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Preface

Over the past few decades, very large scale integration technologies have been
widely improved, allowing the proliferation of consumer electronics and enabling
the steady growth of the integrated circuit (IC) market to an estimated value of over
$350 billion in 2016. The steady increase in performance of ICs in the recent past
has been mostly supported by an exponential growth in the density of transistors
while inversely reducing the transistors’ cost, as described by Moore’s law. Even
though it is still valid today, its end, as such an exponential law “can’t continue
forever” was already preconized by Moore itself, and is pushing for new techno-
logic advancements outside complementary metal-oxide-semiconductor (CMOS)
IC design. In the meanwhile, telecommunications, medical, and multimedia
applications extensively use of electronic devices where blocks of analog and
mixed-signal (AMS), digital processors and memory blocks are integrated together.
While AMS components in these system-on-a-chip (SoC) designs usually occupy
approximately 20 % of the die area, the design effort and respective design costs are
considerably higher in comparison to their digital counterpart. In this context, the
lack of mature automation tools for analog design has its share of blame in this SoC
design paradigm.

Generally the complexity in the design of analog circuits is not due to the
number of devices, but from their sensitivity to noise and the countless interactions
between them, e.g., parasitic disturbances, crosstalk, substrate noise, thermal noise,
etc. Plus, for smaller technology nodes with the increasing complexity of design
rules and physical effects, the impact of these interactions is even greater. Despite
the algorithms and techniques introduced in the last 25 years, analog IC design
automation tools still strive to keep up with the new challenges created by tech-
nological evolution. Therefore, designers’ exploration of the solution space keeps
on being mostly manual, and their knowledge and experience crucial in making
effective decisions at all stages of the analog design flow, creating additional risks
and elongating the time needed to complete the design. On the other hand, in the
digital IC design realm several mature electronic design automation (EDA) tools
and design methodologies are available, pushing the design productivity forward.
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viii Preface

Currently most of the low-level phases of the process are automated that help the
designers keeping up with the new capabilities offered by the technology and
making design reuse the commonplace. Since this difference in the level of
automation becomes critical when digital and analog circuits are integrated toge-
ther, the rising of efficient and state-of-the-art tools to boost analog designers’
productivity is an intensive research topic in both academia and industry.

The work presented in this book belongs to the scientific area of electronic
design automation and addresses automatic sizing of analog ICs. The developed
multi-objective design methodology for automatic analog IC sizing was imple-
mented in the tool AIDA-C. In AIDA-C, the usage of state-of-the-art multi-
objective multi-constraint optimization engines enables the exploration of circuit
design trade-offs. Process variation effects on circuit’s performance are accounted
with user-defined worst-case corners, and circuit’s performance evaluation is done
with industrial circuit simulators, e.g., Mentor Graphics’ ELDO®, Synopsys’
HSPICE®, or Cadence’s Spectre®, ensuring that the developed automatic circuit
sizing is compliant with the accuracy requirements of analog designers. In addition,
layout effects are included in the sizing-flow to decrease the number of independent
sizing and layout iterations required to obtain a post-layout correct design. To
further enhance AIDA-C, a model for first-order interactions between design
variables and circuit performance, the Gradient Model, derived using machine
learning techniques, is used to guide and accelerate the optimization process. The
proposed approach was validated with both classical and new analog circuit
structures for a several design processes, i.e., 130-nanometer, 180-nanometer, and
350-nanometer design kits, showing its validity and generality.

This work would not have been possible without the contribution, and the
support and valuable discussions on circuits, layout and optimization, of Ricardo
Pbovoa, Antonio Canelas, Frederico Rocha, and Ricardo Lourencgo.

Finally, the authors would like to express their gratitude for the financial support
that made this work possible. The work developed in this book was supported in
part by the Fundacdo para a Ciéncia e a Tecnologia (Grant FCT-SFRH/BPD/
104648/2014, Grant FCT-SFRH/BD/86608/2012, Research project DISRUPTIVE
EXCL/EEI-ELC/0261/2012 and Research project UID/EEA/50008/2013) and by
the Instituto de Telecomunicagdes (Research project OPERA-PEst-OE/EEI/
LA0008/2013).

This book is organized in eight chapters.

Chapter 1 presents a brief introduction to analog IC design automation, with
special emphasis to automatic circuit sizing and optimization taking into account
layout effects and random variations. The motivation to address automatic analog
IC design is given, then, a well-accepted design flow for analog ICs that is the
starting point for the methodology proposed in this book is described.

Chapter 2 presents a study of the available tools for analog design automation,
overviewing state-of-the-art sizing optimization, robust design and layout-driven
approaches. Valuable information can be gathered from them, such as algorithms
and evaluation methods.


http://dx.doi.org/10.1007/978-3-319-42037-0_1
http://dx.doi.org/10.1007/978-3-319-42037-0_2
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Chapter 3 introduces the developed automatic flow for analog IC design and
particularly the general description of the developed methodology providing more
detail about the inputs and interfaces of AIDA-C.

Chapter 4 describes the multi-objective optimization techniques used in
AIDA-C, addressing the non-dominated sorting genetic algorithm II (NSGA-II),
multi-objective simulated annealing (MOSA) and multi-objective particle swarm
optimization (MOPSO) algorithms. The enhancements made by using machine
leaning techniques, i.e., the Gradient model, are also explored.

Chapter 5 studies the results obtained with the proposed IC sizing approach with
different parameters for the optimization kernel, the impact of considering nominal
or worst-case conditions in the evaluation of the circuits, and also, the advantages of
enhancing the optimization kernels with the gradient model. Also, two amplifiers
and an oscillator are used to compare the performance of the three optimization
kernels (NSGA-II, MOSA MOPSO).

Chapter 6 presents two new methodologies to include layout effects in the sizing
optimization loop: the floorplan-aware approach, which is a method to include
layout’s geometric properties in the optimization with negligible impact in the
performance; and the layout-aware approach that accounts for the parasitic effects.

Chapter 7 presents the results obtained with the proposed analog layout-aware
sizing approach, by considering the circuit’s floorplan and layout induced para-
sitics. The efficiency of the methodology is proved in the successful design and area
improvement of four design cases: a single-stage folded cascode amplifier with bias,
a single-stage amplifier with gain enhancement using voltage combiners, a
two-stage Miller amplifier, and a two-stage folded cascode amplifier, for a
130-nanometer design process.

In Chap. 8, the closing remarks and future directions for the continuous
development of AIDA-C are outlined.

Lisbon, Portugal Nuno Lourengo
Ricardo Martins
Nuno Horta
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Chapter 1
Introduction

In the last decades very large scale integration technologies have been widely
improved, allowing the proliferation of consumer electronics and enabling the steady
growth of the IC market from $10 billion in 1980 to an estimated value of over than
$350 billion in 2016 [1]. The steady increase in performance of ICs in the recent past
has been mostly supported by an exponential growth in the density of transistors
while inversely reducing the transistors’ cost, as described by Moore’s law [2].
Moore’s law is a law of economics not physics, and Moore itself already preconized
its end, as such an exponential law “can’t continue forever” and is pushing for new
technologic advancements outside complementary metal-oxide-semiconductor
(CMOS) IC design, but it is still valid today.

In this context, the increasing need of faster, optimized and reliable electronic
devices urges their cost-effective development to efficiently meet customers’
demand under highly competitive time-to-market pressure [3]. Moreover, the
design of such complex multimillion transistor ICs is only possible because
designers are assisted by computer aided design (CAD) and design automation tools
that support the design process.

1.1 Analog IC Design Automation

As analog ICs are difficult to design and reuse, designers have been replacing analog
circuits by digital computing whenever possible. Hence, most of the high-level
functions are implemented using digital or digital signal processing, however analog
and radio frequency (RF) circuitry is needed to interface with the real world, and
some functionalities that are intrinsically analog [3, 4] are listed below:

¢ Sensing the system inputs: The signals of a sensor, microphone or antenna has
to be detected or received, amplified and filtered, to enable digitalization with
good signal-to-noise and distortion ratio. Typical applications of these circuits
are in sensor interfaces, telecommunication receivers or sound recording;

© Springer International Publishing Switzerland 2017 1
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e Converting analog signals to digital signals: Mixed-signal circuits such as
sample-and-hold, analog-to-digital converters, phase-locked loops and fre-
quency synthesizers provide the interface between the input/output of a system
and digital processing parts of a system-on-chip (SoC);

e Converting the digital output back to analog: The signal from digital pro-
cessing must be converted and strengthened to analog so the signal can be
conducted to the output with low distortion;

e Provide and regulate power: Voltage/current reference circuits and crystal
oscillators offer stable and absolute references for the sample-and-hold,
analog-to-digital converters, phase-locked loops and frequency synthesizers;

e The implementation at transistor level of the digital gates: The last kind of
analog circuits are the extremely high performance digital circuits. As exem-
plified by microprocessors that are custom sized, as analog circuits, to achieve
highest speed and lowest power consumption.

Telecommunications, medical and multimedia applications make extensive use
of electronic devices where blocks of analog and mixed-signal (AMS), digital
processors and memory blocks are integrated together [5]. The growth in
Medical/Health, automotive, LED lighting, and energy management for buildings is
likely to keep analog needs growth. In 1980, analog ICs represented 32 % of total
IC shipments, that value increased to 49 % in 2010, and is forecast to grow to 57 %
of total IC shipments by 2018 [6]. In this context, the development and improve-
ment of CAD tools that increase analog designers’ productivity is an urgent need.

In the digital IC design several mature electronic design automation (EDA) tools
and design methodologies are available that help the designers keeping up with the
new capabilities offered by the technology, and, making circuit reuse usual, leading
to an increased design productivity. Currently almost all low-level phases of the
process are automated. The system is described in a hardware description language
(HDL) such as VHDL or Verilog, either at the behavioral level or at the structural
level. High-level synthesis tools attempt to synthesize the behavioral HDL
description into a structural representation. Logic synthesis tools then translate the
structural HDL specification into a gate-level netlist, and semi-custom layout tools
(place and route) map this netlist into a correct-by-construction mask-level layout
based on a cell library specific for the target technology process.

Research interest is moving in the direction of system synthesis where a
system-level specification is translated into hardware—software co-architecture with
high-level specifications for hardware, software and interfaces. Reuse methodolo-
gies and platform-based design methodologies are also being developed to reduce
even further the design effort for complex systems. The level of automation is far
from the push-button stage, but the developments are keeping up reasonably well
with the circuits’ complexity supported by the technology [3, 4].

On the other hand, and despite the algorithms and techniques introduced in the
last 25 years, analog IC design automation tools strive to keep up with the new
challenges created by technological evolution [4, 7-9]. Designers’ exploration of
the solution space is mostly manual, elongating the time needed to complete the
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Fig. 1.1 Digital versus analog design automation reality [10]

design task. Generally the complexity of designing analog circuits’ is not due to the
number of devices, but from the countless interactions between them. Plus, for
smaller technology nodes with the increasing complexity of design rules and
physical effects, the impact of these interactions is even greater.

Due to the nature of the signals handled, analog circuits are more sensitive to
parasitic disturbances, crosstalk, substrate noise, supply noise, thermal noise, etc.,
and the variety of schematics and diversity of devices’ sizes and shapes are much
larger [4, 8]. The result of this automation deficit is that, while analog parts in a SoC
occupy only approximately 20 % of the global circuit area, as shown in Fig. 1.1,
the design effort is considerably higher in comparison to the design effort of the
digital section.

This difference in the level of automation between analog and digital design is
because analog is, in general, less systematic, more heuristic and knowledge
intensive than the digital counterpart, and becomes critic when digital and analog
circuits are integrated together. As the analog automation tools do not progress at
the same pace of technology, knowledge and experience of the designer is always
crucial for making decisions at all stages of the analog design flow.

In short, the development time of analog blocks is considerably higher when
compared to the development time of the digital one. The three main reasons for the
larger development time are: there is a lack of effective EDA tools; analog circuits
are being integrated using technologies optimized for digital circuits; and, analog
blocks are difficult to reuse because they are more sensitive to surrounding circuitry,
environmental and process variations than their digital counterpart [3, 4].

1.1.1 Robustness in Analog IC Design

As mentioned, despite the advantages that new fabrication technologies bring to
systems’ performance, the huge increase in device density did not came only with
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benefits. This is especially true for analog circuits. The reduced size and high
density of devices in modern ICs add new challenges to analog designers, as the
effects of non-idealities and variability of the fabrication process parameters in both
space and time became more significant. This phenomenon affects devices in dif-
ferent chips but also devices within the same chip, and is solved by robust circuit
design with several compensatory techniques [11] to ensure that the vast majority of
the fabricated circuits will work according to specifications.

The most common techniques for analog design centering are Monte Carlo
Simulation, process, voltage and temperature (PVT) Corners and Worst Case
Corners. Monte Carlo simulation executes many simulations by applying random
variations to circuit’s and process’ parameters, making a stochastic sampling of the
behaviors of the circuit in real world conditions. PVT Corner is a worst-case
approach where the circuit is simulated over multiple combinations of extreme
process parameters, voltage supply and temperature variations. Another kind of
worst case approach is the worst case corners, which are the set of environment and
process parameters that lead to the worst case value for performance figures.
Figure 1.2 illustrates 8 corners cases obtained by considering 3 values for power
supply, operating temperature and process parameters, together with a set of Monte
Carlo samples around the nominal performance for performance figures P; and P,
and the worst case corners for each performance (higher is better) [12].

Layout-induced parasitic effects are also more and more significant, having the
potential to affect noticeably the performance of the sized circuit. To overcome the
increasing impact of layout parasitic effects in circuit’s performance, sizing and
layout design phases tend to overlap. The integration of layout generation or
layout-related data in the sizing optimization process helps to account for the effects
of such non-idealities and parasitic disturbances earlier in the design flow, reducing
the number of iterations required to achieve designs that meet post-layout specifi-
cations. It is also important to note that careful layout considerations, like sym-
metry, matching, isolation, proximity, thermal balancing, etc., really help to
mitigate some of the problems introduced by the spatial variability [13—15].
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1.1.2 Computer Assisted Analog IC Design

The systems’ complexity and the extremely competitive markets obligate the use of
CAD tools to enhance the design process. Today’s analog design environment is
made of CAD tools for analog IC design editing, evaluation and verification that are
mature and fully deployed in the industrial environment, the following list some
examples:

e Simulation tools: ADiT, Questa and Eldo [16]; HSPICE, nanosim and HSim
[17]; Spectre [18]; SMASH [19].

e Layout edition: Virtuoso Layout Editor [18]; IC Station Layout [16]; Galaxy
Custom Designer LE [17].

e Design rule verification and layout extraction: DIVA and Assura [18]; Hercules
[17]; CALIBRE [16].

e Integrated platforms like Mentor Graphics IC design Manager [16] or Cadence
Virtuoso Analog Design Environment [18].

The time required to manually implement an analog project is usually of weeks
or months, which is in opposition to the market pressure to accelerate the release of
new and high performance ICs. To address all these difficulties and solve the
problems, EDA tools are a solution increasingly strong and solid. Some commercial
automation solutions began to emerge as the result of the research efforts in this
field, such as ADA’s Genius product line and Magma Titan that were integrated in
Synopsys (2004 and 2012 respectively) [17], the circuit optimizer feature of
Cadence’s Virtuoso Custom Design Platform GXL [18], Solido’s Fast PVT, Fast
Monte Carlo and High-Sigma Monte Carlo [20] or MunEDA’s WiCkeD™ [21].
Even if applicable only at cell level, analog components with 10-100 devices [8],
they increase the automation level of the analog design environment.

Despite its fundamental aid to designers, the automation options are limited and
the ones available are not usually used by the majority of the designers. These tools
should play a key role in analog IC design productivity, as they speed up the design
process and increase tractability. However, the lack of mature and robust
automation tools still leads to handcrafted design, and analog design automation is
still a topic of intensive research effort.

1.2 Analog IC Design Flow

Before proceeding into analog IC circuit design automation details, a brief overview
on the analog design flow is first provided. Due to the nature of analog design, it is
difficult to identify one unique design flow. Nevertheless, a typical and well
accepted design flow for AMS ICs was proposed by Gielen and Rutenbar in [4]. It
consists of a series of top-down topology selection and circuit sizing steps and
bottom-up layout generation and extraction steps. Before passing between any of
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the hierarchy levels, in both top-down and bottom-up path, verification is performed
to ensure the specifications are met. The design flow is illustrated in Fig. 1.3,
considering only system-level and cell-level without the loss of generality.

On the top-down path, the Topology Selection is the process where a set of
blocks and the connections between them in defined in order to implement the input
specifications of the current hierarchy level. In the Circuit Sizing task, the
higher-level specifications are translated in the specifications for each of the blocks.
Block specifications may be the definition of the DC Gain and Bandwidth for an
amplifier, or the sizes of the transistors, depending on the models used in that
abstraction level. The sizing is then verified to ensure the fulfillment of the input
specifications. Then, the specifications for each block are passed to the next level of
the hierarchy, and the process is repeated until the layout of the innermost block is
done. At this point, the bottom-up flow is executed. First, the layout of the current
level is generated from the layouts of the deeper hierarchy, then, the layout is
extracted to a model suitable for verification. When the top-most level verification
is complete, the system is designed. It is important to note that any of the many
verification stages throughout the design cycle may detect potential problems, with
the design failing to meet the target specifications. In that case, backtracking and
redesign will be needed.

The number of hierarchy levels depends on the complexity of the system being
handled and there are no generally accepted representations. The same authors in
[22] defined the cell-level and system-level, where the cell-level was defined as
analog components with 10-100 devices, examples of such circuits are OTAs,



1.2 Analog IC Design Flow 7

LNAs, Oscillators, Filters, etc., and the analog system-level as analog components
with possibly hundreds of these systems, examples of such systems are data con-
verters, phased lock loops, RF front ends, etc. More hierarchical levels can be
included in the design flow for complex systems in order to have design tractability.
In such intermediary levels the strategies for either system-level or cell-level design
automation are applicable, where the most suitable strategy for each level depends
on the depth in the design hierarchy and the complexity of the components handled.

At circuit-level, a design task is performed for each analog block. This process is
executed iteratively in order to determine the physical dimensions of each device. In
this phase two major tasks are considered: the selection of circuit topology and the
circuit sizing. The specifications are then, verified through simulation of the circuit
by, e.g., using HSPICE® or Spectre®. After the analog blocks have been sized, the
project enters into the next phase where the analog blocks are mapped into a
physical representation of the circuit, the layout. The layout is a set of geometric
shapes that obey to the rules defined by the manufacturing process. Then, the layout
passes the design rule check and the layout-versus-schematic verification stages,
and finally, it is extracted and simulated to verify the impact of layout parasitic
effects on the overall performance of the circuit.

In a traditional analog design, the designer defines a methodology and interacts
manually with a set of separate tools in order to achieve the project objectives,
aiming to obtain a robust design at the end. Specifically, in the circuit sizing task,
the target is to obtain best sizes of the devices, such that the circuit meet the desired
specifications, and possibly optimize some of the application specific performance
figure (DC Gain, power, area, etc.), However, these objective functions, which
relate performance specifications of the circuit with the sizes of the devices, are
characterized by being complex, multidimensional and irregular, making the
manual search for the ideal solution difficult to achieve. In the manual design, the
designers start by finding an approximate solution using simplified analytical
expressions, and then, iteratively, adjust the solution until it meets all specifications,
which sometimes can be very time consuming.

Verification is done using circuit simulations that provide extra accuracy to the
simplified (but treatable) equations used to derive the initial solution. The design-
er’s experience and knowledge are of the utmost importance, as they allow sim-
plifications that speed up the design process, without compromising the quality of
the solution.

1.3 Automatic Analog Circuit-Level Sizing

The focus of this book is automatic circuit-level sizing and optimization, where
from the set of specifications, the tool finds out the sizes for the components, e.g.,
widths and lengths of the transistors, resistors, capacitors, etc. Particularly, it covers
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the sizing of devices in analog ICs using state-of-the-art and innovative multi-
objective optimization techniques that include layout effects in the optimization
loop with an additional focus on the integration in the designers’ flow.

To summarize these introductory paragraphs, the precise issues addressed in this
work are:

e To allow the analysis of optimal design tradeoffs: The multi-objective opti-
mization enables accurate design tradeoff analysis; therefore the goal is to
provide accurate insights on the optimal tradeoffs that facilitate the analysis of
the system-level impact of design choices.

e To generate robust solutions: Layout-induced effects are to be included in the
sizing process and to ensure correct results, circuit’s performances are to be
evaluated accurately. In addition, some method to handle process and envi-
ronment variations must be considered.

e To be easy to use: One of the main issues with analog design automation tools
is that the analog designer does not use them. The developed tool, AIDA, is
designed to appear in the design flow in a way that it helps the designer, while
taking advantage of his(her) knowledge.

¢ To increase design reusability: An automated design flow should simplify the
retargeting to different specifications of an already setup design or to increase
the quality of a previously sized solution.

This is the scenario that lead to the development of the AIDAsoft Framework
[23, 24] which implements a design flow from a circuit-level (spice netlist) spec-
ification to a physical layout (GDSII stream) description, where AIDA-C is the tool
for analog IC sizing and optimization and AIDA-L a companion tool for layout
generation. More details about the AIDA project at ICG-IT can be found in ‘www.
aidasoft.com’.

1.4 Contributions to the State-of-the-Art

The main innovative contributions of the developed methodologies proposed in this
book can be summarized as follows:

e Multi-Objective Evolutionary Sizing of Analog ICs with Corners
Validation: General and efficient multi-objective design methodology and tool
for automatic analog IC sizing, which takes into account the effects of process
variations. By varying the technological and environmental parameters, the
robustness of the solutions is enhanced. The effects of corner cases on the Pareto
optimal front were investigated together with the tuning of NSGA-II parameters
for application to analog circuit sizing. Three different design strategies con-
sidering nominal and PVT corners were tested in a benchmark circuit, showing
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the effectiveness of multi-objective design of analog cells [25]. The design of
analog circuit involves balancing contradictory objectives. Yet, these tradeoffs,
which are commonly used for the definition of Figure-Of-Merits (FOMs), are
seldom explored. AIDA-C was used in true automatic multi-objective sizing of
an LC-VCO where state-of-the-art FOMs are obtained without being explicitly
optimized, where the optimal tradeoffs are shown to the designer [26].

e A New Meta-heuristic Combining Gradient Models with NSGA-II to
Enhance Analog IC Sizing: Presents an innovative approach to enhance
AIDA-C, by embedding statistical knowledge from an automatically generated
gradient model into the NSGA-II operators. The approach was validated with
typical analog circuit structures, using the United Microelectronics Corporation
(UMC) 0.13 pm integration technology, showing that, by enhancing the opti-
mization kernel with the gradient model, the optimal solutions are achieved,
considerably faster and with identical or superior accuracy [27-29].

e Explore Rival Multi-Objective Multi-Constraint Optimization Kernels for
the sizing of analog ICs: Three multi-objective multi-constraint optimization,
namely, an evolutionary approach with NSGA-II, a swarm intelligence approach
with MOPSO and stochastic hill climbing approach with MOSA, are experi-
mented in the sizing of an LC-Voltage Controlled Oscillator and an
LC-Oscillator for a 130 nm technology node, and are compared in terms of
performance, using statistical results obtained from multiple runs for each one of
the oscillators showing that NSGA-II outperforms the other two reference
approaches by having a better convergence time, a widespread set of solutions,
and, in general, achieving better Pareto fronts [30].

e Layout-aware Sizing of Analog ICs using Fast Parasitic Estimates: Unified
fully automated circuit-level sizing implemented with a multi-objective
multi-constraint optimization together with a design-rule check proved fully
automated layout generation based on high level layout guidelines, described in
technology independent layout guides. Evolutionary computation techniques are
extensively used, at both circuit-level and physical-level, as tool to solve design
optimization problems [23, 24]. Complete layout-related data for both circuit’s
geometric requirements, which are obtained from the real-time in-loop floorplan
packing [31], and circuits’ electrical performance, which is obtained from the
circuit simulator. In order to boost the parasitic extraction efficiency, the need
for expensive detailed layout generation, as found in previous state-of-the-art
layout-aware sizing approaches, is here circumvented. However, interconnect
parasitic capacitances that are major contributors to performance degradation
and on-die signal integrity problems, must be accounted for. Therefore, an
empirical-based parasitic extraction is performed on a semi-complete layout
obtained from the floorplan with only AIDA-L’s global routing. The method-
ology is demonstrated for the UMC 130 nm design process using well-known
analog building blocks proving the generality, accuracy and fast execution of the
proposed approach [32].
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1.5 Conclusion

Even with the progress in analog IC design automation tools, reception by IC
design teams is still far from widespread, leading to hard-to-reuse and costly analog
designs. While the challenges in analog IC design introduced by the latest fabri-
cation process are pushing analog designers to use automation solutions, there is
still a large room for improvement in analog automation solutions. In this chapter
some key issues that still need addressing in analog IC design automation are
identified and the AIDAsoft framework’s features proposed to handle those issues,
which will be further described in detail throughout this book, are summarized.
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Chapter 2
Previous Works on Automatic Analog IC
Sizing

2.1 Analog IC Sizing Automation: An Historical
Perspective

Historically, automatic analog IC sizing has been implemented using two different
approaches, namely knowledge-based and optimization-based approaches [1],
illustrated in Fig. 2.1. Knowledge-based approaches systematize the design using a
design plan derived from expert knowledge. In these early strategies, a plan is built
with design equations and a design strategy to produce the device sizes that meet
the performance requirements. In [2], the designer expertise is captured in a design
plan where all design equations are explicitly solved during the definition of the
plan. Once the topology is selected, the plan is executed for the given specifications
and produces a first design. In [3] the same overall strategy is used, but defines the
circuits hierarchically, with a design plan for each sub-block. It also adds back-
tracking with design-reuse methodologies to recover from failed designs. A slightly
different approach is found in [4—7], where designer’s knowledge captured in expert
systems using artificial intelligence techniques. The main advantage of knowledge-
based approaches is the short execution time. However, deriving the plan is hard
and time-consuming, it requires constant maintenance to keep it up to date with
technological evolution, and also, the results are not optimal, suitable only as a
first-cut-design.

Aiming for optimality, the next generations of sizing tools apply optimization
techniques to analog IC sizing. Optimization-based sizing tools come in many
flavors, but they can be generally classified into two main subclasses:
equation-based and simulation-based circuit optimization, from the bulk methods
used to evaluate circuit’s performance. Equation-based methods use analytic design
equations, whereas simulation-based use a circuit simulator to relate the circuit’s
performance figures with the design variables. While the first take advantage of fast
execution time, the development and maintenance of the equations are costly, in
addition the lack of accuracy in the evaluation of the circuits’ performance greatly

© Springer International Publishing Switzerland 2017 13
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penalizes this approach. To tackle the accuracy issue, simulation-based evaluation
takes advantage of the circuit simulator, e.g., SPICE [8], to provide accurate per-
formance figures. The cost of this approach is obviously execution time, but with
the computation resources available today, quasi-optimal solutions can be obtained
with acceptable execution timeframes [9].

In the current state-of-the-art, optimization-based is the most common approach
to automatic sizing at circuit level, and some flavors of it are already integrated and
available in the toolkits provided by most EDA providers, like the circuit optimizer
feature of Cadence’s Virtuoso Custom Design Platform GXL [10], Synopsys Titan
ADX [11] or MunEDA-GNO [12]. Nevertheless, for system level, design plans or
knowledge-based tool are still around [9]. The following sections will overview the
most preeminent methods in analog integrated circuit sizing and the latest devel-
opments in the area.

2.2 Optimization-Based Circuit Sizing

The critical points in optimization-based approaches are the optimization tech-
niques employed and the methods used to evaluate the circuit’s performance.
Sect. 2.2.1 overviews the first and Sect. 2.2.2 the second.

2.2.1 Optimization Techniques Applied to Analog Circuit
Sizing

Different optimization techniques are used for analog IC sizing and optimization,
both deterministic and stochastic. In equation-based methods, as the analytic
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equations that relate the circuit’s performance figures to the design variables are
known, is possible to use classical optimization methods. By using the circuit
simulator, methods that take advantage of some properties of the models, e.g.,
quadric or geometric programming cannot be used, leading, to stochastic heuristic
optimization techniques.

Early approaches to simulation-based automatic sizing used local optimization
around a “good” solution, where simulated annealing (SA) [13] was the most
common optimization technique used. SA mimics the annealing of material under
slow cooling to minimize the internal energy, as the name suggests. In DELIGTH.
SPICE the optimization algorithm (phase I-II-IIT method of feasible directions) is
used to perform local optimization around a user provided starting point.
Kuo-Hsuan et al. [14] and FASY [15, 16] use equations to derive an approximate
solution, and then use SA to optimize the design. Likewise, Cheng et al. [17] also
uses SA with a good starting point, but considers the transistor bias conditions to
constrain the problem. FRIDGE [18] aims for general applicability approach by
using an annealing-like optimization without any restriction to the starting point,
whereas Castro-Lopez et al. [19] use SA followed by a deterministic method for
fine-tuning to perform the optimization.

Other widely used class of optimization methods are genetic algorithms
(GAs) [20]. The principle of the GA is to mimic natural evolution where new
solution vectors are obtained from the current population by the application of the
genetic operators of mutation and crossover. Barros et al. [21, 22] presents a circuit
sizing optimization supported by a GA where the evaluations of the populations
was made using a both the circuit simulator and a support vector machine (SVM).
Alpaydin et al. [23] use hybridization of evolutionary and annealing optimization,
where the circuits’ performance figures are computed using a blend of equations
and simulations. Given the affinity evolutionary algorithms have with parallel
implementations, in Santos-Tavares [24], MAELSTROM [25] and ANACONDA
[26] the time to simulate the population reduced by a parallel mechanism that shares
the evaluation load among multiple computers.

A different approach to circuit sizing optimization that also employs evolu-
tionary methods is to simultaneously generate the circuit topologies (the arrange-
ment of the devices) and the device sizes. Koza [27], Sripramong [28], and more
recently Hongying [29] proposed a design methodology able to create new
topologies by exploring the immense possibilities starting from low abstraction
level. Small elementary blocks are connected bottom-up to each other to form a new
topology. Various fundamental entities can be applied, such as, single transistors,
elementary building blocks or node connections. However, these approaches are
met with great skepticism, as designers are suspicious of the generated structures,
because they often differ too much from the well-known analog circuit structures.

Swarm intelligence algorithms [30] can also be found in the literature applied to
analog circuit sizing. The fundament of swarm intelligence algorithms is to use
many simple agents that lead an intelligent global behavior, like the one observed in
many insect hives. From these methods, the most common are the ant colony
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optimization (ACO), which was successfully applied in [31, 32], and particle swarm
optimization (PSO) that can be found in [33-35].

Circuit sizing is in its essence a multi-objective multi constraint problem, and the
designer often explores the tradeoff among contradictory performance measures, for
example, minimizing power consumption while maximizing bandwidth, or maxi-
mizing gain and minimizing area of an amplifier, therefore, the usage of
multi-objective optimization techniques is becoming more common. When con-
sidering multiple objectives the output is not one solution, but a set of optimal
tradeoff solutions, usually referred as Pareto optimal front (POF). Given the mul-
tiple elements already present in both evolutionary and swarm intelligence algo-
rithms, these are the natural candidates to implement such approach. In MOJITO
[36] the evolutionary multi-objective methods are applied, respectively, to circuit
sizing and both sizing and topology exploration, whereas in [35] the particle swarm
optimization is explored in both single and multi-objective approaches. A different
approach is taken by Pradhan and Vemuri in [37], where the multi-objective sim-
ulated annealing (MOSA) is used.

Instead of executing sizing on-the-fly, in some approaches the non-dominated
solutions are generated using the previously mentioned multi-objective optimiza-
tion methods or variations of them for the most relevant tradeoff (prior to the design
task) and then, the suitable solution is selected from the already sized solutions
[38—41].

2.2.2 Circuit’s Performance Evaluation

As stated, in terms of evaluation methods, the two main subclasses are
equation-based and simulation-based evaluation. As both have advantages and
disadvantages, hybrid solutions considering both approaches are also common.

2.2.2.1 Equation-Based

In the equation-based approaches different optimization techniques are used. The
optimization in OPASYN [42] is done using steepest descent, whereas in STAIC
[43], a successive solution refinements technique is used. OPTIMAN [44] uses SA
applied to analytical models created automatically by ISAAC [45]. DONALD [46]
is an interactive design space exploration tool that assists the designer during circuit
sizing by automatic analytical manipulations of the circuit equations. Maulik et al.
[47, 48] define the sizing problem as a constrained nonlinear optimization problem
using spice models and DC operating point constraints, solving it using sequential
quadratic programming. Matsukawa et al. [49] design AX and pipeline analog to
digital converters solving via convex optimization the equations that relate the
performance of the converter to the size of the components. In ASTRX/OBLX [50]
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a SA optimization is performed on a cost function defined by equations for dc
operation point, and small signal asymptotic waveform evaluation (AWE). This
evaluation technique is also used in DARWIN [51].

In GPCAD [52] a posynomial circuit model is optimized using geometrical
programming (GP), the execution time is in the order of few seconds, but the
general application of posynomial models is difficult and the time to derive the
model for new circuits is still high. To reduce the long time dispended in model
development several automatic techniques were proposed, in [53, 54] Gielen et al.
provide a good overview on symbolic analysis applied to analog ICs. However,
some design characteristics are still not easy to extract automatically in terms of
analytical expressions with sufficient accuracy. Kuo-Hsuan et al. [14] revisited the
posynomial modeling recently, surpassing the accuracy issue by introducing an
additional step, where local optimization using SA and a circuit simulator is per-
formed. The same strategy is applied in FASY [15, 16] were analytical expressions
are solved to generate an initial solution and a simulation-based optimization is
performed to fine tune the solution.

The equation-based methods’ strong point is the short evaluation time, making
them, like the knowledge-based approaches, extremely suited to derive first-cut
designs. The main drawback is that, despite the advances in symbolic analysis, not
all design characteristics can be easily captured by analytic equations, making the
generalization of the method to different circuits very difficult. In addition, the
approximations introduced in the equations yield low accuracy designs especially
for complex circuits, requiring additional work to ensure that the circuit really meets
the specifications.

2.2.2.2 Simulation-Based

With the availability of computing resources, simulation-based optimization gained
ground, being the most common approach found in recent approaches.
In DELIGTH.SPICE [55] the optimization algorithm (phase I-II-III method of
feasible directions) is used to perform local design optimization around a user
provided starting point.

FRIDGE [18] on the other hand aims for global optimality by using an
annealing-like optimization without any restriction to the starting point. However,
to restrict the dimensionality of the problem the user still must provide the range for
the optimization variables. In MAELSTROM [25] and ANACONDA [26] the
evaluation time is reduced by a parallel mechanism that shares the evaluation load
among multiple computer. Given the affinity evolutionary algorithms have with
parallel implementations, it was the base technique chosen in MAELSTROM,
however and because the success that SA has demonstrated in many implementa-
tions, the authors’ option was to use parallel re-combinative simulated annealing
(PRSA). In ANACONDA the approach is similar, but instead of the PRSA it is
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applied a variation of pattern search algorithms, named by the authors as stochastic
pattern search.

Generality and easy-and-accurate model (the circuit netlist) are the strong points
of simulation-based techniques. However, the execution time is large for complex
circuits (~ 100 variables) and prohibitive at system level, and, without the proper
constraints the algorithm may not converge to a good result. Some heuristic
schemes exist to automate the process of defining the constraints [56]. However,
automatic constraint defining mechanisms are not integrated in sizing tools and
their application is somewhat circuit class specific. Being the high execution time
the weaker point of this approach, some techniques had been proposed to cope with
it. As stated before, Kuo-Hsuan et al. [14] and FASY [15, 16] use equation-based
techniques to derive an approximate solution, and then use simulation within a SA
optimization kernel to optimize the design. Cheng et al. [17] use the transistor bias
conditions to constrain the problem and instead of solving the circuit by finding
transistor sizes, the problem is solved by finding the bias of the transistors. The
transistor sizes are then derived from the bias point using electric simulation.
In MAELSTROM [25] and ANACONDA [26] the evaluation time is reduced by a
parallel mechanism that share the evaluation load among multiple computers.

To handle complex circuit where the simulation is too expensive, [57] takes a
hierarchical approach where equations are used for system level evaluation, while
the circuit simulator is used for block level. The sizing flow is neither top-down of
bottom-up, but concurrent optimization of both system and block level.

In order to increase the performance of simulator-based circuit optimizers,
surrogate-based evaluation is maturing as an alternative technique to avoid the
costly simulations [58, 59]. In such approaches, the global accuracy of the simulator
is traded by the speed of applying the surrogate model for performance estimation.
These models are automatically generated which eases design and maintenance,
however tuning the model accuracy can be complicated, which makes them hard to
use in a generalized form.

Alpaydin et al. [23] use a neural-fuzzy model combined with an evolutionary
optimization strategy where some of the AC performance metrics are computed
using an equation-based approach. De Bernardinis et al. [60] use a learning tool
based in SVM to represent the performance space of analog circuits. The perfor-
mance space is modeled using the knowledge acquired from a training set via
circuit simulation. Wolfe et al. [61] present a performance macro-model based in a
neural network. This model once constructed, is used to replace the SPICE simu-
lation during the sizing of analog circuits, increasing the efficiency of the perfor-
mance parameter estimates’ computation. The training and validation data sets are
constructed with discrete points, sampled over the design space. The work explores
several sampling methodologies to adaptively improve model quality and applies a
sizing rules methodology in order to reduce the design space and ensure the correct
operation of analog circuits. Barros et al. [21, 22] present a cell-level sizing and
optimization approach based on SVMs and evolutionary strategies. The SVM is
used to dynamically model performance space and identify the feasible design
space regions while at the same time the evolutionary techniques are looking for the
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global optimum. The evaluation is still done with HSPICE to ensure accuracy, but
the number of evaluation is reduced by using the SVM to prune the candidate
solutions, in [62] the approach is generalized for multi-objective.

2.2.3 Commercial Solutions

The EDA industry closely follows the main trends in academia and R&D work-
groups, focusing on the lower level of abstraction levels dealing with device sizing
and layout description levels. Synopsys titan ADX (originally Magna’s) takes an
equation-based approach. To overcome the issues with equations, namely the
non-generality and the difficulty to derive them, an automated procedure is used to
extract the circuit models without user inputs. To ensure accuracy of the models, the
automatic procedure uses a circuit simulator. While this automatic procedure solve
the problems related to time to design and maintain the models, model accuracy is
still an issue, limiting the applicability of the approach to high-performance designs.
In the high-end of Cadence products (Virtuoso-GXL), automatic IC optimization is
provided with 4 alternative optimization methods that can be used with the simu-
lator. In this approach accuracy is ensured, but the limitative single-objective
optimization and the hard-to-use constraint handling together with the long simu-
lation time for real industrial designs, are the main deterrent for generalized use.

2.3 Robust Circuit Optimization

With the evolution of the fabrication processes, new challenges to analog IC design
automation arisen, namely the need for circuits that are robust to the variability in
both fabrication process and environment. The variability in IC design comes from
the environment (voltage, temperature) variations, die-to-die variations that affect
all devices identically, and intra-die variations that affect each device differently.

Process variation has been around since the early design processes, but the
reiterated reduction in devices’ sizes increases the effects of process variation
because: transistors may be shrinking, but atoms do not. On large devices some
displaced atoms do not cause a significant performance shift, but for small devices
the performance shift must be accounted if the vast majority of the design are to
meet specifications after fabrication [63].

The environment parameters are usually defined by a lower and upper bound,
while the process variation parameters are random variables defined by some
probability distribution function (commonly a Gaussian with zero mean).
Environment and die-to-die variations are commonly handled using process, volt-
age and temperature (PVT) corners, while intra-die variations are handled using
Monte Carlo (MC) analysis. However, both comprehensive PVT corners and MC
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require many additional circuit simulations and are inadequate to be used inside the
optimization loop.

To circumvent the amount of simulations required, worst case parameters sets or
worst case corners are often considered instead [64, 65]. Worst case corners are set
of values for the environment and process parameters, which are not controlled by
the designer, that lead to the worst values of circuit’s performances. However,
unlike digital cells where worst case corners do not depend on topology or device
sizes and are provided in the models by the foundry (e.g. Slow, Fast, etc.), analog
worst case sets do depend of the circuit’s topology and sizes of the devices [66].
Figures 2.2 and 2.3 illustrate the differences between nominal and variation-aware
circuit sizing and optimization.
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Fig. 2.3 Variation-aware automatic circuit sizing and optimization
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2.3.1 Worst-Case Optimization

A simple method to derive these worst case corners, which does not account for
intra-die variations, is for the designer to select the relevant worst case corners [21].
A more systematic approach is the “Fast PVT corner” described in [63] that
transforms the search for the worst case PVT corner in an explicit optimization
problem that minimizes the circuit performance in the PVT corner space. This worst
case corner is then considered during the circuit design. As the worst case corner
depends of the circuit sizing, regular updates may be needed.

Another approach is to find the worst case parameters sets accounting for
intra-die variations. One of such method is the “Sigma driven corners” [63]. The
algorithm to extract the parameters that correspond to a parametric yield of n X ¢
for a given performance target is outlined in Algorithm 2.1. First a MC sampling is
done (~ 100 points for 30), then the p.d.f. of the output is estimated using kernel
density estimates. The percentile of the p.d.f. is then used to derive the n x ¢
performance boundary. The last step is to find the process and environment
parameters that cause that performance values.

Algorithm 2.1 Sigma driven corner extraction [63]

Simulate 100 MC samples

Estimate p.d.f. of the circuit’s performance

1
2
3. Use the p.d.f. to determine performance bound
4

Find the corresponding process and environment parameters
Starting from the closest point in the sampling

Linear Worst Case distance design [67], assumes that in circuits already
designed for nominal conditions, i.e., typical values for temperature and voltage and
no process variation, most of the circuits’ performance figures can be accurately
linearized. It takes a deterministic circuit optimization approach, where the worst
case environment and process parameters are iteratively updated using a gradient
estimation. Then, at each iteration, the design variables are determined solving the
sizing optimization problem considering the latest worst case environment and
process parameter set. To increase the accuracy of the estimates, in [68] a quadratic
model replaces the linear model. Using the worst case distances concepts, in [69]
the bias-driven performance equations are derived to include variability for flexible
thin film transistors. A linear-solver is then used to optimize the bias point and look
up tables, which were obtained before the sizing task using the circuit simulator to
account for all transistor’s non-idealities, are used to obtain devices’ sizes from
their bias.

The above solutions provide a way to handle variability, but they work only over
the yield considering each to the circuit’s performances separately, and are not
adequate for handling the statistical yield (% of fabricated ICs that meet all spec-
ifications). On the other side, they provide a direct relation between the variability
of each performance with respect to the process and environment variability, that is
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extremely useful for the designers to understand which performances figures are
critical under variability.

A different approach is to handle yield considering full MC for the relevant
solutions and speed the process by avoid useless simulations of less promising
solutions. In [70], multiple levels of evaluation accuracy are considered simulta-
neously. For the initial evaluations only DC simulations are considered, in the next
levels other simulations are considered for nominal conditions, followed by PVT
corners, and finally, full MC.

This scheme allows global optimization where tentative designs are initially
evaluated using simplified (and faster) simulations, and as those tentative solutions
get closer to the solution more accurate evaluations are performed. To further
accelerate the optimization, a surface response model is generated on the fly, and is
used to generate new tentative solutions. A similar approach to efficiently use the
computational resources without compromising accuracy is taken in [71], where
evolutionary ordinal optimization is used. In ordinal optimization the exact values
for yield are not necessary, as long as tentative solutions are well sorted in terms of
performance. In this manner, the number of simulations executed to estimate the
yield is allocated efficiently to avoid unnecessary yield estimations of bad tentative
solutions and, accurately estimate the yield of the best candidates as the execution
progresses.

Despite the merit of the previously discussed approaches in handling variability,
they are still impractical for high-sigma design. High-sigma design take the amount
of simulations required to another level, a 6¢ design (approx. 2 error per billion
samples) requires billions of MC simulations for verification [63]. Specific methods
for high-sigma design have been proposed that reduce the amount of simulations to
practical levels [63, 72-74]. Yet, while extremely relevant for bit-cell and other
kind of highly redundant blocks that appear thousands of times in an IC, the
relevance of high-sigma design is reduced for analog IC design, as most analog
cells are not repeated hundreds of times in an IC. Eventually for some stricter
applications, 4-sigma design (1 error per 15 thousand samples [63]) might make
sense.

In addition to environment and fabrication variability, effects like well proximity
effects (WPE), shallow trench isolation (STI) stress effect, electromigration, hot
carrier injection (HCI), negative bias temperature instability (NBTI), positive bias
temperature instability (PBTI), among others, lead to aging effects that are
noticeable in the latest fabrication processes, where the behavior of the devices and
consequently the performance of the circuit degrades over time. With respect to this
issue, methods to simulate considering aging have been proposed, e.g., in [75] MC
circuit simulations (plus a surface model) are used to derive the failure distribution
through the lifetime of the circuit, and, in [76], quadratic worst case distances are
extended to account both for variation and aging effects.
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2.3.2 Commercial Solutions

The growth of the importance of variation effects, created a gap between what
traditional tools supported and what the analog designer needed. Taking that
opportunity, new commercial EDA solutions emerged to efficiently tackle the
variation-aware design. For example, fast PVT corners, sigma-driven corners and
high-sigma via sampling ordering are provided as commercial solutions by Solido
Design Solutions [77], whereas, MunEDA [11] delivers worst case distances using
linearized and quadratic models, and importance sampling, among other solutions.

Much has been achieved in this domain, still, there is a space for innovation in
variation-aware circuit sizing, first and foremost, variation-aware design still require
an agonizingly high number of circuit simulations to yield accurate results.

2.4 Layout-Aware Sizing

Another source of analog IC performance degradation are the parasitic devices
formed in the silicon implementation of the circuit [78]. Hence, the performance of
a circuit needs to be guaranteed post-layout in the presence of these layout para-
sitics, which prevent the circuit from realizing the estimated performance.

In the traditional flow, the layout generation task is only triggered when the
sizing task is complete. However, to achieve post-layout successful designs that
meet all specifications, time-consuming and non-systematic iterations between
these electrical and physical design phases are required. Without them, performance
overdesign results in wasted power and area, and if underestimated, the circuits’
post-layout performance can be compromised [79]. Furthermore, even the evalua-
tion of the circuit area or aspect ratio is practically impossible from the netlist alone,
which is especially critical for designs with geometric constraints, e.g. an upper
limit in the layout width, causing expensive redesigns. Thus, to address post-layout
performance degradation and geometric requirements earlier in the design flow, the,
so called, layout-aware or layout-driven design approaches include layout effects
during the sizing loop, as illustrated in Fig. 2.4. Table 2.1 summarizes some
state-of-the-art layout-aware sizing tools and their different ways of extracting
layout-parasitics, that are presented next.

Without actually generating the layout in real-time, in [37] device parasitic
effects are modeled by linear regression from a Pareto optimal surface, obtained by
sampling the design space and using a procedural generator to produce the layout
for each point, where each solution is aware of its specific layout induced effect. In
[80] the layout is also produced by a parameterized generator, where layout para-
sitics and devices sizes are passed to the precompiled symbolic performance model
that estimates the circuit performance for each sizing solution, attempting to avoid
circuit simulation. In [81] the parasitic effects are modeled in the circuit equations, a
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Fig. 2.4 Layout-aware automatic circuit sizing and optimization

template based layout generator is used to derive the parasitic equations that are
solve together with the performance equations using non-linear-programming.

In [83] the procedural generator is used during the execution of a design plan,
where part of the parasitic effects are estimated using analytical models, and other
part is accounted by setting the BSIM’s [90] parameters accordingly. Unlike pre-
vious approaches, in [82] the procedural generator is used to generate the layout but
inside the optimization loop. Likewise in [19, 85] both parasitic-aware and geo-
metrically constrained sizing are handled. Since the predefined layout template is
supported by a slicing tree and the block placement is fixed, area and shape opti-
mization are obtained by finding the number of fingers of MOS transistors that yield
desired geometric features. In addition, layout parasitic effects are extracted and
used during the circuit’s evaluation in the optimization loop. This extraction can be
done either using analytical equations and layout sampling or using complete 3D
geometric extraction models. In [86], a layout description script is also used in-loop
in a simulation-based scheme, where the evolutionary strategies algorithm and
simulated annealing are used to perform layout-aware optimization of one candidate
from the Pareto front.

Finally, in [84] the designer knowledge is embedded in a set of placement and
routing matching, symmetry and proximity constraints, as well as geometric and
electrical performance constraints. Then, a deterministic nonlinear optimization
algorithm is used to determine the device sizes. In each iteration, the floorplan is
exhaustively explored by enumeration [91], and then the best placement, selected
based on some performance criteria, is routed and considered for post-layout
simulation.

Layout-aware/Layout-inclusive sizing tools target a design process that avoids
time consuming iterations, by bringing layout-related data into the sizing process.
However, both complete automatic layout generation and accurate parasitic
extraction are still time consuming and hard to setup operations [79]. The time cost
appears either in the processing time, when using custom automatic layout
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generator plus layout extraction inside the sizing optimization loop [84], or in the
design time of circuit specific template-based [19, 85] or procedural generators
[37, 79, 82, 83] with parasitic estimation.

2.5 Summary of the Automatic Circuit Sizing Approaches

In this survey, the most significant automatic analog IC sizing tools were presented
to provide a better understanding of its advantages and shortcomings. The variety of
existing tools and techniques covering several aspects of analog design are sum-
marized in Table 2.2, highlighting the benefits and pitfalls of the main methods to
automate analog IC sizing, and the sizing tools surveyed are summarized in
Table 2.3.

The following paragraphs frame the most relevant aspects of the
simulation-based multi-objective optimization approach developed in this work,
faced with the techniques found in the surveyed state-of-the-art methodologies.

Table 2.2 Summary of advantages and shortcomings of the techniques applied to circuit sizing

tools

Knowledge-based

Optimization-based

Equations Simulator Models
IDAC [2] OPASYN [42] Kuo-Hsuan [14] Alpaydin [23]
OASYS [3] STAIC [43] FASY [15, 16] De Bernardinis
BLADES [4] Kuo-Hsuan [14] ASTRX/OBLX [60]
CAMP [5] OPTIMAN [44] [50] Wolfe [61]
ISAID [6, 7] DONALD [46] DARWIN [51] Barros [21, 22]
ASTRX/OBLX [50] DELIGTH.SPICE
DARWIN [51] [55]
GPCAD [52] Cheng [17]
Doboli [92] FRIDGE [18]
Matsukawa [49] MAELSTROM
[25]
ANACONDA
[26]

Castro-Lopez [19]

(+) Fast execution time
(+) Expert knowledge

(+) Fast execution time
(+) Use of expert
knowledge

(+) Automatic symbolic
analysis

(+) Models are
easy to develop
(++) Accurate and
flexible

(+) can be
accurate
(+) can be
flexible

(—) Expert knowledge is
difficult to capture
(—) Not optimal

(—) Difficult derivation of
some equations

(—) Simplifications lead
to lack of accuracy

(=) Long
execution time
(=) Limited to
cell-level

(—) Accuracy is
hard to predict
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Circuit Evaluation In the tool that implements the proposed techniques, AIDA,
the evaluation of the circuits is done using the circuit simulator. In equation-based
systems the usage of classical optimization methods is possible, however, the
accuracy of the models and the derivation of such equations strong limits its
applicability. Besides the accuracy ensured in the evaluation, the generality of the
approach is increased and the setup time required to introduce new circuits is
decreased, as the circuit simulator is part of the traditional design flow anyway. The
price for these advantages is paid with a significantly increase in the evaluation
time, and also, the relation between the performance figures and the design vari-
ables becomes unknown, making the usage of classic optimization methods
inappropriate.

Optimization Algorithms AIDA uses a multi-objective multi-constraint opti-
mization based on evolutionary techniques. From the surveyed simulation-based
approaches the most common stochastic algorithms were based on simulation
annealing and evolutionary approaches, with some of the latest implementations
considering swarm intelligence methods (PSO and ACO). Besides, analog IC
design is characterized by highly constrained problems and many tradeoffs. In this
context, special relevance is given to multi-objective algorithms.

2.5.1 Contributions

The contributions that were described in Chap. 1 of this book are here revisited in
light of the techniques used in state-of-the-art in analog IC sizing automation.

First, in [93], a simple but effective method to model the analog IC sizing
optimization in multi-objective multi-constraint optimization using NSGA-II is
proposed. The model accounts for variability by considering worst case corners. In
the implemented tool, the worst case corners are selected by the designer. The main
advantage of this approach to handle variability is its simplicity. Besides, the usage
of corner sets is a common signoff practice in the industry. However, by delegating
to the designer the selection of the relevant corners, a place for human error is added
to the design flow. To automatically derive the worst case corners advanced
techniques like Fast PVT, sigma driven corners or WCD could be introduced in the
implementation. The relevance of true multi-objective analog IC sizing and opti-
mization is further explored in [94] where a VCO is optimized for both minimum
Phase-Noise and Power consumption, instead of the traditional optimization of the
figure-of-merit (FOM) that relate both objectives. In this work the obtained POF
contains more than 40 different solutions with performance that beat current
state-of-the-art oscillators and delivers the optimal tradeoffs to the designer.

As seen, the main drawback of using the circuit simulator is the increased
evaluation time, hence an effective usage of the simulations is mandatory. To
generate better tentative solutions, in [95-97] the Gradient Model, which is auto-
matically extracted using machine learning techniques, is used to add circuit
specific knowledge to the optimization. The Gradient Model, is embedded in the
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implementation of the genetic operators of the optimization kernel, increasing the
efficiency of the exploration of the search space.

While many algorithms have been used to approach analog IC sizing, a fair
comparison between approaches was not presented in the state-of-the-art.
Historically, both SA and GA have been used intensively, in this sense is natural to
consider both evolutionary and annealing approaches. Given the recent experiments
with swarm intelligence in this domain, and to broad the scope of the implemented
framework, this class of methods were also considered. From a brief perusal of the
multi-objectives implementations, the ideas like non-sorted domination or crowding
distance (further described in Chap. 4 of this book) presented in NSGA-II are
reused by several other methods. In terms of the swarm intelligence algorithms,
both ACO and PSO have been applied to circuit sizing. Because of MOPSO is
already found in the literature and the un-natural application to real valued problems
of the path finding ideas of the ACO, MOPSO was considered. In [98] these
stochastic approaches were experimented in for the sizing of oscillators.

In [87-89] and in Chap. 6 of this book is presented a methodology for automatic
layout-aware sizing of analog ICs that uses a built-in extractor to accurately compute
the impact of parasitic from both floorplan and early-stages of routing. The com-
putational efficiency is improved by avoiding the time-consuming detailed layout
generation needed by off-the-shelf tools for parasitic extraction [99]. Moreover,
prior knowledge of the circuit’s parasitics is not required, i.e., there is no need for
circuit specific equations or models as in [79]. The applicability of the approach is
demonstrated with post-layout performances attained for the circuits designed with
the developed layout-aware methodology, versus, the traditional optimization-based
sizing.

2.6 Conclusions

Although much has been accomplished in automatic design of analog circuits, the
fact is that automatic custom generators usable in industrial design environment are
just starting to gain ground. As seen, the evolution of the technology keeps creating
new challenges/opportunities for analog EDA researchers. In this survey, the most
significant analog IC sizing automation tools were presented and analyzed to
provide a better understanding of its advantages and shortcomings. The different
approaches were classified in terms of the techniques used and the most significant
aspects observed were the setup and the execution time, as well as the accuracy in
the evaluation of the solutions. The trends in optimization methods were also
surveyed, showing a predominance of the multi-objective approaches.

The presented study was used to help and frame the definition of the techniques
and strategies used in the development of AIDA, which is described in the next
chapters.
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Chapter 3
AIDA-C Architecture

3.1 AIDA Environment

Analog IC design automation (AIDA) framework [1-3] results from the integration
of the analog IC design automation tools, AIDA-C and AIDA-L, as illustrated in
Fig. 3.1. AIDA-C, the focus of this book, targets sizing of the devices in analog
circuits using state-of-the-art and innovative techniques. Its optimizer kernel is
based in multi-objective multi-constraint optimization techniques and, the tool
addresses robust design requirements in a worst case approach, by considering user
defined worst case corners. For accurate circuit’s performance evaluation, industrial
grade circuit simulators, such as Cadence® Spectre®, Mentor Graphics’ ELDO™
or Synopsys® HSPICE®, are considered.

After the circuit-level design, the layout generator AIDA-L [4], takes as inputs the
device sizes and corresponding floorplan templates, and generates the layout by
placing and routing the devices using internal design-rule check (DRC) and
layout-versus-schematic (LVS) procedures, completing the design flow. For simple
cells, parametric generators are a valid solution to implement the layout generator, as
found in the literature [5], however, parametric generators are usually specific to a
technology, support only a handful of design options and their performance degrades
fast for wide variations in the sizes of the devices, making them difficult to reuse. As
such, for cells of moderate complexity, the development of effective parametric
generators has proven ineffective either on design-time or on design-reusability.

In order to cope with these requirements and increase design efficiency, AIDA-L
stores the floorplan regularities, i.e., impositions of the designer, in a layout
meta-description that is independent of technology and sizing. The generated circuit
layout follows those guidelines, and is saved as a GDSII stream format. A final
physical verification of the results is performed using an external tool, e.g.,

© Springer International Publishing Switzerland 2017 39
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Fig. 3.1 AIDA overview

Mentor Graphics’ Calibre® [6], to ensure industrial level design-rule check and
layout-versus-schematic, and also, post-layout performance compliance.

Another important aspect is that AIDA-C interacts with AIDA-L’s Placer to
perform a floorplan-aware circuit sizing optimization, enabling the inclusion of
geometrical information from the layout during the sizing optimization. AIDA-L’s
Placer is able to quickly generate the precise floorplan for any possible sizing
solution in-the-loop, without significantly adding computation time. In addition, for
an accurate estimation of the layout’s parasitic devices, which are included in the
original circuit’s netlist enabling layout-aware circuit sizing, the AIDA-L’s fully
automatic router is used. In this process, AIDA-C’s simulation results are used to
feed the current/temperature pairs for the devices’ terminals, which are needed for
AIDA-L’s electromigration-aware wire planning.

The remaining of this chapter is devoted to AIDA-C’s architecture and design
flow, with special care on the detailed description of all the interaction with the
designer. The tool’s setup and its interactions with designers is commonly over-
looked by analog automation methodologies, but is one of the main barriers for
practical usage of automation solutions. The optimization algorithms used to effi-
ciently explore the design will be described in Chaps. 4, and 5 will focus on the
layout-aware circuit sizing.
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3.2 AIDA-C Architecture

AIDA-C, whose block diagram is shown in Fig. 3.2, is composed of two
macro-blocks: the Setup and Monitoring and the Optimizer. The Setup and
Monitoring block is devoted to assist the designer through the design process and
ease the usage of the circuit optimizer. The Optimizer solves the circuit sizing using
multi-objective optimization techniques, where the circuit’s performance is
obtained using industrial circuit simulators (for electrical measures) and AIDA-L
(for layout related measures).

3.2.1 Setup and Monitoring

Part of the setup of a design in AIDA-C is made at file level. The inputs from the
designer are the circuit and test-bench(es) in the form of spice-like netlist(s). The
netlist(s) must have the optimization variables as parameters, and must include
means to measure the circuit’s performances considered in the design objectives
and target specifications. Intended corner’s parameter sets for worst case evaluation
are also included. In addition, the designer defines ranges for the optimization
variables, design constraints and optimization objectives. If a layout-aware circuit
sizing optimization is intended, AIDA-L’s layout guides must also be provided. The
Setup Assistant helps the designer and speed ups the tool’s setup by generating
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Fig. 3.2 AIDA-C architecture
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some statements and file drafts automatically, for example, for the active devices
some default measures and the correspondent constraint statements for overdrives
and saturation margin (delta) are generated automatically. The measures for the
currents in all circuit nodes required by the AIDA-L’s wire-planner, are also gen-
erated by AIDA-C. In addition, a draft of the layout guides is generated from the
netlist directly. Using these aids, the setup productivity is highly enhanced, without
compromising the designer’s ability to customize it.

In the Graphical User Interface (GUI) the designer manages previous designs
(Loads/Saves previous solutions and configurations), sets the desired performance
specifications and optimization targets, selects how the circuit is evaluated in terms
of nominal or worst case simulation, and, what kind of layout effects are considered,
if any. During the optimization, the designer monitors the evolution, and can
intervene, e.g., by stopping the optimization whenever an acceptable solution is
present, or, by editing a solution to make an educated “guess” that helps get to a
better solution faster. Such interface permits an efficient reuse of the setup for
different specifications, and, by using the circuit simulator as the core for perfor-
mance evaluation, the integration in the traditional design flow is straightforward. In
addition, as the interface was natively developed for the designer to interact with the
optimizer, the optimizer efficiency can be further improved by the designer’s own
expertise.

3.2.2 Circuit Optimizer

AIDA-C’s optimizer is centered on the multi-objective multi-constraint optimiza-
tion kernel. The optimization methods implemented in AIDA-C are the NSGA-II
[7], MOSA [8] and MOPSO [9]. Additionally, the algorithm implementations share
a common interface, easing the intermingling of tentative solutions between tech-
nics in order to, not only use the different approaches by themselves, but also ease
the combination of the methods.

Given the multi-objective nature of the sizing method, the optimizer’s output is
not one solution but a set of solutions all compliant with the design specifications,
i.e., a set of Pareto non-dominated solutions or Pareto front. Pareto dominance
states that one point in the solution space, A, is not dominated by another point, B,
if dm: f,(A) < f,,(B). Figure 3.3 depicts a Pareto front, illustrating the Pareto
dominance concept, where solutions A and B are non-dominated and both dominate
solution point C.

To ensure accuracy and generality of application, the evaluation of the electrical
circuit performance is done using circuit simulators. AIDA-C supports two eval-
uation strategies, Typical and Corners. In Typical, the circuit is evaluated using
only nominal conditions. In Corners, the design is optimized using all the defined
worst case process, voltage and temperature (PVT) corners, i.e., for each evaluation
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the circuit is simulated once for each corner case, and the worst case values are
considered [4]. Geometric and performance figures that depend on the physical
layout representation of the circuit are considered using AIDA-L to generate the
layout and extract the corresponding parasitics.

AIDA-C is enhanced with the usage of machine learning techniques that add
automatically generated design knowledge to the optimizer. The Gradient Model
[10], which creates a simplistic model of the Ist order iterations between design
variables and circuit performance, is used to guide the generation process to a better
solution faster. The generation of the model starts by sampling the design space
using a design of experiments (DOE) approach [11], and then, the model is gen-
erated from those samples by extracting and ranking the contributions of each
design variable (input) to each design performance or objective (output). Finally, a
set of gradient rules are built and combined with the evolutionary optimization
kernel.

3.3 AIDA-C’s Analog IC Design Flow

The detailed analog IC design flow based on the AIDA-C solution is illustrated in
Fig. 3.4. The following paragraphs describe the flow, starting from the inputs until
sizing is complete. The particulars of setting up a design for the implemented tool
are provided for clear image of the amount of effort that is needed to setup such an
automation tool, which can be quite small. But these steps are general enough to be
used, with the proper adaptation, with other analog IC automation solutions.
A single-ended two-stage Miller amplifier for United Microelectronics Corporation
(UMC) 0.13 um is used to illustrate the descriptions.
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Fig. 3.4 Design flow using AIDA-C

3.3.1 Circuit Sizing Setup

In this section, it is explained how to setup all the necessary elements to use
AIDA-C. Adding a circuit to AIDA-C is a two-step operation, first the circuit netlist
needs to be properly parameterized, and then, using AIDA-C’s setup assistant to
accelerate the process, AIDA-C design structure, as shown in Fig. 3.5, needs to be
created.

The project is organized by a set of files. The “design.xml” file is the main
description file. XML is a markup language that defines a set of rules for encoding
documents in a format that is both human- and machine-readable. The image is
optional, and is used to show the circuit schematic to ease the identification of the
devices and parameters when operating the tool (commonly a screenshot of the
schematic). The folder “layout” contains multiple layout guide files and the folder
“tech_netlist” contains the circuit and testbenches. The nominal and worst case (or
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D testbench_2.corners.cir

corner) testbench(es) are described in different base files, but may include common

files.

Starting from the circuit netlist, designed by hand or exported from a schematic
editor, the design variables are defined by taking into consideration what are the
values the optimizer may change (usually the sizes of the devices). At this stage,
matching of devices can be enforced. The design variables are defined as param-
eters and are used in the netlist appropriately. Figure 3.6 shows the parameterized
netlist used for the Miller amplifier example.

(a)

MN9 D11 D11 SS SS
MN10O D12 D11 SS SS

N_12 HSL130E
N_12 HSL130E

*** Beginning of Subcircuit definition
*** Cell name: Single-ended_two-stage_ Miller amplifier
.SUBCKT OPAMP A DD IN IP OUT REF SS

w=_wal 1= lal
w=_wal 1= lal

MP20 REF REF DD DD P 12 HSL130E w=_wb 1= lb m= 2 //w and 1 matched
MP14 NETZ52 REF DD DD P_12 HSL130E w=_wb 1= lb m= mbp //between MP20,
MP22 OUT REF DD DD P 12 HSL130E w=_wb 1= 1lb m= mb2 //MP14 and MP22
MP11 D11 IN NETZ52 DD P 12 HSL130E w= wp 1= lp m= mp //MP1l matched

MP12 D12 IP NETZ52 DD P_12 HSL130E w= wp 1= lp m=_mp //with MP12

m= mal //MN9 matched
m=_mal //with MN10

MN21 OUT D12 SS SS N 12 HSL130E w= w2g 1= 12g m= m2g
XCOO OUT D12 SS momcaps_sy mm l=_lc nf='_nfc'
.ENDS
*** End of Subcircuit definition
=
(b) vdd sl o ]
MP20 I}——il MP14 mp22 —|
B H H
=
ref
[
p ] >
out
- | mp11 mp12 |
in
XCO
MN9 | MN10 [
| | MN21 |
Vss
- ™ ™ e

Fig. 3.6 Single-ended
b Schematic

two-stage Miller amplifier.

a Parameterized netlist

(circuit.cir).
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<..0>

KoKk Kok KKk K kK KKKk KAk K KRk Kk ANalySis SeleCtion KRk ok kokokkokkokokkokkkokkokokkokk ok ok Kk
.OPTION AEX

.AC DEC 20 1 1G SWEEP DATA = PIPEdata

.LSTB V4

.NOISE V(OUTPUT, 0) V4 1

khkhkkhkhkhkhkkhkhkkhkhkhkhkhkhkkhkkkxkk* Performance Measures khkkkkkkkhkkhkkkkkkkhkkhkkhkkhkkkhkkkhkkxkx
.EXTRACT DCAC label=IDD -1i(VO0)

.EXTRACT AC label=GDC YVAL (LSTB_DB, 1)

.MEASURE AC label=GBW when LSTB DB=0 cross=1

.MEASURE AC label=PHASE find LSTB_P when LSTB_DB=0

.EXTRACT AC label=PM PHASE + 180

.EXTRACT AC label=PSRR -YVAL (VDB (OUTPUT),le6
.EXTRACT DCAC label=SR2 -IDS (X1.mp22)/ (CL)
.EXTRACT DCAC label=SR MIN (SR2, SR2)
.EXTRACT DCAC label=VOFF ABS(V(OUTPUT) - VCM)
.EXTRACT AC label=No RMS (ONOISE)

.EXTRACT AC label=Sn YVAL (INOISE, GBW)

.MEASURE AC device_area = param('lel2*(_lc* wc + _wb* lb + mbd* wb*_ lb +
_mb2* wb* 1lb + 2* mp* wp* lp + 2* mal* wal* lal + _w2g*_ 12g* m2g)')

<..00>

Fig. 3.7 AC testbench showing analysis and measures section (testbench.cir)

In addition to the circuit’s netlist, testbenches with the statements to measure the
circuit’s performance must be added. AIDA-C parses the measures files obtained
using the simulator’s .measure/.extract commands to read the simulation results [12,
13]. Figure 3.7 shows the measures, options and analysis in the AC testbench used
in the example. To increase performance, whenever possible multiple tentative
sizing solutions are simulated in the same simulator call. In the illustrated testbench,
the simulator SWEEP feature in the .AC analysis is used to achieve this.
Alternatively, AIDA-C also supports .STEP and .ALTER [12, 13] to iterate over the
several tentative solutions. For testbenches that use analyses that do not support
loops, AIDA-C calls the simulator for each tentative solution. In addition to the
native support for ELDO and HSPICE measure files, a default file-based interface
that is used to interface with custom evaluation and parsers is available. AIDA-C’s
interface with SPECTRE was implemented using the referred interface.

The worst case simulation is done with alter statements, then, the worst value for
each measure is considered when the optimizer evaluates the circuit’s performance.
The corner testbench is usually a copy of the typical case testbench with the
additional .alter statements. Figure 3.8 shows the section of the AC testbench with
definition of the corners.

From the parameterized netlist, the setup assistant automatically generates
structural measures (overdrives, deltas and active area) for all transistors. In addi-
tion, DC current measures for all device terminals, which are needed for AIDA-L’s
electromigration-aware wiring planner, as referred, are also generated. These
measures, shown in Fig. 3.9, are not mandatory, and is up to the designer to include
them or not in the relevant testbenches.

At this point the netlist for the circuit and its testbenches are completed. The next
step is to create the “design.xml” file where the circuit setup is described. Again, the
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< o>

.ALTER wp_avdd max_dvdd max_temp _min_ 1 vcm max
.1ib '..." FF

.temp -55

.param VCM = vcm max

.param VCC = '1.2*(1.05)"

.ALTER ws_avdd min_dvdd min temp max 8 vcm max

.1ib ... SS

.TEMP 125

.param VCM = vcm _max
.param VCC = '1.2*(0.95)"

.ALTER wp_avdd max dvdd max_temp _min_ 1 vcm min

.1lib '...' FF

.temp -55

.param VCM = vcm _min
.param VCC = '1.2*(1.05)"

.ALTER ws_avdd min dvdd min temp max 8 vcm min

.1ib '...' SS

.TEMP 125

.param VCM = vcm_min
.param VCC = '1.2*(0.95)"

Fig. 3.8 AC testbench for corners showing.alter section (testbench.corners.cir)

KAhkhkAk Kk hkhkhkhkhkdkkkkhkx TranSiStOr Bias Measures: OVERDRIVES LR R RS RS SR A SRS S S S S
.MEASURE DCAC vov_m20 = param('ABS (VGS (X1.mp20)-1v9(X1.mp20))")

.MEASURE DCAC vov_ml4 = param('ABS(VGS (X1.mpl4)-1v9(X1l.mpl4))")

.MEASURE DCAC vov_m22 = param('ABS (VGS (X1.mp22)-1v9 (X1.mp22))")

< o>

hhk kKK kkhhkhkkkk kKKK Transistor Bias Measures: MARGINS hhkhkhkkhkkhhhhkhkhkkhkhkhhhkhkkkkkxx
.MEASURE AC delta m20 = param('ABS (VDS (X1.mp20)-VDSAT (X1.mp20)) ")
.MEASURE AC delta ml4 = param('ABS (VDS (X1.mpl4)-VDSAT (X1.mpl4))"')
.MEASURE AC delta m22 = param('ABS (VDS (X1.mp22)-VDSAT (X1.mp22)) ')

<.o.00>

LR EEEEEEEEEEEEEEEEEE RS Device Active Area hhkhkhkhkhkkhhkhkhkhkhkkhhkhkhkkkkkhhkhkkxkkkkk
.MEASURE DCAC aa mp20 = param('_wb* 1lb*")

.MEASURE DCAC aa_mpl4 = param('_wb*_lb* mbp')

.MEASURE DCAC aa_mn22 = param('_wb*_1b* mb2")

< ..>

Kok ok ok ok ok ok ok ok ok ok ok ok ok ok ok IDC currents for EM_aWare router Ak khkkhkkhkhkkhkhkhkhkhkhkhkkkkkhkkkkkx*x
.EXTRACT DCAC label=IDC_MP20_drain I(X1.MP20.1

.EXTRACT DCAC label=IDC_MP20_gate I(X1.MP20.2)

.EXTRACT DCAC label=IDC_MP20_source I(X1.MP20.3

.EXTRACT DCAC label=IDC_MP20 bulk I(X1.MP20.4)

.EXTRACT DCAC label=IDC_MP14 drain I(X1.MP14.1)

.EXTRACT DCAC label=IDC_MP14 gate I(X1.MP14.2)

.EXTRACT DCAC label=IDC_MP1l4_ source I(X1.MP14.3

.EXTRACT DCAC label=IDC_MP14 bulk I(X1.MP14.4)

< lu>

Fig. 3.9 DC measures for ELDO™ AC testbench (festbench*.cir)

“setup assistant” is used to accelerate the setup by generating a draft of the “design.
xml” from the data in the netlist and some technology-dependent default values
(overdrives, ranges, etc.) that are stored in AIDA’s design kit. The circuit netlist is
parsed and the variables are detected, as well as devices. With this data, the setup
assistant generates the partially filled design.xml shown in Fig. 3.10 for the 2-Stage



48 3 AIDA-C Architecture

1: <?xml version="1.0" encoding="IS0-8859-1"?>

2: <!DOCTYPE Design "design-1.0.dtd">

3: <D n name=" OPAMP A'">

4: <Circuit netlist="2stage.cir" techNode="UMC 013">
5: <Layout template=""/>

6:

7

-~ id="_1c " range="4.4e-6:1e-7:1.0e-4"/>

8: id=" nfc " range="14:2:198"/>
9: id=" wb wp wal w2g" range="1.00e-6:1le-7:10e-6"/>
10: id="_1b _1p _lal _12g" range="0.12e-6:5e-8:10e-6"/>
11: id=" mbp mb2 mp mal m2g" range="1:2:1000"/>
12: -
3 Setup simulator="eldo" inputMethod="LAM">
14: Case name=""/>
15:
16: <NominalTb netlist="">
17: <Meas id="vov_mp20 vov_mpl4 vov _mp22 vov_mpll vov_mpl2 vov_mp9
.." desc="Overdrive [V]"/>
18: <Meas id="delta mp20 delta mpl4 delta mp22 delta mpll delta mpl2
." desc="Delta [V]"/>
19: </NominalTb>
20: <Wor “aseTb netlist=".corners">
21: importFrom=""/>
22
23 S}
24: raint op="GE" value="0.10" meas="vov mp20 vov _mpl4d vov mp22
vov_mpll vov_mpl2 vov_mn9 vov _mnl0 vov_mn21" />
25: <Constraint op="GE" value="0.10" meas=" delta mp20 delta mpl4
delta mp22 delta mpll delta mpl2 delta mn9 delta mnl0 delta mn21" />
26:

27: </Design>

Fig. 3.10 Extract of the draft of circuit setup (design.xml)

Miller Amplifier. In addition, other fields like the corners and testbench declarations,
which are required, are created with empty values to further speedup the setup.

Further automation is possible, but as the setup is not a common task, the current
level of automation is enough for considerable savings in terms of setup, and also,
helps avoiding some configuration errors. The designer is responsible for adding the
missing data fields, and the complete setup for the Miller amplifier is shown in
Fig. 3.11.

3.3.2 Layout-Aware Sizing Setup (Optional)

Optionally, when layout effects are to be considered, layout guides must be pro-
vided. The AIDA-L’s layout guides, which are also described in XML format,
describe the floorplan and are parameterized to include the design variables. The
floorplan is defined using simple rectangular constructs that capture the proximity
and topological relations that the designer wishes to impose. The information used
for placement is the type and relative placement of the cells, and also, the sym-
metry, matching and combine requirements. The high level floorplan of each cell is
described by a box shape, the size of this box has no meaning, only the relative
position between cells (boxes) is of concern. The topological constraints that are
enforced by the tool are inferred from the boxes’ placement directly.
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1: <?xml version="1.0" encoding="IS0O-8859-1"?>

2: <!DOCTYPE Design SYSTEM "design-1.0.dtd">

3: <Design name="OPAMP A'">

4 <Circuit netlist="2stage.cir" techNode="UMC 013">

5 <Layout template="tla.xml"/>
16: <Layout template="t3d.xml"/>
17
18: <Var id=" Ic" range="4.4e-6:1le-7:1.0e-4"/>
19 Var id=" _nfc" range="14:2:198"/>
20 id="_wb wp wal w2g" range="1.00e-6:1e-7:10e-6"/>
21: id= 'le _1p _lal _12g" range="0.12e-6:5e-8:10e-6"/>
22: <Var id="_mbp mb2 mp mal m2g" range="1:2:1000"/>
23: </Circuit>
24 etup simulator="eldo" inputMethod="LAM">
25 name="wp avdd max dvdd max temp min 1 vcm max"/>
26: <TestCase name="ws_avdd min dvdd min temp max 8 vcm max"/>
27: <TestCase name="wp avdd max dvdd max temp min 1 vcm min"/>
28: <TestCase name="ws_avdd min dvdd min temp max 8 vcm min"/>
29
30: <NominalTb netlist=" ac testbench.cir.eldo">
31: <Meas name="idd" desc="I VDD [A]"/>
32: <Meas name="gdc" desc="Gain DC [Hz]"/>
33: <Meas name="gbw" desc="Unity Gain Frequency [Hz]"/>
34: <Meas name="pm'" desc="Phase margin [degrees]'"/>
35: <Meas name="psrr" desc="Power Supply Rejection Ratio [Hz]'"/>
36: <Meas name="sr" desc="Slew Rate [V/s]"/>
37: <Meas name="voff" desc="Structural Offset [V]"/>
38: name="no" desc="Noise [V]"/>
39: >as name="sn" desc="Noise Density [V/sqrt (Hz)]"/>
40: name="device area" desc="Area from net list [m2]"/>
41: id="vov_mp20 vov _mpl4 vov mp22 ..." desc="Overdrive [V]"/>
42: <Mea$ id="delta mp20 delta mpl4 delta mp22 ..." desc="Delta [V]"/>
43: </N0miﬂa Th>
44: <Wors seTb netlist=" ac testbench.cir.eldo.corners">
45: <Megs importFrom="ac testbench.cir.eldo"/>
46: </WorstCaseTb>
47: </TestbenchSetup>
48: <Constraint op="GE" value="0.10" meas="vov _mp20 vov_mpl4 vov_mp22

vov_mpll vov_mpl2 vov_mn9 vov_mnl0 vov_mn21" />
49: <Constraint op="GE" value="0.10" meas=" delta mp20 delta mpl4
delta mp22 delta mpll delta mpl2 delta mn9 delta mnl0 delta mn21" />

50: </Design>

Fig. 3.11 Completed of circuit setup (design.xml)

Symmetry is specified locally in each floorplan (or sub-floorplan) by two
properties: ‘symGroupld’ that identifies a group of cells that share the same sym-
metry axe; and ‘symCellld’ that identifies a pair of the cells that are to be placed
symmetrically in relation to the symmetry axe. By default, cells are self-symmetric
and do not share their symmetry axe. Matching is enforced in the parameterization
of the devices, where the devices that the designer deemed to be matched share
some or all parameters (in both layout guides and netlist). Finally, combine oper-
ations can be used to replace a group of basic cells with more complex layout
structures, e.g., merged structures or interdigitated/common-centroid layout styles.

In Fig. 3.12 the graphical representation of the hierarchically defined layout
guides, and in Fig. 3.13 part of the corresponding XML description is shown. The
devices in blue are defined hierarchically in the sub-template for partition P1A.
The expected location of the power supply nets, VSS and VDD, are illustrated in
the image running on top and bottom of the layout, respectively, although there is
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XC1

Fig. 3.12 Graphical representation of a template showing the relative location of the devices.
(Reprinted from Integration, the VLSI Journal, 48, Nuno Lourengo, Anténio Canelas, Ricardo
Povoa, Ricardo Martins, Nuno Horta, Floorplanaware analog IC sizing and optimization based on
topological constraints, 183-197, Copyright (2015), with permission from Elsevier)

<?xml version="1.0" encoding="IS0-8859-1"2>
<! DOCTYPE Template SYSTEM "template4d.dtd">
<Template name="TIa'">
<CellList>
<Cell name="P1" symGroupId="1">
<Box x="-1250" y="1000" w="2500" h="1500" />
<TemplateCellView file="pla.xml" />
<!-- including part of pla.xml’s CellList element inline-->
<Cell name="MN9" symGroupId="2" symCellId="3">
<Box x="-750" y="2000" w="1000" h="500" />
<MOSFET type="N" width="wal*nfal" length="lal" nf="nfal" nrows="nral" />
</Cell>
<Cell name="MNI10" symGroupId="2" symCellId="3">
<Box x="750" y="2000" w="1000" h="500" />
<MOSFET type="N" width="wal*nfal" length="lal" nf="nfal" nrows="nral" />
</Cell>
<Combine 1d0="MN9" idl="MNI1O" />
<Cell name="MP11" symGroupId="2" symCellId="1">
<Box x="-750" y="1000" w="1000" h="500" />
<MOSFET type="P" width="wp*nfp" length="Ip" nf="nfp" nrows="nrp" />
</Cell>
<Cell name="MP12" symGroupId="2" symCellId="1">
<Box x="750" y="1000" w="1000" h="500" />
<MOSFET type="P" width="wp*nfp" length="Ip" nf="nfp" nrows="nrp" />

</Cell>
<Combine 1d0="MPI1" idl="MP12" />
<!-- inline part of pla.xml’s CelllList element end -->
</Cell>

<Cell name="MP14" symGroupId="1" rotate="MX">

<Box x="-300" y="0000" w="600" h="500" />

<MOSFET type="P" width="wb*nfb" length="1b" nf="nfb" nrows="nrb"/>
</Cell>

</CellList>
</ Template>

Fig. 3.13 Part of the XML description of the layout guides (floorplan.xml), showing the
constructs and illustrating the hierarchy, with part of the sub-floorplan file for partition P1A shown
inline

no explicit definition in the template. The creation of the template is done
semi-automatically from the netlist. Again the setup assistant is used to automati-

cally create a draft with the boxes for all the cells set to (x =0, y =0, width =
1000, height = 1000) and the device instantiation with all the parameters.
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Further automation of the template generation is possible using circuit recog-
nition and rule extraction. Methods like the one proposed in [14] could be used to
extract symmetry and grouping information, but are not considered in this work.
Here, setting the symmetry constraints, the hierarchical partitioning and the posi-
tioning of the cell boxes is done manually using a plain text editor. Sub-templates
can be reused automatically using a script to generate templates holding different
sub-templates combinations. Multiple layout templates can be used, AIDA will
select the one leading to the most compact layout. Further details on the multiple
template floorplanner and layout related measures in the optimization are described
in Chap. 6 of this book. At this point, the setup is complete and the circuit is ready
to be designed.

3.3.3 Graphical User Interface

AIDA-C interface with the designer is done through a simple graphical user
interface (GUI). The GUI is implemented in Java™ 1.6 providing a simple and fast
way for the designer to set the target specifications and control circuit sizing
optimization. The main AIDA GUI, is illustrated in Fig. 3.14.

After loading the circuit setup, the objectives, constraints and variable ranges
must be set. Optionally, the settings can be loaded from a configuration file, or can
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Fig. 3.14 AIDA GUI—Main panel
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Fig. 3.15 AIDA Optimizer setup controls. a

¢ Variable ranges. d Measures

Sizing settings. b Objectives and constraints.

be stored and used later. The designer set/edit the appropriate values in the AIDA
Settings dialog, which is shown in Fig. 3.15. Figure 3.15a shows the interface to set
the optimizer settings, where the designer can set:
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e Strategy Selection Select between nominal and worst case approaches.

— Typical The optimization is run using only the typical testbenches;

— Corners The optimization is run using only the corner testbenches;

— Typical + Corners The optimization is run first using typical testbenches.
When the first optimization is completed, the results are uses as a starting
point for the corner optimization.

e Typical/Corner Optimization Options Control the number of simulations,
which is the Population Size times the Number of Generations.

— Population Size The numbers of elements that are evaluated at each gen-
eration, larger populations allow a better exploration of the search space;

— Number of Generations The number of iterations of the algorithm, larger
number of generations allows the elements to evolve better;

— Mutation Rate (Advanced) The mutation rate of the evolutionary opti-
mization kernel;

— Crossover Rate (Advanced) The crossover rate of the evolutionary opti-
mization kernel.

¢ Gradient Model Control the usage of the gradient model there are 3 options, no
model, use the model, or use random generated rules

— Apply Rate The % rate of application of the model;
— Change Rate The % of change in the variables when the model is used.

e Layout Options Select the layout effects, when layout guides are defined.

— FloorplanAware Only layout geometric properties are evaluated (Placer);
— LayoutAware Both geometric and parasitic devices are considered;
— None Layout effects are not evaluated.

e Corners Shows the available corners. Adding, removing or enabling corner
cases must be done by editing the file “design.xml”, found in the optimization
project root folder (in our example/home/user/ampop_a/design.xml), and mak-
ing the proper changes to the netlist(s).

In Fig. 3.15b the interface to set the circuit specifications is presented. In this
panel the designer sets the performance constraints and optimization objectives.

e Objectives The designer can select, from the available measures, the ones to be
optimized to a maximum or minimum value. Multiple objectives may be
selected simultaneously.

¢ Specifications The upper and lower bounds to any of the available measures can
be set in the specifications tree. The design specifications are organized in
Performance Sets that group sets of constraints. The simulations (Nominal,
Corner 1, ... etc.) where the Set is applied can be configured using the names of
the corners defined in the design.xml and the following keywords; ALL,
NOMINAL, CORNERS, and the ! (not) operator, e.g., apply to ALL !
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NOMINAL is the same as apply to CORNERS only. Performance Sets can
extend other Sets, when extending a performance set, the new set imports all the
constraints and applies them to its designated simulations, constraints can also
be overridden.

Figure 3.15c shows the panel for setting the ranges of the design variables. The
designer can edit the maximum, minimum and step/grid values, and also, variables
can be enabled/disabled. Enabled variables are changed during optimization while
disabled are not (only recombined between the solutions). One mouse right-click in
the table will invert selection, while double right-click will enable all. However
adding or removing design variables cannot be done from the GUI interface. It is
possible to add or remove design variables by editing the file “design.xml”, found in
the optimization project root folder and making the proper changes to the netlist(s).
Figure 3.15d shows the available circuit measures. These description are introduced
when adding the circuit to the library, and cannot be edited from the interface. Again,
it is possible to edit these values by editing the file “design.xml”. This is how it is
possible to add measures to an optimization project, after placing the appropriate
measure statement in the testbench(s), when they were not defined when the circuit
was placed in the library.

Optionally, the designer can define initial sizing solutions and simulate them
immediately. This is done using the manual design tool shown in Fig. 3.16, which
allows editing the values of the design variables of the selected sizing solution. In
addition, sweeps over design variables are also supported. In Fig. 3.16a the vari-
ables can be edited manually, and using the actions in Fig. 3.16e the designer can
simulate immediately the solution defined by the variables in the variable table, or
execute the sweep over design variables defined in the sweep setup Fig. 3.16d.

The overall results of the simulation are shown in the table of Fig. 3.16b. The
solutions are shown in rows, where the ones that meet the specifications are shown
over a light green background and the ones not meeting the specifications are
shown over the light red background. The columns show the simulation order, the
values of the parameter that was swept, the values of the measured objectives and
finally, the values of measures that fail to meet the specifications in at least one of
the simulations. The failed performance values are shown in red. The panel
Fig. 3.16c shows the details of the solution whose corresponding row is selected in
the table. Right-Click in the selected row will update the design variables in
Fig. 3.16a to the values of the corresponding solution.

3.3.4 Sizing

With the specifications (objectives, constraints and ranges) defined, the optimizer
can now be executed. The proposed flow is by definition based on homotopy, i.e.,
progressively add more detail to the problem, moving from a simplified model
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Fig. 3.16 AIDA-C—Manual edit tool

towards a more accurate (and more time-consuming) representation of the design
problem, which is done by selecting the appropriate evaluation methods (e.g.,
nominal/worst case; no-layout/floorplan/layout). One commonly used homotopy
strategy is to start with nominal simulations only, and then, use the sizing solutions
obtained as the starting point for a second optimization considering the worst case
corners simulations. So, besides individual optimization jobs, the nominal plus
worst case corners sequence suggested is already predefined in the tool.

The optimization will use the latest results (entered manually, or loaded from a
previous execution) as the starting point for the new run. When the optimizer is
running, the evolution of the optimization is monitored using the plots shown in
Fig. 3.17, which show an evolution of the nominal plus worst case corners opti-
mization sequence for the two-stage Miller amplifier.

These plots are updated during the optimization and provide valuable infor-
mation of its current state. In Fig. 3.17a, the AIDA-C Convergence plot, shows: the
number of non-dominated solutions, this information useful to monitor the number
of different solutions found; the sum of normalized constraint violations for the best
element, which indicates how far the best solution is from complying with all the
specifications, a value of zero means the solutions are feasible (i.e., all constraints
verified); and finally, the dominated area, which is a relative index of the area
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“above” the Pareto front. Figure 3.17b, the Projection plot, shows the evolution of
the non-dominated fronts during the execution of the algorithm, the set of solutions
is plotted at each generation. Red solutions are infeasible, green and blue are
feasible, were green is used to represent a nominal strategy and blue when the
corner strategy is used. The execution can be terminated before the generation limit
is reached, if the solutions found are good enough, or if the designer wishes to make
any adjustments.

AIDA-C’s output is a family of Pareto optimal circuits that fulfill all the con-

straints and represent the feasible tradeoffs between the different optimization
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objectives. When the optimization is completed, the obtained solutions are shown in
the solution browser. The Solution Browser pane (Fig. 3.14¢) allows the navigation
through the different solutions and when one is selected, the values of the design
variables, objectives and constraints of that solution are shown in the Solution
Detail panel, as illustrated in Fig. 3.14e. If the layout guides are defined, the
floorplan is shown in Fig. 3.14d. The solutions and configurations can be stored in a
file for later use.

At any stage, the designer evaluates the merit of the obtained solutions and either
moves to the physical design, the next step in the design flow, or re-iterates the
sizing process. As AIDA-C is integrated with the layout tool these are not neces-
sarily disjoint steps. A common iteration is to redefine the circuit to include extra
design variables that are mostly related to the parametric device generators used in
the layout generation, before launching the layout-aware optimization.

3.3.5 Reuse

The adopted design flow is mostly technology-independent. The setup can easily be
reused either for different specifications or technologies. The most troublesome
issue is when none of the circuit topologies whose setup is already defined can meet
specifications. In this case, a new (or some variation of a previously defined)
topology needs to be added.

Nevertheless, most of the setup (testbench(es), measures, etc.) still holds and
AIDA-C can import settings between projects with different setups, matching the
previously defined specifications (design variables, objectives and constraints),
leaving only the newly defined variables and measures to be set. To illustrate the
reusability, let us include a resistor in series with the capacitor in the two-stage
amplifier. The changes in the setup are simple, just add the device in the netlist and
add the new design variables [, and w, to the design.xml file. In terms of circuit
sizing, two design strategies can be followed. A strategy is to load both configu-
ration (ranges, objectives, constraints, etc.) and solutions, where the new variables
values, which are missing in the loaded solutions, are set to the center of their range,
and continue to optimize those solutions. Other option is to reuse only the previous
configurations, and optimize the circuit from scratch. Figure 3.18 shows the evo-
lution of first approaches, and Fig. 3.19 the evolution of the second.

The first gets solutions faster, i.e., in less generations, but risks sub-optimality, as
it is biased toward the previous solutions. The second takes advantage of the
previous setup but does not reuse the solutions avoiding the risk of getting stuck in
sub-optimal solutions, but requires more computation to arrive to solutions with
performance similar of the previous approach. In terms of the new topology’s
performance, it can be seen that the fronts for the nominal case did not shown
significant changes, but when considering corners the improvement is clear,
showing a wider POF when comparing to the corner POF of Fig. 3.17.

Another example of reuse is technology migration. To migrate the setup from
UMC 130 nm to XFAB 350 nm technology design kit, the only changes in the
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Fig. 3.18 Reuse: changing the topology and reusing the previous solutions as starting point.
a Convergence plot. b Historic front plot

netlist are the device models and the voltage supply, since the topology and the
measures are the same. In the new technology the variable ranges are obviously
different, as well as some specifications. In this case, the specifications related to
input and output swing and also the values for the overdrive and saturation margin,
need to be set. In terms of sizing strategy, the only option is to optimize from
scratch, as it makes no sense using sizes obtained from relatively different tech-
nology nodes (i.e., 130 and 350 nm). Figure 3.20 illustrates the changes in the
netlist, and Fig. 3.21 summarizes a fast circuit optimization.
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b Historic front plot

**%* Cell name: opamp_a

.SUBCKT OPAMP_A DD IN IP OUT REF SS
XCOO0 OUT D12 sS cdmm area='_wc*_lc' peri='2*(_wc+ lc)'

MP20 REF REF DD DD pmosi_ELT
MP14 NETZ52 REF DD DD pmosi_ELT
MP22 OUT REF DD DD pmosi_ELT
MP11 D11 IN NETZ52 DD pmosi_ELT
MP12 D12 IP NETz52 DD pmosi_ELT
MN9 D11 D11 SS SS nmosi_ELT
MN10 D12 D11 SS SS nmosi_ELT
MN21 OUT D12 SS SS nmosi_ELT

.ENDS* **

End of subcircuit definition.

Fig. 3.20 Reuse: moving to another technology
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3.4 Conclusions

In this chapter the AIDA-C tool architecture was presented, which aims at reducing
the design time of analog ICs while producing robust results. The inclusion of
extreme variations by considering PVT corners analysis and the usage of the
industrial circuit simulators results in an automatic circuit sizing flow that guar-
antees robustness. Moreover, the usage of state-of-the-art multi-objective
multi-constraint evolutionary techniques enables the efficient search of the huge
design space.
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The outputs of AIDA-C are a set of optimal feasible solutions allowing the
exploration of design tradeoffs, which eases the design task at system level. The
inclusion of layout characteristics in the sizing flow reduces the number of
sizing/layout iterations, and, enables an efficient fully automatic flow from sizing to
layout with the integration of AIDA-C and AIDA-L. The developed flow, sup-
ported by a sturdy interface with the designer, was shown. Unlike most automation
approaches that focus only in the optimization process, AIDA-C is not intended to
be used as a black-box approach, but as a practical tool, allowing the interaction
with the designer, while the optimizer is solving the circuit sizing problem. In
addition, setup aids are introduced to further increase design automation in a flow
that is highly reusable, and that embeds naturally with traditional manual sizing.
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Chapter 4
Multi-objective Optimization Kernel

4.1 Circuit Sizing as Multi-objective Optimization
Problem

AIDA-C’s optimization kernel implements multiple optimization algorithms, all
designed to solve the general multi-objective multi-constraint optimization problem
defined as:

find x that minimize f,,(x) m = 1,2,...M
subjectto g;(x) > 0 j=12...J 4.1)
xl.LSx,-leU i=1,2,...N

where, x is a vector of N design variables, g;(x) one of the J constraints and
fm(x) one of the M objective functions. The number of design variables defines the
space order, while the variable ranges will define the size of the search space. The
definition in (4.1) eases the introduction of new optimization methods, and is used
to create an abstraction layer between the optimization method and the circuit being
optimized. However, analog designs are not specified in this manner.

Usually the analog design specifications are formulated as shown in (4.2), as a
set of L, P,L lower bounds and U, P,U upper bounds for some of the A measured
circuit characteristics, pi(x), e.g., Slew Rate, DC Gain, Settling Time, Rise Time,
etc. [1]. The value of these characteristics is obtained in AIDA-C using the circuit
simulator and a corresponding testbench, or, the layout generator for layout-related
data, such as area, width, length, etc.

In addition, for some of the circuit’s performances, like power consumption,
area, speed, etc., having the minimum or maximum possible value is also specified.
Hence, for an easy integration in the usual design flow and a clear definition of what
is optimized and how, the design specifications, as defined by the analog designer,
need to be converted into the multi-objective multi constraint formulation from
(4.1) using a well-defined method [1].

© Springer International Publishing Switzerland 2017 63
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gjL:pi(x)ZPjL j=12,..,Liie{l, 2, ...A} (42)
g_f]:pi(x)SPjU jzl,Z,...,U,lE{l,Z,...A} '

The method used in AIDA-C is to consider the circuit performances being
minimized directly as the objective function, f,,(x), and the ones being maximized
are multiplied by —1. The design specifications are normalized using their bounds,
and multiplied by —1 if necessary, defining the objectives and constraints according
to (4.3),

pm(x)  when minimizing p,,
Tu(x) = . .
—pm(x)  when maximazing p,,
pix)—P¢
17|

when the design specification is p; (x
. o (4.3)
) pi(x)  when the design specification is p;(x
(x) =
& —pi(x) when the design specification is p;(
P_,V*Pi(x) (
7]

P
0
x) <0
P

)=
) >
) <
when the design specification is p; (x) <

The simple differential amplifier from Fig. 4.1 illustrates the procedure used to
map the designer’s specifications into the standard multi-objective optimization
problem formulation from (4.1). Tables 4.1 and 4.2 show the circuit parameters,
design objectives and target specifications respectively, as commonly set by the
analog designer. Table 4.3 illustrates the correspondent objective and constraint
functions that are considered in the optimization.

The previously introduced method to model the IC sizing problem can be used
only for nominal sizing and optimization, i.e., does not account for variability
effects as the circuit is evaluated using only nominal conditions. Despite the output
does not consider the limitations imposed by variations of process and environment
parameters, it is still useful for the circuit designer to perform trade-off analysis and
speed the search for feasible solutions, as it requires less circuit simulations (exe-
cution time) to estimate the performance of the tentative solutions.

Fig. 4.1 Schematic of the
simple differential amplifier . ,
and testbench M3 1‘4| |t M4
Vout
vdd©O
Ml | = M2 Cload
— -
Vin/2 Vin/2
VCeM Ibias

|||—
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Table 4.1 Parameters ranges for the differential amplifier example

Var. Wiz (um) W34 (um) Lz (um) L34 (um) Ib (um)
Max. 2000.0 2000.0 10.0 10.0 100
Min. 0.240 0.240 0.120 0.120 10

The variables L, and W, are dimensions of M1 and M2 transistors and L34 and W54 of M3 and
M4 transistors

Table 4.2 Objectives and specifications for the differential amplifier example as commonly
defined by the analog designer

Performance Target Units Description
Objectives Gain Maximize dB DC gain

Gbw Maximize MHz Unit-gain frequency
Constraints Gbw >50 MHz Unit-gain frequency

Pm 55< pm < 90 ° Phase margin

vov_ml, vov_m2 >50 mV Vgs — Vt

vov_m3, vov_m4 > 100 mV Vgs — Vt

delta_ml, delta_m?2 >50 mV Vds — Vdsat

delta_m3, delta_m4 >50 mV Vdsat — Vds

Table 4.3 f,(x) and g;(x) for the differential amplifier example

Objectives fo(x) = —gain fi(x) = —gbw
Constraints go(x) = Sog:_'ltoﬁ 1 six)=%—1 e =1-2

vov_ml _ 1

delta_m4
& (x) = g0 = Souror — 1

815(¥) = 510

However, IC fabrication is not a deterministic process, and solution robustness is
of the utmost importance in this industry. For a robust IC design that ensures that
the vast majority of the fabricated circuits will work according to the specifications
when exposed to variability in both fabrication process and environment, and as
seen in Chap. 2 of this book, worst case parameters sets or worst case corners are
usually considered [2—7]. Worst case parameters sets are sets of values for the
environment and process parameters, which are not controlled by the designer, that
lead to the worst values of circuit’s performances.

Therefore, the IC sizing optimization problem must be redefined with the
original design variables and some additional parameters, as described in Eq. (4.4),
where, x is a vector of N optimization variables as in (4.1), and § a vector that
represents the random process and environment variations.
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find x that minimize f;,(x,0) m = 1,2, ...M
subject to g;(x, 9) > 0 j=12,..
X< <Al i=1,2,...

(4.4)

2 <

AIDA-C takes a worst case approach where the design is evaluated at all the
worst-case corners defined by the designer. This increases in the number of sim-
ulations for each evaluation makes the execution slower when compared to nominal
design, but the output circuits are ensured to be feasible in all tested corner
conditions.

During optimization, each tentative circuit is simulated over C, the number of
corners being considered, different instances of the random variables, J., and
AIDA-C considers the worst performance obtained in those multiple corners. In this
worst case approach, each objective, which is being minimized, is evaluated to the
maximum value obtained from the simulations of the circuit in all corners, and also,
each constraint is evaluated by adding its contribution in all the corner cases where
it is violated, leading to the modified objective and constraint Eq. (4.5). Where,
fm(x,0.) and g;(x,d,) are, respectively, the objective f,,(x) and the constraint g;(x), as
defined for the nominal case, but considering the circuit’s performance obtained
from C different simulation conditions.

Tn(x) = mgXC(fni(L 56))

c=1.2,..
c 0if g¢(x, d.) >0 (4.5)
0 2 = C 1 C = J —
B0 = 2 ¢j(n) with(x, 3 g5 (x, 0.) if gf (x, 0.) <0

c=1

Given the maturity of the analog IC design flow with respect to worst case
design, enumeration by the designer is a reasonable approach to define the worst
case corners that are used in the optimization loop. Also by using user-defined
corner cases, the proposed methodology goes towards the need of some
design-houses where a user defined corner signoff is mandatory.

Nevertheless, and as surveyed in Chap. 2 of this book, fully automatic solution
to determine the worst case corners are available. Methods such as 3—sigma corners
or Worst Case Distances could be used to automatically determine the worst case
corners. In both techniques the worst case corners are obtained by finding, in two
distinct manners, the values of ¢ that minimizes the circuit’s performances with
respect to each of the objectives and constraints.

4.2 Optimization Kernel

With the analog IC sizing and optimization problem defined, the next sections
discuss the implemented optimization methods. Since both nominal and worst case
optimization problems are mapped to the tuple (x, f, g) there is no distinction from
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optimization method perspective, which eases the implementation and introduction
of new methods. Besides, handling multiple methods to measure the circuit’s
performance is also facilitated.

The multi-objective optimization kernels that are implemented in AIDA-C
optimizer, illustrated in Fig. 4.2, are the NSGA-II [8], MOPSO [9] and MOSA [10].
Additionally, the individual algorithm were implemented having in mind the pos-
sibility of intermingling the optimization strategies in some hybrid methods.

Having multiple metaheuristics available opens the opportunity to explore their
strong points while trying to overcome their shortcomings. For example, in
NSGA-II the crossover is good to explore the diversity in the population, though,
the mutation capability for local improvement is reduced as it does not allow for the
fitness of a solution to deteriorate, as simulated annealing (SA) allows. On the other
hand, convergence to a better solution is slower using crossover than following the
leader in the particle swarm optimization (PSO) strategies, however, the risk of
getting stuck in local minima is larger in the last. Some flavours of these different
trade-off between exploration and exploitation are tested with the implementation of
hybrid multi-kernel solutions.

Analog IC Design Automation - Circuit Level Synthesis

DESIGN Setup User Interface OUTPUTS
E}-&‘ Assistant _{»-|
Netise [~ | Variables: fiL}<| Fr= i —%é
T
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Circuits
Layout-guides| Por
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Variabilty: HSPICE®
TYPICAL 1000
‘ ConNERS
ot Layour’ ' |
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Fig. 4.2 Algorithms implemented in AIDA-C’s optimization kernel
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4.2.1 NSGA-II

The NSGA-II [8] kernel is an evolutionary optimization scheme, which means that
it mimics, to some extent, natural evolution. The genetic algorithm starts by gen-
erating an initial population of individuals, each one representing a different
solution, i.e., the initial parents. To ensure a good exploration of the search space,
this first population must offer a wide diversity of genetic material. Generally, the
initial population is generated randomly but other sampling methods can be used, as
discussed in Sect. 4.3.1 of this chapter.

New individuals are obtained from the current population by the application of
the genetic operators: mutation and crossover. The crossover operation uses two
population elements, called parents, to generate the new elements, called offspring,
combining randomly selected sets of information from each of the parents into the
offspring. The mutation is a random change in one individual’s genetic information.
The mutation operator introduces new information which helps escaping from local
minima and increases the diversity in the population, whereas, the crossover
recombines pieces of information already present in the population.

The new individuals’ fitness, which correspond to an evaluation of how good the
candidate solution is, is computed and they are ranked together with the parents.
The fittest individuals are selected as the new parents, and the less fit discarded. The
process is repeated until the convergence or ending criterion is reached. The dis-
tinguishing characteristic of NSGA-II is that the ranking is made by using Pareto
dominance to sort the multi-objective solutions. The pseudo code of NSGA-II is
shown in Algorithm 4.1.

Algorithm 4.1 NSGA-II Procedure [8]

Set t=0. create a random population R, ofsize 2N.
2. Evaluate the initial population, R,.

3. Using the fast non-dominated sorting algorithm, identify the non-dominated fronts
Fy, Fp ..., Fiin Re.

4. For i=1,....k do:
5. Calculate crowding distance of the solutions in F; .
6. Create P.,, as follows:

If |Pt.|+|Fil<N, then set P, =P, UF;;

If |Pt,,|+|Fil>N, then add the least crowded N-|P..;| solutions
from F; to P,

If the stopping criterion is satisfied, stop and return F.

Use binary tournament selection based on the crowding distance to select parents
from P.,,.

9.  Apply crossover and mutation to P.,, to create offspring population Q.,, ofsize N.
10. Evaluate offspring population Ot .

11. Set Res1=Pt11UQc+y

12. Set t=t+1,and go to 3.
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Pareto dominance, which states that one point in the solution space, A, is not
dominated by another point, B, if dm: f,,(A) < f,,(B), is considered to sort the
solutions by rank, where the rank of the individuals is set by finding the
non-dominated fronts iteratively. The rank 1 individual are the ones that are not
dominated by any other. These individuals are then removed from the population
and the process is repeated for the next ranks until there are no more individuals in
the population. The individual with lower rank dominate the ones with higher rank.
Algorithm 4.2 illustrates the procedure.

Algorithm 4.2 Non-dominated sorting procedure for a population P of size N

1. Set ;=@ and i=1
. While P is not empty
For j=1,..,|P| do:

For k=1,..,|P| and j!=k, do:

F=F+{P[3]}

2
3
4
5. if P[ 7] is dominated by P[ k] then continue loop in j.
6
7. Remove F; from P

8

set 1=1+1 and go to 2

This cubic approach to compute the rank of the elements in the population was
introduced to clearly describe the non-dominated sorting, however, the fast
non-dominated sorting algorithm described in [8] is used. It first computes the
dominance between all solutions, storing the set of elements that are dominated (Sd)
and the number of elements that dominate (d) for each solution. Using this infor-
mation, all the solutions that are not dominated (have zero elements dominating
them, i.e., d = 0) have their rank set to 1 and are removed from the elements’ pool,
decrementing d for all the solutions in their Sds. The process is then repeated for
rank 2, and successively until the elements’ pool is empty, leading to a quadratic
algorithm.

To solve ties between elements of the same rank, the crowding distance is used.
The crowding distance is an estimate of the density of elements. Each element with
the same rank is assigned a value that measures to the distance to the closer
elements. Figure 4.3 illustrates four ranking fronts and shows graphically the
components used to compute the crowding distance of solution B in a problem with
two objectives.

The crowding distance of the elements in a front is computed by iterating in the
M objective functions, sorting the elements using each objective and for each
element accumulating the normalized value of the distance between the elements
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Fig. 4.3 Fronts for multiple f1 A
ranks, and crowding distance
illustration for solution B
fi(A) T
f1(O)

LA LO) 0

before and after in the ordered set. The boundary elements (element with smaller
and higher value of each objective) are assigned with infinite value of crowding
distance. The pseudo code of the crowding distance computation is shown in
Algorithm 4.3.

Algorithm 4.3 Crowding distance (cd) computation of front Fr of size N in a
problem with M objectives

1. Fori=1,..,Ndo: Fr[i].cd=0 //initialize crowding distance to 0
. Form=1,..,Mdo:

S = Fysorted ascending using the objective function £ [m]

2
3
4. S[l1].cd = S[N].cd =
5. Fori=2,..,N-1do:

6

S[1].cd+=(S[i+1].f[m] - S[i-1].f[m])/(S[N].f[m] - S[1].f[m])

4.2.2 MOSA

MOSA is an adaptation of the single-objective SA [11] to the multi objective case.
Like evolutionary algorithms, SA is inspired by a natural phenomenon. The algo-
rithm simulates the cooling and annealing of liquid material. When a liquid material
cools and anneals quickly, the material will solidify into a sub-optimal configura-
tion. However if the liquid material cools slowly, the crystals within the material
will solidify optimally into a state of minimum energy, i.e., ground state.

The algorithm steps are outlined in Algorithm 4.4. Despite the differences of
concept, when comparing SA with stochastic hill climber, one cannot ignore the
similarities. Nevertheless, in the SA the cooling schedule introduces the ability to
explore broader solutions in the beginning, when the temperature is higher and
perform almost like hill climber for very low temperatures. This makes cooling
schedule extremely important to the performance of the algorithm.
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Algorithm 4.4 Single-objective simulated annealing

1. Set T=Tmax
Create a random solution u
Set fu=cost of u

While T < Tmin do:

fv = cost of (V)
If fv < fu then u=v

2.

3

4

S. Set v=neighbour of u
6

7

8 Elseif rand (0,1) < exp((fu - fv)/(fu.T)) then u=v
9

Update temperature T

10. Return u

In theory, an infinitesimal decrease of T over time leads to the global optimum
solution. From a practical point of view, there are some important aspects to
consider when devising the cooling schedule. If the initial temperature is too low or
if temperature drops too fast, premature convergence occurs. Nonetheless, if the
initial temperature is too high or if temperature drops too slowly, finding the
solution will take longer. This is the main trade-off when designing the cooling
schedule, and one common scheduling procedure is the exponential cooling:

T,
TK+1 = F Txk. (46)
0

Since the nature of SA is to explore the neighbourhood of single tentative
solutions, the adaptation to multi-objective requires changes in the structure of the
search. The straightforward approach is create a weighted combination of the
objectives, and find the set of Pareto optimal solutions with multiple runs of the SA
with different weights, however, finding the correct weights is a complex task.
Another adaptation can be found in [10], where the adaptation to the
multi-objective case is done using an archive that stores the best solutions, and, the
acceptance of a new solution is based on the dominance with respect to the archive,
not just to the current solution. However, by exploring the neighbourhood of just
one solution at a time, the diversity of the solutions found is degraded.

The MOSA implementation in this work also follows an archive-based tech-
nique, but exploring the neighbourhood of the entire archive at each iteration,
instead of only a single point. This way, the diversity of the solutions explored
increases. Moreover, another practical advantage is that simulating multiples cir-
cuits in batch is more computationally efficient than simulating one circuit at a time.

To increase the potential for more annealing branches, the algorithm starts with
P elements in the archive instead of only one. The acceptance is still made by
Metropolis criterion [12] and the archive is trimmed by non-dominated sorting and
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crowding distance, when its size exceeds the maximum number of elements per-
mitted. A Pareto set with all the non-dominated solutions found is also kept. Since
the new elements are neighbours of the original solutions, the Pareto archive grows
faster by taking solutions that are close to each other, and crowding distance is used
to trim the Pareto set. The implemented MOSA is shown in Algorithm 4.5, instead
of using T,,;, to control the annealed schedule, a maximum number of iterations is
set to control the annealing.

Algorithm 4.5 Multi-objective simulated annealing

—_

Set T=Tmax and iteration=0

Set archive=P random solutions

Evaluate the cost of all solutions in the archive

Set pareto = non dominated solutions in archive

While i teration < Ndo:
Create neighbors foreach elementin archive
Evaluate the cost of all neighbors

For each element,neighbor u,v in archive,neighbors

A A A O T o

if v dominates u then v replace u in archive

._
e

else if u does not dominate v then add v to archive

—
—_

else if rand(0,1)<exp(|f( u)—f(v)//([f(u)|.T)) then v replace u in archive

—
»

Set pareto to non-dominated solutions in union of archive and pareto

—_
W

Trim pareto and archive setsusing crowding distance
14. Update temperature T, iterationt+

15. Return pareto

4.2.3 MOPSO

The PSO algorithms introduced by Kennedy and Eberhart in 1995 [13] are partly
inspired by the behaviour of large animal swarms such as schooling fish, flocking
birds or honey bees. PSO associates each particle to a candidate solution and let them
explore the search space. This technique is focused on the collective behaviour of a
distributed population of simple agents that interact locally with each other. Each
particle is associated with a stochastic velocity vector which indicates where the
particle is moving to. The next move of each particle at a given time, illustrated in
Fig. 4.4, is a stochastic combination of: the velocity in the previous time instant; the
direction towards the best position ever occupied by the particle; and, the direction
towards the best swarm positions. In the standard model each particle i is associated
with a position (x;) in the search space, a velocity (v;), the position (p;), the best
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location encountered by the particle, and the location of the best particle in the
swarm. The interaction between these variables is governed by the following rules:

Xiv1 = Xi+Vip1

Vig1 = wii+ ¢ (pi — Xi) + @ (pe — Xi) (4.7)
(771'1 = U(07 (?51 max) .
(75[2 = U(Ov ¢2max)

where, w is the inertia weight and p, is the position of the best particle in the swarm.
The vectors ¢, and ¢, are randomly generated at each iteration for each particle
with entries uniformly distributed between 0 and @yax OF QPomax, Tespectively.

The manipulation of some of these parameters develops other variations over the
standard algorithm. Controlling the velocity and the direction to the particle’s best
position allows the implementation of schemas for exploitation and exploration of
the search space. The MOPSO implemented follows the implementation described
in [9], using external archive, turbulence, and a fully connected topology and
density estimator (crowding distance). In the single-objective approach, one of the
critical factors in the implementation of a PSO is the selection of the leader, in the
multi-objective case the issue is aggravated, as there are many options to select the
leader. The chosen method was to randomly select a solution from the Pareto to
increase the pressure for improvement. Other possibilities are valid, such as
selecting random solutions from the non-dominated set of particles and use
crowding distance tournament between two solutions in order to select the leader.
The pseudo-code for the MOPSO is shown in Algorithm 4.6.

Algorithm 4.6 Multi-objective PSO

1. Set iteration=0

2. Set particles = P new random solutions

3. Evaluate all particles

4. Set pareto = non dominated solutions in particles

5. While iteration < N do:

6. For each particle p in particles

7 g = select leader from pareto

8 Update p according to equation (4.4)
9 Add turbolence to p

10. Reevaluate all particles

11. Set pareto to non-dominated solutions in union of particles and pareto
12. Trim pareto set using crowding distance

13. iteration ++

14. return pareto
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Fig. 4.4 Particle update in 0
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4.2.4 Multi-kernel Algorithms

With the algorithms previously described implemented in the tool, new methods
that combine their techniques can be explored. By combining and reusing the
diverse strategies it is possible to take advantage of their strong points. Therefore,
the framework flexibility is further enhanced and there is the possibility to find
combinations of the different methods that may outperform the individual scheme.

4.2.4.1 Parallel Multi-kernel

One possible combination is to use multiple algorithms in parallel, as shown in
Algorithm 4.7, sharing the elements to solve the problem more efficiently. The
parallel combination uses a pool of elements that is redistributed between each
kernel and evolved using a different approach.

Algorithm 4.7 Parallel multi-kernel

1. Set iteration=0
. Set archive = P new random solutions
. Evaluate all solutions in archive

. Set pareto = non dominated solutions in archive

If the merge condition is true

2
3
4
5. While iteration < N do:
6
7 For each kernel k in kernels/[]
8

redistribute-elements (k, archive)

9. For each kernel k in kernels[]

10. execute-kernel-step (k)

11. Collect elements from all kernels[] to archive

12. Set pareto to non-dominated solutions in union of archive
and pareto

13. Trim pareto and archive sets using crowding distance

14. iteration++

15. return pareto
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The major decisions in this method is when to redistribute the elements and how the
redistribution is done. To redistribute the elements, a simple method is to rearrange the
samples at uniform periods of time, i.e., at each fixed number of steps. This was the
method implemented, nonetheless, any alternative method could be devised.
Regarding the redistribution itself, the three methods illustrated in Fig. 4.5 were con-
sidered. In Fig. 4.5a is presented a simple version that shuffles and reassign the ele-
ments to the different kernels, taking advantage of the different explorations techniques.
In Fig. 4.5b a more greedy approach is used, following the same principle of using
different methods to explore the same space, but that selects only the best individuals
using rank and crowding distance. Those best individuals are set to all the kernels.
A third approach, shown in Fig. 4.5c, sorts the elements using some criteria and split
them in blocks, allowing the algorithms to explore different regions of the search space.

4.2.4.2 Sequential Multi-kernel

A different method to combine the kernels is to used them sequentially, where the
results from one kernel is passed as input to the next, as shown in Algorithm 4.8.
With this combination is possible to optimize a problem for example using N,
cycles of NSGA-IL, and then, N, cycles of MOSA, for fine tuning of the solutions.

An important detail is that, like MOSA and MOPSO, both parallel and
sequential multi-kernel approaches use an external Pareto set to store the best
solutions found through the several iterations of the different kernels. Some of these
approaches were experimented to show that the tool can take advantage of such
advanced combination of kernels, but the detailed exploration of hybrid opti-
mization techniques goes beyond the scope of this work.

Algorithm 4.8 Sequential multi kernel

—_

Set iteration=0
Set archive = P new random solutions
Evaluate all solutions in archive
Set pareto = non dominated solutions in archive
While iteration < N do:
Select kernel k from kernels[]
execute-kernel-step (k)

Collect elements from k to archive

A A S

Set pareto to non-dominated solutions in union of archive and pareto

._
e

Trim pareto and archive sets using crowding distance
11. iteration++

12. return pareto
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Fig. 4.5 Different methods to redistribute elements in the parallel multi-kernel approach.

a Shuffle. b Best. ¢ Sorted



4.3 Enhancing the Optimization with Machine Learning 77

4.3 Enhancing the Optimization with Machine Learning

To improve the performance of the optimization, machine learning techniques are
used to add automatically generated design knowledge to the optimizer. A 1st order
simplistic model, the Gradient Model, is used to guide the generation process to a
better solution faster. The introduced simple differential amplifier will be used again
throughout the next section as a working example to illustrate the implemented
methodology. To simplify the illustrations, only the input variables W, and Wiy,
which represent the widths of the transistors pairs (M1, M2) and (M3, M4)
respectively, are considered.

The generation of the model starts by sampling the design space using a Design
of Experiments (DOE) approach [14], and then, the model is generated from those
samples. The samples are processed by extracting and ranking the contributions of
each design variable (input) to each design performance or objective (output), and,
finally, building a set of gradient rules that will be combined with the evolutionary
optimization kernel.

4.3.1 Sampling the Design Space Using DOE

Two factorial DOE variants were explored within this work, namely, the full fac-
torial design and the fractional factorial design. The number of simulations required
to construct the DOE’s matrix for both variants obeys Eq. (4.8),

# simulations Ny = B"~P) (4.8)

where B is the number of points per design variable or matrix base B > 1, n is the
number of design variables, and p the number of non-elementary design variables.
A non-elementary design variable is a variable that is not sampled in all possible
combinations with the other variables. The value of p is zero in the case of full
factorial design, and equal or greater than 1 for the fractional factorial design.

4.3.1.1 Full Factorial Design

In the full factorial DOE, the circuit is sampled in all the combinations of variables’
levels. For each variable (x;), B logic levels are defined, and to each value, it is
assigned a value v;;, derived from the variable’s range according to (4.9). In
Table 4.4, the mapping between logic values and variable values is illustrated for a
subset of variables (the device’s widths and bias current) of the simple differential
amplifier introduced in Sect. 4.1 of this chapter, for a B set to 2.
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Table 4.4 Association Variables\Levels 0 1
petween range values and WL (um) 500.180 1500.060
Xy — W3y (um) 500.180 1500.060
x3 — IBias (nA) 325 77.5
Table 4.5. DOE.’s matrix for X1 X2 |x;3 |y —gain(dB) |y,— gbw (MHz)
full factorial design
1 |0 0 0 30.61 13.17
2 |1 0 0 29.72 12.00
3 |0 1 0 30.54 10.14
4 |1 1 0 29.68 9.46
5 |0 0 1 30.88 29.89
6 |1 0 1 30.55 27.51
7 |0 1 1 30.80 23.16
8 |1 1 1 30.48 21.62
Max Min
vip = XM 4 i X )x (14+2b), b=0,..,B—1 (4.9)

2B

Once the variables mapping is complete, the next step is to construct the DOE’s
matrix. The matrix has one line per each possible combination of values, being the
total number of lines given by (4.8), where p is 0. The columns are the inputs (x),
identified with the logic levels, and the outputs (y) described by the measured value.
The concatenation of the values in the inputs is also referred as the code of the
sample, as it acts as unique identifier.

Table 4.5 shows the 8 (2°) sample matrix, obtained for the simple differential
amplifier example. If any vector produces an output that is not measurable, it is not
taken into account during the generation of the model.

4.3.1.2 Fractional Factorial Design

From (4.8), the number of samples (and obviously simulations) increases expo-
nentially with the number of input variables. To reduce this effect, the fractional
factorial DOE introduces the notion of non-elementary variable, as a variable that is
not used to generate the code of the sample, reducing the size of the matrix. The
level of the non-elementary variables is determined from the code, i.e., from the
levels of the elementary ones. Several methods to compute the level of
non-elementary variables are available in the literature [14], in this work the level
Ln; of the non-elementary variable i is given by:

Ln;=(L;+L,) mod B (4.10)
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Table 4.6 DOE’s matrix for fractional factorial design with x, non-elementary

X1 — Wi |Xs.—Wss | x3—IBias |y, — DC gain (dB) |y, — GBW (MHz)
1 o 0 0 30.61 13.17
2 |1 1 0 29.68 9.46
3 o 1 1 30.80 23.16
4 |1 0 1 30.55 27.51

Table 4.7 DOE’s matrix for fractional factorial design with x; non-elementary

xX; — Wi Xo. — W3y x3 — IBias y; — DC Gain (dB) y» — GBW (MHz)
1 0 0 0 30.61 13.17
2 1 1 0 29.68 9.46
3 1 0 1 30.55 27.51
4 0 1 1 30.80 23.16

where mod is the modulo operator and, L; and L, are the levels of the first and second
elementary variables, respectively, which ensures an even distribution in the levels.
Table 4.6 shows the 4 (2°~') sample matrix obtained for the simple differential
amplifier example, by considering the variable x, as a non-elementary variable,
while Table 4.7 shows the same but considering X, as the non-elementary variable. It
is easy to see that the tables are the same with the simulation out of order.

4.3.1.3 Latin-Hypercube Design

In the Latin hypercube design, the circuit is sampled such that there is only one
point at each level. Hence, the number of simulations is B, the number of logic
levels for the variables, regardless the number of variables. This is one of the
benefits of the Latin hypercube, as the number of samples does not depend on the
number of variables, but only on the number of levels, as it can be easily controlled.
However, this does not mean that Latin hypercube design does not depend of the
number of variables. Like all other sampling methods, the Latin hypercube design
does suffer from the curse of dimensionality, and the space filling degrades expo-
nentially with the number of variables. Other interesting property is that removing
variables from a Latin hypercube design results in a (eventually sub-optimal) Latin
hypercube design.

A Latin hypercube design is not unique, for B levels and n variables there are
(BN"™! designs. Originally Latin hypercube designs were constructed by sequen-
tially generated random samples that meet the Latin hypercube design criteria.
However not all designs have equally good space-filling properties, as shown in
Fig. 4.6.

To ensure good space filling and or column-wise orthogonally several methods
to derive good Latin Hypercube designs have been proposed [15-18]. Space-filling
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Fig. 4.6 Latin hypercube (a) (b)
design with 2 variables and 5
levels. a Design with poor X X
space-filling. b Design with
good space-filling X X
X X
X X
X X

is improved by minimizing some form of distance metric, whereas orthogonality
may be obtained by considering column-wise correlations.

Given the flexibility of the Latin hypercube design, in AIDA-C the Latin
hypercube sampling (LHS) is done using pre-optimized designs. A set of small
designs optimized for the number of variables ranging from 22 to 64 with less than
64 samples from [15] is used. The designs are stored in a file and used whenever
needed. Whenever sampling a circuit (to generate local models, or in the initial
population of the optimization), the design for the closest number of variables is
used, discarding extra variables. If the number of samples is larger than the ones in
the design, the remaining samples are drawn randomly.

4.3.2 Gradient Model

The main idea behind the gradient model is that even with an extremely simple
model it is possible to improve the optimization kernel by embedding design
knowledge into the optimization loop. The gradient model represents the relations
between the outputs and the input to which it is more sensitive, i.e., the input with
larger effect towards a specific output, and also, the direction of that effect, hence
the name, gradient model [19]. The next paragraphs describe the two processing
steps used to automatically derive the gradient rules: extracting and ranking the
contributions of each input to each output, and, extracting the gradient rules.

4.3.2.1 Extracting and Ranking Design Variables Contributions

In the first step the analysis of the experiments in order to understand which inputs
affect most the outputs, henceforward called the main effect, is performed. The main
effect is the effect of one independent (input) variable on the dependent (output)
variable, when ignoring the effects of all other independent variables [14], where m; ;,
the main effect of input variable i in the output variable j is computed according to
Eq. (4.11):
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B 5
., > b
{ +1whenxi; > 3 (4.11)

m~~=§ Wik X Wik =
iJj £ ik X Vs i,k —lwhenx,;,k<§

where k identifies the sample and y the output measure for the sample. When the
total main effect of an input variable is positive/negative, there is an indication that
if the value of that input variable is increased/decreased, the value of the output will
tend to increase/decrease, respectively.

Table 4.8 shows the main effects of the input variables to the outputs (DC Gain
and GBW) for the fully factorial DOE matrix in Table 4.5. Table 4.9 shows the
main effects obtained from the fractional factorial DOE matrix in Table 4.6. The
analysis of the Tables 4.8 and 4.9 shows all variables having a similar and relatively
small effect in the gain, while IBias shows a good effect in GBW. Due to their
highest absolute value, Wi, is the input variable that gives more certainty in its
effect towards the gain, and IBias the one that gives more certainty in its effect
towards the GBW.

4.3.2.2 Extracting the Gradient Rules
Once the main effects are computed, N input variables with the larger contribution

to each output are identified as the ones with the large absolute main effect, and
then, a refinement procedure is executed. For each output variable y;, a new DOE

Table 4.8 Main-effect obtained from the full factorial design

Variables Effect on DC GAIN m;;
x; — Wio(m) —30.61 + 29.72 —30.54 + 29.68 —30.88 + 30.55 —30.8 + 30.48 -2.4
Xy — W3y(m) —30.61 —29.72 + 30.54 + 29.68 —30.88 —30.55 + 30.8 + 30.48 -0.26
x5 — [Bias (A) —30.61 —29.72 —30.54 —29.68 + 30.88 + 30.55 + 30.8 + 30.48 2.16
Variables Effect on GBW m;
x; — Wio(m) —13.17 + 12 —10.14 + 9.46 —29.89 + 27.51 —23.16 + 21.62 -5.77
Xy — W34(m) —13.17 =12 + 10.14 + 9.46 —29.89 —27.51 + 23.16 + 21.62 —18.19
x5 — [Bias (A) —13.17 =12 —10.14-9.46 + 29.89 + 27.51 + 23.16 + 21.62 57.41
Table 4.9 Main-effect Variables Effect on DC GAIN m;
obtained from the fractional -
factorial designs X1 — Wya(m) —30.61 + 29.68 + 30.55 —30.8 -1.18
Xy — W3y(m) —30.61 + 29.68 —30.55 + 30.8 —0.68
x5 — IBias (A) —30.61 —29.68 + 30.55 + 30.8 1.06
Variables Effect on GBW m; >
x; — Wya(m) —13.17 + 9.46 + 27.51-23.16 0.64
Xy — Wiy(m) —13.17 + 9.46 —27.51 + 23.16 —8.06
x5 — IBias (A) —13.17 —9.46 + 27.51 + 23.16 28.04
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matrix is constructed using the fractional factorial sampling, with the N input
variables that have the larger contributions as the only elementary variables.

The refinement DOE matrix is then converted to the set of gradient rules for that
output variable. This is done by discarding the columns referring to non-elementary
variables and transforming the levels of the elementary variables x; into input
gradient symbols Si; ; ; according to:

. [ (+)whenxip > 5§
Sll;l-,k = { (_) Whenxi7k<§ (412)

where k identifies the line of the matrix. The output gradient symbols So are
converted from the output values as:

(+) wheny; > YM™ — A,
Sojx = § (u) when (YJMi" + Aj) <Yk < (YJM‘”‘X - A,-) (4.13)
(—) whenyjx < Y]Mi“ +A;

where Y} and Y} are respectively the maximum and minimum values of the
output y; obtained in the DOE matrix (not the refinement matrix), and Aj is
|YJMax - YJMi“|/4. The meaning of the symbols is: (—) a decrease; (+) increase and
(U) undefined. Table 4.10 illustrates the Eq. (4.13) using Table 4.6 as matrix of
refinement, while Table 4.11 illustrates the Eq. (4.13) using Table 4.7 as matrix of
refinement.

Tab!e 4.10 Extraction of Vik YJMax — A YJMi" + A Soix

gradient rules for DC Gain
yi11 = 30.61 30.58 29.98 Soy1: (4)
Yi2 = 29.68 501,2: (_)
Y13 = 30.80 SOL3Z (+)
Y14 = 30.55 So;.4: (U)

Tal(;!e 4.111 E)f(tragg)\?v of Yik YJMaX - A YJM‘“ + A Sojx

t J .

gradient rules for yor= 1317 | 2478 14.57 S0s1: (-)
Y22 = 9.46 SOzyzi (_)
Y23 = 27.51 5023: (+)
Y24 = 23.16 50214: (U)
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Table 4.12 Set .Of gradient Sil,l le Si2,l IBias SOl DC Gain
rules for DC Gain
1 =) ) +)
2 +) ) ()
3 =) (+) (C)
4 ™) &) ()
Table 4.13 Set of gradient ; : faq
rules for GBW Sll’z W34 812,2 IBias SOZ GBW
1 ) ) ()
2 +) =) ()
3 () +) (C)
4 ) ) (&)

Tables 4.12 and 4.13 illustrates the corresponding gradient rules. In both cases
rule 4 is useless because it have undefined meaning. For the DC Gain rules, 1 and 3
make sense, rule 2 is also useless as it is never an objective to decrease the DC
Gain. With respect to GBW, only rule 3 makes sense in driving it up.

4.3.2.3 Combining the Gradient Rules with the Optimization Kernel

The developed approach combines the gradient model with the multi-objective
multi-constraint optimization kernel. The implementation is made through the use
of a new mutation/neighbour/turbulence operator, which takes into account the
gradient model to perform changes to the elements selected to be mutated. The
chromosome, i.e., the collection of optimization or design variables, is represented
by a vector of continuous variables [x, ..., X,]. The classical operation corresponds
to random changes applied to a selection of those continuous variables. Here, the
gradient model is used to introduce design knowledge into the operator to speed up
the convergence of the algorithm.

The reference operator implemented in AIDA-C is based in the
continuous-valued mutation operator introduced Deb and Agrawal in [20]. In this
operator J;, the perturbation applied, is defined as d; = (x¥ — x,)/(XM™ — XMm),
where x and x; are the perturbed and original values, respectively. Moreover, ¢; is
a random variable, with values in the interval of —1 to 1, and p.d.f.:

P(3) =05 x (n+1) x (1 —[8])" (4.14)

where 7 is a parameter used to control the spread of the distribution, Fig. 4.7 shows
the p.d.f. for various values of 7.
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Fig. 4.7 Perturbation p.d.f

A realization of 6, & is obtained from a uniform random number u € [0, 1] using

Eq. (4.15), which is obtained from Eq. (4.14) by solving ffl P(%) = u.

2

2 .

5= (Qu)ym? — 1, N ifu<0.5 (4.15)
1—2(1 —w)]2, fu>0.5

leading to the perturbed value, x, is given by x¥ = x;+ 6(XM> — XMin) The

gradient rules are then applied. The application of the rules follows the expression

in Eq. (4.16):

X = (14 py(Si) (4.16)

where x¢ is the variable value after the application of the rule, y(Si;) is a function of
the gradient symbol defined in Eq. (4.17), and u € [0, ¢[ is a uniformly distributed
random number between 0 and c, the change rate parameter.

o= { i () )

The application of the gradient rules is dependent on the existence of a suitable
rule for the optimization target, i.e., it is irrelevant to have a rule to decrease the
gain, if the target is to increase it. The rules are selected by searching, for each
optimization objective, if there is a rule that causes the desired effect in the cor-
responding response variable. If this rule is found, then the variables with larger
contributions are affected as described before. Figure 4.8 illustrates an example
application of a gradient rule in the mutation operator.
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Fig. 4.8 Gradient rules in the
mutation operator Individual after mutation
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4.4 Conclusions

The multi-objective nature of the IC design sizing makes it well suited for automatic
design using multi-objective optimization strategies. In this chapter the multi-
objective optimization kernels, NSGA-II, MOPSO, MOSA and the kernel
hybridization implemented in AIDA-C were described, taking into consideration
how the circuit sizing is handled as an optimization problem, even when consid-
ering the extra constraints introduced by PTV corners. Finally, this chapter
describes how the optimization process is enhanced with the machine learning
techniques that add automatically generated design knowledge to guide the opti-
mizer towards better solutions faster.
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Chapter 5
AIDA-C Circuit Sizing Results

5.1 Evolutionary Parameters Impact

Though AIDA-C supports several optimization kernels, the most relevant is
NSGA-II, as will become clearer in Sect. 5.4. In this section the results obtained from
testing the impact of the evolutionary engine parameters on the synthesis of analog
circuits are introduced. This first study focus on parameters of the optimization kernel:
population size, number of generations and, mutation and crossover rates.

5.1.1 Crossover and Mutation Rates

A single ended folded-cascode amplifier for the United Microelectronics Corporation
(UMC) 180 nm process was used to conduct parametric sweeps over the mutation and
crossover probability. The circuit and test-bench schematics are shown in Fig. 5.1,
and the ranges, objectives and constraints are listed in Tables 5.1 and 5.2.

The circuit setup specifies an optimization problem with 15 optimization vari-
ables that define the combinatorial search space represented in (5.1), which counts
all the possible combinations of variables’ values within the defined ranges.

{0.18,0.185,...,5}°%{0.24,0.48, ..., 200}°
x {30,40,...400} x {—0.4,—0.39,...,0} x {0,0.01,...,0.40} (5.1)
— 08% x 834° x 38 x 41 x 41 = 1.9x10*

The multi-objective multi-constraint optimization problem derived from the
circuit specifications using the method described in Chap. 4 of this book is illus-
trated in (5.2) and (5.3), showing how the conversion is made. As there is a direct
correspondence between the optimization problem and the sizing specifications in
the remaining of this chapter only the circuit specifications are shown. In this case
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Fig. 5.1 Single-ended folded
cascade amplifier;
a schematic; b test-bench

Table 5.1 Single-ended
folded cascode amplifier
variable ranges
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Variable (Unit) Min. Grid Max.
resolution
11, 14, 15, 17, 19, 111 (nm) 180 50 5,000
wl wd w5 w7 w9 wll 0.24 0.24 200
(pm)
Ib (uA) 30 10 400
Vben (V) -0.4 0.01 0.0
Vbep (V) 0.0 0.01 0.4

The variables 11 and w1 are dimensions of MN1 and MN2; 14 and
w4 of MN4; 15 and w5 of MP5 and MP6; 17 and w7 of MP7 and
MPS8; 19 and w9 of MN9 and MN10; 111 and w11 of MN11 and

MNI12
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Table 5.2 Single-ended folded cascode amplifier specifications

Specifications Measure Target Units Description
Objectives RMS(Power) Minimize mW Power

Sqrt(Area) Minimize um Unity-gain frequency
Constraints GDC >170 dB DC gain

GBW >12 MHz Unity-gain frequency

PM 55 < PM < 90 ° Phase margin

SR >10 V/us Slew Rate

vov! >30 mV Vgs — Vt

d! >12 mvV (Vds — Vdsat)/Vdsat

Osp >0.5 v Vbep + [VEMFE|

Osn <-0.5 \% Vben — [VEN1

"The constraint applies to: MN1, MN4, MP5, MP7, MN9 and MN11

the design specifications lead to the optimization problem with 2 objectives and 19
constraints.

fi(x) = sqrtarea

fo(x) = rmspower (5:2)
GDC — 70dB GBW — 12MHz
$10) = —oamr W = ammy
PM — 55° 90° — PM SR — 10V /us
R I T 7
 VOVyn — 30mV _ DPyy; — 1.2 VOV — 30mV
N T = I
DPMN4 —12 VOVMPS — 30mV DPMPS —1.2
,89(x) = T,glo(x) = W,gu(x) =T
VOVMm —30mV DPMP7 —1.2 VOVMNg —30mV
g12(x) = W:&S(X) = Tvglﬂx) = W
DPMNg —1.2 VOVMNH —30mV DPMNll —1.2
gi5(x) = T,gle(@ = 130mV] ,817(x) = T
OSP — 0.5V —0.5V — OSN
gi13(x) = W,gw(x) = o5V
(5.3)

Multiple runs, varying the values for the evolutionary parameters were executed
to study the impact and tune the parameter. Figures 5.2 and 5.3 show the effects of
varying the crossover and mutation rates, respectively.

The % of crossover did not affect the Pareto optimal front (POF) significantly for
values larger than 50 %, nevertheless larger crossovers rates (>90 %) yield better
results. This result fit the general experience with evolutionary algorithms where the
crossover is usually high. The mutation rate around 25 % (green and orange POFs)
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Fig. 5.3 POFs for various mutation % (32 elem, 200 gen)

presented better results, at first this value seems high, however the mutation
operator is not just the generation of a random value within the specified range. In
simulated binary crossover (SBX) the mutation generates a value around the
original value with a bell shape probability distribution. A detailed description of
the mutation operator is found in Chap. 4 of this book together with the Gradient
model. In all examples in this Chapter and in Chap. 7 of this book, if not mentioned
otherwise, the % of crossover is set 90 % and the mutation rate to 30 %.
Throughout the diverse executions of the tool, there was no further need to change
either of these parameters.
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5.1.2 Population Size and Number of Generations

To evaluate the dispersion of the solutions due to the population size (P) and
number of generations (G), the single stage amplifier with gain enhancement using
voltage combiners (VCs) proposed in [1] was optimized to maximize the figure of
merit (FOM) and maximize de low-frequency gain (GDC). The circuit schematic is
shown in Fig. 5.4 and the performance figures are measured using Mentor Graphics
Eldo® for the UMC 130 nm process. The design variable and ranges are shown in
Table 5.3, and the specifications are presented in Table 5.4.

By maximizing the FOM, the power consumption is minimized as well as the
gain-bandwidth product (GBW) is maximized, as described by the FOM (5.4),
where Cj,.q is the load capacity and IDD is the current consumption.

FOM =

GBW x Cipua [MHZ pr}

4
IDD mA (54)

Fig. 5.4 Single stage _ vdd
amplifier with gain

Zg}rlet?iiil?sem using voltage MP0|’—‘41| MP1 MP2 |}7’—1| MP3
—| -

w3 | B

vin
*'—‘I MN4 MNS5 |}—0—
> nal
| |
[MN6  mn7| -
| | out
H .
~l]MN9 MNsl}—
—l| b - ||—
MN10 | — | MN11
|<-|| ||—>| Vss

Table 5.3 Single stage amplifier with gain enhancement using VCs: variable and ranges

Variable (Unit) Min. Grid resolution Max.
10, 11, 14, 16, 18, 110 (nm) 120 10 1000
w0 wl w4 w6 w8 w10 (um) 1 0.1 10
nf0, nfl, nf4, nf6, nf8, nf10 1 2 8

The variables 10, w0, and nfO are dimensions of MP0O and MP3; 11, w1, and nfl of MP1 and MP2;
14, w4 and nf4 of MN4 and MNS5; 16, w6 and nf6 of MN6 and MN7; 18, w8, and nf8 of MNS§ and
MNO; 110 w10 and nf10 of MN10 and MN11
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Table 5.4 Single stage amplifier with gain enhancement using VCs: specifications

Specifications | Measure Target Units Description
Objectives GDC Maximize | mW DC gain
FOM Maximize | MHz - pF/mA | Figure of merit
Constraints FOM >1000 MHz - pF/mA | Figure of merit
IDD <350 HA Current consumption
GDCc >40 dB DC gain
GBW@6pF | >30 MHz Unity-gain frequency
PM >60 ° Phase margin
OVP! >100 mV Overdrive voltages of the PMOS
devices (Vty - Vgs)
OVN? >100 mV Overdrive voltages of the NMOS
Devices (Vgs — Vi)
DP! >50 mV Saturation margin of the PMOS devices
(Vpsa = Vps)
DN? >50 mV Saturation margin of the NMOS devices
(Vps ~ Vpsa)

1Applies to: MPO, MP1, MP2 and MP3
2Applies to: MN4, MN5, MN6, MN7, MN8, MN9, MN10 and MN11

The criteria in setting the constraints were: all devices are set to operate in the
moderate/strong inversion region, therefore, their overdrive voltage is required to be
greater or equal to 100 mV, while all devices are to be working in saturation hence
their saturation margin is required to be greater or equal to 50 mV. To ensure stability
the phase margin must be larger than 60°, and a 50 dB gain must be ensured.

These design specifications lead to the optimization problem with 18 optimization
variables, 2 objectives (GDC and FOM) and 29 constraints shown in (5.5) and (5.6).

fi(x) = -GDC (5.5)
fz(x) = —-FOM
FOM — 1000 MHz.pF /mA
$10) = 27000 MHz pF/mA|
350uA — IDD GDC — 50dB
0= sl 40" soam]
GBW — 30MHz PM — 60°
ga(x) = Wﬂs(x) = 607 (5.6)
OVP? — 100mV DP¢ — 50mV
g6+a(x) = W;glo+d()€) = ~somv| =0:3
d d
go+a(x) = OWVTW,&HU[(X) = J\GSTS‘/()'nﬂ/d =4:11
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Fig. 5.5 Dispersion of the
POF limits: a Maximum
FOM for various P/G setups;
b Maximum GDC for various
P/G setups
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Ten runs were done for 5 different setups of population size and number of
generation. The pairs tested were P128G100, P64G300, P128G300, P256G300 and
P128G1000. Figure 5.5a compares the best value of the FOM objective obtained
with each setup, and Fig. 5.5b shows the same, but for the GDC objective.
Figure 5.6 shows the 10 Pareto fronts obtained for the setup P128G1000.

In terms of population size and number of generations, the progression of the
best values with the total number of evaluations (P*G) shows a logarithmic
behavior as can be seen in Fig. 5.5. In the P128G100 setup there is a great vari-
ability between runs. The cause of this variability is the small number of generation,
as setups with the same population size (P128G300 and P128G1000) show multiple
runs of the stochastic optimization resulting in approximately the same solutions.
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Fig. 5.6 10 POF obtained with P = 128 and G = 1000

It is interesting to note that the setup P64G300 performs comparably with the setup
P128G300 despite requiring half the evaluations (which means half the execution
time). Analyzing the remaining of the plot shows that increasing the number of
evaluations increased both the robustness and quality of the solution (obviously at
expense of the number of simulations).

The populations size and number of generations, and respective total number of
simulations, are trickier to derive. With the smallest population that is large enough
not to converge prematurely, the required number of generations is reduced,
however, there is more variability between runs and the risk for premature con-
vergence. On the other side, larger populations avoid premature convergence but
more generations are needed spread the “good” genes through the population,
making the overall execution time slower in twofold: more simulations per gen-
eration and more generations.

5.2 Comparing the Evaluation Strategies

So far, the tests were conducted considering nominal conditions only. In this section
the impact of considering the worst case parameter sets in the evaluation of circuit
performance in terms of the solution’s performance and execution time is explored.
This study focus on the differences between the optimization flows Typical (T),
Corners (C) and Typical plus Corners (TC). In T the optimization uses only the
nominal conditions; in C the optimization considers the corner cases; and in TC two
optimization jobs are executed sequentially, first the optimization considers only
nominal conditions, then, the results are used as a starting point for the corner
optimization.
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Fig. 5.7 POF obtained using the 3 design strategies T, TC and C

5.2.1 Amplifier with Gain Enhancement Using VCs

The Single-Stage Amplifier with Gain Enhancement using VCs introduced in
Sect. 5.1.2 of this Chapter is here used for nominal and worst case sizing. The
specifications are the same as the ones in Table 5.4. In addition, the following four
corner conditions are considered for devices’ models: slow NMOS and slow PMOS
(SS); slow NMOS and fast PMOS (SNFP); fast NMOS and slow PMOS (FNSP);
and, fast NMOS and fast PMOS (FF). Figure 5.7 illustrates the Pareto fronts and
execution time that were obtained from one execution of each strategy: T, C and
TC. The algorithm parameters were: population of 32 elements and 400 generations
for T and C, and 200/200 for TC (200 for the first step and 200 for the second step)
for a fast execution.

The nominal POF obtained for the amplifier using voltage combiner was found
faster (in approx. 3 min), and dominates the others (because it has fewer con-
straints) and does note account not the variability of the process. TC strategy was
faster than C and resulted in better solutions. By starting the corner optimization
from the already optimized typical POF, it is easier to fulfill the additional con-
straints imposed by the corners and leads to better and faster results, however there
is some biasing that narrows the search range. The number of feasible solutions is
much smaller in TC (7) than in either T (18) or C (19). Table 5.5 summarizes the
output of C and TC strategies.

5.2.2 Fully Differential Telescopic Amplifier

A fully differential telescopic amplifier circuit including bias for the UMC 180 nm
technology was also considered in this analysis. The circuit’s schematic is shown in
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Table 5.5 Summary of the corner and typical plus corner run illustrated in Fig. 5.7

Strategy Corner(C) Typical plus corner (TC)

Small Middle | High Small Middle | High

FOM FOM FOM FOM
Time (s) 12 7
FOM 1001.5 1024.2 | 10434 1017.7 1039.9 | 1079.5
(MHZ - pf/mA)
Gain (dB) 5143 50.91 50.28 51.78 51.01 50.33
LO (um) 0.64 0.60 0.56 0.63 0.57 0.53
WO (um) 66.4 64.4 62.4 423 45.0 45.0
NFO 8 8 8 8 6 6
L1 (um) 0.37 0.37 0.36 0.30 0.30 0.31
W1 (um) 6.3 6.3 6.3 33 3.6 3.6
NF1 4 4 4 4 2 2
L4 (um) 0.49 0.50 0.50 0.70 0.69 0.72
W4 (um) 9.8 10.0 10.0 16.1 15.5 14.0
NF4 2 4 2 4 4 4
L6 (um) 0.50 0.49 0.49 0.71 0.73 0.73
W6 (um) 37.1 37.7 37.3 53.1 533 53.6
NF6 8 8 8 2 2 2
L8 (um) 0.94 0.94 0.94 0.94 0.94 0.94
W8 (um) 1.0 1.0 1.0 1.0 1.0 1.0
NF8 2 2 2 2 2 2
L10 (um) 0.94 0.94 0.91 0.93 0.88 0.93
W10 (um) 54 44 4.6 10.1 9.9 2.7
NF10 2 2 2 4 4 4

Fig. 5.8, and the variable and ranges, and specifications are listed in Tables 5.6 and
5.7. The problem has 16 optimization variables, 3 objectives and 38 constraints.
8 corner cases were defined using the extreme combination of technology models
(typical, fast and slow), voltage supply (1.7, 1.75, 1.8 V) and temperature values
(—40, 50, 120 °C).

In Fig. 5.9, the projections of Gain versus Power and GBW versus Power are
overlapped, each point in the Pareto front is represented by the 2 points in the
graphic that have the same value of Power, one from each of the projections. By
having more than 2 objectives the 2-D projections are not monotonic like in the
previous example. This is due to the fact that there are solutions that seem to be
dominated but have better performance in the objectives not present in that
projection. The objective POF was obtained using the TC strategy with parameters:
population of 80 elements and 300/200 generations, and shows how the effect of
corners cases in decreasing the optimum performance that can be achieved by the
circuit. Table 5.8 summarizes the sizing results.
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Fig. 5.8 Fully differential telescopic amplifier schematic: a bias; b amplifier
Table 5.6 Fully differential telescopic amplifier: variable’s ranges
Variable (Unit) Min. Grid resolution Max.
10, 12, 19, 112, 115, 118, 124, 134, 135, 140, 158 (um) 0.180 0.01 10
mO0, ml, m2, m3, m4 1 2 200
All devices have a fixed width of 2 um
Table 5.7 Fully differential telescopic amplifier: specifications
Specifications | Measure Target Units | Description
Objectives Power Minimize w Power
Gbw Maximize Hz Unity-gain frequency
gain_dc Maximize dB DC gain
Constraints gain_dc >175 dB DC gain
Gbw > 100 MHz | Unity-gain frequency
Fase 60 < fase < 90 |° Phase margin
Power <10 mW Power
Tavdd <10 mA Current consumption
vov! > 100 mV Vgs — Vt
vov_ml8, vov_ml7 >45 mV Vgs — Vt
vov_m34, vov_m36 >50 mV Vgs — Vt
vov? <200 mV Vgs — Vt
vov® <300 mV Vgs — Vt
a* 50 <d <200 |mV |Vds— Vdsat
@’ >50 mV | Vds — Vdsat

"The constraint applies to: M19, MO, M40, M43 and M35
The constraint applies to: M19, MO, M18 and M17

3The constraint applies to: M40, M43, M34, M36 and M35
“The constraint applies to: M40, M43, M17, M18 and M35
SThe constraint applies to: M19, MO, M34, and M36
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Table 5.8 Summary of the synthesis results
Strategy Typical step [637 (s)] Corner step [5363 (s)]
Less Larger Larger Less Larger Larger
power GBW gain power GBW gain
Power (mW) 0.402 1.498 0.470 0.869 1.04 0.894
GBW (MHz) | 100.8 394.8 100.8 170.1 224.6 172.0
Gain (dB) 81.98 71.02 87.02 72.53 70.87 73.32

The consideration of worst case parameter sets implies more simulations for the
same number evaluations making the overall sizing slower. The usage of a
pre-optimized nominal front helps to reduce this effect. In both cases several
solutions that meet the specification when considering the worst case corners are
found, nevertheless the performance degradation is notorious.

5.3 Gradient Model

The gradient model was introduced to improve the efficiency of the optimization
kernel. The results obtained with this enhancement are shown in this section.

5.3.1 Folded Cascode Amplifier

The folded cascode amplifier introduced in Sect. 5.1.1 was migrated for UMC
130 nm and was optimized with and without the gradient model for the specifi-
cation in Table 5.9. In this study, the model was generated with a base of two



5.3 Gradient Model 99

Table 5.9 Single-ended folded cascode amplifier: specifications II

Specifications Measure Target Units Description
Objectives GDC Maximize dB DC gain

Area Minimize m? Area of devices
Constraints GDCc >80 dB DC gain

GBW >12 MHz Unity-gain frequency

PM 55 < PM < 90 ° Phase margin

SR >10 V/us Slew Rate

vov! >30 mV Vgs — Vt

d! >12 mV (Vds — Vdsat)/Vdsat

osp >0.0 \Y Vbep + [VIMPE|

osn <-03 \% Vben — [VEVNI)

"The constraint applies to: MN1, MN4, MP5, MP7, MN9 and MN11

Table 5.10 Gradient rules Target Variable/Gradient
GDC (-) L9 ()
GDC (+) L9 (+)
area (—) WI11 (-)
area (+) WI11 (+)

(B = 2) and considering only the design variable with larger contribution (N = 1).
The extracted gradient rules for the optimization objectives are shown in
Table 5.10, the model was generated in less than 5 min. Figure 5.10 illustrates the
improvements achieved by the use of the gradient model combined with the
mutation operator. Moreover, it shows that with the gradient model AIDA-C
achieves better solutions at generation 2,000 than without it at generation 2,000 or
4,000, even for 60,000 generations AIDA-C without the model cannot reach the
maximum DC Gain attained with the use of the model.

To confirm that this is not an isolated case, 20 executions with different seeds
were done. The results are shown in Fig. 5.11 where it can be seen that the
inclusion of the gradient model consistently lead to better solutions. Table 5.11
shows the average over the 20 run of: the number of point in the final POF, and the
normalized non-dominated area, which measures the ratio between the
non-dominated and dominated area in the performance plane. It confirms the
analysis of Fig. 5.11, where the usage of the gradient model leads to more and
better solutions.

5.3.2 Amplifier with Gain Enhancement Using VCs

The Single-Stage Amplifier with Gain Enhancement using VCs described in
Sect. 5.1.2 is here used again, in this case for nominal sizing with and without the
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Table 5.11 AIDA-C versus
AIDA-C + GM (2,000
generations)

Nr. Points POF

Non-dominated area

AIDA-C

51.55

0.426

AIDAC + GM

81.7

0.2

Gradient Model. Again, the specifications are the ones describe in Table 5.4. The
algorithm parameters were: population of 128 elements and 1,000 generations.
Figure 5.12 shows the Pareto fronts obtained with 10 executions for each case.
Again the use of the Gradient Model consistently resulted in improved results.
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Fig. 5.13 Schematic and test-bench of the 7.9 GHz LNA

5.3.3 Low Noise Amplifier

The 1.2 V low noise amplifier operating 7.9 GHz illustrated in Fig. 5.13 is
considered in this test case. This case study includes 21 input variables, 2 perfor-
mance objectives, i.e., forward voltage gain (S21) and current consumption (IDD),

and 17 constraints, defined in Tables 5.12 and 5.13.
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Variable Min. | Grid Max.
resolution
odl, od2, oddeg (pm) Outer diameters of the 75 0.01 300
inductors

11, 12, 13, 15 (um) Length of the NMOS 0.12 |0.1 0.92

gfwl, gfw2, gfw3, gfw5 Finger width of the NMOS 14 0.1 7.2

(Hm)

nfl, nf2, nf3, nf5 Finger number of the NMOS 1 2 16

Icin, lcdc, lcout (um) Length of the capacitors 1 0.1 100

wcin, wede, weout (pm) Width of the capacitors 1 0.1 100

Table 5.13 LNA Specifications

Specifications | Measure Target Units | Description

Objectives S21 Maximize |dB Forward voltage gain
IDD Minimize | A Current consumption

Constraints IDD <60 mA Current consumption
S11@7.9 GHz <-12 dB Input voltage reflection

coefficient
S12@7.9 GHz <-30 dB Reversed voltage gain
S21@7.9 GHz r > 14 dB Forward voltage gain
S$22@7.9 GHz <-12 dB Output voltage reflection
coefficient

NF@7.9 GHz 3 dB Noise figure
NFMIN@7.9 GHz <3 dB Minimum noise figure
ZINre@7.9 GHz >50 Q Input impedance (real)
ZINmag@7.9 GHz > 50Q | >50 Q Input impedance (imag.)
ZOUTre@7.9 GHz >50 Q Output impedance (real)
ZOUTmag@7.9 GHz > 50 | <50 Q Output impedance (imag.)
ZINreMIN >0 Q Min Input impedance
ZOUTreMIN >0 Q Min output impedance

The optimization variables are the devices’ widths and lengths and the outer
diameter of the inductors. The biasing devices not identified in the schematic have
fixed sizes and are not optimized. The circuit was again, optimized with and without
the gradient model for exactly the same conditions, using RF components from the
UMC 130 nm design kit.

The optimization was executed for two scenarios, first, for typical conditions,
and then, for more aggressive constraints considering the corner conditions
described in Table 5.14.

In both cases, whose resulting POFs are shown in Figs. 5.14 and 5.15, the
gradient model clearly outperforms the plain simulator in the loop AIDA-C, by
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Table 5.14 Considered

-~ Corner Description
corner cases conditions

TYPICAL VDD is 1.2 V and temperature is 25°
VDD_H_TEMP_H. | VDD is 1.32 V and temperature is 55°
VDD_H_TEMP_L | VDD is 1.32 V and temperature is 0°
VDD_L_TEMP_H | VDD is 1.08 V and temperature is 55°
VDD_L_TEMP_L VDD is 1.08 V and temperature is 0°

SS Slow NMOS and slow PMOS
SNFP Slow NMOS and fast PMOS
FNSP Fast NMOS and slow PMOS
FF Fast NMOS and Fast PMOS
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Fig. 5.14 LNA Pareto fronts considering the typical specifications
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Fig. 5.15 LNA Pareto fronts considering the corner specifications

achieving Pareto fronts with larger area, larger number of solutions and dominant
solutions. Notice that in both figures, the fronts illustrated with lighter colors show
the Pareto fronts obtained during the optimization process with the gradient model.
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Table 5.15 LNA worst case measures for corner results

Measures Min. IDD Balanced Max. S21
IDD (mA) 46,856 50,022 55,494
S11 (dB) —12,000 —12,190 —-12,014
S12 (dB) —52,930 —51,294 —49,558
S21 (dB) 17,519 21,123 23,579
S22 (dB) —12,625 —13,475 —16,351
Re(ZIN) (QQ) 50,022 50,176 52,666
Mag(ZIN) (Q2) 55,395 52,284 54,385
min(ZINre) () 2,576 3,397 4,358
ZOUTre (Q) 57,478 55,887 50,618
Mag(ZOUT) (Q) 57,768 55,978 50,881
min(ZOUTre) (Q2) 22,981 22,029 22,690
NoiseFigure (dB) 2,705 2,525 2,435
min(NFMIN) (dB) 1,814 1,670 1,692

From the optimization using the gradient model with corners, three solutions were
selected and their measures are presented in Table 5.15. The presented elements
contain the maximum S21 solution, the minimum IDD solution and an intermediate
solution with balanced S21 and IDD measures.

Despite not being neither an objective or a constraint, the obtained solutions
show very good input and output impedance matching. In the maximum S21 case,
the real part of both input and output impedances are approximately equal to 50 Q.
Since the value of both the resistive load and the series resistance of the input
source is 50 Q, a perfect input and output impedance matching is almost achieved,
which is a fundamental condition to maximize the S21 scattering parameter.

The previous results show that embedding statistical knowledge from the simple
but effective automatically generated Gradient Model, into the evolutionary opti-
mization kernel, accelerated the circuit sizing procedure. The model relates the
variations of the circuit parameters to the variation of the circuit performance
enabling “smart” moves by the optimizer. Thus, the solutions move toward the
desired objectives more effective, causing a significant reduction in the number of
circuit simulations to obtain the same results.

The Gradient Model integrated with the mutation operator of the genetic algo-
rithm proved to be useful to bias the search direction into the most promising
direction. The approach was validated with typical analog circuit structures,
showing that, by enhancing the circuit sizing evolutionary kernel with the gradient
model, the optimal solutions are achieved, considerably, faster and with identical or
superior accuracy.
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5.4 Comparison of the Rival Kernels for Analog IC Sizing
Optimization

First, the algorithms were experimented and their parameters tuned with constrained
problems from CEC 2009 [2] competition. The usage of these benchmarks has two
great benefits, first, the optimal front is known, and second, the evaluation is
instantaneous, allowing an efficient characterization of the different algorithms
tested. In the benchmarks, MOSA showed the best performance.

Then, two analog differential amplifier circuits and a voltage controlled oscillator
(VCO) were optimized to study the optimization methods’ performance. The study
was done considering a fixed number of evaluations for each circuit (circuit sim-
ulations) to provide a fair ground for the comparison of the different optimization
strategies. Also, for each circuit, two combinations of the number of elements in the
population and the number of iterations were considered, (Runset I and Runset II).
All runsets are composed by ten independent executions, using a different seed in
the random number generator for each run, taken from a common set of seeds. i.e.,
the same seed was used for the same run of the different algorithms. One additional
run with 1,280,000 evaluations was executed (using only NSGA-II) considering a
larger population (256) and more generations (5,000) to find a closer estimate of the
true POF, giving a reference to assess the previously obtained solutions’ quality.

5.4.1 Single-Stage Amplifier with Gain Enhancement Using
VCs

The Single-Stage Amplifier with Gain Enhancement using VCs introduced in
Sect. 5.1.2 of this Chapter is here used for nominal-only sizing loaded with 6 pF all
capacitive load. A common tradeoff in the design of amplifiers is between current
(power) consumption and bandwidth (speed). Traditionally these conflicting
objectives are reflected in the Figure-of-Merit (FOM) shown in (6.1), where GBW
is the gain-bandwidth product, Cy,,, is the load capacity and Ipp is the current
consumption. This FOM is commonly used by designers to access the energy
efficiency of the achieved solution. By maximizing the FOM, the power con-
sumption is minimized and the bandwidth product is maximized.

FOM =

B vad |MH. F
GWxCld[ pr] (5.7)

DD mA

Taking advantage of AIDA-C being able to explicitly explore runs the tradeoffs.
The design targets are set to maximize GBW and minimize IDD. This option
explores the design tradeoffs while implicitly optimizing the FOM. The total
amount of simulations in this test-case was 64,000, and the two combinations of the
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Fig. 5.17 Pareto fronts for the different runs of NSGA-II, MOPSO and MOSA for Runset II

number of elements and the number of iterations considered were, in Runset I,
{64, 1000}, and, in Runset II, {128, 500}, respectively. Figure 5.16 shows the
Pareto fronts for Runset I at different stages of the optimization process, and
Fig. 5.17 shows the same or Runset II.

The evolution of the best FOM, bandwidth and current consumption with the
number of simulations for each optimization kernel in both runsets is illustrated in
Fig. 5.18.



5.4 Comparison of the Rival Kernels ... 107

(a) 1400 rrr T T T rrr T T T T e rTrrd (b) 1400 rrr T rrrrrrrrrrrrrT
1350 |- MOSA— 1350 | MOSA—

z AL = ~ffET

T 1300 H - T 1300 - -
G.E* 1250 |- - § 1250 |- .
S 1200 - M- NSGAII - S 1200 T Y nsGan -
: ] §

=

5

# Evaluations # Evaluations
{c) 140 II[[[[IIlIIé]]!III (d)lq_o_lIIIIIII[[ééIIII]]_
HE?I MOSA Eﬁ'l Mo
_1of .H_ o _120p NEakit i i
£ MOS0 & MOPSO
S 100 NSGAIl . S 100 P -
2wl Al L R ik -
0 nen ©
80F g - 60 |- =
40 | N T N N N Y O I I A | 40 I T N Y Y N [ N A I |
SRR R R LR L L ¥udFddSadFissudday
P e L R R N T T A Rl Ll e
N NN MmN Mo MmN LRy RUuRs]
# Evaluations # Evaluations
(e) T T T T T T T T T T T T T T T 11T (f} T T T T T T T T T T T T T T T T 11
06 - 0.6 b 4
05 R o577/ -
g Emosa g - T mosa
E o4} - = 04} H 5
o HEHA fa)
[a) S R RERANE =)
03f e . 03f .14
MOPSO NSGAIl MOPSO g NsGal I
0 .- - TIEaw-
02Fgg5555 1010511 7] #Runs 02Mpgs 3321 1094372 7
N T T T o A without T A T N Y 5 o
FEEIX TSRS AT IBEINT  feasble  FRSINIYSAIAISHSILY
CN8gaCeNNgAYoNEERT siwlons cRG@pCoqaRiConNgBdC
# Evaluations # Evaluations

Fig. 5.18 Evolution of the best FOM, GBW, and IDD with the number of simulations for the 10
run. e and f show the number of runs without feasible solutions. a Runset I—best figure of merit.
b Runset II—best figure of merit. ¢ Runset [—best bandwidth. d Runset II—best bandwidth.
e Runset I—best power of consumption. f Runset II—best power of consumption

The analysis of the results shows that NSGA-II is much more efficient than
MOPSO or MOSA, requiring fewer simulations to achieve the same solutions, and
it is more consistent throughout the 10 run. Besides the difference in the obtained
solutions is also important to note that NSGA-II consistently get feasible solutions
since very early in the optimization process, while the other methods struggle to
find feasible solutions. Many of the MOPSO runs did not get any feasible solution
in the 64 k evaluations, MOSA performed better, but still requiring a considerably
larger number of evaluations when compared to the NSGA-IIL.
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Comparing the performance between Runsets, NSGA-II behaves similarly in
both cases, reaching close to the “true” POF, MOPSA struggles in both cases, and
MOSA get closer to the “true” POF in Runset II shortening the gap in the high
frequency side of the POF.

Please note that, as it can be seen in Fig. 5.18a where from 51.2 to 64 k eval-
uations of the MOSA the worst FOM actually gets worse, this happens because the
runs without feasible solutions, whose count is presented in Fig. 5.18e, f over the
x-axis, are not accounted to derive the boxplots, when one or more of the runs that
did not had any feasible solutions before, now have a new feasible solution, that
new solutions may worsen the worst performance.

5.4.2 Two-Stage Miller Amplifier

The other differential amplifier topology considered in this work is the 2-stage
Miller operational amplifier introduced in Chap. 3 of this book, whose schematic is
reshown in Fig. 5.19 for convenience loaded with a 10 MQ resistor in parallel with
1 pF capacitor and biased with a current of 10 pA.

The optimization variables are the width, length, and number of fingers of the
MOS devices, and the length and number of fingers of the MOM capacitor. The
variable ranges are indicated in Table 5.16. Like before, the circuit’s performance
figures are measured from the simulation results. Table 5.17 indicates the design
specifications for this circuit working as a versatile low power DC buffer.

Fig. 5.19 2-stage Miller —
amplifier schematic vdd L" |<J |<J
MP20 | | mp1a Mp22
B -
—
ref
Co—
ip '
|<J L" out
= | MP11 MP12 |

XCO

MN9 | MN10 =
|}—< | mn21 L
Vss r_| |_>| |—>|



http://dx.doi.org/10.1007/978-3-319-42037-0_3

5.4 Comparison of the Rival Kernels ... 109

Table 5.16 Variables and ranges for the 2-stage Miller amplifier optimization

Variable (Unit) Min. Grid unit Max.
11, 14, 16, 18 (nm) 120 5 1,000
wl w4 w6 w8 (um) 1 0.1 10
nfl, nf2, nf3, nf4, nf6, nf8 1 2 200
Ic (um) 44 0.1 100
Nfc 14 2 198

The variables Ic and nfc are the length and number of fingers of the MOM capacitor XCO; 11, wl
and nfl, are the length, width and number of fingers of MP20; 11, wl, and nf2 are the length,
width, and number of fingers of M14; 11, wl, and nf3 of MP22; 14, w4, and nf4 of MP11 and
MP12; 16, w6, and nf6 of MN9 and MN10; 18, w8, and nf8 of MN21

Table 5.17 Objectives and specifications for the 2-stage Miller amplifier

Specifications Measure Target Description
Objectives IDD (nA) Minimize Current consumption
GBW (MHz) Maximize Unity gain frequency
Constraints IDD (pA) <80 Current consumption
GDC (dB) >50 Low-frequency gain
GBW (MHz) >1 Unity gain frequency
PM (°) >55 Phase margin
PSRR (dB) >55 Power supply rejection ratio
SR (V/us) >0.8 Slew rate
Voff (mV) <1 Offset voltage
No (nVrms) <400 Noise RMS
Sn (nV/VHz) <100 Noise density
oV! (mv) > 100 Overdrive voltages (Vgs — Vri)*
D! (mV) >50 Saturation margin (Vps — VDs,)*

"The constraint applies to: MP11, MP12, MP14, MP20, MN21 and MP22
For PMOS devices the overdrive is Vt — Vgs and delta is Vdsat — Vds

The number of simulations was double in this test-case to further understand the
behavior of the methods with more evaluations, leading to a Runset I with 64
elements and 2,000 iterations, and a Runset II with 128 elements and 1,000 iter-
ations. Figure 5.20 shows the Pareto fronts for Runset I at different stages of the
optimization process, namely at 6,400, 12,800, 25,600, 51,200, 89,600 and 128,000
simulations, and Fig. 5.21 shows the same for Runset II.

The evolution of the best FOM, bandwidth and current consumption with the
number of simulations for each optimization kernel in both runsets is illustrated in
Fig. 5.22.

Again, the results show that NSGA-II is more efficient than MOPSO or MOSA,
consistently finding better solutions throughout the entire optimization process.
Unlike the previous test-case, where both NSGA-II and MOSA manage to almost
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reach the “true” POF with 64,000 simulations, and despite the extra simulations
considered (twice as much), in this test case all algorithms stayed reasonably far
from it. These results show that different circuit or specifications result in very
different algorithm performance for similar algorithm configurations in similar

search space sizes.
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Fig. 5.22 Evolution of the best FOM, GBW, and IDD with the number of simulations in the
Two-Stage amplifier runsets. e and f show the number of runs without feasible solutions. a Runset
I—best figure of merit. b Runset II—best figure of merit. ¢ Runset I—best bandwidth. d Runset
II—best bandwidth. e Runset [—best current consumption. f Runset [I—best current consumption

Also, it is worth mentioning that in this test-case both MOSA and MOPSO
struggle to find feasible solutions. Also noticeable was the fact that, even though
MOSA persistently took longer to find feasible solutions (and in some runs it did
not found any), when feasible solutions were found, it almost manage to catch up
with NSGA-IL

In terms of comparing outputs in Runset I with the outputs in Runset II, it is seen
that the average results are almost the same. However, two notes; first, in Runset I
some runs get closer to the true POF, confirming that more iterations with fewer
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Fig. 5.23 Schematic of the LC-VCO

elements is better to push the quality of the solutions, second also in Runset I it was
more difficult to achieve feasibility (this is also true for the Single-Stage amplifier
test-case) as fewer elements limit the exploration capabilities of the optimization
methods.

5.4.3 LC-Voltage Controlled Amplifier

The LC-VCO circuit from [3], shown in Fig. 5.23, with a 1 pF load capacitance was
optimized with the implemented multi-objective optimization kernels. In general
when designing oscillators, the target it to minimize both phase noise and power
consumption for a given oscillation frequency. These conflicting objectives are
reflected in the Figure-of-Merit (FOM) defined by Kinget [4] and shown in (5.8),
where )y is the oscillation frequency, Pgy. is the power consumption, Aw is the
offset from the output frequency and L(Aw) is the oscillator phase noise, given by
(5.9), the original Leeson’s equation [5], where Q is the loaded quality factor of the
oscillator, k is the Boltzmann’s constant, T is the absolute temperature, Py, is the
oscillation output power, F is the noise factor of the amplifier and Aw, 3 is the
corner frequency between w;, and w, s portion of the phase noise spectrum [6].

Pac Aw\?
FOM = L(Aw) + 101log X [ — (5.8)

1ImW o

_ P(Aw) 2FKT oo\ Aoy g3
L(Aw) = Plo) lOlog{ Pug X ll—k (2QAw> X (1—|— A0 ) (5.9)
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Table 5.18 Objectives and specifications for the LC-VCO design

Specifications | Measure | Target Units Description

Objectives PN Minimize dBc/Hz | Phase noise measured @ 1 MHz
P Minimize mW Power consumption

Constraints IDD <6 mW Power consumption
OF >24; <24835 |GHz Oscillation frequency
OVS > 100 mV Output signal amplitude
PN <-100.0 dBc/Hz | Phase noise @ 1 MHz
ov! >80 mV Overdrive voltages (Vgs — Vrn)®
D! >50 mV Saturation margin (Vpg — VDSm)2

The constraint applies to: M1, M2, M3, M4, M5 and M6
2For PMOS devices the overdrive is Vt — Vgs and delta is Vdsat — Vds

Table 5.19 Variables and ranges for the LC-VCO design

Variable (Unit) Min. Grid resolution Max.
Iy, 13, 15, 1,5 (nm) 120 10 920
Wi, W3, W5, Wy, (M) 1.0 0.1 10.0
nf}, nfs, nf,,, 4 2 16
nfs 4 2 32
outd (pm) 90.00 0.01 290.00
ib (mA) 0.1 0.1 5.0

The variables 1;, w;, and nf| are dimensions of M1 and M2; 15, w3, and nf; of M3 and M4; 15, ws
and nfs; of M5 and M6; lyar, Wyvar and nfyar of V1 and V2; outd is the outer diameter of the
inductors, and ib the value of the bias current

This FOM is commonly used by designers to assess the quality of the achieved
solution, where the smaller its value, the better the performance of the corre-
sponding oscillator.

In this test case, the LC-VCO is designed to for the previously introduced design
objectives of minimum both phase noise (measures at 1 MHz) and power con-
sumption. The complete specifications are shown in Table 5.18. Table 5.19 shows
the design variables and their ranges.

The total amount of simulations in each test run was 64,000, and the two
combinations of the number of elements and the number of iterations considered,
were respectively, {64, 1000} in Runset I, and {128, 500} in Runset II. Figure 5.24
shows the Pareto fronts for Runset I at different stages of the optimization process,
namely at 6,400, 12,800, 25,600, 38,400, 51,200 and 64,000 simulations, while
Fig. 5.25 shows the same for Runset II. The progression of the best power, phase
noise and FOM found with the number of simulations for each optimization kernel
in both runsets is illustrated in Fig. 5.26.



114 5
= 6.4k Evaluations . 12.8k Evaluations
25 ¢ | al S 25 i
5 5 RN 1?59'(':33: § 2
E T 3 £ 1
= 15t = 15}
0.5 0.5 o

0 L s L L
=125 -120 -115 -110 -105 -100
Phase Noise [dBc/Hz]

38.4k Evaluations

o L L L L
<125 -120 -115 -110 -105 -100
Phase Noise [dBc/Hz]

51.2k Evaluations

Power [mwW]

0 L H L .
-125 -120 -115 -110 -105 -100
Phase Noise [dBc/Hz]

Phase Noise [dBc/Hz]

AIDA-C Circuit Sizing Results

25.6k Evaluations

Power [mW]

] [ ~
m o= U o 0w

ol " K
-125 -120 -115 -110 -105

-100
Phase Moise [dBo/Hz]
3 64k Evaluations
251
S slog
£ | iy
T Lslk
g 1t o
05h
ol N L . i
-125 -120 -115 -110 -105 -100

Phase MNoise [cBo/Hz]

Fig. 5.24 Progression of the Pareto front with the number of simulations for the different runs of
the NSGA-II, MOPSO and MOSA for Runset I

6.4k Evaluations

12.8k Evaluations

& [ .
25} Iy ey 25} 1
$¥T iy, =]
E1 e = 2t 4
£ ) £
= 4% B, e B}
05} 05 %
0 L 0 L L
<125 -120 -115 -110 -105 -100 2125 -120 -115 -110 -105 -100
Phase Noise [dBc/Hz) Phase Noise [dBc/Hz)
5 38.4k Evaluations 51.2k Evaluations
2.5} g 2.5 i 1
T g 2 1 ]
£ £ i H
i 1 2 g =15 L] 1
£l | . LS i'. 1
& = = & o
05+ —— g 05 Tamara 1

i) L L L
-125 -120 -115 -110 -105 -100
Phase Noise [dBc/Hz]

0 " n L
2125 -120 -115 -110 -105 -100
Phase Noise [dBc/Hz]

3 A
2.5|[ bt

2 ok

= 1.5[- 2 3

= o.slr —r
0 i n
<125 -120 -115 -110 -105 -100

Phase MNoise [dBc/Hz]

5 B4k Evaluations
2.5| kX

§ 4

E..| %

:-1_si— i

o

2 1t

& | &
0.5 e
ol

-1I20 -].I15 -1‘10 -105 -100
Phase Noise [dBa/Hz]

-125

Fig. 5.25 Progression of the Pareto front with the number of simulations for the different runs of
the NSGA-II, MOPSO and MOSA for Runset II

The results show, yet again, that NSGA-II is much more efficient than MOPSO
or MOSA, requiring fewer simulations to reach the same solutions and being
consistent throughout the 10 run. Nevertheless and, unlike the amplifier circuits, in
the LC-VCO design, even using the other algorithms, after a couple of hours,
multiple LC-VCO are designed showing state-of-the-art FOMs.
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From the designer perspective, this multi-objective design approach outputs
multiple design with very good FOM, allowing for an effective exploration of the
design tradeoffs. But process and environment variations should be accounted in the
design for realistic comparison with other works.
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Fig. 5.27 LC-VCO multi-objective optimization result for corner conditions

To account for process and environment variations, the solutions obtained for
nominal conditions were re-optimized considering also PVT corners. Namely C1,
C2, C3, C4, C5, C6, C7 and C8 corresponding to 1.32 V/55 °C, 1.32 V/0 °C,
1.08 V/55 °C, 1.08 V/0 °C, SS, SF, FS and FF corners behavior, respectively. In
Fig. 5.27, the POF obtained considering corner conditions is presented and shows
some performance degradation on the solutions due to worst case (WC)
considerations.

The solution points, considering the corner conditions, marked in the plot are
detailed in Table 5.20. The first line on each solution corresponds to the behavior of
the sizing solution, when subject to nominal working conditions, the worst values
from the corner simulations are in bold.

From Table 5.20, is possible to observe that, despite the performance degrada-
tion due to process, voltage and temperature variations, the values corresponding to
an extremely robust solution are still quite compelling, namely in terms of FOM,
PN and power consumption. Table 5.21 summarizes the “best” results obtained in
this case study, while comparing them to other published works. There it can be
seen that they achieve a competitive FOM when compared with other
state-of-the-art LC-VCOs, while explicitly and efficiently exploring the design
tradeoff between phase noise and power consumption in a single run of the tool.
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Table 5.20 Solutions details for all corner cases
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Freq. Power Af L(8f) [FoM]|
(GHz) (mW) (MHz) (dBc/Hz) (dBc/Hz)
Point A 2.43 0.357 1.0 -1193 -191.5
Lowest phase  [c1 | 2.44 0.404 -1183 -190.0
noise Cc2 |244 0.399 -119.6 -191.3
c3 242 0.315 -117.5 -190.2
c4 |243 0.309 -119.4 -192.2
cs |243 0.357 -119.3 -191.5
c6 |245 0.354 -119.1 -191.4
C7 240 0.360 -119.5 -191.5
c8  |247 0.379 -118.1 -190.2
Point B 2.45 0.243 1.0 -117.0 -190.9
Ccl |[245 0.274 -115.8 -189.2
Cc2 |246 0.271 -117.9 -191.4
C3 |244 0.215 -115.3 -189.7
c4 |245 0.212 -117.9 -192.4
cs [245 0.243 -117.0 -190.9
c6 |247 0.241 -116.9 -191.0
Cc7 |243 0.245 -116.9 -190.7
c8  [2.48 0.254 -115.5 -189.4
Point C 2.45 0.214 1.0 -1135 -187.9
Lowest power | C1 | 2.46 0.260 -112.5 -186.1
Cc2 |246 0.249 -115.9 -189.8
c3 (243 0.180 -105.3 -180.5
c4 |2.44 0.168 -112.7 -188.3
Ccs |245 0.214 -134.6 -187.9
c6 |247 0.209 -133.3 -188.0
Cc7 (243 0.219 -135.8 -187.9
c8  [2.48 0.252 -114.1 -188.0

5.5 Conclusion

The proposed approach was validated with both classical and new analog circuit
structures showing its generality. First the impact of the evolutionary parameters
was study, followed by an analysis of the impact of also considering the constraints
derived from the worst case corners. By enhancing the evolutionary kernel with the
gradient model, the optimal solutions are achieved, considerably, faster and with
identical or superior performance. The performance of three rival optimization
algorithms (NSGA-II, MOPSO and MOSA) was compared. The automatic sizing
and optimization obtained various feasible solutions with each algorithm, and a
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Table 5.21 Summary of the most competitive LC-VCO solutions, showing other SOA results

References Tech. Freq. Power Af L(Af) FoM
(nm) (GHz) (mW) (MHz) (dBc/Hz) (dBc/Hz)
71" 90 2.42 0.515 1.0 -119.7 -190.3
817 180 2.4 0.60 1.0 —-103.7 —173.5
[91? 180 2.02 3.15 0.6 -118.9 —186.0
[101? 180 2.63 0.432 04 -106.4 —186.4
[117? 90 2.16 0.528 04 —106.2 —183.6
[121? 90 2.40 0.564 1.0 -116.8 —186.9
[12]? 130 2.40 0.624 1.0 -117.1 —186.8
[13]? 180 2.00 1.0 0.1 —-103.0 —189.0
(141 180 2.74 54 3 -135.0 —-186.9
(151 180 2.62 32 1 -127.1 —-190.4
(161 180 2.30 1.5 1 —120.0 —185.4
This PA 130 2.40 0.404 1.0 =117.5 —190.0
work’® PB 0.274 —-115.3 —189.2
PC 0.260 —105.3 —180.5
!Simulation
2Measurement

3Simulation with corners

comparison between the obtained solutions with other recently published works
was made, proving the potential of the optimization tool, as well as the potential of
the optimization algorithms.
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Chapter 6
Layout-Aware Circuit Sizing

6.1 Motivation for Layout-Aware Circuit Sizing

Traditionally, the layout generation task, where the sized electronic devices are
drawn from the sizes obtained during the sizing task in the set of 2D masks used in
the fabrication of the integrated circuits (ICs), is only triggered when the sizing task
is complete. However, layout induced parasitic effects strongly affect the perfor-
mance of analog circuits, and to achieve post-layout successful designs that meet all
specifications, time-consuming and non-systematic iterations between these elec-
trical and physical design phases, as illustrated on Fig. 6.1, are required. Without
them, performance overdesign during sizing results in wasted power and area, and
performance underdesign may compromise the circuits’ post-layout performances
[1, 2]. Furthermore, accurate evaluation of some layout related measures, like
circuit area or aspect ratio is practically impossible from the netlist alone. Thus, to
address post-layout performance degradation earlier in the design flow, sizing and
layout design phases tend to overlap [2].

By having the sizing task sensitive to layout induced effects, iterations between
sizing and layout are reduced. Layout-aware/layout-inclusive sizing methodologies
aim at obtaining a design flow that avoids the time consuming iterations between
circuit and physical synthesis, by bringing layout-related data into the sizing
process.

Despite the advantages of layout-aware methodologies, both layout generation
and extraction in each iteration of the sizing loop are expensive and hard to setup
operations. The layout generation for accurate parasitic extraction is the bottleneck
of layout-aware methodologies. Some approaches rely on parametric cell generators
[2—-4] that code the whole layout of a circuit, which lack on flexibility and requires
long/complex setup before each design. The alternative is fully automatic genera-
tion, as proposed in [5], that avoids parametric generators, but still does not
automatically update the routing topology to properly fit the multitude of devices’
sizes/shapes and performances that are explored on the search for the final solution,

© Springer International Publishing Switzerland 2017 121
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and also, takes hours for a few iterations of the optimization engine. This time cost
still makes the use of automatic layout generators inside the sizing optimization
loop impractical.

Figure 6.2 illustrates different evaluation techniques that are proposed in AIDA’s
[6, 7]. Optimization-based circuit sizing to increasingly include layout effects.
Unlike previous layout-aware works, where the complete layout is generated and
evaluated using post-extracted performance values during the optimization [2, 5], in
the floorplan-aware flow a set of floorplan constraints providing a general, simple-
to-derive, fast-to-compute and accurate floorplan to be used during the circuit
optimization. In this approach, instead of time-consuming complete layout gener-
ation and extraction to control the parasitic effects, undesirable layout induced
effects are alleviated using designers’ experience to define, using simple constructs,
where and how to lay out the devices. In this way, by ensuring matching, symmetry
and proximity constraints on relevant devices [8], the impact of deviations due to
the fabrications process, as noted in [9], is reduced.

Aware of the impact of parasitics in the degradation of the performance, this
chapter also presents a methodology for automatic layout-aware synthesis of analog
ICs that uses a built-in extractor to accurately compute the impact of parasitic from
both floorplan and early-stages of routing. The computation cost is reduced by
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Fig. 6.2 Optimization based layout-aware sizing flow

avoiding the time-consuming detailed layout, needed by off-the-shelf tools for
parasitic extraction. Moreover, prior knowledge of the circuit’s parasitics is not
required, i.e., no circuit specific equations or models are required [3]. The
post-layout performances of the circuits designed with the proposed layout-aware
methodology, versus, the traditional optimization-based sizing, show the applica-
bility of the approach for simultaneous circuit sizing and layout generation.

In the proposed layout-aware flow with AIDA, the embedded layout generator
computes the optimal electrical-current correct wiring topology and global routing
in-loop for each different sizing solution, which was never considered on previous
approaches to layout-aware electrical synthesis. In this way, not only the geometric
requirements of the floorplan and parasitic-aware performances, but also, the
routing quality will follow the optimization process. By using a lightweight built-in
extractor it is possible to accurately compute the impact of layout parasitics for both
floorplan and early-stages of routing, without requiring the detailed final layout
(i.e., all design-rules and layout-versus-schematic errors solved). Traditionally, the
last step required in the automatic layout generation flow is the detailed routing,
which is by far the most computational intensive and time consuming step. By
avoiding the need of a detailed layout and also avoiding an external extractor, the
overall optimization time is greatly reduced. Is important to note that the internal
extractor does not need to be more efficient when compared to the highly optimized
commercial extraction tools, but the simplified models and correct-by-construction
layout do simplify the implementation. Also, by avoiding inter-process iterations
between the optimizer and the external tool the overall runtime is reduced.

Furthermore, this layout-aware flow takes into consideration worst case corners
in the circuit-level optimization in order to overcome environment and die-to-die
variations earlier in the design flow, and also, entwine both layout-aware and
variability-aware time consuming iterations. The designer defined worst case PVT
corners are accounted in the performance evaluation. Typically, variability-aware
sizing, if considered, is performed prior to the traditional layout generation or to a
layout-aware flow. But the speedup achieved in the layout generation and parasitic
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extraction without requiring an external extraction tool, allows the inclusion of
worst case PVT analysis for robust design over process and environment variations,
without burdening the computational time of the layout-aware synthesis. From the
best of our knowledge, the two ideas have never been proposed in the same
methodology.

6.2 Floorplan-Aware Circuit Sizing

Following a different path from previous layout-aware works, where the complete
layout is generated and the circuit is evaluated using post-layout extracted perfor-
mance values during the optimization [2, 5], in the floorplan-aware circuit sizing a
set of floorplan constraints providing a general, reusable, technology independent,
simple-to-derive, fast-to-compute and accurate geometric layout estimate is used
during the optimization.

In this approach, the floorplan provides accurate evaluation of the geometric
requirements of the circuits (area, aspect ratio, etc.), and instead of the
time-consuming complete layout generation and extraction to control the parasitic
effects, the undesirable layout induced effects are alleviated by the designer using
simple constructs to define where and how to lay the devices, enforcing matching,
symmetry and proximity constraints on the individual devices. Further matching is
also accomplished using complex layout structures like common-centroid or
interdigitated available from AIDA’s analog module generator (AMG) briefly
described in Sect. 6.2.2 of this chapter.

6.2.1 Floorplan-Aware Flow

The floorplan-aware circuit sizing implemented in AIDA-C is shown Fig. 6.3.
AIDA-L’s floorplanner, which enforce the topological constraints described in the

Fig. 6.3 Floorplan-aware Lu 5
evaluation flow DESIGN SPECS LAYOUT-GUIDES ‘

OPTIMIZATION

KERNEL Design FLOORPLANNER
Parameters |

) CIRCUIT SIMULATOR

Circuit
Performance

Int @)
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designer-supplied layout guidelines, is included. The floorplanner accurately
measures the geometrical properties of the circuit and is used together with the
circuit simulator to evaluate the circuit’s geometric requirements and performance,
respectively, during the optimization loop.

The major steps of the floorplan-aware evaluation are highlighted by order:

1. AIDA-C optimizer sets x, the design variables, (e.g., devices’ widths, lengths,
number of fingers, etc.) for the tentative sizing solution being evaluated;

2. AIDA-L floorplanner generates multiple floorplans for each tentative solution,
and the one that better suits the geometrical requirements is considered to
accurately evaluate the geometrical properties of the circuit;

3. The circuit performance is measured from the set of testbenches (DC, AC,
TRAN, etc.) using the electrical simulator for the defined PVT corners;

4. Both the geometric and electrical performance measures are used together in the
optimization process.

The main disadvantages of traditional templates for layout are the large devel-
opment time, their maintenance and that they become inadequate for wide parameter
changes. In AIDA-C’s flow, development and maintenance costs are reduced to a
minimum by keeping the layout guides simple and intuitive, using the floorplan
description introduced in Chap. 3 of this book, which is easily visualized and edited.

The last issue, the lack flexibility, is especially relevant in a multi-objective
system where a multitude of solutions is found even for the same specifications.
The Pareto set encompasses very different circuit solutions and a single floorplan
would hardly be the best choice for all solutions, enforcing unreasonable topo-
logical constraints in many of them. To prevent such over constraining of the search
space, not one, but multiple floorplans are considered. The multiple floorplans add
increased flexibility to accommodate specification change and allow better packing
of the layout throughout the entire solution set.

Figure 6.4 illustrates alternative floorplans that can be obtained for the same
sizing of the devices (width and length of the transistors) and shows a few different
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Fig. 6.4 A set of placement solutions for the same template and same sizing
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placements for the same template, generated by varying only the number of fingers
of the transistors. From this simple example is easy to notice that the “geometrical”
device parameters, e.g., number of fingers and number of transistor rows, have a
stronger impact in the area than the “design” parameters (width and length).

However, changing geometrical parameters to better fit the layout, modifies
device’s properties, e.g., the source/drain area and perimeter, the distance from the
gates to shallow trench isolation (STI), etc., which have impact in the devices’
performance. Despite the lack of parasitic extraction, considering all these param-
eters when evaluating the circuit effectively shortens the gap between pre- and
post-layout circuit simulation [10].

6.2.2 Analog Module Layout Generator

Before moving to the description of the floorplanner, a brief overview of the Analog
Module Generator [11] is provided. The reason for the inclusion of an AMG in
AIDA is the need to efficiently create complex layout structures for the devices.
The AMG is a parametric module generator capable of creating simple and
complex structures for a device or group of devices, like folded transistors,
common-centroid layout styles of transistors or capacitors, merged structures, etc.
[12], and is integrated with both, AIDA-C and AIDA-L. The AMG implemented in
AIDA has the structure presented in Fig. 6.5. For each set of technology rules, the
AMG creates correct-by-construction layout instances. All the modules are defined
in a technology-independent manner, i.e., all the modules are described in terms of

LIS WO MO S ANALOG MODULE GENERATOR
DESIGN
KIT
DEVICE FLOORPLAN DEVICE ROUTING
LAYER MAP
DESIGN RULES TRANSISTOR TRANSISTOR
DISPLAY SETTINGS CIRCUIT
I%/}gllfldngOLDED OVER THE DEVICE SYNTHESIS
OUTSIDE THE DEVICE
= INTERDIGITED
UMC 130 g COMMOM-CENTROID GATES CONNECTED
=
-
UMC 65 — CAPACITOR CAPACITOR
— METAL-OXIDE-METAL METAL LAYERS
[ ]
[ ]
LJ RESISTOR RESISTOR LAYOUT
AMS 350 g FOLDED POLY SILICON FINGERS GENERATOR
=

Fig. 6.5 Analog Module Generator architecture
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technology design rules which are specified in technology-dependent different set
of files, which eases the reuse of constructors between different technologies. The
technology definition files are the layer map file, where the GDS layer number is
mapped to the AIDA layer identifier; the display settings file, where the information
for displaying each layer in the AIDA’s graphical user interface is defined; and the
design rule file, where the geometric constraints, e.g., minimum distances, encloses
or extensions between layers, of the technology are defined.

Figure 6.6 illustrates some transistors produced by the AMG. The basic active
device is the folded transistor shown in Fig. 6.6a. Besides folded transistors, where

Legend
B Active/Diffusion
B Poly |
B Contact
Metal 1
Via |
Metal 2

Fig. 6.6 Example of transistors produced by the AMG: a Folded transistor of 4 fingers with
connections over the device; b Folded transistor with 22 fingers, 2 rows and connections outside
the device; ¢ Merge of 2 transistors, one with 2 fingers, the other with 10, with both gates and
sources connected; d Interdigitated of two transistors with 6 fingers; e Common-centroid of 2
transistors with /6 fingers each
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(a) (b) (

] III
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Fig. 6.7 Example of passive devices produced by the AMG. a MOM capacitor. b MIM capacitor.
¢ Polysilicon resistor

all fingers are located in the same stack of active area, the additional device
parameter nrows defines the number of stacked rows to be drawn. By using multiple
rows, large devices are split into smaller ones in different rows. This adds more
control over the device aspect ratio, as shown in Fig. 6.6b, while maintaining the
original W, L, and number of fingers. Figure 6.6c shows a merged transistor stack,
which is created by the abutment of a terminal of two or more transistors.
Interdigitated and common centroid transistors-pairs are shown in Fig. 6.6d, e
respectively. The first improves matching by interleaving the fingers of two tran-
sistors, while the second does the same by arranging the devices in such a manner
that they share a common center of mass. The passive devices supported are
Metal-Oxide-Metal (MOM) capacitors and polysilicon resistors, and are repre-
sented on Fig. 6.7.

Two intra-device transistor routing processes are available, the first, shown in
Fig. 6.6a, connects the common terminals over the device using the metal-2 layer,
the second, Fig. 6.6b—d, connects the common terminals outside the device using
the metal-1 layer. Also, each of the available layout styles provides additional
options for bulk/substrate biasing, with different routing solutions. In the AMG the
devices are already created in symmetric structures (including intra-cell routing)
that facilitate a bottom-up approach in the layout design flow, resulting in a
placement that is globally and locally symmetric. Additionally, the device-pair
structures that increase matching like common-centroid and interdigitated layout
styles reduce the gap between pre- and post-layout simulation. Other device
structures, like the technique proposed in [10] to reduce the pre- to post-layout STI
stress effect related mismatch could be included in the AMG and corresponding
simulation model [13], to further increase the robustness of the solution.
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Fig. 6.8 B*-Tree and Slicing-Tree showing the flexibility of the non-slicing structure for different
sizes

6.2.3 Floorplanner

AIDA-L’s floorplanner uses the B*-Tree [14] layout representation to represent the
topological constraints. The B*-Tree is used because its’ packing yields a
non-slicing floorplan. The non-slicing floorplan is less restrictive than the slicing
floorplan, and while this does not implies that slicing structures cannot yield good
placements, the usage of non-slicing structure leads to more flexibility at the same
floorplan definition cost. Figure 6.8 illustrates the flexibility of the non-slicing
floorplan when compared to its slicing counterpart. A single B*-Tree generates
several slicing placements depending of the sizes of the devices. The slicing tree is
used here to represent the slicing floorplan because it is the most common slicing
structure. However, and to be fair, the slicing tree can generate non-slicing place-
ments if proceeded by compaction [15].

Figure 6.9 shows some of the B*-Trees that are obtained from three different
floorplan for the two stage amplifier introduced in Chap. 3. When the guidelines are
loaded, the floorplanner extracts the topological guides into a set of B*-Trees using
Algorithm 6.1 from [16]. The sizes in the provided floorplans have no meaning, only
the relative positioning regarding the other cells is of concern. The alignment and the
topological constraints are inferred from the floorplan placement directly. Beside the
B*-trees from the multiple floorplans, the extraction algorithm is not a one to one map,
but multiple B*-trees for each floorplan are obtained, which adds another level of
flexibility. Therefore, multiple B*-Trees holding the topological relations defined in
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Fig. 6.9 Multiple B*-Trees extracted from the floorplans

the diverse layout guides are used in the evaluation of the geometric properties of all
tentative solutions during the optimization loop.

First, the modules are generated with the sizes of the solution being evaluated.
During packing the complete device is not really needed, as the floorplanner only
needs to know the space that the device occupies. Hence, a simplified method that
generates only the bounding for the devices is provided by the AMG, as illustrated
in Fig. 6.10. By using this method instead of the complete detailed device gener-
ation, the optimization process is further accelerated.

To generate the placement for each of the B*-Trees, the sub-floorplans are
packed recursively, and finally, the main B*-Tree is packed. The B*-tree packing is

L 1...x' device sizes J

Fig. 6.10 Devices generated using the AMG and corresponding bounding box
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performed using the Red-Black interval tree algorithm described in [17]. The
complete procedure to evaluate the geometric properties of a tentative solution is
detailed in Algorithm 6.1.

Algorithm 6.1 Multi-floorplan estimation procedure

11.
12.
13.

14.
15.
16.
17.

18.
19.
20.

21.

22.
23.
24.

input: List<Floorplan> F (Floorplans with B*-Trees extracted),
List<Constraint> C (the constraints over floorplan measures,

e.g., width < 20um);

Objective o (the floorplan objetive, e.g., area),

Solution s (the tentative solution being evaluated)

output: Floorplan bestF (the floorplan yielding the best objective while
satisfying the constraints;

Measures m (the measures associated with the best floorplan)

. bestF := null; m := null
. for each Floorplan f in F do

Try

placement := pack(f, s)

meas := floorplan.meas //area, width, length, ratio ..
catch AMGCannotInstantiateModuleException

meas := INVALID MEAS
if ((bestF is null) or (isBetter (meas, m, C, o0))) then

bestF:= f; m := meas

. return (bestF,m)

function pack (Floorplan f, Solution s)

1ib := {} //empty map
sub-placement:= [] //empty list
// generate the sub floorplan recursively
for each Floorplan sf in T.sub-floorplans do

placement := pack(sf, s)

sub-placement += placement

1ib += {st.id: placement.bounding-box}
// instantiate the modules (bounding-box only), if the
// combination of parameters is invalid the Analog Module
// Generator raises the AMGCannotInstantiateModuleException
for each Module m in T.modules do

bbox := AMG.instantiateBox(m, s)

1ib += {m.id: bbox}
// pack the B*-Tree using the Red-Black interval tree algorithm[143].
// for the boxes in the lib, it returns the bounding box of the layout
// and a map with the location of each module/sub-floorplan
(bounding-box, device-placement) := rbBTreePack(t.b-tree, 1ib)
// compute the measures associated with the resultant packing
meas := computeMeasures (bounding-box, 1lib, sub-placement)
return (meas, bounding-box)

end function

All floorplans are considered and used to produce a placement. After the packing
of the floorplan the measures of the best placement are the ones used in the opti-
mizer. The best placement is selected as the one with the best objective, from those
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Fig. 6.11 Multiple floorplan packing for a sizing solution: a, b, ¢ B*-Trees; d placement for the
B*-Tree (a) with an area of 361.7 pm?; e placement for the B*-Tree (b) with an area of
634.7 um?; f placement for the B*-Tree (c) with an area of 448.6 um?

who are feasible, i.e., meet all constraints. If no feasible solutions are found, the
most feasible is selected, i.e., the one where the sum of violated constraints is larger
(closer to zero). If two solutions are equally infeasible, the one with best objective
value is selected. Figure 6.11 illustrates the placement generation using multiple
B*-Trees. It shows the placement of a sizing solution obtained from three of the B*-
Trees illustrated in Fig. 6.9 using the devices from Fig. 6.10.

Figure 6.12 illustrates the placement shown Fig. 6.11d, which is the best

placement in this case, showing the complete device’ layouts as obtained form the
AMG.
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Fig. 6.12 Best placement showing the devices’ layout. Reprinted from Integration, the VLSI
Journal, 48, Nuno Lourenco, Anténio Canelas, Ricardo Povoa, Ricardo Martins, Nuno Horta,
Floorplanaware analog IC sizing and optimization based on topological constraints, 183—197,
Copyright (2015), with permission from Elsevier

The geometric measures obtained by the floorplanner, which can be selected as
objectives or constraints, are defined in Eq. (6.1). The global-width, global-height,
area and aspect-ratio refer to the complete placement, the empty-area is the unused
space inside the rectangle delimitating the floorplan, the empty-area-ratio is the ratio
between the empty-area and the area, and the max-module-ratio measures the max-
imum aspect ratio of the modules and is usually used to constrain the shape of the
modules, usually used to keep individual devices approximately square.

global — width, global — heigth
area = gloabl — width x global — height

_ oti~ — global—width
aspect—r1allo = T Teight

empty—area = area— y  module—area (6.1)

. t —
empty—area—ratio = “HEEE
max—module—ratio = max (module—ratio;)
i=1...
. Max (module—width,module—height
where module—ratio = TaX (module—width,module —height
mIN(module—width,module—height)
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In this floorplan-aware approach, the parasitic mismatch errors and thermal
gradient effects are alleviated using the designer own experience to define where to
take special care in the layout synthesis. Although less accurate than works where
complete layout and extraction are done, this approach is computationally efficient
and less time consuming. Therefore speeding the global sizing optimization while
enforcing matching, symmetry and proximity constraints, and evaluating realistic
geometrical properties.

6.3 Layout-Aware Circuit Sizing

While the floorplan-aware accounts for geometric properties explicitly, the parasitic
effects are handled implicitly by a careful layout and aiming at simulating using
models as accurate as possible with respect to layout dependent effects (LDE). The
advantage of the floorplan-aware is the reduced impact in the execution time, but
for hard specifications the impact of the LDE can still lead to wrongly sized circuits.
For the cases where parasitic effects cannot be alleviated by imposing such design
constraints, the solution obtained using AIDA-C’s floorplan-aware flow can be used
as a robust starting point for the layout-aware flow, where the complete layout is
generated (placement and routing) and a detailed extraction is done.

The layout generation for accurate parasitic extraction is the bottleneck of
layout-aware methodologies. Some approaches rely on parametric cell generators,
which lack on flexibility and require long/complex setup before each design. Some
approaches avoid parametric generators using full custom generators but they show
extremely high execution time. In addition, even these kind of approaches do not
automatically update the routing topology to properly fit the multitude of devices’
sizes/shapes and performances that are explored on the search for the final solution.

Given the relevance of LDEs in the degradation of the performance, AIDA’s
flow evolved to cover layout-aware sizing and is illustrated in Fig. 6.13. The tool

_——
:
gt ! AIDA

OPTIMIZATION _ Floorplan m
KERNEL Design LS LN UL DC currents
Para(f;‘)e‘e“i CIRCUIT SIMULATOR WIREPLANNER
i GLOBAL ROUTER

Netlist

] !
==

SIZED CIRCUIT

Fig. 6.13 Layout-aware evaluation flow
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was updated to include a methodology for automatic layout-aware synthesis of
analog ICs that uses a built-in extractor to accurately compute the impact of par-
asitic from both floorplan and early-stages of routing.

The AIDA-L’s wiring planner and global router [18] were integrated in the loop
of the automatic sizing, and generate the layout for each tentative solution at each
generation. Its inputs are the multiple floorplan constraints (common to all sizing
solutions) and the electric-currents of each device terminal (specific for each sizing
solution, and obtained with AIDA-C from the DC simulation). The use of DC
currents greatly simplifies the automation procedure and provides an approach easy
to apply to most circuits, nevertheless, in general, other current values, measured
using the proper testbenches, could be used (there is also the cost in execution time,
as DC simulation is very time efficient).

Following the loop of the optimization process, the major steps are highlighted
by order:

1. AIDA-C optimizer sets x, the design variables, (e.g., devices’ widths, lengths,
number of fingers, etc.) for the tentative sizing solution being evaluated;

2. The DC constraints (overdrives, saturation margin, etc.) are measured using the
electrical simulator, also, the DC electric-currents for each device terminal are
obtained. If a solution is unfeasible (i.e., a DC constraint violated) the
layout-related data is not considered for further evaluation (still the solution is
evaluated in the full set of testbenches; this evaluation is needed for guidance of
the optimizer, especially when all tentative solutions fail DC constraints),
otherwise, the solution is sent to AIDA-L;

3. AIDA-L generates multiple floorplans, and the devices are placed according to
the one that better suits the geometric requirements. The Router, inputs the
placement and devises the solution specific electromigration-aware wiring
topology and global routing;

4. The parasitics are extracted using the built-in parasitic extractor module and
back annotated in the netlist;

5. The parasitic-aware performances are measured from the complete set of test-
benches (DC, AC, TRAN, etc.) using the electrical simulator for all defined
PVT corners and used together with the accurate geometrical properties of the
circuit, measured by the floorplanner, in the optimization process.

6.3.1 Electromigration-Aware Global Router

The next step of the in-loop layout generation is the routing. Given the multitude of
solutions, the routing must be adjusted to each sizing/floorplan without any user
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intervention. The pre-parasitic netlist is obviously common to all sizing solutions of
a circuit. Given the corresponding placement and the electric-currents flowing
through the device’s terminals, the current-correct tree that provides the optimal
terminal-to-terminal connectivity and flows, and that minimizes the wiring area is
then computed for each of the circuit’s nets as described in [18]. Here, the flow
from current-sources, i.e., terminals with a positive current value, is redirected to
the current-sinks, i.e., terminals with a negative current value.

Then, in the global Router, a path-finding algorithm operating over a sparse
non-uniform multilayer grid is used to transform the terminal-to-terminal connec-
tions into rectilinear paths, where each device terminal defines multiple locations
for the connection to be made (multiports). The ports selected from the corre-
sponding terminals’ multiports are the ones that minimize the wire area in the
absence of obstacles (i.e., design rules are not enforced in the grid). The width of
each wire is a function of the electric-current assigned to it during the creation of the
wiring topology, subject to electromigration and voltage-drop constraints. Also,
wiring symmetry information is automatically extracted and applied in the global
paths [19].

There are two important simplifications that are critical for the efficiency of the
in-loop routing: first no obstacles are considered in the grid, and second, the grid
does not enforce design rules. The resultant paths are then an approximation to the
ones that would be obtained after detailed routing, but, as it will be shown in the
results, provide close enough parasitic information to be used for sizing opti-
mization. In Fig. 6.14, the electromigration-aware wiring topology and global
routing for three different nets (for illustration purposes) are presented.

6.3.2 Parasitic Devices Extraction

The next source of layout related data to be considered is parasitic devices. By
avoiding an external extractor and taking advantage of the correct-by-construction
placement and interconnect estimates it is possible to efficiently include parasitic
information in the optimization loop. For MOS transistors it is common the use of
geometric methods for the intra-device parasitics, where the device’s width, length
and number of fingers are used in an equation that provides the estimated values.
However, the technology-dependency of those equations, the difficulty found to
derive them for more complex layout styles, e.g., common centroid, and the
inapplicability to wires, pressed for a different approach. Hence the general pro-
cedure used is also applied for the intra-device parasitics.

The estimated parasitic resistances of the interconnects, parasitic capacitances
between terminals’ shapes of the devices, between terminals’ shapes and inter-
connects, and between pairs of global routing interconnects are detailed in this
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Fig. 6.14 Global routing procedure: a Schematic highlighting the illustrated nets; b Netlist and
generic electric-currents associated to each terminal; ¢ EM-aware wiring topology and d global
routing. The wires” widths are function of the electric-current imposed on them

subsection. To avoid an external extractor, reliable estimates for the parasitic
devices are derived internally using the in-loop extractor that follows the loops

outlined in Algorithm 6.1.
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Algorithm 6.2 RC extraction procedure

0 J o U W N

©

10.
11.
12.
13.

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

input: List<Devices<Terminal<Shapes>>> Floorplan (shapes in the floorplan),
List<Net<List<Edge<w;, ;, List<Segments>>>>> GlobalRouting (global routing
solution, each Edge represents a terminal-to-terminal connection defined by
a path List<Segments>)

output: Map<TerminalPair<Terminal, Terminal>, Double> termPCap (Parasitic
Capacitances between Terminals)

Map<EdgePair<Edge, Edge >, Double> edgePCap (Parasitic Edge Resistance and
Parasitic Cap. between Edges)

Map<Pair<Terminal, Edge >, Double> term2edgePCap (Parasitic Capacitances
between Terminals and Edges)

Map<Terminal |Edge, Double> subPCap (Parasitic  Capacitances to  the
Substrate)

// Parasitic Capacitances between Terminals
devices := new List<Devices> (Floorplan.devices)
termPCap := new Map<TerminalPair<Terminal, Terminal>, Double>
foreach Device dl in devices do
devices:= devices - dl
foreach Terminal tI in dl do
pcap = 0
foreach Device d2 in devices do
foreach Terminal t2 in d2 do
if(tl is far from t2) continue
foreach Shape shl in t1 do
foreach Shape sh2 in t2 do
pcap += parasitic capacitance between shl and shl
termPCap. terminalPair(tl, t2).value:=pcap
// Parasitic Edge Resistance and Parasitic Cap. between Edges
nets := new List<Net> (GlobalRouting)
edgePCap := new Map<EdgePair<Edge, Edge >, Double>
foreach Net nl in GlobalRouting do
nets:= nets -nl
foreach Edge el in nl do
foreach Segment sl in el do
el.pRes += compute resistance by square counting
// considers the wire’s width w;,; and segment’s length
foreach Net n2 in nets do
foreach Edge e2 in n2 do
foreach Segment s2 in e2 do
pcap := compute parasitic cap. between sl and s2
edgePCap.edgePair(el,e2) .value += pcap

// - Parasitic Capacitances between Terminals and Edges
// - Parasitic Capacitances to the Substrate
//follow the same principles above for terminals or edges processing
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6.3.2.1 Parasitic Capacitances

The unitary parasitic capacitances estimated are: the capacitance between metal
stripe and substrate/active area; overlap capacitance between two overlapping metal
stripes; and the parallel coupling capacitance between adjacent metal stripes. For
capacitive parasitic extraction the alternatives found in the literature are: the
computationally expensive numerical methods, which are hardly usable within the
optimization loop; approximated analytic methods obtained from electromagnetic
models; or empirical techniques, where the extensive experimental data provided by
the foundry for a particular technology is used and fitted to a certain model [20].

The extraction is done using an empirical-based 2.5-D geometrical model [21],
illustrated in Fig. 6.15, based on the technology-dependent capacitance tables
found in the PDKs, where, several realistic 3-D effects, e.g., coupling capacitances
between two interconnects, crossings in different conductors, etc., are modeled as a
combination of 2-D structures.

In the computation of the parasitics, all interconnects are assumed to run by
default on the first metal layer. As a consequence of the simplified routing that is
applied, sometimes two metal strips will overlap, in this case, the parasitic capac-
itance is computed considering one of them to be in the second metal layer instead.
In Fig. 6.16 the PMOS device, M1, from the floorplan shown in Fig. 6.16a, is used,
from Fig. 6.16b—d, to illustrate the shapes considered to compute the intra device
capacitances. In Fig. 6.16e, the parasitic capacitance between terminals of different
devices, and, in Fig. 6.16f, the parasitic capacitance between a device terminal and
a path of the global routing.

As mentioned, estimation of intra-device terminal to terminal parasitics could be
further accelerated by analytic methods, where the device’s width, length and
number of fingers are used in an equation that provides the estimated. In the
implemented approach this acceleration was not considered, so that the parasitic
extractor module of the tool is kept separated from the device generator.

The substrate/active area capacitance Cg is the sum of the capacitive component
between the shapes of a device’s terminal (or interconnect) to the plane below, i.e.,
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Fig. 6.16 Extracted capacitors and shapes considered: a transistor MOSFET M1 zoomed from the
floorplan; b Transistor’s shapes considered to compute the capacitance gate-source Cg;
¢ Transistor’s shapes considered to compute the capacitance gate-drain Cgq; d Transistor’s shapes
considered to compute the capacitance drain-source Cyg; Some Cpyera; components were illustrated,
the total parasitic capacitance is the sum of all partial parasitic components (e) between a device’s
terminal and a path of the global routing, and, on (f), between terminals of a different devices
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substrate, well or active areas, and is computed according to Eq. (6.2), where the
area capacitive component C, and fringe capacitive component Cr are obtained by
interpolation of the technology-dependent data provided by the foundry in function
of the conductor’s width.

Cs = (C,(width) x width) + (2 x Cf (width) x length) (6.2)

The Coupling Capacitance is computed between two conductors (shapes of a
device’s terminal or interconnect) on different layers. The coupling capacitance
Ceoupling has also area and fringe components, as defined in Eq. (6.3). If no area
component C, exists the coupling capacitance is ignored.

Ccoupiing = (Ca(width) x overlapwidth) + (2 x Cf (width) x overlaplength)
(6.3)

The lateral capacitance Cy,,; is considered between two conductors running in
parallel or perpendicular on the same layer. Here, the fringe components are neg-
ligible, and is defined as: where C (width, space) is the coupling capacitive com-
ponent obtained by the interpolation in conductor’s width and space of the foundry
provided values. The C. value for distant parallel or narrow perpendicular con-
ductors tends to zero.

Cuaera = C.(width, space) x parallel_length (6.4)

6.3.2.2 Parasitic Resistance

The parasitic resistance Rp,qsiric for each wire’s segment, which is defined by a
width and length, is computed from the resistance per unit quare R,. tabulated for a
given conductor at a temperature 7:

length
width

Rparasitic = RC( ) X (65)

Each wire has any number of segments/bends, so all partial resistance compo-
nents are considered for square counting, as illustrated on Fig. 6.17.

6.3.3 Back-Annotation and Simulation of the Parasitics

With the new wire topology and the values for the corresponding parasitic devices,
the nets in the original netlist are updated to account for the parasitic effects, where
each wire is modeled as a lumped transmission line using the ®2 model [22], as
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Fig. 6.17 Parasitic interconnect resistance computed by square counting

Fig. 6.18 m2 model for the R/2 R/2

Cc/4

Fig. 6.19 Wiring topology MP11,,
for net N2 W,

shown in Fig. 6.18. In addition, the parasitic capacities between power supply nets,
e.g., vdd, vss, that bias the plane below terminals and wires are added to their bulk
capacity.

The net “N2” from Fig. 6.14 is used to illustrate the procedure for creating the
parasitic netlist in Fig. 6.20. The electromigration-aware wire topology, shown in
Fig. 6.19, is used to replace the net by a set of the individual wires, resulting in the
sub-circuit shown in Fig. 6.20a. The terminal nodes are also loaded with the
coupling the capacity between the terminal metallization and bulk, illustrated in
Fig. 6.20b.

The previous flow creates parallel capacitors. Since the netlist is used inside the
optimization loop, the redundant devices are reduced to speed the pre-processing of
the simulator. Instead of the multiple capacitors, a single capacitor with the total
capacitance is created instead leading to the final sub-circuit for CR capacities
shown in Fig. 6.20c.

The coupling capacities are then added between the corresponding nodes.
Figure 6.21 shows the several coupling capacitances considered. The coupling
capacitance between terminals is added between the corresponding nodes, the
coupling capacitor between wires is connected between the central node of the
wires [23], and finally, the coupling between wires and terminals is connected
between the wire central node and the terminal node.
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Fig. 6.20 Parasitic netlist for net N2: a N2: wires parasitic RC devices; b N2: terminal-bulk
capacitors; ¢ N2: resistors and bulk capacitors

In Table 6.1 some post-layout simulation results for the single ended 2-stage
amplifier using the developed AIDA’s parasitic extractor module and a commercial
tool are presented. The parasitic effects are progressively accounted for, showing
their impact in the circuit performance. First only local coupling parasitics between
terminals in the same device are accounted. This coupling appears due to the
intra-device routing. As mentioned previously, these parasitics are passible of being
modeled analytically as a function of the device parameters to reduce the gap
between the pre- and post-layout simulation, but each time the AMG is updated the
parasitic expressions need to be updated. In the implemented flow they were also
extracted to avoid the need for these updates. Secondly, the coupling between
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Fig. 6.21 Parasitic netlist
coupling capacitances:
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Table 6.1 Post-layout measures: partial and complete extraction with AIDA and with Mentor
Graphics® Calibre®

MEASURE NETLIST! Implemented parasitic extractor Calibre®
I’ I+T  |[T+T+W
D1 GBW (MHz) 55.9 54.3 53.8 53.5 53.0
PM (°) 54.6 54.3 54.3 53.9 53.7
NO (uVrms) 180.4 178.5 177.9 178.1 177.6
D2 GBW (MHz) 88.2 84.9 84.2 83.7 82.7
PM (°) 533 53.1 52.8 52.1 522
NO (uVrms) 203.7 200.4 200.2 200.9 199.7

"In AIDA parasitic are extracted without generating the detailed layout

’I—Intra-device coupling parasitics, i.e., only the coupling between module terminals are
considered (i.e., Cgg, Cgg, Cas, Cobr Caps Cop)

3 + T—The parasitic in I together with coupling parasitics between terminals of all modules in
the floorplan

*l + T + W—The parasitics for the interconnects are considered in addition to the previous ones
SExtracted with Mentor Graphics’ Calibre®, detailed routing generated with AIDA

adjacent devices in the floorplan is also accounted, finally the coupling between the
wires and between wires and terminals are also considered.

As the values show, intra-device parasitics, commonly unnecessarily overlooked
in the pre-layout simulation, despite being easy to include accurately in the models
by fixing the device-level layout design (as done in RF models), can have a sig-
nificant impact in the circuit performance. However for the accurate evaluation of
the circuits’ performance in the presence of parasitics the wires contributions are
indispensable. The precision lost when using the lightweight AIDA’s parasitic
extraction when comparing to Calibre®, is not only rewarded by the small
extraction time required for this simplified parasitic extractor, but specially by the
fact that the built-in procedure operates over a global routing avoiding the need of
the final detailed layout during the optimization iterations. Still it confirms the
precision is sufficient to guide the parasitic-aware optimization in the right
direction.
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6.4 Conclusions

In this chapter, the inclusion of layout effects in AIDA’s sizing optimization is
presented. The floorplan-aware flow is based on relaxation, where only geometric
information is considered explicitly. While less accurate then methods with com-
plete layout generation and extraction, the floorplan-aware is extremely efficient,
allowing the simultaneous global optimization of both device sizes and circuit
layout. The common pitfalls that arise from using templates, complicated setup and
low reusability with different specifications are here handled in a twofold, first,
floorplan  description is kept as simple as possible, also generated
semi-automatically from the netlist with only a small set of parameters left for being
defined, and second, by using multiple floorplans the design handles new specifi-
cations better. Then, an innovative layout-aware evaluation where the inclusion of
parasitic devices is done using the floorplan and global routing is presented. This
approach does not require any extra setup, and the routing approximation obtained
from the global router makes the evaluation fast while increasing the accuracy. The
applicability of the approach is demonstrated in the next chapter of this book with
post-layout performances attained for the circuits designed with the AIDA-C
layout-aware methodology, versus, the traditional optimization-based sizing.
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Chapter 7
AIDA-C Layout-Aware Circuit Sizing
Results

7.1 Single Stage Folded Cascode Amplifier with Bias

The folded cascode amplifier introduced in Chap. 5 of this book did not included
the biasing circuitry. In this test case the circuit was extended to include the biasing
circuitry, the amplifier and bias schematics are shown in Fig. 7.1. In addition, the
layout guides, illustrated in Fig. 7.2, were also defined. A new set of ranges,
objectives and specifications is listed in Tables 7.1 and 7.2. The problem has
25 optimization variables, 2 objectives and 20 constraints, and also, 8 corner cases
are considered: (1) Bias voltage is 10 % above the nominal value and temperature is
55; (2) Bias voltage is 10 % above the nominal value and temperature is 0; (3) Bias
voltage is 10 % below the nominal value and temperature is 55; (4) Bias voltage is
10 % below the nominal value and temperature is 0; (5) Slow NMOS and slow
PMOS; (6) Slow NMOS and fast PMOS; (7) Fast NMOS and slow PMOS; and
(8) Fast NMOS and Fast PMOS.

The circuit was optimized using the typical followed by corners (TC) strategy
described in Chap. 4 of this book, with a population of 256 and 800 generations for
the initial typical optimization and, 128 elements and 400 generations for the later
corners optimization. Figure 7.3 shows the Pareto fronts for both typical and cor-
ners stages of the synthesis. Figure 7.4 shows the floorplans for the 4 points marked
in the Pareto optimal front (POF).

By taking into account the impact of the sizing in the circuit geometry, AIDA-C
[1-4] can use electrically equivalent, but geometrically different versions of the
same devices to obtain a packed layout. If the layout is not taken into account,
manual definition of the number of fingers that yield a better layout must be done,
this process is long and iterative, and changing the number of fingers may impact
the circuit performance requiring further simulations to ensure that all specifications
are still meet.

Moreover, multiple solutions all meeting the performance and geometric spec-
ifications are presented together with their respective floorplan, for an easy and fast
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Fig. 7.1 Schematic of the single-ended folded cascode amplifier with bias
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Fig. 7.2 Floorplan template for the single-ended folded cascode amplifier with bias

Table 7.1 Variables and ranges for the single-ended folded cascode amplifier with bias

Variable (unit) Min. Grid resolution Max.
11, 14, 15, 17, 1b7, 19, 169, 111 (nm) 120 10 10,000
wl, w4, w5, w7, wb7, w9, wb9, wll (um) 0.24 0.1 400.0
nfl, nf4, nf5, nf7, nfb7nf9, nfb9, nfll 2 2 50

Ib (nA) 1.0 1 4000

The variables 11, w1 and nfl are the dimensions and number of fingers of M1 and M2; 14 w4, and
nf4 of M4; 15, w5 and nf5 of M5 and M6; 17, w7 and nf7 of M7 and M8; 19 w9, and nf9 of M9 and
M10;111, wll and nfl1 of M11 and M12, 1b7/9, wb7/9 and nfb7/9 are the dimensions and number
of fingers of the unmatched devices Mb7/9t, the other bias devices are matched in a 4:1 relation
with the main amplifier
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Table 7.2 Objectives and specifications for the single-ended folded cascode amplifier with bias

Specifications Measure Target Description
Objectives Area (um) Minimize Area
a0 (dB) Maximize DC Gain
Constraints gbw (MHz) >50 Unit-gain frequency
a0 (dB) >40 DC Gain
pm (°) 60 < pm < 90 Phase margin
ov® (mV) >50 Overdrive voltages (Vgs — VTH)b
d* (VIV) >1.15 Saturation Ratio (Vpg — VDgy)/VD3y
ar (m/m) 05 <ar <2 Aspect ratio
elr (m/m) 033 <elr <3 Individual device aspect ratio

“The constraint applies to: M1, M4, M5, M7, M9 and M11
®For PMOS devices the overdrive is V, — Vg and delta is Vg — Vs

Point 1
250 Point 2

Point 3

Point 4

-GDC [dB]
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lypicall case after 800 gerll ——
Corner cases after 400 gen —+— o

-80 1 1 1 1 1 1 1 1 1
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Fig. 7.3 POF obtained with floorplan-aware sizing of the folded cascode amplifier with bias

Fig. 7.4 Floorplan of the 4 designs for the folded cascode amplifier with bias marked in the

corners’ POF: Point 1 to Point 4. All floorplans placed at the same scale
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selection by the designer. It is also seen that by using only one set of floorplan
guides for the entire span of solutions starts do degrade the compactness of the
available layout. In Sect. 7.2.1 a complete study on the usage of multiple floorplan
guides is provided, showing the advantage in their use.

7.2 Two-Stage Miller Amplifier

In this test-case the two-stage Miller amplifier shown in Fig. 7.5 is used to
experiment with multiple floorplan templates [3], a revised version of the circuit is
used for layout-aware optimization.

7.2.1 Floorplan-Aware Design

For the floorplan-aware design, the circuit loaded with a 10 MQ resistor in parallel
with 1 pF capacitor and, biased with a current of 10 pA is here optimized for two
objectives: maximize the DC gain while minimizing the circuit area. The design
variables are the width, length, number of fingers and the number of rows of the
MOS devices, and the length and number of fingers of the MOM capacitor. The
variable ranges are indicated in Table 7.3. Table 7.4 indicates the design specifi-
cations for this circuit working as a versatile low power DC buffer.

As seen in the previous example, a single floorplan is limitative for the entire set
of solutions presented by a multi-objective optimization-based sizing approach such
as AIDA. In this case study multiple floorplans are used instead. The layout guides
are defined by the 3 floorplans, named T1, T2 and T3, shown in Fig. 7.6a—c,
respectively, combined with the 4 sub-floorplans for partition P1 shown in
Fig. 7.7a—d.

Fig. 7.5 Schematic of the

{m—
: : vdd e e
two-stage Miller amplifier MP20 | 4|| MP14 MP22— |
- -

?ﬁﬁ}lﬂt
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Table 7.3 Variables and ranges for the two-stage Miller amplifier

Variable (unit) Min. Resolution Max.
Ic (um) 4.4 0.1 100
Nfc 14 2 198
Ib, 1p, lal, 12g (nm) 120 5 1000
wb, wp, wal, w2g (um) 1 0.1 10
nfbp, nfb2, nfp, nfal, nf2g 1 2 200
nrb, nrp, nral, nr2g 1 1 4

The variables Ic and nfc are the length and number of fingers of the MOM capacitor XCO; b, and
wb are the length, and width of MP20; 1b, wb, and nfbp are the length, width, and number of
fingers of M14; Ib, wb, and nfb2 of MP22; Ip, wp, and nfp of MP11 and MP12; lal, wal, and nfal
of MN9 and MNI10; 12g, w2g, and nf2g of MN21; nrb is the number of stacked rows of MP20,
MP14 and MP22; nrp the number of stacked rows of MP11 and MP12; nral of MN9 and MN10;

and finally nr2g of MN21

Table 7.4 Objectives and specifications for the two-stage Miller amplifier

Specifications Measure Target Description
Objectives IDD (pnA) Minimize Current consumption
GBW (MHz) Maximize Unity gain frequency
Constraints IDD (pA) <80 Current consumption
GDC (dB) >50 Low-frequency gain
GBW (MHz) >1 Unity gain frequency
PM (g°) >55 Phase margin
PSRR (dB) >55 Power supply rejection ratio
SR (V/us) >0.8 slew rate
Voff (mV) <1 Offset voltage
No (uVrms) <400 Noise RMS
Sn (nVAHz) <100 Noise density
oV! (mv) > 100 Overdrive voltages (Vgs — Vr)®
D! (mV) >50 Saturation margin (Vps — VDg,)®

“The constraint applies to: MP11, MP12, MP14, MP20, MN21 and MP22
"For PMOS devices the overdrive is V, — Vg and delta is Vg — Vs

(a) (b) (©
[ Mn21 | [ MN21 Xc1 P1 MN21
P1 XC1 P1

XC1

[mP14] [mp2c|[ mP22 |

[ | e

Fig. 7.6 Top-level floorplans for the two-stage Miller: a floorplan T1; b floorplan T2; ¢ floorplan T3
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Fig. 7.7 Floorplans for partition P1 of the two-stage Miller amplifier: a floorplan P1A; b floorplan
P1B; ¢ floorplan P1C; d floorplan P1D. Reprinted from Lourenco [3], Copyright (2015), with
permission from Elsevier

Fig. 7.8 Floorplan T3c for
the two-stage Miller amplifier

obtained from the MN21
combination of T3 with Plc. P1C | | | |

Reprinted from Lourengo [3], MN9 MP11 MP12 MN10 XC1
Copyright (2015), with

permission from Elsevier |I\/IP14| |MP20| | MP22 |

Their combination originates 12 (3 x 4) floorplan guides, named by the con-
catenation of the top-level floorplan name and the version of the partition floorplan.
To illustrate the combination process, floorplan T3c, the combination of floorplan
T3 with partition Plc, is shown in Fig. 7.8. The floorplan design was implemented
in this way to illustrate the advantages of reusing sub-floorplans, thus reducing the
workload in the definition of floorplan guides.

To evaluate the impact of the multi-floorplan-aware sizing optimization imple-
mented in AIDA, four scenarios are considered, all with the same parameters and
conditions except in the evaluation of the circuit’s area. First, the circuit’s area is
estimated from the sum of the area of the devices (no floorplan is considered).
Second, two scenarios where only one floorplan is considered, Tla and T3c
respectively, when evaluating the circuit’s area, and finally, all twelve floorplan
guides are included in the evaluation of the area.

For each scenario, five runs were executed and the results are shown in Fig. 7.9.
Figure 7.9 also shown the corresponding worst case Pareto front (WCPF), i.e., the
front obtained by merging all Pareto fronts and selecting only those elements that
do not dominate any other, which is considered in comparison of the multiple
scenarios. Table 7.5 summarizes the results obtained comparing the solutions found
in the various scenarios for multiple values of DC gain. On a first note, is relevant to
point that the impact in runtime of the single or multiple layout floorplans is
negligible, while enabling realistic floorplan properties during synthesis and pro-
viding a compact starting point for the layout design.
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Fig. 7.9 Fronts obtained with 5 runs for the four scenarios highlighting the WCPF. Reprinted
from Lourenco [3], Copyright (2015), with permission from Elsevier

Also, there are no significant differences in the DC gain range between the results
obtained by using multiple floorplans or by considering only the devices area. In the
scenario with only T1a there is a slightly larger variation between runs but the ranges
of DC gain is still not affected, whereas in the scenario with only T3c, the variability
between runs is much wider and there is a clear drop in the achievable DC gain
values. By using multiple floorplans the diversity of solutions that is explored
increases, thus reducing geometrical over-constraining of the search space that is
notorious when just one floorplan is used, leading results that are more reliable.

The WCPFs are plotted together in Fig. 7.10. The most common floorplans in
the scenario with the 12 floorplans are T1a, T3a, T2¢c T2b, and their occurrences are
marked in the bottom of the plot with a filled square under the corresponding
solution. Not unexpectedly, the solutions obtained considering only the area of the
devices dominates the other Pareto fronts, as this unrealistic value assumes an ideal
packing without any wasted area. When comparing the WCPFs obtained
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Table 7.5 Experimental results for the four scenarios, reprinted from Lourengo [3], Copyright
(2015), with permission from Elsevier

DC gain aprox. Min. |56 66 76 86 96 Max.

Sum of devices’ DC gain (dB) |50.13 |56.26 | 66.56 |75.99 |[85.99 |96.04 |99.95

area Est. area 285.8 [328.1 |360.9 |636.4 |1420.5 |4315.6 |8251.8
(um’)?*
Area (um?)° 330.8 |382.3 |371.6 |727.1 |1963.3 |4887.8 |8327.6
Runtime 50.62
(min)

Single I Tla DC Gain (dB) |52.66 |54.85 |66.57 |75.63 |[86.00 |96.07 |99.27
Area (um?) 323.6 |368.7 |3854 |1181.1 |1781.3 |5933.6 |10639.1
Runtime 50.23
(min)

Single II T3¢ DC gain (dB) |50.66 |55.82 |65.16 |7527 |84.18 |- -
Area (um?) 401.8 |465.1 |725.0 |995.8 |1865.0 |- -
Runtime 53.24
(min)

All DC Gain (dB) |50.83 |55.14 | 66.30 |76.44 |86.36 |96.08 |99.00
Area (um?) 324.1 |341.5 |387.3 |698.4 |1741.1 |4957.1 |7842.8
Floorplan T3a Tla Tla T3a T2c Tla T2c
Runtime 58.45
(min)

“Estimated area is given by the sum of the devices’ areas
"The area values where obtained by manual placement, post synthesis
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Fig. 7.10 WCPF fronts for the 4 scenarios, identifying the most frequent floorplans in the
scenario with the 12 floorplans. Reprinted from Lourenco [3], Copyright (2015), with permission

from Elsevier
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considering realistic floorplans during optimization, the one obtained using multiple
floorplans dominates most of the solution space; whereas the WCPF for scenario
with just Tla dominates at low DC gain and matches the former in the 83-90 dB
gain interval, which is not all that surprising, considering that Tla is the most
occurring floorplan in the multi-floorplan front. The solutions obtained with T3c are
mostly dominated by all the others.

One of the reasons analog ICs and analog IC design is hard to reuse is their
dependence from the surrounding circuitry. To explore this issue and verify the
robustness of the proposed approach to specification changes, the output load is
replaced by a 10 kQ resistor in parallel with the same 1 pF capacitor, the biasing
current changed to 50 pA and the current consumption limit set to 0.2 mA. The
Pareto fronts obtained for 3 executions for same scenarios as before are presented in
Fig. 7.11. Again, there are no significant differences in the achievable DC gain
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Fig. 7.11 Pareto fronts for the new specifications of the two-stage Miller amplifier, obtained with
3 runs for the four scenarios, highlighting the WCPF. Reprinted from Lourenco [3], Copyright
(2015), with permission from Elsevier
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Fig. 7.12 WCPF fronts for the 4 scenarios, identifying the floorplans most used in the scenario
with the 12 floorplans for the new specifications. Reprinted from Lourengo [3], Copyright (2015),
with permission from Elsevier

range between the results obtained using multiple floorplans or considering only the
devices areas, i.e., the usage of the floorplan constraints did not limit the search.

In the scenarios with one floorplan there are a few aspects worth noting: first,
both optimizations lead to satisfying solutions for smaller DC gain values; second,
the range of the DC gain is shorter; and, third, spreading between runs is larger
when compared to the scenarios without any floorplan or with multiple floorplans.
Particularly, T1a, which was very effective for the previous specifications, is clearly
not a good fit for these new specifications.

The WCPFs obtained for the new specifications are plotted together in Fig. 7.12,
the most frequent floorplans in the WCPF considering multiple floorplans are T3b,
T2a, T2d and Tlc with 48, 23, 19 and 17 appearances, respectively. Is relevant to
point that although not all combinations appear, all floorplan and partitions are
represented. In addition, in this second case the floorplans suitability regions are
much better defined.

The floorplans obtained in the different scenarios for DC gain of approximately
55 dB are presented in Fig. 7.13. They show not only different topological
arrangements, but also different sizes for the devices that were found during the
optimization. The different floorplans impose numerous topological constraints that
during the optimization may lead to different solutions having the same area with
different DC gain, or for same DC gain, solutions with different areas.

The best layout in terms of area is shown in Fig. 7.13d with an area of
1163.7 pm?, was obtained in the scenario considering all floorplans. In this layout,
two pairs of transistors are drawn in the interdigitized layout style, as specified in
the corresponding the layout guides (T3a), and for all the other transistors the folded
transistor structure is used with multiple rows to get the form factor that makes the
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Fig. 7.13 Placement for the designs showing a gain of 55 dB in all scenarios: a Sum of devices’
area; b Tla; ¢ T3c; d All (all layouts are shown in the same scale). Reprinted from Lourenco [3],
Copyright (2015), with permission from Elsevier
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Table 7.6 Pre and post-layout simulation of the two-stage amplifier designs around 55 dB
obtained using the floorplan-aware sizing flow, reprinted from Lourenco [3], Copyright (2015),
with permission from Elsevier

Specifications Al T3c" Tla®

Pre Post Pre Post Pre Post
Gbw >1MHz 46.09 41.18 46.29 42.34 36.63 34.48
Gdc >50dB 55.04 55.01 55.29 55.24 55.71 55.68
Sr >0.8 V/us 130 131 131 131 129 129
Idd <200 pA 198.9 198.7 199.9 199.5 196.7 196.6
PSRR >55dB 60.96 60.70 64.19 65.02 62.71 62.63
Voff <1mV 0.57 0.59 0.47 0.45 0.36 0.37
No <400 pVims 176.1 167.7 154.8 149.2 149.9 147.1
Sn <100 nVAHz 18.06 18.12 15.47 15.52 17.09 17.25
Pm >55° 55.24 56.45 55.19 55.70 57.53 57.54
ov* >50 mV 79.81 79.71 50.08 50.08 64.11 64.02
ov’ >100 mV 100.86 100.89 104.24 104.31 103.25 103.22
D* 3 >100 mV 257.24 257.05 257.24 256.99 246.74 246.60

“Post layout measures obtained after routing and extracting the floorplan shown Fig. 7.13d
PPost layout measures obtained after routing and extracting the floorplan shown Fig. 7.13c¢
“Post layout measures obtained after routing and extracting the floorplan shown Fig. 7.13b
9The constraint applies to: MP11 and MP12, the value shown is the one closest to the specification
limit; The constraint applies to MP14, MP20, MN21 and MP22, the value shown is the one closest
to the specification limit

best use of the available chip surface. The solutions obtained when not considering
floorplan during sizing, considering floorplan Tla and considering T3c have the
area of 1394.3, 1227.7, and 1193.7 respectively. As it is easily seen, the differences
are not substantial for this range of DC values, and this is especially true for the
solutions with smaller devices. But for the larger layouts the impact is relevant,
especially if taking into account the dispersion of solutions between the indepen-
dent runs when only one floorplan is considered. Table 7.6 shows pre- and
post-layout simulations results for the solutions obtained using floorplan-aware
sizing whose floorplans are shown in Fig. 7.13b—d.

The routing was done using AIDA-L electromigration-aware router [5] and
post-layout netlist was extracted with all parasitic capacitors and resistors using
Mentor Graphics Calibre tool [6]. The results show that by considering also the
routing and its parasitics, small performance variations are obtained, however, all
solutions meet specification after the complete layout, showing the validity of the
approach and its value for less parasitic dependent designs.
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7.2.2 Layout-Aware Sizing

As seen, floorplan-aware sizing uses accurate geometric layout properties during
the optimization, and careful layout considerations do help mitigate post-layout
effects in the circuit’s performance, however, layout parasitic effects are handled
implicitly. In this section the results obtained using the layout-aware flow, where
the layout parasitic devices are estimated using AIDA-Ls global router, are shown.
A revised version of the two stage Miller amplifier is used, considering one addi-
tional resistor between the two amplifier stages, is resized for more aggressive
bandwidth specifications and considering corners.

In the following tests, the amplifier, loaded with a 10 MQ resistor in parallel
with a 1 pF capacitor and biased with a current of 10 pA, is optimized for mini-
mum area and maximum DC gain. The circuits’ performance figures considered and
its target performance are indicated in Table 7.7. The optimization variables are
again the width, length, number of fingers and number of rows of the MOS devices,
the length and width of the resistor, and the length and number of fingers of the
MOM capacitor, their ranges are indicated in Table 7.8.

Simultaneously, a floorplan-aware optimization was also performed without
considering parasitic-related data. Both the traditional simulation-based and
layout-aware runs were started from the same, already sized, solution set reused
from the previous optimization (GBW > 50 MHz and IDD < 35 pA), and all
solutions were unfeasible for the new target specifications. The first synthesis took
around 16 min while the second took around 40 min, and the two resulting POFs of
sizing solutions are illustrated in Fig. 7.14.

Table 7.7 Specifications and objectives for the 200 MHz two stage amplifier

Specifications Measure Target Description
Objectives Gdc (dB) Maximize Current consumption
Area (um?) Minimize Unity gain frequency
Constraints Idd (nA) <200 Current consumption
Gdc (dB) >50 Low-frequency gain
Gbw (MHz) >200 Unity gain frequency
Pm (°) >55 Phase margin
PSRR (dB) >55 Power supply rejection ratio
Voff (mV) <5 Structural offset voltage
No (uVrms) <600 Noise RMS
Sn (nVAWHz) <100 Noise density
ov® (mV) >50 Overdrive voltages (Vgs — Vrn)®
oV’ (mV) > 100 Overdrive voltages (Vgs — Vru)©
d* ® (mV) >100 Saturation margin (Vpg — VDsg,)°

“The constraint applies to: MP11 and MP12
"The constraint applies to MP14, MP20, MN21 and MP22
“For PMOS devices the overdrive is V, — V,, and delta is Vg — Vs
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Table 7.8 Design Variables
and Ranges for the for the
200 MHz two stage amplifier

7 AIDA-C Layout-Aware Circuit Sizing Results

Variable Min Max Grid
Ic* (um) 4.4 100 0.1
nfc? 14 198 2
6% < 9 1p°, lalf, 122 (um) 0.120 10 0.05
wb™ & 4 wp® wall, w2g® (um) 1 10 0.1
nfbp®, nfb2?, nfp®, nfal’, nf2g® 1 200 2
nrb® © 9, nrp°, nral’, nr2g® 1 8 1

1" (um) 3 60 1
wr!' (um) 0.5 1 0.1

“The variables lc and nfc are the length and number of fingers of

the MOM capacitor XC1

b, wb and nrb are the length, width and number of rows of

MP20

“Ib, wb, nfbp and nrb are the length, width, number of fingers and

number of rows of M14
dlb, wb, nfb2 and nrb of MP22

“Ip, wp, nfp and nrp of MP11 and MP12
tlal, wal, nfal and nral of MN9 and MN10

212, w2,nf2 and nr2 of MN21

"The variables Ir and wr are the length and width

resistor MP

of the Poly
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Fig. 7.14 Floorplan and layout-aware optimization POFs

Two design points were selected from the layout-aware POF: the solution with
the smallest area showing a GDC around 51 dB, and, a solution showing a GDC of
around 75 dB. From the POF without parasitic considerations two similar designs
solutions were selected: the one with the GDC closer to 51 dB (with 53.7 dB), and,
another with a GDC closer to 75 dB (with 75.4 dB). The layouts for these two
designs were automatically generated with AIDA-L [7]. The layouts for the 51 dB
designs, the one from the parasitic un-aware flow, the simplified (showing only
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Fig. 7.15 Layout for the 51 dB designs: a Layout for the 53 dB solution of the traditional
simulation-based sizing, obtained using AIDA-L; b Layout obtained using the layout-aware flow,
with only global routing for the 51 dB solution. ¢ Layout after the detailed routing

global routing) and corresponding detailed layout (after a last step of detailed
routing) for the layout-aware flow are shown in (a), (b) and (c) of Fig. 7.15,
respectively. Figure 7.16 shows the same for the 75 dBs designs.

The performance measures before and after layout are summarized in Table 7.9.
Like in previous efforts on the area, unit-gain frequency and phase margin are the
most sensitive measures for typical analog amplifiers [8]. The impact of parasitics is
not considered in the traditional or floorplan-aware flow, leading to post-layout
designs that do not meet specifications. In the first case (51 dB designs) the area of
the resultant layout-aware is smaller than the one obtained by the traditional
simulation-based sizing (310 pm? against 331 um?®). While in the second case
(75 dB designs), the layout-aware one has a greater area (1330 pm” against
1021 pm?) and is less compact than the layout obtained from traditional
optimization-based sizing, however, this was obtained not weighting the impact of
the parasitic devices in the solutions’ performance. By considering parasitic effects
during the entire optimization, what may look overdesign is in fact a feasible
solution when considering the parasitic effects. Also, the performance comparisons
with Mentor Graphics’ Calibre® extractions, a reference verification tool widely
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(b)

]

ne

Fig. 7.16 Layout for the 75 dB (d—f) designs: a Layout for the 75 dB solution of the traditional
simulation-based sizing, obtained using AIDA-L; b Layout obtained using the layout-aware flow,
with only global routing for the 75 dB solution; ¢ Layout after the detailed routing

used in industry, confirm the precision of the proposed parasitic extraction over
early-stage layout, and its suitability to be included in the layout-aware circuit
optimization loop, avoiding the need for in-loop detailed routing.

In the next experiment, the same specifications are considered but additionally to
the nominal simulation, the 4 user defined corners, ({FF, —55, 1.26, 0.5}, {SS, 125,
1.14, 0.5}, {FF, =55, 1.26, 0.5}, {SS, 125, 1.14, 0.5} {Process. Temp., Vdd, VEM}) “ 0
also considered in the evaluation of the circuits’ performance. The resulting fronts
are shown in Fig. 7.17 and illustrate the behavior of the worst case optimizations,
where the solutions whose performance is detailed in Table 7.10 are highlighted.

In this worst case approach, three optimization strategies were followed, first
worst case optimization without layout which took 8 h, then an optimization
considering both layout and the corner cases which took 32 h, and finally layout
effects are included after an initial worst case optimization (4 + 8 h).

In terms of layout effects, again the usage of the proposed layout-aware method
leads, in both, cases to solutions whose detailed layout results in feasible solutions,
whereas when the layout effects are not considered the post-layout performance
does not meets the specification. While the layout generation and parasitic
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Fig. 7.17 Floorplan, layout-aware and layout-aware after floorplan corner optimization POFs

Table 7.10 Pre/post-layout simulation for worst-case for the 200 MHz two stage amplifier

Specifications No-PEx Layout-aware Layout-aware
after corners
Netlist | Calibre® | PEx Calibre® | PEx Calibre®
Gdc max > 50dB |50.3 50.1 74.6
Area  |min pm? 337 512 588
Gbw >200 MHz 219.6 201.95 206.57 | 202.9 200.1 |201.89
Pm >55° 55.35 46.86" 55.78 56.09 5599 |55.71
Idd <200 pA 193.5 192.9 182.6 181.3 199.3 | 198.4
PSRR | >55dB 60.73 60.66 61.34 61.21 60.16 |60.12
Voff <5mV 0.61 0.60 0.64 0.64 0.46 0.47
No <600 uVrms | 455.1 457.9 412.5 416.9 421.5 |429.9
Sn <100 nVAHz |22.08 22.19 22.86 22.99 21.16 | 21.39

“Constraints violated in post-layout performance, all layouts considered were generated using
AIDA-L

estimation do increase the execution time, the difference in execution time of the
layout-aware approach when compared to the one without layout is also aggravated
by the increase in simulation time due to the inclusion of parasitic nodes in the
circuit (which was also happening before), but now is multiplied by the number of
corners.

In terms of the performance of the circuit, while there is not a large difference
between the worst case executions (the layout-aware after corner optimization
results in a slightly shorter POF but the DC gain ranges are still similar), however
when comparing to the nominal optimization shown before, it is easy to identify the
huge reduction in the number of feasible solutions and a much smaller maximum
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DC gain. By using multiple floorplans the tools is able to adjust the devices to meet
the specifications while compensating for the layout induces parasitic devices
without compromising the achievable solutions.

Starting the worst case optimization from the already optimized nominal Pareto
set, it is easier to fulfill the additional constraints imposed by the corners, leading to
results faster. The same is true for the layout-aware optimization, which was kick
started by the output of the worst case optimization. While this approach can strand
the optimizer in local minima, it greatly reduces the time required by the tool to get
good and complete design, which is also an important aspect for real world
applications.

7.3 Two-Stage Folded Cascode Amplifier

The circuit considered in this test case is the two-stage folded cascode amplifier,
whose schematic is shown in Fig. 7.18, loaded with a 10 kQ resistor in parallel with
a 1 pF capacitor. The circuit is optimized for maximum bandwidth and minimum
current consumption. Once more, both the traditional simulation-based sizing and
layout-aware synthesis are done. Both with a population size of 64 for 500
generations, and both started from the same, already sized, solution set. This startup
solution set was reused from a similar but different optimization (GBW > 270 MHz
and IDD < 500 pA), without layout considerations, and all solutions were unfea-
sible for the target specifications. The three floorplan templates shown in Fig. 7.19
are considered in the layout-aware optimization.

vdd

NF=NB1

PB4
L=LB2
W=WB
NE=NB2
NR=1
out
MNB5
vb e |
NF=1
NR=1
MNB6 MN5
L=1B4 | L=LB4
W=WB4 W=WB4
NF=NB5

NR=NRBS

NF=1
NR=1
Vss r_|

Fig. 7.18 Schematic of the two-stage folded cascode amplifier. Reprinted from Lourengo [2],
Copyright (2016), with permission from Elsevier
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Fig. 7.19 Floorplan templates for the two-stage folded cascode amplifier. Reprinted from
Lourenco [2], Copyright (2016), with permission from Elsevier

Table 7.11 Variables and ranges for the two-stage folded cascode amplifier

Variable (Unit) Min. Grid resolution Max.
11, 14, 15, 17, 1b7, 19, 1b9, 111 (nm) 120 10 10,000
wl, w2, w3, wbl, wb2, wb3, wb4 (um) 0.24 0.1 30.0
nfl, nf2, nf3, nfbl, nfb2, nfb22, nfb3, nfb4, nfb5 1 2 200
nrl, nrb3, nrb33, nrb5 1 1 20

Ic (um) 44 0.1 100
Nfc 14 2 198

Ib (uA) 10.0 10 1000

The optimization variables, listed in Table 7.11, are again the width, length,
number of fingers and number of rows of the MOS devices, and the length and
number of fingers of the MOM capacitor and the bias current and the target
specifications are shown Table 7.12.

In Fig. 7.20, the complete POFs for both traditional and layout-aware synthesis
are presented, showing the post layout performance for all solutions. From the
typical results, only one held all the specifications (represented by a circle O) in
post-layout simulation, all the other became unfeasible (represented by a cross X).
The layout-aware POF, although obtaining layouts with a worse performance,
guarantees the entire specification fulfillment for all the sizing solutions.

The first synthesis took around 1 h while the second took around 1.5 h. In
Fig. 7.21a, b the resulted layouts for the most power efficient circuits found by both
methods are illustrated. Although the layouts are alike, the traditional one does not
fulfill the specifications as the layout-aware sizing approach does. Both circuits’
performances, simulated using the netlist extracted both from AIDA parasitic
extractor and from CALIBRE®, are presented in Table 7.12.
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Table 7.12 Performance comparison for the traditional and layout-aware optimizations, reprinted

from Lourengo [2], Copyright (2016), with permission from Elsevier

Specifications Traditional Layout-aware
Netlist' | PEx Calibre® | PEx Calibre®

Idd Min, (mA) 5.35 5.62

GBW Max, >400 MHz 402.07 392.33 392.59 408.05 408.2

GDC >70 dB 73.53 73.53 73.53 75.68 75.68

Area <20 k pm? 12.09 k 16.49 k 16.34 k

Noise <500 pVrms 197.05 195.37 194.93 195.48 195.16

PM >55° 57.97 55.54 55.26 57.04 56.78

ov® >50 mV 59.48 59.48 59.48 50.61 50.48

D¢ > 100 mV 100.33 105.06 105.06 105.37 105.06

“Performance for the netlist excluding parasitics
"Overdrive voltage
“Saturation margin
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Fig. 7.20 Traditional and Layout-aware optimization
Copyright (2016), with permission from Elsevier

POFs. Reprinted from Lourenco [2],

In the traditional simulation-based optimization the parasitic effects are not
accounted for, and for that reason, when the resulted layout is simulated with the
inclusion of circuit’s parasitics, the GBW specification is no longer met. In the
layout-aware sizing optimization, the circuit is wittingly over estimated for nominal
simulation, so that when the parasitic components are added the specifications are
all fulfilled. In terms of consumption the circuit needs slightly more current, con-
sequently, increasing the frequency to hold to the specification in the presence of
layout parasitic effects. Moreover, the comparison between the performance
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(b)

Fig. 7.21 a Layout obtained from traditional design (fails specs in post layout) and b Layout
obtained from layout-aware (post-layout correct). Reprinted from Lourengo [2], Copyright (2016),
with permission from Elsevier

measurements from the AIDA parasitic netlist and the ones obtained using an
industry reference extraction tool, show that in these bandwidths there is a good
enough matching.

7.4 Single Stage Amplifier with Gain Enhancement
Using VCs

The single stage amplifier with gain enhancement using voltage combiners
(VCs) proposed in [9] loaded with a 6 pF capacitor, introduced in Chap. 5 of this
book and (re)show here for convenience, is considered in this test case in two ways:
(1) a floorplan-aware optimization is done to improve the floorplan of a manually
sized design; (2) layout-aware sizing is executed. The circuit schematic is shown in
Fig. 7.22. The design variables and ranges are defined in Table 7.13 and the
specifications are presented in Table 7.14. In addition, the following four corner
conditions are considered for devices’ models: slow NMOS and slow PMOS (SS);
slow NMOS and fast PMOS (SNFP); fast NMOS and slow PMOS (FNSP); and,
fast NMOS and fast PMOS (FF).


http://dx.doi.org/10.1007/978-3-319-42037-0_5

7.4 Single Stage Amplifier with Gain Enhancement Using VCs

Fig. 7.22 Schematic of the
single stage amplifier with
gain enhancement using VCs.
Reprinted from Lourengo [2],
Copyright (2016), with
permission from Elsevier

Table 7.13 Variables and
ranges for the single stage
amplifier with gain
enhancement using VCs,
reprinted from Lourengo [2],
Copyright (2016), with
permission from Elsevier
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Variable (unit) Min. Grid Max.
resolution

10, 11, 14, 16, 18, 110 (nm) 120 10 1000
w0 wl w4 w6 w8 wl0 1 0.1 10
(pm)
nf0, nfl, nf4, nf6, nf8, 1 2 8
nfl0

The variables 10, w0, and nfO are dimensions of MPO and MP3;
11, wl, and nfl of MP1 and MP2; 14, w4 and nf4 of MN4 and
MNS5; 16, w6 and nf6 of MN6 and MN7; 18, w8, and nf8 of MN8
and MNO; 110 w10 and nfl10 of MN10 and MN11

7.4.1 Floorplan-Aware Sizing

This test case compares the manual layout with a layout created by the AIDA-C
floorplan-aware optimization. The layout guides used in this floorplan-aware
optimization are shown in Fig. 7.23a and the manual layout that will be used for
comparison is presented in Fig. 7.24b.

The optimization was done to obtain, approximately, the same figure of merit
(FOM), 1150, and the same gain, 50 dB, under the corner conditions of the the original
design [9]. The floorplan-aware optimization took approximately 45 min, and was
started from the Pareto front obtained in [9], always considering the PVT corners.
Figure 7.24 shows a screenshot of AIDA, showing the solution that was found by the

tool.
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Table 7.14 Specifications for the single stage amplifier with gain enhancement using VCs,
reprinted from Lourengo [2], Copyright (2016), with permission from Elsevier

Specifications | Measure | Target Units Description

Constraints Idd <350 LA Current consumption
Gdc >50 dB Low-frequency gain
Gbw >30 MHz Unity gain frequency
Pm >60 ° Phase margin
FOM >1000 |MHz pF/mA | Figure of merit FOM = %
ov?® >50 mV Overdrive Voltages (Vgs — Vrn)°
ov® > 100 mV Overdrive Voltages (Vgs — Vi)©
d=° >50 mV Saturation margin of the PMOS

device (Vps — Vpsad®

#Applies to: MPO, MP1, MP2 and MP3
bApplies to: MN4, MN5, MN6, MN7, MN8, MN9, MN10 and MN11
“For PMOS devices the overdrive is V, — V,, and delta is Vg — Vg

(a)

|MPO| |MP1| |MP2| |MP3|

|MN7| |MN4| |MN5| |MN6|

[wnio] [wwo | [wna | [snca]

MN8 MN9

Fig. 7.23 Floorplan template and manual layout for the single stage amplifier with gain
enhancement using VCs: a Floorplan template; b Manual layout

Fig. 7.24 AIDA screenshot
showing the solution obtained
using the floorplan-aware
sizing

PM2 PM3

NM8 NM4 NM5S NM9
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AIDA-C floorplan-aware optimization decreased the area of the floorplan from
646 pm? in the manual layout (inside the frame), to 451.5 um? in the automatically
generated one. In this manner the layout design phase is accelerated with the provided
starting point, which already satisfies the guidelines of the designer and whose sizes
where already adjusted to increase packing. The layout created by AIDA-C does not
have routing implemented but is still a fair comparison, as the bulk/substrate polar-
izations contacts are included and devices are placed at a distance that is capable of
accommodating the metal strips to make the needed connections.

In this example the reduction of 30 % in the area is obtained by the effective
exploration of alternative transistor structures during the optimization. The optimizer
automatically considered more fingers in the longer transistors by folding the tran-
sistors and adjusted widths and lengths to create a compact layout. These
“geometrical” device parameters (number of fingers and number of rows) impact
strongly in the obtained area than the “design” parameters (e.g. width and length),
nevertheless changing the geometrical parameters does modify the device, and as
such have impact in the devices’ performance and can be easily included in the
simulation to increase the simulation results accuracy. Therefore, AIDA-C, also
considers the “design” parameters in the optimization to compensate the perfor-
mance degradation that may occur. The major contribution of AIDA-C to the area
decrease is not because a better packing of the original device sizes, but AIDA-C
optimized the device’s sizes to pack better while keeping the design constraints in
check.

7.4.2 Layout-Aware Sizing

In this Section, the circuit is optimized to maximize bandwidth (GBW) and mini-
mize both current consumption (Idd) and area. The circuit’s variables and speci-
fications are the same as before, but the set of floorplan templates shown in
Fig. 7.25 is considered instead.

A three step optimization was followed considering in each step optimizations
with a population size of 128 for 200 generations. First an optimization considering
only nominal conditions, without corners or layout parasitic effects, which took
15 min was done. Then, an optimization considering the corner cases, which took
1 h, and was started form the results of the previous optimization. And finally, the
layout effects are included after the previous corner optimization, in a worst case
and layout-aware (WC&LA) optimization, which took 1 h and 30 min, on a total of
2 h and 45 min for the complete sizing optimization. The resulting Pareto sets are
shown in Fig. 7.26 and illustrate the behavior of the three optimization stages,
where the solutions whose performance is detailed in Table 7.15, are highlighted in
the 3D scatter plot and in the two 2D projections. The corresponding layouts of
these three solutions are shown in Fig. 7.27.

The nominal Pareto set was found much faster, and dominates the others, but it is
neither robust to the variability of the fabrication process or to layout induced parasitic
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Fig. 7.25 Floorplan templates for the single stage amplifier with gain enhancement using VCs.
Reprinted from Lourengo [2], Copyright (2016), with permission from Elsevier
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Fig. 7.26 Pareto sets for the single stage amplifier with gain enhancement using VCs. Reprinted
from Lourengo [2], Copyright (2016), with permission from Elsevier

devices. The two worst case approaches are similar with respect to the electrical
performance (Idd and GBW) and, as in the previous example, show meaningful
reduction in the circuit’s performance, as no solutions with GBW larger than 55 MHz
or Idd smaller than 200 pA were found. Likewise, the one ignoring layout’s parasitic
effects is slightly better with respect to the area. The performance of the solution with
smaller power consumption obtained in each stage is shown in Table 7.15. To
illustrate the previously said, the performance of each design, evaluated using the
more accurate and robust methods, is also included. Showing that the solutions from
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Table 7.15 Performance of the single stage amplifier for solution with lowest power in each
optimization stage, reprinted from Lourengo [2], Copyright (2016), with permission from Elsevier

Specifications Nominal Worst-case WC and
Nominal | WC* | WC&LA® |WC |WC&LA® |LA

Idd (nA) min < 350 |156.8 188.2 |188.3 200.8 |201.1 208.1

Gbw (MHz) max > 30 |30.6 25.3° [24.7° 304 [29.7° 31.1

Area (um?) Min 3274 3089 3807

Gdc (dB) >50 54.8 542 |54.1 51.1 |51 51.1

Pm (°) > 60° 79.6 77.1 |73.8 81.8 |78.6 83.5

FOM > 1150 1168 1143 | 1107 1234|1199 1295

(MHz pF/mA)

Circuits performance evaluated using considering stricter conditions
PConstraints violated, all layouts considered were generated using AIDA-L

Fig. 7.27 Layout for the single stage amplifier solutions shown in Table 7.15. a Nominal, b worst
case, ¢ worst-case and layout-aware. Reprinted from Lourengo [2], Copyright (2016), with
permission from Elsevier

the first and second stages fail to meet the specification, the first showing a significant
16.67 % error, while the second shows a small error (2.3 %).

In terms of the solutions found by the optimizer, it was easy to see that while the
less constrained problem presents wide solution ranges, the inclusion of worst case
corners greatly reduces the spread feasible solutions, cutting chunks of the nominal
POF away. This did not happened with the inclusion of the layout effects alone, as
the tool adjusts the sizes of the devices to compensate for the layout parasitics
without sacrificing the spread of the solutions. The use of multiple floorplans
greatly contributes for this effect. In this context, the results show that the
layout-aware sizing optimization is of the utmost importance for effective and
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reliable automatic layout generation, leading to automatically generated designs that
meet all specifications in post-layout simulations. However, for characterization of
the performance landscape, e.g., if Pareto fronts are to be used to model circuits for
system-level synthesis, variability is the most relevant factor and cannot be over-
looked in layout-aware sizing solutions.

7.5 Conclusion

The proposed approach was validated with both classical and new analog circuit
structures showing its generality. The inclusion of layout effects increases the
effectiveness of the sizing to layout flow. The fact that layout aware synthesis was
made, eases the transfer of the AIDA-C output to AIDA-L input, yielding final
layouts that are well packed without designer intervention, moreover, since
multi-objective optimization was used and the layout estimation is fairly accurate
and immediate (milliseconds), the designer intervention can focus on the efficiently
exploration of design tradeoffs.

The developed layout-aware synthesis methodology for automatic sizing of analog
ICs addresses some drawbacks of the existing state-of-the-art approaches. It merges
the circuit optimizer with the layout generator, which offers an innovative solution for
parasitic estimation of interconnects by computing the optimal electrical-current
correct WT and global routing in-loop for each different sizing solution. The light-
weight built-in extractor estimates the impact of layout parasitics for both floorplan
and early-stages of routing without requiring a detailed layout, greatly reducing
overall evaluation time to in parasitic-aware optimization. In the circuits considered so
far the AIDA parasitic estimates closely follow the ones obtained from CALIBRE®.
Nonetheless, if the approximated routing would lead to misleading estimated parasitic
effects, one additional step using a commercial extractor after the detailed routing can
be considered as the automatic tool wraps up the design.

Moreover, as the routing template/setup is not fixed, not only the parasitic-aware
performances and geometric requirements are considered, but also, the routing
topology follows the optimization process.
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Chapter 8
Conclusions

8.1 Conclusions

The multi-objective nature of the IC design synthesis makes it well suited for
automatic design using multi-objective optimization strategies. In the approach
taken, the output is not one solution, but a set of completely designed
non-dominated solutions, all meeting the specifications. It is up to the designer to
use system level criteria to select the tradeoff between the concurrent objectives that
better suits the target project. The inclusion of corner cases and the usage of
industrial circuit simulators ensure an automatic circuit level sizing that is compliant
with the requirements of the analog designer. The usefulness of AIDA-C to
designers was shown using different design strategies. First, using the Typical or
nominal (T) design strategy, the designer explores several design tradeoffs in a
matter of minutes, which is useful for system level design and tradeoff landscaping.
Then, using the Corners (C) or TC strategies the designer can obtain a family of
optimum robust circuits that comply with the specification in all corner cases
considered.

By embedding a simple but effective design knowledge model, the Gradient
Model, into the evolutionary optimization kernel of the optimizer efficiency is
enhanced, forwarding the data to the desired objectives and causing a significant
reduction in the required number of evaluations, i.e., electrical simulations.
Moreover, the simplicity of the model makes its generation extremely easy and fast.
The advantages of the approach were proved for typical analog circuits by making a
statistical analysis of the produced results.

By efficiently linking AIDA-C with AIDA-L, the estimated parasitic devices are
fed to AIDA-C that re-sizes the circuit components to compensate layout effects
parasitics. The inclusion of layout characteristics in the sizing flow reduce the
number of iterations between the electrical and physical design stages and enables a
fully automatic sizing to layout flow that closes the traditional analog IC design
flow.
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Finally, and most of the times forgotten, designer interface and helper func-
tionalities are of utmost importance, even in a research environment as the proof of
applicability depend not only of the quality of the results but also on how easy it is
to use. AIDA-C is being used by the industry for a year now, and the clear interface
was extremely relevant to the effectiveness of this computer-aided design
(CAD) approach, so that the user (analog designer) use the tool without trading the
time saved for the sizing optimization, with the time he takes to set it up. Moreover,
an efficient setup flow eases reuse and migration of designs to different specifica-
tions and technologies.

8.2 Future Work

Figure 8.1 shows how the proposed methodology is framed in the design flow.
However the tool is neither perfect nor complete, in this section; possible future
directions for the development and research in AIDA are outlined.

¢ Inclusion of Knowledge to Accelerate Sizing: The gradient model has shown
how, even simple models that bring knowledge into the optimization, can
increase the quality of the solution or decrease the time to get it. The exploration
of new automatic learning techniques to further incorporate automatically
extracted knowledge in the optimization can be studied and explored.
Surrogate-based evaluation had been use with some success in pruning the
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number of expensive evaluation during optimization, the implementation of a
surrogate assisted optimization kernel may lead to performance improvements.

e Variability and Layout Effects: Variability-aware and yield-optimization siz-
ing, i.e., sizing that takes into account the randomness in the design process, is
of the utmost relevance, and like corner analysis, this is a commonly used
technique. The massive number of required simulations is a detrimental prop-
erty. The currents state-of-the-art all approaches focus on improving the yield
locally (around one solution), to verify how these approaches can be extended to
handle sets of different solutions, like the Pareto fronts, efficiently is also an
interesting research subject. Besides, both layout parasitic effects and yield
degradation due to process variation (environment variations such as power and
temperature variations are also relevant) are considered in the current state of the
art separately, but are not unrelated. For example a common technique to reduce
the impact of variation is to increase the size of the devices, but at the expense of
also increasing those devices parasitic capacitances. Instead of treating layout
parasitic effects and process variation separately, both non-idealities could be
handled simultaneously.

e Constraint Handling: In addition new approaches to adaptive constraint han-
dling for the increasing complexity of analog and mixed systems that bring
together the tool and the designer are of the utmost relevance to disrupt the
current state of mistrust in automation tools by analog designers. Design
specifications are often contradictory which makes them difficult to handle
automatically. It is not unusual for a designer to over-constrain the problem in
the early stages of development, and then, facing the impossibility of finding a
solution, re-evaluate the specifications, with changes in: topology, such that the
new topology meet the specifications; new system level architectures that can
handle the circuit’s reduced performance; or even simply to accept the block’s
failed specification (if the specification is non-critical and the obtained perfor-
mance figure is not far for what was required). Therefore, besides the accurate
circuit performance evaluation including layout parasitic and variability con-
siderations, for the analog designer to be comfortable using these automations
tools, an efficient adaptive constraints handling scheme must be researched and
developed.

o Topology Selection/Generation: Having the right topology for a given set of
specifications is indispensable for a high performance design. Several topology
selection and generation schemes were proposed by the scientific community.
However, designers are suspicious of generated structures; hence the topology
selection is still mostly based on designers experience and trust that a given
topology will perform well for the given set of specifications. Multi-objective
optimization techniques ease the assessment of optimum design tradeoffs that
meet the specifications, by extending the implemented solution to include
multiples topologies; it would enable a more comprehensive tradeoff analysis.
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