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Abstract

One of the main challenges in designing analog circuits today is to cope with the
complex behaviors of modern devices. For example, the drain current of a deep-
submicron MOSFET device can no longer be predicted by the long-channel mod-
els, due to various effects including carrier velocity saturation, vertical-field induced
mobility degradation, drain-induced barrier lowering (DIBL), and narrow channel ef-
fects, to name only a few. In addition, the characteristics of each individual device
can be further affected by random variability and proximity effects. As a result, it
is extremely difficult to design an optimal circuit at the presence of these complex
phenomena without relying on computational aids, e.g. circuit optimizers. However,
many circuit optimizers based on global optimization techniques such as simulated an-
nealing or evolutionary algorithms may also have difficulties unless they are provided

with good initial guesses.

This research focuses on building a circuit optimizer that leverages designer’s in-
tent to help the simulation-based optimizers find solutions quickly. The technique is
inspired by continuation techniques in numerical analysis where a difficult problem is
solved by constructing an easier problem first and gradually refining its solution to
that of the hard problem. In a circuit optimization context, the designer’s simplified
equations for the circuit serve as the easier problem. These simplified design equa-
tions are easy to write as they need not be completely accurate and have solutions

that are easy to reason about.
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While these design equations may not generate a good initial design for optimizing
real circuits directly, they can help guide the optimizer towards an optimal solution
by constructing and solving a series of intermediate problems that gradually change
from the initial problem based on design equations to the real circuit problem with
accurate device models. Assuming that the solutions to these intermediate problems
change only gradually along this path, each problem can be solved very efficiently via
local optimization methods, using the solution to the previous problem as a starting
point. Although more problems have to be solved, since each is solved very efficiently,
the overall computational costs can be lower than that of solving the final problem
directly. We apply our circuit optimization approach to several design examples
and investigate the importance of the initial designer’s equations by comparing our
optimizer’s performances against those of a local optimizer and a generic continuation-

based optimizer.

We extend this basic idea to leverage hierarchy to help optimize large circuits, and
demonstrate this technique with a PLL design example. Besides the runtime benefit,
performing optimization hierarchically is also intuitive and more in line with how a

circuit designer would approach designing a large circuit problem like the PLL.
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Chapter 1
Introduction

The main tasks facing a circuit designer during a typical circuit design process are
1) selecting an appropriate circuit topology that the designer deems most suitable
for their target application, 2) sizing the underlying circuits in the chosen topology
and verifying that its performance meet the application’ design specifications, and 3)

realizing the layout of the sized schematic and re-verifying its performance.

To help designers quickly evaluate different circuit topology options, they need a
fast and intuitive circuit sizing methodology. The traditional approach for accomplish-
ing this is to first form simple analytical equations to estimate critical performance
parameters based on the designer’s understanding of how the circuit should behave.
The circuit is then simulated based on the device sizes obtained from optimizing these
simplified equations. If the resulting circuit performance does not meet the design
specifications, the designer re-adjusts their equations to come up with new sizes before
simulating again. This cycle is then repeated until either the design specifications are
met or the designer becomes convinced that this topology cannot be made to work

in the target application.

While traditional approach to circuit sizing has worked well in the past, growing

device complexity as you scale down technology has made it very time consuming. If
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the discrepancies between the device models the designers used to form their simpli-
fied equations and the actual device models used in simulation are sufficiently large,
the iterative procedure between hand calculations (forming and solving simplified

analytical equations) and simulations can become a blind search.

Even if the circuit designer chooses to reuse a circuit topology from another tech-
nology node where its design has been proven to work, its circuit sizing procedure
can also be as time consuming. There are two main reasons for this. First, because
the process non-idealities and limitations vary from process to process, the topology
that may be suitable in one process technology may not be suitable in another. For
example, a cascoded amplifier may work well in a 0.18um process with a 3V supply
but may fail in a 45nm process with a 1V supply due to headroom limitations. Sec-
ond, the design may have worked in a previous process because it has been sized for a
different performance objective than what is being targeted for in the current appli-
cation. Perhaps the original design was sized for low power while the new application
may have high performance as its main objective. Clearly, we need to improve both
the way circuit sizing is done and the way the designer’s knowledge is transferred

from one technology process to another.

A natural step to improving the circuit sizing methodology is to automate it. Au-
tomation tries to accomplish two goals: speed and convenience. The approaches taken
by existing circuit optimizers are usually either fast or convenient but not both. For
them to be fast, the optimizers usually need a large amount of input from the de-
signers, usually in the form of very accurate design equations, making them difficult
to create. On the other hand, the optimizers that are easy to use will usually need
to treat the optimization problem as a black box since they require very little input
from the designers and thus have very little information about the underlying circuit,
making the optimization process very slow. Chapter 2 will examine the advantages

and disadvantages of these existing circuit optimizers in more detail.
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Figure 1.1: High-level view of our optimization framework. Designers design their cir-
cuits using their simplified equations and let optimizers take care of the non-idealities
by moving the initial design point in the equation space to the final design point in
simulation space.

The main focus of this work is on creating an improved circuit sizing methodology
through a circuit optimization framework that provides a good compromise between
speed and convenience. It also tries to retain the intuitive analysis of the traditional
circuit sizing approach while coping with the differences between these models and

the real transistor’s behaviors.

Our framework in Figure 1.1 accomplishes these goals by first letting the designers
size their circuits in the traditional way and then relying on the optimizer to handle
the device process non-idealities. In our methodology, the designers first use simplified
equations that best represent their design intent to initially size their circuits. The
optimizer then leverages these simplified equations to help it move the initial design
point in the equation space to the final design point in the simulation space using a

numerical continuation technique called homotopy.
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Conceptually, we can view our approach as slowly introducing non-idealities into
the designer’s assumed device models and iteratively refining our solution as we move
towards the simulation space. The main assumption here is that the discrepancies
between the two models are second order, and without these non-idealities, the cir-
cuit would have worked exactly the way the designers had intended. Chapter 3 will
describe our approach in more details before going through a few design examples in

Chapter 4. Chapter 5 will then analyse the performance of our optimizer.

Because the approach described in Chapter 3 can still be quite slow for circuits with
a large number of parameters or with a long simulation time, Chapter 6 will investi-
gate how we can extend our methodology to size these circuits through hierarchical
optimization. The extended approach is demonstrated through a PLL optimization
example. Chapter 7 will then summarize and conclude our work and discuss possible

future directions.



Chapter 2

What Makes a Good Circuit

Optimizer?

As discussed in the introduction, a good circuit optimizer should be:

1. Intuitive to circuit designers, to give them confidence and understanding into

why the resulting device sizes have been chosen,

2. Fast enough to allow the circuit designers to explore different circuit topologies,

and

3. Easy to use such that the overhead in setting up new optimization runs is small.

This chapter examines prior and existing circuit optimization approaches against
these criteria to help us understand their strengths and weaknesses. A more detailed

survey of existing circuit optimizers can be found in [14].

Previous and current circuit optimizers largely take one of two approaches [14]:
equation-based or simulation-based approach. In an equation-based approach, shown
in Figure 2.1, the focus is on having a very fast optimization process by first creating
very accurate design equations and then performing the optimization in the equa-
tion space. The main drawback of this approach is that the resulting equations can

become complex and difficult to derive. Thus, they can provide little insight, losing
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Figure 2.1: Equation-based Circuit Optimization Approach.

some of their merits as analytical formulas. In simulation-based approach shown in
Figure 2.2, the focus is more on making the tool convenient for users by leverag-
ing generic optimization algorithms. The user only has to provide the simulation
decks and optimization objectives to the optimizer and the tool will perform the opti-
mization using non-linear algorithms such as simulated-annealing, stochastic pattern
searches or evolutionary algorithms. The drawback here is that these methods are

very resource-intensive.

In the 1980s when computational resources were scarce, early approaches to device
sizing automation [8, 18] were equation-based. These approaches were not only fast,
which is to be expected of equation-based approaches, they were also very accurate
because the effects of the non-idealities in the old process technologies were not as
pronounced as the ones in current process technologies making it relatively easier then
to create accurate design equations. They were also intuitive because the sizes were
derived using easy-to-understand design scripts. However, these early approaches
took the view that only experienced designers should design circuits so the tasks for
writing the equations for the design scripts were reserved only for these experienced

designers, making the optimizers very easy to use for regular users.
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Figure 2.2: Simulation-based Circuit Optimization Approach.

Hence, these ‘optimizers’ (more appropriately called synthesis tools) were packaged
as knowledge-based optimizers where the design equations (also known as formal
descriptions) for each circuit derived by experienced designers were stored in a library
along with its design plan or design scripts for determining its device sizes for a given
set of design specifications. Furthermore, if an optimization run fails, these optimizers
will attempt to tell you why it failed and will try to give hints as to how you may be
able to adjust the specifications to make the design feasible. The goal was to make

analog circuit design easily accessible to digital and junior analog circuit designers.

While these early tools seemed to have all the makings of a good circuit optimizer,
they were not widely adopted as the experienced designers found it difficult and
time-consuming to contribute new designs to the library. One of the main reason for
this is because “analog design heuristics are very difficult to formalize in a general
and context-independent way” [14], hence each new circuit topology required its own
custom design plan with little reuse from other design plans and the effort required
for creating a design script was found to be roughly four times more than what is
needed to actually design the circuit once [27]. Furthermore, designers also needed

to have some programming knowledge in order to incorporate their design plans into
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the library making the process of adding new circuits to the library too complex even
for experienced circuit designers to use. While these tools did have some commercial
success (MIDAS [27], AZTECA [26], CATALYST [52], BLADES [9], ISAID [51]),
most of the circuits used by the customers in these tools were the ones that were

already provided by the tool developers [14].

2.1 Equation-based Optimizers

To make the tools more practical, more recent equation-based optimizers let users
directly input the design equations that should be reasonably accurate in order to
obtain solutions that are close to the actual optimums in simulation. Since the op-
timization engine in these tools does not rely on any simulation, having accurate
equations is essential to the accuracy of the final optimization results. This requires
including many sophisticated effects of the devices making it difficult to write the
equations. This process can be eased either by using template languages [21] or
by automatically generating equations via pilot simulations [16]. Nevertheless, the
resulting equations can become too complex to provide any useful insights, losing
their merits as analytical formulas. Furthermore, many optimizers in this category
6, 7, 13, 16, 19, 20, 21, 22, 23, 24, 25, 31, 50] make the optimization process effi-
cient by forcing the equations to be convex or quasi-convex. However, because not
all design characteristics are easily captured in convex equation forms, creating ac-
curate design equations can be difficult. This is especially the case when the design
objectives involve optimizing large-signal or transient characteristics. Because of the
manual effort involved in creating accurate design equations, switching designs to a
different circuit topology, or even to the same design in different process technology,
can also incur significant overhead as new equations are needed specific to the new
topology or to a different set of non-idealities in the new process technology. As with
knowledge-based optimizers, the main problem with these equation-based optimizers

is the ability to derive accurate design equations quickly.
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To help overcome this problem, attempts have been made to automate generat-
ing design equations, largely via symbolic analysis tools such as SYMBA [53] and
RAINER [59], with limited success. These tools faced scalability problems, gener-
ated large uninterpretable expressions, and were limited to only linearized circuits in
frequency domains. Because the number of terms in exact symbolic solutions scale
exponentially with circuit sizes, heuristic simplification and pruning algorithms were
required to make the symbolic analysis more manageable. Initial approaches such as
ISAAC [15], SYNAP [47], and ASAP [10], mimicked what designers would do during
hand-calculations by only retaining important circuit elements and generating expres-
sions only for the dominant contributions. However, they were still only applicable
to circuits with less than 15 transistors making them impractical. Later approaches
like SYMBA and RAINER, use more sophisticated simplification algorithms which
made them applicable to larger circuits. Nevertheless, the expressions generated by

these tools were still large and unwieldy, restricting their usefulness to designers.

More recent researches on symbolic analysis and generation try to tackle both the
accuracy and scalability problems concurrently. For example, Xu et al. in [57] demon-
strated a hierarchical symbolic analysis technique that can analyze a 44-transistor cir-
cuit exactly. Other researches in this area explore different applications of symbolic
analysis such as providing sensitivity analysis and visualization [37, 48], or imple-

menting a symbolic circuit simulator [5].

2.2 Simulation-based Optimizers

Instead of focusing on finding faster ways to generate accurate design equations,
simulation-based optimizers remove the need for the equations altogether and directly
optimize the circuit based on numerical simulation results [16, 28, 32, 36, 38, 39, 45,

58].

Since there is no special structure (e.g. convexity) to exploit, most optimizers

in this category rely on global nonlinear optimization techniques such as simulated
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annealing [16], stochastic pattern search [45], geostatistics technique [58], evolutionary
algorithms [36] or a combination of algorithms [38]. All these methods are either slow
or resource-intensive. For instance, Phelps, et al. [45], reported that optimizing a
two-stage operational amplifier with 32 devices may take more than 10* simulations

using simulated annealing.

These approaches usually require little work from a designer and initially appear
“easy” to use. There is also very little work needed to switch to a different design
topology. However, these methods are often slow, as many simulations are run, and
their convergence may still be dependent on a good initial point, so the overall user

experience is generally not good.

2.3 Mixed Equation-Simulation Optimizers

A good compromise, it seems, lies somewhere between the two existing approaches.
An early attempt at this mixed equation-simulation approach was the ASTRX/OBLX
tool [42]. In place of simulation, ASTRX/OBLX uses Asymptotic Waveform Eval-
uation (AWE), a model reduction technique, to evaluate circuit objectives and per-
formances. Because AWE is a black-box modeling technique — mainly applicable
to relatively linear circuits — it was not much of an improvement on equation-based
optimizers in terms of providing design insights. Moreover, the underlying optimiza-
tion engine still relied on simulated annealing algorithm and, as a result, also did not

provide much improvement on speed over simulation-based optimizers.

Based on the characteristics of the existing circuit optimizers, we contend that:

1. For circuit optimizers to be fast, they need to leverage designer’s knowledge

(through design equations) to help guide the optimizer to the final solution.

2. For circuit optimizers to be intuitive, these design equations should not be too
complex and mainly contain the dominating contributions of relevant circuit

elements.



CHAPTER 2. WHAT MAKES A GOOD CIRCUIT OPTIMIZER? 11

3. For circuit optimizers to be easy to use, the optimizers should do most of the

work.

Our proposed circuit optimizer takes up the mixed equation-simulation approach

with these goals in mind which will be described in more details in the next chapter.



Chapter 3

Designer-Centric Circuit

Optimization

As discussed in the previous chapter, we would like our circuit optimizer to be
intuitive and fast like equation-based optimizers but require little equation setup like
simulation-based optimizers. Designers should be able to design their circuits using
simple and intuitive equations that allow them to reason and understand how their
circuits behave with respect to their design variables while the underlying optimiza-
tion engine should be responsible for taking care of the non-idealities that are not
present in the design equations by making sure that the final design point meets the

design specifications in the target process technologies.

Suppose you would like to estimate the output voltage of the differential amplifier
shown in Figure 3.1. As a circuit designer, you would not use the exact equations
from the device manual to estimate the current of the input devices as they can be
incredibly complex and hard to understand. Instead, supposed you knew that the
input voltages will be small — and hence so will the gate overdrives of the input
devices — then you would prefer to use a simple long-channel transistor model to
help you estimate the saturation current more easily. And because the circuit uses
resistive loading, you would also ignore the output resistances of the input pair in

the long-channel model. Non-idealities that were not modeled in the current design

12
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Figure 3.1: Designer’s intent in a differential amplifier.

equations such as channel-length-modulation (CLM), drain induced barrier lowering
(DIBL), and substrate-current-induced-body-effect (SCBE) effects, would then ideally

be taken care of by the optimizer during its optimization process.

The circuit design process can be intuitive when designers are able to use assump-
tions about their circuit behaviors to keep the design equations simple and represen-
tative of their design intent. Designers pick a circuit architecture that they think is
best suited to the needs of their target application and each device in the circuit, in

turn, fulfills a particular purpose to help satisfy those needs.

Suppose your target application led you to choose the differential amplifier archi-
tecture in Figure 3.1 where you would then need to maximize its gain-bandwidth
product. You can use your knowledge of how each device in the amplifier is intended
to work to help you derive simplified gain and bandwidth equations. More specifi-
cally, as the role of the tail transistor is to be a current source and the input devices
are to be transconductors, we can use a simple ideal current source (Igras) to model

the tail transistor and a simple long-channel model to model the input pair. We can
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then derive the following gain and bandwidth equations in terms of the input device’s
width (W) and length (L):

Gain =G, - Ry, = \/Z'MCOQ:‘%'IBIAS'RL (3.1)

1
Bandwidth = 3.2
e = o Ry (CL + Gy - W) 32)

where p1 is the carrier mobility, C,, is the gate oxide capacitance per area, Cj is the

drain junction capacitance per unit width, and R; and C}, are the load resistance

and capacitance, respectively.

Because the simplified design equations naturally exclude many non-idealities, the
actual behavior of the circuit in simulation will not behave exactly the way the sim-
plified design equations predict. Figure 3.2 shows the gain and bandwidth of the dif-
ferential amplifier as predicted by the design equations and by the simulation (using
BSIM4 device model) for various input device sizes. Although the design equations
and the simulation data exhibit similar gain and bandwidth trends, there are sig-
nificant differences in the actual values between the two models. Consequently, the
design point obtained from optimizing the simplified equations may be far from the
actual optimum and may not even meet the design specifications in the simulation
space. Hence, we will need the optimizer to help us move the initial design point
obtained from optimizing our ideal design space to the final design point that meets

the design specifications in the simulation space.

For the rest of this chapter, we will first provide a brief background on the homotopy

methods and then describe our circuit optimization algorithm and its issues.

3.1 Homotopy Methods

Homotopy is a numerical continuation technique that helps solve hard non-linear

problem by first solving an easier problem and then gradually converting the easier
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Figure 3.2: Gain and bandwidth of the differential amplifier as predicted by the
designer’s model and by the BSIM4 simulation model.

problem to the harder problem through a series of intermediate problems. The idea
is that if the two successive intermediate problems are close enough, they should also
have close solutions and we can therefore leverage the known solution of the preceding
intermediate problem to help solve the next intermediate problem. An example use of
this homotopy technique in the circuit simulation field is in improving the convergence
of DC analysis [40] where the trivial DC solution of a circuit with the supply voltage
VDD equal to zero is solved first. The DC solution is then iteratively refined while
the supply voltage V DD is gradually ramped up to its desired value. A good analogy
of the homotopy technique is the transient simulation. To determine a node voltage
at a certain time point, you first start the transient simulation at time t = 0 and then
progresses the simulation until ¢ reaches the desired time point while the simulator

iteratively refines the node voltage value along the way.

In general, a homotopy path between the easy and the hard problems is controlled
by a mapping parameter. The supply voltage V DD is the mapping parameter in the

DC convergence analysis example while the time ¢ is the mapping parameter in the
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transient simulation analogy.

Traditionally, homotopy methods have been used to solve systems of non-linear
equations and were capable of solving systems with over 100 variables since the 1980s
[54]. They were also capable of solving optimization problems by first converting them
to systems of non-linear equations and then applying homotopy methods on them.
A general algorithm for applying a homotopy method to an optimization problem

typically consists of:

1. Convert the optimization problem to a system of n nonlinear equations with n
unknowns, i.e., F'(z) =0 where z € R and F' : R — R".

2. Construct a homotopy map H(x,\) = 0 that satisfies H(z,0) = E(z) (a known
easy system with known solution) and H(z,1) = F(z) (the hard system from

step 1 above ) where A is the homotopy mapping parameter.

3. Track the zero curve (i.e., refine the solution of H(x,\) = 0) while varying A

from 0 (the solution of the easy system) to 1 (the solution of the hard system).

The third step — zero curve tracking — is an established process with a mature
software package available [56] while the second step — constructing a robust homo-

topy map — is least understood and even considered an art [55].

A commonly used homotopy map in the second step linearly interpolates between

the hard system F'(z) and the easy system E(x):
AN Fz)+(1—X)-E(x)=0 (3.3)

When the easy system in the above equation (3.3) is of the form E(z) = (z — ),

where

is an arbitrary initial point given by the user, the method is called Fixed-
Point homotopy. This is one of the most widely used form of homotopy (along with
Newton homotopy [60]) because it only requires the user to provide an initial point and

not the whole easy problem. However, not every easy problem with an arbitrary initial
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point can efficiently guide the convergence to the final solution and, as our examples
in a later chapter will show, we can usually guide the optimizer more efficiently using

user design equations than using general fixed-point homotopy.

3.1.1 Intent-Based Homotopy

We call our proposed approach intent-based homotopy because we use circuit de-
signer’s equations that represent their intent as the easy problem E(zx) in the homo-
topy map (3.3). These design equations usually follow the general trends of the real
circuit behaviors albeit being inaccurate in the absolute quantities, like the gain and
bandwidth of the differential amplifier example in Figure 3.2. If a solution cannot be
reached with our intent-based homotopy then it is likely that the circuit is unsuitable
to perform the intended operation for the target technology (e.g., the circuit may
not have enough voltage headroom) which by itself is also a valuable feedback to the

designers.

Another difference between our approach and the traditional homotopy approach
to solving an optimization problem is that we do not first convert the problem to a
system of non-linear equations. Instead, because solutions of successive problems in
homotopy are close to one another, we directly leverage existing local optimization
packages to help solve each intermediate problem using the solution of the preceding

problem as the initial guess.

To create each intermediate problem, we use the linear homotopy map in Equation
(3.3) to generate homotopy functions H(z) = A - F(x) + (1 — ) - E(z) for each
performance constraint in the optimization problem. In circuit optimization context,
each F(z) function represents the designer’s equation for each performance metric
such as power equation as a function of transistor sizes. We can easily evaluate
these functions for any point in the design space with negligible cost. The F(x)
functions represent simulated values for the same performance metrics which can be

quite expensive to evaluate at any given design point.
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Figure 3.3: Approximate problem generation. First, we evaluate E(z) and F(x)
functions on randomly generated design points around an initial point (top left graph).
Next, we interpolate the easy and hard samples from the previous step to generate
homotopy samples (top right graph). We then fit these homotopy samples to an
approximate (convex) model (bottom graph) for each performance constraint function
to generate an approximate representation of the problem.

Hence, instead of solving each actual intermediate problem directly, we solve an
approximate representations of each problem. Figure 3.3 demonstrates how we form
this approximate representation. First, we generate homotopy data samples by eval-
uating E(z) and F(x) functions on randomly generated design points (around an
initial point) and then interpolating their values. These samples are then fitted to
approximate (convex) models to generate an approximate representation of the prob-

lem.
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We can now provide a high-level intent-based homotopy circuit optimization algo-

rithm:

1. Solve intent-based equations to get a starting point z° and advance \.

2. Form next intermediate optimization problem using intent-based homotopy and

k—1

locally solve it using previous solution z"~" as initial point.

3. Advance ).

4. Goto 2 and repeat until A = 1.

Section 3.4 will go over this algorithm in more details after we first discuss a few

algorithmic issues in the next two sections.

3.2 Constrained Optimization

Most practical circuit design problems have design constraints that may either
be internally or externally imposed. The internal design constraints exist to ensure
circuit functionality such as making sure a current source in the circuit has enough
saturation margin or that the output impedance of a supply regulator is low enough
so that it can sink or source its load current. The external design specifications are
usually derived from the application specifications such as a jitter requirement for an

oscillator or a gain requirement for an amplifier.

The initial solution obtained from solving the simplified design equations, more
often than not, will not meet all of these constraints in the simulation space which
poses a serious problem to designers and optimizers. For example, it has been reported
[17] that for a two-stage operational amplifier design, roughly 90% of the design time
is spent on tweaking sizes in simulation to meet the design specifications even after
obtaining the initial design point from the design equations. When given an infeasible
initial design point, most optimizers either take an additional step to first find a

feasible point [4] or just simply discard the given initial point [3].
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Figure 3.4: Infeasible intermediate constraint spaces. Starting from the left graph,
ge(x) < 0 is the initial easy constraint and gs(z) < 0 is the final hard constraint.
ge(z) = 2* — 4 and g¢(x) = (z — 5)* — 4. The feasible region for each intermediate
constraint is shaded. Between A\ = 0.2 and A = 0.8, the intermediate constraint
spaces are empty as evident by A = 0.3 and A = 0.7 graphs.

Our optimizer can also fail when the initial design point is infeasible in simulation
space if the homotopy map given in Equation (3.3) is used directly. For example,
as shown in Figure 3.4, suppose the constraints for the easy and the hard problems
are z2 — 4 < 0 and (x — 5)2 — 4 < 0 respectively, then the intermediate constraints
parameterized by lambda are x? — 10A\x + (25\ — 4) < 0. For A values between 0.2
and 0.8 the intermediate constraints have empty feasible space and the homotopy

methods can no longer trace the solution after A = 0.2.

The reason why some of the intermediate constraints have empty feasible space is
because the feasible regions for the easy and the hard problems are non-overlapping.
Since a homotopy solution path connects a point inside the feasible region of the
easy problem to a point inside the feasible region of the hard problem, it will need
to cross over a region where both constraints are infeasible. As interpolating any

two infeasible points also result in an infeasible point, the infeasible region between
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the easy and the hard problems can never become feasible in any of the intermediate
problems. Hence, there is no way for a point that starts inside the feasible region of

the easy problem to move across to the feasible region of the hard problem.

If you somehow have knowledge of a feasible point in the simulation space, one way
of addressing this issue is to adjust the easy problem so that this point is also feasible
in its constraint space. This can be done by simply applying a relaxation amount

based on the easy constraint value at this point to the easy constraint function.

More specifically, let g.(z) < 0 and gs(z) < 0 be the constraints for the easy and the
hard problems that have non-overlapping feasible spaces, and suppose there exists =/
such that g;(x) <0, then applying a relaxation amount r = g,(zf) (which is always
positive due to the non-overlapping property) to the original easy constraint function
will make the feasible region of the new easy constraint function g*(z) < 0 (where
g:(x) = g.(z) — r) overlap with the feasible region of the hard constraint because z/

is now feasible in both the new easy and the hard constraints.

In practice, we are unlikely to know of a feasible point in simulation space a priori, so
we use the solution to the easy problem instead to help estimate the initial relaxation

amount. This heuristic constraint relaxation technique is similar to [44].

Again, let g.(z) < 0 and gf(x) < 0 be the constraints for the easy and the hard
problems respectively, and let 2" be the solution to the easy problem, we can relax

the intermediate constraints as:

Agp(@) + (1= A) - ge(z) < (1= A) - gr(a®)4 (3.4)

In other words, we use the violation amount of the initial point in the hard con-
straint, gp(z°); (i.e., the positive part of gf(2")) as our initial relaxation amount
i.e., r = gr(2°);. This relaxation is gradually removed as we move towards the hard

problem as illustrated in Figure 3.5. Obviously, if the hard problem itself has empty
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Figure 3.5: Constraint Relaxation. (a) Initial relaxation amount is equal to the initial
violation of the initial point in the hard constraint r = g;(2°),. (b) Evolution of the
relaxed constraint space through homotopy interpolation from A = 0.0 (top left) to
A=0.3toA=0.7 then to A = 1.0 (bottom left). The relaxation amount is gradually
driven to zero as we move from the easy problem to the hard problem.
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feasible space, then relaxation cannot help. Therefore, if the algorithm cannot ad-
vance its solution, it is highly indicative that the circuit cannot be realized as intended

for the target design specifications.

3.3 Convergence of Homotopy Methods

The path from the easy problem to the hard problem may be fraught with diffi-
culties as it may encounter many path irregularities. As the previous section shows,
the path may not exist from the easy problem to the hard problem even though the
hard problem is solvable because intermediate problems may become infeasible. The
path may start from one solution of the easy problem and then loops back to another
solution of the easy problem. The path may split or get stuck in an infinite spiral.

See [60] for a more comprehensive study of possible path singularities.

Fortunately, the convergence theory for homotopy methods have been studied ex-
tensively and the main criteria for the guaranteed existence of a homotopy path can

be informally summarized as [55]:

1. All intermediate constraints must not have empty feasible space.
2. The easy problem must yield a single, unique solution.

3. The solution path must have no singular points.

The first condition ensures that a path exists between the solutions of the easy and
the hard problems. We use a heuristic constraint relaxation technique described in
the previous section to help avoid this problem, assuming that the hard problem has

non-empty feasible space.

The second condition ensures that once we trace the path from the initial problem,
it does not come back and re-cross A = 0 hyperplane but steadily progresses toward

reaching the final solution at A\ = 1. One of the reason why the fixed-point homotopy
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map is popular is because there is only one solution at A = 0 given by x = z°

guaranteeing that we meet this second criteria.

In our case, since we do not impose upon the user to provide an initial problem
with only one, unique solution, we can meet the second condition by superposing
a fixed-point homotopy on the intent-based homotopy for the objective function.
Suppose that our design equation objective is to minimize f,(z) and our simulation-
based objective is to minimize fs(z), then we can construct our new superimposed

objective for the intermediate problems as:
minimize A - fi, (7, A) + (1 = A)- || 2 — 2° |2 (3.5)

where fi,(z,A) = X- fs(x,\) + (1 — ) - fe(x) is the basic linear-mapped homotopy of

the easy and the hard problems, and || x — 2% ||? is the equivalent fixed-point form of

the easy problem in the optimization context. If 2° is chosen to be the minimum of

O can be any arbitrary point),

fe(z) (unlike in a general fixed-point homotopy where x
then the superimposed objective will only have one solution at z = z°. In practice,
however, we have not found a need to use this feature so it is turned off by default in

our optimizer as it also increases optimization time.

The third condition for path existence is to rule out strange behaviors such as path
bifurcation, path splitting or path turning points [60]. In real-numbered homotopy
systems, the only singularities that can occur along the solution path are quadratic
turning points [33, 35]. This simply means that the solution path may not be mono-
tonic with respect to any of the design parameters or the mapping parameter .
Consequently, optimizers that advance the homotopy mapping parameter A mono-
tonically may encounter serious difficulties as the solution for the next intermediate
problem may actually be quite far away. To deal with these singular quadratic points,
we can use a different controlling parameter — typically the arc length of the path s
— to help advance the intermediate problem and then determine the next A based on
the current arc length. This is what we also do in our adaptive stepping algorithm

that will be described in more details in the next section.
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3.4 Circuit Optimization Algorithm Details

As shown in Section 3.1.1, our intent-based homotopy circuit optimization algo-
rithm consists of two nested loops. The outer homotopy loop drives the progression
from the easy problem based on the simple design equations to the final problem
based on simulation. The inner local optimization loop optimizes the intermediate

problems using previous solution as the initial guess.

3.4.1 Inner Local Optimization Loop

We implemented our inner local optimization loop based on sequential convex pro-
gramming (SCP) [11] which solves a non-convex optimization problem by solving
a sequence of approximate convex problems. We fit data samples to convex func-
tions to generate an approximate convex problem and then use optimization package
MOSEK (http://www.mosek.com) to efficiently solve the approximate problem. As
SCP technique does not require derivatives of the objective and constraint functions,
we can apply our algorithm on problems that have non-smooth or even discontinuous

surfaces.

Because each approximate problem is just that — an approximation — each ap-
proximate problem also has an associated trust region T* representing the set of
design points where we trust the models used to form the problem in iteration k. The
size of this trust region is updated adaptively as we progress through the sequence of

approximate convex problems in the SCP algorithm.

How the trust region 7% updates depend on how well the optimizer is doing in each
iteration of the local optimization loop. One way of determining how well it is doing
is to look at the fitting error. If the fit is good, you increase the trust region and if it

is bad you make the trust region smaller.

Another way is to look at how much progress the optimizer is making in each

iteration. If it seems that it is moving too slow towards the local optimum, the trust
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region is increased and vice versa. A good heuristic that is commonly used [44] to
determine optimizer progress is to look at how the predicted decrease in the penalty

function value compares to the actual decrease in the penalty value.

Let ¢(x*) be the penalty function associated with simulation problem at iteration
k and gﬁ(xk) be the penalty function associated with the convex approximation at

iteration k, then the predicted and the actual decrease are given by [1]:

Apredicted - Qﬁ(xk_l)_qg(xk)
Aactual = ¢(xk71)_¢(xk) (36>

If the actual decrease is more than (some fraction of) the predicted decrease, it
indicates that the model did a good job in predicting the decrease in ¢ so the trust
region is subsequently enlarged. Conversely, if the actual decrease was less, then it
indicates that the optimizer did a bad job in predicting the decrease in ¢ so the trust

region is subsequently shrunk.

3.4.2 Adaptive Stepping Algorithm

To help advance the homotopy mapping parameter A, we use the arc length of the
path, s, as our controlling parameter to help us deal with singular turning points men-
tioned in Section 3.3 and use the following adaptive stepping algorithm to determine

how far along the arc we want to advance at each iteration step.

Let T* be the trust region associated with the approximate models generated at
each outer homotopy iteration, we can estimate the next amount of arc length As to

move along the path by solving a linear sub-problem:

maximize As

subject to 2 + % . As e T* (3.7)
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where 2 is the solution of the current intermediate problem and % is the solution
gradient with respect to the arc length parameter. What this does is to find the largest
amount of arc length As possible that we can advance along the path while keeping
the design point within the trust region T% of the current intermediate problem.
Based on the next predicted arc length, the next homotopy mapping parameter can

then be derived as:

d\
Nl =\ 220 A 3.8
+os Qs (3.8)

Let the solutions to H(x,A) = 0 be the solution path connecting the solutions of

the easy and the hard problems at A = 0 and A = 1 respectively, then the gradients

dz

42 and 2 can be found by differentiating H(z, A) = 0 and solving it:

dx
[ V. H(z,\) ZHeA) } : [ s ] =0 (3.9)

ds

As V, H(z,\) and % can be analytically obtained from the approximate con-
vex models without requiring extra simulations, there is negligible extra computation

cost in implementing this adaptive stepping algorithm.

3.4.3 Final Circuit Optimization Algorithm

Our final intent-based homotopy circuit optimization algorithm below adds the
constraint relaxation described in Section 3.2 and the adaptive stepping algorithm

described in Section 3.4.2 to the general algorithm presented in Section 3.1.1:

1. Solve intent-based equations to get x“te",

2. Estimate constraint relaxation r based on simulated value at " je., r =

gr(w

intent) for each constraint function.

3. Solve relaxed initial problem below and use its solution as the initial point for
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the first intermediate problem in step 4).

minimize  fo(

x)
subject to gi(z) <r' i=1,...,m (3.10)

4. Construct next intermediate problem using linear homotopy map in Equation
(3.3).

5. Locally solve each intermediate problem using previous optimal point as initial

point.
6. Estimate next A\ based on the adaptive stepping algorithm in Section 3.4.2.

7. Repeat steps 4-6 until A = 1.

We can reduce the total number of simulations required by the SCP technique by
recycling some of the simulation results obtained from the previous iterations. Sup-
pose each iteration step of the inner local optimization loop (step 5 in the algorithm
above) requires M samples to construct an approximate convex problem. Let T* be
the trust region associated with the approximate models generated at each iteration
k, then if a simulation sample from the previous iteration k—1 falls within the current
trust region 7%, then we can reuse this sample as part of the M samples needed to

construct the current approximate problem.



Chapter 4
Design Examples

We will show through a series of examples in this chapter how our proposed opti-
mizer allows the designers to design their circuits using their simplified design equa-

tions while achieving a locally optimal solution in the simulation space.

Each example will start off with the design equations that are used to help guide
our intent-based circuit optimizer followed by a discussion on the optimizer results.
In the results section, we will discuss the discrepancies between the design equations
and the simulation results, and how the optimizer takes care of the non-idealities that

are not modeled in the design equations.

Our four examples will explore different aspects of our optimizer. We will start off
with a simple ring oscillator design example that shows how designers can use rela-
tively simple design equations to help guide our optimizer. Next, we will demonstrate
how our constraint relaxation technique works in practice with a replica-compensated
regulator design example. The StrongARM sense-amplifier latch design example will
show how difficult it is to write very accurate equations for some circuit behavior
— input-referred-noise in this case — and how our optimizer can be more robust
than a local optimizer when the initial design point, obtained from solving the design
equations, is infeasible. The last example, a charge-pump design, will demonstrate

a usage of statistical constraints in our design objectives. All the design examples

29
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Figure 4.1: 5-stage Differential Voltage-Controlled Ring Oscillator.

i
L

in this section were done in 65nm PTM technlogy (http://ptm.asu.edu). Variants of
these examples also appeared in [29] which were done in TSMC 0.18um technology.



CHAPTER 4. DESIGN EXAMPLES 31

4.1 Low Power, Low Phase Noise, Voltage Con-
trolled Oscillator

Our first design example is a 2-variable, 5-stage differential voltage-controlled ring

oscillator (VCO) with an output buffer stage, as shown in Figure 4.1.

Problem Description

The design objective for our VCO is to minimize its energy consumption in each
cycle measured at the nominal control voltage V. = Vz3/2 (0.55V) subject to the

following constraints:

e Output Frequency Range. The VCO output frequency should span 1GHz-
2GHz range over the 0.4-0.8V control voltage tuning range.

e Output Phase Noise. The VCO output phase noise measured at 1MHz offset
should be less than -94dBc/Hz.

e Transistor Size Ratio. The pMOS-to-nMOS size ratio of the inverter element
should be less than 5.

The frequency and phase noise constraints are usually derived from the application
specifications while the size ratio constraint is internally imposed to ensure that the

resulting VCO sizes are reasonable.

The two design variables are the widths of the pMOS and nMOS transistors, W,
and W,,, in each VCO delay element.

Design equations

As frequency is the inverse of delay, we can use an RC model for the transistors to
first estimate the delay of each inverter before summing up twice its delay around the
ring and then inverting to obtain the VCO oscillation frequency. In this RC model, the

switch on-resistance is inversely proportional to the transistor width while the node
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capacitance at each output of the inverter consists of gate and drain capacitances

that are proportional to the transistor width i.e.,

Ly,
Rn = qun(‘/c) . W
L
R, = Ryp(V.) =2
P qp Wp
Chote = (Cy+Cj)- (W, +W,) (4.1)

where R, and R,y are the equivalent sheet resistances of the nMOS and pMOS
transistors in /0 while C, and C; are gate and junction capacitances per unit
width in F'/um respectively. These four parameters can be calibrated for each control

voltage V. for a given technology.

The oscillation frequency is then given by:

fosc -
ti = 0.5 (Ro+Ry) - Coode (4.2)

where N = 5 is the number of stages in our ring oscillator.

As the power consumption of the VCO is mostly dynamic and proportional to
the total capacitance Cy,y being charged and discharged in each cycle, we can use
the same RC model to estimate the power consumption. The total capacitance Ciiq
consists of the 2NV node capacitances (as there are two rings) that are being discharged
twice in a cycle plus the load capacitance, i.e., Ciptar = 4+ N - Choge + Clq. The power

consumption is then given by:
Power = Copar * V2 + fose (4.3)

where V. is the input control voltage.
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The energy consumption per cycle is then given by:

Power

fOSC

Energy = (4.4)

For the phase noise, we assume that it is inversely proportional to the power based

on the Leeson’s model [34]:

Kon (4.5)

Power

PN =

where K, is a proportionality constant that can be calibrated for a given technology

process.

Results

As this is a simple 2-variable problem, we can sweep the whole design space in
simulation and compare each performance function to its model counterpart. Figure
4.2 and 4.3 show comparisons between the design equations and the simulation results
for energy and phase noise (measured at 1MHz offset) over the design variable space
respectively. Even though our design equations were not very complex, they matched

up with the simulation results very well.

Figure 4.4 shows the solution path through the energy vs. phase noise space.
Since our equations underestimated energy and overestimated phase noise, the initial
optimal point from the design equations has higher energy and lower phase noise than

the final optimal point in simulation.

Table 4.1 shows the simulated results for the initial design point and final design
point. We comfortably met the frequency range specification so it played a negligible
role in the optimization process. As the energy and phase noise are roughly constant
for a given total capacitance (see Equation (4.4) and (4.5)), there may be many
multiple optimal solutions to our problem (along the hyperplane where W, + W, is
constant). Hence, we also constrained the pMOS-to-nMOS ratio to keep the size in

a practical range. Note that we could have added a minimum constraint on the size
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ratio as well but since the optimizer gravitated towards large ratio size, it was not

necessary.
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Figure 4.2: Energy comparison between design equations and simulation results over
the design variable space.

Bl Simulation Points
[ Model Points

-90

[zH/>@P] @SION @seud

-100

100
o)

150

“ L) 200 ' 200 W,

Figure 4.3: Phase noise at 1MHz offset comparison between design equations and
simulation results over the design variable space.
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Figure 4.4: Homotopy Solution Path for the VCO design example through Energy
vs. Phase Noise simulation space.

Initial Point

Final Point

Table 4.1: Simulation Result for the initial design point and the final design point.

Performance Performance
Energy Minimize 70.9fJ 43.1fJ
Phase MNoise = -94dBc/Hz -95.6dBc/Hz -94 0dBc/Hz
Frequency Range 1-2GHz 0.4-5.2GHz 0.3-3.9GHz
Size Ratio =5 1.6 5.0
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4.2 Replica-Compensated Supply Regulator

Our next design example is a 7-variable replica-compensated supply regulator [2]
shown in Figure 4.5 which will be used in a PLL design example in Chapter 6 to drive

our VCO from the previous section.

Problem Description

The design objective here is to minimize its power consumption subject to the

following constraints:

e Supply Sensitivity. The maximum supply sensitivity (over frequency) should
be less than -24dB.

e Regulator Bandwidth. The overall regulator bandwidth should be greater
than 500MHz which is roughly 20 times greater than the PLL loop bandwidth.

e Effective Amplifier Bandwidth. The effective amplifier bandwidth (for the
transfer function from node Vj,, to Vj,) should be greater than 1.5GHz. This is

3 times greater than the regulator bandwidth (or roughly 60 times greater than
PLL loop bandwidth).

e Output Current. The regulator should be able to source at least 120pA of
load current at V;, = Vgq/2 = 0.55V.

The supply sensitivity constraint is usually derived from the application specifica-
tions. For our example, the supply sensitivity of -24dB translates into about 0.06%
change in regulated output voltage V,., for every 1% change in supply voltage Vyq.

The bandwidth and output current constraints are internally imposed to ensure the
functionality of the regulator when it is used inside a PLL. The first two bandwidth
constraints ensure that the regulator will not degrade PLL stability assuming PLL
loop bandwidth is around 25MHz.
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Figure 4.5: Replica-Compensated Supply Regulator.

The output current constraint is to ensure that the regulator is capable of sourcing
the VCO load current. From the VCO example in Section 4.1, the VCO consumes
roughly 65uW at V., = 0.55V which translates to about 120uA of current that the

regulator has to source.

The seven design variables include six transistor widths (Wis, Win, Whias, Wi,

Wieg, me) and the weighting allocation between feed-forward and feedback path

().

Design Equations

Most of the design equations here are based on [2]. This section provides a brief

summary of the design equations relevant to our design problem.

As our regulator circuit is purely analog, we expect the power consumption to be

simply the sum of the static current in each branch multiplied by the supply voltage.

Power = (Ipigs + Lipt + Lreg) - Vdd (4.6)
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where Ipios = (Whias/Wrer) - Ires, and I, and I, are the current through M,
and M,.4, respectively. The expressions for the currents can be obtained using the
simple long-channel device model: [ = (W/2L) - uCly - (Vs — Vin)?.

As there are two main poles in the regulator — the pole due to the amplifier stage
and the pole due to the output stage driving a large load capacitance (e.g., from ring
oscillator) — the regulator bandwidth can be dominated by either of these poles.
However, as we want a high amplifier bandwidth to track out supply noise, our intent
is to have the output pole be the dominant one. Assuming this is the case, the
regulator bandwidth will then be approximately set by the output pole w, (pole due
to parasitic capacitances at V,..,) as:

1+ A,A, W,

Wy A ﬁ CWy R - (4.7)
where A, and A, are the open-loop DC gains of the amplifier stage and the output
stage respectively. In other words, the replica feedback reduces the amplifier gain by
roughly 1/k, which means, for unity gain feedback, the output pole pushes out by 1/k
as well. k is one of the design variables representing the weighting allocation between
feed-forward and feedback path.

The expression for the effective amplifier bandwidth is hard to derive exactly due
to the frequency dependent feedback of the local replica. However, as we intend the
replica pole to be much higher than the output pole so that all the amplifier gain can
be applied to suppress the supply noise, we can approximate the effective amplifier
bandwidth as the open-loop amplifier bandwidth multiplied by one plus the total DC
feedback gain i.e.,

Waepf = (1 +kArepAy) - wa (4.8)

where A, represents the DC gain of the replica output stage (from Vi, to Vi), A
and w, are the open-loop DC gain and bandwidth of the amplifier, respectively.
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The supply sensitivity of the regulator mainly comes through the output device
M, ., where its open-loop sensitivity Sy,qq is equal to the resistive divider ratio between
the VCO resistance and the output device resistance. However, due to amplifier
feedback, the sensitivity is suppressed by one plus the feedback gain A,A,. Note
that because both the main path and the replica path in the amplifier stage respond
to supply noise, the amplifier will use all of its gain to suppress the supply noise,
and is independent of the k£ factor. The maximum sensitivity then occurs near wy,
where the amplifier gain drops by w,/wy,. Hence the worst-case sensitivity can be

approximated by:
Whw

we - (14 ALA)

Smax - Svdd : (49)
The output current can be obtained using long-channel device model applied to

the output PMOS transistor.

Results

Originally, we optimized the regulator without the output current constraint and
found that the PLL had serious trouble locking with this supply regulator. This is
because the regulator was not able to source enough current required by the VCO in its
operating frequency range, which resulted in the regulated output voltage saturating

out at a voltage lower than required by the VCO.

More specifically, Figure 4.6 shows the input-output transfer functions of the sup-
ply regulator for the ideal case and for the optimized regulator without the output
current constraint. In the ideal case, the output V,., is a direct copy of the input
V.. However, our regulator saturated out at around 0.5V while Figure 4.7 shows
that the control voltage range required for the VCO to operate between 1-2GHz is
roughly from 0.5-0.6V. Hence, our PLL failed to lock with this regulator because
the maximum regulator output voltage is outside the VCO operating range. This
failed example served to remind us of the “Garbage In Garbage Out” principle —
that the resulting design from performing the optimization is only as good as how we

constrained the problem.



CHAPTER 4. DESIGN EXAMPLES 41

1.0

0.9 H

B—a ldeal V,

reg

=8 Simulated V,

reg

Regulator Qutput Voltage V,  [V]

0.3

0.2

033 03

0.4

0.5 0.6 0.7 0.8 0.9 1.0
Input Control Voltage V_[V]

Figure 4.6: Input-Output transfer function for the bad regulator design without out-

put resistance constraint.

VCO Output Frequency [GHz]

Figure 4.7: VCO tuning range

indicated as two dashed-lines.

0.6 0.7 0.8 0.9 1.0
VCO Control Voltage [V]

curve with the output frequency range specification



CHAPTER 4. DESIGN EXAMPLES 42

_ Initial Point Final Point
Performance Performance
Power Minimize 130uW 174uW
Supply Sensitivity < -24dB -16.0dB -23.8dB
Regulator Bandwidth = 500MHz 1.1GHz 526MHz
Amplifier Bandwidth = 1.5GHz 1.1GHz 4.6GHz
Qutput Current = 120pA 122pA 1200A

Table 4.2: Simulated performance comparison between the initial and the final designs
for the supply regulator circuit.

Table 4.2 summarizes regulator’s simulated performance for both the initial and
the final design points (with the output current constraint). The initial design did
not meet supply sensitivity and effective amplifier bandwidth constraints. Figure 4.8
shows that the supply sensitivity of the initial design was not met because of a peak-
ing around regulator bandwidth frequency (1.1GHz), which was significantly reduced
in the final design. This is in agreement with our assumptions as, in deriving equa-
tion (4.9), we had expected the worst-case sensitivity to occur around the regulator
bandwidth frequency. This peaking behavior can also be seen in the regulator AC
transfer function for the initial design point as shown in Figure 4.10. Figure 4.9 shows
that the optimizer meets the final amplifier bandwidth specification by reducing the

amplifier gain from the initial design point and thus extends out the bandwidth.

To make sure that we no longer have the output voltage saturation problem, Figure

4.11 shows the input-output transfer function again for the new optimized design with
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Figure 4.8: Simulated regulator’s supply sensitivity AC transfer function for both the
initial and the final designs.
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Figure 4.9: Simulated regulator’s AC transfer function for the amplifier stage (with
replica feedback) for both the initial and the final designs.
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Figure 4.10: Simulated regulator’s AC transfer function for both the initial and the
final designs.

the output current constraint. Our regulated output voltage here can comfortably

cover the required VCO input range of 0.5-0.6V.

Figure 4.12-4.14 shows optimizer solution paths from the initial design point (A = 0)
to the final design point (A = 0) for power, supply sensitivity, and the effective
amplifier bandwidth constraints. We can see that even though our initial design was
infeasible in simulation problem, the intermediate designs remained feasible in all
the relaxed intermediate problems where the relaxation was gradually removed as we
moved towards the final problem. Because the supply sensitivity was comfortably met
in our initial relaxed problem, the optimizer started off by focusing on reducing the
power (Figure 4.12) until the supply sensitivity hit the constraint boundary (Figure
4.13) roughly around A = 0.6, at which point the homotopy power started to increase

back up to maintain feasibility.
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Figure 4.11: Regulator’s Input-Output transfer function for the final design.

Based on the homotopy value and simulated value at A = 0.0, Figure 4.13 and 4.14
tell us that we overestimated effective amplifier bandwidth and underestimated supply
sensitivity in our design equations. This is likely because we overestimated the gain
factors in our design equation by using simple long-channel model. Equation (4.8)
and (4.9) show that both the effective amplifier bandwidth and supply sensitivity are
dependent on the gain factors. Note that because w, is inversely proportional to A,
for a given power, the effective amplifier bandwidth is only dependent on the g,,/C
factor of the amplifier stage and not on its output resistance. Hence, the error in
the effective amplifier bandwidth estimation is likely due to errors in estimating the
gm of amplifier stage and A,., while the error in the supply sensitivity is likely due
to errors in estimating g,, of the amplifier stage and A,. Figure 3.2 from Chapter 3
shows that we can overestimate gain (and hence g,, because Ry, is fixed in Equation
3.1) by a factor of 4 based on this model. This is roughly 12dB which is close to the

discrepancy in our supply sensitivity results.



CHAPTER 4. DESIGN EXAMPLES 46

220 T T T
' o—e Homotopy solution path
Bl Simulation solution path

Power [uW]
=
(=)
o
T

1 L 1 1
1085 02 0.4 0.6 0.8 10

Figure 4.12: Power solution path from the initial design point (A = 0) to the final
design point (A = 1.0) for the supply regulator design.
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the final design point (A = 1.0) for the supply regulator design.
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Figure 4.14: Effective amplifier bandwidth solution path from the initial design point
(A =0) to the final design point (A = 1.0) for the supply regulator design.

4.3 Clocked Comparator

Our next design example is a 7-variable StrongARM comparator shown in Figure
4.15. This example will show that it can be very difficult to write accurate design
equations for some circuit performance behavior. More specifically, writing accurate
input-referred-noise equation for fully-dynamic StrongARM comparator is very dif-
ficult and has only recently been done analytically in [41]. Yet as we will see, the
solution provided by the complex analytical expression underestimated the noise by

almost a factor of 2 in our example and also did not meet the design specifications.

Problem Description

The design objective for the StrongARM comparator is to minimize its power con-

sumption subject to the following constraints:

e Clock-to-Output Delay. The clk-g delay should be less than 100ps.
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Figure 4.15: StrongARM Comparator.

e Input-Referred-Noise. This should be less than 754V rms.

Both of these two constraints are externally imposed by the application. The seven
design variables include six transistor widths (Wi, Whin, Waine, Woines Waeqs Wehg)

and the input common-mode voltage (V).

Design Equations

Power consumption is given by its dynamic power dissipation:
Power = « - Cippar - VAd* - fo (4.10)

where Clorar = Chait + Co + Couwr + Cekary + Cinputars 15 the total capacitance being
discharged in one cycle, f, is the operating frequency, and « is the average activity
factor. Cepgro and Cippurare are the total capacitances driven by the input and clock
buffers (not shown) in each cycle respectively including the gate capacitances of the

M., and M,,., devices.



CHAPTER 4. DESIGN EXAMPLES 49

The clk-q delay is quite complex to estimate due to the cross-coupled transistors
so we will ignore their feedback effect to simplify our equations and use RC model to

model the delay through each transistor:

tclkq = ln<2) . (Rnclk . C(tail + (Rnclk + ann) : Cx + (Rnclk + ann + Rninv) : Cout)
(4.11)

As mentioned earlier, we will use slightly modified equations from [41] to model
our input-referred noise. The two main differences between our circuit and the one

in [41] are:
1. We do not have precharge transistors for nodes X, and X,,, and

2. We have an extra equalization transistor M., which we can ignore its noise

contribution as this transistor is off for the majority of the relevant time period.

The modified input-referred-noise equations are:

O-iQn = UTQLin + O-Zinv—pinv + 0-;2)chg (412)
2-kKT -~
2. - 2T 4.13
A = 25 (1.13
ET -~ KT -7 - Cout
2 . = o 4.14
Unznv—pznv 9. CX F2.H + S . Cg( CEF2 L [g2 ( )
kT kT kKT - C,
9 out
= 4.15
Ovhs = G G B2 2 Cx P H 5Oy 2o ()
2-Vip -
Fo— th P (4.16)
T2 Vit Ve) Vom Vi) 1
Whi 2
. ninv V
g — Vaa — Vem - Linv ch o : (4.17)
Vin Tt (Vo — Vip)? — Jome - ViE
Wnin/Lnin

where p = , k is the boltzmann constant, 7" is the temperature, v is the tran-

Wnclk/anlk
sistor noise factor, V,,, is the input common-mode-voltage, V;;, is transistor threshold
voltage, Vyq is the power supply, Cx is the total capacitance at node Cx, or Cx,,
and C,,; is the total output capacitance. The expressions for F' and H were further

simplified from [41] by ignoring the body effect of the transistors.
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Power Minimize 490pW 115,W
Clk-q Delay < 100ps 396ps 88.9ps
Input-Referred-Noise < 75uV rms 124pV rms 75.7uV rms

Table 4.3: Simulated performance comparison between the initial and the final designs
for the StrongARM comparator circuit.

A rough explanation of what these equations mean is as follows. Equation (4.12)
sums up the input-referred-noise contributions from three main sources: the input
transistor, the two cross-couple transistors, and the precharge transistors. Each ther-
mal noise source is of the usual form k7/C' in equations (4.13)-(4.15) and the addi-
tional factors in these equations are there to help refer the noises back to the input

node.

Results

Table 4.3 compares the StrongARM comparator simulated performance for both
the initial design point and the final design point. The initial point did not meet both
the clk-q and input-referred-noise specifications while the final design point was very

close to the limits of both specifications.

Figure 4.16-4.18 show the optimizer solution paths from the initial design point
(A =0) to the final design point (A = 1). We can see that from the (A = 0) point in
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Figure 4.16: Power solution path from the initial design point (A = 0) to the final
design point (A = 1.0) for the StrongARM comparator design.

Figure 4.18 that despite our efforts to write accurate equations for the input-referred-
noise, the simulated noise was almost a factor of 2 higher than what our design

equation predicted.
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Figure 4.17: Clk-q delay solution path from the initial design point (A = 0) to the
final design point (A = 1.0) for the StrongARM comparator design.
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Figure 4.19: Charge-Pump and Filter.
4.4 Charge-Pump

Our next design example is a 5-variable charge-pump and filter circuit shown in
Figure 4.19. This example will show how to include statistical constraints in the op-
timization. We want to constrain the charge-pump mismatch and offset statistically.
Specifying statistical constraints in our optimizer is really not very different from
specifying any other constraints — you still write design equations to summarize the
statistical constraints and perform Monte Carlo simulations for the simulation prob-
lem. This charge-pump will be used inside a PLL that will be described in Chapter
6.

Problem Description

The design objective for our charge-pump and filter circuit is to minimize its power

consumption subject to the following constraints:

e Up-Down Current Mismatch. The combined systematic mismatch and 1-o

random mismatch should be less than 10%.

e Charge Injection Current Overshoot. The amount of current injected into

the output node at each cycle due to charge-injection when the input switches
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should result in less than 30% overshoot compared to nominal charge-pump

current.

e Input-referred Offset. The input-referred timing offset between the up and

down input signals should be less than 5ps.

e Voltage Ripple. Maximum voltage ripple caused by charge-pump mismatch
should result in less than -40dBc of spur when this charge-pump is used inside a
PLL. Assuming a VCO gain of 10GHz/V, this requires the ripple on the control
voltage be smaller than 2mV based on spur equation (6.7) at 1GHz operating

frequency.

e Supply Sensitivity. The nominal charge-pump current sensitivity to supply

noise should be less than 2% per 1% change in supply.

e PLL Natural Frequency. When this charge-pump is used inside a PLL, the
resulting PLL natural frequency based on the loop filter sizes should be less than
0.05 - wyer to ensure PLL stability where wyef = 27 fef with f..; = 500MHz.

e PLL Damping Factor. When this charge-pump is used inside a PLL, the
resulting PLL damping factor based on the loop filter sizes should be greater
than 1/ V/2 to ensure that PLL has sufficient phase margin.

The first three constraints — mismatch, current overshoot, and offset — all have
the same goal of reducing the overall offset since charge-pump offset can be caused
by current or timing mismatch or charge-injection. The extra mismatch and charge-
injection constraints are there to ensure that the final offset value is not dominated
by just one single effect. These three constraints are usually internally imposed to

ensure charge-pump functionality.

The voltage ripple and supply sensitivity are usually externally imposed as they
can have a significant effect on the jitter performance when used inside a PLL. As the
voltage ripple is caused by charge-pump mismatch, its constraint is related to the first

three constraints on mismatch, overshoot, and offset. The difference is that the first
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three constraints are imposed primarily for functionality while the ripple constraint

is there for jitter performance reasons.

The last two constraints — PLL natural frequency and PLL damping factor —
are there because the sizes of the loop filter have direct effect on these PLL parame-
ters. These two constraints can be externally or internally imposed depending on the

application.

The five design variables include three transistor widths (W, Wi4, Whias) and the
resistor and capacitor in the loop filter (R, Cy).

Design Equations

Power is given by a sum of the static currents in the three branches multiplied by
the supply voltage:
Powerey, = (2 1oy + Lief) - Vaa (4.18)

where I, = (Whias/Wrer) - Ires is the bias current in both differential pairs and 1.y

is the reference current.

The current mismatch consists of two components: systematic mismatch pay,,,
and random mismatch oaz,,,. We will assume that systematic mismatch is caused
primarily by channel-length modulation of the pMOS current mirror. We will derive

random mismatch based on Pelgrom’s transistor mismatch model [43].

For the systematic mismatch, we first determine the gate voltage of the pMOS
current mirror and then derive the up current (I,,) based on long-channel transistor
model:

I,

Vo = V|~ TV (4.19)

Yid
2L14 ,Upcox

L+ X, - (Vaa— Vo)
L, = 1. - P 4.2
P P < 1+/\p‘/cp ( 0)
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where p1,, is the pMOS transistor mobility, C,, is the oxide capacitance, Vi, is the
transistor threshold voltage, A, is the channel-length modulation factor, and V, is the
output bias voltage. The down current is simply equal to the bias current I.,. The

systematic mismatch is then given by:

Ly, — 14,
/’LAIout = —d (421>
Idn
V;id - ‘/c - ‘/cp
= N R 4.22
4 ‘ 1_|_ )\p . ‘/cp ( )

The Pelgrom’s model accounts for the threshold voltage (Vi) and current gain

(8= uC,,) variations as follows:

0.6V -T,,

oAV = T (4.23)
2

N % (424)

VWL

where T,, is the oxide thickness, W and L are the width and length of the transistor
respectively. The drain current variation in each transistor can then be derived as:
2 UZAﬁ 2 2 2 2
OAL, = 3 I, +gm” - (oay,, + 0av,) (4.25)
We can find random current mismatch for our charge-pump by applying equations

(4.23) - (4.25) to derive current variation in each transistor and then refering and

summing them at the output branch. This is given by:

2 _ 2 2

OAlpw — OAL, T OAIL, (4.26)
2 _ 2 2 2 2 2

JAI“P - O-Aﬁld ’ ICP + gmld ’ (O-A‘/thld _'_ O-A‘/gsld> (4.27)
2 _ 1 (.2 72 2 (.2 2 2 ey

OAly, = 1 (UAﬁbias Icp + 9My;as <0AVthbias + UVthre,f + O-Aﬁref Bres >) (428)

The total mismatch is then given by:

A[mismatch = UAIyu: + O ATut (429)
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Extra current due to charge injection is given by the product of the input gate

capacitance and maximum % of the input voltage signal:

dv
A[inject = Cg%
dd
_ Wm.com.vt (4.30)
rf

where ¢, is the rise and fall time of the input voltage signal.

To determine the input-referred timing offset, we make use of the fact that the net
charge delivered to the output must be zero i.e., ¢y, - I, = tan - Lgn. The nominal
values for t,, and t4, are given by the minimum pulse width (%) of the up and

down voltage signals. Hence, the input-referred offset is given by:

Otoffset — |tup - tdn| (431>
I,

= tin - ’1 _ (4.32)
Idn

- tmm : A-Z'rnz’smatch (433>

For the voltage ripple, our main concern is its effect on the PLL output spur at
the reference frequency. This ripple is caused by current mismatch, timing mismatch,
and charge-injection in the charge-pump. The charge-pump output current in a PLL
locked state due to these charge-pump non-idealities is a periodic signal and will
usually have a profile over a reference period similar to that shown in Figure 4.20.
For example, suppose there is a current mismatch between the up and down currents,
I, = I, — I4y, representing the mismatched current that is on for a small period of
time due to the minimum pulse width of the input up and down signals (¢). I will
represent the smaller down current that is on for ¢, amount of time to cancel out the

charge dumped on the control voltage node by the mismatched current.
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t4

_|2

Figure 4.20: Charge-pump output current due to charge-pump non-idealities in a
PLL locked state over a reference period. For example, due to current mismatch,
I, = I, — I4y, representing the mismatched current that is on for a small period of
time due to the minimum pulse width of the input up and down signals (t1). I, will
represent the smaller down current that is on for 5 amount of time to cancel out the
charge dumped on the control voltage node by the mismatched current.

To estimate the ripple, we first decompose the periodic charge-pump output current

into a discrete Fourier series:
o0
Lot = § Cp - eIFwrest (4.34)
k=1

and find the Fourier coefficient at the reference frequency to get the magnitude of the
mismatch current. This decomposition can be done separately for each non-ideality
effect resulting in three Fourier coefficients (at the reference frequency), one for each

mismatch source. These components are given by [49]:

tmin 2
Ci;, = T AImismatch : [cp : (_) (435>
Tref
tmin
Ciy = 2m - At7m'smatch : Icp : (F) (436)
ref
trise
Cle = T~ A[inject . Ic . <ﬂ> (437)
Tref
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where cy;, ¢4, and ¢y are the Fourier coefficients associated with current mismatch,
timing mismatch, and charge-injection respectively. t,,;, is the minimum pulse width
of the up and down signals. t,;s is the rise (or fall) time of the up and down signals.

Tes is the period of the reference signal. The voltage ripple is then given by:

A‘/;"ipple = A[cp : Zf
= (citeutcae) - Zy (4.38)

where Z; is the loop filter impedance = Ry + w%f

A change in the supply voltage affects the source and gate voltages of the pMOS
transistors hence their V,, will remain the same (assuming the gate node is perfectly

coupled to Vjy) while their Vg, will vary. Consequently, the change in current due to

the change in supply is mainly because of the finite output resistance of the pMOS

dal

T = gds;q where gds;q is the transistor drain-source

current mirror transistor i.e.,

conductance. The current sensitivity is then given by:

dly/l,  dl, Vi
AVaa/Vaa  dVag 1o
Vad
I,

S

= gdsia - (4.39)
The equations for the last two constraints, PLL’s natural frequency (w,) and damp-
ing factor ({), use a second-order system to model the PLL. The resulting equations

are given by:

wp, = VEK-w, (4.40)
| K
K, 'cho'
K = =—rpd ~ By (4.42)
1
w, = (4.43)
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where K, ¢4 is the phase-frequency-detector gain, K., is the VCO gain, and N is the
PLL divider ratio.

Results

Table 4.4 compares the charge-pump and filter simulated performance for both
the initial design point and the final design point. The initial design point did not
meet the current overshoot and the input-referred offset specifications. Figure 4.21
and 4.22 show the transient waveforms of the up and down current for the initial
design and final design respectively. We can see a pronounced overshoot in the down
current in both designs (53% in the initial design and 30% in the final design) due to
charge-injection through the gate capacitance of the down input transistor. There is
no overshoot in the up current as the current signal from the up differential pair is
filtered by the pMOS current mirror.

Figure 4.23 compares the charge vs. input arrival time transfer function between
the two design points. The initial design needed an offset of 17ps to have zero net

charge at the output while the final design only needed 0.9ps.

Figure 4.24 compares the output current histogram between the two design points.
Although the final design has smaller systematic mismatch (x) and smaller random
mismatch (o) than the initial design, the magnitudes of the mismatches relative to
the charge-pump current are similar because the final design also has smaller charge-

pump current. The total mismatch percentage is around 10% in both cases.
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Power Minimize S19uW 363uW
Current Mismatch =10% 9.2% 10.0%
Current Overshoot = 30% 53% 30%
Input-referred Offset = 5ps 17.0ps 0.9ps
Supply Sensitivity =2% /1% 1.5% /1% 1.1% / 1%
Voltage Ripple 2my 436uV 170pV
PLL Natural Frequency < 314Mrad/s 40Mrad/s 21Mrad/s
PLL Damping Factor =12 0.71 0.80
Charge-Pump Current 136u4 69uA

Table 4.4: Simulated performance comparison between the initial and the final designs
for the charge-pump and filter circuit.
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Figure 4.21: Transient up and down currents for the initial design.
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Figure 4.23: Comparison of charge-pump transfer function between initial and final
designs.
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Figure 4.24: Comparison of output current histogram between initial and final de-
signs.
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4.5 Discussion

From the design examples that we have presented, we have shown that:

e Designing with our optimizer can be intuitive. We can use rough design equa-
tions, formed from our first order understanding of the circuit, to help guide
our optimizer. Because these equations have inherent assumptions, they will
not perfectly match their corresponding simulation behaviors and it is the op-
timizer’s job to take care of the non-idealities that are not modeled in our

equations.

e Our intent-based homotopy optimizer is not a substitute for experienced analog
circuit designers as the design problems in equation space can still be quite
complex to solve. Rather, the goal of our optimizer is to improve designer’s
productivity by not requiring the designers to take into account every single
non-ideality effect to try to come up with a design solution. Designers still need
to rely on their experiences and their expertise to model the circuits in order to

generate rough initial sizes.

e Our optimizer can handle infeasible initial design point by applying constraint
relaxation technique to the initial design problem. The relaxed amount is grad-

ually driven to zero as we approach the final design problem.

e Some circuit behavior such as input-referred-noise of the StrongARM compara-
tor can be very difficult to model. Even though we wrote very accurate design
equations for the input-referred-noise, the resulting initial design still did not

meet the noise specification.

e As the charge-pump design example showed, we can incorporate statistical con-
straints just like any other constraints. The optimization time for these exam-
ples will usually be long as we now need to run many Monte Carlo simulations

for each sample data point.



Chapter 5
Optimizer Analysis

In this chapter, we will analyze various factors that affect the performance of our
optimizer such as the importance of the initial design equations and the scalability

of the data-fitting functions used in our optimizer.

5.1 Importance of Initial Design Equations

Having shown how our intent-based homotopy optimizer works with several design
examples, we would like to also understand why it works. Could it be that the initial
design equations yielded a very good initial point and we could have just solved the
problems using local optimization? Or could it be because of the smooth homotopy
interpolation and we could have just used any arbitrary problems that have same

initial optimal points as the initial problems in applying the homotopy method?

To answer the first question, we compare our intent-based homotopy optimizer
against a local optimizer using the same initial point. We use SCP as our local
optimizer reference comparison which is the same one used in the inner loop of our
intent-based homotopy optimizer. Columns 4 and 5 in Table 5.1 compares the number
of simulations needed in our intent-based homotopy optimizer and the local SCP
optimizer. We can see that though our optimizer performs better in many cases, SCP

optimizer can sometimes perform equally well. However, the key advantage is that
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Cirouit Va ﬁa‘:)fles Con#st?:: ints Inl-tlirr"l:ft?nzid sce I:_i;:;:l;l:‘; F;r;{t
VCO 2 8 33 33 35
Supply Regulator 7 3 971 1878 1604
Clocked Comparatar 7 2 1767 infeasible 2059
2-stage OpAmp 8 7 949 1210 1068
Charge-Pump & Filter = 7 3 712 392
VCO Buffer 4 3 42 117 89

Table 5.1: Optimizer performance comparison between intent-based homotopy, SCP,
and fixed-point homotopy. The last three columns on the right show the number of
simulations required by each optimization algorithm.

our optimizer is also more robust. The SCP optimizer cannot solve all problems;
in the StrongARM clocked comparator example, the SCP optimizer got stuck in an

infeasible region.

Figure 5.1 shows the solution paths of our local SCP optimizer starting from two
different points in the StrongARM comparator optimization and the solution path of
our intent-based homotopy optimizer through a Power-Noise-Delay space. The two
different starting points for the local optimizer are the point obtained from solving
the initial design equations and the point obtained from solving the initial relaxed

design equations (using the constraint relaxation techinque described in Section 3.2).

We can see that the local optimizer got stuck in an infeasible region for both cases.
Figure 5.2 and 5.3 show 2D projections of the solution path in Power-Delay and
Power-Noise spaces respectively. We can see from these two figures that the local
optimizer was able to eventually find a design point that meets the clk-g specification

but was unable to reduce the input-referred-noise less than about 90uV.

Having shown the advantages of homotopy over local optimization, we need to
compare our intent-based method to other homotopy approaches. To investigate
this, we compare our intent-based homotopy optimizer against a general fixed-point

homotopy optimizer using the same starting point. These results are shown in the



CHAPTER 5. OPTIMIZER ANALYSIS

A—A Homotopy solution path
-l SCP solution path 1
Ye=s%t SCP solution path 2

Initial point (1) from b oo
initial design
0.8
0.7
= 0.6
= o o
8.9 o .-"”. 0.5
° Initial point (2) from 0.4
3 » . initial relaxed 0.3
100 ~ Final pDiﬂt prob\em

15%0 b 0.2
F%Bo .. + o1
00303%0 = ) .

%, 400 " : ) o 120 0

Y4 450 80 90 1\f0?msl
&, 70 \npUt Moise {

Figure 5.1: Comparison of the solution paths of the local SCP optimizer and our
intent-based homotopy optimizer through Power-Delay-Noise space for the Stron-
gARM comparator design. The two initial points (1) and (2) for the local optimizers
are from solving the initial design equations and from solving the relaxed initial de-
sign equations respectively. Our intent-based homotopy optimizer starts from initial

point (1).
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Figure 5.2: 2D projection of the solution paths of the local SCP optimizer and our
intent-based homotopy optimizer through Power-Delay space.
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Figure 5.3: 2D projection of the solution paths of the local SCP optimizer and our
intent-based homotopy optimizer through Power-Noise space.
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last column of Table 5.1. The fixed point homotopy only requires an initial point
and not the design equations from the user. We can see that, for our examples, while
the fixed-point homotopy optimizer is as equally robust as our optimizer, it generally
takes longer to optimize the circuits suggesting that the initial design equations do

play a significant role in guiding the optimizer to the final solution.

In summary, while our intent-based homotopy optimizer does not guarantee a glob-
ally optimal point, it can be more robust than using a local optimizer and can guide

the optimizer more efficiently than using a general fixed-point homotopy technique.

5.2 Optimizer Performance Analysis

In this section, we examine various factors that affect the performance of our op-
timizer. We first analyze how various different fitting functions used to form the
approximate convex problems in the local optimization loop affect the overall compu-
tational efficiency of our optimizer. Then we examine how our optimizer would fare

if it had a perfect initial design equation.

5.2.1 Computational Efficiency

As most of our optimization time is spent simulating circuits, the number of samples
required to create the approximate problem at each local optimization step plays
a significant role in the computational efficiency of our optimizer. The standard
formulation of the SCP optimization described in the previous section creates and
solves a quadratic model. In this section, we use three different types of fitting
functions: quadratic, linear and user-assigned to explore this question. The quadratic
and the linear fitting functions obviously scale quadratically and linearly with the

number of parameters respectively.

The available user-assigned fitting functions are limited to functions that are both
convex and scale linearly with the number of parameters. For our experiment, we limit

these to linear, inverse and log functions. The user can select from these functions
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Circuit T;::;:slr(;f Quadratic Fit Linear Fit Custom Fit
VCO 2 33 49 42
Supply Regulator 7 971 268 347
Charge-pump & Filter g 311 156 111
PLL 6 357 143 103

Table 5.2: Comparison of the number of simulations taken by the optimizer for dif-
ferent fitting functions.

what they think will best fit their for each objective and constraint functions in their

design problem.

We chose these functions since using linear and user-assigned functions might per-
form better than the original quadratic function because these functions require fewer
simulations to create the model. On the other hand, because the quadratic function
can provide a better fit to a general surface and will therefore usually has larger
trust region, this might result in the optimizer taking less number of iterations and

ultimately use less total simulation per each local optimization run.

Table 5.2 shows the comparison of the number of simulations used by each fitting
function for several design examples. We can see that using the linear and the user-
assigned fitting functions perform better than using the quadratic fitting function.
Hence the benefit of simpler model fitting of the linear and the user-assigned functions
outweighs the cost of having a larger number of iterations per solution. This can also
be seen in Figure 5.4 where we plot the ratio between the number of simulations used
by the quadratic fitting function (Nyueq) to the the number of simulations used by the
linear fitting function (NVyneqr). We can see that this ratio scales roughly linearly (or
worse) with the number of variables. This data indicates that the quadratic fit does
require fewer iterations but that advantage does not strongly depend on the number
of variables. Thus, even for small number of variables, using linear fitting function is

much more efficient.
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Figure 5.4: Ratio between the number of simulations used by the quadratic fitting
function method (Nyu.q) to the number of simulations used by the linear fitting func-
tion method (Nynear)-
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Figure 5.5: Number of samples vs. number of variables categorized by the feasibility
of the initial point. These numbers are for optimization done with quadratic fitting
functions. The constraints in the regulator example presented in Section 4.2 were
also modified to generate an example with feasible initial point.

Regardless of the fitting functions used, the number of simulations needed for each
optimization run should not be affected by the number of constraints as the same set
of samples are reused to fit each constraint function. However, the difficulty of the
constraints does play a significant role. If the constraints are difficult to meet or even
initially infeasible by the initial design point, the number of simulations needed may
be increased as suggested by Figure 5.5 that shows the number of samples vs. the
number of variables categorized by the feasibility of the initial point using quadratic

fitting function.
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5.2.2 Perfect Initial Design Equations

In this section, we examine what is the best possible performance of our optimizer:
what would happen if we had a perfect initial problem to use in our intent-based
homotopy for each design problem. Of course we cannot do this directly because the
perfect initial design equations would need to model the simulation space perfectly.

Hence, figuring out the exact analytical form of these equations is impractical.

Instead, we first optimize each problem once (using intent-based homotopy) to
pre-determine the actual solution to the simulation problem and then we reuse this
solution and the same simulation problem as our new initial problem for the intent-
based homotopy. This new initial simulation problem serves as a proxy for our perfect
initial problem. Obviously, solving this artificial perfect initial problem will be slow
as it is a simulation problem but its main purpose is to help us investigate how many

iterations the optimizer would take in the best case scenario.

In this ideal case, the optimizer should take just one step at the outer level (A = 0 to
A = 1) and one iteration and the inner level. Hence, the ideal number of simulations

would just be the number of simulations required to fit the data sample once.

Table 5.3 summarizes the number of simulations needed using this methodology
with the quadratic fitting function for several design examples. The “Min Number of
Samples” column tells us the least number of samples the optimizer need in an ideal
case. We can see from the last column (“List of Number of Inner Iterations”) that,
for most cases, our optimizer behaved ideally at the outer homotopy loop, taking just
one homotopy step. The inner loops, however, usually take a few iterations and this
is because the local optimizer needs a few iterations to figure out when it has achieved

convergence.
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Circuit Nun:uber of Min Number Actual Number | List of Numl:.)er of
Variables of Samples of Samples Inner lterations
VCO 2 6 7 [3]
Supply Regulator 7 36 78 [2.2]
Charge-pump & Filter 5 21 64 [6]
StrongARM Comparator 7 36 72 [2]

Table 5.3: Number of simulations taken by the optimizer with perfect initial problems.
The “Min Number of Sample” column indicates the minimum number of samples
required by the optimizer to create one approximate convex problem. The “List of
Number of Inner Iterations” column gives a list of the number of inner iterations.
The size of this list is the number of outer homotopy iterations. For example, the
VCO optimization took only one outer iteration, and in this outer iteration, it took
three inner iterations.

5.2.3 Summary

From the analyses that we have performed in this chapter, we have found that:

e Our optimizer can be more robust than a local optimizer. The StrongARM
comparator design example showed that a local optimizer may get stuck in an
infeasible region when given an initially infeasible point whereas the homotopy

optimizers were able to find a feasible solution.

e Using linear models in the approximate convex problems in the local optimiza-
tion loops can lead to a better optimizer performance than using quadratic
models. This is because the benefit of needing less number of simulations to fit
the linear models outweigh the cost of having a larger number of outer iterations

per solution.

e Design equations can play a significant role in guiding the optimizer to the
final solution. The comparison of our optimizer with a generic fixed-point ho-
motopy showed that we can use design equations to more efficiently guide the
optimizer. Our experiments with perfect initial equations showed that more ac-
curate equations can also help improve the optimizer performance by reducing

the total number of simulations required. These results are encouraging, since
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it shows that when the design equations are close, our method requires very few
additional simulations to validate the result. But it also shows that checking
the convergence of the solution is, in general, expensive. This fact will become

important when we look at the hierarchical optimization in the next Chapter.



Chapter 6
Hierarchical Optimization

As the performance of the flat optimization technique described in Chapter 3 scales
with both the number of design variables and the simulation time, it can become
impractical to design circuits with long simulation times or with large numbers of
parameters. An 18-variable PLL design took 519 simulations or roughly 70 hours to
optimize using this flat optimization technique (with linear fitting function). Clearly,
we need a more efficient way to design large circuits if we want to give circuit designers
opportunities to explore different architectures. In this chapter, we show, through a
PLL example, how we can design large circuits much more efficiently using hierarchical

optimization.

6.1 Methodology

As with any general hierarchical optimization schemes, we first divide our top-level
circuit into several sub-blocks and design the top-level circuit using certain properties
of the sub-blocks as the design variables. In our approach, the sub-block design
specifications are the sub-block properties that we use as the top-level variables. Each
sub-block is responsible for determining their own transistor sizes by performing their

own intent-based homotopy optimizations as discussed in the previous chapters.
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Figure 6.1: 18-variable PLL Specifications and Block Diagram

Consider an 18-variable PLL optimization problem as shown in Figure 6.1(a) where
we want to minimize its power subject to jitter, frequency range, reference spur, and
phase margin constraints. We may divide the PLL into several sub-blocks as shown in
Figure 6.1(b) consisting of phase-frequency detectors (PFD), charge-pump and loop
filter, supply regulator, voltage-control oscillator (VCO), VCO buffer, and frequency
divider. The sizes of the transistors in the PFD and the frequency divider blocks
are fixed in our example so these blocks do not have any design variables. The rest
of the sub-blocks are optimized using intent-based homotopy under their own design
specification constraints. We optimized these sub-blocks (except for the VCO buffer)
in Chapter 4.

6.1.1 Classifying Sub-Block Specifications

To determine which sub-block specifications to use as top-level design variables, we
first classify the sub-block specifications based on their relationship to the top-level

specifications as follows:
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e Internal specifications. These are constraints that exist to ensure the func-

tionality of the sub-blocks when used inside a top-level block.

Although changing these sub-block specifications may have some effects on the
top-level specifications, the main job of these constraints are to ensure the

internal functionality of the sub-blocks.

For example, in the supply regulator block, we need to ensure that the supply-
regulator, when used inside a PLL, does not degrade the stability of the PLL
so we need to set its bandwidth constraint to be much higher than the PLL
loop bandwidth. This minimum regulator bandwidth constraint is an internal

specification to the regulator sub-block.

The maximum output current specification of the same supply regulator block

is also an internal specification because this constraint exists to ensure that it
can drive the VCO.

e Pass-through specifications. These are constraints that are passed through

directly from top-level specifications.

As the PLL frequency range is directly controlled by the VCO frequency range,
the top-level frequency range specification is considered a pass-through specifi-

cation which is passed directly down to the VCO sub-block
e Property specifications. These are specifications that are also used as opti-
mization variables at the top-level.

VCO jitter specification is an example of a property specification where it is also

used as a top-level parameter due to its effect on the top-level jitter specification.

Regulator supply sensitivity is also another example where we expect the regu-

lator supply sensitivity to have direct effect on the top-level jitter performance.

Table 6.1 summarizes the different types of specifications for the sub-blocks used

in our PLL example with the property specifications highlighted.
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Power Minimize Objective
Input Offset = Sps Internal Ensure PLL Robustness
Current Mismatch = 10% Internal Help reduce offset
Current Overshoot = 30% Internal Help reduce offset

(a) Charge-pump & Filter Specification Types

Power Minimize Objective
Eff. Internal Amp BW = 1.5GHz Internal Ensure PLL stability
Regulator BW = 500MHz Internal Ensure PLL stability
Output Current =120pA Internal Ensure low drop-out
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(b} Regulator Specification Types

Type Reason
Power Minimize Objective
Frequency 1-2GHz Pass-through Affect PLL frequency

(c) VCO Specification Types

Power Minimize Objective
Gain 24 Internal Ensure full-rail signal to divider
Delay = 55ps Internal 2™ order effect on phase margin

(d) VCO Buffer Specification Types

Table 6.1: Specification Types for the PLL sub-blocks
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6.1.2 Top-Down Optimization

There are two main ways of performing the optimization at the top level. One
approach would be to solely rely on the top-level equations provided by the designers
(see Section 6.1.4) and optimize the top-level problem in the equation space. The
sub-blocks are then optimized once using the final top-level design variables as their
design specifications. The main benefit of this approach is that we can significantly
reduce the total optimization time as our hierarchical optimization approach now
neither depends on the number of top-level parameters nor the top-level simulation
time. The main drawback is that our accuracy is now dependent on the accuracy of
the top-level equations. Note that with this technique, we only remove the depen-
dencies on the number of parameters and simulation time at the top level but not at
the sub-block level because we still use intent-based homotopy to optimize the sub-
blocks. However, the sub-blocks’ optimization times are usually much faster making

the potential reduction in total optimization time substantial.

An alternative approach would be to rely on homotopy, just like in the flat opti-
mization approach, to help move the solution from the designer’s equation space to
one in simulation space. The main benefit is that we will have simulation-accurate
optimization result, just like in the flat approach. However, the optimization time
will take much longer as we still depend on both the number of top-level parameters
and the top-level simulation time. FEach top-level sample point that the optimizer

takes is also now more complex.

While a sample point in a flat optimization is equivalent to a simulation of the
circuit, a sample point in our hierarchical optimization in this alternative approach
consists of a top-level optimization and the sub-block optimizations. Because the per-
formance objective and constraint functions are evaluated at the top-level, a sample

point for our top-level optimization will require a flat top-level simulation.

In our example, this means running a whole PLL simulation to determine the

actual PLL’s power, jitter, reference spurs and phase margin for each sample point.
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Each top-level PLL simulation will in turn need the flat optimization variables —
the underlying transistor sizes of various sub-blocks in the PLL — as input to the
simulator. To determine these flat optimization variables, we optimize the sub-blocks
using the current values of the top-level variables as the sub-block specifications.
Hence, each hierarchical simulation consists of a flat top-level simulation and all sub-

block optimizations.

Although we use intent-based homotopy on the first optimization runs of the sub-
blocks, subsequent sub-block optimizations may rely on local optimization technique
because the specifications should change gradually as we move the top-level design

from ideal space to simulation space.

6.1.3 Hierarchical Optimization Algorithm

Let’s briefly summarize the steps of our hierarchical optimization algorithm:

1. Identify sub-block properties based on designer’s top-level circuit model equa-

tions.

2. Reformulate top-level optimization problem using these properties as top-level

optimization variables.

3. Optimize the top-level problem either in the equation space or with intent-based
homotopy as described in the previous section. If intent-based homotopy is used

to drive the top-level optimization, goto Step 4. Otherwise we are done.

4. For each top-level sample required in Step 3, optimize the sub-blocks with either
intent-based homotopy or local optimization using the solution of the top-level

problem as their specifications, and run a top-level simulation.

5. Repeat from Step 3 until done.
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6.1.4 PLL Top-Level Model

To help decide which sub-block specifications are property specifications, we need
to know how the sub-block specifications affect the top-level performance functions.
This is done in our approach using the circuit designer’s model equations. This
section describes the top-level equations for the PLL’s performance constraints using

the sub-block specifications as its design parameters.

Our PLL has five constraint functions: power, jitter, reference spurs, frequency
range and phase margin. Since the frequency range is a pass-through specification,
we do not need to write a top-level model for it and just pass this specification down
directly to the VCO sub-block.

The six top-level parameters (the sub-block property specifications highlighted in
Table 6.1) are the supply sensitivity, voltage ripple and the damping factor in the
charge-pump and filter block (cp), the supply sensitivities in regulator (reg) and VCO
buffer block (buf), and the phase noise of the VCO block (measured at 1MHz offset
frequency). We expect the sub-blocks’ supply sensitivities and the VCO phase noise
to primarily affect jitter, the voltage ripple to primarily affect the reference spur, and
the damping factor to primarily affect the phase margin. The model equations for

the four non-pass-through constraint functions below reflect this expectation.

e Power. Power is a sum of the individual sub-block powers which also include
a fixed-component due to the PFD and the divider. For the VCO sub-block,
we know based on Leeson’s model [34] that power is inversely proportional to
phase noise (PN). For the other variable sub-blocks, we model their powers to
be inversely proportional to their supply sensitivities (SS). We use this model to
help reduce the number of top-level parameters. The power expression is thus

given by:

Powerpr, = Power figeq + Powerye, + Power,., + Powerg, + Powery,s

Kp, Kpo Kps Kpy
6.1
PNvco | 58, " 58, S8 (6.1)

= Powerfizeq +
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where Kp;_4 are inverse proportionality constants that can be estimated by
fitting the sub-block data.

e Jitter. To determine the contribution to the output jitter from each noise
source, we multiply each noise source power spectral density by its noise transfer
function to the output to get the output noise spectral density due to each noise
source. Then we can use Wiener-Khinchine Theorem [12] to obtain the output

jitter due to each noise source:

Jitter? = / Novei(F) - Hopeisont (£)df (6.2)

where N,,..;(f) is the i noise source, Hyyei—sout(f) is the noise transfer function
from the " noise source to the output, and Jitter? , , ., is the square of the

output jitter contribution due to the i** noise source.

Assuming the noise sources are independent, we can sum their contribution to
the total output jitter in a root-sum-square fashion.

Jitter?,, = Z Jitter? . ... (6.3)
Since we only have access to the top-level parameters and not the noise sources

themselves, we need to write the individual jitter equation (6.2) in terms of the

VCO phase noise and other sub-blocks’” supply sensitivities.

For the VCO sub-block, we want to write its PLL jitter contribution in terms
of its phase noise measured at 1MHz offset frequency. To do this, we assume
that the VCO output phase noise is dominated by white noise sources (such as
device thermal noise or white supply noise) and thus has a 1/f? shape in its

power spectrum. We can then write its jitter equation as:

Jitter? = / PNool ) - Hucorsona ()

2
= PNlMHz/<1]\4sz) 'cho—mut(f)df (64>




CHAPTER 6. HIERARCHICAL OPTIMIZATION 84

where PNiyg. is the VCO phase noise measured at 1MHz offset frequency
and is used as a top-level parameter, Hyc,—ou:(f) is the noise transfer function
from the VCO output to the PLL output. We can simplify this equation fur-
ther by assuming that the integral term is constant with respect to our design

parameters.

For the charge-pump, regulator and buffer sub-blocks, we assume that the main
noise source in each of these blocks is the supply noise and thus write their
PLL jitter contribution in terms of their supply sensitivities. To do this, we
first decompose each of the noise transfer function into a multiplication of two
transfer functions: one from the supply noise to the block output and the other
from the block output to the PLL output. For example, the jitter equation for
the regulator sub-block is given by:

Jitterfeg Sout = / Noddreg(f) + Hoddreg—out (f)df

= /Nvddreg(f) : {Hvddregﬁreg<f) : Hregﬁout(f)} df (65)

where Nygareg(f) is the supply noise source, Hydgreg—reg(f) is the (square of)
regulator’s supply sensitivity and is a top-level parameter, and H,cy— o4 is the
noise transfer function from the regulator output to the PLL output. We can
then simplify this equation further by assuming that the supply noise source and
the noise transfer function are constant with respect to our design parameters.

Similar expressions can be derived for the charge-pump and buffer sub-blocks.

We can now use equation (6.3) to combine these individual jitter contribution
to get the total output jitter:
Jitter?,, = Jz'tter]%med + Jitter?,, .+ Jitterfeg out

+Jitter?, o + JItery, ou

= JitteTJQcmed + Kjl : PNlMHz + K]Q : SSgp + Kj3 : SS2

reg

+Kjy - SSh.; (6.6)
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where K j;_4 are the proportionality constants, PNy, is the VCO phase noise
at 1IMHz offset, SSc,/req/buy are the supply sensitivities for the charge-pump,
regulator and VCO buffer respectively.

e Reference Spur. The non-idealities in the charge-pump cause periodic ripples
on the control voltage of the VCO which translate into a spur at the reference
frequency offset in the PLL output power spectral density. Assuming a narrow
band FM modulation, the expression for reference spur is given by [49]:

(6.7)

cho : A ripple
Spuryer = 20 - log (¢>

2- Wref

where K, is the VCO gain, Av,;,p. is the voltage ripple on the control signal
and is also a top-level design parameter, and wyer = 27 frer (frey = S00MHz).

e Phase Margin. For a second order system, the phase margin is related to the

damping factor by:

PM = arccos ( (22)2> (6.8)

where ( is the damping factor which is also a top-level design parameter.
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i i Hierarchical approach with homotopy at top-level
- Flat approach H|efarch|ca| appfoach ppr Py p-
Circuit (with linear fit) with only equations
at top-level Quadratic Fit Linear Fit Custom Fit
PLL 519 sims / 70 hrs 0 sims /2 hrs 357 sims / 2.3 days | 143 sims / 23.1 hrs | 103 sims/ 16.8 hrs

Table 6.2: Number of top-level simulations and total optimization time comparison
between the flat approach, hierarchical approach with only equations at the top level
and hierarchical approach with homotopy at the top-level. Note that the number of
simulations do not include the sub-blocks data but the optimization times do.

6.2 Results

Table 6.2 compares the PLL optimization times between the flat optimization ap-
proach and the two hierarchical approaches. The flat optimization technique with
linear fitting function took about 70 hours. The hierarchical approach with the top-
level problem relying solely on their equations took less than 2 hours. The hierarchical
approach with homotopy took about 17 hours in the best case (custom fitting func-
tion) and about 55 hours in the worst case (quadratic fitting function). From these
results, we can see that the first hierarchical approach that relies solely on the equa-
tions at the top-level had a significant improvement over the other two approaches:

35x faster than the flat approach and 8.5x faster than the other hierarchical approach.

The question is how much accuracy did we sacrifice from using the faster hierarchi-
cal approach? Table 6.3 summarizes the initial and final design performances of the
homotopy-based approach. The initial performance also represents the performance
of the equation-only approach (at the top level). This initial point was already fea-
sible so the optimizer focused on decreasing the power at the expense of more jitter.
The solution paths for power and jitter can be seen in Figures 6.2 and 6.3. We can
see that using the more accurate approach only provided about 5% improvement.
Clearly, the benefit of the faster approach outweigh the cost in its accuracy, at many
stages in the design. In particular, it allows the designer to “quickly” get a feeling

for the overall optimization leading to faster debug and tuning loops.
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Top-Level Variables

Specification Initial Final
Paower Minimize 1.08mwW 1.03mwW
e Jitter <7ps 5.6ps 7.0ps
£ [ Frequency 1-2GHz 0.3-3.9GHz 0.3-3.9GHz
S | Phase Margin > 60° 75° 77
Reference Spurs <-40dBc -43.9dBc -44 1dBc
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Table 6.3: Simulated performance comparison between the initial and the final designs

for the PLL circuit.

1.08foe

Power [mW]

J.04 e

&—e Homotopy solution path
| Bl Simulation solution path [

1.0%.0

1.0

Figure 6.2: Power solution path from the initial design point (A = 0) to the final
design point (A = 1.0) for the PLL design example.
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7.2
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6.6

6.4

Jitter [ps]
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&—8 Homotopy solution path
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= = Constraint Specification

>80 02 0.4 0.6 0.8 10

Figure 6.3: Jitter solution path from the initial design point (A = 0) to the final
design point (A = 1.0) for the PLL design example.

The reason why there is very little improvement in the more accurate approach is
because while the optimization algorithm of the faster approach is decoupled from top-
level simulations, it still requires the sub-blocks to be simulated in the sub-blocks’
optimization runs. If the final sub-block design specifications (that are top-level
variables) in the faster approach are not unreasonable, the sub-block optimization
ensures that the PLL is already well-designed. This is in contrast with an equation-
only flat optimization approach where its accuracy will be entirely dependent on the
accuracy of the equations and the initial point you obtain can be very far away from
the final optimized point. This can be seen by looking at the simulated performance

of the initial point in the examples in Chapter 4.

To understand why the more accurate hierarchical approach is slow, Table 6.4
provides the break-down of the number of simulations and optimization times spent

inside each block (using quadratic fitting function at the top-level). The “Initial #
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2 EE # of Variables szcr?fizzr:iins SI inr'riwtj:alll{ﬁo?wfs S-ir;tjlaﬁc?nf s Ti?lj-ﬁnfrps?m
PLL 6 (top-level) 143 19.0
CP + Filter 5 SS5., AVrippies & 228 378 21
Supply Regulator 7 S8iey 280 2016 1.3
VCO 2 PNhz 38 191 0.5
WVCO Buffer 4 58 40 60 0.2
Total 231

Table 6.4: Breakdown of the number of simulations and optimization time for the
PLL design example using linear fitting function.

of Simulations” column gives the number of simulations spent in initially optimiz-
ing each sub-block using intent-based homotopy. These numbers also represent the
number of simulations used in the faster hierarchical approach where the sub-blocks
were optimized only once. Subsequent calls to sub-block optimizations utilize local

optimization as explained in Section 6.1.2. We can see that 82% of the time is spent

simulating the top-level PLL.
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6.3 Benefits and Limitations

Besides the runtime benefit mentioned in the earlier section, performing optimiza-
tion hierarchically is also more intuitive and more in line with how a circuit designer
would tackle a big block like a PLL. In a traditional approach to a PLL design, circuit
designers would first make sure that the individual sub-blocks like the PFD, VCO,
charge-pump, etc. work well according to their specifications first before putting them

together to be used in a more time-consuming set of top-level PLL simulations.

The question that often arises during a traditional PLL design approach is how
to set the design specifications of the sub-blocks. Since we first ask the designers
to categorize the different sub-block specifications, this forces the designer to think
carefully about the relationship between the sub-block performance and the top-level
performance. The sub-block optimizers will spend more time focusing on the objective
and constraints that have direct impact on the top-level performance while ensuring
that the sub-block is functional.

One of the main current limitations of our hierarchical implementation is that
we cannot use a multi-valued variable in our top-level equations because sub-block
specifications can only be single-valued. For example, the top-level jitter contribution
from the VCO in our PLL example is more accurately written in terms of the VCO'’s
phase noise spectrum instead of a phase noise value at a certain offset. We had to
make some assumptions about the shape of the phase noise spectrum in order to write

our equations.



Chapter 7
Conclusions

The main contributions that we have made in this work include:

1. Investigating applying homotopy algorithms to circuit optimization problems
while making use of designers’ equations to help guide the optimizer. This
intent-based homotopy approach was faster than a generic homotopy approach
or a local optimization approach and more robust than local optimization. Fur-
thermore, our approach also allow designers to improve their productivity as
they can use rough design equations to come up with initial sizes for the circuits

and not have to worried about all the unimportant non-ideality effects.

2. We explored hierarchical extensions of our flat approach to optimize larger cir-
cuits and found, for our example, that we can rely solely on equations at the
top-level to optimize our circuits while we use the intent-based homotopy ap-

proach to optimize the underlying sub-blocks.

7.1 Future Work

As can be seen in our design examples, the optimization times for our optimizer are
in general still quite slow compared to equation-based approach. This is because the
basis of our research started off from the simulation-based optimization approaches’

point of view and then we asked ourselves how we can improve upon these approaches,
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i.e., how we can make them faster. And we did find that we can make them faster

but, unfortunately, no where near as fast as equation-based approaches.

The reason why simulation-based optimization approaches cannot be fast is because
there is a factor affecting the optimization time that the optimizer cannot control:
circuit simulation time. If a circuit takes many minutes or hours to simulate, it is
almost impossible to make this approach anywhere near as fast as equation-based

approaches.

This raises an interesting question for future work on whether we could do better by
starting from equation-based optimization approaches’ point of view and then tackle
their weaknesses which are mainly ease of use and accuracy. Researches in symbolic
analysis and generation, as mentioned in Chapter 2, attempt to address these issues
to some extent by trying to automatically generate equations for you. However, their

main drawback is that they are mainly applicable to linear circuits.

One potential interesting way of overcoming this drawback is to first figure out the
linear intent of the circuit and apply the above technique to this linear part of the
circuit. In our design methodology group, we believe that almost all circuits have
a linear intent, but it may be in some other transformed domains rather than the
direct voltage or current domains [30]. For example, the PLL takes in a voltage input
and produces a voltage output, and the relationship between those two voltages are
highly non-linear but that is not the main intent of the PLL. After all, it is a phase
locked loop, so its intent lies primarily in the phase domain. Hence, if you view the
PLL from a phase perspective, then the PLL circuit is linear. If these linear intents
can be leveraged in some ways by the symbolic analysis and generation tools, then
we can make these tools more broadly applicable and useful to a larger community

of circuit designers.

Another interesting future work direction would be to investigate various ways
to speed up the performance of hierarchical optimization. There are two main ap-

proaches to doing this. First, with the top-level homotopy approach, we can have
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designers create better top-level models so that the top-level homotopy loop will take

less number of simulations.

Second, instead of relying solely on the top-level equations, we can try to make
the underlying simulation engine faster which can be especially beneficial for design
problems with time-consuming simulations like our PLL example. This can be done
through use of behavioral top-level models. However, this method relies heavily on
the designer’s knowledge of the circuit to ensure that the resulting behavioral models

are reasonably accurate compared to real simulation. This is the approach taken in
46, 61].
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