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Preface

This book represents a compendium of fundamental problem formulations
of analog design centering and sizing. It provides a differentiated knowledge
about the tasks of analog design centering and sizing. In particular the worst-
case problem will be formulated. It stands at the interface between process
technology and design technology. This book wants to point out that and how
both process and design technology are required for its solution. Algorithms
based on the presented material are for instance available in the EDA tool
WiCkeD [88].

The intention is to enable analog and mixed-signal designers to assess CAD
solution methods that are presented to them. On the other side, the intention
is to enable developers of analog CAD tools to formulate and develop solution
approaches for analog design centering and sizing. The structure of the book
is geared towards a combination of a reference book and a textbook. The
presentation goes from general topics to the more specific details, preceding
material is usually a prerequisite for succeeding material. The formulations of
tasks and solution approaches by mathematical means makes the book suitable
as well for students dealing with analog design and design methodology.

The contents is structured as follows:

Chapter 1 sketches the role of analog circuits and analog design in integrated
circuits. An overview of analog sizing tasks and the corresponding terminology
is introduced.

Chapter 2 illustrates analog sizing and yield optimization/design centering
with the simplest example of an RC circuit.

Chapter 3 describes the basic input and output quantities of analog sizing.
Parameters and performance features are defined. Tolerance ranges and statis-
tical distributions of parameters as well as the performance specification are
introduced. The multivariate normal distribution as most important distribu-
tion type is described in the univariate and multivariatecase. In addition, the
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transformation of one type of distribution into another is sketched and illustrated
with examples like that of the generation of a normally distributed sample
element.

Chapter 4 formulates the basic tasks of analog sizing. The first task is a
sensitivity-based analysis of the effects of multiple parameters and multiple
design objectives. The second task is the scaling of parameters and design
objectives, which is crucial for the effectiveness of sizing algorithms. Perfor-
mance optimization is introduced as a multiple-objective approach, which leads
to Pareto optimization, and as a single-objective approach using vector norms.
After that, worst-case analysis and optimization are formulated and character-
ized. In the same way, yield analysis and optimization are treated. It is pointed
out how yield and worst-case refer to each other, how yield optimization/design
centering works beyond 99.9% yield, and how different quantities contribute
to the yield.

Chapter 5 develops three types of worst-case analysis, which are called clas-
sical, realistic and general. Solution approaches for the three types of worst-case
analysis are developed. In the case of classical and realistic worst-case analysis,
analytical solutions are obtained. In a general worst-case analysis, a numeri-
cal optimization problem is formulated as a starting point for the development
of solution algorithms. A general approach is described that relates a yield
requirement to the tolerance input of a worst-case analysis.

Chapter 6 describes two types of yield analysis. The first type is a statistical
estimation based on a Monte-Carlo analysis, the second type is a geometric
approximation that is closely related to worst-case analysis. Advantages and
limitations of both types are treated.

Chapter 7 develops two types of yield optimization/design centering. They
are based on the two types of yield analysis described in Chapter 6 and have
corresponding advantages and limitations. The problem formulations and
approaches for solution algorithms are developed. Derivatives of the objective
functions of yield optimization/design centering will be derived for sensitivity-
based optimization approaches.

It is recommended that the reader is familiar with matrix/vector notations
and the concept of optimality conditions. Appendices A-C summarize statisti-
cal expectation values and their estimation as well as optimality conditions of
nonlinear optimization.



Chapter 1

INTRODUCTION

1.1  Integrated Circuits

Integrated circuits (ICs), so-called chips, have become the brain and nervous
system of all kinds of devices. ICs are involved in everybody’s everyday life
more and more comprehensively. They are parts of domestic appliances, indi-
vidual or public transportation devices like cars and trains, traffic management
systems, communication networks, mobile phones, power plants and supply
networks in high and low voltage, medical devices outside or inside the body,
clothes, computers, and so on.

ICs are parts of systems, but ICs more and more form complete systems with
hardware and software components in themselves. What had been an electronic
cubicle with many components as tall as a human being years ago, today can
be implemented on one IC as large as a thumb nail.

This development has been made possible by an ongoing extraordinary pro-
gress in process technology and design technology of integrated circuits made
of silicon material. The progress in process technology is generally expressed
in the increase in the number of transistors, the fundamental electronic devices,
in one IC over the years. Over the past decades, an exponential growth of
the number of transistors per IC could be observed at a rate that has been
reported as a doubling of the number of transistors either every 12, 18 or 24
months. This exponential growth is called Moore’s Law after a forecast of the
Intel co-founder [85]. This forecast has become a goal of the semiconductor
industry in the meantime.

Process technology contributes to achieving this goal by developing the abil-
ity to realize ever smaller transistor dimensions and the ability to manufacture
ICs

m with ever increasing number of transistors
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SoC design cost [$]
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Figure 1. Trends in process and design technology. Data have been taken from the Intel web
site and from the International Technology Roadmap for Semiconductors (ITRS) web site.

= at nearly constant percentage of ICs that pass the production test (yield) and
m with a reasonable life time (reliability).

Design technology contributes to achieving the exponential growth of IC com-
plexity by developing the ability to design ICs with ever increasing number of
functions by

m bottom-up library development methods for complex components and
m top-down system design methodologies
m for quickly emerging system classes.

As a result it has been possible to produce ICs with an exponentially grow-
ing number of transistors and functions while keeping the increase in the cost
of design, manufacturing and test negligible or moderate. Figure 1 illustrates
the technology and design development. The dashed line shows the increase in
number of transistors on Intel processors, which exhibits a doubling of this num-
ber every 24 months for 35 years. Similar developments have been observed for
other circuit classes like memory ICs or signal processors. The solid line shows
the development of design cost for system-on-chip ICs. If no progress in design
technology and electronic design automation (EDA) had been achieved since
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Figure 2. Mixed-signal system-on-chip ICs.

1990, design cost would have exhibited an exponential growth as indicated by
the dotted line in Figure 1. But thanks to EDA innovations, design cost grew
only slowly or even decreased. The decrease in the mid 90s for instance has
been ascribed to small block reuse methodologies.

Because of the obvious economic advantage of integrated circuits, more and
more system functionality moves into ICs, which become ever more heteroge-
neous [70]. Modern system-on-chip ICs, as sketched in Figure 2, contain for
instance

® memory components, processors, application-specific ICs (ASICs),
m analog and digital components, high-frequency (RF) components,
m hardware and software components (embedded systems),

m optical or mechanical components.

But as miniaturization of transistors approaches atomic layers and as system
complexity approaches billions of transistors, the challenge of IC design, man-
ufacturing and test at reasonable cost has grown critically today. In addition,
relative variations in process technology and the impact of technological ef-
fects on system level are increasing and cannot be compensated by circuit
design alone. The result are significant variations in system performance, as
for instance processor operating frequency, that have to be coped with. Statis-
tical methods, which have been a topic of research and application in analog
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Figure 3. A CMOS operational transconductance amplifier (OTA, left) and a CMOS folded-
cascode operational amplifier (right).

circuit design for decades, therefore become more and more important for dig-
ital design as well.

1.2  Analog Circuits

Analog components play an important role in integrated circuits. On one
hand, important system functions like clock generation, or signal conversion
between the off-chip analog environment and the on-chip digital signal pro-
cessing, are realized by analog circuits. On the other hand, analog circuits are
difficult to design and reluctant to design automation.

According to EDACafé Weekly (http://www.edacafe.com) on March 21,
2005, analog components use on average 20% of the IC area, as indicated
in Figure 2. At the same time, the analog components require around 40% of
the IC design effort and are responsible for about 50% of the design re-spins.
Analog design automation is therefore urgently needed to improve the design
quality and reduce the design effort, all the more as analog circuits are included
in more and more ICs. EDACafé Weekly reported that 75% of all ICs would
contain analog components by 2006.

Analog components appear in integrated circuits in various complexities.
For a long time, analog design has been addressing analog integrated circuits
as operational amplifiers (Figure 3) or filters (Figure 4). These circuits range
from a few transistors to around hundred(s) of transistors and are designed
based on numerical simulation with SPICE [89] and its advanced successors
for the computer-aided evaluation of a circuit’s performance.

But analog circuits on modern ICs are more complex and SPICE-like sim-
ulation consumes too much time so that more efficient modeling levels have
to be entered. Examples for such complex analog circuits are analog/digital
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Figure 4. An OTA-C biquad filter with OTAs from Figure 3 as building blocks [57].
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Figure 5. Aphase-locked loop (PLL) with digital components, phase frequency detector (PFD),
divider (DIV), and analog components, charge pump (CP), loop filter (LF), voltage-controlled
oscillator (VCO).

converters (ADCs), digital/analog converters (DACs), or phase-locked loops
(PLLs). These circuits are mixed-signal circuits with both analog and digi-
tal parts with an emphasis on the analog circuit behavior. Popular functions
of PLLs are clock generation, clock recovery or synchronization. Figure 5
shows the structure of a charge-pump PLL that can be used to generate a high-
frequency signal through an oscillator that is synchronized to a high-precision
low-frequency signal in a control loop.

The complexity of these analog and mixed-signal circuits ranges around
thousand(s) of transistors. The filter in Figure 4, which is hierarchically built
from OTA building blocks, can easily be simulated flat on circuit level using
the OTA transistor netlist in Figure 3, whereas the simulation time of the PLL
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Figure 6. Scope of analog design.

in Figure 5 flat on circuit level reaches hours or days. The usual design process
that requires frequent numerical simulations becomes infeasible in this case.
A remedy offers the transition from modeling on circuit level to modeling on
architecture level using behavioral models. By modeling the whole PLL on
architecture level or by combining behavioral models of some blocks with
transistor models of other blocks, the PLL simulation time reduces to minutes
and the usual design process remains feasible.

1.3  Analog Design

Analog design usually stands for the design of analog circuits. Its most
important characteristic is the consideration of signals that are continuous in
time and value. Contrary to that, digital design considers values that are discrete
in time and value. Please note that value-continuous and time-continuous sig-
nals can be considered for any kind of circuit class, which leads to an extended
meaning of analog design in the sense of an analog design approach (Figure 6).

Analog design therefore not only refers to the design of analog and mixed-
signal circuits but includes for example the design of micromechanical compo-
nents, the characterization of digital library components on circuit level, or the
characterization of physical effects from interconnects or substrate.

As in digital design, the analog design process leads from a description of
the system requirements to a complete hardware and software realization (i.e.
implementation) in a cascade of individual design steps. Each design step can
be classified in terms of the design levels, the design partitioning, and the design
views it involves (Table 1).

The design partitioning and the design levels reflect the complexity of an
integrated circuit, which is recursively decomposed into a hierarchy of sub-
blocks that are designed individually and then composed to the system in a
divide-and-conquer manner.
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Table 1. Analog design terms.

Design Partitioning Design level Design view
HW/SW System Behavior
Analog/digital Architecture Structure
Functions, blocks Circuit Geometry

Device, process

Typical analog design levels are system level, architecture level, circuit level,
device level and process level. An example of an analog system is a receiver
frontend, whose architecture consists of different types of blocks like mixers,
low-noise amplifiers (LNAs) and ADCs. On circuit level, design is typically
concerned with a transistor netlist and applies compact models of components
like transistors. These compact transistor models are determined on device
level requiring dopant profiles, which in turn are determined on process level,
where the integrated manufacturing process is simulated.

The design partitioning concerns the hierarchical decomposition of the sys-
tem into subblocks. Design partitioning is required to handle the design com-
plexity and refers to important design decisions with respect to the partitioning
between hardware and software, between analog and digital parts, and between
different functions and blocks. The design partitioning yields graphs of design
tasks that represent design aspects like block interdependencies or like critical
paths for the design project management.

During the design process, a refinement of the system and an enrichment
with more and more details concerning the realization occurs. Along with it,
the system consideration traverses the design levels from the system level over
the architecture level down to the circuit level. Moreover, the design process
switches among three different design views, which are the behavioral view, the
structural view and the geometric view (Table 2). The design level rather refers
to the position of the considered system component within the hierarchical
system (de)composition. The design view on the other hand rather refers to
the modeling method used to describe the considered system component. The
behavioral view refers to a modeling with differential equations, hardware and
behavior description languages, transfer functions, or signal flow graphs. It is
oriented towards a modeling of system components with less realization details.
The structural view refers to a modeling with transistor netlists or architecture
schematics. It is oriented towards a modeling of system components with
more realization details. The geometric view refers to the layout modeling.
On the lowest design level, it represents the ultimate realization details for IC
production, the so-called mask plans. During the design process, not only a
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Table 2. Some modeling approaches for analog circuits in behavioral and structural view.

Behavior Linear/nonlinear differential equations
Transfer function (e.g. pole/zero form)
Behavior description code (e.g. VHDL, Verilog)
Signal flow graph

Structure  Circuit netlist (R, L, C, transistor, source elements)
LTI netlist (adding, scaling, integrating elements)
Architecture schematic

\%
l ; -
85+ v+ Blen() = 1) = bio =0

Figure 7. Nonlinear analog circuit. Structural model in form of a circuit netlist, behavioral
model in form of a differential equation. Concerning the output voltage, both models are
equivalent.

refinement towards lower design levels takes place, but also a trend from the
behavioral view towards the structural and geometric view.

In analog design, often the structural view is to the fore, as transistor netlists
on circuit level or block netlists are prevalent in the design. But the behavioral
view is immediately included, for instance by the implicit algebraic differential
equations behind the transistor netlist or by program code. Behavioral and
structural models can be equivalent as in the two examples in Figures 7 and 8
but they do not have to be equivalent.

The behavioral model and the structural model in Figure 8 represent more
abstract models of the OTA circuit in Figure 3. While Figure 3 represents the
OTA on circuit level using detailed transistor models, Figure 8 represents the
OTA on architecture level to be used as a component of the filter in Figure 4.
The architecture-level structural and behavioral models are less complex, less
accurate and faster to simulate than the circuit-level models.

The relationship between design levels and design view in the design process
has been illustrated by the so-called Y-chart, in which each branch corresponds
to one of the three design views and in which the design levels correspond to



Introduction 9

ENTITY ota is
GENERIC (gdm:real;Cin:real;CT:real;Cout:real;Rout:real;);
PORT (terminal Tplus, Tminus, Tout, Tvdd, Tvss ,
Tibias:electrical);
END ENTITY ota;
-- Simple Ota architecture
architecture behavioural simple of ota is
---***external/internal quantities***
begin -- behavioural_ simple
—-——***input stage***
icd == cin*vd'dot;
vd == ird*rin;
-—-***transfer stage***

iT == vd / rT; c gr'Vy Ry C, Gom' V7, Cout
iT == icT + irT; Vy in V; AN I Vot
vT == irT*rT; ]’ v
icT == cT*vT'dot;
—-—-—***output stage***
vout == irout*rout;
icout == cout*vout'dot;
iout0 == vT *gdm;

iout == ioutO+icout+irout;
end behavioural_simple;

Figure 8. Simplified models of the OTA in Figure 3. Behavioral model in form of a description
language code, Structural model in form of a circuit netlist. Concerning the OTA ports, both
models are equivalent and approximate to the transistor netlist in Figure 3.

Behavior

Structural synthesis A.naly31§
Parametric synthesis P Simulation
Layout synthesis Verlﬁc.atlon
Optimization Modeling

Figure 9. Analog synthesis and analysis.

concentric circles around the center of the Y [47]. From the design automation
point of view, the change in design view during the design process from the
behavioral view towards the structural and geometric view is of special interest.
The term synthesis as the generic term for an automatic design process has
therefore been assigned to the transition from the behavioral view towards the
structural view, and from the structural view to the geometric view, rather than to
the transitions in design level or design partitioning [84]. Figure 9 illustrates this
concept, where synthesis and optimization denote the transition from behavioral
to structural and geometric view, and where analysis and simulation denote the
inverse transition.
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In analog design, we can distinguish three synthesis phases regarding the
transition from the behavioral towards the structural and geometric view. Start-
ing from a behavioral formulation of the requirements on the performance of
a system or system component, structural synthesis serves to find a suitable
structure of the system component.

In the subsequent step, specific for analog design, parameter values for the
given structure, as for instance transistor widths and lengths in CMOS technol-
ogy, have to be determined by parametric synthesis. This process, and likewise
the result, is also called analog sizing. Parametric synthesis can be interpreted
as an additional part of the structural synthesis, which completes the structure
with required attributes, i.e. sizing. After that, layout synthesis leads to the
placement and routing.

This top-down process of synthesis and optimization [55, 24] is always
accompanied by bottom-up steps of analysis and simulation. These are required
for function modeling and evaluation during the synthesis and optimization pro-
cess, or for verification after synthesis.

Anexemplary design flow of a PLL is depicted in Figure 10 [128]. The design
process starts on architecture level from a specification of the PLL behavior
concerning the locking behavior, noise, power, stability, and output frequency.

Structural synthesis on architecture level (de)composes the PLL (into)of a
netlist of five blocks. In this step, the design view changes from the behavioral
view to a mixed structural-behavioral view: a netlist is obtained, whose com-
ponents are modeled behaviorally. Additionally, an important partitioning into
digital and analog blocks is carried out. The open boxes for the three analog
blocks charge pump, loop filter and current-controlled oscillator indicate that
the structure has not been completed yet. This is done in the next step, which is
a parametric synthesis step on architecture level, where architectural parameter
values of the three analog blocks are computed. For instance values for the
charge current and jitter of the charge pump, values for the R’s and C’s of a
passive loop filter, and values for the gain, current and jitter of the controlled
oscillator are determined. Only now, the architectural realization of the PLL is
complete.

The parametric synthesis step is done on architecture level using behavioral
models for the PLL blocks for two reasons. First, the circuit-level transistor
netlist of the PLL is much too expensive to simulate as mentioned before, which
makes the parametric synthesis of a PLL on circuit level infeasible. Second,
using behavioral models for the PLL blocks allows to hide more realization
details at this stage of the design process and leads to a top-down specification
propagation. However, there must be a bottom-up modeling of the performance
capabilities of PLL blocks to prevent the parametric synthesis on architecture
level from producing unrealistic requirements on the PLL blocks.
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Figure 10. Design flow of a PLL. As in Figure 9, boxes denote the structural view, rounded
boxes the behavioral view.

Next, the design level switches to the circuit level, where the same process
from the architecture level is repeated for all blocks simultaneously, as indicated
by three parallel arrows in Figure 10. A transistor netlist capable of satisfying
the block specification is determined by structural synthesis. The circuit-level
parameter values, as the transistor widths and lengths, are computed by para-
metric synthesis.

The transition from the architecture level to the circuit level includes a tran-
sition from the behavioral view of the three analog blocks “under design” to the
structural view. Here a transformation of the architectural parameter values to
a circuit-level performance specification of each individual block is required.
Adequate behavioral block models do not only consider the input and output
behavior but prepare the required transformation by including model parameters
that have a physical meaning as performances of a block on circuit level, as for
instance the gain of the VCO.
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Figure 11. Analog synthesis path of a PLL.

After the synthesis process, the obtained real block performance values on
circuit level can be used to verify the PLL performance.

If we illustrate the synthesis process just described in a plane with design
level and design view as coordinates, we obtain a synthesis path as shown in
Figure 11.

This figure reflects that both structural and parametric synthesis generally
rely on function evaluations, which happen in a behavioral view. This leads to
periodical switches to the behavioral view within the synthesis flow that can be
illustrated with a “fir”-like path.

A top-down design process as just described requires on each level adequate
models from the lower design levels. These models are computed beforehand
or during the design process. Ideally, the results of the top-down process can
be verified. But as the underlying models may not be accurate enough or
incomplete, for instance for reasons of computational cost, verification may
result in repeated design loops.

The design of the PLL was illustrated starting on the architecture level. On
system level, signal flow graphs, which represent a yet non-electric information
flow, are often applied. Switching to the architecture level then involves the
important and difficult transition to electrical signals.
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Figure 12. Analog sizing tasks.

1.4  Analog Sizing

Among the three synthesis steps concerning structure, sizing and layout, this
book deals with the sizing step, regardless of the design level or hierarchical
design stage in which it happens. Sizing is done in two steps (Figure 12).

In a first nominal design step, no parameter tolerances are considered, and
sizing means optimizing nominal performance values subject to constraints that
have to be satisfied.

In the subsequent tolerance design step, the inevitable variations of the man-
ufacturing process and of the operating conditions are considered.

The variations of the manufacturing process are modeled by global variations
of parameters like oxide thickness and by local variations of parameters like
threshold voltage. Global parameter variations are usually modeled as equal
for all transistors in a circuit, whereas local parameter variations are usually
modeled as independent for each transistor in a circuit.

The variations of the operating conditions are specified by intervals of para-
meters like supply voltage or temperature for which has to be guaranteed that
the system works properly.

The tolerance design task can be subdivided into subtasks as illustrated in
Figure 13.

Worst-case optimization denotes the task of minimizing the worst-case per-
formance deviation in a given tolerance region of parameters. This goal includes
a minimum performance sensitivity with regard to parameter tolerances. Every
optimization problem requires the evaluation of its optimization objective.
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Figure 13. Tolerance design tasks.

Worst-case optimization requires the evaluation of worst-case performance val-
ues. This task in turn is denoted as worst-case analysis.

Yield optimization and design centering equally denote the task of maxi-
mizing the so-called yield, which is the percentage of systems that satisfy the
performance specification despite performance variations due to manufacturing
tolerances and operating tolerances.

There are two approaches to yield optimization/design centering, a statistical
approach and a geometric approach.

Statistical-yield optimization is based on a statistical estimation of the yield.
The underlying statistical yield analysis is done by means of a Monte-Carlo
analysis. Please note that the term statistical-yield optimization refers to the
statistical estimation of the yield, but not to the optimization method.

Geometric-yield optimization replaces the statistical estimation of yield by
ayield approximation that is based on geometric considerations. The manufac-
turing variations are described by a probability density function of statistical
parameters. Those parameter vectors that lead to a violation of the perfor-
mance specification are cut away. A geometric yield analysis is now based
on an approximation of the geometry of the performance specification in the
statistical parameter space.
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Table 3. Characteristics of numerical optimization.

Objective dimension: Single-objective optimization Multiple-objective optimization

Objective nature: Deterministic objective Statistical objective
Solution nature: Deterministic optimization Statistical optimization
Search basis: Gradient-free approach Gradient/sensitivity-based approach

The term design centering for yield optimization emanates from such a spa-
tial interpretation of the optimization problem. Section 7.1.2 will show that a
maximum yield is obtained when the center of gravity of the original probability
density function hits the center of gravity of the truncated probability density
function. Yield optimization as finding an equilibrium of the center of gravity of
the manufactured “mass” concerning the performance specifications becomes
design centering in this interpretation. This interpretation suggests that the
terms yield optimization and design centering should be used as synonyms.

As indicated in Figure 13, we emphasize the distinction between the analysis
of an objective and the optimization of this objective. We will see that yield
optimization approaches result immediately from the two ways of either statis-
tically estimating or geometrically approximating the yield. For that reason, the
terms “statistical” and “geometric” will be used to distinguish yield optimiza-
tion/design centering approaches. We will derive the first- and second-order
gradient of the yield based on the results of a Monte-Carlo analysis in Section
7.1. This leads to the formulation of a deterministic optimization method for the
statistically analyzed yield, which could be denoted as deterministic statistical-
yield optimization approach. We will derive the gradients of the worst-case
distances, which are geometric measures of yield, in Section 7.2.1, which leads
to a deterministic geometric-yield optimization approach.

Another important issue about yield optimization/design centering is the
difficulty to maximize yield values beyond 99.9%, which are described by
terms like six-sigma design. We will explain how to deal with these cases in
statistical-yield optimization in Section 4.8.7. Geometric-yield optimization
inherently covers these cases, as illustrated in Section 6.3.9.

Analog sizing is a systematic, iterative process that applies mathematical
methods of numerical optimization. The solution methods can be characterized
in different ways, which are summarized in Table 3.
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One way of characterization is to distinguish between single-objective and
multiple-objective optimization problems. Nominal design with many perfor-
mance features usually is amultiple-objective optimization problem. Statistical-
yield optimization with the single objective yield on the other hand is a
single-objective optimization problem. We will describe the two types of opti-
mization problems in Sections 4.5 and 4.6. We will formulate yield optimiza-
tion/design centering both as a single-objective and as a multiple-objective
optimization approach in Section 4.8.5. This allows us to consider nominal
design and tolerance design in a unifying manner.

Other ways of characterizing the optimization problems of nominal and tol-
erance design are according to the nature of the objectives or of the solution
approaches. The objective and the solution approach either can be statistical or
deterministic. Concerning yield optimization/design centering, we will intro-
duce a way to closely couple the statistical objective yield with a deterministic
objective worst-case distance in Sections 6.2.4, 5.5 and 6.3.7. This allows a
unified view on the yield optimization/design centering tasks.

Another way to characterize optimization tasks is according to the usage
of gradients in the solution approach. While statistical optimization methods
often work without gradients, deterministic optimization methods often are
based on gradients and second-order derivatives. In this work, deterministic
solution methods for yield optimization/design centering that use gradients will
be formulated in Chapter 7.

It is important to note that numerical optimization is not only required for
yield optimization/design centering and performance optimization, but for tasks
that are named analysis in Figure 13. Worst-case analysis as well as geometric
yield analysis will turn out to be optimization problems as well. Solution
methods for these tasks will be presented in Chapter 5 and Section 6.3.

Optimization methods applied to sizing generally have to frequently evaluate
the optimization objective. In analog design this is done through numerical
simulation with SPICE-like simulators or through a performance model that has
to be computed a-priori based on numerical simulation. As a single numerical
simulation is very expensive in terms of CPU time, and as many simulations
are required within sizing, the number of required numerical simulations is the
essential measure for the CPU cost of a sizing algorithm.

Table 4 illustrates nominal design and yield optimization/design centering
in a typical sizing process of operational amplifiers like those shown in Figure
3. Five performance features (first column of Table 4) are considered in this
case, which characterize the transfer function (gain, transit frequency), stability
(phase margin), speed (slew rate) and power. For each performance feature,
a lower or upper bound is specified that defines the range of full performance
(second column).
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Table 4.  Sizing of an operational amplifier.

1 2 3 4 5
Performance  Specification Initial  After nominal design After yield optimiza-
feature feature tion/design centering
Gain > 80dB 67dB 100dB 100dB
Transit frequency > 10MHz S5MHz 20MHz 18MHz
Phase margin > 60° 75° 68° 72°
Slew rate > 10V/us 4V/us 12V /us 12V /ps
DC power < 50uW 122uW 38uW 39uWw
Yield 0% 89% 99.9%

Numerical simulation of an initial sizing of circuit parameters that could for
instance originate from a previous process technology leads to the performance
values in the third column. We can see that all performance features but the
phase margin initially violate the respective performance-feature bounds.

A performance optimization performance optimization that aims at satisfying
all performance-feature bounds with as much safety margin as possible results
in the performance values given in the fourth column. All bounds are satisfied
with a certain safety margin. We cannot decide if one performance safety margin
is better than another one, but an analysis of the yield shows that 89% of all
manufactured circuits will satisfy the performance specification after nominal
design.

Next, yield optimization/design centering is executed and results in the per-
formance values in the last column. Essentially, the safety margin for the transit
frequency has been decreased while the safety margin for the phase margin has
been increased. The effect is an increase of the yield to 99.9% after yield
optimization/design centering.

The main reason for splitting the sizing into the two stages nominal design
and tolerance design is the cost of numerical simulation. Including parameter
tolerances and yield as an optimization objective leads to a significant increase
in the required number of simulations during optimization. It is therefore
advantageous to first optimize the circuits’ safety margins as much as possi-
ble without inclusion of tolerances and yield.



Chapter 2

TOLERANCE DESIGN: EXAMPLE

2.1 RC Circuit

Using an elementary RC circuit, we will illustrate the tasks of nominal design
and tolerance design. Figure 14 shows the circuit netlist and circuit variables.

Two performance features, the time constant 7 and the area A, and two
circuit parameters, the resistor value R and the capacitor value C, are consid-
ered. Please note that R and C are normalized, dimensionless quantities. This
example is well suited as we can explicitly calculate the circuit performance in
dependence of the circuit parameters and as we can visualize the design situa-
tion in a two-dimensional performance space and a two-dimensional parameter
space.

-
A = R+C

: C
T

Figure 14. Elementary RC circuit with performance features time constant 7 and area A as a
function of resistor value R and capacitor value C.
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2.2  Performance Evaluation

The right side of Figure 14 displays the performance functions of the RC
circuit. The performance features, i.e. the time constant 7 and the area A, for
the given parameters, i.e. the resistor value R and the capacitor value C, can
be explicitly evaluated in this case. But in general, performance evaluation
requires expensive numerical simulation (Section 3.11).

Please note that the RC circuit is a linear circuit because it consists of lin-
ear circuit elements, as opposed to nonlinear circuit elements like transistors.
Nevertheless the performance feature 7 is nonlinear in the parameters.

2.3  Performance-Specification Features

For the RC circuit, a lower and upper bound on the time constant 7 and an
upper bound on the area A are specified:

05<7<20  05< R-C <20 0

A<40 R+C <40
We call the inequality resulting from one bound a performance-specification
feature. (1) hence formulates three performance-specification features of the
RC circuit.

2.4  Nominal Design/Performance Optimization

Nominal design naturally tries to keep the nominal performance within the
specified limits with as much safety margin as possible. In our example, the time
constant 7 has to be centered between its lower and upper bound, and the safety
margin of the area A with regard to its upper bound has to be maximized. This
is achieved by inspection of the problem or through the optimality conditions
of the following optimization problem:

min A subjectto 7 =1.25 )
= min R+C st. R-C=1.25

The solution results in:
R =C'=5/2~1.118
=125 3)
A =/522.236

Figure 15 illustrates the situation of the RC circuit after nominal design. Figure
15(a) sketches the two-dimensional space spanned by the performance fea-
tures “area” and “time constant,” Figure 15(b) shows the corresponding two-
dimensional space spanned by the parameters R and C.
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Figure 15. RCcircuit. (a) Performance values of RC circuit after nominal design. (b) Parameter
values of RC circuit after nominal design.

A performance specification as in (1) constitutes box constraints as illustrated
by the gray box in Figure 15(a). In this example, the box of acceptable perfor-
mance values is not closed as no lower bound for the area is given. Figure 15(a)
shows the nominal performance values 7/ and A’ and their centering between
the lower and upper bound of the time constant 7. From Figure 15(a) it is not
yet clear why the safety margin of the area to its upper bound is not larger.

Figure 15(b) shows the corresponding situation for the parameters. Using
the performance equations in Figure 14, the performance specification can be
formulated as inequalities for the parameters as done in (1). This results in
a bounding curve for each of the three performance-specification features in
Figure 15(b). The correspondence between the bounding curves in Figure 15
is indicated by single, double and triple slashes. The single slash belongs to the
performance-specification feature A < 4.0 = C' = 4.0 — R. The double slash
belongs to the performance-specification feature 7 < 2.0 = C' < 2.0/R, and
the triple slash belongs to 7 > 0.5 = C' > 0.5/ R. We can see that the region
of acceptable parameter values is closed. The nominal parameter values R’
and C’ are also shown. Here we can graphically reproduce the nominal design
process. Centering the design between the lower and upper bound of the time
constant is achieved by all points on the curve C' = 1.25/R that runs between
the double-slashed curve and the triple-slashed curve. From all points on that
curve, R and C’ is the one with the largest safety margin to the single-slashed
line representing the upper bound on the area. A larger safety margin for the
upper area bound could only be achieved at the cost of the safety margin for
the lower bound on the time constant.
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We can also see that although we have centered the performance values, we
have not centered the parameter values: R’ and C' are closer to the double-
slashed curve than to the triple-slashed curve. This difference is due to the
nonlinearity of the time constant in the parameters. If we had centered the
parameter values instead of the performance values, using R = C = x, we
would not have centered z2 between 0.5 and 2, i.e. 22 = 0.5 (0.5 + 2), but
we would have centered = between /0.5 and v/2, i.e. 2 = 0.5 - (v/0.5 + V/2).
As aresult, we would have designed the following parameter and performance
values:

R"=C"=0.75-v2 ~ 1.061
7 =1.125 4

A" =15-vV2=2.121

This difference between the situation in the performance space and the para-
meter space leads us to yield optimization/design centering.

2.5 Yield Optimization/Design Centering

In real designs, we are additionally facing statistical variations in the para-
meters. As aresult, parameters do not have deterministic values, but are random
variables that are statistically distributed according to a certain statistical distri-
bution. Let us assume that in our example the parameters R and C' are normally
distributed. Let the standard deviations of Rand C'be cgr = 0.2 and o = 0.8,
and let the correlation between R and C be ¢ = 0. Then the joint normal
probability density function pdf( R, C') after nominal design is:

rR-R'\? (c-c’'\?
pdf(R,C) = — ¢ a((5) +(=5)) 5)
2ropoC

A probability density function is the continuous counterpart to a relative fre-
quency distribution. A relative frequency distribution describes the percentage
of events in each class of parameter values among all events. For a prob-
ability density function this corresponds to the probability of occurrence in
an infinitesimal parameter class (R + dR) - (C' + dC), which is given by
pdf(R,C) - (R4 dR) - (C + dC). Due to the quadratic form in the exponent
of (5), the probability density function of a normal distribution looks like a
bell-shaped curve. The level curves of our two-dimensional probability den-
sity function are ellipses around the nominal parameter values R, C’. At R/,
(' the probability density function takes its maximum value indicating maxi-
mum probability of occurrence. The “larger” a level ellipse is, the smaller is
the corresponding constant value of the probability density function indicating

smaller probability of occurrence.
Figure 16 illustrates the situation for the RC circuit after nominal design.
To indicate the decreasing values of the probability density function, the level
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Figure 16. Parameter values and parameter tolerances of the RC circuit after nominal design.

ellipses have decreasing line thickness. Had the standard deviations of R and
C been equal, the level curves would have been circles. o¢ being larger than
o g corresponds to a higher dilation of the level curves in the direction of C' than
in the direction of R. The distribution of the resistor values hence is less broad
than that of the capacitor values. Figure 16 shows that parameter vectors exist
that lead to a violation of the performance specification. The volume under
the probability density function over the whole parameter space is 1, which
corresponds to 100% of the manufactured circuits. We can see that a certain
percentage of circuits will violate the performance specification. The percent-
age of manufactured circuits that satisfy the performance specification is called
parametric yield Y. Parametric variations refer to continuous variations within
a die or between dies of the manufacturing process. The resulting performance
variations can be within the acceptable limits or violate them. In addition, the
manufacturing process is confronted with catastrophic variations that result for
instance from spot defects on the wafer causing total malfunction and resulting
in the so-called catastrophic yield loss. The yield is an important factor of the
manufacturing cost: the smaller the yield, the higher the manufacturing cost.
In the rest of the paper, the term yield will refer to the parametric yield of a
circuit.
The estimated yield after nominal design in this example is:

Y =Y(R,C') = 58.76% (6)

Chapter 6 will deal with methods to estimate the parametric yield. Figure 17
extends Figure 16 with a third axis for the value of the probability density
function to a three-dimensional view.
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Figure 17. Probability density function after nominal design of the RC circuit, truncated by the
performance specification.

Only that part of the probability density function that corresponds to accept-
able values of R and C'is given. We can think of the probability density function
as a bell-shaped “cake” that describes the variation of the actual parameter vec-
tors due to the manufacturing process. A portion of varying parameter vectors
are cut away by the performance specification. An optimal design will lead to a
maximum remaining volume of the “cake,” which is equivalent to a maximum
parametric yield Y;,,4.. The part of the design process that targets at maximum
yield is equally called yield maximization or design centering.

Figures 16 and 17 illustrate that the result of nominal design does not lead
to a maximum yield. The first reason for that is the mentioned nonlinearity of
the performance with respect to the parameters, which leads to skewing equal
safety margins of the performance with respect to its lower and upper bounds
in the parameter space. The second reason is the parameter distribution, which
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Figure 18. (left) Parameter values and truncated probability density function. after nominal
design of the RC circuit. (right) Parameter values and truncated probability density function
after yield optimization/design centering of the RC circuit.

leads to skewed spreading of the parameter values depending on the parameter
correlation and variance values.

From Figures 16 and 17 it is intuitively clear that a simultaneous decrease
of the nominal value of R and increase of the nominal value of C' will increase
the amount of volume of the “cake” that is not cut away by the performance
specification and hence increase the yield. Figure 18 illustrates this. The
increase in yield can be seen in the larger probability density function “cake” left
by the performance specification and in the increased number of level ellipses
that are completely inside the region of acceptable parameter values.

After yield optimization/design centering, the estimated yield in this example
is:

Y* =Y (R*,C*) = Y(0.569,2.016) = 74.50% (7)
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Chapter 7 will deal with methods for yield maximization/design centering.

Please note that the complexity of performance evaluation through numer-
ical simulation leads to a much more challenging yield optimization/design
centering situation in real analog designs.



Chapter 3

PARAMETERS & TOLERANCES,
PERFORMANCE & SPECIFICATION

3.1 Parameters

In the literature, the term parameter usually denotes a variable quantity that
is related to the circuit structure and the circuit behavior. In this book, the term
parameters shall be used in a more specific sense for those quantities that are
input to the numerical simulation. Quantities related to the output of numerical
simulation shall be denoted as performance features. This distinction is owing
to the fact that the mapping of parameter values onto values of performance
features by means of numerical simulation takes the — computationally very
expensive — center stage of a systematic analog design process.

Definition: Parameters are variable quantities of an analog system or an
analog component that are input quantities to numerical simulation. The ele-
ments xy, of the parameter vector X = [x1...2)...T,,]7 € R" denote the
values of the respective parameters, whose names are addressed through the
index k.

We can distinguish three types of parameters:

= Design parameters Xg = [Zq,1 ... Zqf - - - xd,nzd}T € R™=4 are subject to the
sizing process. Appropriate design parameter values have to be calculated
such that the performance is “optimal”. In the RC circuit in Section 2.1, the
capacitance and the resistance are design parameters. In CMOS circuits,
mainly transistor geometries, i.e. channel widths and lengths, form the
design parameters.

= Statistical parameters Xs = [Zs1...Zsf .- .xs’nm]T € R™s are subject

to statistical variations for instance due to fluctuations in the manufactur-

ing process. The statistical variations are modeled in form of probability
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density functions of the statistical parameters. In the RC circuit in Sec-
tion 2.1, the capacitance and the resistance are statistical parameters. In
CMOS circuits, mainly transistor model parameters, like for instance oxide
thickness, threshold voltage or channel length reduction, form the statistical
parameters.

In the RC circuit, design parameters and statistical parameters are identical.
This corresponds to an analog circuit with discrete elements, as against to an
analog integrated circuit. Discrete resistors for instance can be selected with
different nominal values and with different tolerance classes, for instance
5%, 10%. The situation is different for integrated CMOS circuits. They have
transistor widths whose values can be devised individually. However, the
manufacturing process leads to a global variation of all transistors’ widths,
which is equal for all transistors and which is modeled in a statistical distri-
bution of one parameter “width reduction.” Another example of a statistical
parameter is the oxide thickness. Width reduction and oxide thickness are
not to be devised within analog design but within process design. In inte-
grated circuits, we usually have separate sets of design parameters on the
one hand and statistical parameters on the other hand. We will see in the
course of this book that this discrimination makes statistical approaches to
yield optimization/design centering at practicable computational cost very
difficult.
= Range parameters X, = [Ty ... Ty k... Trp, ]] € R are parameters
that are subject to a range of values they can acquire. Typical examples of
range parameters are so-called operating parameters that model operating
conditions, as for instance supply voltage or temperature. Range parameters
differ from statistical parameters in that they do not have probability data in
form of statistical distributions on top of their given ranges of values. For
the temperature for instance, a range of -40°C to 125°C can be specified.
Regardless of the distribution of the temperature, the performance has to
be guaranteed for any temperature in this interval. The circuit operating
conditions usually are a part of the circuit specification, but as the operating
quantities are parameters, this part of the specification is categorized as
parameter tolerances within the numerical-simulation-based sizing process.

3.2 Parameter Tolerances

We distinguish two types of parameter tolerances, parameter ranges and
parameter distributions. Correspondingly, we have defined range parameters
and statistical parameters. Typical examples of parameter tolerances and the
essential sources of IC performance variation are the manufacturing fluctuations
and the operating conditions. The inevitable fluctuations in the manufacturing
process result in a whole range of performance values after production and test.
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The manufactured ICs are arranged by quality classes, for instance of faster or
slower ICs, and usually sold at different prices. The IC that is actually bought
therefore can have a quite different performance from what is specified as its
nominal performance in the data sheet. In addition, its performance will dynam-
ically vary with altering operating conditions. These dynamic variations during
operation may also be larger or smaller, depending on the quality of the actual
IC. Operating conditions are usually modeled as intervals of range parameters.
Manufacturing fluctuations are modeled as statistical parameter distributions
on the regarded design level. The calculation of the statistical parameter distri-
bution is a difficult task that requires specific optimization algorithms and the
consistent combination of measurements that belong to different design levels
and design views [40, 29, 109, 87, 98].

3.3 Range-Parameter Tolerances

Tolerances of range parameters are described by the region 7,, C R"*" of
values that the range parameters can adopt. The tolerance region 7, of range
parameters can be defined in different ways. Typical tolerance regions are
boxes, polytopes, ellipsoids or a general nonlinear region:

® box region

T.B = {Xr | Xp L < Xp < Xr,U}

(8)
Xr,L, Xr,U € R"r - —o00 < TrLi < Tr U, < 400
m polytope region
TT,P = {Xr | Apoly ‘X < bpoly} )
Aoy € RMpolyXMar b, € R'poly
m ellipsoid region
TT,E = {Xr (XT' - XT,O)T : Aellips : (XT - Xno) < bgllips} (10)
A iips € RMerXMar = A gy, Symmetric, positive definite
® nonlinear region
Tr,N = {XT | Sononlin(XT) > 0} (11)

0 c Rnnonlin

Pronlin
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Figure 19. (a) Box tolerance region. (b) Polytope tolerance region. (c) Ellipsoid tolerance
region. (d) Nonlinear tolerance region.

A vector inequality of the form x < y assumes that x,y € R™* and is defined
as
x<y < kuéyu (12)
7

Figure 19 illustrates the four types of tolerance regions. The box region accord-
ing to (8), illustrated in Figure 19(a), is the prevalent type of range-parameter
tolerances. It results if minimum and maximum values for each range para-
meter are specified. The dashed line in Figure 19(a) for instance corresponds
to the upper bound of parameter x,1 < x,y,1. In many cases, the tolerance
region T, will be closed, that means a finite range of values will be given for
each range parameter. This reflects practical design situations where neither
process parameters nor operating parameters should attain excessive values,
be it for physical limitations or limited resources. The oxide thickness as well
as the channel length for example are process quantities that cannot go below
certain values. On the other hand, the channel length will be bounded above
due to the limited chip area. For the operating range in turn, reasonable finite
ranges have to be negotiated between manufacturer and customer. The size of
this range is related to the product price: an IC that works between —40°C and
125°C will be more expensive than the same IC designed to work between 0°C
and 70°C.

If the range parameters’ bounds are determined in a linear dependence of
each other, the tolerance region will have the shape of a polytope according
to (9), as illustrated in Figure 19(b). (9) describes a set of n,,,, inequalities
of the form al - x, < bpoly,u» Where ag, = lag1au20a,3 - J7 is the p-th
row of the matrix A,;,. Every inequality corresponds to a bounding plane
as indicated by the dashed line in Figure 19(b), determining a halfspace of
acceptable parameter vectors. The tolerance region 7. is the intersection of
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all these halfspaces. Inequalities may be redundant, leaving them out would
not alter the tolerance region 7;.. The bounding line at the top of Figure 19(b)
corresponds to such a redundant inequality.

(10) defines a tolerance region that is shaped as an ellipsoid, as illustrated by
the ellipse in Figure 19(c). It will be detailed in the following Section 3.4 that
the level curves of a Gaussian probability density function are ellipsoids. If the
shape of a parameter region corresponds to the shape of the level contours of a
probability density function, we are able to complement the parameter region
with probability values for the occurrence. In this way, we allow a transition
between range parameters and statistical parameters.

(11), illustrated by Figure 19(d), finally provides the most general descrip-
tion of a nonlinear tolerance region described by single nonlinear inequalities,
Pnonlin, u(xr) > 0, as nonlinear bounding surfaces, as indicated by the dashed
line in Figure 19(d).

3.4 Statistical Parameter Distribution

The manufacturing variations are modeled through a joint, multidimensional,
continuous distribution of statistical parameters.

In the discrete case, distributions are characterized by dividing the complete
value range into an ordered sequence of intervals and counting the number of
events in each interval. By normalizing these numbers to the total number of
events, we obtain the relative frequency function. By accumulating the relative
frequencies of all parameter intervals up to a maximal parameter value, we
obtain the cumulative frequency function.

In the continuous case, the relative frequency function becomes a probability
density function pdf, and the cumulative frequency function becomes a cumu-
lative distribution function cdf. pdf and cdf are obtained from each other in the
following way:

Ts,1 Ts,ngs
cdf(xs):/ / pdf(t) - dt, dt=dt-dto-... dtn,. (13)

anms

895571 . (91'572 e 81‘517113

pdf(xs) = cdf(xy) (14)

In (13), the accumulation of relative frequencies has become an integration over
the probability density function. The probability density function vice versa
results from the partial derivatives of the cumulative distribution function with
respect to all parameters.

For an interpretation of the cumulative distribution function values as relative
portions of occurrence, we require a normalization of the probability density
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function such that:

+oo +oo
lim cdf(xs) :/ / pdf(t) - dt =1 (15)

X 5—00

An exemplary continuous distribution is the normal distribution, which is also
called Gaussian distribution.

3.5 Univariate Normal Distribution

The cumulative distribution function and the probability density function of
a univariate normal distribution are:

1 1 (®s—%50
pdi(fL'S) = m € 2( 7 ) , O > 0 (16)
dfy (25) / " odfy (1)-dt / L e dt (17)
C T = . = e 2" .
N\Ls - par - /—27{_
pdf ()
Ts—Tg 0
1 T 1 _1p 1 Tg — :rso>
=5 —==c 2 -dt=_+ — 18
5 /0 o 5 ¢0< . (18)
1 s\/ia —t2 1 1 Ts — Ts,0
_ T4~ dt == erf 19
2" 2" ( V2.0 ) (1

In (16), x5 denotes the mean value (expected value, expectation value) of
parameter x5 and o denotes the standard deviation of zs. Background material
about expectation values can be found in Appendix A. A random variable! z
that originates from a normal distribution with mean value x5 o and standard
deviation o is also denoted as:

s ~ N(zs0,02) (20)

Speaking of a random variable z, we immediately denote the VALUE x of a random variable X. This
value z refers e.g. to

B arandom number generated according to the statistical distribution of the random variable,
B the argument in the probability density pdf(z),
B the infinitesimal range x + d having a probability of occurrence prob(X < z) = [ ;'Hm pdf(t)dt =
cdf(z + dz) — cdf(x).
The probability that a random variable X has a value less or equal z is prob(X < z) f T pdf(t)

cdf(z). Please note that the probability that a random variable X has a value of z is prob(X = x)
[¥ pdi(t)dt = 0!
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Table 5. Selected cumulative distribution function values of the univariate normal distribution.

Ts — Ts,0 —30c —20 —0 0 +o +20 +30 +40

cdf(zs —zs0) 0.1% 22% 158% 50% 84.1% 97.7% 99.8%  99.99%

o denotes the variance of the univariate normal distribution.

In (17), the cumulative distribution function is formulated as an integral over
the probability density function according to (13). By variable substitution, the
integrand is simplified to the standard normal distribution with the mean value
0 and the standard deviation 1:

T

Lo T80 L N0, 1) 1)

g

The standard normal probability density function pdf,y in (17) can also be
obtained by setting x50 = 0 and 0 = 1 in (16). The cumulative distribution
function of the variable x; taken from a normal distribution is hence obtained by
the standard cumulative distribution function value at Z2=2% which denotes
the difference of = to the mean value as a multiple of the standard deviation.

In (18) and (19), the cumulative distribution function is formulated using the
function ¢g and the error function erf, which are available in statistical tables
and program libraries.

Figure 20 illustrates the probability density function pdf,; and the cumulative
distribution function cdfy of a univariate normal distribution.

pdf,y shows the typical bell shape of the normal distribution. As pdfj; is
symmetrical around x40, cdfy(z50) = 0.5. The hatched area under pdf
from —oo till 25 + o is determined by cdfy (25,0 + o) according to (13), as
indicated by the curved arrow in Figure 20. Vice versa, according to (14), the
slope at cdfy (250 + o) is determined by pdf (x50 + o).

Table 5 shows selected cumulative distribution function values of the uni-
variate normal distribution. It can be seen that there is a unique relation between
tolerance intervals and yield values in the univariate case:

Y = prob{zs € Ts} = prob{z, € [z51, zsv]}
= Cdf(ZCSVU) — cdf(xS,L) (22)

In this case, yield optimization/design centering can equivalently be formulated
as centering the nominal parameter value between the interval bounds or as
maximizing the interval bounds around the nominal parameter value.
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Figure 20. Probability density function pdf and cumulative distribution function cdf of a uni-
variate normal distribution.

The relationship between tolerance ranges and yield values becomes more
complicated for multivariate distributions.

3.6 Multivariate Normal Distribution

The probability density function of a multivariate normal distribution is given
by:

1
pdfy (xs) o vame P (-0.5- 5%(xs)) (23)
52 (x5) = (xs— XS,O)T -Cct (xs — Xs,O) (24)

B 0

AV
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Figure 21. Multivariate normal distribution for two parameters according to (23), (24) or (34),
respectively, with mean values zs,0,1 = xs,0,2 = 0, correlation o = 0.5, and variances o1 = 2,
o2 — 1.

In (24), the vector X0 = [Zs0,1---Ls0k - - xs70,nI]T denotes the vector of
mean values x50, ¢ = 1,...,n.s, of the multivariate normal distribution of
the parameters x5, kK = 1,...,ng;s. Background material about expectation

values can be found in Appendix A. Figure 21 illustrates the probability density
function of a multivariate normal distribution for two parameters.

It shows the typical bell shape of the probability density function of two para-
meters and the quadratic form of the equidensity contours determined by (24).

The matrix C denotes the variance/covariance matrix, or covariance matrix,
of the parameter vector x;.

A random vector X, (see Note 1 in Section 3.5) that originates from a normal
distribution with mean value X o and covariance matrix C is also denoted as:

Xg N(Xs,Oa C) (25)

The covariance matrix C is formed by the standard deviations o, k& =
1,...,ngs of the individual parameters x5, k = 1,...,n.,, and by the
mutual correlations o, k,l = 1,...,n.5, k # [, between parameters x j,
and z,; in the following way:

C=Y R-X (26)
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rfor 0 ... 0
0 :
I 72 (27)
: o0
L 0O ... 0 op,,
[ 1 Q1,2 R Ql,nzs
1 E
R — 02,1 (28)
: ’ Ongs—1ngs
L ans71 e an57nzs_1 1
[ 0’% 0101,202 S 0101,n52 Ongs
2 .
C - 0202101 09 : (29)
: Ongs—1 ans_lynacs Ongs
L Ongs,l cee Ongs,ngs—1 O nes

a,% is the variance of parameter x ;. 010,07 is the covariance of parameters
T k» Ts. For the variance, we have:

o >0 (30)

For the correlation, we have:
Okl = OLk (31
—1<or; < +1 (32)

From (26)—(32) follows that the covariance matrix C is symmetric and pos-
itive semidefinite.

If oy = 0, this is denoted as the two parameters x, x., T ; being uncorrelated.
In the case of a multivariate normal distribution, “uncorrelated” is equivalent
to “statistically independent.” In general, “statistically independent” implies
“uncorrelated.”

If two parameters x; 1, 5 are perfectly correlated, then | o ;| = 1. Perfect
correlation refers to a functional relationship between the two parameters. For
each value of one parameter a unique value of the other parameter corresponds,
i.e. the statistical uncertainty between the two parameters disappears. In this
case, the covariance matrix has a zero eigenvalue and the statistical distribution
is singular, i.e. (23) cannot be written. In the following, we will assume that

lokg| <1 (33)

This means that C is positive definite and that the multivariate normal distribu-
tion is nonsingular. A singular distribution can be transformed into a nonsingular
one [5].
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For two parameters, (23) and (24) have the following form:

2
Ts,1 Ts,0,1 o 01002
x,=| % ~ N(xeo=|" , C= 1 e
Ts,2 Ts,0,2 01002 03

1 1 (xs 1 — Ts,0 1)2
pdfy (2s,1,Ts2) = —————F—x ~exp{7 . { , 9
n( ) 2r0109v/1 — 0 2(1 — 0?) o?
2
Ts,1 — Ts Ts,2 — Ts Ts2 — Ts
—20 1 0,1 Ts,2 ,0,2 + (xs,2 : 0,2) ]} (34)
g1 02 o5

If the two parameters are uncorrelated, i.e. ¢ = 0, (34) becomes:

exp {7% |:(-Ts,1 - ws,O,l)Q + (Is,2 - 55,0,2)2] } (35)

2
oy 03

1 (xs1 — Ts01)2 1 1 (zs,2 — $5,0,2)2
- . expy — 5 ———5
2 1 271'0'2 2 g3

= pdfy(zs,1) - pdfy (Ts,2)

If the two parameters are uncorrelated, i.e. ¢ = 0, and if their mean values
are T,01 = Zs02 = 0, and if their variance values are o1 = 02 = 1, (34)
becomes:

pdi(mSJ? ‘(L'Syz) =

\
[N)
R)
q
f
o
>
o
—N
|
|

1 1 1 1
pdi(l's,l»l‘s,Q) = o - €Xp {—5 [1‘31 + 1‘32]} = W - eXp {—Qxfxs} (36)

The level curves of the probability density function of a normal distribution, i.e.
the equidensity curves, are determined by the quadratic form (24). Therefore,
the level curves of pdf 5 are ellipses for n;, = 2, ellipsoids for ngs = 3 (Figure
21) or hyper-ellipsoids for n;s > 3. In the rest of this book, three-dimensional
terms like “ellipsoid” will be used regardless of the dimension.

Figure 22 illustrates different shapes of the equidensity curves of a normal
probability density function in dependence of variances and correlations. Each
equidensity curve is determined by the respective value of § in (24). For

B = 0, the maximum value of pdfy;, given by —————, is obtained at

\/ﬂnxs.\/ma
the mean value X o. Increasing values 3 > 0 determine concentric ellipsoids
centered around the mean value x, o with increasing value of 3 and decreasing
corresponding value of pdfy;.

Figure 22(a) illustrates the situation if the two parameters are positively cor-
related. The major axes of the ellipsoids then have a tilt in the parameter space.
Note that the equidensity ellipsoids denote a tolerance region corresponding
to (10). If the two parameters are uncorrelated, then the major axes of the
ellipsoids correspond to the coordinate axes of the parameters, as illustrated
in Figure 22(b). If uncorrelated parameters have equal variances, then the
ellipsoids become spheres, as illustrated in Figure 22(c).
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Figure 22. Different sets of level contours 32 = (xs — Xs,0)” - C7' - (x5 — Xs,0) (24) of
a two-dimensional normal probability density function pdf .. (a) Varying (3, constant positive
correlation p, constant unequal variances o1, o2. (b) Varying (3, constant zero correlation,
constant unequal variances. (c) Varying (3, constant zero correlation, constant equal variances.
(d) Varying correlation, constant (3, constant unequal variances.
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Figure 22(d) illustrates a set of equidensity contours for a constant value
of 8. A positive correlation between two parameters leads to a contraction
of the equidensity ellipsoids towards the axis of parameter alterations in the
same direction. A negative correlation leads to a contraction of the equidensity
ellipsoids towards the axis of parameter alterations in the opposite direction.
The larger the absolute value of correlation, the narrower the shape of the
ellipsoid. For a correlation of £1, this part of the ellipsoid degenerates to the
corresponding line of parameter alteration. In addition, for a constant value of
3, any equidensity contour for an arbitrary value of the correlation gy, ; between
two parameters lies in a bounding box around the mean value x; o that has a size
of 3 - 20, in direction of parameter x, ;, and 3 - 20; in direction of parameter
xs,. This bounding-box-of-ellipsoids property for two statistical parameters
T k» Ts, can be formulated by:

U {Xs| (Xs - Xs,O)TC_l(Xs - Xs,O) < ﬁ2}
lok| <1

= {xs | lzs 6/t — w5060l < Born } (37)

While the left set in (37) describes an ellipsoid tolerance region according
to (10), the right set in (37) describes a box tolerance region according to
(8). The bounding-box-of-ellipsoids property (37) says that the union of all
ellipsoid tolerance regions that are obtained by varying the correlation value of
two parameters for a constant 3 yields exactly a box tolerance region +30y,
around the mean value. A motivation of (37) is given in Appendix C.7.

The cumulative distribution function cdfy (x;) of the multivariate normal
distribution can be formulated according to (13). A more specific form analo-
gous to (18) and (19) of the univariate normal distribution cannot be obtained.
Only if the correlations are zero, then the probability density function of the
multivariate normal distribution can be formulated as a product of the univari-
ate probability density functions of the individual parameters (see (35)) and we
obtain:

Nzxs Ts k Nxs

R=T=cdfn(x;) =[] | pdfx(t)dt=]]cdin(zsr) (38)
- k=1

—0o0

I denotes the identity matrix.

3.7 Transformation of Statistical Distributions

Due to the quadratic function (24) in the probability density function (23),
the formulation of tolerance design tasks based on a multivariate normal dis-
tribution of parameters can be very thorough and rich in technical interpretation.
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Therefore, we will assume that the statistical parameters are normally distributed.

But parameters are not normally distributed in general. For instance para-
meters like oxide thickness that cannot attain values below zero naturally have a
skew distribution unlike the symmetric normal distribution. These parameters
have to be transformed into statistical parameters whose distribution is normal.
The resulting transformed parameters of course have no longer their original
physical meaning. This is in fact not necessary for the problem formulation
of yield optimization/design centering. The reader is asked to keep in mind
that the normally distributed statistical parameters that are assumed in the rest
of this book may originate from physical parameter that are distributed with
another distribution.

Given two random vector variables, y € R"v and z € R"# with ny, = n_,
which can be mapped onto each other with a bijective function?, i.e. z(y) and
y(z), the probability density function pdf, of random variable z is obtained
from the probability density function pdf, of random variable y by:

0
it (z) =t (v(2) - det (12 )] )
dy

pdf,(2) = pdf,(y(2))- 9

The idea behind the transformation is to keep the probability of an infinitesimal
parameter interval equal while transforming it to another infinitesimal interval:

pdf.(z) - dz = pdf, (y) - dy (40)

This corresponds to a substitution of variable y in the integration over pdf, to
calculate cdfy, (13):

Y1 Yny
at,(y) = [ o[ b,y

z1(y) zn2 (¥) dy
_ /oo /OO pdf, (y(2)) det(aZT>

_ /Z1 N ./anpdfz(z)dz — cdf, (z) (41)

dz

Exercise. Prove (17) using (41).

2z(y) is meant to be read as “z evaluated at y.” This implies that z is a function of y, i.e. z = (y). The
function ¢ is not denoted separately.
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Example 1. This example shows how a transformation function from one
random variable to another random variable can be derived if the two probability
density functions are given.

Let us consider the case that the univariate random variable z is originating
from a uniform distribution, z ~ U(0, 1) with the probability density function
pdfy:

1, 0<z<1

42
0, else (42)

paty ) = {
We are looking for the function that maps the uniformly distributed variable z
into a random variable y that is distributed according to pdf, . Towards this, we
insert (42) in (40),i.e. 1-dz = pdfy(y) - dy, and obtain:

y = cdf, " (2) (43)

(43) says that a uniformly distributed random variable z is transformed into
a random variable y that is distributed according to pdf, through the inverse
cumulative distribution function of y. If pdf, is given, this is done by

= solving [ pdf, (t)dt to compute cdf,(y) and then

= computing the inverse cdf, L

Example 2. This example shows how the probability density function pdf,
of random variable z can be derived if the probability density function pdf,, of
random variable y and the transformation function y +— z are given.

Given as an example are a random variable y originating from a normal
distribution (44) and an exponential function (45) that maps y onto z:

pdf, (y) = \/i e H(5) (44)

2 - o

z = ¢Y (45)

We are looking for the probability density function pdf,(z). As the function
z = e¥ is bijective w.r.t. R — R, (39) is applied:

B 0y : _ oy| 1 .
pdf,(2) = pdf,(y(2))- ‘82" with y =1Inz and ‘82' = yields
1 ( nz—y, 2
pdf () = ——t a(=F) (46)

V2m o -z

(46) denotes the pdf of a lognormal distribution. As can be seen from the
calculations above, the logarithm y = Inz of a lognormally distributed random
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variable z is normally distributed. As z > 0, the lognormal distribution may
be a candidate for modeling the distribution of a random variable that does
not attain values below zero. Based on the transformation (45), a normally
distributed random variable can be obtained.

Example 3. This example is of the same type as Example 2. Given are a
random variable y originating from a standard normal distribution (47) and a
quadratic function (48) that maps y onto z:

1
pdf,(y) = e 3V (47)

<
)
[N
;

z = (48)
We are looking for the probability density function pdf,(z). The function
z = y? is not bijective, but surjective w.r.t. R — RT. In this case we can add
the probabilities of all infinitesimal intervals dy that contribute to the probability
of an infinitesimal interval dz. Two values, y") = +,/z and y® = —/z, lead
to the same value z and hence two infinitesimal intervals in y contribute to the
probability of dz:

pdf, (2) - dz = pdf, (y<1>) - dy™) + pdf, (y(2>) - dy® (49)

This leads us to:

oy oy
_ (1) (@)
pdf.(=) = pat, (y(=)) | | +pet, (v2(=)) |55
= Lot (R |-t
= o € 22 + —2z
L B & (50)
— —_ .z e
V2T

(50) denotes the probability density function of a x?(chi-square)-distribution
with one degree of freedom. The x? distribution can be applied to describe the
probability of ellipsoidal tolerance regions determined by G (24).

The transformation of statistical distributions and of the corresponding ran-
dom variables is also important for statistical estimations, for instance by a
Monte-Carlo analysis. Towards that, a statistical sample, i.e. a finite set of
sample elements, is generated, which is originating from a certain statistical
distribution. In the next section, the generation of sample elements from a
normal distribution will be described.
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3.8 Generation of Normally Distributed Sample Elements

The generation of normally distributed sample elements® x; ~ N (x50, C)
is done in three steps:

m Create a vector z with vector elements that are independently uniformly
distributed, i.e. zx ~ U(0,1), k = 1,...,n,s. This step is based on
methods to create pseudo-random sequences of real numbers between 0
and 1. This is implemented for instance by a linear feedback shift register,
where the XOR operation of several bits is fed back to the input. Another
approach is a multiple recursive generator zx = wy, /v, wy, = (@1wW,—1 +
...+ aywp_,) mod v, of order 1 and a prime modulus v. Programming
libraries usually contain functions for the generation of uniformly distributed
pseudo-random numbers.

= Map z onto a random variable y that is distributed under a standardized nor-
mal distribution, i.e. y ~ A (0,I), y € R™=. This is done as in Example
1 of the previous section. According to (43), the value z; obtained from
a uniform distribution is mapped onto a value y; from a univariate stan-
dard normal distribution by y, = cdf{,l(zk). cdf](,1 is evaluated through
functions like g (18) or erf (19), which are contained in programming
libraries. The uniformly distributed values 2z, k = 1, ..., nys, are statisti-
cally pseudo-independent, and the values yi, k = 1,. .., ngs, are collected
in a random vector y of normally distributed, pseudo-uncorrelated vector
elements.

= Map y into a random variable X, that is distributed under a normal distri-
bution, i.e. x5 ~ N (x50, C). In this third step, y is transformed into a
random variable x5 ~ N (x50, C) by a linear transformation:

xs=A-y+b (51

The unknown coefficients A and b can be derived by the requirements that
the expectation value of x, is X, o, and that the variance of x; is C:

E{x;} = x50 (52)
Vi{xs} = C (53)
Inserting (51) in (52) and (53) and applying (A.12) and (A.13) we obtain:
E{x;} = A-E{y}+b=b (54)
Vi{x;} = A-V{y} - AT=A-AT (55)

3A sample element is represented by a vector of parameter values x. It refers to the stochastic event of an
infinitesimal range of values dx around x.
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Comparison of (52) and (53) with (54) and (55) finally yields

y~N(0,I) — x,~N(x50,C), C=A-AT (56)

Xs = A-y+x,0 (57)

y = A7'(x5—%s0) (58)

Transformation formulas (57) and (58) can be verified by showing that
they transform the probability density function of the multivariate standard
normal distribution (36) into the probability density function of the general
multivariate normal distribution (23)

Exercise. Apply (39) to verify transformation formulas (57) and (58).

In the transformation (57) and (58), no specific assumption about the form
of the matrix A is included. Therefore, not only a Cholesky decomposition,
which yields a triangular matrix, can be applied, but also an eigenvalue
decomposition. As C is positive definite, we obtain:

C=VAV?T =VA2A: VT, (59)

. . . 1. . .
where V is the matrix of eigenvectors and where A 2 is the diagonal matrix
of the roots of the eigenvalues. A comparison with (56) leads to:

A = VA2 (60)

An eigenvalue decomposition is to be preferred if the number of statistical
parameters is not too large because of the numerical ill-conditioning of C
due to highly correlated parameters.

3.9 Global and Local Parameter Tolerances

The modeling of the statistical variations of an integrated circuit manufac-
turing process is a complex task. On circuit and architecture level, two types
of parameter tolerances are assumed, global and local tolerances.

Global parameter tolerances are due to chip-to-chip (“inter-chip”) and wafer-
to-wafer fluctuations of the manufacturing process. They are modeled as para-
meter variations that affect all transistors of a circuit in the same way, hence
the notation global. Typical examples of statistical parameters with global
tolerances are oxide thickness or channel length reduction.

Besides global parameter tolerances, there are local parameter tolerances
that are due to variations within a chip (“intra-chip”) and that affect transistors
individually.
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Local variations on circuit level are usually assumed as statistically inde-
pendent variations of individual transistors. Local variations decrease with
increasing gate area and increasing distance between transistors [95]. They
lead to different behaviors of transistors in a circuit, a so-called mismatch. But
analog circuits are formed of transistor pairs like current mirrors requiring an
identical behavior of the transistors in a pair and are therefore very sensitive to
mismatch. Local variations have always been an issue in analog design. But
as the device dimensions become smaller and smaller, the significance of local
variations compared to global variations grows critical for digital circuits as
well. The statistical variation of critical paths’ delays for instance are strongly
depending on the local and global process variations and their effect on the
correlation of gate delays.

A typical example of statistical parameters with local tolerances are the tran-
sistor threshold voltages. Local variations lead to an increase in the number of
statistical parameters that corresponds to the number of transistors in a circuit.
In a circuit with 100 transistors for instance there will be one global thresh-
old voltage V;, 410 that affects all transistors equally and 100 local threshold
voltages Vip joci» © = 1,...,100 that affect each transistor individually and
independently from the others.

According to the assumptions that global statistical parameters are not corre-
lated with local statistical parameters and that local statistical parameters are not
correlated with each other, the covariance matrix has the following structure:

Xglob Cyiop 0 :
— | ®glo —| v _
Xg= C= Yo =diag(o ... 1
s |: Xloc :| s |: 0 Eloc :| ) loc g( loc,1 loc,nloc) (6 )
Note that the actual transistor parameter at the interface to the circuit simulator
may be a sum of a deterministic design parameter component x4 j, of a global
statistical parameter component s g0p,1, and of a local statistical parameter
component s joc.m-

3.10 Performance Features

Corresponding to the definition of parameters, performance features shall be
used specifically for those quantities that are output of the numerical simulation.

Definition: Performance Features are variable quantities of an analog
system or an analog component that are output quantities of numerical simula-
tion. The elements f; of the performance vector £ = [f1 ... fi... fnf]T € R"f
denote the values of the respective performance features, whose names are
addressed through the index 1.

Examples of performance features of an operational amplifier are gain, phase
margin, slew rate, power supply rejection ratio.
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Performance features are determined by the parameters. For a certain para-
meter vector, a certain vector of performance features is obtained:

x —f (62)

As mentioned in Note 2 in Section 3.7, we do not explicitly denote the function
that maps a parameter vector onto a performance vector: ¢ : x — f. Instead,
f(x) is meant to denote “f evaluated at x,” which implies that such a function
exists.

The performance features f for given parameters x are usually evaluated by
means of numerical simulation.

3.11 Numerical Simulation

It is important to note that in general the circuit behavior is not formulated
explicitly as in the RC circuit in Chapter 2, but is described by nonlinear dif-
ferential algebraic equations (DAEs),

¥ (t,X, un(th)a iZ(X> t)a c.l(una iZ7X>t)7 q.s(una iZaxa t)v) = 07 (63)

where ¢ denotes the time, x the parameters, u,, the node voltages, iz the currents
in Z-branches, q the capacitor charges, ¢ the inductor fluxes, and * the derivative
with respect to time. Performance evaluation in general is a map of a certain
parameter vector x onto the resulting performance feature vector f, which is
carried out in two stages. First, numerical simulation [97, 75, 121, 101, 89]
by means of numerical integration methods maps a parameter vector onto the
node voltages and Z-branch currents:

X — Up,iy (64)

In case of a DC simulation, the resulting node voltages and Z-branch currents
are constant values. In case of an AC simulation, they are a function of fre-
quency, and in case of a transient (TR) simulation, they are a function of time.
These functions are given in the original sense of a relation as a finite set of
(x,[ul il]7)-elements. In a second post-processing step, the node voltages
and Z-branch currents are mapped onto the actual performance features by

problem-specific operations:
u,,iz — f (65)

Depending on the type of simulation, we obtain corresponding DC performance
features like for instance DC power consumption or transistor operating volt-
ages, AC performance feature like gain or phase margin, and TR performance
features like slew rate.
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Numerical simulation is computationally extremely expensive, a single sim-
ulation can even take days. Contrary to our simple illustrative example in
Chapter 2, general analog performance functions

= can only be established element-wise (x, f) for selected parameter vectors,

= and the calculation of each function element costs minutes to hours CPU
time.

Algorithms for analog optimization must therefore very carefully spend numer-
ical simulations, just as oil exploration has to carefully spend the expensive test
drillings.

In order to avoid the high computational cost of numerical simulation, per-
formance models or macromodels for a cheaper function evaluation would be
welcomed. Performance models can be obtained through numerical methods
called response surface modeling [31, 39, 3, 76, 37, 124, 16, 125, 127, 43, 64,
78, 17, 4, 126, 14, 29] or through analytical methods like symbolic analysis.
Macromodels can be obtained by simplified DAEs [22], by symbolic analysis
[108, 112, 113, 30, 107, 106, 32, 117, 67, 120, 119, 44, 18, 114, 15, 51, 50, 53,
52], by equivalent circuits [49, 20], or by behavioral models [128, 54, 65, 71,
72, 82]. However, the generation of such models requires a large number of
numerical simulations. Only if the resulting models are applied often enough
the setup cost are worthwhile. We are not aware of investigations of the break-
even where pre-optimization modeling undercuts the cost of optimization on
direct numerical simulation.

3.12  Performance-Specification Features

The performance features are subject to constraints that have to be satisfied.
These constraints are called performance-specification features and are derived
from the system performance that has been contracted with the customer. The
verification or validation of a circuit with regard to the performance specification
may be required at different stages of the design and test process, for instance
after structural synthesis prior to the layout design phase, or after production
test prior to the delivery.

Definition. A performance-specification feature is an inequality of the form:
opsru(f) >0 (66)

The performance specification consists of performance-specification features,
which determine the acceptable performance region:

opseu(f) >0, p=1,...,npsr (67)
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If the values of the performance features satisfy all performance-specification
features, i.e. are inside the acceptable performance region, then a circuit is
classified as “in full working order.”

The prevalent form of performance-specification features are upper boundary
values f; or lower boundary values fr, that the performance may not exceed or
fall below. In this case, a performance-specification feature has the following
form,

fi—fri=0or fu;,—fi >0 (68)
and the performance specification is:
fi—fri>0Afui—fi>0,i=1,...,ny (69)
The set of all boundary values determines a performance acceptance region A ¢:
Ay = {f|f, <f<fy}
= {f|fi>frinfisfui, i=1,...,ns} (70)

The vector inequality is defined as in (12). For each performance feature f;,
either a lower bound f7;; or an upper bound f7, ; or both a lower and an upper
bound may be specified. If a bound is not specified, the value of the corre-
sponding bound in (70) would be f7,; — —oo or f,; — oo.

(70) has the same form as (8) and the acceptable performance region is a
box region as illustrated in Figure 19(a). Performance-specification features
in general may acquire the forms given in (8)—(11) and the corresponding box,
polytope, ellipsoid or general nonlinear geometries, or combinations of these
forms.



Chapter 4

ANALOG SIZING TASKS

4.1 Sensitivity-Based Analysis

Continuous optimization of analog circuits assumes a certain “smoothness”
of the optimization objectives in the parameters, i.e. continuously differentiable
objective functions with a certain degree of continuous differentiability [56].
For such functions, the concept of sensitivity can be applied. Basically, the
sensitivity is described by the first-order derivatives of objectives, for instance
the performance features f, with respect to parameters x:

of .
e _— e e an’I’L;C
S xal VExT)=J, SeR
[ of1 of1 df1 ]
albl 8$2 T 8xnx
Of2  Of2 Ofs
S — o1 0o T 0Ty
Of, O, Of,
L Oz Oxa 817% 1 1x
[ Vfi(z1) Vfi(z2) ... Vfi(za,)
_ Viax1) Viz2) ... Vfawn,)
_vfnf(xl) vfnf(l?) vfnf(xnz)
[ Vfl(X);
V fa(x)
= : = [ VE(z1) VfE(z2) ... Vi(zn,) | (71)
L vfnf(X)T
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X, > f

Figure 23. Sensitivity matrix in the parameter and performance space.

The matrix in (71) is called sensitivity matrix S, gradient Vf(x®'), or Jacobian
matrix J. The ¢, kth element of S denotes the partial derivative of the perfor-

mance feature f; with respect to the parameter xy,: B ; =V/f; (xk)l The ¢th
X

oz
row V f;(x)T denotes the gradient of performance feature f; with respect to the
parameters X, the kth column Vf(xy) denotes the gradient of the performance
f with respect to parameter xy.
The sensitivity matrix represents the first-order change of the performance
feature values Af in dependence of a change in the parameters Ax:

Af=S-Ax =Y Vi(xy)- Az (72)
k=1

The sensitivity matrix allows to separate the effects of a single-parameter
alteration or a multiple-parameter alteration on a single or multiple perfor-
mance features and is therefore of eminent significance for the analysis and
optimization of analog circuits. Figure 23 illustrates the sensitivity matrix for
an example with two parameters and two performance features.

On the left side, the directions of steepest ascent for each of the two perfor-
mance features are shown. On the right side, the effects of alterations in either
of the two parameters on the performance feature values are shown.

In the following, some aspects of a sensitivity-based analysis are formulated.

IPlease note that the Nabla symbol does not denote the Nabla operator here. In the abbreviated notation of
the partial derivative with the Nabla sign the parameters in brackets denote the parameters with regard to
which the partial derivative is calculated. Other parameters, which are held constant at certain values, are
not mentioned explicitly in this notation, but they determine the result value as well.
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4.1.1 Similarity of Performance Features

If the two gradients V f;(x) and V f;(x) are orthogonal to each other, i.e.
linearly independent, an altered parameter vector in the direction of one of the
gradients will only affect one performance feature, while the other one remains
unchanged. Linear independence of the two gradients V f;(x) and V f;(x)
hence means that the two corresponding performance features can be tuned
independently from each other. We could call them minimum similar.

If on the other hand, the two gradients V f;(x) and V f;(x) are parallel to each
other, i.e. linearly dependent, changes in the two corresponding performance
features are inseparable from each other to the first order. We could call the
two performance features maximum similar.

Similarity of two performance features f;, f; is a measure of the similarity of
their reaction on alterations in the parameter vector. It can be described through
the angle ¢( f;, f;) between their gradients with respect to the parameters:

_ V)T V() < ey <
cos ¢(fi, f5) SMESIBNCIE 1 <coso(fi,fj) <+1  (73)
The smaller the angle between the gradients of the two performance features
with respect to all parameters is, the more similar is the effect of parameter
alteration on them. A similarity of 0 corresponds to linear independence and
independent adjustment through parameter alteration. A similarity of -1 corre-
sponds to linear dependence and inseparable reaction on parameter alterations.
The concept of similarity corresponds to the statistical concept of correlation.

4.1.2  Similarity of Parameters

The similarity of two parameters x, x; is described by the cosine of the
angle between the gradients of the performance vector with respect to these
two parameters:

Vf(ack)T . Vf(a;l)
IVE(zp) || - [[VE)]|
The smaller the angle between these gradients is, the more similar are the two

corresponding parameters and the more similar is their effect on all performance
features.

cos ¢(zg, 1) = | —1 <coso(fi, fj) <+1  (74)

4.1.3  Significance of Parameters

The significance of a parameter x, corresponds to the amount of change in
the values of all performance features, Af(Axy), that it effects:

Af(Aa:k) =S A(I}k e — Vf(:ck) : Aack (75)

ey is a vector with a 1 in the kth position and zeros in the other positions.
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If we assume the same alteration Az for all parameters, then a ranking of the
parameters according to their significance is obtained by comparing the lengths
of the performance gradients with respect to the individual parameters:

xj, more significant than z; < || VE(zg)|| > || VE(z))|| (76)

4.1.4 Adjustability of Performance Features
Analogously, the adjustability of a performance feature f; is based on the
amount of change in its value that it shows for an alteration of parameter values:
Afi(Ax) = Vfi(x)! - Ax 77)

By inspection of (77), we can see that the maximum amount of change in the
value of f; is obtained, if the parameters are altered according to the gradient
of the performance feature:

HK?(X Afl(AX) — Achm: = vfl(x) ) Afi,mam = val(X)H% (78)

Aranking of the performance features according to their adjustability is obtained
by comparing the lengths of the gradients of the individual performance
features:

fi more adjustable than f; < ||V fi(x)|| > |V f;(x)]| (79)

4.1.5 Multiple-Objective Behavior

The maximum increase A f; pqz in the value of performance feature f; is
obtained if the parameters are changed according to the corresponding gradient
of this performance. The resulting change in all other performance features
results from inserting the corresponding gradient of this performance, V f;(x),
in (72):

In this way, we can analyze how performance features change their values if
one them is optimized. This is a first step towards optimization of multiple
objectives.

4.1.6 Exercise

Given is the sensitivity matrix for two performance features f;, f2 and two
parameters x1, T2 at a certain point xq (Figure 23):

1 2
s=| 4 1 @D

Analyze the design situation regarding similarity, significance, adjustability and
multiple-objective behavior.
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4.1.7 Sensitivity-Based Analysis of Tolerance Objectives

Please note that the given formulas for analyzing multiple-performance/
multiple-parameter design tasks can be applied for any type of objective. In
nominal design, the nominal performance feature values are the objectives.
Tolerance design’s objectives are worst-case performance feature values and
worst-case distances.

4.2  Performance-Sensitivity Computation

A sensitivity-based analysis requires the availability of the gradients of the
respective objectives.

The performance-to-parameter sensitivities Vf(x?) are computed in two
ways, depending on the capabilities of the numerical simulator.

4.2.1 Simulator-Internal Computation

Some simulators provide the sensitivities Vu,, (x?), Viz(xT), from which
V£(xT) can be computed by applying the chain rule of differentiation:

VE(xD) = VE(ul) - Vu,(x7) + VE(i}) - Vig(xT) (82)

The formulas to compute Vu,(x7) and Viz(x?) require the corresponding
parts in the transistor models. This increases the transistor modeling effort,
as not only the transistor equations but also their first derivatives have to be
provided.

The formulas to compute f(ul) and Vf(i%) are part of the postprocessing
operations that have to include the corresponding first derivatives.

The main effort is the a-priori calculation of the formulas for the first deriva-
tives. This is done once for each transistor class of the underlying production
technology and once for the considered circuit class.

The simulation overhead for sensitivity computation remains relatively small.
It amounts to about 10% of the CPU time of one simulation for the computation
of the sensitivity of all performance features with respect to one parameter.

4.2.2  Finite-Difference Approximation

Many simulators focus on providing an interface to apply user-defined tran-
sistor and device models. User-defined device models mostly do not include
the derivatives with respect to parameters. In this frequent case, a simulator-
internal sensitivity computation is not possible.

Instead, a sensitivity computation can be done by a finite-difference approxi-
mation of the gradient, which can be interpreted geometrically as a secant to the
performance function at the current parameter vector. Two simulations are per-
formed, one at the current parameter vector x, one at a parameter vector where
component xj is altered by a certain amount Axy. The gradient with respect to
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parameter xj, is approximately the quotient of the performance difference and
the parameter difference:

f(x + Azxy - ) — f(x)

VE(zp) ~ o

(83)

The finite-difference approximation has no a-priori overhead, as no analyti-
cal first-order derivatives are calculated. But the simulation overhead is one
simulation, i.e. 100% of the CPU time of one simulation, for computing the
sensitivity of all performance features with respect to one parameter.

The choice of Axy, is critical. It has to be large enough to surmount numerical
noise and small enough to compare to the gradient.

4.3  Scaling Parameters and Performance Features

In a multiple-parameter/multiple-objective optimization problem like ana-
log circuit design, an appropriate scaling of the parameters and performance
features is crucial for the effectiveness of the solution algorithms. Missing or
improper scaling leads to a deterioration in the numerical problem condition
and probable failure of the solution methods. Scaling means a transformation
of parameters, performance features or other design variables:

x—x, f—f (84)

4.3.1 Scaling to a Reference Point
Huge differences in orders of magnitudes of physical variables like capacitors
in 10712F and frequencies in 10°Hz have to be eliminated. This suggests to
scale a variable with respect to a reference point:
k=1, ng fl= Ji

TRP; "~ frpi’

L

T = i=1,...,ny (85)

Examples for reference points are lower bounds, upper bounds or initial values:

rrp € {zr, 2y, %0,...}, frp € {fL, fU, fo,.. .} (86)

4.3.2 Scaling to the Covered Range of Values

Another approach is to scale the design variables according to the range of
values they cover during the design [56]:

Tk — LRP,Lk
)
TRPUKk — TRP,L,k

! .
T = 1=1,...,n4

y_ Ji—frPLg
" frryui— frRPL

L i=1,...,n (87)
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The scaled variables according to (87) will be in the interval between 0 and
1: a;j,ﬁ, fz/ € [0, 1]. The values XTRP,L,k) TRP,U k> fRP,L,i7 fRP,U,i have to be
chosen very carefully. The performance specification (70) or tolerances range
of parameters (8) may be helpful at this point. If only an upper or a lower
bound of a variable is available, the proper choice of the opposite bound is very
difficult. Initial guesses are used in these cases, which have to be tightened or
relaxed according to the progress of the optimization process.

4.3.3  Scaling by Affine Transformation

A more general approach is to not only scale variables separately, but to apply
affine transformations. An example for such a transformation is to scale the
statistical parameters according to (56)—(58):

xi=A"1 (xs—x%x50), C=A AT (88)

Statistical parameters scaled according to (88) are independent from each other
and have most probably values between —3 and 3. The resulting covariance
matrix is the unity matrix and has the best condition number, i.e. 1.

4.3.4 Scaling by Equalization of Sensitivities

An extended approach to the scaling of variables is the inclusion of sensitiv-
ity. The linear model (72) can be interpreted as a first-order approach to map
a designated change in the performance feature values Af onto the required
parameter changes Ax:

Af, S-Ax=Af — Ax (89)

The solution of (89) requires the solution of a system of linear equations that
may be rectangular and rank-deficient. The computational accuracy of the
solution is determined by the condition number of the system matrix, cond(S) =
|S~L|-|IS||. Gradients that differ very much cause an ill-conditioned sensitivity
matrix. An improvement is to equalize the sensitivities, which in turn leads to
a corresponding scaling of performance features and parameters.

There are two approaches to equalize the sensitivity matrix S.

The first approach is to equalize the rows of S to an equal length of 1:

Afi Vfi(x)T"

- A 90
IV £l MES (90)
Afl = VAE"-Ax, |VAE)| =1

(90) shows that normalization of row ¢ of the sensitivity matrix to length 1
corresponds to scaling the performance feature f; by the norm of row 4.
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The second approach is to equalize the columns of S to an equal length of 1:

Af = Z,;HVf(xk)H Azy - [|[VE ()] 91)
N——

= Z VE(z),) - Ax),
k

(91) shows that normalization of column k of the sensitivity matrix to length 1
corresponds to scaling parameter xj, by the reciprocal norm of the column k.

An equalization of the sensitivity matrix is an additional measure to the initial
scaling of performance features and parameters. The resulting improvement in
the numerical condition can be interpreted as follows: Along with the equaliza-
tion of the sensitivity values goes an equalization of the visibility of parameters
and performance features within an optimization process. Optimization direc-
tions will be considered that otherwise would have been obscured by dominating
numerical entries in the sensitivity matrix.

The formulas in this book are given for unscaled variables for a better
illustration of the technical tasks. Scaled variables have to be used in an
implementation.

4.4 Nominal Design

Nominal design naturally optimizes the performance features without consid-
ering parameter tolerances. In the following, the multiple-objective approach
and the single-objective approach to performance optimization will be
described.

Note that the description holds as well for tolerance design objectives. For
that reason, the description is not put into subsections of this section, but into
own sections.

4.5  Multiple-Objective Optimization

While a unique solution has been calculated explicitly for the RC circuit in
Chapter 2, nominal design in general involves a multiple-objective optimization
problem or multiple-criteria optimization problem respectively [35, 34, 41, 73,
66, 86], which can be formulated as:

min f(x4) subjectto c(xyq) >0 (92)
Xd

In (92), the vector inequality is defined as in (12). (92) is formulated as a
minimization task without loss of generality. Performance features that have
to be maximized are included by max f = — min —f.
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The constraints c(x4) > 0 basically describe technological and structural
requirements concerning DC properties of transistors that have to be fulfilled
for a proper function and robustness [58]. Usually these constraints determine
the achievable performance feature values of a given circuit structure.

Nominal design according to (92) is concerned with tuning the design para-
meters X4 in order to obtain an optimal performance. Doing so, it assumes that
the statistical parameters x4 and the range parameters x, have certain values.
These values can be selected such that they represent worst-case conditions in
statistical and range parameters.

If in addition, a performance specification according to (70) is given, then
the multiple-objective minimization problem is formulated as:

min f7(x4) subject to
Xd

f <f <f
{ L < frr(xq) < frru ©93)

c(xq) >0

f7, f77 denote subsets of performance features. This corresponds to the practical
situation, where a subset of performance features are optimization objectives
while others are kept as constraints concerning their performance-specification
features. This happens for instance if two or three performance features shall
be compared visually or if computational costs shall be kept low.

The simultaneous minimization of several performance features as in (92)
and (93) requires a compromise, i.e. a “trade-off,” between competing opti-
mization objectives. Typical examples of such trade-off situations are speed
vs. power or gain vs. bandwidth. The optimality of one performance feature in
a multiple-objective optimization problem can only be evaluated in connection
with other performance features. This leads to the concept of Pareto optimality.

Definition. A performance feature is called Pareto optimal if it can only be
improved at the prize of deteriorating another performance feature.

4.5.1 Smaller or Greater Performance Vectors

Pareto optimality is based on a relation of “less than” and “greater than”
between performance vectors:

f>fe f2fAf£f e X/ L 2fn J LR 99

7

7

f<fo f<fAf£LE o YL <fin JL#H 99

(94) and (95) define that a vector is less (greater) than another vector if all its
components are less (greater) or equal and if it differs from the other vector.
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f, M(t*: b
f>f" M (F%):
f<f*
f*J h- f*
f, f,
(@) (b)

Figure 24. (a) Set M~ (f*) of all performance vectors that are greater than f*, i.e. inferior to
f* with regard to multiple-criteria minimization according to (92) and (93). (b) Set M <(f*) of
all performance vectors that are less than £, i.e. superior to f* with regard to multiple-criteria
minimization.

This equivalently means that a vector is less (greater) than another vector if at
least one of its components is less (greater) than the corresponding component
of the other vector. In Figure 24(a), the shaded area indicates all performance
vectors that are greater than a given performance vector f* for a two-dimensional
performance space.

These form the set M~ (£*):

M>(£%) = {f| £ > £} (96)

The solid line at the border of the shaded region is meant as a part of M~ (f*).
The small kink of the solid line at f* indicates that £* is not part of M~ (f*)
according to the definition in (94). The solid line represents those performance
vectors for which one performance feature is equal to the corresponding com-
ponent of f* and the other one is greater. In the shaded area in Figure 24(a),
both performance features have values greater than the corresponding star val-
ues. With respect to a multiple-objective minimization problem, performance
vectors in M~ (f*) are inferior to £*. Figure 24(b) illustrates the analogous
situation for all performance vectors that are less than, i.e. superior to, a given
performance vector f* for a two-dimensional performance space. These form
the set M <(f*):

M<(f)={f| f <f*} 97)

From visual inspection of Figure 24(b), we can see that the border of the set of
superior performance vectors M < (f*) to £* corresponds to the level contour of
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the [o-norm of a vector, which is defined as the max operation on the absolute
values of its components. The set of superior performance vectors M <(f*)
to f* can therefore be formulated based on the max-operation or the /,-norm,
if the performance vectors are assumed to be scaled such that they only have
positive values, f € R’/

feRY : M<(f) = {f ' max (fi/fi) <1 A £ # f*} o9

= O filff - Tlle ST A EEE} 0 (99)

Based on (97)—(99), Pareto optimality is defined by excluding the existence of
any superior performance vector to a Pareto-optimal performance vector:

f* is Pareto optimal < M<(f*)={} (100)

4.5.2 Pareto Point

From (92) and (98)—(100) follows the formulation of a Pareto-optimal point
(Pareto-efficient point, Pareto point) f; as the performance vector with the
minimum value of its maximum component among all feasible performance
vectors:

f*(w) «— min maxw;-(fi(xq) — frpi) st. c(xq4) >0 (101)

Xd 1

If(xa)—frRP oo, w

w; >0, sz‘zla fi— frpi >0

2

(101) shows that the min-max operation, or the /,.-norm respectively, is an
inherent part of the definition of a Pareto-optimal point.

If the reference point frp = [ frp1... fRPA ; ]T is chosen such that the
weights w; refer to shifted performance feature values f; — frp; that are always
positive, a Pareto point f* can be addressed from frp through a unique weight
vector w = [wy ... wy, |7

The individual minima of the performance features can be used to define the
reference point:

fRP,z’ = H)lcin fi(Xd) S.t. C(Xd) >0 (102)

4.5.3 Pareto Front

In a multiple-objective optimization problem exists a set of Pareto points,
which is called Pareto-optimal front or simply Pareto front PF'. Figure 25(a)
illustrates a Pareto front for two performance features. The gray region denotes
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Figure 25. (a) Pareto front PF(f1, f2) of a feasible performance region of two performance
features. Different Pareto points addressed through different weight vectors from reference point
frp, which is determined by the individual minima of the performance features. (b) Pareto front
PF(fi1, f2, f3) of three performance features with boundary B = {PF(f1, f2), PF(f1, f3),

PF(f2, f3)}.

the set of all performance vectors that are achievable under consideration of the
constraints of the optimization problem. The solid line at the left lower border
of the region of achievable performance values represents the set of Pareto
points, i.e. the Pareto front. Each point on the front is characterized in that
no point superior to it exists, i.e. M <(f*) is empty. Three Pareto points are
illustrated and the corresponding empty sets M <(f*) are indicated. We can as
well see that each Pareto point represents the minimum weighted /.,-norm with
respect to the reference point frp with components according to (102) that is
achievable for a given weight vector w. Depending on the weight vector w, a
specific Pareto point on a ray from the reference point frp in the direction w
is determined. The Pareto front PF' and its boundary B can be defined as:

PF(f) = {f*(w) |w; >0, > ;w;=1}
B(PF(f1,--- fn;)) =U; PE(f1s- s fimts fis1 - fog)

A Pareto front for three performance features and its boundary is shown in
Figure 25(b). Starting from the individual minima, the Pareto front can be
formulated hierarchically by adding single performance features according
to (103).

Pareto fronts may exhibit different shapes and may be discontinuous. Figure
26 shows three example shapes of Pareto fronts in relation to the convexity

(103)
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Figure 26. (a) Continuous Pareto front of a convex feasible performance region. f7 5 is mono-
tone in f7 ;. (b) Continuous Pareto front of a nonconvex feasible performance region. f7 5 is
monotone in f7 ;. (c) Discontinuous Pareto front of a nonconvex feasible performance region.
fT .2 is nonmonotone in f7 ;.

of the feasible performance region and the monotonicity of the explicit Pareto
front function of one performance feature.

4.5.4 Pareto Optimization

The task of computing the Pareto front is called Pareto optimization. Usually
the Pareto front is discretized by a number of Pareto points. The art of Pareto op-
timization is an efficient method to compute Pareto points that are evenly spread
on the Pareto front. The computation of a Pareto point involves the solution
of a single-objective optimization problem. Evolutionary algorithms as well
as the deterministic Normal-Boundary-Intersection [34] and Goal-Attainment
[48] approaches are suitable for Pareto optimization. A weighted sum approach
with level contours (Figure 27(a)) that will end as tangents to the Pareto front
is suitable for convex feasible performance regions only.

4.6  Single-Objective Optimization
We can distinguish two cases of single-objective optimization in analog
design:

m Optimization of a selected single design target. E.g.:

— As mentioned in the previous section, the individual minima of the
performance features are very important in multiple-objective optimiza-
tion. The individual minima are determined by optimizing a single per-
formance feature while the other performance features are constraints
or ignored.
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— The yield, i.e. the probability of satisfying the performance specifica-
tion under given statistical parameter distributions and range-parameter
tolerances, is an important single objective that has to be maximized.

m Optimization of a dedicated scalar function of several design targets. E.g.:

— Multiple-objective optimization problems as in (92) and (93) require the
solution of single-objective optimization problems as in (101) in order
to calculate the Pareto front.

— Asset of performance features shall be optimized to meet the given per-
formance specification with as much safety margin as possible. This is
referred to as performance centering. Many kinds of scalar functions
of several objectives are possible. However they introduce additional
nonlinearities, as for instance a sum of exponential functions, and may
deteriorate the numerical problem condition. The combination of multi-
ple objectives into one scalar objective has to be defined very carefully.

A single-objective solution [19, 36, 91, 80, 45, 56, 61, 79] is approached with
deterministic [115, 37, 81, 77, 28, 116, 83, 42, 105, 104, 16, 103, 27, 64, 62, 9,
92,13, 12, 25, 23,59, 7, 40, 74, 60, 2, 21] or statistical methods [33, 99, 26, 3,
46, 100, 110, 118, 96, 90, 93, 94, 102, 53, 111, 68, 69].

A practical problem formulation of single-objective analog optimization is:

{ fr <f(xq) <fu

o) > 0 (104)

min ||f7(xq) — £7 target|| subject to
Xd

As mentioned, the constraints c(x;) > 0 basically describe technological and
structural requirements concerning DC properties of transistors that have to
be fulfilled for a proper function and robustness [58]. The constraints f;, <
f(x4) < fy correspond to the performance specification. And a subset of
performance features, f;, are selected as part of the optimization objective,
which is a vector norm ||.|| of their distances to target values, f7 ;qrge-

Single-objective analog optimization could of course be formulated as a
minimum-norm problem without performance target values. But this would
make the solution unnecessarily difficult. Because of the physical nature of the
objectives, they cannot reach arbitrary values. Even achieving the individual
minima of each performance feature simultaneously for all performance fea-
tures is an utopian goal. Performance target values represent realistic goals for
optimization that consider the practical conditions. They can be determined
using input data and circuit knowledge and should be used in the sense of an
appropriate scaling of performance features as described in Section 4.3 to ease
the solution.

A concrete problem formulation now has to select the vector norm to be
applied and find appropriate performance target values.
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(2) (b) (©)

Figure 27. (a) Level contours of the weighted [;-norm. (b) Level contours of the weighted
l2-norm. (c) Level contours of the weighted /o-norm.

4.6.1 Vector Norms
Several vector norms ||.|| can be applied in (104):

= weighted /;-norm

1w = w|" - b = jw] - |l (105)
7

m weighted /o-norm

Bl = VRT- W VTR STz 106)

m weighted /,,-norm
oo = maxwi] - |hil (107)

Figure 27 illustrates the level contours of these three weighted norms.

The corners in their level contours illustrate that the /1 -norm and [ ,.-norm are
differentiable only with restrictions. The [o-norm being differentiable makes it
a favored norm for gradient-based numerical optimization.

Like the selected norm in (104), the selection of the performance target values
frtarget,i» @ = 1,...,nyr is very important.

4.6.2 Performance Targets

In the case of performance centering, the performance target values are
defined using the performance-feature bounds. If a lower bound and an upper
bound are specified for a performance feature at the same time, the target value
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is the center of the resulting interval:

1
00 < froi < fri < frus <00 ¢ fliargeti = 3 (frLs+ frus) (108)

This target value provides a maximum performance margin with regard to the
respective performance-specification features.

If only an upper or only a lower bound is specified for a performance fea-
ture, a target value of this performance feature is hard to determine. It has to
be determined based on experience and utilizing the sensitivity matrix. The
performance target vector f; 44,4¢¢ should be updated during the optimization
process.

4.7  Worst-Case Analysis and Optimization

In nominal design, the statistical and range parameters are considered at
selected specific values. On the other hand, tolerance design considers a whole
tolerance range of their values.

The task of worst-case analysis is to compute the worst-case performance
that appears if the statistical parameters and the range parameters can take any
value within their given tolerance regions.

Worst-case optimization hence is the task of minimizing the worst-case
deviation of the performance from its nominal behavior.

Intuitively, the deviation of the worst-case from the nominal performance
is proportional to the performance sensitivity. Then, worst-case optimization
means a minimization of the performance sensitivity while taking care that the
nominal performance does not drift away.

4.71 Worst-Case Analysis

Given atolerance region of the statistical parameters 7', a tolerance region of
the range parameters 7., and a nominal parameter vector for design parameters,
statistical parameters and range parameters x = [ xdT xLy xI'|T, the worst-

case analysis is formulated as:

fi > fL,i : ){nl)? fi(xs>xr) s.t. x5 € TS(YL) , Xp €15 (109)
fi < fui - max filxs,xp) st x5 €Ts(Yr), %, €71, (110)
t=1,...,ny

If a lower bound f7,; is specified or required for a performance feature f;, the
worst-case represents the maximal deviation of the performance feature from
its nominal value in negative direction. This value is obtained by computing
the minimum value of the performance feature that occurs over the statistical
and range parameters X, X, within their given tolerance regions 7%, 7T;..
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Vice versa, if an upper performance-feature bound fr; is specified or
required, the worst-case will be the maximal deviation of the performance
feature from its nominal value in positive direction.

Evenif no performance-feature bounds are given, it is often known if a worst-
case of a performance feature happens in the direction of larger or of smaller
values. The worst-case power for instance will be greater than the nominal
power consumption, and a worst-case clock frequency will be less than the
nominal clock frequency.

We may not be interested in a worst-case value for each performance feature.
And if we are interested in the worst-case, then either a lower worst-case value
or an upper worst-case value, or both a lower and upper worst-case value may
be required, like the earliest and latest arrival times of a signal.

It follows that the number of worst-case performance values ny ¢ that we
have to compute is

1<nwe <2-ny (111)

The tolerance region of the range parameters 7). is given as an input and can
have the forms in (8)-(11).

The tolerance region of the statistical parameters T depends on the chosen
type of tolerance class and a required minimum yield Yz. As the relation
between yield and a tolerance region is ambiguous in the multivariate case, an
a-priori determination of a specific tolerance region 7 for a given yield value
Y7, has to be done heuristically (Section 6.2).

Note that the worst-case analysis (109), (110) in general requires the solution
of an optimization problem.

The solution of the worst-case analysis problem (109), (110) yields worst-
case parameter vectors xyy 1, ; and Xy ; as well as the corresponding worst-case
performance feature values fyr,; and fiyy;.

The solution of (109) or (110) therefore implements the following mapping:

Worst-case parameter vectors

[T T T T
Xwri = [Xg Xs WL Xr,WL,i]
[T T T T
Xwu,i = [ Xy X WU,i Xr,WU,z‘]
Tolerance region T5(Y7) i=1,...,ng
Tolerance region T . Worst-case performance feature values
Nominal parameter vector fwri= fi(xwr)

x =[x} Xzo xI'T fwri = f(xwr,)
fwui = filxwu)
fwu: = f(xwu)
1= 1, -, Ny
(112)
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Figure 28. Input and output of a worst-case analysis.

In each worst-case parameter vector Xs wr.i, Xswu,i» Where the performance
feature f; has its worst-case value fy 1, ;, fwu,:, the values of the other perfor-
mance features add to the worst-case performance vectors f(xywr. ;). f(xwu,).
A worst-case performance vector f(xyy 7, ;), f(xwu,;) hence describes the situ-
ation of all performance features, if performance feature f; is at its individual
lower or upper worst-case. Figure 28 shows a graphical overview of the input
and output of this mapping.

Figure 29 illustrates the input and output of a worst-case analysis in the
spaces of design, statistical and range parameters and of performance fea-
tures. For graphical reasons, each of these spaces is two-dimensional in this
example. Figure 29(a) shows the input situation with nominal values for design
parameters X4, statistical parameters X, o, and range parameters X,., and with
tolerance regions of the range parameters 7. and of the statistical parameters 7’s.
The tolerance regions have the typical shape of a box for the range parameters
according to (8) and of an ellipsoid for the statistical parameters according to
(10), (23) and (24). The tolerance region of statistical parameters has been
determined to meet a certain yield requirement Y7, according to Section 6.2.
Note that the design parameters do not change their values during worst-case
analysis. A worst-case analysis computes lower and upper worst-case values
for each of the two performance features. The results are illustrated in Figure
29(b) and consist of:
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Figure 29. (a) Input of a worst-case analysis in the parameter and performance space: nominal
parameter vector, tolerance regions. (b) Output of a worst-case analysis in the parameter and
performance space: worst-case parameter vectors, worst-case performance values.
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= four worst-case performance values fyyr, 1, fwu,1, fwr,2 and fwu2,

m four worst-case parameter vectors
XWL,i = [Xg XZWL,z' XZ:WL,z’ 17 XWu,i = [Xg XZ:WU,Z‘ XZ?WU,Z’
© = 1,2, which are given separately for the statistical parameters X, 1,1,
XsWU,1» Xs,WwL,2 and Xs w2, and the range parameters X, wr, 1, Xr wu,1,
Xrwi,2 and X, w2, and

]T

’

= the overall performance vectors at these parameter vectors fyy 7, 1, fivy 1,
fWL,Q and fWU,Q-

Figure 29 illustrates the important characteristic of worst-case analysis that
for each lower or upper direction of each performance feature, an individual
Wworst-case parameter vector exists.

It may happen that worst-case parameter vectors are equal, illustrated by
X, wr,2 and X, w1, or close to each other, illustrated by x5 w1, Xs,wr,2 in
Figure 29(b). An analysis of a clustering of worst-case parameter vectors for
certain classes of performance features or certain classes of analog circuits may
lead to a reduction in the required number of worst-case parameter vectors.

It may also happen that a worst-case parameter vector is not on the border
of a tolerance region but inside the tolerance region, as illustrated by x, w7, 1
in Figure 29(b). If a performance function is unimodal over the parameters,
than it has exactly one maximum or minimum. If this maximum or minimum is
inside the parameter tolerance region, the corresponding upper or lower worst-
case performance will be taken at the corresponding parameter values inside
the tolerance region. If this maximum or minimum is outside of the parameter
tolerance region, the maximum or minimum performance value will be on the
border of the tolerance region.

Worst-case parameter vectors are very popular in analog design in order
to check if a circuit satisfies the performance specification under tolerance
conditions. (109)or (110) and the explanations above show that the computation
of worst-case parameter vectors requires the cooperation of process technology
and circuit design. The availability of statistical parameter distributions alone is
not sufficient to compute worst-case parameter vectors. In addition, a concrete
circuit and concrete performance features have to be provided by analog design.

4.7.2  Worst-Case Optimization

The goal of worst-case optimization is the minimization of the worst-case
performance deviations from the nominal values, which have been computed
by a worst-case analysis:

| fi(xa) — fwr,i(xa)] fri < fil fwryvi(xa) < fui

H)l(idn |fwu.i(xa) — fi(xq)] s.t. 1=1,...,ny (113)
izl,...,nf C(Xd)ZO
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Figure 30. Nested loops within worst-case optimization.

During computation of the worst-case performance values over the statistical
and range parameters, the design parameters have been kept at their nominal
values.

Worst-case optimization utilizes that the nominal performance values and
the worst-case performance values depend on the design parameters as well.
By sizing the design parameter values x4, the amount of lower and upper worst-
case deviations, | f;(xq4) — fwr,i(xq)| and | fwu,i(x4) — fi(xq)], is minimized.
At the same time, neither the worst-case nor the nominal performance values
should violate the performance specification. This constraint can be relaxed to
include only nominal performance values.

Worst-case optimization (113) is a multiple-objective optimization problem
that has to be transformed into a suitable single-objective optimization problem.
It targets worst-case performance values as optimization objectives, which in
turn have been computed by means of an optimization problem. This prob-
lem partitioning necessitates a repeated worst-case analysis according to (109)
or (110) within the iterative solution of the worst-case optimization process
according to (113). Therefore worst-case optimization applies worst-case ana-
lysis “in a loop.” It is thus a two-layered optimization process. Worst-case
analysis in turn applies sensitivity computation for gradient calculation as well
“inaloop.” And if sensitivities are computed by finite differences, a sensitivity
analysis in turn applies numerical simulation “in a loop.” Figure 30 illustrates
this situation of four nested loops.

Simplifications of this general approach result from the implementation of the
loops in which worst-case optimization calls worst-case analysis and in which
worst-case analysis calls sensitivity analysis. Simplifications are for instance:

m Call a worst-case analysis once for each iteration step of worst-case
optimization.
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m Call a worst-case analysis in every uth iteration step of worst-case
optimization.

These are combined with:

m Call a sensitivity analysis once for each iteration step of a worst-case
analysis.

m Call a sensitivity analysis once in a worst-case analysis.

A comparison of the worst-case optimization problem according to (113) and
the nominal design problem according to (104) shows the similarity between
these two design tasks. In both tasks, certain performance values (nominal
and/or worst-case) are tuned within a given performance specification. As
nominal design in practice will consider at least an approximation of the worst-
case behavior based on a linear performance model, for instance based on
sensitivities, the transition between nominal design and worst-case optimization
is smooth. In order to save design time and computational cost, nominal design
can already include assumptions about the worst-case behavior.

4.8 Yield Analysis, Yield Optimization/Design Centering

The yield is the percentage of manufactured circuits that satisfy the per-
formance specification in face of statistical parameter variations and range-
parameter tolerances.

Yield analysis denotes the estimation of the yield, yield optimization/design
centering denotes the maximization of yield by tuning of design parameters.

4.8.1 Yield

The yield Y can be defined as the probability that a manufactured circuit
satisfies the performance specification under all operating conditions:

Y = prob{ \V/ fr < f(x4,%x5,%,) < fyr} (114)
x- € T,

Depending on the perspective, the yield considered as a probability will be
between 0 and 1, and considered as a percentage between 0% and 100%:

0<Y <1 = 0% <Y <100% (115)

On the one hand, the yield is determined by the probability density function of
the statistical parameters (13), (14). If no performance specification was given,
then the yield would be 100% according to (15). Figure 31(a) shows a normal
probability density function with its ellipsoidal equidensity contours, which is
unaffected by any performance specification.
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Figure 31. (a) The volume under a probability density function of statistical parameters, which
has ellipsoid equidensity contours, corresponds to 100% yield. (b) The performance specification
defines the acceptance region Ay, i.e. the region of performance values of circuits that are in
full working order. The yield is the portion of circuits in full working order. It is determined
by the volume under the probability density function truncated by the corresponding parameter
acceptance region As.

The volume under this probability density function is 1, which refers to 100%
yield. On the other hand, the yield is determined by the performance specifica-
tion (70), (67) and the range parameters’ tolerance region (8)—(11). These lead
to a yield loss because a certain percentage of the statistically varying para-
meters will violate the performance specification for some operating condition.
Figure 31(b) illustrates how the ellipsoidal equidensity contours of the proba-
bility density function of statistical parameters are truncated by the parameter
acceptance region A, which corresponds to the performance acceptance region
Ay defined by the performance specification. Figure 17 earlier illustrated the
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remaining part of a normal probability density function if all parameter values
that violate a performance specification are left out. The volume under this
truncated probability density function refers to the probability that a circuit will
satisfy the performance specification and is between 0 and 1, which refers to a
yield value between 0% and 100%.

The yield Y is defined by integrating the probability density function over
the acceptance region imposed by the performance specification. This can be
done either in the statistical parameter space,

Y = / . / pdf(xs) - dxs, dxs=dxsy-dxsg-... drsy, (116)
XsEAs
or in the performance space:

Y:/.../ pdfy (£) -df,  df =dfi -dfo-...-dfy, (117)
fEAf

4.8.2 Acceptance Region Partitions

(116) and (117) illustrate that the yield formulation requires the formu-
lation of both the probability density function and the acceptance region in
either the performance space or the statistical parameter space. The acceptance
region however is defined in the performance space, and the probability den-
sity function is defined in the statistical parameter space. Yield formulation
(117) therefore requires an approximation of the probability density function
of the performance features pdff, whereas yield formulation (116) requires an
approximation of the acceptance region in the statistical parameter space As.

An approximation of pdf; could be based on an expansion of the probability
density function in dependence of statistical moments and an estimation of the
statistical moments of the performance features.

An approximation of the acceptance region in the statistical parameter space
starts from the formulation of the performance acceptance region Ay. Ay
is partitioned into individual performance acceptance region partitions Ay r, ;,
Ay i, which refer to the individual performance-specification features:

Ay = {flfp <f<fy} (118)
Arri = £ fi = fra} (119)
Arvi = £ fi < fua} (120)
Ag = ﬂ ApriNArus (121)

1=1,...,ny
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Correspondingly, the parameter acceptance region A, and individual parameter
acceptance region partitions A, 1, ;, A, 7 are defined:

Asg = {Xs v fr < f(X57Xr) < fU} (122)
xr € Tr

As,L,i = {Xs \v/ fi(XSaXr) > fL,i} (123)
X € Ay

A = {xs YV fixex,) < fU,i} (124)
Xr €Ay

Ay = (] AspiNAsug (125)

i=1,...,n¢

The definitions of the parameter acceptance region and its partitions include
that the respective performance-specification features have to be satisfied for all
range-parameter vectors within their tolerance region. This more complicated
formulation is due to the fact that the tolerance region of range parameters has
the form of a performance specification but is an input to circuit simulation.

Figure 32 illustrates the parameter acceptance region and its partitioning
according to performance-specification features. This partitioning can be of
use for an approximation of A in (116). In Figure 32, the complementary
“non-acceptance” region partitions are shown as well. The performance non-
acceptance region A  and its partitions are defined as:

Ay = {f El fi<[friV/fi< fU,i} (126)
1

Apri = {f1fi<fri} (127)

Arvi = {f]fi> fui} (128)

Ay = U ApriUApus (129)
i=1,...,n¢

The parameter non-acceptance region A, and its partitions are defined as:

i {XS 3 3 fi(xs,xr)<fL,iv} 130

x. €T, 1 \/fi(XSaXr) > fU,i

x, €T,

Asri = {Xs EI fi(Xs,Xr)<fL,z} (131)



74 ANALOG DESIGN CENTERING AND SIZING

As - As,U,l n As,L,l n

NAgus N AsL

X1

Figure 32. Parameter acceptance region A, partitioned into parameter acceptance region par-
titions, As, .1, As,u,1, As, 1,2, As,u,2, for four performance-specification features, f1 > fr1,
fi < fui, f2 > fr2, f2 < fue. As results from the intersection of the parameter acceptance
region partitions.
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Asvi = {Xs EI filxs, %) > fu } (132)
x- € T,
As = U As,L,i U As,U,i (133)
1=1,...,n¢

4.8.3 Yield Partitions

By introducing the acceptance functions 6(x), dz,.;(xs) and dy7;(xs),

5(x.) 1, xs€ A 1, feAy (134)
)(9 = — = —
‘ 0, x5€ A 0, fecAy
1 , Xs € As,L,z’
(5L7i(X5) = { 0 X E/_l L (135)
1, x5€ As,U,i
(5U7i(X5) = { 0 < E/_l s (136)

the yield can be formulated as the expectation value of the acceptance function
according to Appendix A:

Y = /_Jr.cx.)./jooé(xs)-pdf(xs)-dxs:E{(S(xs)} (137)

Y, = E{dp:(xs)} (138)
Yui = E{ovi(xs)} (139)

Y represents the overall yield, Y7, ; and Yy ; represent the yield partitions
of the respective performance-specification features. An estimation of the
yield according to (137)—(139) is based on statistical estimators according to
Appendix B.

The yield partitions allow a ranking of the individual performance-
specification features concerning their impact on the circuit robustness. Figure
32 illustrates that each added performance-specification feature usually leads
to another yield loss. The smallest specification-feature yield value hence is an
upper bound for the overall yield Y.

4.8.4 Yield Analysis

A yield analysis according to (137)—(139) calculates the yield and yield par-
tition values for given performance-specification features, a given tolerance
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Figure 33. Input and output of a yield analysis.

region of range parameters and a given nominal design:

Performance-specification features

fL,i: fU,ia Z:17777‘]0 Yield Y
Tolerance region 7 —  Yield Partitions
Nominal design YLJ' s YUJ‘ s 1= 1, cees g

x =[x} XsT,o x; "
(140)
This mapping is illustrated in Figure 33.

The yield analysis can be related to a worst-case analysis, which was
illustrated in Figure 28. The worst-case performance values from a worst-case
analysis become upper or lower performance-feature bounds as input of a yield
analysis. The yield value that is obtained as an output of yield analysis becomes
an input yield requirement of the worst-case analysis where it is transformed to
a tolerance region of statistical parameters according to Section 6.2.

4.8.5 Yield Optimization/Design Centering

The goal of yield optimization/design centering is the maximization of the
yield values computed by a yield analysis. According to (137)—-(139) yield
optimization/design centering can be formulated either as a single-objective
optimization problem taking the yield,

max Y (x4) s.t. ¢(xq) >0 (141)
Xd
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Figure 34. Yield optimization/design centering determines a selected point of Pareto front of
performance features.

or as a multiple-objective optimization problem taking the yield partitions:

Yri(xq)
max YUﬂ'(Xd) S.t. C(Xd) >0 (142)
X,
“li=1,....n

Interestingly, nominal design (93) and worst-case optimization (113)
inherently are multiple-objective optimization problems, whereas yield opti-
mization/design centering (141) inherently is a single-objective optimization
problem. Apparently, it is difficult to combine various performance features
into a single optimization objective. The solution of this task requires a mathe-
matical approach like vector norms to combine multiple performance features
into a single objective. The combination of parameter tolerances and the perfor-
mance specification leads to an inherent single-objective analog design target,
i.e. the yield. The solution of the yield optimization/design centering problem
refers to a restricted part of the Pareto front of performance features, or even
a single point on it, which is determined by the performance specification and
the performance tolerances. Figure 34 illustrates an example of a Pareto front
with three Pareto points and corresponding tolerance ellipsoids.

The performance tolerances have been assumed as equal for the three points,
which is not the general case, but sufficient for illustration. As can be seen, the
black point has maximum yield.
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Yield Optimization/
Design Centering

Yield Analysis

Simulation

Figure 35. Nested loops within yield optimization/design centering.

Section 6.1.3 explains why a yield estimation is computationally expensive.
Therefore, it may be advantageous to formulate yield optimization/design cen-
tering as a multiple-objective optimization problem (142). The partitioning
into yield partition values may lead to an easier yield computation that pays off
in terms of computational efficiency despite the approximation of the overall
yield target.

An overview of the nested loops of yield optimization/design centering,
which calls yield analysis in a loop, which in turn calls numerical simulation
in a loop, is given in Figure 35. Similar to worst-case optimization, simplifi-
cations of this general approach result from the implementation of the loops
in which yield optimization/design centering calls yield analysis and in which
yield analysis calls simulation. Simplifications are for instance:

m Call ayield analysis once for each iteration step of yield optimization/design
centering.

m (Call a yield analysis in every kth iteration step of yield optimization/design
centering.

These can be combined with the accuracy of the yield estimation in a yield
analysis.

Figure 36 illustrates how yield optimization/design centering changes the
situation in the statistical parameter space.

It shows the parameter acceptance region from Figure 32 plus level contours
of a normal probability density function (23). Each level contour represents a
constant value of the probability density function, which decreases with the size
of the level contour. The parameter acceptance region depends on the values of
design parameters that are disjunct from the statistical parameters. After yield
optimization/design centering, the shape of the parameter acceptance region
has changed in such a way that the volume of the truncated probability density
function is at its maximum. This could look for instance as in Figure 36(b).
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Figure 36. (a) Initial situation of yield optimization/design centering by tuning of design para-
meters xq that are disjunct from statistical parameters. (b) After yield optimization/design
centering by tuning of design parameters x4 that are disjunct from statistical parameters. The
parameter acceptance region A, depends on the values of design parameters x4. The equidensity
contours of a normal probability density function are ellipsoids according to (24).

Note that maximum yield does not equally mean a maximum tolerance region
inside the acceptance region.

The picture looks different if the design parameter space and the statistical
parameter space are identical. In that case, the parameter acceptance region
A, will be constant. Yield optimization/design centering then happens through
tuning of the statistical parameter distribution, which basically concerns the
mean values, variances, correlations or higher-order moments. The first choice
of yield optimization/design centering in this case is to tune the mean value
Xs,0-

max Y (Xs0) s.t. ¢(Xs0) >0 (143)

Xs,0

Figure 37(a) illustrates how yield optimization/design centering changes the
situation in the statistical parameter space, if the nominal values of statistical
parameters X o are tuned. In Figure 36, the maximum yield had been achieved
by appropriate changes in the acceptance region, now it is achieved by appro-
priate changes in the probability density function. Note that a combination
of tuning of nominal values of design and of statistical parameters may occur
as well.
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Figure 37. (a) Yield optimization/design centering by tuning of the mean values of statistical
parameters x, 0. Parameter acceptance region A, is constant. (b) Yield optimization/design
centering by tuning of the mean values, variances and correlations of statistical parameters xs o,
C (tolerance assignment). Parameter acceptance region A, is constant. Level contours of the
normal probability density function (24) change their shape due to changes in the covariance
matrix C.

4.8.6  Tolerance Assignment

Figure 37(b) illustrates how yield optimization/design centering changes
the situation in the statistical parameter space, if the nominal values, vari-
ances and correlations of statistical parameters are tuned. This type of yield
optimization/design centering is called tolerance assignment:

{ C(XS,O) >0
S.t.

Y (xs,0,C
max Y (x40, C) det C = const # 0

Xs,0, Ok Ok,l
k,l=1,... ngs, k #1

(144)

Without the additional constraint concerning the covariance matrix C in (144),
the trivial solution C* = 0 would be obtained. det C describes the volume
of a parallelepiped spanned by the columns or rows of C. The volume det C
corresponds to the volume of a reference tolerance region, which is kept constant
during the optimization to avoid the trivial solution.
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From the definition of the parameter acceptance region and its partitions
in (122)—(124) follows that the yield depends on the range-parameter bounds
Ty Lk> Tr,Uk> k= 1, «e.y, Ny as well.

Therefore, a yield sensitivity and yield improvement can be formulated with
regard to the range-parameter bounds as another type of tolerance assignment.

Tolerance assignment plays a role in process tuning.

Tolerance assignment is also applied for the selection of discrete parameters
with different tolerance intervals, like for instance resistors with +1% tolerances
or £10% tolerances. Here the goal is to select the largest possible tolerance
intervals without affecting the yield in order to save production costs.

Note that the yield also depends on the specified performance-feature bounds
fri» fui. @ = 1,...,ny, which can become a subject of yield optimiza-
tion/design centering. Here the goal is to select the best possible performance
specification that can be guaranteed with a certain yield.

4.8.7 Beyond 99.9% Yield

Figure 38 illustrates that the yield represents a very weak optimum for values
above 99.9%, where further yield improvements are hardly achievable because
the termination criteria of the optimization process will become active. If the
design problem allows a yield above 99.9%, this property therefore results
in a premature termination of the yield optimization/design centering process.
In this case, the design cannot achieve its full robustness in terms of a parts-
permillion yield loss and an increased robustness with respect to tightening of
the performance specification and worsening of the parameter tolerances, as
indicated in Figure 38.

To overcome the problem of premature termination, the parameter tolerances
have to be controlled during the yield optimization process. Once a large enough
yield value is reached, the tolerances are inflated. This scales the yield value
down below 99% and avoids entering the region where the yield runs into
saturation. In this way, the yield optimization/design centering process can
continue to increase the scaled yield, and the true yield can go beyond 99.9%.
This process is continued until no further improvement in the scaled yield is
possible:

(1) maxy, Y(xq) sit. c(xq) >0

(2) if Y(x3) > 99%

(3) C:=a-C with a > 1 (145)
(4)  goto (1)

(5) endif

In the case of tolerance assignment, a premature termination of the optimization
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99.9% yield 99.999999% yield

Figure 38. To go beyond 99.9% yield for maximum robustness, yield optimization/design
centering requires specific measures.

process can be avoided by exchanging objective and constraint in (144):

C(XS70) Z 0

146
Y (x5,0,C) = const = 50% (146)

max det C S.t. {
Xs,0, Ok, Ok,l

El=1,... nes, k#1

In (146), the volume of the parallelepiped determined by the rows or columns
of the covariance matrix is maximized while maintaining the yield at a constant
value of for instance 50%. A yield value of 50% is advantageous because it is
most sensitive to changes. This is illustrated in Figure 20, where the cumulative
distribution function has its maximum slope if its value is 0.5. Solving problem
(146) can be interpreted as inflating the set of parameter tolerance bodies as
much as possible and adjusting their center without going below a certain yield
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value. It is intuitively clear that this will find a solution that can go beyond a
yield of 99.9%.

A corresponding formulation of (146) for yield optimization/design center-
ing, which only adjusts the nominal parameter vector and leaves the second-
order moments unchanged, is:

max det(a - C) s.t.

Xs,0, @

{ c(xs0) 2 0 (147)

Y (x5,0,a - C) = const = 50%

The solution of (147) will lead to a picture as in the lower right half of
Figure 38.

A yield optimization/design centering is only complete if tries to go beyond
yield values of 99.9% as described above. The geometric approach to yield opti-
mization/design centering, described in Section 7.2, does not have the property
of a weak optimum illustrated in Figure 38. It therefore leads to an optimum
as illustrated on the lower right side of this figure without further ado.



Chapter 5

WORST-CASE ANALYSIS

In the following, three main types of worst-case analysis will be described.
They differ in the type of tolerance region and in the modeling of the perfor-
mance function and are suitable for different practical tasks. Table 6 gives an
overview of the three approaches to worst-case analysis.

The classical worst-case analysis comes from a box-type tolerance region and
alinear or linearized performance function. A box-type tolerance region results
if tolerance intervals are defined for each individual parameter independently
from the other parameters (8). Therefore the classical worst-case analysis is
suitable for range parameters, for which the tolerance region is defined exactly
in this way. The classical worst-case analysis is also suitable for uniformly
distributed parameters, for which an interval of parameter values with equal
probability density is defined, or if the type of distribution is not known.

The realistic worst-case analysis starts from an ellipsoid tolerance region
and a linear or linearized performance function. An ellipsoid tolerance region
results if the parameters are normally distributed (10), (23), (24). The realistic

Table 6. Worst-case analysis (WCA) types and characterization.

WCA type Tolerance region Performance function  Suitable for

Classical Box Linear Uniform or unknown distribution
Discrete or range parameters
Realistic Ellipsoid Linear Normal distribution
IC transistor parameters
General Ellipsoid Nonlinear Normal distribution

IC transistor parameters
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worst-case analysis is therefore suitable for normally distributed parameters
like transistor model parameters of integrated circuits.

We will illustrate that worst-case parameter vectors obtained by the classical
worst-case analysis may correspond to an exaggerated robustness if applied to
integrated circuits. This is mainly due to the missing consideration of the actual
correlations. The realistic worst-case analysis considers the actual distribution
of integrated circuits’ parameters and achieves that the worst-case parameters
represent more realistic yield values, that is the reason for its name.

Both classical and realistic worst-case analysis assume a linear function of the
performance features in the parameters. Either the performance is linear in the
parameters, or linearized performance models are used, for instance based on
a sensitivity computation. A linearized model is generally not sufficient. This
leads to the formulation of the general worst-case analysis, which starts from
an ellipsoid tolerance region and a nonlinear performance in the parameters.

5.1  Classical Worst-Case Analysis

The classical worst-case analysis determines the worst-case value of one
performance feature f for a given box tolerance region of range parameters x.,

Xr L < Xp < Xp U (148)
and for a given linear performance model,

Fxr) = fo+ Vf(xr0)" - (xr = %0) (149)
based on (109) and (110):

f>fr: H)l(ln +vf(XT,O)T : (Xr - XT,O) St Xp 2 Xp L, Xp S XU (150)
f<fu: II}l(lIl _vf(XT,O)T : (Xr - Xr,O) St Xp 2 Xp L, Xp S Xp U (151)

In (150) and (151) the index ¢ denoting the ith performance feature has been
left out. (150) and (151) can be itemized concerning any performance feature
and any type or subset of parameters.

Figure 39 illustrates the classical worst-case analysis problem in a two-
dimensional parameter space for one performance feature. The gray area is
the box tolerance region defined by a lower and upper bound of each para-
meter, T, 11, TruU,1, Tr,L2, Tru2. Lhe dotted lines are the level contours
according to the gradient V f(x,) of a linear performance model, which are
equidistant planes. Each parameter vector on such a plane corresponds to a cer-
tain performance value. The plane through the nominal point x, o corresponds
to the nominal performance value fj. As the gradient points in the direction of
steepest ascent, the upper and lower worst-case parameter vectors X,y and
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Figure 39. Classical worst-case analysis.

x,wi can readily be marked in. They correspond to the level contours of f
that touch the tolerance region furthest away from the nominal level contour.
This will usually happen in a corner of the tolerance box. These level contours
through the worst-case parameter vectors represent the worst-case performance
values fyyy and fyyr. The problem formulations (150) and (151) describe a
special case of a linear programming problem that can be solved analytically.

Lower Worst-Case Performance. For an analytical solution, we first write
the Lagrangian function of (150) according to Appendix C:

E(X'r, AL; >\U) - vf(XT,O)T . (XT - XT,O) - Ag : (Xr - XT’,L) - )\5 : (XT,U - XT)

(152)
Next, we write the first-order optimality condition of (152), which describes a
solution of (150):

Vfxro) =AL+Ay = 0 (153)

Mg (@rp — k) = 0, k=1,...,ng (154)

Aok (e —2rk) = 0, k=1,...,ng (155)
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(153) results from the condition that VL(x,) = 0 must hold for a stationary
point of the optimization problem. (154) and (155) represent the complemen-
tarity condition of the optimization problem.

As either only the lower bound x,. 1, ;. or the upper bound ;. 1 . of a parameter
Ty, can be active but not both of them, we obtain from (153) and the property
that a Lagrange factor at the solution X,y 1, is positive:

Either: )\WL,k:+Vf($r,0,k) > 0 (156)
or: )\WU,k:_vf(fEr,O,k) > 0 (157)

It depends on the sign of the gradient if (156) or (157) holds. Inserting either
(156)in (154) or (157) in (155) leads to the formula of an element of a worst-case
parameter vector for a worst-case lower performance value x, 1, ;. Analo-
gously an element of a worst-case parameter vector for a worst-case upper
performance value ;. 1717, can be derived.

5.1.1 Classical Worst-Case Parameter Vectors

Xr,WL/U = [ LrWL/UK - - ']T
Ty L ks Vf(@ror) >0
Tr Wik =S TrUks Vi(xror) <0 (158)

undefined, Vf(z,0%) =0

Ly U,k vf(xr,(),k) >0
TrWUE = Tr Lk Vf(xror) <0 (159)
undefined, V f(z,0%) =0

Figure 40 illustrates the case when an element of the performance gradient is
zero. The gradient with regard to parameter x,. 1 is zero. As the performance is
insensitive with regard to x,. 1, the level lines are parallel to the x,.; coordinate
axis. According to (158) and (159), any value of parameter x,. 1 is a solution of
problems (150) and (151). The worst-case values x, w1, 2, T, wu,2 of parameter
x,2 are determined, but the worst-case values w1, rwy,1 of parameter
x,1 may therefore take any value in its defined tolerance interval, x, 11 <
Tr.wru1 < Tru,, as indicated as pieces of thick lines.

In practice, the independence of a performance feature value from a para-
meter, which results from a zero gradient, could be translated into a worst-case
parameter that stays just at its nominal value.
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Figure 40. Classical worst-case analysis with undefined elements , wr.,1, r,wuv,1, of worst-
case parameter vectors X, wr, Xr,wu -

5.1.2 Classical Worst-Case Performance Values

The worst-case performance values result from insertion of the worst-case
parameter vectors into the linear performance function (149):

Twryu = fo+ Vf(xr0)" - (Xpwr/u — %Xr0) (160)

The index L/U means that the corresponding formula holds once for a lower
performance-feature bound and once for an upper performance-feature bound.

5.1.3 Discrete Parameters

High-volume integrated circuit production will lead to a normal distribution
of the parameters. If however discrete components from different productions
are combined on a board, the distributions of these components will be quite
different from each other. Figure 41 illustrates how the production test leads to
truncated distributions for a component with different quality classes.

F refers to the clock frequency of a component. The test leads to classes
ranging from very fast (F7) to slow (£), which are sold for prices ranging
from high to low. The distributions for the different price categories will be
truncated distributions.

If boards with discrete electronic components like resistors with selectable
tolerance classes are composed, it becomes clear from Figure 41 that a +10%
resistor will most probably have a value very close to its +10% value. Other-
wise, this resistor would have been assigned to a narrower tolerance class and
been sold at a higher price.
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Figure 41. Normal probability density function of a manufactured component splits into trun-
cated probability density functions after test according to different quality classes.

If a discrete system is made of such components, it is difficult to assume the
type of distributions for the components. A classical worst-case analysis is an
adequate choice for analyzing the impact of component tolerances in such a
case.

5.14 Corner Worst Case

Classical worst-case parameter vectors applied in integrated circuit design
are also referred to as corner worst case. For a specific performance feature, a
set of relevant statistical parameters is selected. Each parameter is altered by a
multiple of its standard deviation in either the positive or the negative direction
of deteriorating performance. For the gate delay for instance, the resulting
corner worst-case parameter vectors are the slow and fast worst-case parameter
vectors. In order to consider more performance features, additional parameters
have to be considered and more corner worst case parameter vectors result, like
slow-slow, slow-fast, fast-fast.

5.2 Realistic Worst-Case Analysis

The realistic worst-case analysis assumes a joint distribution of parameters
that are either normally distributed, or have been transformed into parameters
that are normally distributed. The worst-case value of one performance feature
f is then determined for a given ellipsoid tolerance region of parameters X,

(Xs - Xs,O)T : C_l : (Xs - Xs,O) < /BIZ/V (161)



Worst-Case Analysis 91

Figure 42. Realistic worst-case analysis.

and for a given linear performance model,
Fxs) = fo+ V(x50 - (x5 = Xs0) (162)
based on (109) and (110):
fzfre mintVEx)" - (x = %s0)

st (xs — X570)T .c7 L. (x5 — X50) < 512/‘/ (163)

f S fU : H}{in _vf(XS,O)T : (Xs - XS,O)
st (Xg —Xg0)7 - CTV - (x4 —x50) 6% (164)

In (163) and (164) the index i denoting the ¢th performance feature has been
left out. (163) and (164) can be itemized concerning any performance feature
and any type or subset of parameters.

Figure 42 illustrates the realistic worst-case analysis problem in a two-
dimensional parameter space for one performance feature. The gray area is
the ellipsoid tolerance region defined by By, which is determined such that
the worst-case represents a given yield requirement. Section 5.3 describes how
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this is done. The dotted lines are the level contours according to the gradient
V f(xs,0) of a linear performance model, which are equidistant planes. Each
parameter vector on such a plane corresponds to a certain performance value.
The plane through the nominal point x, ¢ corresponds to the nominal perfor-
mance value fy.

As the gradient points in the direction of steepest ascent, the upper and lower
worst-case parameter vectors X, 1y and X, 1y 7, can readily be marked in Figure
42. They correspond to the level contours of f that touch the tolerance region
furthest away from the nominal level contour. This happens somewhere on the
border of the ellipsoid. The level contours through the worst-case parameter
vectors represent the worst-case performance values fyp and fiyr.

The problem formulations (163) and (164) describe a special programming
problem with a linear objective function and a quadratic inequality constraint.

Lower Worst-Case Performance. An analytical solution can be derived
based on the Lagrangian function of (163):

£(Xs> )\) = vf(xs,O)T : (XS - Xs,O)
A (ﬁi%l/ — (x5 — Xs,o)T C (% — x370)) (165)

The first-order optimality condition (Appendix C) of (165) describes a stationary
point X, 11, Awr, of the Lagrangian function (165) and a solution of (163):

Vi(xso) +2-Awr-C' - (Xewr —Xs0) = O (166)
(xswr —%50)" - CV e (Xewr —Xs0) = By (167)
Awr > 0 (168)

(166) results from the condition that V£(xs) = 0 must hold for a stationary

point of the optimization problem. (167) and (168) consider that the inequality

constraint has to be active in the solution because the objective function is linear.
The second-order optimality condition is satisfied because V2£(x;) = 2 -

X - C~1is positive definite, as C~ is positive definite and as A\yyz, > 0.
From (166) we obtain:

1

XsWL = Xs0 = ~ 53—+ C -V f(xsp) (169)
WL
Inserting (169) in (167) results in
L T _ 12
2 . vf<xs,0) . C . Vf(x&o) = ﬂW (170)
A\

Solving (170) for Ay r, and inserting the resulting equation for Ay y, in (169)
leads to the analytical formulation of the worst-case parameter vector for a
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worst-case lower performance value X 7. Analogously a worst-case para-
meter vector for a worst-case upper performance value x, ¢y can be derived.

5.2.1 Realistic Worst-Case Parameter Vectors

Bw

S — &g - . C . s 171
Xs, WL — Xs,0 N )T C N ) Vf(xs0)  (171)
= GV (xe) (172)

af
Xo,WU — Xs0 + bw .C-Vf(xs0) (173)

7 ’ \/Vf(XS,O)T -C- vf(XS,O)

R (174)

af

As the performance feature f(x) is linear in the normally distributed statistical
parameters according to (162), its variance JJ%— has been calculated using (A.13)
and inserted in (172) and (174):

0t =V f(xs0)" - C-Vf(xs0) (175)
Exercise. Apply (162) and (A.12) to prove (175).

5.2.2 Realistic Worst-Case Performance Values

The worst-case performance values result from insertion of the worst-case
parameter vectors into the linear performance function (162), fi r, U= fo+

Vf(xs0)' - (Xswiju —Xs0):

fwe = fo—Bw V(x0T C-Vf(xeo)  (176)
= fo—DBw of 77
fwv = fotBw\[VIxa0)T-C Vi(xe)  (78)
= Jfo+Pw of (179)

5.3  Yield/Worst-Case Distance — Linear Performance
Feature
Assuming the performance feature f; to be a linear function of the parameters
(162), itis normally distributed. This is the result from the linear transformation
of a normal distribution applying (A.13) in the same way as is done in step 3
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in Section 3.8.
fire N (foaro%,) (130)
The mean value of the probability density function is the nominal performance
value in (162), the variance is given by (175).
From (177), (179) and (180), and applying (17), aunique relationship between
the yield of a performance feature and the value of 3y, which characterizes the
ellipsoid tolerance region, can be established:

~ 1 7%<fi;70,i>
dfz (fi) = ———¢ fi 181

fwu,i—fo,i

Yo, = / | pdfy (fi) - df; 2/ o T e 2

Bw 1 1,2
= —— e 2V . gt 182
/—oo V2T ( )

= Yii (183)
v /fWU,i ; (]?) df Bw 1 1,2 d
i = pd 7 (Ji) - i:/ e 2" -dt (184)
fwer,i 4 —Bw V2T

Y14, Yy, are the yield partition values regarding the lower and upper worst-
case performance values fyy 1 ;, fwu, of the considered performance feature
fi- Y; is the yield value regarding performance feature f; with both its lower
and upper worst-case value.

These equations open up the possibility of a technical interpretation of Sy
as the measure that relates an ellipsoid tolerance region to a required yield.

We call By the worst-case distance between the nominal value and the worst-
case value of a performance feature. According to (177) and (179) itis measured
in the unit “performance variance”: the worst-case performance value is Sy
times of the performance variance away from the nominal performance value.

Bw = 3 therefore refers to a three-sigma safety margin (three-sigma design)
of a performance feature, and Oy = 6 refers to a six-sigma safety margin
(six-sigma design).

As a multiple of the performance variance it can immediately be translated
into a yield value for one performance feature according to (182)-(184) and
Table 5. Vice versa, a yield value can be translated into the size of an ellip-
soid tolerance region in a multivariate parameter space of a realistic worst-
case analysis according to (167). Section 5.5 will show that the meaning and
interpretation of the worst-case distance will be valid for nonlinear performance
functions as well.
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5.4  General Worst-Case Analysis

The general worst-case analysis assumes a joint distribution of parameters,
which is either normal or has been transformed into a normal distribution. The
worst-case value of one performance feature f is then determined for a given
ellipsoid tolerance region of parameters xg,

(xs — x50) - C71 - (x5 — x50) < B (185)

and for a general nonlinear performance feature in the parameters f(x), based
on (109) and (110):

F2fr: mindf(x) st (%= %50)" - CTh (% = %50) < By (186)

< fu: H}l{in—f(x) s.t. (xg — X570)T .CL. (x5 —Xs5,0) < 5‘2,[, (187)

In (186) and (187) the index ¢ denoting the ¢th performance feature has been
left out. (186) and (187) can be itemized concerning any performance feature
and any type or subset of parameters.

Figure 43 illustrates the general worst-case analysis problem in a two-
dimensional parameter space for one performance feature. The gray area is
the ellipsoid tolerance region defined by Sy, which is determined such that
the worst-case represents a given yield requirement. This is done according
to (182)-(184). For a three-sigma design for instance, Sy = 3 would be
chosen. Section 5.5 motivates why (182)—(184) are well-suited in the general
nonlinear case.

The dotted lines are the level contours of the nonlinear performance feature.
Each parameter vector on such a level contour corresponds to a certain perfor-
mance value. The contour line through the nominal point x, o corresponds to
the nominal performance value fy. In this example, the performance is uni-
modal in the parameters and its minimum value is outside of the parameter
tolerance ellipsoid.

The upper and lower worst-case parameter vectors X, wy and Xy can
readily be marked in. They correspond to the level contours of f that touch the
tolerance region furthest away from the nominal level contour. This happens
somewhere on the border of the ellipsoid in this case. These level contours
through the worst-case parameter vectors represent the worst-case performance
values fWU and fWL-

The property that performance level contour and tolerance region border
touch each other in the worst-case parameter vector corresponds to a plane
tangential both to the performance level contour and the tolerance region border.
This tangent can be interpreted by a linearized performance model f in the
worst-case parameter vector. The linearization is based on the gradient of the
performance in the worst-case parameter vector.
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- (WU)_

f fwu

- V fwu(Xswu )

T -1 2
(XS-XS,O) .C '(XS-XS,O) S BW

X
s,1

Figure43. General worst-case analysis, in this case the solution is on the border of the tolerance
region.

As the performance feature is nonlinear, we have a gradient V f (x5 vy ) at the
upper worst-case parameter vector X,y and a differing gradient V f (x5 wr,)
at the lower worst-case parameter vector X yy 1, in this example. The lineariza-
tion at the worst-case parameter vector depends on the respective gradient,
worst-case performance value and worst-case parameter vector:

FVHO(x) = fwrw + Vawrw) - (% = xewryw) (188)

The level contour of such a linearized performance model through the respec-
tive worst-case parameter vector represents the corresponding worst-case per-
formance value, f(WL/U) = fwru-

In a realistic worst-case analysis, the performance function is linear in the
parameters as illustrated in Figure 42. The solution of problems (163) and
(164) is unique, and the worst-case parameter vectors will be on the border of
the ellipsoid tolerance region.

In a general worst-case analysis, the solutions of problems (186) and (187)
are not generally unique and the worst-case parameter vectors will be either on
the border or inside of the ellipsoid tolerance region. It has been observed that
usually unique solutions to problems (186) and (187) appear. An important case
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of multiple solutions are mismatch-sensitive performance functions with regard
to local parameter changes, which are characterized by semidefinite second
derivatives. The nominal performance is on a ridge and stays more or less
constant in the direction of equal changes in two parameters and deteriorates in
other directions. In such a case, very regularly concerning two local parameter
variations two worst-case parameter vectors in “opposite” directions from the
nominal parameter vector exist. Solution algorithms for problems (186) and
(187) have to take care of such situations.

Problems (186) and (187) describe a special case of nonlinear programming
with a nonlinear objective function and one quadratic inequality constraint. An
analytical solution of problems (186) and (187) cannot be formulated. The
solution is done by numerical optimization, for instance with a deterministic
approach based on Sequential Quadratic Programming.

Lower Worst-Case Performance, Worst-Case Parameter Vector on the
Border of the Tolerance Region. In the following, we will treat the compu-
tation of a lower worst-case performance value (186). The Lagrangian function
of (186) is:

L(x5,\) = f(x5) = A (B — (xs —x50)7 - C71 (x5 — Xs0)) (189

The first-order optimality condition (Appendix C) of (189) describes a stationary
point X, w1, Awr, of the Lagrangian function (189) and a solution of (186):

Vixswrn) +2 - Awr-Ch - (xswr —Xs0) = 0 (190)
e (B — (xswi —%s0)7 - Ch e (xgwr —Xs0)) = 0 (191)

(190) results from the condition that VL(xs) = 0 must hold for a station-
ary point of the optimization problem. (191) represents the complementarity
condition of the optimization problem.

The second-order optimality condition holds because V2£(x;) = 2-\-C~!
is positive definite, as C~! is positive definite and as Ayyz, > 0.

We assume that the solution is on the border of the ellipsoid tolerance region.
This happens for instance if the performance function f(x;) is unimodal and
if its maximum or minimum is outside of the parameters tolerance region. The
constraint in (189) is therefore active:

Awr > 0 (192)
(xswr —%50)" - C 1 (Xswr —Xs0) = By (193)

Analogous equations for a worst-case parameter vector concerning a worst-case
upper performance value X, ¢y can be derived.
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(190), (192) and (193) have the same form as the first-order optimality con-
dition of the realistic worst-case analysis (166)—(168). The general worst-case
parameter vectors and general worst-case performance values therefore also
have the same form as those of the realistic worst-case analysis. The only dif-
ference is in the gradient of the performance. One overall performance gradient
appears in the realistic worst-case analysis, whereas an individual performance
gradient at each worst-case parameter vector appears in the general worst-case
analysis.

5.4.1 General Worst-Case Parameter Vectors

Bw

s —X50 = — -C-V s 194
Xs, WL — Xs,0 ST C V) f(xewr) (194)
=GV (e (195)

OfFwr)
Xs WU — Xs,0 = + b -C -V f(xswu) (196)

VVf(xswu)T - C-Vf(xewu)

— e V) (197)

0 Fwu)

In (195) and (197) the variance JJQF(W /0y of a performance function fFWL/U)

that is linear (188) in normally distributed parameters (25) has been inserted:
oty = Viawrw) - C-Vi(xawrw) (198)

5.4.2 General Worst-Case Performance Values

The worst-case performance values fi 1 and fyy result from the numerical
solution of the optimization problems (186) and (187).

A formulation of the worst-case performance values that corresponds to the
realistic worst-case analysis (176)—(179) can be derived by inserting the nominal
parameter vector X, o into the linear performance functions (188):

f(WL/U) (Xs,0) = féWL/U) = fWL/U + vf(XWL/U)T ) (Xs,o - XWL/U)

< fwrw = ISWL/U) + vf(XWL/U)T (Xwru — Xs0) (199)

Inserting (194)—(197) into (199) leads to:

fwr = féWL) - Bw - \/Vf(Xs,WL)T -C-Vf(xswr) (200)

= Y~ Bw - oo (201)
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fwu = féWU) + Bw - \/Vf(Xs,WU)T -C-Vf(xswu) (202)

_ féWU)

+ Bw - T Fwu) (203)

(200)—(203) are equal to the corresponding equations (176)—(179) of the realis-
tic worst-case analysis concerning the interpretation of the worst-case distance
Bw according to Section 5.3. They differ in the definitions of the nominal per-
formance value and the variance. In (200)—(203), the linearized models of the
considered performance feature differ at the worst-case parameter vectors for
the lower and upper worst-case performance value. This results in two different
variance values o fow /vy and in two nominal values of the performance feature
fOWL /U)

5.5 Yield/Worst-Case Distance — Nonlinear Performance
Feature

With regard to the linear models (188) in the worst-case parameter vectors,
these linearized performance features are normally distributed according to
Section 3.8 and Appendix A.9:

J?i(WL/U) ~/\/< éI;VL/U)’Uf(WL/U)> (204)

The mean value of the probability density function is the value of the linearized
performance function according to (199) in the nominal parameter vector, the
variance is given by (198).

From (201), (203) and (204), and applying (17), a unique relationship
between the yield of the performance feature linearized at the worst-case para-
meter vector and the value of By, which characterizes the ellipsoid tolerance
region can be established:

that differ from the true nominal value fj.

N

2
<fi(WL/U)_f((Jj/2/L/U)

) (205)

WL/U)) 1

V2 - O‘J;(WL/U)

af—i(WL/U)

pdf sowr/v) (/! e

_ fwu,i
YU,i = / pdff(WU)<f(WU)) df WU

o0
fWUZ f(()VYU)
o 271'
Bw 1
= / - dt (206)
0o 27T
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= Yo (207)

Yy, ; and Yyy; are approximated yield partition values regarding the lower and
upper worst-case performance value fyr y; of performance feature f;.

This equation opens up the possibility of a technical interpretation of Gy as
the measure that relates an ellipsoid tolerance region to an approximated yield.

We call By the worst-case distance between the nominal value and the worst-
case value of a linearized performance feature according to (188). While the
worst-case value of the real performance feature and the linearized performance
feature are equal, the nominal value of the linearized performance feature differs
from the real nominal value according to (199). According to (201) and (203),
the worst-case distance is measured in the unit “variance of the linearized per-
formance”: the worst-case performance value is Sy times the variance away
from the nominal linearized performance value. This variance is determined
by (198).

Ow = 3 therefore refers to a three-sigma safety margin (three-sigma design)
of a performance feature, and Oy = 6 refers to a six-sigma safety margin
(six-sigma design).

As amultiple of a performance variance, it can immediately be translated into
an approximated yield value for one performance feature according to (206) and
(207) and Table 5. Vice versa, a yield value can be translated approximately into
a value of Sy, which determines an ellipsoid tolerance region in a multivariate
parameter space according to (191).

5.5.1 Yield Approximation Accuracy

An approximation error between the true yield partition value and the yield
partition value according to (206), (207) results from approximating a nonlinear
performance function f;(x;) by a linear model fi(WL/ v) (xs)-

This approximation error will be discussed in the following by investigating
the parameter space. It will be assumed that the worst-case parameter vectors
are on the border of the ellipsoid tolerance region.

According to the definition (116), (117), the yield can be formulated equiv-
alently in the performance space and in the parameter space. With the formu-
lations of acceptance regions in the performance space and in the parameter
space in (118)—(125), the approximate yield partition )_/Lﬂ- with regard to a
lower performance-feature bound fyy 1 ; and the approximate yield partition
YUJ with regard to an upper worst-case performance-feature value fyyy; can
be formulated as:

Yui = / e / pdfy (xs) - dX, (208)
TV (x) < fwu
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= / . / pdfy(xs) - dxs  (209)
Vfi(xs,wu,i) T (s —%s,wu,i) <0

Y, = |[... f . 21
L / /fZKWL)>fWL,i pd N(Xs) dx, (210)

= // pdfy(xs) - dxs  (211)
Vfi(xs,wr,i)T-(xs—x5,wr,i)>0

(188) has been applied to get from the yield definition in the performance space
(208), (210) to the yield definition in the parameter space (209), (211).

pdf, is the normal probability density function according to (23).

On the other hand, the true yield partition values, Y7, ; with regard to a lower
worst-case performance-feature value fy,;, and Yy7; with regard to an upper
worst-case performance-feature value fyy7;, can be formulated as:

Yo, = / . / pdfy (xs) - dxs (212)
i(xs)<fwu,i

Yo = / : / pdfy (xs) - dxs (213)
i(Xs)>fwr,i

(209), (211), (212) and (213) show that the error in the yield approximation
results from the approximation of the parameter acceptance region concerning
a performance-specification feature.

Figure 44 illustrates the situation for the example in Figure 43. In Figure
44(a), the upper worst-case has been picked. The ellipsoid tolerance region
corresponds to the given value of By,. The real level contour of all parameter
vectors that lead to the worst-case performance value fyy;; is shown by as a
dotted curve. It represents the border of the acceptance region that determines
the true yield partition value Y7;. This acceptance region is shaded in gray.

In addition, the level contour of all parameter vectors that lead to fiyy
according to the linear performance model f("U) is shown as a solid line. It is
tangential to the true level contour in the worst-case parameter vector X, w,
because f("U) has been specifically established in X,,wu by the general worst-
case analysis. It represents the border of the approximate acceptance region
that determines the approximate yield partition value Y;. This region is filled
with a linen pattern.

The integration of the probability density function over the difference region
between the linen-pattern-filled area of the approximate parameter acceptance
region partition and the gray area of the true parameter acceptance region par-
tition determines the error of the yield approximation. In Figure 44(a), the
true yield will be overestimated. In Figure 44(b), the lower worst-case has
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Figure 44. (a) Comparison between true parameter acceptance region partitions (gray areas)
and approximate parameter acceptance region partitions (linen-pattern-filled areas) of a general
worst-case analysis of an upper worst-case performance value. (b) Lower worst-case perfor-
mance value. (¢) Lower and upper worst-case performance value.
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(c)

o0 °

Figure 45. Duality principle in minimum norm problems. Shown are two acceptance regions
(gray), the respective nominal points within acceptance regions and two points on the border of
each acceptance region. Points (a) and (d) are the worst-case points.

been picked. Here, the true yield will be underestimated. Figure 44(c) shows
the overall approximate acceptance region if the lower and upper worst-case
parameter vectors and their linearizations are combined.

By inspection, the following statements concerning the approximation error
result:

m Considering the decreasing values of the probability density function orthog-
onal to its ellipsoid level contours, the yield approximation error becomes
more critical in regions that correspond to ellipsoids closer to the center.
The chosen linearization is very well adapted to this property. It is exact in
the worst-case parameter vector, where the value of the probability density
function is maximum among the difference region. It loses precision in
modeling the exact level contour proportionally to the decrease in the corre-
sponding probability density function values. Apparently the approximation
is very accurate therefore.

m Practical experience shows that the approximation error usually is about
19%-3% absolute yield error.

m The duality principle in minimum norm problems says that the minimum
distance of a point to a convex set is equivalent to the maximum distance of
the point to all planes that separate the point from the convex set. Figure 45
illustrates the duality principle. In this example, we have assumed without
loss of generality that the variances are equal and that the correlations are
zero. Then the level contours are spheres.

On the left side of Figure 45, point (a) is the worst-case point for the given
nominal point inside the gray acceptance region. The duality principle in
this case applies for the distance of the nominal point to the complement of
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the acceptance region, which is convex. It says that point (a) provides the
linearization among all possible points on the border of the acceptance region
from which the nominal point has maximum distance. This is illustrated by
point (b), which leads to a linearization with a smaller distance. We can
also see that any tangent on the acceptance region’s border will lead to
an underestimation of the true yield. Therefore the worst-case distance
obtained due to point (a) is a greatest lower bound among all tangential
approximations of the acceptance region.

On the right side Figure 45, the acceptance region itself is convex now.
We can see that point (c) leads to a larger distance between the nominal
point and the tangential approximation of the acceptance region’s border
than the worst-case point (d). Now the duality principle says that the worst-
case distance will be the smallest value among all possible distances of the
nominal point to tangents of the border of the acceptance region. At the
same time, it can be seen that the yield value will be overestimated by such
a tangent. Therefore the worst-case distance obtained due to point (d) is a
least upper bound among all tangential approximations of the acceptance
region.

In summary, the linearization at a worst-case parameter vector provides
the best yield approximation among all tangential planes of an acceptance
region.

m Figure 38 illustrates that the yield approximation according to (206) and
(207) and Table 5 will be very sensitive with regard to the worst-case
distance value for yield values around 50%. With increasing yield value
this sensitivity decreases, which equally means a smaller error in the yield
approximation through worst-case distances.

For yield values above 99.9% the approximation error becomes negligible.

(184) can be applied to obtain an approximate yield Y; of a performance feature
fi if an upper and a lower performance-specification feature are simultaneously
regarded. The resulting value is not equivalent to the yield value that results
from the approximate acceptance region as illustrated in Figure 44(c), as long
as the performance gradients in the two worst-case parameter vectors are not
parallel. Nevertheless, Y; according to (184) is a valuable approximation in the
general worst-case analysis as well.

The yield approximation as described in this section assumes that worst-case
parameter vectors are on the border of the acceptance region, which usually
happens as practical experience shows.

If a performance function is unimodal and the worst-case parameter vector is
inside the tolerance region, then the worst-case performance value represents the
individual optimum for the considered parameter space. Hence, no performance



Worst-Case Analysis 105

value beyond the worst-case value is achievable in the considered parameter
space and the corresponding yield is 100%.

5.5.2 Realistic Worst-Case Analysis as Special Case

As a linear performance function is a special case of a general nonlinear
function, the realistic worst-case analysis is a special case of the general worst-
case analysis.

A numerical optimization algorithm can identify if the performance function
is linear during the optimization process. It then automatically terminates the
optimization process and determines the worst-case performance values and
worst-case parameter vectors.

An iterative deterministic solution algorithm for a general worst-case analysis
is starting from a sensitivity analysis of the performance features with regard
to the parameters. In the first iteration step, a general worst-case analysis then
behaves like a realistic worst-case analysis. The realistic worst-case analysis
can therefore be interpreted as the first step of a general worst-case analysis.

5.6 Exercise

Given is a single performance function of two parameters:

f =Ts,1* Ts,2 (214)

f could be for instance the time constant of the RC circuit in Chapter 2. The
nominal parameter vector is:

x50 =[11]" (215)
The parameters are normally distributed with the covariance matrix:

022 0
C= 0 082 (216)

Two performance-specification features are given:

f>fL=05 217)
< fy=20 (218)

= Perform a classical worst-case analysis in the three-sigma tolerance box of
parameters based on a linear performance model established at the nominal
parameter vector. Calculate the worst-case parameter vectors and corre-
sponding worst-case performance values. Compare the worst-case perfor-
mance values from the linearized performance model with the “simulated”
values at the worst-case parameter vectors. Check if the performance spe-
cification is satisfied in the worst-case.
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= Do the same as a realistic worst-case analysis for an ellipsoid tolerance
region with By = 3.

= Do the same as a general worst-case analysis. Apply the optimality con-
ditions (Appendix C) to calculate a solution. Check if the solution can be
inside the ellipsoid tolerance region (in that case Ayyz/;; = 0 would hold).



Chapter 6

YIELD ANALYSIS

In this chapter, the yield analysis problem formulated in Section 4.8 will
be further developed. The integral in the yield definitions (116) and (117), as
well as in (137), (138) and (139) cannot be solved analytically, but have to be
solved numerically. Two approaches to solve this task will be described in the
following.

The first approach is based on statistical estimation by sampling according
to the parameter distribution. It leads to the so-called Monte-Carlo analysis,
which is a statistical technique for the numerical computation of integrals. It
will be explained that the accuracy of the statistical estimation does not depend
on the number of parameters and performance features, but on the size of the
sample. An acceptable accuracy requires a large number of simulations.

The second approach is based on the partitioning of the performance speci-
fication into the individual performance-specification features and a geometrical
approximation of the integration problem. The resulting problem has the same
form as the general-worst case analysis described in Section 5.4. This approach
is in practice more efficient than a Monte-Carlo technique, but its complexity
grows proportionally to the number of parameters.

6.1  Statistical Yield Analysis

According to (137), the yield is defined as the expectation value of the accep-
tance function (134). This acceptance function takes the value of one (134), if
a circuit represented by a vector of parameter values satisfies the performance
specification (122). Accordingto (138), (139), the yield partition with respect to
alower or upper performance-specification feature is defined as the expectation
value of the acceptance function (135), (136). This acceptance function takes
the value of one (135), (136), if the parameter vector satisfies the corresponding
performance-specification feature (123), (124).
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Based on (B.1) in Section B, an estimator for this expectation value and
hence for the yield can be formulated as follows:

Y = B{ LRSSy _ Mok _
= {(X)}—% 5( M) = e (219)

#{accepted sample elements }
sample size

nypc
R k,L/Ui
Yovi = E{5L/Uz Xs) } _nMc E 01 i (X —72 YE (220

y=1

x) ~ D (pdf(x,)) , i=1,...,nuc

In (219), the yield with regard to the complete performance specification is
estimated. In (220), the yield partition with regard to an individual performance-
specification feature, which is either a lower or upper bound on a performance
feature, is estimated.

The basis of the statistical yield estimation is a sample consisting of ny;¢

sample elements xé“ ), w=1,...,np¢c, which have been generated according

to Section 3.8. As stated in Appendix B, the sample elements are assumed to be
independently and identically distributed according to the given distribution.
This is not strictly true: the computational random number generator produces
a deterministic sequence of pseudo-random numbers for a given initial value.
The generation of a sample can be interpreted as a simulation of the
statistically varying production process on a higher design level, where the

performance vector f is determined in dependence of parameters x,. Each
(1)

sample element x4~ is evaluated by numerical simulation. The obtained per-

formance vector f (xgu )) is checked with regard to the performance specification
and the corresponding value of the acceptance function in (219), (220) can be
determined.

Figure 46 illustrates this process for two statistical parameters. On the left
side, level contours of the probability density function of normally distributed
parameters are given. On the right side, a performance specification with four
performance-specification features is given, which lead to the performance
acceptance region shaded in gray. The corresponding parameter acceptance
region is also indicated by a gray area on the left side. The parameter accep-
tance region though is generally not given in an analytical form.

A sample according to the given distribution yields a cloud of parameter
vectors that corresponds to the probability density function. After simulation
of each parameter vector, a corresponding cloud of performance vectors as on
the right side of Figure 46 is available. Each performance vector that satisfies
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Figure 46. Statistical yield estimation (Monte-Carlo analysis) consists of generating a sam-
ple according to the underlying statistical distribution, simulating of each sample element and
flagging of elements satisfying the performance specification.

the performance specification is filled black. Likewise each parameter vector
can now also be marked according to the corresponding performance vector.
According to (219), the percentage of parameter vectors that are represented
in Figure 46 by circles filled black represents the yield estimate.
This statistical estimation is also called Monte-Carlo analysis.

6.1.1 Monte-Carlo Analysis

A Monte-Carlo analysis is a statistical method for the numerical computation
of an integral I, which applies the formulation of expectation values (A.1):

I = // h(x) - dx
h; (x)>0

_ /OO.../OO h(x) - Aj’;)(x) pdfy, o (x) - dx
_h(x)
pdfye(x)

_ g {hA(x) } (221)
pdf o (%) pdfrrc(x)

1, hl(X)ZO
hatx) = {o, hy (x) < 0
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In (221), the integrand has been extended by a probability density function
pdf, ;- that is used to scan the integration region. In addition, the integration
is done over the complete parameter space, and an indicator function hy4 is
introduced in the integrand to include the integration region.

Yield analysis is a special case of Monte-Carlo analysis, where the probability
density function is predetermined by the manufacturing tolerances, and where
the indicator function is determined by the performance specification and the
corresponding acceptance function.

The Monte-Carlo analysis performs a statistical estimation of (221) based
on (B.1):

P : h(x)
I = E {hA(x) : }
pdty(x) )
B e h(x()
= e 2 M0 =

X(M) ND(pdfMC(X))a p=1...,nuc

The choice of the probability density function is important for the estimation.
But even if it is predetermined as in a yield analysis, another distribution may
be better for the yield estimation with a Monte Carlo analysis. This is called
importance sampling.

6.1.2 Importance Sampling

From Figure 46, we would intuitively expect that a good yield estimation
scans more or less the whole parameter acceptance region. This requires a
sufficient spread of the sample elements. If the sampling distribution leads
to an equal number of sample elements inside and outside of the parameter
acceptance region, we would have a yield of 50% and the required even spread
of sample elements.

If an estimation, in this case of the yield, is done using a sampling distri-
bution represented by pdf,, that is different from the parameter distribution
represented by pdf, this is called importance sampling:

Yy = E {o(xs)} = Oo. . h 0(xs) - pdf(xs) - dxs
pdf(xs) /oo /oo

B pdf(xs)
= [ i Pt
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_ E {5(XS) . Pdf(xs)} (223)
pdfyc(xs) pdfyro(xs)
vy - B {5(,(8) . ;’fdf("é‘)}
Pdch(Xs) pdf o (xs)
nyMc (W)
1 Z s(xi)y _PIST) (224)
nme Pdch (Xgu) )

X ~ D (pdfy,o(xs)) ., i=1,...,nuc

The change of the original distribution, for which the expectation value of a
function is to be computed, to another sampling distribution leads to a weighting
of the function with the ratio of the two distributions.

Importance sampling allows to use arbitrary sampling distributions for the
yield estimation in order to improve the quality of the yield estimation.

A measure of the yield estimation quality is the variance of the yield estima-
tion value.

6.1.3 Yield Estimation Accuracy

The variance of the yield estimator can be derived using Appendices A and
B:

U% =Vv{Y} = V{E{i(x,)}}

(B.14) 1

— - V{d(xs)}

WD 1 (E(52(x)) — E{5(x0)})

avel
2_ 1
"= (Y -Y?
nypc
Y- (1-Y
= ¥ (225)
nyc
(225) is the yield estimator variance, if the yield Y is known. As the yield
is usually estimated, Y, the formula for an estimator of the yield estimator
variance is:

oo =V{Y} = V{E{i(x)}}
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P L9 (5(xe))

nypc
(B.18) 1 nyc

(B0} — E*(6(x.)) )

nyce nye — 1

52=6 L ¥ -7
nyc — 1
Y- (1-Y)
= - -/ 226
e — 1 (226)

(225) and (226) show that the accuracy of a statistical yield estimation by
Monte-Carlo analysis primarily depends on the size of the sample, but also on
the yield value itself.

Obviously, the variance of the yield estimator a}% is quadratical in the yield
value. From the first and second-order optimality conditions (Appendix C),

tolep 1

Y — —— (1-2Y) = 0 227
oY TZMC( ) (227)
0?02 )

y _
T e < 0 (228)

follows that the variance of the yield estimator has a maximum for a yield of
50%:

arg max oy = 50% (229)

The variance of the statistical yield estimation corresponds to the sensitivity
of the yield with respect to a shift in the integration bound as illustrated in
Figure 20. The hyperbolic-tangent-like shape of the yield function is typical.
Figure 20 shows a maximum sensitivity of the yield with regard to a shift in
the integration bound if the yield is 50%. For smaller or larger yield values this
sensitivity decreases down to zero for a yield of 0% or 100%.

More important is the dependence of the yield estimator variance on the
number of sample elements. Table 7 evaluates (225) for an assumed yield of
85% for different sample sizes. A yield of 85% is a typical value in practice
and leads to smaller yield estimator variances than a yield of 50% would do.

From Table 7 follows for instance that the three-sigma interval of the esti-
mated yield value is [70%...100% | for a sample size of 50. For a sample
size of 1000, the three-sigma interval of the estimated yield value is [81.7%. ..
88.3% ], which is still quite large.

Let us have a look at the number of sample elements that is required to
estimate a yield of 85% with a certain confidence level. For that we will assume
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Table 7. Standard deviation of the yield estimator if the yield is 85% for different sample sizes
evaluated according to (225).

npMeo 10 50 100 500 1000

oy 113% 50% 3.6% 1.6% 1.1%

that the yield estimate is normally distributed. This is an approximation: as
the sample elements are independently and identically distributed and as every
sample element has the same probability Y of being in full working order,
the number of sample elements that are in full working order originally is
binomially distributed. But for an increasing sample size ny;c — o0, the
binomial distribution asymptotically approaches a normal distribution. The
binomial distribution can be approximated under easy conditions. For instance,
the number of sample elements satisfying the performance specification and the
number of sample elements missing the performance specification should each
be larger than 4, and the number of total sample elements should be at least 10.
Considering these constraints concerning the sample, we can assume that the
estimated yield value is normally distributed with the variance (225).

Based on the normal distribution of the yield estimate with variance (225),
we can compute the sample size njs¢ that is required for a yield to be within
an interval of =AY around the estimated value Y with a confidence level of
v[%)] in the following way.

The confidence level v denotes the probability that the estimated value is
within the given interval. This probability corresponds to an interval that is
described by a multiple & of the underlying yield variance . Using (16)—
(19), k- can be determined as the value that satisfies:

v =cdf(Y + ky - 5p) —cdf(Y — ky - Gg) — ky (230)

k. is determined without knowing the yield estimate and yield estimate variance
through the corresponding normalized univariate normal distribution.

For instance, a confidence level of v = 90% denotes a probability of 90% for
the yield estimate to be within an interval of 4-1.6455 around the estimated
value Y. A confidence level of v = 95% denotes a probability of 95% for
the yield estimate to be within an interval of +1.9600p around the estimated
value Y. v = 99% corresponds to +-2.5760, and v = 99.9% corresponds to
+3.2915.
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Table 8. Required sample size for an estimation of a yield of 85% for different confidence
intervals and confidence levels according to (232).

Confidence level 90% 95% 99% 99.9%

Confidence k,op — +1.6450p +1.9600p +2.5760p +3.2910¢
interval Y+ AY

85% + 10% 35 49 85 139
85% £ 5% 139 196 339 553
8%+ 1% 3,451 4,899 8,461 13,810

The confidence interval is now given by two equal forms:
AY =k, -0p (231)

Inserting the obtained value k. and (231) in (225), the required sample size

nyrc for the given confidence level v — k, and interval Y = AY can be
computed:

Y (1-Y)-k 232
nypcec ~ TAY2Z

For a yield of 85%, Table 8 evaluates (232) for three different confidence in-
tervals, 75%...95%, 80%...90%, and 84% ...86%, and for four different
confidence levels, 90%, 95%, 99%, and 99.9%.

Table 8 shows for instance that a Monte Carlo analysis with 8,461 sample
elements is required if we want have a 99% probability that the yield is within
+1% around its estimated value of 85%. It can be seen that thousands of sample
elements are required for a sufficient accuracy of the statistical yield estimation.
According to (225), to increase the accuracy by a factor of F', the sample size
has to be increased by a factor of F2. This is illustrated in Table 8, where
the increase in accuracy by a factor of 10 from AY = 10% to AY = 1%
corresponds to an increase in the sample size by a factor of 100.

Each sample element has to be evaluated by simulation. Simulation is com-
putationally very expensive and exceeds by far the computational cost of the
remaining operations. The computational cost of a Monte Carlo analysis is
therefore mainly determined by the number of simulations, i.e. the sample
size.
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Overall we have for a Monte-Carlo analysis:

Accuracy ~ nMC
Complexity ~ nysco

Interestingly, the accuracy does not depend on any other quantity like for
instance the nonlinearity of the performance, and the complexity does not
depend on any other quantity like for instance the number of parameters.

6.2 Tolerance Classes

An alternative to a statistical yield analysis is a geometric approach. A certain
type of tolerance region of the statistical parameters is assumed and a maximum
size of this tolerance region type within the given parameter acceptance region
is computed. The yield is derived from the size of the tolerance region. The
specific relation between tolerance region 7 and yield Y is denoted as tolerance
class. In the following, some types of tolerance classes will be treated.

We will assume that the statistical parameters are normally distributed or
have been transformed into normally distributed parameters.

6.2.1 Tolerance Interval

If there is only one statistical parameter xs, which is normally distributed
with mean value x5 and variance o2, x5 ~ N (x5, 0?), the definition of a
tolerance class is straightforward:

Ts,] = {xs ‘ a<xs < b} (233)

b
=Y = /pdi(xs)-dxs

= cdfy(b) — cdfy(a) (234)
P q 1,2

= _— e_Et . dt 235

4aww 23

- &g b_ S
By = 2220 g = 27 T80y L A0, 1)
g ag

pdf,; denotes the probability density function of the univariate normal distribu-
tion as defined in (16). cdfy denotes the corresponding cumulative distribution
function, which is defined in (17)—(19).

Based on (41), the probability density function is transformed into a proba-
bility density function with a mean value of zero and a variance of one (235).
In this way, the integration bounds a and b have been transformed into their
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Table 9. Tolerance intervals T ; and corresponding yield values Y7 according to (235).

Ts,1 = [Ba0, B0] Yr

—o0, —lo 15.9%

Tt =1Bacy o] Y1 | [0, 0] | 50.0%
[—1lo, 10] 68.3% [—o0, 1lo] 84.1%
[—20, 20] 95.5% [—o00, 20] 97.7%
[—30,30]  99.7% [0, 30] 99.9%

distances to the nominal value as multiples of the standard deviation. Note
that the resulting integration bounds 3,, 0, represent the univariate case of a
worst-case distance defined in (24), (161) or (185).

Similar to Table 5 and Figure 20, values of tolerance intervals T ; and
corresponding yield values Y; can be taken from statistical tables. Table 9
shows some examples. We can see the familiar probabilities of a univariate
normal distribution. In the left column, symmetric intervals around the mean
value are presented. In the right column, parameter values bounded from the
right are shown. We can see that worst-case distances may be supplemented
with a negative sign in order to indicate that the mean value is outside the
tolerance interval.

6.2.2 Tolerance Box

If more than one parameter is there, the concept of intervals can be extended to
the multivariate case of a normally distributed parameter vector x5 ~ A (x 5,0, C).
This results in tolerance boxes as defined in (8). Tolerance boxes are also the
given tolerance regions in the classical worst-case analysis described in Section
5.1. Analogously to (234) and (235), the tolerance box T g and corresponding
yield Yp are defined:

TS,B = {Xs | a<xs< b} (236)

bl b”Ts
—Yg = / / pdf y (xs) - dxs
a

Nxs

Bby Bbrgs
= / / nmexp( 05-t" -R7'-t)-dt (237)
bar I Ban,, V2T

aAngs

t=%"1 (x4 —x50), t~N(O,R) (238)
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Figure 47. Tolerance box T, 5 and normal probability density function pdfy 5 with zero
mean and unity variance.

_ap — Tsok b —msok
6ak - 9 ﬁbk -
o ok

(239)

pdfy; denotes the probability density function of the multivariate normal distri-
bution as defined in (23)—(29). Using the variable transformation (238) and the
decomposition (26) of the covariance matrix, we obtain parameters t that are
normally distributed each with a mean value of 0 and a variance of 1, and that
are mutually correlated with the correlation matrix R. The probability density
function of the resulting normal distribution A/(0, R) is denoted as pdfyy o .

The variable transformation (238) also transforms the integration bounds ay,
and by, into their distances to their nominal values as multiples of their standard
deviations, (3,, and (3, .

(237) represents an integral over the probability density function pdfy o5 in
a box T p. Figure 47 illustrates level contours of pdfy p and T p for two
parameters. In this example, 3,, = —3,, = —0Bw has been chosen. The
resulting box is symmetrical around the origin.

(237) has to be solved numerically. Only if the parameters are uncorrelated,
(237) can be evaluated by using the cumulative distribution function values of
the univariate normal distribution:

Has ﬁbk 1 1,2
R=1": Yp = / e 2 . dt (240)
kHl Bay, V2T
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Table 10. Yield values Yp for a tolerance box Ts p with Vi B4, = —f, = —Bw = —3in
dependence of the number of parameters 7.5 and of the correlation. Vi« ox,; = 0.0 according
to (241), Vi1 ox,1 = 0.8 according to (237).

Y|

0k,1=0.0 0k,1=0.8

3 99.1% 99.3%

4 98.8% 99.2%

5 98.5% 99.1%

6 98.2% 99%

7 97.9% 98.9%

8 97.6% 98.85%

9 97.3% 98.8%

10 97.0% 98.7%

R=1I

By 1 L1p Nas
vk#l ﬁak = ﬁal = fa : Yp= / \/ﬂ e 2" -dt (241)
Vil Bo, = By, = B “

Table 10 shows the yield value Yp corresponding to a tolerance box T p with
Vi Bap = By, = —Pw = —3. Yp is given for different numbers of
parameters n,s and two different correlation values. For o = 0.0, (241) is
applied to compute Y, for g5, ; = 0.8, (237) is applied. The given correlation
value holds for all parameter pairs.

It can be seen that the yield Yz that corresponds to a tolerance box depends
on the dimension of the parameter space and on the correlations between para-
meters. This dependence is more pronounced for smaller tolerance boxes than
the one with By = 3 in Table 10.

From Figure 22 follows that a tolerance box represents the worst-case if
correlations are unknown. Then, a tolerance box and corresponding yield value
according to (237) seems to be appropriate. Usually, at least a qualitative
knowledge about parameters being rather uncorrelated or strongly correlated is
available. In that case, we are interested to use a tolerance class that does not
depend on the number of parameters and does not depend on the correlation
values. As the parameters or transformed parameters can be assumed to be
normally distributed, it is promising to apply the tolerance region that results
from the level contours of the probability density function, i.e. ellipsoids.

6.2.3  Tolerance Ellipsoid

The ellipsoid tolerance class reproduces the equidensity contours of normally
distributed parameters x5 ~ N (x50, C), which are ellipsoids determined by



Yield Analysis 119

Xs,2

— pdi = const

TS,E

> Xs,l

Figure 48. Ellipsoid tolerance region 75 r and equidensity contours of normal probability
density function pdf ;.

the quadratic form (24). Defining a tolerance class according to such an ellip-
soid, the ellipsoid tolerance region T f is:

Ts,E = {Xs ‘ (Xs - Xs,O)T . Cil : (Xs - XS,O) S ﬂ{%{/} (242)

Figure 48 illustrates the ellipsoid tolerance region T i for two parameters.
Ellipsoid tolerance regions are also the given tolerance regions in the realistic
worst-case analysis described in Section 5.2 and the general worst-case analysis
describe in Section 5.4.

In order to get to the corresponding yield Y, we apply the variable trans-
formation (58),

t=A"1 (x5 —xs0), (243)

and the ellipsoid tolerance region becomes:

TS,E:{t\tftgﬁ%V}:{t

Nas
>t <By } (244)
k=1
The transformed variable t is normally distributed with mean values of zero,
variances of one, and correlations of zero:

t~N(0,I) & tp~N(0,1), k=1,...,ngs (245)

As the random variables t; are independently and identically normally dis-
tributed, 32 = t7 -t = > £3 is x(chi-square)-distributed with n,; degrees
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Table 11. Yield values Y for an ellipsoid tolerance region T, i with 8w = 3 in dependence
of the number of parameters n.s according to (247) and (248).

Ngs YE
2 98.9%
3 97.1%
4 93.9%
5 89.1%
6 82.6%
7 74.7%
8 65.8%
9 56.3%
10 46.8%
15 12.3%
of freedom:
Nzs
2 2 2
F=> 16 ~ x. (246)
k=1

The x?(chi-square)-distribution has the following probability density function
and is tabulated in statistical handbooks and subroutines.

(5251 exp(— )

df » (8% = — (247)
p X%zs( ) 27 I“(ngs)
The yield value Yg corresponding to T g then is defined by:
O 2 2
Top © Yp= / pdf 2 (5)-dg (248)
0 xrs

From (247) and (248) we can see that the yield Yz that corresponds to an
ellipsoid tolerance region is independent of the correlation values of the nor-
mal distribution of the parameters, contrary to a box tolerance region. But
(247) and (248) also show that Yz depends on the dimension of the parameter
space, ngs.

Table 11 shows the yield value Y corresponding to a tolerance box T’ i with
Bw = 3 for different number of parameters. Obviously the yield Yz within
a tolerance ellipsoid determined by Gy strongly decreases with an increasing
number of parameters. This property is advantageous for the sampling proper-
ties of the normal distribution, as it adapts the spreading of sample elements to
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the dimension of the scanned parameter space. But this property is disadvan-
tageous for a tolerance class, where it is unwanted if a tolerance region refers
to different yield values depending on the number of parameters.

6.2.4  Single-Plane-Bounded Tolerance Region

The single-plane-bounded tolerance class cuts the parameter space in two
halves by a given single plane.

The motivation for this type of tolerance class is the consideration of a sin-
gle performance-specification feature. The previous tolerance class types are
restricted to reproducing the parameter distribution. Contrary to that, the single-
plane-bounded tolerance class considers both the parameter distribution and the
performance specification.

Note that the following considerations are similar to those done previously for
a worst-case analysis. Yet, there are differences and advances in the following
description.

In Sections 5.2 and 5.4, we started from a tolerance region of statistical para-
meters and computed worst-case performance-feature values. We illustrated
that the worst-case distance as an input determining the size of the tolerance
region relates to the yield partition of an individual performance feature (Sec-
tions 5.3 and 5.5). In the following, we will reverse the direction and start
from a performance-specification-feature value and relate it to a yield partition
value and corresponding size of tolerance region. While in Sections 5.2 and
5.4, usually the same tolerance region and corresponding worst-case distance is
given for all performance features, now different worst-case distances and yield
partitions will result for the individual performance-specification features. In
addition, as we start from a performance-specification feature, we will face four
cases that emanate from having a lower or upper performance-feature bound,
which may be violated or satisfied at the nominal parameter vector. Last not
least, the following description will be based on geometric considerations, while
Sections 5.2 and 5.4 were based on optimality conditions.

In the following, the case of a tolerance region that results from an upper
bound fi; on a single performance feature f is described. An index ¢ denoting
the performance feature is left out for simplicity. The single-plane-bounded
tolerance region Ts sp; and corresponding yield partition Ygp s are defined
by:

Tsspy = {xs|gh - (xs —xswv) <0} (249)

—Yspy = / . / pdfy (xs) - dxs
Ts,spu

= / . ./T ( < pdfy(xs) - dxs (250)
g (Xs—Xs,wu)S
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Figure 49. Single-plane-bounded tolerance region 7, s p,y and equidensity contours of normal
probability density function pdf ;.

Figure 49 illustrates a single-plane-bounded tolerance region for two para-
meters. Assuming a linear performance model,

f=fu+gh(xs—xswu) (251)

the normally distributed parameters x; ~ N (x5, C) are transformed into a
normally distributed performance feature:

o~ N(fu+g" (%0 = %swv),07) (252)
o7 = g -C-g (253)

From (251) follows that
f<fv & g (x—%swu) <0 (254)

In Figure 49, x, wy being an upper bound means that the gradient g points
from the border of T gpy away from the tolerance region Ts spy.

We can formulate an equivalent form of the single-plane-bounded tolerance
region Ts sp and corresponding yield partition Ygp 7 to (249) and (250) in
the space of the single performance feature f:

Tsspu = {xs| f(xs) < fu} (255)
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fu
o Yspo = [ pdt(r)-df (256)

—0o0

pdf is a normal probability density function with mean value and covariance
as given in (252) and (253).

Let us express the difference between the given bound f;; and the perfor-
mance value at X0, fo = f(Xs,0), as a multiple of the performance variance
o7 (253):

+Bwu o, fo<fu
- Bwu-or, fo=>fu

(257) considers that the nominal parameter vector X, o can be inside or outside
of the tolerance region T’ s p,iy according to (249). If x; o is outside of T's sp,i/,
then fp > fy and the difference is negative.

(256) can be reformulated for a standardized normal distribution with zero
mean and unity variance using (257):

Bwu  q 1

ol ~dt,  fo<fu
oo V2m

Yspu = (258)

- Bwu 1 _ % 2 @t -

- m € ) f 0= f U
The equivalence of (249) and (255) means that a single-plane-bounded tolerance
region T gpy corresponds to the acceptance region of a single performance-
specification feature, i.e. a single bound on a performance feature.

The equivalence of (250) and (258) means that the corresponding yield parti-
tion Ygp 7 can be evaluated based on the standardized normal distribution with
zero mean and unity variance.

The same considerations can be done for a lower bound on a performance
feature, starting from the corresponding formulation of the tolerance region,
Ts.spr = {Xs| gl (x5 — Xswr,) > 0}. The resulting yield partition is:

Bwr 1 L1

T e 2" -dt, fo>fL
PN s

Yspr = (259)

—-Bwr 1 12
e 2" -dt, fo<[L
—o V2T ’
From (258) and (259) follows that the worst-case distance gets a positive sign,
if the performance-specification feature is satisfied at the nominal parameter
vector, and gets a negative sign, if the performance-specification feature is
violated at the nominal parameter vector. Figure 50 illustrates the four cases

fo—fo=g" (xewv —Xsp0) = { (257)
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Figure 50. Single-plane-bounded tolerance regions 7Ts sp, 1., Ts,sp,u for a single performance
feature with either an upper bound (first row) or a lower bound (second row), which is either
satisfied (first column) or violated at the nominal parameter vector (second column).

that result from a lower or upper performance-feature bound violated or satisfied
by the nominal design.

Table 12 shows selected yield partition values Yg p for some selected single-
plane-bounded tolerance regions Tsp regardless if it originates from a lower
or upper performance-feature bound.

Obviously the single-plane-bounded tolerance class provides yield partition
values that can easily be evaluated using statistical tables and functions and that
additionally are independent of the number of parameters and of the variances
and correlations.
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Table 12. Single-plane-bounded tolerance region 7 sp and corresponding yield partition val-
ues Ysp according to (258) or (259).

Tssp =[—00, fwoy]  Ysp
[—o0, —1oy] 15.9%
[—o0, 0] 50.0%
[—o0, 1oy] 84.1%
[0, 20¢] 97.7%
[—o0, 307] 99.9%

The single-plane-bounded tolerance class is suitable if the performance spe-
cification is partitioned into the individual performance-specification features,
which leads to a partitioning of the parameter acceptance region as illustrated
in Figure 32.

It can also be shown that the single-plane-bounded tolerance region defined
by Gy determines a corresponding ellipsoid tolerance region. This is done in
the following.

Figure 49 indicates that there is an equidensity contour of the parameters’
probability density function that touches the plane (249) at a certain point, for
instance at xy. This means that the orthogonal on the quadratic form (24) at
xyy 1s parallel to g:

+A- g, f 0 < f U

1 -
C - (xswu — Xs0) = { g fo> o (260)

Inserting x, wu — X0 from (260) in the equivalence part of (257) results in:

A= Dwu 261)
of
Solving (260) for x, i — Xs,0 and inserting A from (261), and inserting the
resulting expression for x, wy — X0 into (24) results in

(xs w0 — X50)] - C™1 - (xswv — Xs50) = By (262)

(262) shows that the Sy -multiple of the difference between nominal perfor-
mance and performance bound corresponds to the tolerance ellipsoid touching
the given plane.

From Sections 5.2 and 5.5, it is known that the realistic and general worst-
case analysis, if they are based on the single-plane-bounded tolerance class,
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s,1

2~BW-01

Figure 51. Single-plane-bounded tolerance region T’ s p with corresponding worst-case para-
meter vector Xy, s p and worst-case distance By for two parameters. Sy denotes a £ times
the covariances tolerance ellipsoid. Tolerance box T’ g determined by /3w times the covari-
ances with corresponding worst-case parameter vector Xw, g and worst-case distance Bw, .

lead to a high accuracy of the approximated yield partition value of a single
performance-specification feature. Among the mentioned tolerance classes, the
yield value of a single performance-specification feature f; > fr ; or f; < fu;
is therefore geometrically optimally approximated based on a single-plane-
bounded tolerance region, i.e. according to Table 12.

6.2.5 Corner Worst Case vs. Realistic Worst Case

Corner parameter vectors obtained from a classical worst-case analysis on the
other hand resultin exaggerated robustness estimations. Figure 51 illustrates the
resulting worst-case parameter vectors and yield approximations of a classical
worst-case analysis and a realistic worst-case analysis.

A classical worst-case analysis is based on a tolerance box of parameters, the
corresponding quantities in Figure 51 therefore have the index B. A realistic
worst-case analysis is based on a single-plane-bounded tolerance region, the
corresponding quantities in Figure 51 therefore have the index S P.

Both types of worst-case analysis are based on a tolerance region refer-
ing to the same multiple of the respective parameter variances. The realistic
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Table 13. Exaggerated robustness Bw, g represented by a corner worst-case parameter vector
of a classical worst-case analysis, for different correlation Vi 0x,; = ¢ among the parameters,
and for different numbers of parameters ns.

0 — 0 0.3 0.6 0.9

l Ngs
2 4207 b.loy 6.70; 13.4oy

3 520y 6.10y T7.80y 15.50¢
4 6.00y 7205 9.50; 19.00f

Bw = 3oy

worst-case analysis starts from an ellipsoid determined by (Oy. This ellipsoid
is within a range of £y - 0}, around the nominal parameter values xg ;. The
combination of these intervals of the individual parameters determines the tol-
erance box T p of a classical worst-case analysis. Note that T g holds for any
correlation according to (37) and as illustrated in Figure 22(d).

Due to these initial tolerance regions, the resulting worst-case parameter vec-
tor xyy, g of a classical worst-case analysis will always refer to larger ellipsoid
and worst-case distance than the resulting worst-case parameter vector Xy, sp
of a realistic worst-case analysis:

Bw,s = B(xs,w,B) = Pw = B(Xs,w,5P) (263)

The robustness that is represented by a corner worst case therefore is always
more exaggerated than that represented by a realistic worst case. The degree of
exaggeration depends on the number of parameters, on the correlation and on
the correlation in relation to the performance sensitivity.

Table 13 illustrates how exaggerated the robustness represented by the corner
worst case can be. The underlying classical worst-case analysis has a tolerance
box +30;, around the nominal parameter vector, which refers to a worst-case
distance of By = 3 and a yield of Yy = 99.9% in a realistic worst-case
analysis.

The entry in the last row and last column for instance says that for 4 para-
meters and a correlation of 0.9 among the parameters, the corner worst case
obtained from a +30, may correspond to a safety margin of By p = 19.00,
which is excessive.
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6.3 Geometric Yield Analysis

Unlike a statistical yield analysis, which is based on statistical sampling of
the parameter space, a geometric yield analysis is based on an approximation
of the parameter acceptance region.

A geometric approximation of the parameter acceptance region is more easy if
a partitioning of the performance specification into the individual performance-
specification features is done. This partitioning of the performance specification
according to lower and upper bounds of individual performance features (123)—
(125) has been illustrated in Figure 32.

As before, we assume that the statistical parameters are normally distributed
or have been transformed into normally distributed parameters.

6.3.1 Problem Formulation

We can distinguish between four cases of a geometric yield analysis, which
arise because either a lower or an upper bound on the performance feature is
given, which is either satisfied or violated at the nominal parameter vector.

Figure 52 picks the lower bound f7, 1 of performance f; in Figure 32 and
illustrates the geometric analysis for the case that a lower bound fr, on a per-
formance feature f is given, and that the nominal design x, ¢ is inside the
parameter acceptance region partition. To simplify the description, the index ¢
denoting the :th performance feature will be left out.

Figure 52 shows the border of the parameter acceptance region partition
A, 1, which is generally nonlinear. This nonlinear border cannot be formu-
lated analytically due to the nature of performance functions in analog design.
An approximation of the border shall be formulated that determines its most
important point and the corresponding performance gradient.

As a larger ellipsoid corresponds to a smaller probability density value in
Figure 52, it becomes visible that the statistical parameter vectors outside of
the acceptance region partition A, 1, or just on the border of A, ;, differ from
each other concerning their probability density value. Among all points outside
or on the border of the acceptance region, there exists a point that has a maxi-
mum probability density value. The infinitesimal region around this parameter
vector has therefore the highest probability of occurrence among all parameter
vectors on the border. We call this distinguished parameter vector “worst-case
parameter vector” and denote it as X, yy ..

If the nominal design would violate the lower bound on the performance
feature, then the center x, ¢ of the ellipsoidal equidensity contours in Figure
52 would be outside of the parameter acceptance region partition, that means
on the non-gray side. In this case as well, there is a distinguished parameter
vector with highest probability of occurrence, but this time among all parameter
vectors inside or on the border of the parameter acceptance region partition.
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Figure 52. Geometric yield analysis for a lower bound on a performance feature, f > fr,
which is satisfied at the nominal parameter vector. Worst-case parameter vector X, w r, has the
smallest distance from the nominal statistical parameter vector X, o measured according to the
equidensity contours among all parameter vectors outside of or on the border of the acceptance
region partition A, . The tangential plane to the tolerance ellipsoid through x wr, as well as
to the border of A, 1, at X w1, determines a single-plane-bounded tolerance region A .

Therefore, a basic formulation of a geometric yield analysis is to compute
the worst-case statistical parameter vector among all parameter vectors which
are outside or on the border of the acceptance region partition, if the nominal
parameter vector satisfies the considered performance-specification feature (i.e.
is inside the acceptance region partition), or which are inside or on the border
of the acceptance region partition, if the nominal parameter vector violates the
considered performance-specification feature (i.e. is outside the acceptance
region partition):

Xs,0 S AS,L/U : maxpdi(XS) s.t. X5 € AS,L/U (264)
X0 € /_157,;/(] : maxpdfy(xs) st Xs € Agpu (265)

Generally, (264) and (265) may have several solutions. In practice, a unique
solution as illustrated in Figure 52 can be observed for most performance fea-
tures. Exceptions are for instance mismatch-sensitive performance features for
which (264) and (265) often lead to two worst-case parameter vectors for each
mismatch-producing transistor pair, which are nearly symmetrical on both sides
of the nominal parameter vector. This special case requires special solution
algorithms.

Due to the presence of range-parameter tolerances, the constraints in (264)
and (265) have to be worked out in more detail. According to (123) and (124),
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the parameter acceptance region partition of a performance-specification feature
is defined as the set of those statistical parameter vectors, for which all range-
parameter vectors satisfy the corresponding bound. For a lower performance-
feature bound, this means that even the smallest performance-feature value that
is obtained over all range-parameter vectors in their tolerance region must be
greater than the lower performance-feature bound. For an upper performance-
feature bound, it means that even the largest performance-feature value that is
obtained over all range-parameter vectors in their tolerance region must be less
than the upper performance-feature bound:

f > fL : Xs € As,L < min f(X57Xr) > fL (266)
XrEly
f < fU : Xs € AS,U - mgj}"( f(X57Xr) < fU (267)

The parameter non-acceptance region partition of a performance-specification
feature is complementary to the acceptance region and was defined as the
set of those statistical parameter vectors, for which a range-parameter vec-
tor exists that violates the corresponding bound (131) and (132). For a lower
performance-feature bound, this means that already the smallest performance-
feature value that is obtained over all range-parameter vectors in their tolerance
region is less than the lower performance-feature bound. For an performance-
feature upper bound, it means that already the largest performance-feature value
that is obtained over all range-parameter vectors in their tolerance region is
greater than the upper performance-feature bound:

f > fL : Xs € AS,L ~ melg f(X$7X'I‘) < fL (268)
< fu: Xs € A_S,U g mgj)ﬁ f(xs,%r) > fu (269)

(266)—(269) are inserted into (264) and (265) to produce the problem formu-
lation of geometric yield analysis for the four cases of a lower/upper bound
that is satisfied/violated at the nominal statistical parameter vector. At the same
time, we replace the maximization of the probability density function by the
equivalent problem of minimizing /3, which determines the equidensity contour
according to (24).

f>frandxso € Agr:  min ﬁ2(xs) s.t. min f(xs,x,) < fr,  (270)

Xs, Xrp xr €Ty

f>frandxsp € Agr:  min G%(x) st min f(xg,%x,) > fr (271)

Xs, X xr €T

f<fvandxso€ Ay  min [%(x) st. max f(xs, %) > fu  (272)

Xs,Xr xrE€T

f<frandxso € Agy: min F%(x) st max f(xs,%x,) < fu  (273)

Xy Xr xr €Ty
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ﬁQ(XS) = (x5 — Xs’o)T .C7L. (x5 — X5,0) (274)

[ represents the distance of a statistical parameter vector from the nominal
parameter vector, measured as a weighted /5-norm according to the equidensity
contours of pdf,. The solution of (270)-(273) leads to worst-case distances
Bw /v which are the basis of a geometric approximation of the yield partitions
and yields analogous to Sections 5.5 and 6.2.4.

(270)—(273) present the problem formulation of geometric yield analysis in
the form of two nested nonlinear optimization problems. The outer optimization
problem formulates the computation of the statistical parameter vector that can
be seen from the nominal parameter vector on the other side of the border of
the acceptance region partition and that has minimum weighted distance. The
objective function is quadratic in the statistical parameters.

The inner optimization problem considers the range parameters that deter-
mine the border of the acceptance region in the space of statistical parameters.
It is a single constraint with a nonlinear objective function. In what follows
we assume the usual box constraints for the range parameters (8). Then, the
inner optimization problem corresponds to a classical worst-case analysis as
described in Section 5.1. The difference to a classical worst-case analysis is
the nonlinear performance function in the constraints of (270)—(273).

An analytical solution of problems (270)—(273) cannot be formulated. The
solution is computed based on numerical optimization, for instance with a
deterministic approach based on Sequential Quadratic Programming. In the
following, we will prepare a solution approach and properties of the solution.

6.3.2 Lagrangian Function

The Lagrangian functions of (270)—(273) will be formulated according to
Appendix C. As there are two encapsulated optimization problems, we will
formulate two encapsulated Lagrangian functions.

In (270)—(273), the inner worst-case analysis problem minimizes the perfor-
mance feature if a lower bound is specified, and maximizes the performance
feature if an upper bound is specified. This leads to two Lagrangian functions
for the inner optimization problems of (270)—(273):

Lr,0(Xs, X, A1, A2) = f(Xs,Xy)

AL (% = XpL) =AY (ou = %) (275)
Lru(Xs, X, A1, A2) = —f(xs, %)

AT (xp = x0p) = AL (xp — x,) (276)

As mentioned, we have assumed box constraints for the range parameters (8).
(275) applies in (270) and (271), (276) applies in (272) and (273). The negative
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sign of the performance function in (276) results from replacing “max f” in
(272) and (273) by “— min — f.” The Lagrangian functions of (270)—(273) can
now be formulated as follows:

f>frandx,p € A L(X6,Xr, A, A1, A2) (277)
= 52(xs) = A (fr = L1,0(%5:%r, A1, X2))
f>frandxso € Agr 0 L(Xs,Xr, A, AL, A2) (278)
= B2(xs) + A+ (fL — L1,0(Xs,Xr, A1, A2))
f<foandxso € Asy: L(Xs,%Xr, A, AL, A2) (279)
= 2(xs) + A+ (fu + Lru(xs, %, A1, A2))
f<frandxso € Ay L(Xs, %X, A AL A2) (280)

= B (xs) — A+ (fv + L1.v(Xs, X, A1, A2))

6.3.3  First-Order Optimality Condition

We will formulate the optimality conditions of (270) and (277) respectively.
The other three cases can be formulated analogously.

The first-order optimality condition describing a stationary point of (277) and

asolution of (270), Xs wr, Xr, WL, AW L, At,wL, A2,wr and By, = B(xswr)
is:

f > fL and Xs,0 € AS,L :

2C - (%o wr — Xs0) + Awr - VL L(Xswr) = 0 (281)
————
Vf(xswr)
Awr - (fo — Lro(XswrXewi, AiwL, A2wr)) = 0 (282)

f(XswrL,XrwrL)

melgl“ f(Xs,WLa Xr‘) < fL (283)

VLrL(XrwL)
Awr - (Vi&ewr) —Awr +Aewr) = 0 (284)
kE=1,....n2: Mwrk- (@rwrir—Trrr) = 0 (285)
E=1,...,n2r: Xowrk- (Trur —Trwrr) = 0 (286)

Xr < Xewr < Xeuyo (287)
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(281) results from the condition that VL(xs) = 0 must hold for a stationary
point of the outer optimization problem. (284) results from the condition that
V L(x,) = 0 must hold for a stationary point of the inner optimization problem.

(282) represents the complementarity condition of the outer optimization
problem, (285) and (286) represent the complementarity condition of the inner
optimization problem.

(283) is the constraint of the outer optimization problem, (287) is the con-
straint of the inner optimization problem.

Vixswr) = 2L and V f(xrwi) = 2L hold.

Xs,WLXr,WL Xs,WLXr,WL

Note that (281) and (282) are very similar to the first-oder optimality condi-
tion of the general worst-case analysis (190) and (191). And that (284)—(286)
have nearly the same form as the first-oder optimality condition of the classical
worst-case analysis (153) and (155).

We can verify by contradiction that the constraint (283) is active at the
solution, i.e. f(Xswr,Xrwr) = fr. If this constraint would be inactive
at the solution, then A\y;, = 0. Using (281), then x, w1, = X0 would be
the solution. It follows that f(xswr,X,wr) = f(Xs0,%Xrwr) < fr would
hold, which is a contradiction to the initial situation that the nominal statistical
parameter vector is satisfying the performance-feature bound. Therefore, the
constraint (283) is active at the solution in all cases (277)-(280), i.e.:

Awrjp > 0 (288)
f&swrvsXewrw) = fru (289)

6.3.4 Second-Order Optimality Condition

The second-order optimality condition requires the Hessian matrix of the
Lagrange function V2L (xs wr,Xrwr). V2L(Xswr,Xrwr) of (270) and
(277) respectively in the case f > fr and x,9 € A, 1, is:

8%L o%L

2 Ox2 Oxs0X,
v E(XS,WL7 XT,WL) = 82[: 82£
Ox50%y ox2

Xs,WLXr,WL

2
2C !+ M\ - V2 f(xewr) Awe - 7@,28];7‘
_ Xs,WL»Xr,WL (290)

2
AWL* g Awr - V2 f (% wr)

Xs,WL>Xr, WL

. 2
Nonnegatlve curvature of ng at the worst-case parameter vector for uncon-

strained directions describes that the performance function is bounded below
with respect to the range parameters. This is required for the existence of a
border of the acceptance region A as defined in (123).
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X s,A
vic (x5,4): indefinite

X s,WL
vic (Xg,w1): Ppositive definite
L pdf, B = const

> X

s,1

Figure 53. Two stationary points x, 4 and X, w of (277), which satisfy the first-order opti-
mality condition. Only x w satisfies the second-order optimality condition and is therefore a
solution of (270).

2L
ox2
unconstrained directions corresponds to the relation between the curvature of
the tolerance ellipsoid of the statistical distribution and the curvature of the
border of the acceptance region. For X, 7, to be a minimum of (270), the cur-
vature of the tolerance ellipsoid has to be stronger than the curvature of the
border of the acceptance region as in the example in Figure 52.

Figure 53 shows another example. Both parameter vectors x5 4 and X, w1,
satisfy the first-order optimality condition, but only x; yy, satisfies the second-
order optimality condition as well. In x, 4, the curvature of the border of the
acceptance region is stronger than the curvature of the corresponding tolerance
region. Therefore, this tolerance region is not a subset of the acceptance region,
and there are points inside this tolerance region but outside of the acceptance
region for which the probability density value or the corresponding § value is
larger than at x; 4. Therefore, x; 4 is not a solution of (270).

Note that there is a third stationary point of (277) in Figure 53, where the
thin circle touches the border of the acceptance region. This point satisfies the
second-order optimality condition and is a local minimum of (270). A similar
situation will occur for locally varying mismatch-producing parameters. From
a deterministic optimizer starting from x o can be expected that it will find
the global minimum X, w7, as Xg wp is closer to X, due to the problem
formulation. But as there is no guaranty for that and as we might be interested
to know all local minima, suitable measures have to be taken.

Nonnegative curvature of at the worst-case parameter vector for
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6.3.5 Worst-Case Range-Parameter Vector

We can formulate the worst-case range-parameter vector X,y 7, based on
(284)—(287). Due to (288), Ay, can be eliminated from (284). (284)—(286)
then have the same form as (153)—(155) of a classical worst-case analysis.

If the worst-case range-parameter vector is in a corner of the tolerance region
T, it can therefore be formulated by replacing the performance gradients at
the nominal parameter vector with the performance gradients at the worst-
case parameter vector in the corresponding equations (158) and (159) from the
worst-case analysis in Section 5.1. The components of the worst-case parameter

vector X,y /v = [+ - TrwLjUk - - .]* then are determined by:
Trrk, Vf(@nwrk) >0
Tr WLk = o T (291)
" { vk, Vi(@,wrk) <0
Tk, Vf(@wur) >0
Tr WUk = o T (292)
" { Trrk,  Vf(@wur) <0

(291) and (292) can be applied to save computational cost of the iterative
solution of (270)—(273). Towards that, the worst-case range-parameter vector
is initialized based on (291), (292) and on the performance-feature gradient at
the nominal parameter vector. This initial worst-case range-parameter vector
is not included in the Sequential-Quadratic-Programming solution of (270)—
(273). A monitoring of the gradients with regard to the range parameters is
applied instead to iteratively update the worst-case range-parameter vector. It
has turned out in practice that this partitioning of the solution of (270)—(273)
leads to a saving in computational cost due to the often plain behavior of the
performance function with respect to range parameters.

6.3.6 Worst-Case Statistical Parameter Vector

From (281) follows in the case f > fr and x50 € A, 1 :

A
X WL — Xs,0 = —% -C-Vf(xswr) (293)
Inserting (293) in (274) leads to:
AL T 2
= Vfxswr)” - C-VExswi) = By
AW L BwL

- 294
2 Vixswp)T-C-Vf(xswr) (294)

Inserting (294) in (293) yields the formulation of the statistical worst-case para-
meter vector for the case of a lower performance-feature bound that is satisfied
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at the nominal parameter vector. The other cases are obtained analogously,
starting from the Lagrangian functions (277)—(280).

f = frand Xs,0 € As,L , [ < fvand Xs,0 € AS,U : (295)
- —Bwru
7 \/vf<xs,WL/U)T'C'vf(xs,WL/U)

Xs,WL/U — Xs -C-Vf(xswr/uw)
f>frandxso€ Asp , f< fuandx,o€ Ay : (296)

_ +Bwrju
0 =
\/Vf(xs,WL/U)T'C'vf(xs,WL/U)

X WL/U — Xs -C-Vf(xswr/uv)

Note that (295), (296), which describe the worst-case statistical parameter vec-
tors of a geometric yield analysis, are identical to (194), (196), which describe
the worst-case statistical parameter vectors of a general worst-case analysis.

6.3.7 Worst-Case Distance

The worst-case statistical parameter vector X,y y describes a tolerance
ellipsoid according to (274):

5§VL/U = B (xswiw) = Xswiw — Xs,O)Tcil(Xs,WL/U —Xs0) (297)

The worst-case distance ﬂ%/ LU determines the maximal tolerance ellipsoid of

statistical parameters that touches the boundary of the parameter acceptance
region for the considered performance-specification feature, i.e. performance-
feature bound. In Figure 52, this tolerance ellipsoid is marked with an increased
line thickness.

The linearization of the performance-feature function at the worst-case para-
meter vector is:

f(WL/U) (XS) = fL/U + Vf(XS’WL/U)T : (XS - XS,WL/U) (298)

From (298) we obtain:

~Vfxewrw)' Xewrw —Xs0) = FVEH D (x,0) = frp (299)
Inserting (295) or (296) in (299) leads to
f>frandxso € Asr , [ < fuandxsg € Az :
FWEO) (x,0) = frj0

\/Vf(Xs,WL/U)T -C-Vf(xgwrw)

(300)

Bwru
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Vixswrw)' - (Xs0 = Xswrv)

0 f(WL/U)

f > fL and Xs,0 € /_157[/ , f < fU and Xs,0 € AS,U :

_ f(wWL/U)
Bwrju = fopo =1 (xs0) (301)

\/vf(xs,WL/U)T -C-Vf(xswr/v)

Vixswrw)' - Eswiw —Xs0)
O FwL/)

Note that (300) and (301), which describe the worst-case distance from a
geometric yield analysis, are identical to the worst-case distance from a single-
plane-bounded tolerance region (257), and are identical to the worst-case
distance from a general worst-case analysis (200)—(203).

In all cases, a worst-case distance is defined as a multiple of a performance
standard deviation o fwr). Specifically, it is the standard deviation of the
linearized performance at the worst-case parameter vector.

Moreover, (300) and (301) show that a change in the worst-case distance
consists of two parts. On the one hand, the distance between the performance-
feature bound and the nominal performance value has to be changed according
to the nominator in (300) and (301). This corresponds to performance centering
as described in Sections 2.4 and 2.5. On the other hand, the performance
sensitivity with regard to the statistical parameters has to be changed according
to the denominator in (300) and (301). The appropriate combination of both
parts constitutes yield optimization/design centering. Note that we are aiming
at increasing the worst-case distance if the nominal parameter vector is inside
the parameter acceptance region partition, and that we are aiming at decreasing
the worst-case distance if the nominal parameter vector is outside the parameter
acceptance region partition.

6.3.8 Geometric Yield Partition

Based on the worst-case parameter vector according to (295), (296) and
the performance-feature function linearized at the worst-case parameter vector
(298), an approximation A/S LU of the parameter acceptance region partition
(123), (124) is given (Figure 52).

This approximation corresponds to the single-plane-bounded tolerance class
according to (258) and (259). Therefore, the worst-case distance either accord-
ing to (297), using the worst-case parameter vector according to (295), (296),
or according to (300), (301), using the performance-feature function linearized
at the worst-case parameter vector (298), is directly related to the yield partition



138 ANALOG DESIGN CENTERING AND SIZING

for one performance-specification feature:

MO LR g ) € A
e 2" - dt, i(Xs50) € ;
o \/% 7 5,0 S,L/U,Z

Yo = (302)

/_ﬂm/w L o3 dt, fixeo) £ A
e 2" -dt, fi(x ;
. \/ﬂ i\ Xs,0 s,L/Uyi
A 1ju,; are defined according to (123) and (124).

The corresponding yield values can be obtained from statistical tables or
functions. Some values are given in Table 12. The accuracy of this geometric
yield partition has been described for the general worst-case analysis in Section
5.5. In summary, the following can be stated about the accuracy of the geometric
yield approximation with respect to one performance-specification feature:

m According to practical experience, the absolute yield error is around 1%-3%.
m The larger the actual yield value is, the smaller is the approximation error.

m The weaker the curvature of the true border of the specification-feature
parameter acceptance region is compared to the curvature of the equiden-
sity contours of the parameter distribution, the higher is the approximation
quality.

m The worst-case distance inherently is suitable for yield values beyond 99.9%.

= Among all tangential planes of the parameter acceptance region partition,
the one in the worst-case parameter vector provides a greatest lower bound
or least upper bound on the yield partition approximation.

6.3.9 Geometric Yield

A geometric yield analysis is done for each individual performance-specifica-
tion feature. As a result, for each individual performance-specification feature,
a worst-case parameter vector, a worst-case distance, a performance-feature
function linearization and an approximate yield partition value are obtained.

For an operational amplifier like that in Figure 3, Table 14 shows five perfor-
mance features with an either lower or upper bound, the nominal performance
feature values and the worst-case distances for each of the five performance-
specification features, which result from a geometric yield analysis.

While itis not possible to judge whether a performance safety marginof 11d B
for the gain is better or worse than a performance safety margin of 37M H z for
the transit frequency, the worst-case distances computed through a geometric
yield analysis immediately show that a worst-case distance of 2.5 for the gain
means less robustness than a worst-case distance of 7.7 for the transit frequency.

Figure 54 shows the worst-case distances as a chart. The left axis in Figure 54
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Table 14. Geometric yield analysis of an operational amplifier.

Performance Specification  Nominal Worst-case
feature feature performance  distance
Gain > 65dB 76dB 2.5
Transit frequency > 30M Hz 67TMHz 1.7
Phase margin > 60° 68° 1.8
Slew rate > 32V /us 67V /us 6.3
DC power < 3.5uW 2.6uW 1.1
Y = 82.9%

Bwi,i [0F] A A YUy,
7.0
6.0
5.0
4.0 99.99%
3.0 99.9%
2.0 97.7%
1.0 .E 84.1%
0.0 T T T T « 50%

Gain Transit  Phase Slew DC
Frequ. margin rate power

Figure 54. Worst-case distances and approximate yield values from a geometric yield analysis
of the operational amplifier from Table 14.
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Xs,2
t ,— pdf, B = const

AV
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AS

Xs,WL,2
> X
s,1

Figure 55. Parameter acceptance region A, (gray area) originating from four performance-
specification features, f1 > fr,1, f1 < fu1, fo 2> fr,2, fo2 < fu,2 (Figure 32). A geometric
yield analysis leads to four worst-case parameter vectors Xwr,1, Xwu,1, Xwr,2, Xwu,2 and
four single-plane-bounded tolerance regions. The intersection of these single-plane-bounded
tolerance regions forms the approximate parameter acceptance region A’ (linen-pattern-filled
area).

is scaled according to the worst-case distances. The unit is o 7» as a worst-case
distance represents the performance safety margin as a multiple of the standard
deviation of the linearized performance feature (298). The right axis in Figure
54 is scaled according to the yield partition value (302).

Figure 54 illustrates that the performance features gain, phase margin and
DC power have relatively small worst-case distances leading to yield losses.
The smallest worst-case distance with 1.1 is that of the DC power. Design
centering obviously has to increase all these worst-case distances as much as
possible, especially the smallest one.

The overall yield cannot be larger than the smallest yield value of the perform-
ance-specification features. The overall yield can be approximated by using the
intersection of the parameter acceptance regions of the individual performance-
specification features. This is illustrated in Figure 55. A Monte-Carlo analysis
using the approximate parameter acceptance region A/, can be performed at no
additional simulation cost and is therefore very fast. The yield is approximated
as given in the last row of Table 14. This value has been confirmed with a 2%
accuracy by a Monte-Carlo analysis based on numerical simulation.
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Practical experience shows that a geometric yield analysis requires k' =
1...7iterative steps of an SQP-based solution algorithm. In each iteration step,
a sensitivity analysis has to be performed, whose complexity is proportional to
the number of parameters n,,. As sensitivity analyses have to be done for each
performance-specification feature, the total number of analyses is proportional
to the number of performance features 7 5.

Overall we have for a geometric yield analysis:

Accuracy ~ 3%
Complexity ~ k-ny-ngs

Compared to a Monte-Carlo analysis, the accuracy depends on the curvature of
the performance function in the worst-case parameter vector.

The complexity depends on the number of parameters and the number of
performance-specification features.

For problems with around 50 parameters, a whole yield optimization/design
centering process based on geometric yield analyses can be done at the cost of
one Monte-Carlo analysis.

6.3.10  General Worst-Case Analysis/Geometric Yield Analysis

In Sections 4.7 and 4.8, the input and output quantities of a worst-case ana-
lysis (see Figure 28 and (112)) and a yield analysis (see Figure 33 and (140))
have been discussed. In Sections 5.4 and 6.3, the general worst-case analysis
and the geometric yield analysis have been formulated and analyzed.

Based on the probability density function of statistical parameters, on a toler-
ance region of range parameters and on a nominal parameter vector, the general
worst-case analysis basically maps a worst-case distance onto worst-case per-
formance values:

General worst-case analysis: Sw —  fwrw, 1=1,...,nf (303)

The worst-case distance corresponds to a minimum yield value based on the
single-plane-bounded tolerance class (Section 6.2.4). The geometric yield ana-
lysis has the same basis as the general worst-case analysis and basically maps
performance-specification features onto worst-case distances:

Geometric yield analysis: fyrv; — Bwrwi, 1=1,...,np (304)

The obtained worst-case distances are transformed into performance-
specification-feature yield values based on single-plane-bounded tolerance class
(Section 6.2.4). Both the general worst-case analysis and the geometric yield
analysis additionally compute worst-case statistical parameter vectors and worst-
case range-parameter vectors. Obviously, the general worst-case analysis is the
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Performance-Specifi-

cation-Feature Yields YL Ui

Single-Plane-Bounded
Tolerance Class

Worst-Case Distances BWL Ui

Worst-Case Parameter Vectors

Geometric Yield Analysis
SISA[BUY 3S8)-)SI0AN [€IUIN)

X WL/U X WLU
Performance-Specifi-/  Worst-Case
cation Features /Performance Values
f . = f
L/U,i WL/U,i
i=1,..,n;

Figure 56. General worst-case analysis and geometric yield analysis as inverse mappings
exchanging input and output.

inverse mapping of the geometric yield analysis. This mapping is bijective if
the worst-case parameter vectors are unique. Figure 56 illustrates the inverse
character of the two tasks, where the output worst-case performance values of a
general worst-case analysis turn into input performance-specification features
of a geometric yield analysis.

6.3.11 Approximate Geometric Yield Analysis

An iterative deterministic solution algorithm for a geometric yield is start-
ing from a sensitivity analysis of the performance features with regard to the
parameters at the nominal parameter vector.
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An approximate geometric yield analysis could be performed by restriction
to this first step. This compares to a general worst-case analysis, where the first
step corresponds to a realistic worst-case analysis.

6.4 Exercise

= Given is the example of Section 5.6 with a single performance function of
two parameters:
f=ms1- w52 (305)
f could be for instance the time constant of the RC circuit in Chapter 2. The
nominal parameter vector is:

x50 =[11]" (306)
The parameters are normally distributed with the covariance matrix:
C= [ 0'022 O%Q ] (307)
Two performance-specification features are given:
f=zfL=05 (308)
f<fuv=20 (309)

Perform a geometric yield analysis for the two performance-specification
features. Apply the optimality conditions (Appendix C) to calculate a
solution.

m Given is the following single performance function of two parameters:

1
f=aia g (310)
The nominal parameter vector is:
x50 =[00]" (311)
The parameters are normally distributed with the covariance matrix:
10
C = [ 01 ] (312)

One performance-specification feature is given:
f<fu=1.0 (313)

Perform a geometric yield analysis. Apply the optimality conditions
(Appendix C) to calculate a solution. Check the positive definiteness of
V2,C(XT7W 1) and the second-order optimality condition (290) to verify the
solution.



Chapter 7

YIELD OPTIMIZATION/DESIGN CENTERING

In this chapter, the problem formulation of yield optimization/design center-
ing of Section 4.8.5 will be further developed. Two basic directions to approach
yield optimization/design centering will be explained.

The first approach is based on a statistical yield analysis with a Monte-Carlo
analysis described in Section 6.1. The gradient and the Hessian matrix of the
statistically determined yield with regard to the nominal values of statistical
parameters will be derived [8, 11, 10]. The statistical yield gradient and Hes-
sian is calculated based on the results of a Monte-Carlo analysis and enable a
Newton-type deterministic solution approach to statistical-yield optimization.

The second approach is based on a geometric yield analysis described in
Section 6.3. The gradients of the worst-case distances, which result from a
geometric yield analysis, with regard to any parameter will be derived [6].
Worst-case distances and their gradients lead to a geometric-yield optimization
approach, which can be solved with multiple-objective optimization methods
developed for nominal design.

7.1  Statistical-Yield Optimization
7.1.1  Acceptance-Truncated Distribution

Figures 18 and 46 illustrated that the probability density function of statistical
parameters is truncated by the acceptance function (134). All those parts of the
probability density function are cut away which correspond to parameter vectors
that violate at least one of the performance-specification features according
to (127), (128), or (131), (132). The resulting truncated probability density
function pdfy is not a normal distribution:

1
pdfs(xs) = v 0(xs) - pdf(xs) (314)
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The factor % makes pdf; satisfy (15):
L2520 pdfs(xs) - dxs = &+ [T [T (%) - pdf(xs) - dxs =+ Y =1

The mean value x;, o 5 and the covariance matrix 05 of the truncated probability
density function pdf; can be formulated according to Appendix A:

1 o0 o0
Xs05 =  E{xs}= v // X - 0(xg) - pdf(xs) - dxs  (315)
pdf —00 J—00
05 = E {(XS - Xs,0,5) ’ (Xs - XS,O,(S)T}
pdf;

1 [® 0o
= Y/ e / (XS_XS,O,(S)(XS_Xs7075)T6(XS)pdf(XS)dXS (316)

An estimator of the mean value 2370,5 and an estimator of the covariance

matrix 65 of the truncated probability density function pdf; can be formulated
according to Appendix B:

1 nypc ( ) ( )
X = 1Y . x
X50,6 -~ > a(x) - x| (317)
pn=1
~ nypc
Cs = ot 2 G o)l Reos)” (19
=
nypc .
Nok — Z(S(Xé“)):YnMC%YnMC (319)
pn=1

These estimators can be computed within a Monte-Carlo analysis according to
Section 6.1.

7.1.2  Statistical Yield Gradient

The gradient of the statistically estimated yield with regard to the nominal
statistical parameter vector VY (x; ) can be calculated in the following way:

(137) +oo  p+o00
VY (x5,0) = e d(xs) - Vpdfy(x50) - dxs (320)

(A1) E{ 5(xs)

m - Vpdf y (Xs,o)} (321)
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+o0
28)(24 / (5 (x5)C 1 (x4 — X,0)pdfy (x5)dxs  (322)

[ / - / L 3(xs) - pdfy (xs) - dxs

“+o00
—Xs0 / (5 (xs) - pdfy(xs) - dxs| (323)

= c L. Y X506 —Xs,0- Y]

VY (x5,0) = Y- C (%605 — Xs0) (324)

X,,0,5 denotes the mean value of the truncated probability density function pdf;
according to (315).

From (324), the first-order optimality condition for a yield maximum Y* =
Y (x},) follows immediately:

X50 = X505 (325)

(325) says that the optimal yield is achieved when the mean value of the trun-
cated probability density function equals that of the original probability density
function.

The mean value of a probability density function can be interpreted as the
center of gravity of the mass represented by the volume under the probability
density function. The first-order optimality condition (325) can therefore be
interpreted in the sense, that the truncation of the probability density function
due to the performance specification does not change the center of gravity
in the optimum. This is the motivation for the term design centering. In the
optimum nominal statistical parameter vector x;‘707 5- the design is centered with
regard to the performance specification in the sense that the center of gravity
of the probability density function is not affected by the truncations due to
the performance specification. Design centering means to find a sizing which
represents an equilibrium concerning the center of gravity of the manufactured
and tested “mass.”

Note that a centering of the performance-feature values between their bounds
is not a centered design according to this interpretation. Note also that geomet-
rically inscribing a maximum tolerance ellipsoid in the parameter acceptance
region neither is a centered design according to this interpretation.

Figure 57 illustrates the situation before and after having reached the equi-
librium concerning the centers of gravity of original and truncated probability
density function for two statistical parameters. Those parts of the equidensity
contours that belong to the truncated probability density function are drawn
in bold.
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s,2 * *
xs,O = X508

(. pdf, B = const

X

s,1

(2) (b)

Figure 57. (a) Statistical-yield optimization before having reached the optimum. Center of
gravity Xs,0,5 of the probability density function truncated due to the performance specification
(remaining parts drawn as bold line) differs from the center of gravity of the original probability
density function. A nonzero yield gradient VY (xs,0) results. (b) After statistical-yield opti-
mization having reached the optimum. Centers of gravity of original and truncated probability
density function are identical.

The center of gravity x, o 5 of the truncated probability density function is
estimated by (317). It can be imagined as the point where the mass of the
volume under the truncated probability density function can be balanced.

The gradient VY (x, ) according to (324) has been drawn using the property
that it is tangential to the equidensity contour through x; ¢ s:

(24)

C 1 (%406 — Xs0) (326)

7.1.3  Statistical Yield Hessian

In the same way as the gradient, the Hessian matrix of the yield with regard
to the nominal statistical parameter vector V?Y (x5 ) can be calculated:

5 (137) 400 ptoo )
V%Y (xs0) = . d(xs) - Vpdfy(xs0) - dxs  (327)

The second-order derivative of the probability density function with regard to
X,,0 can be calculated based on (23), (24) and using the first-order derivative
in (322):

V2pdfy (xs0) = C ! (xs — X40) - Vpdfy (xLo) — C" - pdfy (xs)
= [C*l(xS — X50)(xs — X50) CT — Cfl} pdf \ (x5)

= C7! (x5 — X50) (x5 — X50)7 — C] C'pdfy(xs) (328)
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We insert (328) into (327) and extend the terms X, — X to (X5 — X50,5) +
(Xs 0,0 — Xs 0):

V Y Xg 0
[/ / 0(xs) —x57075)+(xs,oyg—xs,o)][”]Tpdi(xs)dxs — YC] c™' (329)

Using (315), (316) and (A.12)—(A.14), we obtain from (329) the Hessian matrix
of the yield with regard to the nominal values of statistical parameters:

VY (x50) = YC! [Cs + (X506 — Xs,0) (X506 — Xs0)” — C] C*(330)

X,,0,6 denotes the mean value of the truncated probability density function pdf;
according to (315), and C; denotes the covariance matrix of the truncated
probability density function pdfs according to (316).

X, 0,6 and Cs can be estimated as part of a Monte-Carlo analysis using (317)
and (318).

From (330) and the first-order optimality condition (325), the necessary
second-order optimality condition for a yield maximum Y™* = Y(X:,o) follows
immediately:

C;s; — C is negative semidefinite (331)

(331) says that the yield is maximum if the variability of the truncated prob-
ability density function is smaller than that of the original probability density
function. This expresses the property that the performance specification cuts
away a part of the volume under the probability density function, and does this
still in the optimum.

7.1.4  Solution Approach to Statistical-Yield Optimization

Based on the statistical gradient and Hessian matrix of the yield, (324) and
(330), a quadratic model of the yield with respect to the nominal values of
statistical parameters can be formulated:

YO U™ = ¥(xe0) + VY (xs0) - (x5 — x40)

+ (Xg%em) —x50)7 - V?Y (x40) - (xg%emt) —x50) (332)

N | =

(332) has a stationary point according to Appendix C, where VY (2) (xi%em)) =

0 holds:
VYOG =0 0 VY (xs0) + VY (xs0) - (x5 = x50) = 0(333)
The solution of this equation system produces a search direction

r=x{" —x.0 (334)
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for a Newton-type optimization approach. In the case that V2Y (xs0) is not
positive semidefinite, special measures have to be taken. Such measures are:

m Ignore the Hessian matrix and use the gradient as search direction.
= Switch the signs of the negative eigenvalues of the Hessian.
= Bias the diagonal of the Hessian matrix in positive direction.

The quadratic model (332) reflects the behavior of the yield in a limited range
of parameter values. To cope with the limited accuracy of the quadratic model,
a line search along r is performed in a Newton-type optimization approach. It
results in a new parameter vector:

x5 = x,0+a-r (335)
At the new parameter vector, another quadratic model according to (332) is
computed, and the process described above restarts. This process is iteratively
repeated until convergence is achieved.

For the line search, a quadratic model of the variance of the yield estimator
with respect to the nominal values of statistical parameters can be formulated
[8, 10]. An increase in the variance of the yield estimator goes together with
the predicted yield improvement. At a certain point, the yield improvement that
can be predicted with a required confidence reaches a maximum. This point
can be used to determine the step length in (335).

7.1.5 Tolerance Assignment

For an optimization of yield by tuning of the covariance matrix, i.e. tolerance
assignment (Section 4.8.6), the derivative of yield with respect to the covariance
matrix, VY (C) is required:

1
VY (C) = 3 V2Y (x4,0) (336)
A solution approach to tolerance assignment based on (336) is presented in [11].

7.1.6  Deterministic Design Parameters

The yield optimization/design centering based on (324) and (330) works if
the design parameters are at the same time statistical parameters. If design
parameters have a deterministic character, a statistical estimation of yield by a
Monte-Carlo analysis does not lead to yield derivatives.

A crude solution in that case would be a finite-difference approximation by
repeated Monte-Carlo analyses:

Y (x)) — Y(xq)

/
X, — Xd

VY (x4) & (337)
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Computing the statistical yield gradient with regard to deterministic design para-
meters according to (337) requires n,q Monte-Carlo analyses. The resulting
computational costs are prohibitive if numerical simulation is applied.

An alternative can be developed based on selecting a single statistical
parameter x 1,

-Ts,l r o 1 -
S’
Ls,k—1
’ Lg k— _
Xs= | wsp | ER™ —x, = x&k Pl eRM1 ) 20 (339)
s,k+1
Ts k41 .
L Tsngs
L Tsngs e

and formulating the yield (116) via the marginal distribution of the remaining
statistical parameter x/,:

+o00  ptoo T kU (X5)
Y:/ / / pdfy (25 k) - dzg | pdfy (X)) - dx),  (339)

5.k, L (X5)

= B {odfy(zspu (X)) — cdfn(zer n(xL))} (340)
pdfy (x5)

Here, we have assumed that the parameters have been transformed into stan-
dardized normally distributed random variables x¢ with zero mean and unity
covariance matrix, i.e. x5 ~ N(0,I). pdfy and cdfy are the probability
density function and cumulative distribution function according to (16), (17)
and (23).

Zs kv and x4 1, represent the borders of the parameter acceptance region
A, (122) projected onto the axis of parameter x j,

A statistical yield estimator based on (340) is determined using (B.1):

nyc
1

Y=—— 3 (cdf (1Y) = cdf /() 41
e Z C NJ:skU( )) C N(xs,k,L(Xs ))) (3 )

X;(“ ~N(O,I), u=1,...,nyc

A higher accuracy is achieved if (341) is averaged over all available statistical
parameters, T, k = 1,..., Ny

Nzgs nymc

- Z Z (cdfn( xsk:U (M))) —Cdi(l'skL( ))) (342)

"<)>

ke

X;(M) NN(OaI)v p=1...,nuc
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(341) and (342) are evaluated based on a Monte-Carlo analysis. This requires
the computation of x5 . i/ (x’s(” )) and Tk 1, (x;(’ L)) in each sample element x. )
by solving the following optimization problems, if the nominal statistical para-

meter vector is inside the acceptance region, x5 € Asr/u:

IN

fL

. /
min_ £ (<", 24 1, %)
x, € T,

(! () ,
min (o — Zap)? st ST Tk Xr) 2 fui (a3

Ts,ksXr . 1
t=1,...,Nyf

Ts k < Ts k0

IA

. /
min_f;(xi* ) Ty %) fri
x, € T,

/
max fi(xs(“),:cs,k,xr) > fu
xr € Tr

1=1,...,ny

i (344)

min (x4 — Tsp0)° St
Tg ke Xr Y

Tsk = Ts k0

(343) and (344) compare to the geometric yield analysis (264). The difference
is that all performance-specification features are considered simultaneously and
that only one parameter is considered in the objective function.

The solution of (343) and (344) becomes a line search along the parameter
1, if the worst-case range-parameter vector can be predetermined as described
in Section 6.3.5.

The statistical yield gradient with regard to deterministic design parameters
is formulated starting from (340):

VY (x4) = E  {cdfy(zskv) - Vs iu(Xa)
pdfy (x5)
— Cdi(xs,k,L) . sz,k,L(xd)} (345)

Vfi(xd)
_ g {cdf @sht)  Tr )
paty ey L V)
— cdfn(wg k1) - m} o

Here f; and f; are the performance features whose bounds are active in the
solution of (343) and (344).

In addition to the n,;c simulations of a Monte-Carlo analysis, the com-
putation of the statistical yield gradient with respect to deterministic design
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parameters requires at least 2n,¢ line searches to solve (343) and (344) plus
2n s sensitivity analyses to solve (346).

The resulting simulation costs may still be prohibitive in practice. Methods
based on statistical estimation of the yield gradient for deterministic design
parameters like [43, 63] therefore fall back on response surface models.

7.2  Geometric-Yield Optimization

According to (302), a yield partition value is improved either by increasing
the corresponding worst-case distance if the nominal parameter vector is inside
its parameter acceptance region partition, or by decreasing the corresponding
worst-case distance if the nominal parameter vector is outside its parameter
acceptance region partition.

According to Figure 36, yield optimization/design centering by tuning of
deterministic design parameters changes the shape of the parameter acceptance
region in such a way that the truncation of the probability density function is
minimized. According to Figure 37, yield optimization/design centering by
tuning of the nominal values of the statistical parameters shifts the probability
density function within the parameter acceptance region such that its truncation
is minimized.

By partitioning of the parameter acceptance region according to individual
performance-specification features as illustrated in Figure 32, a set of worst-case
distances is obtained, each of which represents a partial amount of truncation
due to the respective performance-specification feature.

Figure 52 indicates that the worst-case distances depend on both the shape of
the parameter acceptance region and the nominal value of statistical parameters.

In the following, we will derive the worst-case-distance gradient, which
has the same form and same computational cost for statistical and determin-
istic design parameters. This is in contrast to the statistical yield gradient,
which is complicated for deterministic design parameters as has been shown in
Section 7.1.6.

Based on worst-case distances, geometric-yield optimization will be formu-
lated as a multiple-objective optimization problem. Two solution approaches
for the geometric-yield optimization problem will be described.

7.2.1 Worst-Case-Distance Gradient

The starting point to calculate the worst-case-distance gradient is an exten-
sion of (300) and (301), which simultaneously shows the first-order dependence
of the worst-case distance Sy 1, /7 on the mean values of statistical parameters
X0, and on the (deterministic) design parameters X.

Deterministic design parameters are included in the geometric yield analysis
problem (270)-(273) by expanding the performance function f(xs,x,) with a
linear term with respect to the design parameters, which has been developed at
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f(X87 Xr) - f(X37 Xr) + vf(xd,u)T : (Xd - Xd,u) (347)

As this extension neglects second-order effects, it represents a constant for the
inner optimization problem in (270)—(273). It can be passed on to the outer
optimization problem and becomes a part of its constraint in that the bounds
Jr v in (270)~(273) are extended by:

frjo = frjo = V(%) - (xa —Xau) (348)
The replacement (348) proceeds to (300) and (301), which become:
f>frandxso € Asr , f<fuandxso € Asy : (349)

Vixswrn)! - (x50 — xswir) + VF(xa)" - (Xa — Xa,)

ﬁ =
e VI Goowe) -C VI (kowr)
f>frandxso€ Asr , f< fuandxso € Asy : (350)
C Vfxswr)! - (xewi — %X60) — Vi (%au)T - (X — Xa,)
Bwriw =

VVf(xswr)T - C-Vf(xswe)

From (349) and (350), the worst-case-distance gradients with respect to the
mean values of statistical parameters X, o and with respect to (deterministic)
design parameters x, follow:

f > fL and Xs,0 € A&L s f < fU and Xs,0 € AS,U :

1
VBwru(xs0)= i Vfxswrw) (351)
\/Vf xewrw) -C-Vf(Xswirv)
1
VB 1y (xa) = il Vi(xau) — (352)

\/Vf xgwiw)l -C-Vf(Xewrv)

f > fL and Xs,0 € ./‘_157L s f < fU and Xs,0 € As,U :

-1
ViBwru(Xs0)= Vf(xswrw) (353)
\/Vf xgwrw) -C VI (Xewrv)
—1
VBwru(Xd)= Vf(Xdu) (354)

\/Vf xswrw)t -C- VI (Xewrv)
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(351)—(354) show that the worst-case-distance gradient has the same form con-
cerning statistical parameters and (deterministic) design parameters.

The worst-case-distance gradient corresponds to the performance gradient at
the worst-case parameter vector. Its length is scaled according to the variance
of the linearized performance (198), its direction depends on whether a lower
or upper performance-feature bound is specified and whether it is satisfied or
violated.

The equivalence of statistical parameters and deterministic design parameters
in the worst-case distance (349) and (350) and in the worst-case-distance gra-
dient (351)—(354) can also be interpreted using Figure 52.

The worst-case distance is increased by increasing the difference between the
performance-feature value at the nominal statistical parameter vector and the
performance-feature bound. In a linear performance model, this increase can
be achieved by shifting any parameter of any kind. In Figure 52, which shows
the subspace of parameters that are statistical, the performance gradient at the
worst-case parameter vector shows the direction in which the nominal statistical
parameter vector X, o has to be shifted for a steepest ascent in the worst-case
distance according to (351). The same effect is achieved by a change in the
(deterministic) design parameter vector x4 according to (352), which shifts the
boundary of A, 1, away from x ¢ according to (348).

Worst-Case-Distance Gradient by Lagrange Factor. From Appendix C
follows that the sensitivity of the solution of (270)—(273) with respect to a
perturbation € in the constraint is determined by the Lagrange factor Ay, :

VL€ = Awru (355)
Inserting (348) into (277)—(280), we can find that € is defined as:
f>frandxs € Asp, f< fuandxso€ Agyp :
e = Vixau)' - (xa—Xau) (356)
f>frandxso€ Ay p, f< fuandxso€ Agyp :
e = =Vf(xau)" - (xa— Xau) (357)

By the chain rule of differentiation and using (355), we obtain:

1
V/B%/L/U(ﬁWL/U)
1

= — A - Ve(x (358)
2 By WEY (xa)

VBw v (Xa) -V By (€) - Ve(xa)



156 ANALOG DESIGN CENTERING AND SIZING

With (294) and based on differentiating (356) and (357) with respect to x4, we
obtain (352) and (354).

7.2.2  Solution Approaches to Geometric-Yield Optimization

According to (302) and Section 6.3.8, each worst-case distance corresponds
to an approximate yield partition value for the respective performance-
specification feature if single-plane bounded tolerance classes (Section 6.2.4)
are applied. Each worst-case distance thus represents a partition of the overall
yield as illustrated in Figure 54. Yield optimization/design centering is achieved
by maximizing those worst-case distances as much as possible, for which the
nominal statistical parameter vector is inside the parameter acceptance region
partition. If the nominal statistical parameter vector is outside the parameter
acceptance region partition, then the corresponding worst-case distance is a
measure for the degree of violation of the respective performance-specification
feature. In this case, the worst-case distance has to be decreased. Once it
reaches zero, the situation switches in that the nominal parameter vector gets
inside the acceptance region partition and the worst-case distance becomes a
robustness measure that shall be maximized.

Yield optimization/design centering in this way becomes a multiple-objective
optimization problem according to (142) with worst-case distances as
objectives:

{ @i(xq) - Bwrv,i(Xa)
s

t=1,...,ny

} s.t. ¢(xq) >0 (359)

+1, s0 € A i
o — { Xs,0 1L/uU,i(Xq) (360)

1, x50 € Ag1u,i(Xa)

The sign «; considers the two cases of the nominal statistical parameter vector
lying inside or outside of the corresponding acceptance region partition.

Worst-case distance gradients (352), (354) are applied to solve (359).

Note that second-order derivatives are available for the statistical-yield opti-
mization approach (332), while only first-order derivatives are available for the
geometric-yield optimization approach (359). On the other hand, the statistical
yield gradient with regard to deterministic parameters (346) involves imprac-
tical computational cost, while the worst-case distance gradient with regard to
deterministic parameters (352), (354) is cheap.

For the example in Section 6.3.9, with the initial situation previously illus-
trated in Table 14 and Figure 54, yield optimization/design centering according
to (359) leads to an optimal situation illustrated in the following Table 15 and
Figure 58.

Compared to the initial situation after nominal design, the worst-case dis-
tances with smaller values have been maximized at the cost of those with larger
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Table 15. Geometric-yield optimization of an operational amplifier from Section 6.3.9.

After After geometric-

nominal design yield optimization
Performance-specification Nominal Worst-case | Nominal Worst-case
feature performance  distance performance  distance
Gain > 65dB 76dB 2.5 76dB 4.2
Transit frequency > 30MHz | 67TMHz 7.7 58 M Hz 4.5
Phase margin > 60° 68° 1.8 71° 3.9
Slew rate > 32V/us 67V /us 6.3 58V /us 3.9
DC power < 3.5uW 2.6uW 1.1 2.3uW 4.2

\ Y =82.9% \ Y =99.9%

values by geometric-yield optimization. The smallest worst-case distances after
geometric-yield optimization is 3.9 and means that this is nearly a four-sigma
design. The smallest worst-case distance is obtained for the phase margin
and the slew rate. The achieved value represents a Pareto point concerning
the worst-case distances of these two performance features. None of them
can be improved without worsening the other one. 3.9-sigma is the maximum
robustness of speed and stability that can be achieved for the underlying process
technology.

Note that the nominal performance value of the gain is the same before and
after geometric-yield optimization, but the worst-case distance has increased
from 2.5 to 4.2. According to (300) and (301), this must have been achieved
by decreasing the sensitivity of gain with regard to the statistical parameters.

7.2.3  Least-Squares/Trust-Region Solution Approach

We will not consider the constraints c(x4) > 0 for reasons of simplicity in
the following.

(359) can be solved by formulating target values By qyge; for all worst-
case distances, which have been collected in a vector Byy /7, and scalarizing
the multiple-objective problem (106). The vector norm ||.|| is meant to be the
lo-norm ||.||2 in the following.

fglcidn 1Bw /v (Xa) = Bwtarget|I” (361)

Bwriw = [ i Bwrjui ]T
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Figure 58. Worst-case distances and approximate yield partition values before and after
geometric-yield optimization of the operational amplifier from Table 15.

(361) is a least-squares problem due to the objective function.

It is easy to formulate target values for the worst-case distances. For a three-
sigma design for instance, all worst-case distances should be 3, for a six-sigma
design, they should be 6.

Using the worst-case distance gradients (352), (354), a linear model of the
objective function in (361) is established. First, the linear model of the vector
of worst-case distances By, v withregard to a search directionr = x4 —Xq,,
starting from the current point x4 ,, is formulated:

Bwrw®) = Bwrwau) + VBwrju(xau)' - r (362)

J

with r = x45—x4,

The matrix J in (362) contains all individual worst-case-distance gradients
according to (352), (354) as rows.
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Based on (362), the gradient of the linearized objective function in (361) is
calculated:

||EF(I')”2 = HBWL/U(I.) _IBW,target”2
= ehg-ero+2 1t I epo+r - IT-Tr (363)
with €ro = IBWL/U (Xd#) - ﬁI/V,target

Inserting (363) in (361) leads to a linear least-squares optimization problem,
min ||€p(r)]||? (364)
r

which has a quadratic objective function due to the last term in (363). The
stationary point of (364) is calculated as:

Vier|P(r)=0: I - J-r=-J epp (365)

The solution of (365) is known as Gauss-Newton direction.

An improved computation of a search direction r considers the limited
accuracy of the linearized model (362) by introducing a trust-region A that
the search direction must not leave:

min ||éx(r)||? st ||r|* < A? (366)
r

(366) represents a least-squares/trust-region approach to geometric-yield opti-
mization. The Lagrangian function of (366) is

L(r,A) = [er()|? =X~ (A? —xT 1) (367)
The stationary point of (367) is calculated as:
VLr, N)=0: IT-J+A-I)-r=-J-€pp (368)

The solution of (368) is known as Levenberg-Marquardt direction.
An actual least-squares/trust-region step r* is determined by the following
procedure:

1. Solve (368) starting from A = 0 with increasing values of A including the
limit A — oo.

2. Visualize the resulting Pareto front P F+ of all optimal objective value for
all trust regions, [|€x(r*)|? vs. ||r*|]2.

3. Select a step from the Pareto front PF- utilizing its bend and additional
simulations.
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:Ar* " fHEF (r) || = const

> Xd,l_xd,ll,l
Lo = i LA s = 10

Figure 59. Least-squares/trust-region approach to geometric-yield optimization according to
(366). Quarter-circles represent trust-regions of a step. Ellipses represent level contours of the
least-squares optimization objective (363). r* is the optimal step for the respective trust region
determined by A.

The idea behind this procedure is to include the computation of a suitable
trust region into the computation of a search direction. Figure 59 illustrates
the procedure in the space of two design parameters x41 and x42. The two
axes are shifted so that the origin lies in the actual design parameter vector
X4,,- The quarter-circles represent trust regions for a length of step r not larger
than A. The ellipses represent level contours of the least-squares optimization
objective (363).

If the allowed step length A is zero, no step is allowed and the resulting step
r* has length zero. This corresponds to a Lagrange factor A going to infinity in
the Lagrangian function (368).

If the allowed step length is arbitrarily large, i.e. there is no restriction on the
step length, this means that A is infinite and that X is zero and (368) becomes
(365). In this case, the minimum of ||€x(r)||? will determine the step r* as
illustrated in Figure 59.

For an allowed step length in between, i.e. 0 < A < o0, the resulting
problem resembles the problem of a geometric yield analysis. The optimum step
r* results from the point where the bounding circle of the trust region touches



Yield Optimization/Design Centering 161

S %
|8, () |
A

—

N

Grand advance
towards target

worst-case
distances \ | 2\ A=0
~—
; — ||
k short step length

Figure 60. Pareto front of optimal solutions of least-squares/trust-region approach (366) in
dependence of maximum steplength A, i.e. Lagrange factor A (367). A point in the bend
corresponds to a step with a grand progress towards the target worst-case distances at a small
step length.

a level contour of the objective ||€x(r)||?
for some trust regions.

Due to the quadratic nature of the objective ||€r(r)||?, the amount of
additional decrease in the objective that can be obtained by an increase of
the allowed step length ||r|| < A is decreasing. This is even more so with a
worsening problem condition of the Jacobian matrix J.

Therefore, the Pareto front of objectives |€p(r*)||* versus the step r*
according to (366) acquires a typical shape as illustrated in Figure 60.

A point in the bend of this curve is preferable, because it leads to a grand
progress towards the target worst-case distances at a small step length. The
additional progress towards the target worst-case distances beyond the bend
is rather small. Additionally, the required step length for additional progress
beyond the bend becomes large, and the step will be more likely to leave the
region of validity of the linearized model (362). Therefore, a step in the bend
will be selected. Additional simulations have to be spent to verify that the
linearized model holds in the corresponding trust region.

Note that the described approach is a part of a complete optimization algo-
rithm. Other algorithmic components are required that deal with updating the
target values of the optimization objectives, or with determining bends in the
Pareto curve.

. Figure 59 illustrates optimum steps

I
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Efficient methods to calculate the Pareto curve of progress in the optimization
objective versus step length according to problem (366) have been developed
[7,9]. They include the additional constraints in the problem formulation (359).

Special Case: Nominal Design. The least-squares/trust-region solution
approach described in this section can be applied to nominal design as well.

The worst-case distances then are simply replaced by the performance fea-
tures and corresponding target values.

7.2.4  Min-Max Solution Approach

According to the definition of yield and yield partitions, (137)—(139), the
smallest yield partition value is an upper bound for the overall yield.

The multiple-objective geometric-yield optimization problem (359) can there-
fore be transformed into a single-objective optimization by maximization of the
minimum yield partition:

max miin @i(Xq) Bwrvi(xa) st c(xq) >0 (369)
Xd
The optimization objective of problem formulation (369) is also obtained by
using the /,-norm in (366).

(369) describes a maximum tolerance ellipsoid inside the parameter accep-
tance region as illustrated in Figure 61.

Sometimes, the min-max approach to geometric-yield optimization is denoted
as design centering. Design centering in the sense of finding an equilibrium of
the center of gravity of the truncated probability density function however is
similar but not equal to geometric-yield optimization.

7.2.5 Linear-Programming Solution Approach

Using the linearization of the worst-case distances (362), the min-max for-
mulation (369) can be transformed into a linear programming problem.

{ IBWL/U(Xd,#) +J(Xap) - (Xd —Xqp) 2 51

(370)
c(Xau) + Ve(x],) - (Xa —Xau) >0

max [ s.t.
xd7ﬁ

1 denotes a vector with “1” at each position. (370) formulates a worst-case
distance value (3 that is to be maximized such that the linear models of all
worst-case distances obtained from a geometric analysis have at least this value
(. The resulting value of 3 will describe the largest tolerance ellipsoid that can
be inscribed in the overall parameter acceptance region.

(370) describes a linear programming problem.

The geometric-yield optimization problem then consists in a sequence of
linear programming problems (370), where the linearization of the worst-case
distances is iteratively updated.



Yield Optimization/Design Centering 163

> XS,l

Figure 61. Min-max solution to geometric-yield optimization.

Note that any piecewise linear approximation of the parameter acceptance
region can be applied within (370).

In [38], (370) has been presented for the mean values of statistical parameters
as optimization parameters and coordinate searches to compute border points
of the parameter acceptance region.

Ellipsoidal methods can be applied to solve (370) [1, 123].

7.2.6  Tolerance Assignment, Other Optimization Parameters

From (300) and (301), the first-order derivatives of the worst-case distance
with regard to components of the covariance matrix C, i.e. standard devia-
tions and correlations, which are the basis for tolerance assignment, can be
derived [122].

In the same manner as described in Section 7.2.1, first-order derivatives of
the worst-case distance with regard to any other quantity in problem (264)
and (265), i.e. performance-feature bound, range-parameter bounds, can be
derived [122].



Appendix A
Expectation Values

A.1  Expectation Value

The expectation value of a vector function' h(z) of a random vector? z,
h € R, z € R", that originates from a statistical distribution with the
probability density function pdf(z) is denoted by and defined as:

+oo +oo
E{h(z)} =E{h(z)} = / / ) - pdf(z) - dz (A.1)
pdf(z)
dz =dz) -dzg - ... - dzp,

Given a probability density function pdf(z), the expectation value is assumed
to refer to this probability density function without explicitly mentioning it.

A.2 Moments

The moment of order «, m("‘), of a single random variable z results from
setting h(z) = 2" in (A.1):

= E{z"} (A2)

A.3 Mean Value

The moment of order 1, i.e. the expectation value of z, or z respectively, is
denoted as mean value m, or m respectively:

m) =m = E{z} (A3)

!'See Note 2 in Section 3.7.
2See Note 1 in Section 3.5.
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m = E{z} =[E{z} ... E{z.}]" (A4)

Ad Central Moments

The central moment of order x, C("“), of a single random variable z results
from setting h(z) = (z — m)" in (A.1):

™ = E{(z —m)"} (A5)

A.5 Variance

The variance of a single random variable = is defined as the central moment
of order 2 of z and denoted by o2 or V {z}:

@ =0?=V{z} =E{(z - p)?} (A.6)

o denotes the standard deviation of a single random variable z:
o=+/V{z} (A7)

A.6 Covariance

The covariance, cov {zx, 2}, of two random variables zj and z; is defined
as a mixed central moment of order 2:

cov {Zk, Zl} = E{(Zk — mk) . (Zl — ml)} (A8)

A.7  Correlation

The correlation, corr { zx, 2; }, of two random variables zj and z; is defined as
their covariance normalized with respect to their individual standard deviations:

} COV{ZkaZl}
gt = ——""7

corr { z, (A9)
A.8 Variance/Covariance Matrix

The central moments of order 2 of a vector z are defined component-wise
according to (A.6) and (A.8) and combined in the variance/covariance matrix
or simply covariance matrix C = V {z}:

C = V{z}:E{(zfm)o(zfm)T}
V{z} cov{zi,z2} ... cov{zi,zn,}

cov {2:’2, 21} V{z} ... cov {2'27 Zn, } (A.10)

COV{anazl} V{an}
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Correspondingly, the covariance matrix of a vector function h(z) of a random
vector z is defined as:

V{h(2)} = E{(h(z) - E{h(z)}) - (h(z) ~E bz} (A1)

A.9 Calculation Formulas
In the following, 3 calculation formulas are given together with respective
special cases.
E{A -h(z)+b} = A-E{h(z)}+Db (A.12)
E {const} = const
E{c-h(z)} = c-E{h(z)}
E{hi(z) + ha(2)} = E{hi(z)} +E{h2(z)}

V{A h(z)+b} = A-V{h(z)} AT (A.13)
V{aT -h(z) +b} = al - V{h(z)} a
Vi{a-h(z) +b} = a*-V{h(z)}

T
Vin@)} = E{(h(z) -a)-(h(z) -a)}
—(E{h(z)} —a) - (E{h(z)} —a)" (A.14)
Vir@)} = E{((z) ~ )’} (E{h(2)} - a)’
V{h(z)} = E{h(z)-h'(z)} —E{h(z)}-E{h’(2)}
V{n(z)} = E{h*(z)} - (E{h(2)})’
(A.12) is the linear transformation formula for expectation values. It says that
the expectation value of the linear transformation of a random vector equals the
corresponding linear transformation of the vector’s expectation value.
(A.13) is the linear transformation formula for variances.
(A.14) is the translation formula for variances. It relates the variance as a
second-order central moment to the second-order moment and the quadratic

expectation value.
From (A.13) follows the Gaussian error propagation:

vV{al.z+b} = al.vV{z}.-a=al-C-a
0k,1=0
= Zakalakgk,lal kl: Zaia% (A.IS)
k,l k
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A.10 Standardization of Random Variables

A random variable z originating from a statistical distribution corresponds
to a standardized random variable 2’ with a mean value of zero and a variance
of one.

The standardization is done with the following formula:

,:z—E{z} _z—ms
E{z'}zO
v{z} =1

(A.16)

A.11  Exercises
1. Prove (A.12). (Apply (A.1), (15).)

2. Prove (A.13). (Apply (A.11), (A.12), (A.1).)
3. Prove (A.14). (Apply (A.11), (A.12).)
4

. Prove that 2’ according to (A.16) has a mean value of zero and a variance
of one. (Apply calculation formulas from Section A.9.)

5. Show that (52) holds for a multinormal distribution according to (23) and
(24). (Insert (23) and (24) in (A.1). Use (57) and (58) for a variable sub-
stitution. Consider that the corresponding integral over an even function is
Zero.)

6. Show that (53) holds for a multinormal distribution according to (23) and
(24). (Insert (23) and (24) in (A.10). Use (57) and (58) for a variable
substitution.)



Appendix B
Statistical Estimation of Expectation Values

B.1  Expectation-Value Estimator
A consistent, unbiased of the expectation value (A.1) is

nyve
1

E{h(x)} = M, = > h(x) (B.1)

nypc =1
X(M) ~D (pdf(X)) s h=1,....,nmC

A statistical estimation is based on a sample of sample elements.

A widehat is used to denote an estimator function ‘/I\)(X(l), ..., x(mme)y for
a function ®(x).

Sample elements x(*) are independently and identically distributed accord-
ing to the given statistical distribution D with the probability density function
pdf(x). Therefore:

E{nx)} = E{nx}=m, (B2)
v{[h(x<1>)...h(x<"Mc>)]T} — diag (V{h(xD)}...

V{h(x(”MC))}> (B.3)

V{h(x(”))} — vih(x)} (B.4)

B.2  Variance Estimator

A consistent, unbiased estimator of the variance/covariance matrix (A.11) is

?mMM%ML;%ﬁm%—m)@MM—mf (B.5)
p=1

X(M) ~ D(pdf(X)), p=1...,nyc
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In (B.5), the estimated expectation value my, is used. If the expectation value
my, would be used, the consistent, unbiased estimator would be:

1 nyC T

b} = > (hx") —my) - (h(x") — my) (B.6)

nye
=

<N

B.3 Estimator Bias

The bias b of an estimator is the difference between the expectation value
of the estimator function and the original function:

by = E {«i(x)} ~ ®(x) (B.7)
The expectation value of an unbiased estimator function is the original function:
</Is(x) isunbiased < bz =0 & E {@(x)} = ®(x) (B.8)

A consistent estimator function certainly approaches the original function if the
number of sample elements n ;¢ approaches co:

@(x) is consistent < prob{ lim &= q)} =1 (B.9)

nyc—00

B.4 Estimator Variance

A measure for the quality of an estimator function is the 2nd-order moment
of the estimator function around the original function:

Qs = {(‘i’—q’%(‘i’—@)T}=V{<f>}+bab§ (B.10)

From (B.10) follows that the quality measure Q is the estimator variance, i.e.
the variance of the estimation function, for an unbiased estimator:

by =0 : Q(@:V{@} (B.11)

B.5 Expectation-Value-Estimator Variance

To determine the quality of the expectation-value estimator of (B.1), (B.11)
can be applied, because (B.1) provides an unbiased estimator (see Exercise
B.7.1).

Qi =V {E {h(x)}} (B.12)
Applying (B.1) and (A.13) leads to
1
= Oh@ K2 (nme) 1T
Q= V{[ll...l} (WD h® | po)] } (B.13)
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with h(®) = h(x(®)). Applying (A.13), (B.3) and (B.4) finally leads to:

Qs = V{E {h(X)}} S -V{h(x)} (B.14)

nyce

Using (B.16) and (B.17) in the above proof leads to the corresponding formula
for an estimator of the quality:

Qg = V{E{GO}H) = —— Y {hx)} ®.15)

nymce

B.6 Estimator Calculation Formulas

In the following, estimator formulas corresponding to the calculation formu-
las (A.12), (A.13) and (A.14) are given.

E{A h(z)+b}=A -E{h(z)} +b (B.16)
V{A -h(z)+b} =A-V{h(z)} AT (B.17)

G nMmc 5 T = ST

V{h =———(E{h(z)-h —E{h -E{h B.18

fh(a)} = "2 (B{h(x) b ()} ~E{h(z)} -E{h"(2)}) B8

B.7  Exercises

1. Prove that the expectation-value estimator according to (B.1) is unbiased.
(Check if (B.8) is true. Apply (A.12) and (B.2).)

2. Prove the second part of (B.10). (Express ® by using (B.7) and insert in
(A.14). Combine terms with ® as h.)

3. Prove that the variance estimator according to (B.5) is unbiased.
Check if (B.8) is true. Apply (B.5). Within the sum extend each product
term by —my, + my,. Apply (B.1) to get to a form with a sum of the dyadic
product of h(® — my, and nj;¢ times the dyadic product of my, —my,. Then
apply (B.4) and (B.14).

4. Prove (B.16).
5. Prove (B.17).
6. Prove (B.18).



Appendix C
Optimality Conditions of Nonlinear
Optimization Problems

Optimality conditions of optimization problems can be found in the literature
[56, 45, 91, 19]. The following summary adopts the descriptions in [45].

The statements in the following hold for a local optimum. Global optimiza-
tion requires a preceding stage to identify regions of local optima.

C.1 Unconstrained Optimization

Without loss of generality, we will assume that a minimum of a function
f(x) shall be targeted in the following:

mxin f(x) (C.1

Starting point is the Taylor expansion of the objective function f(x) at the
optimum solution x* and f* = f(x*):

fx) = f&)+VE)"(x—x)

I* gT
)T V) (=X 4. (C2)
2 ——

With x = x* 4 r, a point x in the direction r from the optimum solution x* has
the objective value:

1
fx*+r) = f*—l—gT-r+§-rT-H-r—|—... (C.3)
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Figure C1. Descent directions and steepest descent direction of a function of two parameters.

C.2  First-Order Unconstrained Optimality Condition

Descent Direction. A descent direction r at any point x is defined by:
Af(r) =Vfx)T -r<o0 (C.4)

Figure C1 illustrates the range of possible descent directions for an example
with two parameters. All vectors starting from x that are in the gray region are
descent directions. The steepest descent direction is the direction in which the
amount of decrease in the objective function is maximum. From (C.4) follows
that the steepest descent is along the negative gradient (Figure C1):

min Af(r) = Vf(x)" - (-Vf(x)) (C.5)
Minimum: No More Descent. x* being the solution with minimum objec-

tive value f* requires that there exists no descent direction r starting from x*.
Only then, no further decrease in f is achievable and f* is the minimum:

vV glr>0 (C.6)
r#0
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Necessary Condition. The only way to satisfy (C.6) is that the gradient g is
zero. That represents the necessary first-order optimality condition for a local
minimum solution x* with f* = f(x*):

Vf(x*)=0 (C.7
A point that satisfies (C.7) is also called stationary point.

C.3  Second-Order Unconstrained Optimality Condition

Inserting (C.7) into (C.3), we can:

see that another condition for the quadratic term has to be formulated, in
order to guarantee that no decrease in f is achievable at x*. This condition says
that no direction r may exist, in which the quadratic term in (C.3) leads to a
reduction in the objective value f* = f(x*).

Necessary Condition. The requirement of no further reduction is a necessary
second-order optimality condition for a local minimum solution x* with f* =

f(x).

v ol V2f(x*)-r>0 & V2f(x*)is positive semidefinite  (C.8)
r#0

Figure C2 illustrates examples of functions of two parameters featuring dif-
ferent types of definiteness of their second-order derivatives.

We can see that positive definiteness refers to a minimum, negative definite-
ness to a maximum. If the Hessian is indefinite, no finite optimum exists. If the
Hessian is positive semidefinite, no more descent can happen, but there may be
no unique solution.

The type of definiteness of the Hessian corresponds to the signs of its eigen-
values. Positive definiteness corresponds to positive eigenvalues, negative def-
initeness to negative eigenvalues. Positive semidefiniteness corresponds to
eigenvalues greater or equal zero. Indefiniteness corresponds to eigenvalues
both negative and positive.

Sufficient Condition. A sufficient second-order optimality condition for a
local minimum solution x* with f* = f(x*) is that only an increase in the
objective around the minimum is possible:

V T Vi(x*)-r>0 & V2f(x*)ispositive definite  (C.9)
r#0
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Figure C2. Different types of definiteness of the second-derivative of a function of two para-

meters: positive definite (upper left), positive semidefinite (upper right), indefinite (lower left),
negative definite (lower right).

C.4  Constrained Optimization

Without loss of generality, we will assume that a minimum of a function f(x)
shall be targeted under equality and inequality constraints in the following form

cu(x) =0, peEC

cu(x) >0, pelC (C10)

min f(x) subject to {
X
EC and IC denote the index sets of equality and inequality constraints.

The optimality conditions will be based on the Lagrangian function of (C.10)
that combines objective and constraints into one new objective:

LN =F(x) — Y Au-eux) (C.11)

ueECUIC

Ay is called Lagrange factor. It is part of the optimization parameters and has
a certain optimum value.



Appendix C: Optimality Conditions of Nonlinear Optimization Problems 177

Note that in (C.10) we have chosen to formulate “greater-than” constraints
and to subtract the constraint components in the Lagrangian function (C.11).
This determines the sign of the optimum Lagrange factor.

As in the unconstrained case, conditions will be formulated for the first- and
second-order derivative that ensure that no further descent can happen in the
surrounding of a minimum. But now, they are extended by the consideration
of the constraints in the Lagrangian function.

C.5 First-Order Constrained Optimality Condition

Unconstrained Descent Direction. In constrained optimization, the con-
cept of descent direction is extended to unconstrained descent directions. An
unconstrained descent direction r with respect to one constraint ¢, at any point
x is defined by:

Af(r)=Vfx)T -r<o0 (C.12)
cu(X+1) = cy(x) + Ve (x)T - r >0 (C.13)

(C.12) is identical to the unconstrained case (C.4). It describes the directions r
in which the objective will decrease.

(C.13) describes the restrictions due to the constraint ¢,,. If the constraint is
not active at point x, then there is no restriction on the direction r, only on the
length of it. The constraint being inactive means that it is still away from the
bound. Then, a descent direction may eventually result in the constraint value
reaching the bound. In order not to violate the constraint, the descent direction
may not exceed a certain length e:

cu(x)>0: | <e (C.14)

If the constraint is active at point x, then the value of ¢, is at its limit, ¢, = 0.
Equality constraints hence are permanently active, inequality constraints may
become active or inactive again. Then, there is a restriction on the direction r.
Only those directions are allowed according to (C.13) in which the constraint
value stays at its limit or in which the constraint value is increased such that the
constraint will become inactive again.

Figure C3 illustrates the range of possible descent directions for an example
with two parameters with a gray block sector of larger radius.

The performance contour f = const is the same as in Figure C1. The
performance gradient V f(x) defines a range of directions that are descent
directions. In addition, a constraint is active, c¢(x) = 0. The gradient of the
constraint function, V¢(x) defines a range of directions that are allowed. This
range is illustrated with a gray block sector of smaller radius in Figure C3.

The intersection of the region of descent directions and the region of uncon-
strained directions is the region of unconstrained descent directions. In Figure
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X Descent Unconstrained
R 2 directions directions from x
from x
Ve (x )J _ VE(x)

f= const
f

Unconstrained descent
directions from x

Figure C3. Descent directions and unconstrained directions of a function of two parameters
with one active constraint.

C3, this corresponds to the region where the two gray block sectors overlap and
is illustrated with a dark gray block sector.

Obviously, each active constraint reduces the range of unconstrained descent
directions.

Minimum: No More Unconstrained Descent. If x* is the solution that
achieves the minimum objective value f* without violating any constraint,
then there must not be any unconstrained descent direction r starting from x*.
Only then, no further decrease in f is achievable and f* is the minimum.

From Figure C3, we can motivate that no unconstrained descent region exists,
if the dark gray region is empty. This is the case, if the gradients of objective
and constraint are parallel and have the same direction:

Vi) = A Ve(x*) A A*>0 (C.15)

If A* would have a negative sign, the gradients of objective and constraint would
point in opposite directions. According to Figure C3, then the constraint would
impose no restriction at all on the descent direction. Note that the positive
sign is due to fact that we have formulated a minimization problem with lower
bounds as constraints.

The first part of (C.15) could be derived by starting from the Lagrangian func-
tion (C.11) with only one constraint and treating it as done in the unconstrained
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case. Then, we would formulate the requirement that the first-order derivative
of the gradient of the Lagrangian function is zero:

VL(x)=0: Vf(x*)=\"-Ve(x*)=0 (C.16)

Necessary Condition. We can now formulate the necessary first-order opti-
mality condition of: a constrained optimization problem according to (C.10) by
formulating the no-descent condition through (C.15) and (C.16), and by adding
the requirements on the constraint satisfaction:

VL) =VFx) = Y A -Veu(x") =0 (C.17)
REA(x*)
Ax") = ECU{p e IC|cy(x*) =

XX o
N
I

el 0, pe EC  (C.18)
cu(x*) >0, pelC (C.19)
N> 0, pelC  (C20)

Ay eu(x®) =0, pe ECUIC(C21)

(C.17) and (C.20) are explained through the condition that no unconstrained
descent direction exists in the minimum. The restrictions in (C.17) are defined
for all active constraints A(x*).

No statement about the sign of the Lagrange factor can be made for an
equality constraint.

(C.18) and (C.19) formulate that the constraint must not be violated in the
minimum.

(C.21) is the so-called complementarity condition. It expresses that in the
minimum either a constraint is 0 (that means “active”) or the corresponding
Lagrange factor is 0. If both are zero at the same time, this corresponds to a
minimum of the objective function where the constraint just got active. Deleting
this constraint would not change the solution of the optimization problem.

A Lagrange factor of zero for an inactive constraint corresponds to deleting
it from the Lagrange function. Therefore we have that:

L(x",A") = f(x%) (C.22)
(C.17)—(C.21) are known as Karush-Kuhn-Tucker(KKT) conditions.

C.6  Second-Order Constrained Optimality Condition

The second-order optimality condition for the minimum f* of a constrained
optimization problem can be explained based on the quadratic form of the
objective around the optimum x* in a direction r:

(C:22)

f(x*+r) L(x" 4+1,A%)
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1
= LA+ VL) v+ el V2L(x*) v+ ... (C23)
- 2

0 (C.17)

VIL(x") = V(X)) — D A Vieu(x) (C.24)
HEA(x*)

As in the unconstrained case, we require that no direction r may exist in which
the quadratic term in (C.23) leads to a reduction in the objective value f* =
f(x*). The difference to the unconstrained case is that we only have to consider
unconstrained directions, but that the curvatures of both the objective function
and the constraint functions are considered.

Necessary Condition. For any unconstrained stationary direction r from the
stationary point x*, no descent is achievable through the second-order derivative
of the Lagrangian function:

\ vl V2L(x*) - r>0 (C.25)
VCH(X*)T r=0, peA(x")
Veu(x)T r >0, pe Ax")\ Ap(x")
Ay (x¥) = EC’U{,ueIC! cu(x)=0AN;, >0}
Note that this is a weaker requirement than positive semidefiniteness, because
not all directions r are included in (C.25).

Sufficient Condition. The corresponding sufficient condition is that only an
increase in the objective function is obtained into unconstrained stationary
directions around the minimum:

\ vl V2L(x*)-r>0 (C.26)
Ve (x)T r=0, pe Ap(x¥)
Veu(x)' r >0, pe Ax")\ Ap(x")
Ap(x*) = ECU{,uGIC! cu(x*)=0AN;, >0}
Note that this is a weaker requirement than positive definiteness, because not
all directions r are included in (C.25).

C.6.1 Lagrange-Factor and Sensitivity to Constraint

Let the bound of the constraint ¢, > 0in (C.10) be increased by €,,: ¢, > €.
Then the Lagrange function (C.11) becomes:

L(x, )\, €) ZAM. (cu(x) — €4) (C.27)

From the first-order optimality condition we have that VL(x*) = 0 and
VL(A*) = 0. Therefore the sensitivity of the objective function at the min-
imum is identical to the sensitivity of the Lagrange function at the minimum
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(C.22):

(c.27)

Vf*(en) = VL c,,) X (C.28)

(C.28) says that the sensitivity of the minimum objective with respect to an
increase in the constraint boundary is equal to the corresponding Lagrange
factor.

C.7 Bounding-Box-of-Ellipsoids Property (37)

The bounding-box-of-ellipsoids property in (37) can be motivated for a para-
meter zj, based on the following optimization problem:

max |z| st xI Clx = 2 (C.29)
Ty,
Without loss of generality, we have assumed that xg = 0.

The first-order optimality condition (Appendix C) for a solution x, of (C.29)
based on a corresponding Lagrangian function,

1
Ll A) =25 = S\~ (xTC™x — 3% (C.30)

1s:
VL(x*)=e, —NCx*=0 (C.31)
<*TC 1x* = g2 (C.32)

ey is a vector with a 1 at the kth position and Os at the other positions. Note that
(C.30) can be written with any sign of A due to the equality constraint in (C.29).
Therefore, (C.30) covers both cases of (C.30), i.e., max xy = — min —x, and,
min xg.

With the following decomposition of the covariance matrix C,

c'!'=c’.cec=c't.cT, (C.33)

which can be obtained by a Cholesky decomposition or an eigenvalue decom-
position, (C.31) can be transformed into:

~ 1 ~

C x*= T CT.e (C.34)

Applying (C.33) and two times (C.34) in (C.32) leads to

o = |\ (C35)
Applying (C.33) and one time (C.34) in (C.32) leads to

zh =\ 3 (C.36)
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From (C.35) and (C.36) and the Hessian matrix of the Lagrangian function
(C.30), V2L(x) = —\ - C~1, follows that the Lagrangian function (C.30) has
a maximum and a minimum with the absolute value |z}| = (3 - 0;.

(C.29) therefore says that any ellipsoid with any correlation value leads to a
minimum and maximum value of x; = £ - 0. This shows the lub property
of (37). For a complete proof we additionally have to show that in direction
of other parameters all values on the bounding box are reached by varying the
correlation. Instead we refer to the visual inspection of Figure 22(d).
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