpart)
PFy4in (LPF) = PFyqn (Miller) ® PFyqim (RCpart)
@ and ® operations can be defined as :
@& = composed_set _of power = power set of Miller + power set of RCpart

PFyower (LPF) = dominance(composed_set_of _power)

gain__set of Millerxgain set of RCpart
gain__set of Miller+1+gain__set _of RCpart

® = composed_set_of gain =
PFyqin (LPF) = dominance(composed_set_of _gain)

where Cartesian production and addition were used.
(5.10)

PF of main system and a comparison are given in Figure 5.7c. PDS of LPF was
explored by symbolic analysis and it was compared with the result from ML-PE. In
addition, estimated results from ML-PE were simulated in H-spice and their accuracy
was also verified. In other words, verification of PF for the main block could be

completed in two ways;

e Composition process was verified by a comparison between the simulation results
(H-spice) and the estimation results gathered from composed PFs. Net-list of LPF

was extracted and given in Figure 5.8a for the minimum power value ( 98 uW,
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Figure 5.7. PF composition process of LPF a) PF(Miller) for gain-power b)
PF(RC-part) for gain-power ¢) PF(LPF-composition) for gain-power

which can be seen in Figure 5.7.¢) of the LPF. Output file was also given in Figure
5.8b. In Table 5.5, the comparison of performance parameters of the composed
PF and the simulation results are given. The comparison results showed that the
approach extracted good estimation results. Consequently, both performance of
LPF and its design with subblocks were obtained and verified.

e In addition to this, the approach was validated by comparing the results to a
different method, symbolic analysis. Equivalent circuit of LPF was taken into

account considering a two-stage op-amp (like Miller op-amp) as given in Figure
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Vdd 1033 R roltage sources
Vinl 20W+ Input and sbckt
Vi 10 V- } bius voltages elercert Oxdd  Osind  Owind  Osboas
Vhias 40 vhias volts 33000 16500 16300 24300
curent-2962e05 00 214407 0
M1 2700 ofet w=dqT L=DT =~ power 97T4eds 00 35%ed7 0
M22411 pfetw=28 L=07
ME 7600 nfet w=1.03L=0.7 Miller total soltage somee povwer dissipation= 9E0Pe05
M4 66 00 rfet w=105 L=07 Opamp | Watts
MST351 pletw=14L=035 > parameters
M66251 pfetw=14 L=0335 R resistors
M7 5411 pfetw=315 L=033 sbekt
CcT7 9065pf glercert Ol D022
CL90O 5pf < rvahue 1.000e+04 1.000:+Hk
viop 2.14%- 06 02144
Rl 10310k curent 2.144%-07 214e-07
R239 1000k } RC-Part power  450Me-10 450808
Cl398pF

(a) (b)
Figure 5.8. (a) Net-list file of LPF, (b) Output file of LPF.

Table 5.5. AC performance comparison of LPF

Performance Composed PF H-spice
Power (uW) 96.3 97.75
Gain (Closed Loop) 98 114
BW (Closed Loop) 20kHz 24kHz

5.9. Transfer function and gain expressions are given in (5.11). E; and Rout;
are gain and output resistance respectively (i=1,2). Symbolic expressions were
embedded into a Matlab code and while altering the variables of the expres-

sions, performance values were calculated considering some constraints as given

in (5.11).

Vour — _ _ agtaistags®
Vin bo+b15+b2s2+b3s (5.11)
DC a0 — _ E1 X FEoXRo—Rout2
Gain bo E>x E1XRi+Rout2+R2+R1

In other words, PDS was explored by symbolic analysis and then PF was ob-
tained. However, obtaining the design space of LPF from symbolic analysis took
15 hours. On the other hand, obtaining PF of subblocks of LPF and composing
them together took half an hour. Approximately similar results were obtained as

mentioned in Figure 5.7c.
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Figure 5.9. Equivalent circuit of LPF.

B, x Ey > 1000
Ry/Ry > 100

1/(2x7mx Ry x Cy) > 10kHz
DCcurrent 2 SR X CL

O Vout

(5.12)
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6. APPLICATIONS OF THE PROPOSED APPROACH

In this chapter, the main purpose is to show the utilization of the proposed
approach in ADA systems. Therefore, different applications were taken into account.
In the first example, library of PE was embedded into a sigma-delta ADC design
automation tool. Subblocks of the system were already defined and only op-amps were
designed by the library, so this example was considered as SL-PE with a topology
selector [32]. Then, the proposed approach was applied to Flash ADC system, which
was a two-level system. In addition, PF extraction and composition procedure were
also examined in the second example. In the last example, Pipelined ADC, which was
a four-level system, was taken into account. Details can be found in the following

sections.

6.1. A Sigma-Delta ADC design automation tool with embedded PE

The design of a sigma-delta ADC system, which works at system level, is auto-
mated by utilizing PE feature. The library part of the proposed approach was used in
this example as an embedded PE. Two different op-amp topologies and a comparator
were selected from the library and embedded into the system. As mentioned before,
PE takes some performance parameters such as gain, bandwidth, slew rate etc. from
the ADC designer part and estimates the area and power consumption values for archi-
tecture selection. Hence, this tool takes the advantage of PE models which are crucial
for effective ADC design where more accurate search of the design space is required.
Communication between the blocks is illustrated in Figure 6.1. In this example, the
architecture was determined before the design can proceed further. A coarse SNDR
calculation was carried out, as well as area and power consumption estimations, in
order to evaluate the performance of the ADC. The area and power values were esti-
mations which were provided by the PE module of the system. On the other hand,
SNDR could be calculated for ideal elements in the earliest stage and then could be
modified by including non-linearity. SNDR of the ideal system can be calculated as
given in [32].
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Figure 6.1. Communication diagram of blocks.

The flowchart of the design automation system is given in Figure 6.2. The blocks

marked with "*’

in Figure 6.2 show that these blocks are optional and may be skipped
by user. There are three different modes of operation in the tool. Details of the

operation modes can be found in [48]. Here, it is concentrated on the usage of PE tool.

In the second mode, semi-custom operation, the user specifies a library in which
the characteristics of the blocks (which may have multiple versions) in an ADC are
given. However, in some cases, only some of the blocks are suitable for the desired
performances, the system searches the design space to calculate the required parameters
for the other blocks. For example, if only comparators are available in the library, the
system searches for amplifier parameters, which satisfy the desired ADC specifications.
However, to estimate amplifier parameters such as area and power, a PE is required. PE
is again utilized in the last mode of operation, which is useful when there is no solution
with the given libraries. One of the most important features of a design automation
tool is the ability to find the best architecture for the provided specifications. Topology
selection is significant in automation design systems. In this example, performances
of the topologies can be determined by SNDR, area and power consumption. In our
approach, a performance estimation tool which works at system level and communicates
with system level tools was developed. This tool provides device-level information to
system-level tools and can work quite fast. With the utilization of PE, candidate
solutions may be evaluated at the system level and accurate architecture selection

becomes possible.
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Figure 6.2. Flowchart of the algorithm.

Area and power estimation are considered as output of the PE tool and calcula-

tions can be given as follows;

e The power consumption sources can be separated into four parts: comparator,
integrator, DAC, and digital circuit. It is obvious that most of the power will
be dissipated by the amplifier in the switched capacitor integrator. The power
consumed by the digital part can be estimated in a coarse manner. The order of
the system and the structure of the cascade can be used to estimate the number
of latches and blocks of the filter. Thus, a macromodel can be formed which
defines the power consumption of different order of filters. This macromodel is

developed by performing simulations. Then, the measured data were fitted to the
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macromodel. The power of the other blocks is estimated via the PE.

e The widths and lengths of all transistors are calculated and the total area of the
modules can be estimated by PE. In order to calculate the area of the remaining
components, the information in the technology file such as unit capacitance per
area or areas of digital standard cells is used. The area of capacitors, value of
which is already defined by the tool, is calculated by utilizing the unit capacitance
per area data. If any module is used from the library, the area value of the module
is taken directly from the library data. Total area can be calculated by adding the

areas of the amplifiers, comparators, digital circuitry, capacitors, and switches.

Accuracy of the PE models is verified in previous sections. Model of both op-amp and
comparator is validated with H-spice simulations. Furthermore, utilization of PE was

examined by three examples.

Example 1: The second operation mode of the Sigma-Delta ADC design tool was
chosen because it contains both library oriented design and automated design. The
integrator was designed automatically by the amplifiers which are already in PE and
the comparators were chosen from the library. The amplifier types utilized by the PE
throughout this example are BTS and cascode op-amps. In the design example, the
desired specifications are tabulated in Table 6.1. One major constraint was that the

solutions were restricted to a single bit. The algorithm searches for candidate archi-

Table 6.1. Input parameters of the Sigma-Delta automation tool

Parameters SNDR(dB) Supply Voltage (V) OSR Resolution

Desired values 86 5 64 14 bits calculated
by given SNDR

tectures with the given specifications. The candidate architectures were 2-1, 2-2 and
2-2-1. Then, the candidate architectures which satisfy the desired SNDR performance
for OSR of 64 were sent to the PE and area and power values were estimated. For this

example, it was assumed initially that only Miller (BTS) op-amps were available.
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The algorithm uses an array structure, which is called worm, is a solution for the
ADC. The worm contains all information such as OSR, supply voltage, configuration,
noise values, SNDR, capacitor values, and the block parameters such as amplifier gain,
comparator offset. These worms are passed to functions in order to modify their rele-
vant value, such as quantization noise or SNDR. For the semi—custom operation mode
that is used in this example, worms were generated for 2-1, 2-2 and 2-2-1 configura-
tions. The initial number of worms depends on the number of elements in the library.
The amplifier library was not used in the example, thus the comparator library defines
the number of initial worms. Then, the user may select the range of parameters for
the amplifier and other blocks. For our run, ranges for the gain of the amplifier and

capacitor values in the integrator were set.

The worms were sent to noise estimation functions who calculate the SNDR of
the worm. As a result, the user has many solutions which satisfy the specified SNDR
performance. The algorithm generates 846 candidate solutions. PE could find a solu-
tion for 567 of them. Thus, 67% of the candidate solutions were feasible. The solutions
are listed according to their SNDR values by the software. Several solutions may exist
for the same SNDR with different structures in which case the optimum solution (in

terms of area, power, or a combination of these two) should be selected by the user.

Example 2: In this example run, the candidate architectures may contain two types of
op-amps for different stages because PE had both cascode and BTS modules. In the
first stages, higher gain solutions were obtained; therefore, power consumption for the
first stage was higher than the following ones. On the other hand, lower gain solutions
were selected for the other stages. In addition, slew-rate limitation is very important
in amplifier selection. Since the current charging the load capacitor is calculated via
minimum slew rate, the power dissipation is directly proportional with the current as
mentioned in section 3.3. Moreover, design and circuit parameters of the op-amps such
as W, L of the transistors, biasing values etc. were obtained, whereas, most of the
behavioral PE models are not applicable to any device level and their implementation

as such is not simple [49).
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In Figure 6.3a, SNDR vs. power results for some cascode solutions are presented.
In these solutions, the OSR is 128. Here, PE only uses cascode op-amp structure. Two
candidate structures were compared and it was observed that 2-1 structure had the
same SNDR specs with lower power as opposed to the 2-2 structure for low SNDR. For
more demanding SNDR values, the op-amp was pushed to its limits in the 2-1 structure

and power increased sharply. PE tool can also generate PF for performance parameters
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Figure 6.3. SNDR versus power .

such as SNDR-power pair which is illustrated in Figure 6.3b. In this example, OSR was
limited between 20 and 64 and both Miller and cascode op-amp were used. Values of
the worm were generated for different configurations and the lowest power consumption
value was achieved for 2-1 structure with OSR value of 20. The tool selected cascode
op-amp for first stage and BTS for the rest. The highest SNDR value was achieved for

2-1-1 cascaded configuration.

The examples show that the developed tool may be used to generate Pareto-
optimal curves [50| for desired specifications. The design space from which these curves
are generated has many dimensions and the PE connects performance values to real
circuit parameters. Hence, not only optimization through SNDR vs. power curve is

possible but also area can be incorporated to select the most appropriate configuration.
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Example 3: In the library, there are three different op-amp topologies; Miller op-amp,
Telescopic op-amp and folded cascode op-amp. However, in this example, only Miller
op-amp and folded (cascode) op-amp were used. As mentioned before, the selected
candidates had large gain solutions in the first stage of the structure for the given
specifications. Therefore, it was assumed that a designer evaluated which op-amp
provided the best performance tradeoff, i.e. gain-power pair using Pareto optimum
analysis. PDS of each op-amp was obtained for the same input specifications given

in Table 6.2. In Figure 6.4, PDS of each op-amp is illustrated for gain-power pair.

Table 6.2. Input parameters of the op-amp topologies

Input Set Gain BW SR Cr,
Minimum values 2000V/V  2.5kHz 5V/us 4pF

Solid-lined rectangular represents PDS of the folded cascode op-amp and the dashed-
lined rectangular represents PDS of the Miller op-amp. PF extraction was applied to
Figure 6.4 and the curves are shown in Figure 6.5. It is observed that cascode op-amp
should be selected for the gain values higher than 3800 as found in the previous ex-
ample. On the other hand, Miller op-amp can be preferred until the gain values of
3800 because power consumption is less than the cascode one. In addition, gain values
higher than 5000, both op-amps are not applicable since power consumption increases
sharply. As a result, an optimum topology can be selected among the competing ones
according to the desired performance evaluations of the given system. Consequently,
a Sigma-Delta ADC design automation system which operates at the system level and
efficiently selects the most appropriate architecture for desired specifications is given.
PE is utilized for not only the selection of the best architecture but also obtaining
the accurate estimation of power and area consumption together with the circuit and
design parameters of blocks that are used in ADC. Hence, PE provides an insight into
the capability of the system for the end-users. The estimator uses EKV models in order
to perform very fast estimation results and also at the same time, keeping the required
accuracy needed for adequate architecture selection. As a result, suitable execution

time and accuracy tradeoff is achieved.
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6.2. Designing F-ADC system with proposed PE

F-ADC is known as the fastest ADC because the conversion takes place in as
single cycle; hence the name Flash. Block diagram of n-bit F-ADC is shown in Figure
6.6. In this example, a two-level PE is considered since Flash ADC consists of only a

comparator and a resistor string. The analog input signal is applied simultaneously to
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the 2" — 1 latching comparators which are already in the library; n represents the bit
numbers. The individual reference voltage is derived from a resistive voltage divider
string. With the analog signal applied to the F-ADC (V},,), each comparator will
compare the signal level to the reference level. The resolution of the F-ADCs tends to
be limited to eight bits due to the fact that the amount of circuitry doubles every time,
the resolution is increased by one-bit. Even though, the design of F-ADCs is highly
repetitive in its structure, it demands a high level of matching between the parallel
comparators. One of the major contributors to the nonlinearities is the comparator
offset voltage. The offset should be less than +1/2L.SB not to degrade the monotonicity

of the converter.

First of all, power and area calculations of the ADC are given. Power of the

resistor string and the comparators are calculated as follows;

2"1
Latched
Comparator
Vin
Veet —{ oA " }-t— —

Figure 6.6. Block diagram of F-ADC.

Pp=Vz/(2" R) (6.1)

Pcomp = <2n - 1) ’ f (Isupv Vsup)single comp (6.2)

Area estimation of the resistor string requires technology parameters. Rg is the sheet
resistance of the hpoly (high res. poly) read from technology file. w and [ are defined
by the guidelines from the given technology file.

R = (w/l)- Rs where Ayes =w-1-2" (6.3)
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Area estimation of the comparators is 2" — 1 times area of a single comparator.

Acomp = f (W, L) o 1 (6.4)

single comp
In addition, there are error sources which have to be taken into account. One of them
is the mismatch between resistors [51]. It is approximately defined in (6.5) where m is

the mismatch parameter.

em = (Vies - 2) - 0.03- m (6.5)

Second one is the thermal noise in the resistor string defined in (6.6) which generates a
voltage et. K is the Boltzmann constant and T is the temperature. In addition, offset
voltage has to be considered as defined in (6.7). Finally, sum of these voltages should

not exceed the half of the LSB, and thus, a constraint is defined in (6.7)

e = /4K -T-R-BWoomp (6.6)

em + € +v0s < Viep /2" (6.7)

SN R value should be checked for different n-values in order to control whether or not
n satisfies the given SN R with respect to (6.8). In other words, the given SN R limits
the number of bits [52].

SNR=n-6.02+4+1.76 dB (6.8)

F-ADC is fast enough to give the response in one clock cycle. Thus, the delay is
one clock cycle for this topology and the clock frequency is the only factor in speed
estimation, which is defined by a latch at the output of the comparator. F-ADC
example can be considered as a ML-PE such as shown in Figure 6.7. Since the model

of the comparator is available in the library, only resistor-string is taken into account.
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Brute-Force modeling can be used for resistor string. Resistors values are varied from
an initial value to a maximum value. In addition, V,.s is searched from a minimum
level to maximum voltage level. For instance, the supply voltage can be selected as the

maximum voltage level. Furthermore, a relation between the resistor string and the

M

v v

Comparator R-siring
Gain,Speed R S00;100;2000 (£2) \
+ Constraints | = \\ Vier < 3'}. v &
+ Constrainls

4] M

Figure 6.7. Flash ADC system blocks.

comparator is required for different performance parameter evaluations because only
area and power (6.1-6.4) can be calculated using resistor and voltage values. Therefore,

offset voltage of the comparator is used as given in (6.9).

Vos = [ (W, L, biasing, mismatch parameters) (6.9)

Substitute (6.9) into the constraint given in (6.7) so that a relation between comparator

and resistor string is obtained in (6.10).

Vier = g (em, er, f (W, L, biasing, mismatch paramters)) (6.10)

Moreover, bandwidth of the comparator is limited by the resistor string and the input
capacitance of the comparator as illustrated in Figure 6.8. Elmore delay calculation
is required for the bandwidth estimation of the resistor string part as given (6.11).
Input capacitance of the comparator (Cy,) depends on the W and L values of the
input transistors. This is significant because input voltages have to be applied to a
comparator without any decrease in their amplitude. Therefore, bandwidth (clock
frequency) of the comparator should not exceed (6.11). If the clock frequency of a
comparator is higher than the f3dB value given in Figure 6.8, amplitude of the input
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voltage decreases. As a result, comparator may give incorrect results.

1
7T.@.R.@n

f3dB = (6.11)
2

Assumed input parameters to the system are listed in Table 6.3. In this example, sub-

blocks of the system are determined before the design can proceed further. Most of the

parameters are related to comparator model. SNR, gain and bandwidth parameters

2"1
Latched
Comparator

ﬁ
113
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R \ limited by
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Figure 6.8. Elmore delay assumption.

Table 6.3. Input parameters for F-ADC system

Input param- SNR(dB) Gain(V/V) BW (MHz) Input reso- Number
eters lution (mV’)  of bits

F—ADC 20 3 50 2—-14 4-38
Comparator Resistor String

ENOB Gain BW  Input resolution Resistor Value Reference
voltage
(V/V)  (MH2) (m) () (V)
(6.7) 3 50 2—-14 500 : 100 : 2000  Vyer < 3.3

are the minimum values for F-ADC. While extracting the model, performance design
space is extended with input resolution and number of bits data set. Then, input set is

distributed to subblocks. Comparator model uses W, L, inversion-coefficient, biasing
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voltages and current as key parameters. Minimum value of effective number of bits
(ENOB) is calculated for the given SNR value. In other words, n is lower bounded by
the given SNR. Upper bound can be 8 or 10 bits. In Figure 6.9, PF of the subblocks
are illustrated for bandwidth-power performance pair. It is assume that there is a 20
fF capacitance at the output node. PFs were obtained in 3.4 and 1.2 minutes for the

comparator and the resistor string, respectively. First of all, comparator was modeled

003 35
z
0.025 3 g
: 25+
N ¥ P d
§row Vg 1%
=Y » 15} II.
0015 " "I
" !
4 ‘II
p JostHd
y ‘ | J | , T | o w" . . : L L L 1 - s W
] 2 3 4 5 ] ? : ’ : ;andwisnltll 1“3 ! i y .
Bandwidth (Hz)
@) (b}

Figure 6.9. PF of the subblocks (a) Comparator (b) R-string

and PDS was obtained. Secondly, according to the estimated V,s and bandwidth val-

ues, minimum V,..; was determined for Brute-Force approach of R-string such as given

in (6.12).

V;"ef =2 (Vos +em + 6,5) - 2" (6'12)

min (Vies) =2 -min (Vos + € + €1) - 2" = 2+ [min (Vos) + min (e,) + min (e)] - 2"
(6.13)
Initial reference voltage value for the resistor string can be obtained using minimum
offset voltage and minimum bandwidth values which are extracted from PDS of the
comparator as defined in (6.13). Also, bandwidth calculation of the resistor string

requires input capacitance values and number of effective bits of the comparator as
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given in (6.11). PDS exploration of resistor string can be illustrated as given in Figure

6.10. Moreover, other performance parameters of the optimum design can be extracted

for R=500:500:2000
for Vref=min Vref:0.05:3.3
for n=min(n):l:max(n)
for Cin=min(Cin):0.05fF:nax (Cin)

end
end
end
end

Figure 6.10. Searching PDS of the resistor string.

as it is given in Table 6.4. In other words, resolution of F-ADC, delay, input resolution
and gain of the comparator are obtained for Pareto points of the design. Minimum n
and maximum input resolution values are obtained as expected. When n is increased,
power consumption will raise and bandwidth values decrease if small input resolution

is desired. In order to obtain PF of F-ADC, PF of subblocks have to be composed.

Table 6.4. Other performance parameters for PF of BW vs. Power pair

Number of Gain  Reference voltage Input resolution Number
Pareto points (V/V) min. Values (mV) (mV) of bits
8 Points 5—10 250 — 360 14 4

Therefore, we have to define composition operations for both performance parameters

as follows;

PF,pper (F— ADC) = PFEpyer (Comparator) @ PEpoyer (R — string)
PFpy (F — ADC) = min (PFgw (Comparator) , PFgw (R — string))

Power values of the comparator dominate power consumption of the system as seen

in Figure 6.9. Furthermore, bandwidth values of the comparator are smaller than the
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resistor string, and thus, x-axis of the Figure 6.9a can be used as the bandwidth of the

system due to (6.11). In other words;

PFpw (F — ADC) = min (PFpw (Comparator) , PFgy (R — string))
= PFpw (Comparator)

Moreover, F-ADC can also be modeled and implemented into the library. PE of F-
ADC is straightforward since the comparator model is already present. Only a resistor
string is added into the model with some additional constraints. Block diagram of
the F-ADC model can be illustrated as in Figure 6.11. Input file consists of gain,
SNR, clock frequency and resistor value. Inversion coefficient, length of transistors,
number of bits, biasing values, input resolution, etc. are swept for feasible design space
exploration providing the constraints as given in Figure 6.11. All performance, design

and circuit parameters are presented in different look-up tables as output files. PDS

Input File
Gain, SNR, Clock
Freq. R

Vref, Vin, input Tlirzegféﬂf”gfaﬁ?z%n
resolution, etc ‘p ters

F-ADC Model
W.L.IC biasing.n. ( Qutput Space (

A
Y

Constraints
AC/DC behavior of comparator,
eiror sources, technological
parameters, etc..

Figure 6.11. Modeling diagram of F-ADC.

of F-ADC is obtained in 50 minutes Pentium 2.5 GHz machine and PF for bandwidth
power pair is extracted in 3 minutes using the input parameters given in Table 6.3.
Composition process can be verified by comparing PF of F-ADC, which is obtained
by Figure 6.11 and PF of composition obtained from Figure 6.9. Both of them are
illustrated on the same graph as it is given in Figure 6.12. Composition process takes

50 seconds.

It can be concluded that both PFs are similar to each other. Only a small

difference is observed at around 15 mW power value. This is because while extracting
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Pareto points of R-string using table-based method, incremental steps of the resistor
value and gain values are higher than the pre-defined values of the design plan of F-
ADC. Therefore, a point is missing in the composition procedure because the missing
point may be between the arbitrary values of the resistor. Power consumption increases

dramatically when bandwidth values, which are higher than 300 MHz, are demanded.

Number of comparators in F-ADC directly depends on the bit numbers. For
instance, 255 comparators are required for F-ADC with 8-bit resolution. As a result,
both power and area increase in relation to (6.2) and (6.4). Therefore, optimum solution
is required. In Figure 6.13, PF of subblocks and PF of F-ADC are given. PDS and PF
of subblocks are illustrated on the same graph. Composition process is again compared
to the F-ADC model in order to verify the proposed approach. Consequently, similar

PFs are observed as expected from the approach.

Comparison of PFs

I:II:I35 T I I I T T
#  Pareto Points of Compaosition
— PF of Composition
nnak| © FaretoFoints of F-ADC 5
— - PFof F-ADC
0.025 - - s
oozt £ .
g
0015t ey .
001} ' .
&
% 10°
DDDE 1 1 1 1 1 1
0 1 2 3 4 b B 7

Bandwidth {Hz)

Figure 6.12. PF of F-ADC for BW vs. Power.
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Figure 6.13. (a) PF of comparator for Area-Power, (b) PF of R-string for
Area-Power, (c¢) PF of F-ADC for Area-Power

6.3. Pipelined ADC automation system with proposed PE

The conceptual block diagram of a generic pipeline ADC is shown in Figure 6.14,

consisting of a number of consecutive stages, which are similar in their function. Each

stage contains F-ADC and a multiplying DAC (MDAC) except the last one, which only

contains an F-ADC. First stage takes a sample of the input voltage and performs a

coarse A /D conversion, and generates the residue signal for the following stages. There

is NoS number of stages, each quantizes NV bits. As a result the overall resolution is

NoS times N. Each stage samples the output from the previous stage and converts it
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Figure 6.14. General architecture of a NoS-stage P-ADC.

to digital codes using F-ADC. Then, the digital codes are converted to analog signals
by DAC and subtracted from the sampled signal. Subsequently, the residue is amplified
by a gain of G. Next, the output register combines the output bits from each stage

starting from the first one as MSB and gives the final digital codes.

MDAC is used instead of three components; DAC, sample and hold, and residue
amplifier. A typical switched-capacitor MDAC, which has two clock phases per con-
version, is shown in Figure 6.15. In the first phase, the capacitor array is connected
to the input and is charged for sampling. Then, the feedback capacitor is switched
to the amplifier output making a negative feedback path. This time, capacitor array
is connected to the reference voltages which are controlled by the output of F-ADC.
In other words, the charge stored in the capacitor array represents the analog voltage
created by the output code of the F-ADC. The residue signal is transferred to the
feedback capacitor (doubles the unit capacitor) through the op-amp for the following
stage to process. Although there are many error sources in P-ADC, correction circuit
compensates these errors efficiently. Therefore, redundant bits may be added to each
stage. On the other hand, the error sources are used as constraints for selecting opti-
mum stage resolutions and system configuration. Table 6.5 shows main error sources
of the system. In the first column of Table 6.5, error sources of F-ADC, which are

already discussed in previous example, are tabulated. In MDAC, thermal noise and
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Figure 6.15. Operations of MDAC.

Table 6.5. Main error sources

F-ADC MDAC

Offset voltage (6.9)  Thermal noise
Mismatch error (6.5) Mismatch error

Thermal noise (6.6) kT /C noise

TTN, are defined as given in (6.14).

NZ N2 N2 N2
TTN? = _S/H MDAC1 MDAC?2 MDAC3
T T e e teaa”

2
N MDAC(NoS—1)

Gl Glnos 1)

St (6.14)

Nsyi and Nyspaci are the output referred RMS noise value of the S/H and the MDAC,

respectively. G is the closed-loop gain of each stage. An approximate expression of

noise value for MDAC can be given as:

K-T

+4-K-T-R,,) -BW|-G; (6.15)
Cupaci

NJ%/IDACZ’ =0-
In (6.15), K is the Boltzmann’s constant, 7" is the absolute temperature and C' is the
total input capacitance of the MDAC. # can take 1 or 2 depending on whether or not the
circuit is a single-ended type. Roy is the on-resistance of the CMOS switches. Assume
that nMOS is used with the aspect ratio of 10. K P is the technological parameter for
AMS 0.35um.
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~ 20012

Roy = 1 1
ON = &P, W.(V,s—V;)  261.4:10-5102

As a result, a constraint can be defined for n effective bit of resolution for P-ADC.

O'M’ef

TTN <« — %L
o . \/12

(6.16)

The other main error source of MDAC is the mismatch error of the capacitor array.

The effect of the mismatch is defined as follows;

N
Vaa =2V, (vm — Viep - »_ 27N bi> (6.17)
=1

Expression 6.17 represents the ideal residue a MDAC. The values of the capacitors
determine the voltage, which will be subtracted from the input. Considering the mis-

match e, capacitor values, which are given in Figure 6.15, are modified as:

As a result, (6.17) is rewritten with the contributions of the mismatch error.

N

N
€+ Z e]) — % Y 27+ ) (6.19)
=1

=1

Via =271,

1
Vm<1+2—N-

The first term of (6.19) represents the gain error and the second term shows the non-
linearity of the MDAC. b; is the digit value (0 or 1). Not only mismatch determines
the gain error, but also parasitic capacitances have an effect on the gain error. This

error must be smaller than the half of the LSB.

2. Cp

N where Cp is the parasitic capacitance (6.20)
* “Yunit

gainerror =

Moreover, kT'/C noise is the lower bound for the unit capacitor. In (6.21), minimum
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value of the unit capacitor can be calculated.

/ kT LSB V;“ef—min
F - 2 - 2N+1 (621)

In order to select optimum configurations, power and area calculations are also taken

into account. Both can be calculated in a straightforward way. Power consumption
of MDAC and F-ADC dominates the total power estimation. In MDAC, static power
dissipation of the op-amp and dynamic power of the switching activities can be ap-

proximately given as;
PMDAC’i - <]sup ' ‘/sup) + 0 - CMDAC’i : (]— + KCi) : V;Qef : f (622)

where K¢; represents the parasitic capacitors of the switches. Besides, area estimation
of MDAC consists of the op-amp, the capacitor array and the switches. Moreover,

power consumption and area of F-ADC is already given in the previous example.

Delay estimation of a pipeline ADC is equal to NoS times the clock. Speed
limitation is determined by the settling time of the amplifier. In other words, the

speed is determined by the slew-rate of the amplifier.

Most of the errors, especially from F-ADC, can be corrected by the digital cor-
rection module. On the other hand, self-calibration methods are widely used. They
generally correct the errors from DAC levels and gain errors. The design of P-ADC is
more complex than the F-ADC. It has many stages, which differ from each other with
their resolutions. Thus, exploration of a huge design space is required. However, this

space has to be limited due to the error sources and given parameters.

P-ADC is considered as a multi-level PE, which means top-down decomposition of
the system is applied and PDS exploration of each subblock is considered with respect
to the constraints. Then, bottom-up composition is applied; PF of each subblock is
composed in order to achieve the PF of the P-ADC at the top level. As a result,

exploration of huge design space is partitioned into small pieces for a faster execution
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time. In addition, an approximate design of each subblock such as the comparator,
op-amp etc. can be obtained whereas most behavioral models cannot. In Figure

6.16, the proposed approach is illustrated. Input performance parameters of the P-

Top-down . .
decomposition of the P-ADC s _,,/
main block B

"

v v v

Stage 1 é_‘/ Stage2 | Stage NoS |z k

M P

[ 1 I ¥

Comparator b ‘/ R-string & -/ Op-amp B ‘ J C-array

A —————————— —————————————— —— ——— — —

P Pi | P
* * Bottom-up
Output composition of
Input Stage Siaas PFs

Figure 6.16. Block diagram of P-ADC as ML-PE application.

ADC have to be distributed to subblocks for PDS exploration. In Table 6.6, input
parameter set of each block is shown for each level. SNR determines the lower bound
of the resolution as mentioned in (6.8). Maximum resolution is the upper bound of
the system. Clock frequency is a lower bound of the delay estimation. According to
the effective number of bits, all available design configurations are generated. Input
parameters of the blocks can be altered by the designer or new parameters can be
added. Methodology of the approach starts from obtaining the information about
resolution. FExploration of PDS for all subblocks begins after the generation of all
possible configurations. However, each configuration has different number of bits, thus
creates a huge design space. Therefore, some constraints will be considered in order to
reject some configurations. For example, high resolutions at the latter stages and lower

ones at the early stages are eliminated because of the thermal noise, which dominates
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Table 6.6. Input parameters for the blocks of P-ADC

P—ADC
SNR BW Max Number of
(dB) (MHz) Resolution  Redundant bits
65 >20 12 1
Comparator R-string Op-amp C-array

Gain (V/V) 5 - >2000 -
BW (MHz) 50 : ~0.1 :
Input resolution (mV) 2—-14 - - -
BW closed-loop(MHz) >25
Resistor Value () - 500 — 2000 - -
Reference voltage (V) - <33V - -
Slew Rate (V/us) > 100 - > 100 -
Output Capacitance (pF) - - 2 -
Unity Capacitance (pF) - - - 0.5
Switch on-resistance () - - - 200

at the early stages since low resolution contributes higher error. As a result, higher

resolutions at the early stages are desired.

Thermal noise is calculated for the remaining configurations and then some of
them are eliminated, especially for low reference voltages. Next, errors of F-ADC and
matching between capacitors are calculated. Mismatch of capacitors generates gain

errors which limits the minimum gain for each stage.

Finally, performance parameters such as power, area, delay etc. are estimated
for the remaining configurations. Consequently, optimum solutions are evaluated.

Flowchart of the automation process can be illustrated as in Figure 6.17.

In order to validate the proposed method, an example is considered using the
input set, which is given in Table 6.6. SNR value determines the lower bound of
the resolution as 10 bits by (6.8) and the upper bound is 12 bits. In other words,

different system configurations from 10 to 12-bits resolution are generated. Higher
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resolutions at the early stages and lower resolutions at the latter stages are selected.

A sample of available configurations for 10 -bit design is given in Table 6.7 and the

[ SN R! lI|
resolution, | |
. B !
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U

Generation of " .| Constraints
Configuration M | Elimination
L 4
Selected PD? PF extraction
N X » | exploration of >
configurations of each block
each block

A A

Solution Set \}-l— PF

b 4 composition

Figure 6.17. Flowchart of P-ADC design automation.

results are illustrated in Figure 6.18. Configuration column shows the stage resolutions
from left to right. The sum of the stage resolutions exceeds the desired resolutions
because of the redundancy bit. For each stage, one redundant bit is used for the
digital correction part. The proposed approach selects the configuration 3333322 as
an optimum solution. On the other hand, 5432 has the minimum power consumption;
however its area value is high. Besides, 2222222222 has the minimum area due to the
small quantity of capacitors and comparators for each stage. The increasing number
of comparators determines the area and power values. Therefore, 553 and 5432 are
far from global minimum. It can be concluded that optimum solutions can be search
among the configurations, which have medium resolution. ~The proposed method is
compared to the reference models, which can be found in the open literature in order
to show the validity of our approach. For example, an optimization model of P-ADC,
which was given in [53], was compared to our approach. Different configurations were
evaluated and 443333 was selected as an optimum solution. Then, our approach was
applied to different configurations and results were demonstrated in Figure 6.19. It
was observed that 443333 was found among the optimum solutions. The dashed line

represents the Pareto curve of power and area parameters for the performance space of
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Table 6.7. Different configurations for 10-bits and their power-area values

Configurations Number of Number of Power Dissipation  Area
types op-amps  comparators (mW) (mm)?
553 3 69 82 —92 0.034
2222222222 10 30 78 — 98 0.008
33222222 8 32 62 — 78 0.012
4322222 7 37 53 — 66 0.017
33333 5 35 38 — 48 0.014
333322 6 34 45 — 58 0.011
3332222 7 29 54 — 68 0.011

4433 4 44 32 —40 0.02

5432 4 56 32 —40 0.03
44322 5 43 38 — 48 0.017
433222 6 35 45 — 58 0.017

PF of different confizurations for Power vs. Area

0.0v T T T T ")!'J T

i
o, Y

Figure 6.18. PFs of different configurations for 10-bits.

the 14-bit P-ADC. In addition, using the solutions from the reference model, PF was

obtained and demonstrated together with the proposed method as it is given in Figure
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. PFs of different configurations for 14-bits.

6.20. Difference in parameter values stem from the technological discrepancies such as
supply voltage was 5 V in the reference model. Therefore, solutions from the reference
model were scaled in order to examine a better comparison. A coarse calculation was
applied to the solutions of the [53|; power values were decreased linearly and the area
was shrunk quadratically. Consequently, scaled-solutions were come close to the range
of our approach. As expected, they were still above the PF of our approach. Moreover,
different P-ADC models, most of which emphasized power optimization, were taken
into account. In Table 6.8, several models are listed including their optimum solution.
Furthermore, all possible technological knowledge was collected from the models in
order to apply a regular comparison. Input parameters, which are given in Table 6.6,
were applied to our model. The only difference was the reference voltage, which was

selected as 1 V due to the reference models. Comparison is shown in Figure 6.21.

In Figure 6.21, the best matching was obtained in the second comparison because
the critical parameters for power values such as supply voltage, reference voltage, unit

capacitance and also sampling rate were similar. Besides, all solutions collected from

our work were approximately equal or smaller than the reference ones.

Eventually,
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Figure 6.20. PF of the proposed approach and PF of the reference model including

scaled solutions.

Table 6.8. Different reference models and their solutions.

Reference Resolution Optimum Technological Solution

Models configuration Knowledge

[54] 12 — bit 3232332 Supply:3.3V,  230mW
Viep + 1V,
Lopamp
4mA

[55] 12 — bit 43222222 Supply:3.3V, 56mW
Vier ¢ 1V,
Cp: 0.45pF

[56] 12 — bit 3222222223 Supply:3V,  290mW
Vieg 1 1V

[57] 12 — bit 244443 Supply:5V, 65mW
Viep : 2V
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Figure 6.21. A comparison to different models.

our work was verified by H-spice simulation. 8-bit P-ADC was selected as a case study
for verification process. Optimum solution was searched from different configurations
and then, circuit parameters were gathered from the optimum solution for simulation.
It was assumed that there was no redundant bit in the stages. For example, the
configuration 332 was selected as an optimum solution. As mentioned before, not only
the performance parameters were obtained but also an approximate design of each
subblock was extracted. A Pareto point was selected from the PF of 332, and their
parameters were sent to the H-spice simulator. The selected system has 15 comparators
and 3 MDAC. There was no amplification at the last stage so the number of op-amps
was 2. The latched comparator and the Miller op-amp were selected from the library.
Their input specifications were given in Table 6.6 together with resistor string, switches
and capacitor array. Reference voltage was limited to 2 V and the unity capacitor was 1
pF in each stage. Initially, dc analysis was taken into account. In Table 6.9, simulation
and estimation results of the comparator and the op-amp were compared. It was
observed that current values remained below 3%. In other words, power consumption
estimations were accurate enough for the designer. In Figure 6.22, output of F-ADC

and MDAC were illustrated.
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Table 6.9. A sample of DC parameters of the op-amp and the comparator.

The op-amp Idout Idif Power of a Total Power

single op-amp of F-ADCs

Estimations 1.1mA 10.5pA 3. TmW 7.4mW
Simulation 1.2mA 11.5uA 3.99mW 8mW
The comparator Id Idtail Power of a Total Power

single comparator  of MDACs
Estimations 30uA  267uA 1.81mW 31.2mw
Simulation 31.5uA  275uA 1.92mW 32.5mW
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Figure 6.22. A sample of transient analysis for 8-bit P-ADC. (a) Output of MDAC,
residue amplification, (b) Output of F-ADC, digital output

Secondly, transient analysis was applied to the example. Estimated bandwidth
values were 57 MHz and 20 MHz for the comparator and the op-amp, respectively.
Maximum delay of the comparator was calculated as 113 ns. The speed of the system

is determined by the bandwidth of the op-amp. Therefore, 20 MHz clock frequency
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was applied to the system. Reference voltage was 1 V and a sinusoidal input voltage
was applied. Residue amplification was obtained as expected and the comparison was
done accurately. For example, when input voltage is higher than the reference voltage,

output of the comparator becomes logic 1, which means 1.65 V-3.3 V.

First stage 3-bits
F-ADC MDAC
V=11V V=14V Output Sample Phase Amplification
1.1V 1.225V 0 AV =V,-Vy,’
1.1V 1.05V 1
1.1V 0.875V 1 Vin =Viai. 6/8= 1.05V 0.05.8=04V
1.1V 0.7V 1 input for the
1.1V 0.525V 1 AV=11-1.05V=005V next stage
1.1V 0.35V 1
1.1V 0.175V=LSB 1
Second stage 3-bits
F-ADC MDAC
V=04V V=14V Output Sample Phase Amplification
0.4V 1.225V 0 AV =V,-Vy'
0.4V 1.05V 0
04V 0.875V 0 Vi =V 2/8=035V 0.03.8=04V
04V 0.7V 0 input for the
0.4V 0.325V 0 AV=04V-035V next stage
04V 0.35V 1 =0.05V
04V 0.175V=LSB 1
Last stage 2-bits Digital Code see Fig.6.24
F-ADC 0111111 0000011 001
V=04V V=14V Output 110 010 01
04V 1.05V 0 11001001 = 1.1V for 8-bit
0.4V 0.7V 0 Verification
0.4V 033V 1 128+64+8+1=201
201.1.4256=1.099V

Figure 6.23. Expected values of each stage for 8-bit conversion.

After that, a constant input was applied and it was shown that the 8-bit con-
version was obtained successfully for the given bandwidth. In Figure 6.23, expected
values of the digital code and the analog inputs between stages (residue amplification)
were tabulated. Next, simulation results were shown by the following figure. Outputs
of F-ADC were converted to 3-bit code such as 0111111 to 110 using an encoder. Fi-
nally, 1.1V was represented by 11001001, 8-bit digital code. Simulation results of each
F-ADC were shown in Figure 6.24. However, there was a bit error at the output of
the second stage. 0000111 was obtained instead of 0000011. On the other hand, this
error can be corrected by the digital correction block. As a result, 1.12 V was obtained

(11001101) by simulation with 20 MHz clock frequency as estimated.
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Output of 1" F-ADC Output of 2" F-ADC
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Figure 6.24. Output of the F-ADCs (a) 1! stage: 0111111, (b) 2" stage: 0000111,
(c) 37 stage: 001.
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7. CONCLUSION

A general methodology for performance estimation of mixed-signal systems is
proposed while exploiting the Pareto Front concept without running optimization al-
gorithms and Spice-like simulators. As mentioned before, performance estimation re-
quires a well-determined performance design space exploration for a given technology.
Since complexity of mixed-signal systems grows progressively, exploration of a huge de-
sign space is required for PE of system blocks with a dramatically increased exploration
time. Therefore, a Matlab-based library is presented for fast and accurate PDS explo-
ration. In addition, accurate design estimations of the system blocks and subblocks
are obtained. Then, PF approach is applied to the system blocks in order to collect
optimum solution sets for selected performance parameters. Finally, PF composition
is considered providing the dominance rule with algebraic representations. Moreover,
not only optimum solution sets are extracted but also an approximate design of the
blocks is obtained in this thesis. As a result, a suitable execution time and accuracy
tradeoff is achieved for PE in ADA systems. The proposed approach has three main

contributions: the library, PF extraction and PF composition.

First contribution is the model library. It provides PE models of analog blocks
such as different op-amp topologies, a comparator, a Flash ADC, a LPF and subblocks
such as a differential input stage, an output stage, and current mirrors etc. which
are generated by EKV MOSFET model. EKV MOSFET model is preferred for model
generation because it has the advantage of continuity in all regions. Although, BSIM3
is the most preferred MOSFET model in industrial applications, it has some problems
in the moderate inversion region at which most of the modern designs are modeled. In
addition, EKV is more convenient for a faster modeling procedure because it has less
model parameters than the BSIM3. Accurate estimations can be examined by simple,

paper-work analysis.

If the given system does not exist in the library, it is partitioned into subblocks so

that the designer has the advantage of observing the behavior of subblocks which may
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affect the performance of the whole system. In addition, execution time will be reduced
as any approach will be applied to a sub-block rather than the main analog block. It
should not be overlooked that the execution time of modeling increases exponentially
with the number of elements in analog blocks. The designer not only evaluates PE of
subblocks but also attains knowledge about an approximate design including circuit
and design parameters of each subblock, whereas, most of the behavioral models cannot
provide design details of the blocks. PE tool can be implemented into a specific system
whose subblocks are already found or whose subblocks are determined by an algorithm

called topology divider.

It was observed that the library spent maximum of three hours for collecting
PDS estimation of a selected block within an acceptable error rate. Models of the
analog blocks were validated by comparing with different approaches and accuracy of
the estimated solutions was verified by comparing with H-spice simulation results. PE
was embedded into a sigma-delta ADC design automation system and already proposed
in [32] where the library also enables us select the best op-amp topology through the

automation process, serves most purposes for mixed-signal systems.

Second contribution is utilization of Pareto Front extraction. PE tool helps the
circuit level synthesis by giving hints about optimization and eliminating unfeasible
solutions. Since extracting PDS of analog blocks refers to the elimination part, an
approach is proposed for obtaining optimum solution sets which can be derived from

that PDS set.

PF extraction provides less execution time when compared to complex optimiza-
tion algorithms. Since PDS is already explored, only a simple algorithm is applied to
that data set and then Pareto set is extracted quickly. Each Pareto point refers to
circuit and design parameter sets, which are saved by the library for circuit level syn-
thesis. In other words, the designer has the knowledge of the optimal designs, which
are implementable in circuit level synthesis for exact sizing. Furthermore, PF of a
given block can be extracted in not only two-dimensional space but also three or more

dimensional representations can be obtained. Case studies showed that PFs were ob-
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tained just in minutes for different input parameters of different blocks such as Miller

op-amp, LPF, comparator and F-ADC.

The last contribution is necessary when a designer needs a fast way to get insight
into the capability of the whole system after the generation of PF of subblocks. There-
fore, a fast composition process of PF is proposed. Estimating overall performance
using the design space sets is a costly process. Instead, Pareto points are used for that
purpose. This is the advantage of PFs, especially when the systems start to become
more and more complex. In this thesis, a simple and fast composition approach is pro-
posed: any operation which preserves the domination rule can be used in connecting

the performance parameters.

Composition procedure was applied to several examples and it was observed that
composition took only a couple of minutes. In LPF example, composition was compared
to symbolic analysis with Brute Force approach and the similar results were obtained.
Symbolic analysis took 15 hours, whereas, modeling of subblocks, PF extraction and
PF composition of the proposed approach took only half an hour. In addition, PF
extraction of comparator and resistor string took 3.4 and 1.2 minutes, respectively in

F-ADC example and the composition procedure took 50 seconds.

In the future work, new analog blocks together with the new technology param-
eters can be added into the library. In addition, an optimizer and/or some behavioral
models can be implemented into the tool instead of Brute Force approach for the
blocks, which cannot be found in the library. Finally, a general interface of PE tool
can be designed such as a Matlab GUI with add-on tools for different ADC types or

for different mixed-signal systems.
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