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Abstract

This dissertation presents an industrial tool-driven methodology for multi-level au-
tomation of analog integrated circuit (IC) design, spanning architecture exploration,
schematic synthesis, optimization, and layout generation. While digital design flows
are highly automated, analog IC design remains largely manual due to complex trade-
offs, sensitivity to device matching, and strong dependence on layout quality.

At the architecture level, the proposed approach enables automated optimiza-
tion of power-management circuits using Python-based algorithms integrated with
industrial circuit simulators. A DC-DC buck converter is used as a benchmark to
demonstrate efficient parameter sizing through constrained sweeps, achieving a peak
efficiency of approximately 86% at 1 A load under realistic operating conditions while
significantly reducing manual effort.

At the schematic level, parameterized and technology-independent generators are
developed for automatic synthesis of analog and mixed-signal circuits. A resistor
network connected to a comparator serves as a benchmark to demonstrate variation-
aware optimization that minimizes layout area while maintaining voltage accuracy
and robustness. Validation across more than 200000 Monte Carlo samples achieves
a 100% pass rate across all process corners, with a voltage error below 1%. The
automatically generated schematic has been successfully implemented in a silicon
prototype, confirming the practical deployability of the proposed methodology.

The methodology is further extended to hierarchical generation of SAR, ADC sub-
blocks, with key contributions including a three-stage evolution from single-ended to
differential implementations, automated technology migration, and a dynamic symbol
modification framework.

At the layout level, the approach incorporates constraint-driven placement and
template-based routing to preserve analog symmetry. Comparative results show
that template-based routing significantly improves matching and performance com-
pared to unconstrained routing, with automated layout generation completed in under
5 minutes compared to 3-34 hours of manual development effort. The framework also
supports technology porting through rule-based layer mapping, enabling the reuse of
layout templates across different process nodes.

All stages are validated using industrial EDA tools, demonstrating scalability, de-
sign consistency, and significant reductions in design time. This work shows that
systematic automation of analog IC design is achievable without compromising per-
formance or layout quality.
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Introduction

Analog and Mixed-Signal (AMS) integrated circuits remain one of the most experience-
driven and time-consuming processes in semiconductor development. Unlike digital
design, where abstraction layers and automated tools have matured significantly, AMS
design still depends heavily on manual methodologies, device-level insight, and iter-
ative tuning. This reliance on manual intervention increases design time, introduces
variability, and complicates technology porting. As modern systems demand higher
performance and shorter development cycles, these manual workflows become increas-
ingly time-consuming, error-prone, and difficult to scale.

Recent progress in scripting interfaces, simulation automation, and CAD tool
programmability has enabled a shift toward more structured AMS design method-
ologies. However, most existing automation solutions address isolated steps—such as
simulation or layout placement—without establishing continuity across architecture,
schematic, and layout levels. This lack of integration limits productivity and hinders
the creation of reusable, portable analog design flows.

A unified framework for AMS automation can significantly improve design pro-
ductivity by enabling systematic exploration at the architectural stage, reproducible
schematic generation, and constraint-aware layout construction. Such a framework
reduces reliance on manual trial-and-error and supports scalable design methodologies
suitable for industrial applications, validated using industrial EDA tools and design
environments.

Motivation

Three industry-driven trends motivate the need for unified AMS automation:

e Rising circuit complexity. Designs increasingly require extensive multi-
dimensional design-space exploration, which is difficult to perform manually
in a systematic manner.

e Fragmented design flows. Architectural design, schematic implementation,
and layout construction are often performed independently, relying on designer
intuition rather than reproducible frameworks.



e Demand for fast and portable design methodologies. Industrial devel-
opment cycles increasingly require rapid iteration, technology migration, and
consistent design practices across teams and product lines.

Research Objectives

The objectives of this work are to:

e Develop a systematic methodology for automating architecture-level exploration
in analog and mixed-signal circuits.

e (Create generalized approaches for automated schematic generation and design-
space evaluation of AMS building blocks.

e Initiate layout-automation techniques based on reusable templates and constraint-
driven design principles.

e Integrate these levels into a coherent automation flow that improves design
consistency, portability, and productivity.

Contributions of this Dissertation

This dissertation presents an integrated AMS design automation framework spanning
architecture, schematic, and layout levels. The main contributions are:

e Automated architecture exploration for DC-DC converters, enabling
systematic evaluation of design choices through simulation-driven parameter
sweeps.

e Automated optimization and schematic generation of resistor net-
works, using a deterministic recursive flow integrated with industrial CAD
tools, with the generated design successfully validated through silicon proto-
type implementation.

e Hierarchical schematic generation of SAR ADCs, supporting full top-
down construction without optimization.

e Initial layout automation strategies, including reusable layout templates
and constraint-aware placement and routing methods.

Thesis Organization

The remainder of this thesis is structured as follows:

e Chapter 1 reviews AMS design flows and existing automation approaches.



Chapter 2 presents architecture-level automation for DC-DC converters.

Chapter 3 describes automated schematic generation and optimization for
resistor networks.

Chapter 4 extends schematic automation to SAR ADCs.

Chapter 5 introduces template-based and hybrid layout automation tech-
niques.

The Conclusion summarizes the contributions and outlines future work.






Chapter 1

State of the Art and Background

1.1 Introduction to Analog and Mixed-Signal Sys-
tems

Analog and Mixed-Signal (AMS) integrated circuits play a critical role in modern
semiconductor systems by bridging the physical world and digital processing engines.
As system-on-chip (SoC) platforms evolve to support increasingly complex applica-
tions—including wireless communication, sensor interfaces, biomedical electronics,
autonomous vehicles, and power management—AMS blocks such as data converters,
regulators, oscillators, filters, and amplifiers have become indispensable [1, 2].

Unlike digital circuits, which rely on discrete logic levels and benefit from highly
automated design flows, AMS circuits operate on continuous-time signals, are deeply
influenced by device-level physics, and demand strong coupling between electrical
behavior and physical layout. This coupling makes standard cell abstraction infea-
sible and necessitates simultaneous consideration of architecture, circuit behavior,
device matching, parasitics, and layout geometry [3]. As CMOS technology continues
to scale, variability, reduced intrinsic gain, and heightened parasitic effects further
complicate AMS design.

1.1.1 Role of AMS Circuits in Modern SoCs
AMS circuits perform essential functions such as:

e Interfacing with sensors and actuators,

e Conditioning and converting analog signals,

e Regulating and distributing power,

e Providing timing and clock generation,

b}



e Enabling wireless communication.

These blocks determine system-level performance metrics such as dynamic range,
noise floor, signal integrity, battery life, and energy efficiency. Consequently, AMS
design quality often constrains overall SoC capability.

Figure 1.1 illustrates how AMS circuits connect the physical world to digital pro-
cessing through key building blocks such as power management, analog filters, ampli-
fiers, and data converters. The diagram highlights the central role of AMS subsystems
in bridging real-world signals and digital computation within a modern SoC.

The unique characteristics of AMS circuits—continuous operation, technology-
dependent behavior, and high sensitivity to layout—have historically made AMS
design an expert-driven, iterative, and time-intensive process. These challenges mo-
tivate enhanced design productivity through structured automation across multiple
abstraction levels.

Physical World } f\‘u :{ SiAg ::llolﬁtt:;e } :{Digital Processing
g r __________ Q __________ a —_———G_-.—"“b
(" Sensors & ."‘\‘ : f"Micrncngtrnller;“\‘
N s Power AMS Integrated Amplifirs v _Microprocessors __*'

management

-
-----------

System

Analog Filters ADC DAC

Figure 1.1: Overview of analog and mixed-signal (AMS) systems.

1.2 Overview of Analog & Mixed-Signal Design
Flows

The design of analog and mixed-signal (AMS) integrated circuits follows a multi-
stage workflow shown in Figure 1.2 that spans system-level specification, architectural
exploration, circuit implementation, layout development, and final fabrication. Each
stage requires specialized knowledge and often involves several iterations to meet
performance, power, and area (PPA) targets.
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CHAPTER 1. STATE OF THE ART AND BACKGROUND

1.2.1 System-Level Specification & Modeling

The process begins with defining system-level requirements, including resolution, gain,
bandwidth, efficiency, noise, linearity, and stability margins. These specifications
are typically evaluated using high-level modeling environments such as MATLAB,
Simulink, or Python-based behavioral models to verify feasibility.

1.2.2 Architecture Exploration & Design

This stage focuses on selecting the appropriate architecture based on system tar-
gets. Examples include choosing buck versus boost converters for power management,
folded-cascode versus differential pairs for amplifiers, and successive-approximation
versus pipeline architectures for analog-to-digital converters. Architectural decisions
strongly influence achievable performance and layout complexity.

1.2.3 Circuit Design & Verification

Transistor-level design involves device sizing, biasing strategies, optimization loops,
and extensive simulation campaigns. Typical verification steps include corner analy-
ses, Monte Carlo simulations, noise evaluations, and stability assessments. This stage
is often the most expertise-intensive, requiring iterative refinement to meet design
specifications.

1.2.4 Layout Design & Post-Layout Verification

Physical layout is critical to AMS performance due to device matching, parasitic
sensitivity, isolation, and symmetry requirements. Layout tasks include placement,
routing, shielding, and adherence to process design rules. Post-layout extraction
(PEX) and parasitic-aware simulations validate the impact of layout-induced effects
and may trigger additional design iterations.

1.2.5 Fabrication & Testing

Once design and verification are complete, the circuit proceeds to tape-out for fabri-
cation. Silicon validation includes laboratory measurements to confirm functionality,
performance, and robustness across operating conditions.

Across this workflow, several bottlenecks persist, including strong dependence on
designer expertise, large iteration counts between schematic and layout stages, diffi-
culty performing exhaustive design-space exploration, and limited portability across
technology nodes. These challenges motivate ongoing research into AMS automation
methodologies.



System-Level Specification ]
& Modeling )

¥

[ Architecture Exploration & |
Design )

¥

( N

Circuit Design & Verification

\ »

¥

[Layout Design & Post-Layout]
Verification

A

[ Fabrication & Testing ]

-

Figure 1.2: High-level design flow for AMS integrated circuits

1.3 Automation Levels in AMS Design

Automation in AMS design spans three primary abstraction levels: architecture-level
automation, schematic-level automation, and layout-level automation. Each level
faces distinct challenges but offers opportunities for productivity gains. A hierarchical
view of these levels is shown in Figure 1.3.

1.3.1 Architecture-Level Automation

Architecture-level automation aims to evaluate circuit topologies and perform high-
level design-space exploration. Methods include:

e behavioral modeling and simulation [3],
e topology generation and pruning,
e machine-learning—based design-space projection [4],

e evolutionary and heuristic search strategies [5].
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Figure 1.3: Three-Level of AMS Automation Hierarchy

However, most architecture-level tools stop before schematic generation, resulting in
disconnected workflows.

1.3.2 Schematic-Level Automation

At the schematic level, automation technologies include:

template-driven instance generation [6],

automatic device sizing through geometric programming [7],

graph-based circuit synthesis [8],

simulation-based optimization loops.

These methods significantly reduce manual effort but often lack integration with
layout-level constraints.

1.3.3 Layout-Level Automation
Layout automation is the least developed among the three. Key approaches include:

e constraint-aware placement engines [10],

9



e symmetry and matching rule enforcement,
e template-based layout reuse,

e analog routing algorithms.

Despite advancements, full analog layout automation remains an open challenge
due to strong dependency on layout—circuit interactions.

1.4 State-of-the-Art in Architecture-Level Automa-
tion

Architecture-level automation addresses the earliest design stages where system spec-
ifications are translated into topology choices. Historically, this process has depended
on designer expertise and manual exploration of circuit configurations. Recent ad-
vances have introduced algorithmic and simulation-driven techniques to improve effi-
ciency, scalability, and consistency.

1.4.1 Topology Generation and Classification

Several works have focused on automatically generating and classifying circuit topolo-
gies. Early studies employed rule-based and template-based topology construction [6],
while more recent approaches incorporate symbolic representations and graph gram-
mars for generating feasible analog topologies [8]. These techniques enable systematic
enumeration of circuit structures but often face scalability limitations as circuit com-
plexity increases.

1.4.2 Simulation-Driven Architecture Exploration

Simulation-driven frameworks evaluate candidate topologies across a multidimen-
sional parameter space. Tools such as LTspice, SIMPLIS, and simplified SPICE
models facilitate rapid evaluation of power converters [11, 12], amplifiers, and data
converters [5]. These methods enable:

e automated parameter sweeping,

e construction of Pareto-optimal performance fronts,
e pruning of infeasible configurations,

e carly estimation of power, area, and efficiency.

However, architecture-level exploration tools typically stop short of generating
transistor-level schematics or considering layout constraints, creating a discontinuity
between exploration and implementation.

10
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1.4.3 Machine Learning in Architecture Exploration

Machine learning (ML) has enabled novel techniques for design-space exploration,
performance prediction, and topology selection. Neural-network—based regressors,
Gaussian Process models, and reinforcement learning have been applied to predict
circuit behavior, accelerate convergence, or propose candidate architectures [4]. While
ML models improve efficiency, they often require large training datasets and may lack
interpretability when applied to analog circuits.

A ™)

Topology Parameter Performance
Generation Sweep Evaluation

Figure 1.4: High-level view of architecture-level automation

Despite meaningful progress, none of the existing methods provides an integrated
path that connects architecture-level results to schematic and layout automation.

Chapter 2 of this dissertation bridges this gap by introducing a Python-based
integration framework for SIMPLIS /SIMetrix that enables systematic topology eval-
uation and design-space exploration for DC-DC converters.

1.5 State-of-the-Art in Schematic-Level Automa-
tion

Schematic-level automation has received considerable academic attention, with meth-
ods targeting topology generation, device sizing, netlist creation, and algorithmic de-
sign improvement. Still, most approaches lack the flexibility or integration required
for real-world industrial flows.

1.5.1 Topology and Schematic Generation

Template-based methods construct schematics from predefined structural patterns.
These methods support rapid instantiation of common blocks such as differential
pairs, current mirrors, and operational amplifiers [6]. Graph-based synthesis tech-
niques generate candidate analog circuits using graph transformations, automatically
identifying feasible topologies that satisfy functional specifications [8].

Such approaches have demonstrated considerable promise but often suffer from:

e limited applicability across circuit classes,

11



e difficulty managing hierarchical designs,

e lack of tight integration with industrial CAD tools.

1.5.2 Device Sizing and Optimization

Device sizing automation has evolved across three major approaches:

e Geometric programming and convex optimization, widely used for ana-
log circuits with amenable convex formulations [7].

e Simulation-based optimization, where simulated performance guides itera-
tive tuning [20].

e Metaheuristic algorithms, including genetic algorithms, PSO, simulated an-
nealing, and Bayesian optimization.

While effective in specific domains, sizing algorithms typically require circuit-
specific models and do not inherently solve the schematic-generation problem. Chap-
ter 3 of this thesis addresses passive network automation through resistor optimization
and automatic schematic generation. The resulting design was integrated into a fab-
ricated chip; while the physical layout was provided externally, the electrical design
and schematic automation form the core contribution of this work.

)
%

Templates

Optimization

Figure 1.5: High-level view of schematic-level design generation

1.6 State-of-the-Art in ADC Automation

Analog-to-digital converters (ADCs) are essential for interfacing between analog sig-
nals and digital processing units. Among various ADC architectures, SAR ADCs
have gained prominence due to their excellent energy efficiency and scalability.

12
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1.6.1 Behavioral-Level ADC Automation

Many works focus on behavioral modeling and architectural comparison. MATLAB,
Simulink, and Python frameworks have been used to explore:

e capacitor DAC sizing,
e comparator performance estimation,
e digital control logic validation,

e settling and decision time analysis.

These tools accelerate architecture selection but do not generate transistor-level
schematics.

1.6.2 Automation of SAR ADC Sub-Blocks

DAC optimization, bootstrapped switch sizing, comparator design, and SAR logic
synthesis have been partially automated in literature [21]. Approaches include:

e monotonic capacitor array optimization,
e switch linearity optimization,

e behavioral comparator analysis.

However, these methods target isolated sub-blocks rather than full ADC integra-
tion.

1.6.3 Hierarchical ADC Schematic Generation

Very few works propose hierarchical transistor-level schematic automation for SAR
ADCs. The majority of existing frameworks stop at high-level modeling or block-level
sizing. Industrial adoption remains low because:

e sub-block integration depends on layout-sensitive interactions,
e analog and digital domains must be co-designed,

e technology independence is difficult to maintain.
The hierarchical SAR ADC generation introduced in this thesis fills this gap by

providing a structured template-driven methodology capable of building complete
SAR ADC schematics, as presented in Chapter 4.

13
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Figure 1.6: High-level block diagram of SAR ADC

1.7 State-of-the-Art in Layout Automation

Analog layout automation remains one of the most challenging domains in EDA re-
search. Unlike digital layout—where standardized cells enable full automation—analog
circuits require intricate placement strategies, careful routing, and strict adherence
to symmetry and matching constraints.

1.7.1 Constraint-Aware Placement

Modern placement engines incorporate constraints such as:

e device matching,

e symmetry pairs,

clustering,
e common-centroid placement,

e guard-rings and isolation.

Among the most prominent academic frameworks, BAG (Berkeley Analog Gener-
ator) provides a highly flexible, Python-based generator framework capable of produc-
ing layout-versus-schematic (LVS)-clean layouts from parameterized templates. How-
ever, it requires days of expert-level effort per design and is tightly coupled to a single
process design kit (PDK), limiting its portability. ALIGN is an open-source analog
layout automation system that accepts a SPICE netlist and automatically generates
placement and routing solutions under symmetry and matching constraints, achieving
runtimes of 10-30 minutes. MAGICAL (Machine Generated Analog IC Layout) simi-
larly targets full automation of analog layout from a netlist, achieving runtimes of 1-5
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minutes with layout quality comparable to manual routing. Despite these advances,
both ALIGN and MAGICAL [30, 41] still require significant expert-level setup effort
and remain limited to a single technology node, highlighting the need for multi-PDK
compatible and template-reusable approaches such as the one proposed in this thesis.

1.7.2 Template-Based Layout Generation

Template reuse is widely employed in industry for current mirrors, differential pairs,
OTAs, and ADC sub-blocks. Templates reduce design time and improve portability
but require manual tuning across PDKs.

1.7.3 Routing and Parasitics

Routing remains the most difficult aspect of analog layout due to:

e parasitic coupling,

shielding requirements,

multi-layer constraints,

differential routing rules,

stringent design-rule checks.

Recent efforts incorporate machine learning to predict routing congestion or par-
asitic effects, but practical adoption is limited.

® b = ®
g Matching j Symmetry

TR || RS

Routing Layout

Figure 1.7: High-level view of template-based analog layout automation.
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Despite advancements, fully automated analog layout remains an open challenge—further
motivating the template-based and hybrid automation approaches developed in Chap-
ter 5.

1.8 Research Gap Analysis

Despite extensive research in analog automation, several critical gaps remain:

1.8.1 Lack of End-to-End Automation

Most existing works address automation at only one abstraction level—architecture,
schematic, or layout. Very few frameworks provide:

e consistent data flow across levels,
e reuse of design knowledge,
e hierarchical constraint propagation,

e unified optimization objectives.

This fragmentation forces designers to manually translate information between
design stages, introducing errors and inefficiencies.

1.8.2 Limited Industrial Integration

Academic tools often lack compatibility with industrial design environments such as
Cadence Virtuoso. As a result:

e schematic generators are not compatible with PCells,
e layouts cannot be validated against foundry rules,

e architectures are explored without considering implementation constraints.

A practical AMS automation framework must interface with existing industrial
tools.

16



CHAPTER 1. STATE OF THE ART AND BACKGROUND

1.8.3 Insufficient Hierarchical Schematic Automation

Schematic automation research primarily focuses on single blocks (e.g., OTAs or
filters). Complete hierarchical generation—such as full SAR ADCs—remains rare
due to:

e complex block interactions,
e mixed-signal boundaries,
e technology-dependent structures,

e layout-driven decisions.

This leaves a significant gap in real-world applicability.

1.8.4 Analog Layout Automation Still Limited

Despite advances in placement engines and ML-based approaches, automated layout
tools still face challenges with:

e matching and symmetry,
e routing parasitics,
e higher-layer routing complexity,

e template parameterization across technologies.

Realistic, reusable layout automation remains an open research problem.
1.8.5 Gap Summary
The literature lacks:

e an integrated multi-level flow,
e automation frameworks that work with real industrial tools,
e hierarchical schematic generators for large AMS circuits,

e portable layout-generation mechanisms.
This thesis directly addresses these gaps.
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1.9 Summary and Research Contributions

This chapter presented a comprehensive overview of AMS design flows, automation
methodologies, tool integration strategies, and state-of-the-art research across ar-
chitecture, schematic, and layout domains. Although substantial progress has been
made, the literature reveals several persistent challenges:

e architecture exploration is rarely integrated with transistor-level design,

schematic-generation tools are often domain-specific,

hierarchical AMS design generation remains limited,

analog layout automation continues to require significant manual intervention,

tool interoperability in industrial environments remains a major barrier.

These limitations highlight the need for unified frameworks capable of bridg-
ing architecture, schematic, and layout automation through scalable algorithms and
industry-compatible tool integration.

The gaps identified in this chapter directly motivate the contributions of this the-
sis. Chapter 2 presents architecture-level automation for DC-DC converters. Chap-
ter 3 introduces resistor optimization and automatic schematic generation for passive
networks, validated through chip fabrication — the physical layout was provided ex-
ternally, with electrical design forming the core contribution. Chapter 4 develops
hierarchical SAR ADC schematic generation. Chapter 5 presents template-based lay-
out automation. Together, these contributions form an integrated multi-level AMS
automation framework.

The next chapter introduces the automated architecture-level framework devel-
oped in this thesis for DC-DC converters. This framework employs Python-SIMPLIS
integration to perform systematic topology evaluation, parameter sweeping, and design-
space exploration, laying the foundation for higher-level automation presented in sub-
sequent chapters.
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Chapter 2

Architecture level for DC-DC
Converter

2.1 Introduction to DC-DC Converter Architec-
tures

DC-DC switching converters are fundamental components in modern power-management
systems, enabling efficient voltage conversion for a wide range of electronic applica-
tions, including embedded systems, SoCs, IoT devices, automotive electronics, and
battery-powered platforms. Their primary function is to regulate an unregulated
input supply and deliver a stable output voltage while maintaining high efficiency
across varying load and line conditions.

At the architectural level, DC-DC converters can be classified into several widely
used topologies such as buck, boost, buck—boost, SEPIC, and flyback converters. Each
topology provides a specific voltage conversion relationship (step-down, step-up, or
bidirectional) and is selected based on system-level requirements such as input range,
output voltage, load current, cost, power density, and efficiency targets. Among these,
the buck converter remains the most prevalent in low-voltage digital systems due to
its simplicity, compact design, and inherently high efficiency.

Figure 2.1 shows a representative buck converter architecture consisting of a high-
side switch, a low-side switch or diode, an inductor, an output capacitor, and a
feedback control loop. Regardless of the specific control strategy or device implemen-
tation, the core energy-transfer mechanism remains the same: the switching network
modulates the inductor current, and the output filter maintains a stable regulated
voltage.

Designing a DC-DC converter at the architecture level involves navigating a mul-
tidimensional parameter space defined by parameters such as inductance, output ca-
pacitance, switching frequency, duty cycle, and load conditions. Because these factors
interact nonlinearly, manual tuning of component values and simulation conditions
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is highly time-consuming and often limited to a narrow region of the feasible design
space. Architecture-level exploration, therefore, requires extensive transient simula-
tions and parametric analyses before a topology or component set can be selected for
schematic-level refinement.

This chapter focuses on the high-level architectural behavior of DC-DC convert-
ers and the automated parameter-exploration framework used to evaluate candidate
designs across a wide range of operating conditions. A simplified representation of
a generic regulated DC-DC converter architecture is provided in Fig. 2.1, highlight-
ing the main energy-processing stages and the closed-loop feedback path required for
stable voltage regulation. Parts of the architecture-level automation methodology
presented in this chapter were previously published [18].

n s a 4 ' a
Vin
Input Filters > Switches > Inducto.r and > Load
capacitor
J . J \. J .
Feedback

control circuit

Figure 2.1: Representative architecture of a DC-DC buck converter.

2.2 Automated Design-Space Exploration Frame-
work

Architecture-level design of DC-DC converters requires evaluating the impact of key
design parameters on converter performance. Traditional manual design approaches
rely heavily on designer intuition and iterative trial-and-error, which limits explo-
ration of the full design space. To overcome these limitations, this work introduces an
automated architecture-exploration methodology that systematically evaluates con-
verter behavior across a wide range of component and operating conditions.

In a buck converter, several parameters strongly influence steady-state and tran-
sient performance:

e Inductor value (L): determines inductor ripple, peak current, transient re-
sponse, and overall stability margin.

e Capacitance (C') and ESR: dictate output ripple, converter bandwidth, and
load-transient behavior.
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e Switching frequency (fs,): controls the trade-off between conduction losses
and switching losses, influencing efficiency.

e Duty cycle (D): governs the static conversion ratio and affects dynamic be-
havior under load variations.

e Load resistance (Rjoaq): impacts efficiency, current ripple, and loop stability.

Given the nonlinear interaction between these parameters, purely manual explo-
ration is impractical for thorough optimization. This motivates the need for an au-
tomated approach capable of running large parameter sweeps and extracting perfor-
mance metrics systematically.

Figure 2.2 illustrates the high-level automation flow. The process begins by defin-
ing the design parameters, which include component values and operating condi-
tions to be explored. These parameters are passed to the Python controller, which
programmatically generates the required SIMPLIS input files through an Applica-
tion Programming Interface (API) layer. The API facilitates automated netlist
creation and invocation of the SIMetrix/SIMPLIS simulation engine. For every pa-
rameter combination, the engine is invoked programmatically to perform transient
analysis, after which waveform data—such as output voltage, inductor current, and
switching-node behavior—are exported to Python for post-processing. The detailed
sequence of this flow is further illustrated in Fig. 2.3.

Design Python GG L) SIMetrix/Simplis
Parameters Controller RS EDlE Tool
Interface (API)

Results Waveform and
Extractions Results

Figure 2.2: High-level automation flow

Key performance metrics, including output voltage ripple, peak inductor current,
efficiency, and settling time, are then computed automatically. Each operating point
is evaluated against design objectives, enabling infeasible designs to be filtered out
and feasible regions of the design space to be identified. The aggregated results reveal
performance trends, such as efficiency sensitivity to inductance or ripple variations
with capacitance, that guide optimal component selection. By combining automated
simulation with structured design-space exploration, the framework ensures repro-
ducibility across all parameter combinations and provides meaningful insights into
converter behavior across varying conditions.
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Figure 2.3: Automated simulation flow showing the parameter sweep, netlist configu-
ration, SIMPLIS execution, result extraction, decision stage, and final visualization.
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2.3 Schematic and Behavioral Modeling

The automated evaluation framework relies on two levels of circuit abstraction: a de-
tailed behavioral model suitable for parameter sweeping and a high-level functional
model that represents closed-loop behavior. Both models are implemented in SIM-
PLIS to capture the essential switching dynamics of the buck converter without the
computational overhead of device-level SPICE simulations.

Figure 2.4 shows the annotated SIMPLIS schematic used as the core behavioral
model. The schematic includes the switching devices, LC output filter, and current-
measurement elements required to observe key waveforms such as inductor current
and output voltage. Behavioral components—including variable blocks, RC filters,
CCVS elements, POP trigger circuitry, and measurement probes—are highlighted
because they define the configurability of the circuit model. These elements expose
component values such as inductance, capacitance, and load to the simulation envi-
ronment, enabling rapid modification of the schematic across operating points.
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Figure 2.4: Annotated SIMPLIS schematic of the synchronous buck converter.

A high-level functional representation of the converter is also employed for ab-
straction and control-behavior evaluation. As shown in Fig. 2.5, this block-level model
includes the power stage, PWM comparator, current-sense block, slope-compensation
path, and the digital or mixed-signal logic that generates the switching signals. While
it does not expose device-level detail, it accurately captures the loop dynamics re-
quired for transient and AC stability analysis.

Together, these two modeling abstractions—detailed behavioral and high-level
functional—form the structural basis on which the automated optimization and anal-
ysis framework operates. These models define the circuit behavior being evaluated,
while the automation methods described in the next section define how this evaluation
is performed.

23



Slope C

/l/l/] Current Sense
vref 0v8 \ i_sense o
i_gm
oy < _ Pea peak det Pwm_high ET
|| detector, - [ 6 816 l
1 Logic SW M- ot

W
Rsense
Cl
Pwm_low E
Clock manager )
ton_min

=

Figure 2.5: High-level block diagram of the synchronous buck converter used for
control-behavior evaluation.

2.4 Optimization and Analysis Methods

The automated framework evaluates the converter models across a wide range of
operating conditions using Python-SIMPLIS co-simulation. Once the modeling ab-
stractions are defined (Section 2.4), optimization is performed through a combination
of parameter sweeping, transient analysis, and frequency-domain AC analysis. These
procedures are identical for both the open-loop synchronous buck converter and the
high-level controlled model, enabling consistent evaluation across abstraction levels.

2.4.1 Parameter Sweep and Optimization Workflow

The optimization process begins by defining a set of design parameters to be swept,
such as the inductor value, output capacitance, load resistance, and switching fre-
quency. Python updates these parameters in the SIMPLIS schematic through exposed
variable blocks before each simulation run. For every operating point, the simulator
is invoked automatically, and waveform data are exported for further processing.

After each simulation completes, Python extracts performance metrics—such as
efficiency, peak inductor current, output-voltage ripple, settling behavior, and switch-
ing characteristics. This automated extraction enables rapid identification of feasible
or optimal design regions without manual intervention.

2.4.2 Transient Analysis Workflow

Figure 2.6 illustrates the transient-analysis algorithm used for evaluating each param-
eter combination. The algorithm initializes simulation parameters, iterates through
all sweep points, performs transient simulations, and computes time-domain metrics
from the resulting waveforms. A Python pseudocode representation of this work-
flow is provided in Fig. 2.6, demonstrating how the algorithm is translated into a
programmable flow.
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Figure 2.6: (a) An algorithm for Transient Analysis (b) Python pseudocode

2.4.3 POP and AC Stability Analysis Workflow

To evaluate closed-loop stability characteristics, the framework performs a Periodic
Operating Point (POP) analysis followed by small-signal AC analysis. POP analysis
determines the steady-state switching solution, which is a prerequisite for accurate
linearization. Once a valid POP solution is obtained, AC analysis computes the loop
gain, phase response, crossover frequency, bandwidth, and phase margin.

The algorithmic steps for POP and AC analysis are summarized in Fig. 2.7. The
corresponding Python pseudocode in Fig. 2.7 demonstrates how these operations
are automated through scripted calls, allowing frequency-domain stability evaluation
across all sweep points.

2.4.4 Summary

Together, the parameter sweep, transient-analysis workflow, and POP-AC stability
evaluation create a unified optimization framework applicable across both converter
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Figure 2.7: (a) An algorithm for POP and AC Analysis (b) Python pseudocode

abstractions. This enables comprehensive assessment of efficiency, ripple, dynamic
behavior, and stability margins across a wide design space. The simulation results
obtained from these automated procedures are presented in next section.

2.5 Simulation Results

2.5.1 Open-Loop Synchronous Buck Converter

The open-loop synchronous buck converter is evaluated across a wide range of in-
ductor values, load currents, and parasitic parameters to understand its steady-state
efficiency and dynamic behavior. Since no feedback loop is present, the results directly
illustrate how component selection influences converter performance.
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2.5.1.1 Efficiency as a Function of Inductor Value

Figure 2.8 shows the converter efficiency as the inductance is varied while keeping
the input voltage, output voltage, and load fixed. The efficiency decreases monotoni-
cally with increasing inductance. Larger inductors reduce ripple but introduce higher
copper losses and increased energy storage, leading to reduced efficiency. This trend
is consistent with analytical predictions for open-loop converters, where conduction
losses dominate at higher inductance values.
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Figure 2.8: Efficiency versus inductor value for the open-loop buck converter.

2.5.1.2 Efficiency as a Function of Load Current

Figure 2.9 illustrates efficiency variation with output current. Efficiency increases
sharply as the converter moves out of the light-load region, reaching a peak around
1-1.5 A, and then gradually decreases at higher load currents due to increased con-
duction losses. The shape of this curve is typical for synchronous buck converters
operating open-loop, reflecting the trade-off between switching losses at light load
and conduction losses at heavy load.

2.5.1.3 Impact of Inductor Series Resistance

To analyze parasitic effects, the inductor resistance (DCR) is swept while keeping
inductance fixed. As shown in Fig. 2.10, even small increases in DCR lead to mea-
surable efficiency degradation. This highlights the importance of selecting inductors
with low series resistance, especially in designs targeting high efficiency.
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Figure 2.9: Efficiency versus output load current. Peak efficiency occurs near 1-1.5 A.
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Figure 2.10: Efficiency degradation with increasing inductor series resistance.
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2.5.1.4 Transient Response

Figure 2.11 presents the transient inductor current and load-voltage response for
various inductor values. Higher inductance reduces current ripple but slows down
dynamic response, increasing settling time. Conversely, smaller inductors settle faster
but exhibit larger peak current and higher ripple. These observations confirm the
classical L—C' trade-off in open-loop power stages.
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Figure 2.11: Transient simulation results showing inductor current (top) and load
voltage (bottom) for different inductance values.

Overall, these results demonstrate how passive-component choices strongly in-
fluence the efficiency and dynamic behavior of an open-loop synchronous buck con-
verter. These findings form the baseline for the closed-loop evaluation presented in
Section 2.5.2.

2.5.2 Results of the High-Level Controlled Buck Converter

In addition to the open-loop parameter exploration, the automated framework was
applied to a high-level controlled buck converter model representative of current-mode
control (CMC). This abstraction captures the dynamic interaction between the power
stage and the control loop, enabling automated evaluation of transient performance,
regulation quality, and loop stability.
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Figure 2.12 shows the output-voltage transient response under multiple load cur-
rents ranging from 0.6 A to 3.5 A. Across all operating points, the converter settles
cleanly to the regulated 3.3 V level with minimal overshoot. The fast rise of the in-
ductor current followed by controlled convergence reflects the characteristic behavior

of peak CMC, confirming correct operation of the PWM comparator, slope compen-
sation, and logic stages.
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Figure 2.12: Transient output-voltage response and corresponding efficiency for vari-
ous load currents in the controlled buck converter.

The efficiency profile across load currents is also included in Fig. 2.12. The con-
verter achieves a peak efficiency of approximately 86% at a load current of 1 A,
obtained with the optimized passive component values (L = 2.2 uH, C' = 44 uF).
Efficiency decreases gradually at heavier loads due to conduction losses and at lighter
loads due to fixed switching losses, consistent with expected behavior in synchronous
buck converters.

Loop stability for the controlled model was evaluated using automated POP (Pe-
riodic Operating Point) and AC analysis. Figure 2.13 illustrates the measured phase
margin as the inductor value is varied. Although the phase margin decreases with in-
creasing inductance, it remains above 57° for all tested values, exceeding the industry-
standard 45° requirement for stable CMC operation. This confirms that the auto-
mated workflow reliably captures frequency-domain behavior for design verification.
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Phase Margin vs Inductance
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Figure 2.13: Phase margin of the controlled buck converter across inductance values
using automated POP-AC analysis.

Further efficiency trends for multiple output-capacitance values are shown in
Fig. 2.14. All curves exhibit a clear efficiency optimum around L = 2.2 pH, while
remaining relatively flat (85.5% 4+ 0.4%) for inductances between 2.2 pH and 5 pH.
This demonstrates that the converter maintains robust efficiency even when compo-
nent tolerances or BOM variations occur.

Overall, the high-level controlled results validate the automated framework’s abil-
ity to assess transient response, stability margins, and efficiency trends without man-
ual intervention. The combination of parameter sweeps, transient simulations, and
POP-AC analysis provides a comprehensive foundation for evaluating converter per-
formance across a wide design space.

Table 2.1: List of Parameters and Values Used in Automated Sweeps

Parameter | Given Swept Range
fosc (MHZ) 2 2
Vin (V) 12 3.7, 12, 45
Vous (V) 3.3 3.3
L (A) 2 0.6, 1, 1.5, 2, 2.5, 3, 3.5
Ly (pH) 2.2 1,22, 3,5, 6.6
Cy (uF) 44 10, 22, 44, 100, 200
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Efficiency vs Inductance
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Figure 2.14: Efficiency variation with inductance for multiple capacitor values in the
controlled buck converter.

Table 2.2: Comparison of Targeted and Achieved System Performance

Parameters Target Achieved
85 @ 0.6A

. 86.2 - 80 @ 1A- 3.5A
Ef ficiency(n)(%) 83 26.2 QLA
83.5 @ 2A

PhaseMargin(°) 45 60.5-56.8 @ L1 = 1.0 - 6.8 uH

2.6 Placement of Published Work and Transition
to Schematic-Level Automation

Parts of the architecture-level automation framework presented in this chapter were
previously published in our earlier work [18], where Python—-SIMPLIS integration
was used to construct an automated benchmarking and optimization environment for
DC-DC converters. That publication demonstrated the feasibility and efficiency of
automating parametric sweeps, transient analysis, and POP—AC stability evaluation
for power converters. The present thesis extends that work significantly by embed-
ding the same automation principles into a broader AMS design framework spanning
schematic- and layout-level automation.
The methods introduced in Chapter 2 established:
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e A parameterized behavioral model suitable for high-speed evaluation,

An API-driven Python controller for netlist modification and simulation execu-
tion,

Automated extraction of key metrics such as efficiency, ripple, transient re-
sponse, and phase margin,

Validation of both open-loop and high-level controlled buck converter abstrac-
tions.

These results confirm that architecture-level decisions—such as component sizing,
operating points, and control behavior—can be explored efficiently without manual
intervention. However, architecture-level evaluation alone is insufficient for full AMS
design automation. Once a feasible design region is identified, the next step is to
translate the architectural choices into detailed transistor-level schematics suitable
for circuit-level validation and optimization.

Chapter 3 builds directly on this foundation. It introduces automated
schematic generation methodologies used to construct analog building blocks from
Python, interfacing with industrial CAD tools. Beginning with resistor-network gen-
eration and optimization, the chapter demonstrates how schematic structures, device
parameters, and connectivity can all be produced automatically, establishing the sec-
ond major layer of the proposed multi-level AMS automation framework.
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Chapter 3

Automatic Optimization and
Schematic Generation for Resistor
Networks

3.1 Introduction to Automated Analog Block Gen-
eration

Analog and mixed-signal (AMS) design remains a labor-intensive process in which cir-
cuit optimization, schematic capture, and validation are typically handled as loosely
connected steps. Designers often compute circuit parameters using calculations,
spreadsheets, or scripts, and then manually implement schematics in electronic design
automation (EDA) tools. This fragmented flow introduces inefficiencies, increases the
likelihood of transcription errors, and prolongs the overall design cycle.

Chapters 1 and 2 highlighted that, unlike digital flows, AMS schematic and layout
design still rely heavily on manual effort. Existing schematic-generation techniques
[45-49] introduced rule-based or template-driven flows that reduce repetitive editing
and allow partial automation. Later works [50-52] improved modularity through
parameterized templates and hierarchical generator-based environments. More recent
developments [53-55] explored reinforcement learning and procedural construction for
block-level synthesis.

Despite these advances, several key limitations remain:

e optimization, variation analysis, and schematic generation are rarely integrated
into a single coherent flow;

e many generators remain template-based without incorporating technology-aware
sizing or mismatch-driven robustness checks;

e tight integration with industrial CAD environments is limited, leaving a gap
between algorithmic results and schematic implementation.
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To address these gaps, this chapter presents a Python-based framework that unifies
optimization, variation-aware validation, and automatic schematic generation within
a single flow. While the methodology is general, resistor networks are chosen as
the benchmark demonstration because they are widely used in LED drivers, bias lad-
ders, monitoring circuits, voltage references, and DAC arrays. Although conceptually
simple, modern ICs often require networks using hundreds of unit resistors, making
manual design inefficient, error-prone, and difficult to scale across process corners and
specifications.

The framework introduced here efficiently determines resistor values, validates
mismatch robustness, and automatically generates the corresponding schematic in an
industrial CAD environment. This closes the gap between numerical optimization
and schematic instantiation, forming the schematic-level automation pillar of the
multi-level AMS design flow developed in this thesis.

It is worth noting that the use of resistor dividers is not isolated to stand-alone bias or
monitoring networks. In Chapter 2, resistor-based sensing and feedback paths were
introduced as part of the system-level design of switching power converters, where
output regulation and threshold generation frequently rely on divider ratios rather
than absolute resistance values. Motivated by the same need for fast re-targeting
across specifications and corners, this chapter formalizes the resistor-network design
task into an automated, technology-aware flow that bridges numerical optimization
directly to CAD-ready schematic generation.

3.2 Design Principles and Use Cases of Resistor
Networks

Resistor networks are fundamental building blocks in AMS systems. They are used to
generate bias voltages, implement voltage dividers, realize ladder structures in DACs,
and define thresholds for comparators in monitoring and protection circuits. In many
such applications, the absolute accuracy of resistance values is less critical than the
ratio between them, but process variation, mismatch, and layout-dependent effects
can significantly affect performance.

In the context of this work, the target use case is a resistor network connected to
a comparator input, used to generate programmable voltage thresholds. The network
typically consists of three or more taps that define different divider ratios, while an
additional resistor may serve as a bleed or current-limiting element. The main design
objectives are:

e accurate DC voltage ratios across process and temperature.
e robustness against mismatch-induced variations.

e minimized layout area.
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compliance with technology constraints such as minimum width, length, and
spacing.

Traditional design flows for such networks proceed as follows:

Compute ideal resistance ratios based on the desired voltages.
Select a unit resistor geometry and sheet resistance.

Manually decompose each resistance into series and parallel combinations of
unit devices.

Implement the network in the schematic editor.

Perform circuit verification (e.g., Monte Carlo) and iterate if constraints are not
met.

This process is time-consuming and error-prone, especially when the number of
units is large or when multiple design corners must be validated. Moreover, any
change in system-level specifications can force designers to repeat most steps manu-

ally.

The framework introduced in this chapter addresses these challenges by:

automatically determining feasible resistor values and unit decompositions.

validating variation robustness through automated Monte Carlo analysis before
schematic finalization.

programmatically generating the resistor network in the CAD environment.

and producing a final verification report summarizing DC, transient, and sta-
tistical results.

In this work, the entire optimization, schematic creation, and verification flow
including Monte Carlo simulations—is automated through a Python-driven interface.
Only the layout implementation is handled separately using a template-based ap-
proach for the resistor units.

3.3 Python-Based Framework Architecture

The proposed framework provides an automated, technology-aware flow for the design
of resistive networks. It integrates circuit optimization, variation analysis, unit-device
construction, and schematic generation within a single Python environment interfaced
to an industrial CAD tool (e.g., Cadence Virtuoso) via an application programming
interface.

Figure 3.1 illustrates the overall architecture and workflow, starting from user
specifications and ending with an automatically generated schematic.
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Figure 3.1: Overall architecture of the proposed resistor-network framework, showing
the flow from user specifications to automatic schematic generation.

3.3.1 Workflow Overview

The framework begins with user-defined electrical and technological specifications
that describe the circuit design objectives and applicable process constraints. Typical
inputs include:

e target input and output voltage levels;
e maximum permissible voltage error and variation at each tap;

e sheet resistance, minimum geometry, and mismatch parameters of the resistor
technology;

e optional bounds on total area or number of unit devices.
In Fig. 3.1: The framework processes these inputs through four main modules:

1. Optimization Engine, which determines feasible resistance values and selects
the optimal configuration based on layout area, electrical accuracy, and mis-
match constraints.

2. Variation-Aware Validation, which evaluates mismatch sensitivity using
first-order uncertainty propagation models and filters out configurations that
violate statistical robustness limits.

3. Unit-Device Synthesis, which converts ideal resistor values into realizable
series—parallel combinations of unit resistors while respecting technology mini-
mum dimensions.
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4. Automatic Schematic Generator, which instantiates the validated config-
uration in the target CAD environment using a Python-to-EDA API (e.g.,
Python—-SKILL), assigning device parameters and connectivity automatically.

Each module communicates through standardized data structures, allowing the
flow to progress smoothly from numerical optimization to schematic creation without
manual intervention. The modular design also enables reuse of the same framework
for other passive-dominated AMS structures, such as DAC ladders and bias networks.

3.4 Deterministic Recursive Optimization of the
Resistor Network

This section presents a deterministic and constraint-driven methodology for synthe-
sizing a resistive divider network with minimum physical layout area. The proposed
approach is fully parametric and expressed in symbolic form, ensuring applicability
across technologies while preserving confidentiality.

Unlike brute-force enumeration or stochastic heuristics, the optimization frame-
work exploits analytical relations between divider ratios, unit-resistor geometry, and
physical realizability constraints. These relations are used to aggressively prune in-
feasible solutions, resulting in a bounded and predictable search process suitable for
automation.

3.4.1 Problem Formulation

The design objective is to determine a physically realizable resistor network that min-
imizes total layout area while satisfying electrical feasibility and variation robustness
constraints. This can be expressed as:

minimize Alayout
subject to  |AVout| < Emaxs (3.1)
OVouy < Olimit;

where Ajyout is the estimated layout area, AV, is the static output error, and
ov,.. captures mismatch-driven output variation.

3.4.2 Electrical Target Formulation

The divider network is designed to generate accurate reference voltages in the presence
of non-ideal parasitic resistances introduced by switches or interconnect. Let Ry,
denote the equivalent parasitic series resistance and let R; represent the primary
divider resistor.
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The electrical relationships are expressed symbolically in terms of voltage levels,
leading to intermediate resistance targets:

_ ‘/th(Rl + Rpar)
Vi — Vi

which are compactly denoted as

_ Vch(Rl + Rpar)
Vi — Vi

Ry . Ry (3.2)

ki =R, k=Rl (3.3)

3.4.3 Configurable Compensation Resistor

To enable discrete, layout-aware optimization, a configurable compensation resistor
R, is introduced. The resistor is constructed from identical unit elements combined
in series and parallel form:

Runit
N 9

pc

Rc = Nsc : Runit +

(3.4)

where Ryt is the unit-resistor value and N, and V). denote the number of series
and parallel units, respectively.
The effective divider resistances are then obtained as

Ry =k — R,, (3.5)
Ry(ky — R.)

R. = 3.6

T “ky+ Ry + R, (3:6)

subject to the physical realizability constraints

Ry, >0, Rs > 0. (37)

Configurations violating these constraints are deterministically pruned during the
search.

3.4.4 Area Model and Optimization Objective

Each resistor is implemented using identical unit devices with width W and sheet
resistance Ryy. The corresponding unit length is

Runit
Ry

The total number of unit resistors in the network is

Lunie = W (3.8)

Niot = Np1 + Nga + Nz + Ny + Npe. (3.9)
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Figure 3.2: Parallel-coordinate visualization of feasible resistor-network configura-
tions generated by the deterministic optimization process for total layout area.

Since each unit resistor length is determined by its aspect ratio as L,y = % W,
sq

the area per unit becomes W? - %, and the total layout area is therefore
q

S

Asotal = Nigt - W2 %. (3.10)
5q
Figure 3.2 visualizes the feasible design space generated by the deterministic op-
timization process. The structured bands confirm that the search is guided by ana-
lytical constraints rather than brute force.
A high-level flow of the deterministic optimization and pruning process is shown
in Fig. 3.3. Only electrically feasible and constraint-compliant solutions are stored
and forwarded to the statistical validation stage.

3.5 Variation-Aware Validation

Once the optimization engine confirms electrical feasibility, each candidate configu-
ration is evaluated for robustness against device mismatch. The goal of this stage
is to guarantee that the divider meets a specified multi-sigma accuracy requirement
without resorting to Monte Carlo simulations during the optimization stage.

3.5.1 Resistor Mismatch Model

Mismatch in a unit resistor follows the inverse-area relationship:

Ar

S 3.11
W Lunit ( )

URunit =
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Figure 3.3: Deterministic optimization flow and variation validation flow.

indicating that increased physical area reduces statistical variability, where A is
the technology-specific Pelgrom mismatch coefficient for the resistor flavour used in
this work. Since Ly < W for a fixed Rypnit/Rsq, increasing width increases unit area
and typically improves mismatch performance.

3.5.2 Output Voltage Uncertainty Propagation

The fractional output-voltage uncertainty is estimated using first-order sensitivity

analysis:
gy oV o R 2 oV o R 2
— = — — 2. 3.12
v (8R1V>+(8R2V> (312)
In practice, the worst-case fractional uncertainty across all relevant output nodes
is considered.
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3.5.3 Constraint Enforcement and Optimal Selection

Only configurations whose worst-case fractional uncertainty remains within the spec-
ified multi-sigma accuracy margin are considered statistically robust. Among these
candidates, the framework selects the configuration with minimum total layout area.

Figure 3.4 illustrates the area—uncertainty trade-off, while Fig. 3.5 shows that
tightening the accuracy requirement leads to a smooth and predictable contraction
of the feasible design space.

It should be noted that the area values reported in Figure 3.4 represent the calcu-
lated resistor area excluding layout spacing and routing overhead. The total layout
area, including spacing constraints, is summarized in Table 3.2.

Uncertainty vs Area (3o fractional)

. e Width sweep (30)

0.045 4 ¥ Best config

0.040
0.035 +
0.030
0.025

0.020 4

3a{Vout)/Mnom [fraction]

0.015 -

0.010

T T T T T T T T
0 1000 2000 3000 4000 5000 6000 JOOO
Total Area (um?)

Figure 3.4: Trade-off between total resistor-network area and fractional output un-
certainty. The highlighted point indicates the selected optimal configuration.

The smooth evolution of feasible solutions confirms that the proposed determinis-

tic optimization framework remains stable and well behaved under changing statistical
constraints.

3.6 Automated Schematic Construction Flow

The final stage of the flow translates the optimized resistor configuration into a design-
ready schematic in the industrial CAD environment. This step is crucial for bridging
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Figure 3.5: Sensitivity of the feasible design space under progressively tightened ac-
curacy requirements. Color encodes the applied error bound.

algorithmic design and practical implementation, ensuring that no information is lost
or corrupted between optimization and circuit creation.

3.6.1 Objectives and Design Philosophy

The schematic generator is designed with the following objectives:

e Reproducibility: identical optimization data always produces an identical
schematic.

e Consistency: device naming, parameters, and connectivity directly correspond
to optimization results.

e Automation-readiness: no manual editing of device parameters or net con-
nections is required.

e Design integrity: the generated schematic remains compatible with simula-
tion, LVS, and subsequent layout generation.

In the implementation used in this work, Python acts as the control layer and
communicates with Cadence Virtuoso through a SKILL-based API to instantiate
and parameterize devices, create nets, and connect pins according to the optimized
network description.

3.6.2 Generation Workflow

The schematic generation flow operates as follows:
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1. Parse the validated optimization output, which includes:

e the chosen unit resistance Rypity,
e series—parallel decomposition strings for Ry, Ry, R3, and R¢,
e unit counts and geometry parameters,

e connectivity information for the network and comparator interface.

2. Open a schematic template cellview that contains only high-level symbols (e.g.,
comparator, supply, and resistor placeholders).

3. Programmatically instantiate each resistor unit by duplicating a base device, as-
signing its resistance value and geometry, and connecting it into the appropriate
series or parallel branch using SKILL functions.

4. Remove placeholder elements and verify that all required nets are connected
and named correctly.

5. Save the finalized schematic cellview and trigger a netlisting step to enable
immediate simulation.

Figure 3.6 illustrates the functional topology of the comparator-driven resistor
network and the automatically generated schematic after unit expansion.

The comparator itself is not part of the optimization loop but provides a realistic
context for integrating the resistor network into a mixed-signal system. The generated
schematic is thus directly usable for DC, transient, and Monte Carlo simulations, as
well as for layout handoff.

3.7 Schematic-Level Verification and Statistical Val-
idation

Once the resistor network was generated automatically, the framework produced a
simulation-ready testbench, allowing the designer to validate the electrical behavior
of the network without manual netlisting or schematic editing. Nominal simulations
confirmed that the generated divider ratios matched the analytical targets obtained
from the optimization stage.

Statistical verification was performed using large-scale Monte Carlo analysis and
multi-corner simulations (TT, FF, SS, FS, SF) in a single-click manner. The verifica-
tion flow was fully automated: the framework configured the simulator, executed all
statistical samples, and post-processed the data to extract the output voltage distri-
bution at each tap. More than 200,000 Monte Carlo samples were evaluated across
all defined specifications, with a 100% pass rate observed. Detailed statistical distri-
butions and parameter values are omitted due to industrial confidentiality; however,
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Figure 3.6: (a) Functional topology of the comparator-driven resistor network, and
(b) automatically generated schematic with series—parallel unit-resistor expansions
for Rl, RQ, Rg, and Rc.

the results confirm the robustness and correctness of the automatically generated
schematic.

Table 3.1: Summary of Automated Schematic-Level Verification

Verification Type Passed / Total | Pass Rate
Monte Carlo (Statistical) >200K samples 100%
Process—Voltage-Temperature Corners | All evaluated 100%

The automated verification flow also generated a consolidated summary report
containing nominal results, corner simulations, and statistical metrics. Although de-
tailed numerical results and internal limits are not reported here due to confidential-
ity constraints, the overall verification confirmed that the optimized resistor network
meets the design requirements across all simulated process and mismatch conditions.
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3.8 Layout Implementation

Following schematic generation and verification, the optimized resistor network was
implemented at the layout level using parameterized unit-resistor cells. The goal of
this stage is to translate the series—parallel topology identified during optimization
into a physically realizable and variation-robust layout while respecting technology
design rules.

3.8.1 Layout Construction Strategy

The layout implementation follows a structured methodology designed to preserve
matching, minimize parasitics, and ensure consistency with the schematic-level con-
figuration:

e Unit-Cell Replication: Each resistor element is constructed using a single
parameterized unit cell. The framework computes the required number of series
and parallel units for Ry, R, R3, and R¢, and these units are instantiated
accordingly.

e Symmetric Array Placement: To improve matching and gradient immunity,
the resistor units are arranged in structured arrays that enforce symmetry, equal
spacing, and uniform orientation. This is particularly important for achieving
predictable variation behavior at the tap nodes.

e Contact and Routing Optimization: Shared contact regions, merged dif-
fusion segments, and minimal-length interconnect routing are used to reduce
parasitic resistance and area. Routing is performed with uniform metal layers
to maintain consistency across series and parallel segments.

e Design Rule Compliance: All device geometries follow minimum width,
length, and spacing rules. Parallel branches are placed with mirrored orien-
tation to minimize systematic mismatch.

A representative implementation of the automatically generated layout is shown
in Fig. 3.7. The highlighted section corresponds to the optimized resistor array, while
the comparator cell is placed alongside to illustrate complete block integration.

3.8.2 Layout Consistency and Physical Validation

After completing the layout, a design rule check (DRC) and layout-versus-schematic
(LVS) check were performed. The extracted resistor values matched the schematic
values with less than 1% deviation, confirming;:

e correct translation of series—parallel topology,
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Figure 3.7: Automatically generated layout of the resistor network with an integrated
comparator. The highlighted region corresponds to the optimized resistor array.

e proper device sizing and orientation,

The layout validation confirms that the optimization and schematic generation
framework is physically realizable and maintains its accuracy.

Table 3.2: Summary of Optimization and Layout Results for the Resistor Network

Parameter Value
Runity 2.8 kO
Total Area 2400 pm?
Total Unit Count 850
Voltage Error AV, < 1%
Output Variation oy, | < 3.34% (30)

3.9 Summary

This chapter presented a complete and fully automated framework for the design and
generation of resistor networks used in analog and mixed-signal systems. The flow
integrates optimization, mismatch-aware validation, schematic construction, and ver-
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ification within a unified Python—CAD environment. The key contributions demon-
strated in this chapter are summarized below:

e A deterministic recursive optimization algorithm was developed to iden-
tify the optimal unit resistance and series—parallel decomposition while mini-
mizing layout area and satisfying voltage-accuracy constraints.

e A variation-aware validation stage was incorporated using first-order mis-
match propagation. This ensures that only statistically robust configurations
proceed to schematic generation, eliminating the need for repeated manual

checks.

e A fully automated schematic-generation engine was implemented, where
Python communicates with the CAD environment to instantiate and connect
hundreds of unit resistors, ensuring consistency, correctness, and reproducibility
across design iterations.

e A schematic-level verification flow was executed, including transient sim-
ulations, DC checks, and statistical Monte Carlo analysis across all corners
to confirm that the automatically generated design satisfies performance and
robustness requirements.

e A template-based layout methodology was introduced to construct the
physical implementation of the optimized network. The resulting layout pre-
serves symmetry and matching requirements while remaining consistent with
the schematic-level configuration.

Overall, this chapter demonstrates that the entire resistor-network design pro-
cess—from numerical specification to schematic creation and verification—can be
automated in a structured and scalable manner. Although resistor networks are rela-
tively simple circuits, they serve as an ideal benchmark for validating core automation
principles such as hierarchical generation, deterministic optimization, statistical eval-
uation, and CAD tool integration.

The next chapter extends these ideas to a significantly more complex mixed-
signal system: the successive-approximation-register (SAR) analog-to-digital con-
verter. Chapter 4 will show how the same automation philosophy scales from pas-
sive building blocks to complete data-converter architectures, enabling automated
construction of capacitive DAC arrays, sampling networks, comparator blocks, and
hierarchical top-level schematics.
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Chapter 4

Hierarchical Automatic Schematic
Generation for SAR ADC

4.1 Introduction to SAR ADC

Successive Approximation Register (SAR) analog-to-digital converters have become
the preferred architecture for low-power and medium-resolution applications such
as IoT sensor interfaces, biomedical instrumentation, and battery-powered mixed-
signal systems. Their widespread adoption is driven by excellent energy efficiency,
the absence of power-hungry operational amplifiers, and strong compatibility with
advanced CMOS technologies due to their predominantly digital control structure.

A SAR ADC operates by iteratively resolving the digital output code through
a binary search process. The architecture is composed of a sampling network that
acquires the analog input signal, a capacitive digital-to-analog converter (CDAC)
that generates binary-weighted reference levels, a comparator that performs bit-wise
decisions, and a successive approximation register (SAR) logic block that controls the
conversion sequence and updates the CDAC configuration.

From an automation perspective, SAR ADCs are particularly attractive because
their architecture is highly regular and hierarchical. The CDAC is constructed from
repetitive capacitor arrays, the sampling and switching networks follow rule-based
connectivity rules, the comparator is typically instantiated from a fixed template,
and the SAR logic can be integrated as a reusable digital block. These characteristics
make SAR ADCs well suited for rule-based and template-based schematic generation.

The selection of SAR ADC as the benchmark architecture in this work is driven
by industrial requirements. The framework was developed in collaboration with In-
fineon Technologies, where SAR ADCs represent a key circuit class in the product
portfolio for low-power mixed-signal applications. This industrial context motivated
the choice of SAR ADC as the target architecture, ensuring that the proposed au-
tomation methodology addresses a practically relevant and commercially deployed
circuit topology.
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In this work, a Python-driven automation framework — implemented using the
AnaGen schematic generation environment integrated with Cadence Virtuoso — is
developed to automatically generate parameterised SAR ADC schematics based on
high-level design requirements. Given a set of user-defined specifications, the frame-
work instantiates the required sub-blocks, configures the CDAC array, connects the
sampling and switching network, integrates the comparator and SAR logic, and as-
sembles a complete hierarchical SAR ADC schematic suitable for further verification
or layout generation. The framework evolved through three distinct development
stages: an initial single-ended implementation, a technology-ported variant for a dif-
ferent channel configuration, and a final differential implementation integrating all
blocks into a complete hierarchical SAR, ADC core.

— 1 - = -

Analog Generator
Customer ’ (ANAGEN)/Python »

requirements Script

Clock and Timing

Suce Approximation | _ Digital Outpu
pp! S

esive
Register (SAR)

Figure 4.1: High-level SAR ADC automation concept.

4.2 Decomposition of the SAR ADC into Func-
tional Blocks

To enable systematic and scalable schematic automation, the SAR ADC architecture
is decomposed into a set of modular functional blocks with well-defined electrical and
hierarchical interfaces. This decomposition is a key step in transforming a tradition-
ally hand-crafted mixed-signal circuit into an automation-friendly design.

From an implementation perspective, each block is designed to be instantiated, pa-
rameterised, and connected independently through Python-based control logic. The
overall SAR ADC schematic is then assembled hierarchically by integrating these sub-
blocks according to rule-based connectivity rules. Figure 4.2 illustrates the block-level
structure used in this work.
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BIT [0:N-1]

.

Sampling
Network

OP VDAC:
(Binary / Split)
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comp SAR Logic
Comparator ourt
(Template) (Black box/
HDL)

Figure 4.2: Functional decomposition of the SAR ADC architecture for schematic

automation.

Table 4.1: Summary of automation modules for SAR ADC schematic generation.

Module Block Type Key Contribution
Sampling Capacitor Sampling Automated capacitor array with
Array Network dummy and error cells

LV Switch Generator

Low Voltage

LV CMOS switch generation with

Switch channel routing
MV Switch Generator | Medium Voltage | MV switch generation with shared-
Switch node routing
MV NMOS Switch MV NMOS NMOS MV switch with ready signal
Generator Switch handling
HV Switch Generator High Voltage HV switch generation for high volt-
Switch age domain
Input Multiplexer Input Multi-channel analog mux with sym-
Multiplexer bol generation

Level Shifter
Schematic

Level Shifter

Technology migration via auto-
mated pin/bus renaming

Level Shifter Symbol

Level Shifter

Automated symbol pin renaming for

Symbol ported designs
Differential Sampling Differential Evolution: single-ended to differen-
Network Sampling tial architecture
Top-Level ADC Core | Top-Level ADC | Hierarchical assembly of complete
Assembler Core SAR ADC core

Bus Name Generator

Utility Module

Non-contiguous bus name genera-
tion algorithm

Symbol Pin Modifier

Symbol Modifier

Dynamic symbol pin addition, re-
moval, and renaming
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The complete list of automation modules developed in this work is summarised in
Table 4.1.

The following subsections describe the role of each block from an automation
perspective rather than a detailed circuit-theoretic viewpoint.

4.2.1 Sampling Network

The sampling network is responsible for acquiring the input signal and transferring
it onto the CDAC during the sampling phase. In typical SAR ADC implementa-
tions, this block consists of transmission-gate or bootstrapped switches driven by
non-overlapping clock signals.

From an automation standpoint, the sampling network exhibits a predictable
structure. Switch devices follow fixed connectivity patterns, clock signals are glob-
ally distributed, and node naming conventions (e.g., input, top-plate, bottom-plate)
can be standardised. These properties allow the sampling network to be instantiated
from a parameterised template, with switch sizing and clock polarity defined through
high-level inputs.

4.2.2 Capacitive Digital-to-Analog Converter (CDAC)

The CDAC is the most structurally repetitive block in the SAR ADC and therefore
the primary target for automation. It is typically implemented as a binary-weighted
or split-capacitor array connected to a reference-switching network.

In the proposed framework, CDAC automation includes algorithmic computation
of capacitor values, systematic instantiation of unit capacitors, assignment of bit-
indexed nodes, and systematic wiring of the switching matrix. The regular geometry
and hierarchical nature of the CDAC enable its construction entirely through rule-
based generation without manual intervention.

4.2.3 Comparator

The comparator performs the decision-making operation during each conversion step.
Although various comparator architectures exist, the schematic structure is typically
fixed once a design is selected.

For automation purposes, the comparator is treated as a reusable schematic tem-
plate. The automation framework instantiates the comparator cell, connects its differ-
ential inputs to the CDAC outputs, and binds the required clock and control signals.
Optional parameterisation of device sizes or bias conditions can be supported without
modifying the core topology.
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4.2.4 Successive Approximation Register (SAR) Logic

The SAR logic implements the digital binary-search algorithm that controls the con-
version process. In practice, this block is often provided as a digital macro, behavioral
model, or HDL-based component.

Within the automation flow, the SAR logic is integrated as a black-box module
with a well-defined interface. The Python controller binds the comparator output,
clock and reset signals, and bit-control outputs to the corresponding CDAC switches.
This clear separation between analog and digital domains simplifies integration and
improves reusability.

4.2.5 Hierarchical Assembly

Once all functional blocks are generated, the automation framework creates the top-
level SAR ADC schematic by hierarchically assembling the sampling network, CDAC,
comparator, and SAR logic. Connectivity is established using predefined interface
rules, ensuring consistent naming, correct signal polarity, and verification-ready struc-
ture.

This block-wise decomposition enables flexible configuration of SAR ADC variants
while maintaining a consistent schematic-generation flow, forming the foundation for
the automation framework introduced in the next section.

4.3 Automation Pipeline for SAR ADC Schematic
Generation

Based on the block decomposition introduced in Section 4.2, a unified automation
pipeline was developed to generate complete SAR ADC schematics in a systematic
and configurable manner. The generator is implemented in Python and translates
a compact set of user-defined specifications into a fully connected, hierarchical SAR
ADC schematic suitable for simulation and downstream integration.

A key design principle of the proposed approach is hierarchical generation:
instead of directly rewriting transistor-level connectivity for each new variant, the
Python controller orchestrates the instantiation of reusable block templates and ap-
plies rule-based interconnection rules through standardised interfaces. This abstrac-
tion improves reproducibility, reduces integration errors, and enables rapid reconfig-
uration across SAR ADC variants.

Figure 4.3 summarises the high-level automation pipeline and its corresponding
hierarchical output structure.
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Figure 4.3: Python-based automation pipeline illustrating the transformation from
user specifications to a hierarchical SAR ADC schematic and its generated output
structure.

The automation pipeline is organised into three core stages.
e Specification Processing
e Block Construction Through Python Modules

e Hierarchical Schematic Synthesis and Output

4.3.1 Specification Processing

The generation process begins from a user-defined configuration that specifies the
SAR ADC resolution, CDAC architecture options, unit capacitor sizing, sampling
method, reference rails, clocking scheme, and the interface used for SAR logic in-
tegration. During this stage, the Python controller validates the specification set,
computes all derived parameters, and prepares an internal block-level representation
of the design. Typical derived values include the binary-weighted capacitor list, bus
widths (e.g., BIT[0:N-1]), and the required clock/reset distribution signals.

This stage ensures that architectural modifications — such as changing resolution
or switching between CDAC variants — propagate consistently through the entire
design without manual intervention.
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The complete set of user-defined input parameters accepted by the generation
framework is summarized in Table 4.2. These parameters serve as the sole entry
point to the automation pipeline: all derived quantities, block configurations, and hi-
erarchical connectivity rules are computed internally by the Python controller without
further manual input.

Table 4.2: User-defined input specifications for the SAR ADC schematic generation
framework.

Parameter Description Example
Value
channel map Channel-to-output-node assign- ch0:0, chl:1,
ment map ch2:1,
voltage Switch voltage domain selection  Low, Medium,
domain High
bus width ADC resolution, determines bus 8
indices
library name Target Cadence Virtuoso library ~ SAR 1ib
cl6_count Number of standard (LV) capaci- 4
tor units
c122_count Number of medium-voltage ca- 4
pacitor units
differential Selects single-ended or differential True | False
mode path

From these inputs, the Python controller derives all secondary parameters re-
quired for block construction. Specifically, bus_width determines the bit-indexed
node names and bus ranges (e.g., BIT[0:N-1]), channel map controls the number of
switch instances and output node merging, and differential mode triggers dupli-
cation of all signal paths and symbol pin pairs in the subsequent block construction
stage. This single-entry specification model ensures that architectural modifications
such as changing the ADC resolution or switching between voltage domains propagate
automatically through the entire generation pipeline without any manual schematic
intervention.

4.3.2 Block Construction Through Python Modules

In the second stage, each SAR ADC functional block is generated using a dedicated
Python module that encapsulates a reusable schematic template and a set of con-
nection rules. The generator operates primarily at the block and hierarchy level:
templates are instantiated and parameterised, while block interfaces remain stable.
Concretely, this stage includes (i) algorithmic CDAC instantiation from the de-
rived capacitor list, including bit-indexed node assignment and switch-matrix wiring;
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(ii) sampling-network instantiation with configurable switch sizing and clock binding;
(iii) comparator integration using a fixed template cell with standardised clock/reset
pins; and (iv) SAR logic integration as a black-box/HDL-based module whose outputs
are bound to the CDAC control signals.

Because block construction follows rule-based procedures, the generated schematic
is reproducible and does not depend on manual wiring choices. The top-level gener-
ation pseudocode is presented in Algorithm 1.

Algorithm 1 Top-Level SAR ADC Generation Pipeline
Require: channel_-map, voltage_domain, switch_type, bus_width, library_name
Ensure: Complete SAR ADC schematic in Cadence Virtuoso

Stage 1: Specification Processing

Validate input specifications

bus_width < len(channel_map)

pin_names < GenerateBusNames(channel_map)
node_count < CountUniqueQutputNodes(channel_map)
Open schematic editor in target library

Stage 2: Block Construction
GenerateSamplingCapacitor(cl6_count, c122_count)
GenerateCDAC(resolution, unit_cap)
GenerateSwitchBlock(channel_map, voltage-domain)
if voltage_domain = Low Voltage then

10: GenerateLVSwitch()

11: else if voltage_domain = Medium Voltage then

12: GenerateMVSwitch()

13: else if voltage_domain = High Voltage then

14: GenerateHVSwitch()

15: end if

16: GenerateInputMux(channel_map)

17: GenerateLevelShifter(old_bus, new_bus)

18: if dif ferential_mode = True then

19: GenerateDifferentialVariant ()

20: end if

Stage 3: Hierarchical Assembly
21: Connect sub-blocks via rule-based wiring procedures
22: Rename nets and pins to match bus specifications
23: Perform connectivity verification
24: Generate and save symbol view
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4.3.3 Hierarchical Schematic Synthesis and Output

In the final stage, the Python controller assembles the full SAR ADC by composing all
generated sub-blocks into a top-level schematic. This step programmatically creates
top-level nets and buses, connects block interfaces according to predefined mapping
rules, and generates the required I/O pins for simulation and integration. Consistency
checks are performed to prevent missing connections, duplicated nets, or interface
mismatches.

The final output is a fully hierarchical SAR ADC schematic that is simulation-
ready and reproducible by a single execution of the generator. Design variants
— such as different resolutions or CDAC configurations — are produced through
specification changes rather than manual schematic edits, enabling fast iteration and
consistent generation across projects.

4.4 Block-Level Schematic Generation

This section details the automated generation procedure for each functional block,
derived from the Python modules developed within the AnaGen framework.

4.4.1 Sampling Capacitor Network

The sampling capacitor network is the most structurally repetitive block in the SAR
ADC. It consists of two types of unit capacitor arrays — standard low-voltage units
and medium-voltage units — along with dummy, error, and end-rail cells. The gener-
ation algorithm iterates over the defined array sizes and places each cell at a computed
grid position, drawing wires to connect the analog input, virtual ground, and current
output pins automatically. The generation procedure is summarised in Algorithm 2.

Symbol Analog Block Schematic

Figure 4.4: Automatically generated sampling capacitor network — symbol (left),
analog block view (centre), and schematic (right) — produced by the AnaGen-based
Python framework.
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Algorithm 2 Sampling Capacitor Array Generation

Require: cl6_count = 4 (standard capacitor units), c122_count = 4 (medium voltage
capacitor units)
Ensure: Connected capacitor array schematic with symbol

1: Declare pins: vrefn_dac_ai, vsample neg ai, cxxx_ao
2: Instantiate analog-to-current converter block

3: Connect vrefn_dac_ai to converter input

4: for 1 = 0 to cl6_count — 1 do

5: Instantiate cap_unit at grid (z, y)

6: Instantiate cap_unit_err at (z + 0.5, y)

7 Instantiate cap_unit_dummy at (x — 0.5, y + 2)
8: Declare input pin: c16 {i} ai

9: Connect c16_{i}_ai — cap_unit.ana ai

10: Draw wire: cap_unit.vagnd_ai — virtual ground
11: Draw wire: cap_unit.cur_ao — current bus
12: Connect cap_unit_err in parallel branch

13: T4 x+2

14: end for

15: for i = 0 to c122_count — 1 do

16: Instantiate mv_cap_unit at grid (x, y)

17: Instantiate mv_cap_unit_err and mv_dummy
18: Declare input pin: ¢122 {i} ai

19: Connect ¢122 {i}.ai — mv_cap_unit.ana ai
20: rT—r+2

21: end for

22: Instantiate end rail, split_cap, dummy termination cells
23: Connect vsample neg_ai to final dummy cell

24: Connect cxxx_ao output pin

25: Create block symbol with pin groups (W, N, S, E)

4.4.2 Multi-Voltage Switch Block Generation

The switch generation framework supports three voltage domains: low voltage, medium
voltage, and high voltage. All three domains use the same structural generation algo-
rithm but instantiate different technology cells from the toolbox library. The channel
routing logic handles both new output node creation and shared-node merging based
on a user-defined channel connectivity map, as described in Algorithm 3.
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Algorithm 3 Multi-Voltage Switch Block Generation

Require: channel_map = {ch0:0, chl: 1, ch2:1, ch3:0, ...}, voltage_domain €

{Low, Medium, High Voltage}

Ensure: Parameterised switch schematic with routed outputs

9:
10:

11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:

27:

Declare power pins: VDD, VSS
Declare bus pins: sample_ch p_i<N:0>, sample ch n i<N:0>
if voltage_domain = High Voltage then
Declare HV analog input pins
end if
if voltage_domain = Medium Voltage then
Declare ready_n control signal
end if
created_signals < ||

output_nodes < ||

for i = 0 to switch_count — 1 do
channel id < channel_map[ch_i]
Instantiate switch_cell at position (z, ¥)
Connect sample ch p_i<i> — switch.select p
Connect sample ch n i<i> — switch.select.n
Connect analog input pin — switch.ainp_ai
Connect VDD, VSS supply pins
if channel_id ¢ created_signals then
Create new output pin: sw_{N}_ao
Connect switch.sw_out — new output pin
Append channel_id to created_signals

else
Route switch.sw_out — existing output wire
Yy—y—2
end if
end for

Generate block symbol:
PinGroup (VDD—North), PinGroup (VSS—South)
PinGroup (inputs—West), PinGroup (outputs—East)

4.4.3 Input Multiplexer Generation

The input multiplexer aggregates all voltage-domain switch outputs into a single con-
figurable analog input block. Its schematic is generated by instantiating the switch
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Figure 4.5: Automatically generated switch block schematics and symbols for all
voltage domains.

sub-blocks for each voltage domain and connecting their outputs through a standard-
ised interface. The corresponding symbol exposes all channel input pins grouped by
voltage domain, enabling clean hierarchical integration into the top-level ADC core.

4.4.4 Technology Migration via Automated Pin and Net Re-
naming

A critical component of the framework is the ability to automatically migrate existing
schematic templates to new channel configurations without recreating the design from
scratch. This is achieved through automated pin renaming at both schematic and
symbol levels, as well as net renaming for internal signal routing. Two implementation
strategies were developed: generation from scratch and template-based migration
(Algorithm 4).

4.4.5 Intelligent Bus Name Generation

A key utility module developed during this work is the bus name generation algorithm,
which handles non-contiguous pin index sets. In standard EDA tools, bus names
imply a contiguous range. However, when specific channel indices are selected from a
larger pool, the bus representation must encode non-contiguous ranges. Algorithm 5
handles this automatically and produces valid EDA tool bus strings.
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Symbol Analog Block Schematic

Figure 4.6: Automatically generated input multiplexer — symbol (left), analog block
view (centre), and detailed schematic (right) — integrating all voltage-domain switch
blocks through AnaGen.

Symbol Analog Block Schematic

Figure 4.7: Level shifter block generated from scratch — symbol (left), analog block
context (centre), and automatically generated schematic (right).

4.5 Framework Evolution: Single-Ended to Differ-
ential Implementation

The schematic generation framework was developed through a structured three-stage
evolution. In the first stage, single-ended implementations were created for each
switch voltage domain individually. In the second stage, the framework was migrated
to a new channel configuration using the automated pin and net renaming procedures
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Algorithm 4 Automated Pin Renaming for Technology Migration

Require: old_config = {pins : [...old bus names...|]}, new_config = {pins :
[...new bus names...|}
Ensure: Updated schematic and symbol with new bus widths

Step 1: Schematic Pin Renaming

for all (old_pin, new_pin) pairs do
Locate terminal by name in schematic cellview
Extract: position, orientation, pin direction
Delete old pin figure from cellview
Rename associated wire label
Create new pin at same position with new name
Run schematic integrity check (schCheck)

end for

Step 2: Internal Net Renaming
9: for all (old_net, new_net) pairs do
10: Rename all wire segments: old_net — new_net
11: end for

Step 3: Instance Renaming
12: for all (old_instance, new_instance) pairs do
13: Update instance name to reflect new bus index
14: end for

Step 4: Symbol Pin Renaming
15: for all (old_pin, new_pin) pairs do
16: Open symbol cellview in append mode
17: Find terminal by old name in symbol
18: Update label text in all pin figures
19: Run symbol integrity check (schVIC)
20: Save and close symbol cellview
21: end for

Step 5: Finalisation
22: Save and verify complete updated schematic

described in Section 4.4. In the third stage, a differential implementation was devel-
oped that handles positive and negative signal paths simultaneously and integrates
all sub-blocks into a complete SAR ADC analog core.

This evolution represents a significant engineering contribution: rather than re-
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Symbol Analog Block Schematic

Figure 4.8: Level shifter block generated through AnaGen template migration —
updated symbol (left), analog block (centre), and ported schematic with renamed
bus widths (right).

designing each block manually for the differential variant, the automation framework
allowed rapid reconfiguration of all sub-blocks through parameter changes and tar-
geted script modifications. Algorithm 6 summarises the three-stage evolution.

4.6 Configurable Block-Based Schematic Genera-
tion

The proposed SAR ADC automation framework adopts a configurable, block-based
approach to schematic generation. Rather than modifying individual transistors or
manually editing subcircuits, the complete SAR ADC is constructed by instantiating
and interconnecting a set of predefined block-level schematic templates. Each major
functional block — including the sampling network, capacitive DAC (CDAC), com-
parator, and SAR logic — is implemented as a reusable schematic template whose
configuration and integration are controlled programmatically through Python.

This methodology decouples circuit architecture from circuit generation. Architec-
tural choices such as ADC resolution, DAC structure, sampling strategy, comparator
variant, and clocking scheme are captured within stable schematic templates, while
Python acts as an orchestration layer that governs block selection, parameter propa-
gation, and hierarchical connectivity. As a result, the generated SAR ADC schematic
automatically adapts to new specifications without requiring manual schematic edit-
ing.

Each functional block is generated using a dedicated Python generator that ac-
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Algorithm 5 Non-Contiguous Bus Name Generation

Require: pin_names (list of pin names with embedded indices)
Ensure: bus_string encoding contiguous or non-contiguous ranges

1: Extract indices from pin_names by parsing name strings

2: if max(indices) — min(indices) + 1 = len(indices) then

3: return ‘<’ + max(indices) + ¢:’ + min(indices) + ‘>’ > Simple contiguous
bus

4: else

5: Sort indices in descending order

6: ranges < ||

7 current_range < [indices|0]]

8: for i =1 to len(indices) — 1 do

9: if indices[i] = indices[i — 1] — 1 then

10: Append indices[i] to current_range

11: else

12: Finalise current_range — add to ranges

13: current_range < [indices]i]]

14: end if

15: end for

16: Finalise last current_range and add to ranges

17: return ‘<’ + ¢,’.join(ranges) + >’

18: end if
Example:

Input : indices = [1, 3, 7, 8, 9, 32]
Output: <32,9:7,3,1>’ (one contiguous sub-range 9:7, remaining indices
isolated)

cepts a well-defined set of configuration parameters. For example, the CDAC gen-
erator derives the required capacitor array and switching structure from the target
resolution and unit capacitance; the sampling block adapts to different switch topolo-
gies and clock definitions; and the SAR logic interface automatically scales its control
and output bus widths to match the ADC resolution. Importantly, Python does
not directly modify individual transistor instances. Instead, it instantiates validated
schematic templates and configures their interfaces, preserving design correctness
while enabling rapid reconfiguration.

After block generation, the framework performs automatic top-level schematic
assembly. All blocks are placed within a predefined hierarchical structure to en-
sure consistent organisation across generated designs. Rule-based interconnection is
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Algorithm 6 Framework Evolution: Single-Ended to Differential

10:
11:
12:
13:
14:
15:

16:
17:
18:
19:
20:

Stage 1: Single-Ended Implementation
for all voltage_domain € {Low, Medium, High Voltage} do
GenerateSwitchBlock(channel_map, voltage_domain)
end for
GenerateSamplingCapacitor(cl6_count, c122_count)
GenerateInputMux(channel map)
— Output: Block schematics for single-ended signal path

Stage 2: Technology Migration

for all block € single_ended_blocks do
MigrateSchematic(old_bus_config, new_bus_config)
MigrateSymbol(old_pin_config, new_pin_config)

end for
— Output: Ported schematics for updated channel configuration

Stage 3: Differential Implementation

for all block € ported_blocks do
Add positive path pins: sample_p signals
Add negative path pins: sample_ n signals
Duplicate instantiation loops for both paths
Update symbols with differential pin pairs

end for

AssembleTopLevel () :
Instantiate all differential sub-blocks
Connect inter-block differential signal paths
Rename all internal nets to differential naming
Generate top-level symbol for complete ADC core
— Output: Complete differential SAR ADC core schematic

then applied to establish all required signal paths, including connections between the
CDAC and comparator, bit-control routing from the SAR logic to the DAC switching
network, distribution of sampling and comparator clocks, and assignment of reference
rails. All nets, buses, and pins are created automatically using systematic naming
conventions, eliminating common sources of schematic errors such as floating nodes
or mismatched bus widths.

The final output of the automation process is a fully hierarchical, simulation-ready

SAR ADC schematic. All external interfaces — including analog inputs, reference
nodes, clock signals, and digital output buses — are automatically generated and
exposed, allowing immediate integration with mixed-signal simulation environments.
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Structural consistency checks are performed prior to export to ensure complete con-
nectivity and configuration coherence. No manual schematic modification is required
at any stage of the process.

To illustrate the result of the proposed automation flow, the block-level outputs
include the sampling capacitor network (Fig. 4.4), the multi-voltage switch blocks
(Fig. 4.5), the input multiplexer (Fig. 4.6), and the level shifter blocks generated
from scratch and via template migration (Fig. 4.7 and Fig. 4.8, respectively). The
complete top-level assembly is shown in Fig. 4.9 and Fig. 4.10. Detailed circuit-level
design analysis and performance evaluation are outside the scope of this chapter.

=1

Figure 4.9: Partial view of an automatically generated SAR ADC schematic high-
lighting hierarchical block instantiation and deterministic inter-block connectivity.
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Symbol Analog Block

Schematic

Figure 4.10: Automatically generated top-level SAR ADC analog core — symbol
(left), hierarchical block view (centre), and complete assembled schematic (right) —
confirming successful end-to-end generation via AnaGen.

4.7 Structural Verification

Following automatic schematic generation, structural verification was performed on
all generated blocks to confirm correct connectivity and interface consistency. The
verification checks performed are summarised in Table 4.3.

Table 4.3: SAR ADC Sub-block Verification Checks.

Verification Check Method

Result

Net connectivity check  schCheck() call

Pin-to-wire mapping Automated wire
trace

Bus width consistency Pin name verifi-
cation

Symbol-schematic match VIC  integrity
check

Inter-block interface Net name
matching

Passed — all blocks
No floating nodes detected

Consistent across all levels

All symbols verified

Correct propagation con-
firmed

It is important to note that the objective of this chapter is limited to automated
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schematic generation. Circuit-level performance evaluation, transistor sizing, and
simulation-based verification of the SAR ADC are outside the scope of this work.
The primary contribution demonstrated here is the structural automation pipeline —
its correctness, scalability, and reproducibility across block variants and technology
configurations.

4.8 Summary

This chapter presented a Python-based automation framework for the schematic gen-
eration of Successive Approximation Register (SAR) analog-to-digital converters, im-
plemented using the AnaGen schematic generation environment integrated with Ca-
dence Virtuoso. The proposed approach targets the SAR ADC core and exploits its
inherently modular and repetitive structure to enable systematic, scalable, and con-
figurable schematic generation. The framework was developed through a structured
three-stage evolution: initial single-ended implementation, technology migration via
automated pin and net renaming, and final differential implementation with top-level
hierarchical assembly.

The chapter first reviewed the operating principle of SAR ADCs and decomposed
the architecture into well-defined functional blocks, including the sampling network,
capacitive DAC, comparator, and SAR logic. This decomposition established a clear
structural foundation for automation by defining standardised block interfaces and
hierarchical boundaries.

A structured automation pipeline was then introduced, in which Python serves as
the central orchestration layer. User-defined specifications are translated into derived
design parameters, after which block-level schematic templates are instantiated and
interconnected using rule-based procedures. The automation operates exclusively at
the block level, preserving validated circuit templates while enabling rapid adaptation
to changes in resolution, DAC architecture, sampling strategy, comparator selection,
and clocking scheme.

The key contributions demonstrated in this chapter are as follows. A parame-
terised sampling capacitor array generator was developed that automatically instan-
tiates unit cells, error cells, and dummy cells at computed grid positions with system-
atic wiring. A unified multi-voltage switch generation algorithm was implemented
supporting low, medium, and high voltage domains through a shared channel routing
framework that handles both new output node creation and shared-node merging. An
intelligent bus name generation algorithm was developed to handle non-contiguous
pin index sets, enabling correct EDA tool representation of partial channel selections.
An automated technology migration procedure was implemented enabling bulk pin
renaming, net renaming, and symbol modification without manual schematic editing.
Finally, all blocks were integrated into a complete top-level hierarchical SAR ADC
core through automated assembly and interface verification.

Overall, this chapter establishes a robust schematic-generation layer within the
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multi-level automation framework presented in this thesis. By eliminating manual
schematic construction while preserving architectural flexibility, the proposed method
provides a critical foundation for scalable analog design automation. The next chapter
builds upon this work by addressing automated layout generation, completing the
transition from architecture-level specification to physical implementation.
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Chapter 5

Template-Based and Hybrid
Layout Automation

5.1 Introduction to Automated Layout Generation

Analog and mixed-signal layout remains one of the most time-consuming and expertise-
driven stages of the integrated circuit design flow. Unlike digital place-and-route,
analog layout requires strict control over device matching, symmetry, orientation,
and routing parasitics. These constraints are typically enforced manually by experi-
enced designers, making the process difficult to scale and challenging to reuse across
different designs or technology nodes.

With the increasing demand for rapid design iterations, customer-specific variants,
and technology portability, manual analog layout has become a major bottleneck in
modern industrial design flows. This motivates the need for automation approaches
that preserve analog layout quality while significantly reducing development effort.

In this chapter, a template-based and rule-driven analog layout automa-
tion methodology is presented. The proposed approach is built around an in-house
Analog Generator (AnaGen), which encodes analog layout knowledge—such as
matching rules, symmetry constraints, and routing preferences—into reusable and
parameterized layout templates. Instead of generating layouts from scratch for each
design, these templates can be automatically instantiated across different circuits and
technology nodes.

The overall layout automation framework adopted in this work is illustrated in
Fig. 5.1. The framework combines schematic-derived constraints, reusable layout
templates, and technology rule layers to perform automated placement and routing
within a unified flow.

The framework is evaluated on a set of representative analog building blocks com-
monly used in mixed-signal systems:

e an inverter,
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e a single-ended amplifier,
e a dynamic comparator,

e an Ibias generator with and without trimming capability.

These blocks were intentionally selected to cover a wide range of layout chal-
lenges, ranging from simple connectivity to symmetry-critical and matching-sensitive
structures.

Within the same automation framework, multiple routing strategies are explored:

¢ AnaGen template-based routing, enforcing analog-quality constraints,

e VSR (Virtuoso Space-based Router), enabling extremely fast and compact
routing,

e Hybrid routing, combining VSR-based connectivity with AnaGen refinement,

e Manual routing, used as a baseline for comparison.

In addition, the framework supports technology porting through rule-based ab-
straction of layout layers, routing constraints, and device parameters. This allows the
same placement and routing templates to be reused across different CMOS technology
nodes with minimal manual intervention.

This chapter presents the complete layout automation flow, including template-
based placement, routing strategy selection, quantitative comparison of layout meth-
ods, and technology-porting experiments. Together, these results demonstrate how
analog layout automation can significantly improve productivity while maintaining
layout quality comparable to expert manual designs.

5.2 Layout Automation Framework

This section describes the operational flow of the proposed layout automation frame-
work. Rather than focusing on individual analog layout rules, the emphasis here is
on how schematic information, reusable templates, routing strategies, and technology
rules are orchestrated to automatically generate a complete analog layout.

The framework follows a modular and template-based methodology built around
the in-house Analog Layout Generator (AnaGen). The overall flow, previously
illustrated in Fig. 5.1, transforms a schematic-level design into a DRC-clean layout
through a sequence of well-defined automation stages.
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Figure 5.1: Template-based analog layout automation framework using AnaGen for
placement and routing strategy selection.

5.2.1 Schematic-Driven Constraint Extraction

The layout generation process begins with schematic-driven analysis. Structural and
connectivity information is extracted directly from the schematic or netlist representa-
tion of the circuit. This step identifies the elements required for template instantiation
without embedding detailed analog layout knowledge at this stage.

The extracted information includes:

e device instances and hierarchical block boundaries,
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e clectrical connectivity between devices and sub-blocks,
e identification of matched device groups and replicated structures,
e classification of critical versus non-critical nets.

This information serves as a structural description of the circuit and forms the
input to the template-selection stage.

5.2.2 Template Selection and Configuration

Based on the extracted schematic structure, the framework selects appropriate layout
templates from the AnaGen template library. Each template represents a predefined
placement and routing structure suitable for a specific class of analog blocks, such as
inverters, amplifiers, comparators, or bias generators.

At this stage:

e The type of analog block determines the selected template,
e Template parameters (e.g., device count, array dimensions) are configured,
e Hierarchical composition of templates is established when required.

This step decouples layout generation from device-level customization and enables
high reuse across different designs.

5.2.3 Template-Based Device Placement

Once a template is selected, AnaGen instantiates the corresponding placement struc-
ture. Device coordinates, orientations, and relative ordering are determined entirely
by the template definition.

Placement generation at this stage:

e follows a deterministic, template-driven procedure,
e produces a complete and consistent placement for the block,
e remains independent of the selected routing strategy.

By separating placement from routing decisions, the framework allows multiple
routing approaches to be evaluated on the same underlying placement.
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5.2.4 Routing Strategy Selection

After placement generation, a routing strategy is selected for each block based on its
structural complexity and sensitivity to layout parasitics. The framework supports
multiple routing engines within the same flow:

e VSR routing, prioritizing execution speed and area efficiency,

e AnaGen template-based routing, prioritizing layout regularity and consis-
tency,

e Hybrid routing, combining fast connectivity with template-based refinement.

The routing strategy is treated as a configurable parameter, allowing the same
placement template to be routed using different methodologies without modifying
the template itself.

5.2.5 Technology Rule Application and Porting

Technology portability is achieved by abstracting process-specific information into
separate rule files. These rules define:

e metal layers and preferred routing directions,
e width and spacing constraints,
e via definitions and enclosure rules,

e grid resolution and alignment constraints.

By applying these rules during placement and routing, the same AnaGen tem-
plates can be reused across different CMOS technology nodes with minimal modifi-
cation.

5.2.6 Layout Generation and Validation

The final stage of the framework generates the physical layout database view. Struc-
tural consistency checks are performed to ensure:

e complete connectivity between devices and blocks,
e consistency between schematic and layout hierarchy;,

e compliance with template and technology constraints.

The resulting layout is exported in a format suitable for standard DRC and LVS
verification flows.

Section 5.2 focused on the operational flow of the layout automation framework, while
Section 5.3 details the analog layout constraints encoded within the templates.
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5.3 Device-Level Placement Constraints

High-quality analog layout requires strict enforcement of device-level placement con-
straints in order to minimize mismatch, preserve symmetry, and control layout-
induced parasitics. Unlike digital layouts, where placement is largely abstracted,
analog circuits are highly sensitive to geometric relationships between devices. As a
result, these constraints must be explicitly encoded and consistently enforced during
layout generation.

In this work, device-level placement constraints are captured directly within reusable
AnaGen templates and applied uniformly across all evaluated blocks, including the
inverter, single-ended amplifier, dynamic comparator, and Ibias generators with and
without trimming. The constraints described in this section represent domain-specific
analog layout knowledge and are enforced deterministically through template defini-
tions, rather than manual heuristics.

Figure 5.2 conceptually illustrates the key device-level placement constraints en-
forced by AnaGen templates, including common-centroid, interdigitated, and symmetry-
aware arrangements. These constraints form the foundation of the template defini-
tions described in the following subsections.

(a) Common-Centroid  (b) Interdigitated (c) Symmetry-Aware

(Bl la[BlafB][a]i[al]
5| (5]
Centroid ABAB Finger Ordering Symmetry Axis

Figure 5.2: Conceptual illustration of device-level placement constraints enforced
by AnaGen templates: (a) common-centroid placement for mismatch reduction, (b)
interdigitated finger ordering to average process gradients, and (c) symmetry-aware
placement around a defined symmetry axis for balanced parasitics.

5.3.1 Matching and Device Grouping

Matched devices in analog circuits are highly sensitive to variations in processing,
stress, and local layout environment. To reduce systematic mismatch, devices that are
electrically intended to match must be placed in close proximity and share identical
surroundings.

AnaGen enforces the following matching-related placement constraints:

e explicit grouping of matched transistor sets,
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e cqual spacing between devices within a matched group,
e shared local environment for all devices in the group,

e alignment to a common placement grid to ensure consistent parasitics.

These constraints reduce both random and systematic mismatch across amplifier
stages, comparator input pairs, and Ibias current mirrors.

5.3.2 Common-Centroid Placement

Process gradients across the layout area can introduce systematic offset in matched

devices. Common-centroid placement is a well-established technique for cancelling

such gradients by spatially interleaving matched devices around a geometric center.
AnaGen templates support multiple common-centroid configurations, including:

e ABBA, AABBBAA, and higher-order centroid patterns,
e horizontal and vertical symmetry axes,
e multi-row centroid structures for larger device arrays,

e centroid-based ordering for trimming-enabled Ibias arrays.

These patterns are used extensively in comparator input stages, differential am-
plifier structures, and trimming circuits to improve offset and matching robustness.

This concept is illustrated in Fig. 5.2(a), where matched devices are arranged
around a geometric centroid to cancel first-order process gradients.

5.3.3 Interdigitated Arrays

Interdigitated placement is employed when equalizing parasitic loading and local en-
vironment is more critical than strict centroid symmetry. This is particularly useful
for multi-finger devices and replicated bias elements.

AnaGen supports interdigitated placement through:

e alternating ABABAB ordering of device fingers,
e symmetric extension for odd and even device counts,
e controlled interleaving to balance parasitic capacitance and resistance,

e awareness of routing channels within interdigitated structures.

This approach is applied to Ibias generators and selected amplifier input stages
where balanced parasitics are essential.

An example of interdigitated finger ordering is shown in Fig. 5.2(b), demonstrating
alternating device placement to equalize parasitic loading and local variations.
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5.3.4 Orientation and Mirroring Rules

Device orientation directly affects well proximity, stress distribution, and parasitic
coupling. Inconsistent orientation within matched structures can therefore introduce
systematic mismatch.

AnaGen enforces strict orientation rules, including:

e a limited set of allowed orientations (RO, R180, MX, MY),

e mirrored placement of symmetric devices in amplifiers and comparators,
e consistent orientation across matched Ibias branches,

e prevention of disallowed mirroring in trimming-sensitive devices.

These rules ensure that matched devices experience comparable physical environ-
ments, improving robustness across process corners.

5.3.5 Symmetry Enforcement

Symmetry is a fundamental requirement in precision analog blocks such as com-
parators and amplifiers. Asymmetric placement can lead to unequal parasitic paths,
degrading offset, gain, and timing behavior.

AnaGen templates explicitly encode symmetry constraints by enforcing:

vertical or horizontal symmetry axes at the block level,

mirrored placement of corresponding devices across the symmetry axis,

symmetric routing entry points for critical nets,

equal interconnect lengths for delay-sensitive paths.

Symmetry enforcement is applied consistently during placement generation and
preserved during routing refinement.

Figure 5.2(c) illustrates symmetry-aware placement, where devices are mirrored
across a defined symmetry axis to preserve balanced parasitic paths.

5.3.6 Grid and Alignment Constraints

To ensure predictable routing behavior and DRC compliance, all devices are placed on
a regular and technology-aware grid. Grid-based placement also improves template
reuse and technology portability.

AnaGen applies the following alignment constraints:

e uniform device row height across the placement region,
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e aligned diffusion sharing for matched transistors,
e regular routing rails aligned with the placement grid,
e track-based alignment compatible with both VSR and AnaGen routing engines.

These constraints contribute to consistent layout quality across different blocks
and technology nodes.

5.3.7 Summary of Placement Constraints

The device-level placement constraints described in this section capture essential ana-
log layout knowledge required for matching, symmetry, and parasitic control. By
encoding these constraints within reusable AnaGen templates, the proposed frame-
work achieves consistent placement quality across a diverse set of analog blocks, while
enabling scalable, automated, and technology-portable layout generation.

5.4 Routing Techniques

Routing has a strong influence on the electrical performance and robustness of analog
layouts. Interconnect parasitics, routing symmetry, shielding, and metal usage di-
rectly affect matching, offset, noise, and timing behavior. In this work, multiple rout-
ing techniques are explored within a unified template-based automation framework
to address the diverse routing requirements of analog building blocks with different
sensitivity levels.

Rather than performing a direct one-to-one comparison between individual routing
tools, the objective is to analyze how different routing strategies occupy distinct
positions in the speed—quality—reuse design space. The conceptual differences between
the routing strategies explored in this work are summarized in Fig. 5.3, highlighting
trade-offs in automation effort, analog routing quality, and template reuse.

The investigated routing strategies include manual routing as a reference baseline,
fast automatic routing using VSR, constraint-driven template-based routing using
AnaGen, and a hybrid approach that combines rapid connectivity with analog-aware
refinement. Each strategy is applied selectively depending on the analog sensitivity
of the target block, ranging from simple connectivity in inverters to symmetry- and
matching-critical routing in comparators and trimming-enabled Ibias generators.

5.4.1 Manual Routing (Reference Baseline)

Manual routing represents the traditional approach to analog layout design and serves
as a reference baseline in this study. In this flow, routing decisions are made entirely
by the designer, allowing precise control over wire paths, parasitic coupling, and
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Figure 5.3: Conceptual comparison of routing strategies explored in this work, high-
lighting automation level, analog constraint awareness, and reuse intent.

symmetry enforcement. This approach is commonly used for highly sensitive analog
blocks where layout quality is critical.

Manual routing was used to establish a qualitative benchmark for routing quality,
symmetry, and parasitic control. It enables fine-grained optimization of differential
paths, bias networks, and high-impedance nodes, particularly in comparators and
trimming-enabled Ibias circuits.

However, manual routing requires significant design effort and does not scale well.
Each layout must be recreated from scratch, making reuse and technology porting
difficult. As a result, manual routing is impractical for rapid design iterations or large
sets of related designs, motivating the need for automated alternatives.

5.4.2 VSR Routing (Virtuoso Space-based Router)

VSR is a lightweight automatic routing technique optimized for extremely fast layout
generation with minimal setup overhead. It prioritizes execution speed and area
compactness over strict enforcement of analog constraints, making it suitable for
blocks with relatively simple connectivity and low sensitivity to routing asymmetry.

In this work, VSR was primarily applied to simple or moderately sensitive blocks
such as inverters and Ibias generators without trimming. For these circuits, VSR was
able to generate complete, LVS-clean layouts within a few seconds, enabling rapid
design iteration and early verification.

Due to the absence of symmetry enforcement and matched routing control, VSR is
not well suited for precision-critical blocks such as comparators. Its role in the overall
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flow is therefore focused on speed and early-stage layout generation rather than final
high-accuracy routing.

5.4.3 AnaGen Template-Based Routing

AnaGen provides a template-based routing engine designed specifically for analog
layout quality. Routing constraints such as symmetry, shielding, preferred metal
layers, and controlled parasitic loading are encoded directly into reusable templates.
This allows routing decisions to be made in a consistent and rule-driven manner.

AnaGen routing was applied to analog blocks with high sensitivity to mismatch
and parasitics, including comparators, single-ended amplifiers, and trimming-enabled
Ibias generators. The routing templates ensure symmetric paths for differential sig-
nals, balanced parasitic environments, and predictable interconnect behavior.

While the initial development of routing templates requires additional effort, An-
aGen provides high-quality and reusable routing structures. Once created, these
templates can be reused across multiple designs and technology nodes, making this
approach well suited for scalable analog IP development.

5.4.4 Hybrid Routing (VSR 4+ AnaGen)

Hybrid routing combines the speed of VSR with the analog-aware refinement capabili-
ties of AnaGen. In this approach, VSR is first used to establish complete connectivity
quickly, after which AnaGen templates are applied to refine critical nets and enforce
analog layout constraints.

This strategy was particularly effective for blocks with mixed sensitivity levels,
such as single-ended amplifiers and Ibias generators with trimming. VSR enables
rapid initial routing, while AnaGen selectively improves symmetry, matching, and
parasitic control for sensitive signal paths.

Hybrid routing provides a practical compromise between development time and
layout quality, allowing designers to benefit from automation speed without fully
sacrificing analog performance requirements.

5.4.5 Routing Strategy Selection Across Blocks

The choice of routing strategy depends strongly on the analog sensitivity and struc-
tural complexity of each block. Based on the experimental evaluation in this work,
the following observations were made:

e Inverter: VSR routing is sufficient due to simple topology and low sensitivity
to routing asymmetry.
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e Single-ended amplifier: Hybrid routing provides a balanced trade-off be-
tween speed and analog-quality refinement.

e Comparator: AnaGen routing is required to preserve symmetry and matching
in critical differential paths.

e Ibias (non-trimming): VSR routing enables fast and compact layouts.

e Ibias (with trimming): Hybrid or AnaGen routing is necessary to maintain
matching and trimming accuracy.

These results demonstrate that no single routing technique is universally optimal.
Instead, routing strategies must be selected based on circuit sensitivity, accuracy
requirements, and development-time constraints, highlighting the flexibility of the
proposed template-based automation framework.

5.5 Application of the Proposed Layout Automa-
tion Framework

This section presents the schematics and corresponding generated layouts of the ana-
log building blocks used to evaluate the proposed template-based layout automation
framework. The selected blocks include an inverter, a single-ended differential ampli-
fier, a comparator, and Ibias generators with and without trimming capability. These
circuits were chosen to represent a wide spectrum of analog layout challenges, ranging
from simple connectivity to symmetry-critical and matching-sensitive structures.

It is important to note that the layouts shown in this section were generated using
different routing strategies within the same template-based automation framework.
Depending on the analog sensitivity and structural complexity of each block, VSR
routing, AnaGen template-based routing, hybrid routing, or manual routing was se-
lectively applied. This demonstrates the flexibility of the proposed approach, where a
common template-based placement methodology is preserved while routing strategies
are adapted to meet circuit-specific requirements.

For each block, the schematic is shown alongside one or more layout variants to
illustrate how the same automation framework supports different routing techniques
without altering the underlying placement templates.

5.5.1 Inverter

The inverter represents the simplest building block considered in this study and serves
as a baseline for evaluating layout compactness and routing efficiency. Due to its low
analog sensitivity and simple connectivity, template-based placement combined with
automated routing is sufficient to generate compact and DRC-clean layouts.
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Fig. 5.4 illustrates the inverter implementation using the proposed framework,
showing (a) the schematic, (b) the placement template with vertical and horizontal
configurations, and (c) the automatically generated layout. The result highlights that
the proposed template-based approach can efficiently handle simple analog cells with
minimal development effort.

(a) Inverter Schematic (b) Template (c) Generated Layout using AnaGen

_Vas

—

—.

N

Figure 5.4: Inverter implementation using the proposed template-based layout au-
tomation framework.

Having established the baseline performance of the proposed framework on a sim-
ple block, the following section examines a more constraint-intensive structure where
matched device placement and parasitic control become critical.

5.5.2 Single-Ended Differential Amplifier

The single-ended differential amplifier introduces stronger analog constraints, includ-
ing matched devices and sensitivity to routing parasitics. To address these require-
ments, a hybrid routing strategy was employed, combining fast connectivity genera-
tion with constraint-driven refinement.

Fig. 5.5 presents the single-ended differential amplifier implementation using the
proposed framework, showing (a) the schematic, (b) the placement template with
vertical and horizontal configurations, and (c) the automatically generated layout.
The result demonstrates how template-based placement ensures matched device ar-
rangement, while routing refinement improves symmetry and parasitic predictability
for critical signal paths.

Building on the hybrid routing results of the differential amplifier, the next section
evaluates the Ibias generator, which introduces replicated branches and trimming-
sensitive structures requiring careful matching across routing strategies.
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(a) Single-ended Differential

Amplifier Schematic (b) Template (c) Generated Layout using AnaGen

Figure 5.5: Single-ended differential amplifier implementation using the proposed
template-based layout automation framework.

5.5.3 Ibias Generator (With and Without Trimming)

Ibias generators are particularly sensitive to matching and, in the trimming-enabled
case, require careful routing of replicated branches and control elements. Fig. 5.6
shows the schematics used for layout automation. Fig. 5.6(a) presents the basic Ibias
generator without trimming, while Fig. 5.6(b) shows the trimming-enabled variant,
which introduces selectable branches for fine-grained current adjustment. Both vari-
ants share the same fundamental architecture, allowing a direct comparison of routing
strategies and layout robustness under increasing complexity.

Fig. 5.7 compares different layout realizations of the non-trimming Ibias generator.
Fig. 5.7(a) shows the reusable placement template defining device groupings and
routing channels. Fig. 5.7(b) presents the AnaGen template-based routed layout,
emphasizing structured routing and consistent parasitic control. Fig. 5.7(c) shows
the hybrid routing result, where VSR provides fast connectivity and AnaGen refines
selected nets. Fig. 5.7(d) shows the manually routed layout, used as a reference
baseline for quality comparison. Fig. 5.7(e) illustrates the VSR-only routed layout,
which achieves the most compact area and fastest execution. For the non-trimming
Ibias generator, VSR routing was sufficient to produce a compact and electrically
acceptable layout. The absence of replicated trimming branches reduces sensitivity
to routing asymmetry, making fast automatic routing an effective choice.

The trimming-enabled Ibias generator imposes significantly stronger layout con-
straints due to the presence of multiple replicated branches that must remain well
matched.

Fig. 5.8 shows the corresponding layout results. Fig. 5.8(a) presents the placement
template, where trimming branches are arranged symmetrically to preserve match-
ing. Fig. 5.8(b) shows the AnaGen-routed layout, which enforces consistent routing
topology across all trimming paths. Fig. 5.8(c) illustrates the hybrid routing result,

86



CHAPTER 5. LAYOUT AUTOMATION

combining fast connectivity with template-based refinement. Fig. 5.8(d) presents
the manually routed layout used as a reference for symmetry and matching quality.
Fig. 5.8(e) shows the VSR-only routed layout, highlighting its limited suitability for
trimming-critical structures due to weak constraint enforcement.

These results demonstrate that while VSR routing is effective for simple bias
circuits, trimming-enabled structures require either template-based or hybrid routing
to preserve matching and ensure predictable electrical behavior.
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Figure 5.6: Schematic of the Ibias generator used for layout automation: (a) basic Ib-
ias topology without trimming and (b) trimming-enabled Ibias variant with selectable
branches for current adjustment.

(b) AnaGen Layout

i

(a) Template

(c) Hybrid (AnaGen + VSR )Layout (e) VSR Layout

Figure 5.7: Generated layouts of the Ibias generator without trimming.
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Figure 5.8: Generated layouts of the trimming-enabled Ibias generator.

5.5.4 Comparator

The comparator represents the most symmetry-critical block evaluated in this work.
Strict symmetry and matched routing paths are required to ensure proper offset,
decision accuracy, and timing behavior. Any imbalance in device placement or routing
can directly translate into systematic offset and degraded dynamic performance.

Fig. 5.9 presents the schematic of the dynamic comparator used in this study. The
circuit includes multiple differential paths, regeneration devices, and biasing struc-
tures, making it highly sensitive to both placement and routing-induced parasitics.

Fig. 5.10 compares the layouts generated using different routing strategies. Fig. 5.10(a)
shows the reusable placement template defining device grouping, symmetry axes,
and routing channels. Fig. 5.10(b) illustrates the layout generated using AnaGen
template-based routing, where symmetry, matching, and controlled routing are ex-
plicitly enforced. Fig. 5.10(c) presents the hybrid routing result, combining fast VSR
connectivity with AnaGen refinement for critical nets. For comparison, Fig. 5.10(d)
shows a manually routed layout created by an experienced designer, while Fig. 5.10(e)
depicts a fully VSR-routed layout.

The comparison demonstrates that AnaGen routing preserves structural symme-
try and balanced parasitic paths comparable to manual routing, while offering signif-
icantly higher reusability. In contrast, VSR routing, although fast, fails to maintain
consistent symmetry and matching, making it unsuitable for highly sensitive blocks
such as comparators.
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Figure 5.10: Generated layouts of the comparator using different routing techniques.

5.6 Quantitative Comparison of Layout Methods

This section presents a quantitative evaluation of the layout development and routing
strategies investigated in this work. The comparison focuses on development effort,
routing execution time, generated layout area, and overall suitability across analog
blocks with different sensitivity levels.

Rather than a direct tool-to-tool benchmark, the objective is to analyze how
different routing strategies occupy distinct points in the trade-off space between layout
quality, design effort, execution speed, and reusability within a common template-
based layout automation framework.
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Table 5.1: Routing strategy comparison across benchmark circuits.
Circuit / Metric Manual VSR AnaGen Hybrid

Comparator
Dev. Time - < 1 min 26-34 h 6-7 h
Exec. Time 16-18 h <2min 5-10min < 5 min
Area (um?) 1295 ~1295 2115 1795
Ibias (No Trim)
Dev. Time — < 1 min 34h 1-2 h
Exec. Time 1.5-2h ~bs 3-5 min ~5 s
Area (um?) 1510 1475 1715 1655
Ibias (With Trim)

Dev. Time — < 1 min 7-8 h 34 h
Exec. Time 3-4h < 10 min  5-10 min 5-10 s
Area (qu) 2080 1930 2915 2560

In this analysis, manual routing is treated as the reference baseline, as it
represents the traditional approach used by experienced analog designers and provides
a benchmark for layout quality and compactness. Automated methods are evaluated
relative to this baseline in terms of efficiency, scalability, and ability to preserve analog
constraints.

The initial template development represents a one-time investment of approxi-
mately 3-34 hours depending on block complexity. Once templates are available,
layout generation for new designs or technology nodes can be completed within min-
utes, confirming the scalability of the proposed framework.

5.6.1 Area Efficiency Analysis

The generated layout area varies significantly depending on the routing strategy and
the level of analog constraints enforced. As shown in Table 5.1, manual routing
consistently produces compact layouts and therefore serves as a strong baseline for
area comparison.

For the comparator, manual routing achieves the smallest area (1295 pm?), re-
flecting careful human optimization and symmetry-aware routing. AnaGen routing
produces a significantly larger area (2115 pm?), which is expected due to conser-
vative placement spacing, explicit symmetry enforcement, and structured routing
tracks. The hybrid routing approach reduces the area to 1795 pm?, demonstrating
that partial automation can recover a large fraction of the compactness of manual
layouts while preserving analog robustness. Notably, VSR routing achieves an area
comparable to manual routing (approximately 1295 pm?), confirming its compactness
for blocks where strict analog constraints are not required.

A similar trend is observed for the Ibias generator without trimming. Manual
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routing results in an area of 1510 pm?, while VSR routing achieves a slightly smaller
area of 1475 pm? by aggressively minimizing wire length and spacing. AnaGen routing
increases the area to 1715 pm?, whereas hybrid routing provides an intermediate result
of 1655 pm?.

For the Ibias generator with trimming, the impact of routing constraints becomes
more pronounced. AnaGen routing produces the largest area (2915 pm?) due to the
need for balanced trimming structures and matched routing paths. Manual routing
achieves a more compact layout (2080 pm?), while VSR routing reduces area further
to 1930 pm? at the cost of weaker constraint enforcement. Hybrid routing offers a
practical trade-off at 2560 pm?, balancing compactness with matching accuracy.

5.6.2 Development and Execution Time Analysis

Routing execution time and development effort show clear distinctions among the
evaluated strategies. VSR routing is by far the fastest approach, requiring less than
one minute of setup and only a few seconds for execution. This makes it particularly
useful for rapid prototyping and early-stage design exploration.

Manual routing, while offering maximum control and compact layouts, requires
substantial execution time, typically between one and two hours per block. This
significantly limits scalability and reuse, especially in industrial design flows with
frequent design iterations.

AnaGen routing requires a higher initial development effort (3-34 hours) due to
the definition of placement and routing templates. In addition, full AnaGen routing
can require several hours of execution time for complex blocks. However, this cost
is largely amortized through reuse: once templates are available, layout regeneration
can be completed within minutes, enabling efficient design portability and customer-
specific variants.

The hybrid routing strategy reduces development effort compared to full AnaGen
routing while maintaining acceptable analog quality. By combining fast VSR-based
connectivity with selective AnaGen refinement, the hybrid approach offers a favorable
balance between execution speed and layout robustness.

5.6.3 Suitability Across Analog Blocks

The quantitative results confirm that routing strategy selection should be guided by
the analog sensitivity of the target block rather than by a single universal method.
VSR routing is well suited for simple blocks such as inverters and non-trimming Ibias
generators, where routing parasitics and symmetry constraints are limited.

For single-ended amplifiers, the hybrid routing approach provides an effective
compromise, preserving critical analog constraints while reducing development time.
For symmetry-critical circuits such as comparators, AnaGen routing is essential to
ensure balanced parasitics and robust operation. Similarly, Ibias generators with
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trimming networks benefit from AnaGen or hybrid routing to maintain matching
accuracy.

5.6.4 Summary of Comparative Findings

This quantitative comparison demonstrates that no single routing strategy is optimal
across all analog blocks. Manual routing provides compact, high-quality layouts but
does not scale. VSR routing excels in speed and compactness but lacks analog aware-
ness. AnaGen routing prioritizes robustness, symmetry, and reusability at the cost
of area and initial effort. Hybrid routing offers a practical middle ground, combining
fast automation with analog-quality refinement.

Overall, the results highlight the key strength of the proposed template-based
layout automation framework: it enables flexible routing strategy selection while
maintaining consistency, scalability, and analog design integrity across diverse circuit
types and design objectives.

5.6.5 Comparison with State-of-the-Art

Table 5.2 compares the proposed framework against representative state-of-the-art
analog layout automation tools in terms of runtime, manual effort, PDK support,
and layout quality:.

BAG [57] provides a highly flexible generator-based framework but requires days
of expert effort per design and is tightly coupled to a single PDK. ALIGN [58] and
MAGICAL [59] significantly reduce runtime to the range of minutes and achieve lay-
out quality comparable to manual routing, but still require expert-level setup and
remain limited to a single technology node. LayoutCopilot [60] further reduces run-
time to under one minute, though it similarly demands expert involvement and targets
a single PDK.

The proposed AnaGen-based framework achieves competitive runtime of under
five minutes while requiring only a few hours of effort from a new user, owing to
the reusable and parameterized nature of its templates. Critically, it is the only
approach in this comparison that natively supports multi-PDK deployment through
rule-driven technology porting, enabling layout reuse across different CMOS tech-
nology nodes without modifying placement or routing templates. Layout quality
remains comparable to manual routing, as demonstrated by the quantitative results
in Table 5.1.

5.7 Technology Porting

A key advantage of a template-based layout methodology is the ability to migrate
an already-verified layout structure across different CMOS technology nodes with
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Table 5.2: Comparison with state-of-the-art analog layout automation approaches.

Tool Runtime Manual Effort PDK Support Layout Quality
BAG [57] Hours-days  Days (expert) Single Designer-dependent
ALIGN [58] 10-30 min ~ Hours (expert) Single Comparable
to manual
MAGICAL [59] 1-5 min Hours (expert) Single Comparable
to manual
. . . Hours . Comparable
LayoutCopilot [60] <1 min (expert) Single to manual
Proposed <5 min Hours Multi-PDK Comparable
(new user) to manual

minimal manual intervention. In contrast to manual layouts—where device placement
patterns, routing topology, and even cell organization often require redesign—AnaGen
preserves the structural intent of the layout and localizes technology dependency
into PDK-specific rule updates. In this way, layout migration becomes a rule-driven
transformation problem: the same template structure is replayed under a new set of
layer, grid, PCell, and routing constraints.

Fig. 5.11 summarizes the adopted technology-porting flow. Starting from an exist-
ing template-based layout (OA/GDS plus template metadata), the designer provides
the target porting intent (e.g., target PDK, metal-stack choices, and routing/EM
classes) together with the corresponding PDK rule files. A centralized technology
porting controller derives a technology-abstraction view and a transformation plan
that drives four main adaptation steps: (i) layer/via mapping, (ii) grid and pitch scal-
ing, (iii) PCell substitution, and (iv) routing rule adaptation. The ported layout is
then obtained by template re-instantiation, followed—when required—by an optional
re-routing/adjustment stage and a final export to OA/GDS.

Inputs Porting/Transformation Engine Results
—_—
PDK Rule Files | | e “QAChecks: - -~ -~ -- - mome s o >
DRC/Vias/Layer O0KS e QAICHEEKS - - - - - - 3
_ :
S ————1 Routing Rule i
Existing Layout Grid & Pitch > Adaptation a
OAIGDS + T (| . (Widthispacing/EM/ || | —_
Template > Technology Porting S > .
e > Controller Tech i 5 ional Ported Layout
e 1> (Rule/Consiraint > layer/Purpose Plan (Optional) L
i Engine) PCell (New Technology)
Porting Intent >
Target PDK + metal ] T
| el EUEED | reinstantiator
— ] Layer & Via j
Template Library || J
Patterns + Routing!
.

Figure 5.11: Rule-driven technology porting flow for a template-based analog layout
in AnaGen
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5.7.1 Rule-Based Layer and Via Mapping

Different PDKSs provide different metal stacks, via definitions, and enclosure rules. In
the proposed flow (Fig. 5.11), this dependency is captured by a rule-driven layer and
via mapping stage that translates the original layout layers into the target technology
through mapping tables. These tables specify: (i) layer naming and purpose equiva-
lence, (ii) minimum width/spacing constraints, (iii) via type selection and enclosure
requirements, and (iv) preferred routing directions when applicable. Consequently,
porting typically requires updating the technology rule file rather than modifying the
template structure.

5.7.2 Scaling of Device and Routing Grids

Technology migration often impacts grid resolution, track pitch, and placement align-
ment constraints. AnaGen therefore expresses template coordinates in grid units
rather than absolute physical values, allowing the grid and pitch stage in Fig. 5.11 to
scale placement rows/columns and routing tracks according to the target PDK. This
preserves relative placement geometry—such as symmetry axes, centroid patterns,
and interdigitation—while adapting the absolute dimensions to the new technology.

5.7.3 Device Abstraction Through PCells

Device portability is achieved by instantiating technology-specific parameterized cells
(PCells) in the target PDK while keeping the template-level device roles unchanged.
As shown in Fig. 5.11, the PCell substitution step maps each device in the template
to the corresponding PCell in the new technology and adapts key parameters (e.g.,
W/L, finger count, multipliers, and well/guard-ring options). This avoids manual
device replacement and enables consistent reuse of the same template description
across nodes.

5.7.4 Routing Rule Adaptation

Routing constraints vary significantly across technologies due to differences in mini-
mum width/spacing, via rules, density constraints, and electromigration limits. In the
proposed flow, these effects are managed through routing rule adaptation (Fig. 5.11),
where technology-specific rules are updated for: (i) layer-dependent width/spacing,
(ii) EM-aware sizing for bias networks, (iii) shielding/spacing constraints for sensi-
tive nets, and (iv) via selection and redundancy constraints. After rule adaptation,
the layout can be re-instantiated and, if required, an optional re-router/adjuster can
refine connectivity under the new constraints.
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(a) Technology Node A (b) Technology Node B

Figure 5.12: Ilustration of template-based technology porting across two CMOS
technology nodes.

5.7.5 Validation Across Analog Blocks

Fig. 5.12 demonstrates the outcome of the rule-driven porting flow applied to a rep-
resentative analog block. The left side shows the original layout realized in Tech-
nology Node A, where matched devices, metal layer assignments, and routing paths
are defined according to the source PDK design rules. The right side presents the
auto-regenerated layout in Technology Node B, produced by replaying the same An-
aGen template under the target PDK constraints. As evident from the comparison,
matched device placement is preserved across both nodes, while metal layers and rout-
ing geometry are automatically adapted to the new technology rules — confirming
that the proposed framework achieves structural portability without manual redesign.
The porting procedure was exercised on the analog blocks investigated in this chapter:
the inverter, the single-ended differential amplifier, the comparator, and the Ibias gen-
erator (with and without trimming). Across these blocks, the template structure and
placement patterns remained unchanged, while only the PDK-dependent rule files
required updates. Symmetry-critical structures (e.g., comparator cores) preserved
their intended topology through grid/mapping consistency, while trimming-enabled
Ibias layouts reused the same array organization with technology-specific routing ad-
justments when needed. These results confirm that the proposed approach enables
structural portability of template-based layouts across technologies.

5.7.6 Summary of Technology Porting Benefits

Overall, the proposed rule-driven porting flow (Fig. 5.11) enables (i) reuse of place-
ment structures across multiple PDKs, (ii) reduced effort when migrating to new
processes, (iii) preservation of analog layout intent through template replay, and (iv)
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scalable reuse for customer- or product-variant generation. By isolating technology-
specific dependencies into compact rule updates, AnaGen reduces the overhead typi-
cally associated with analog layout migration while maintaining structural consistency
across nodes.

5.8 Summary

This chapter proposed and validated a complete template-based layout automation
methodology for analog and mixed-signal circuits. The presented framework, centered
around the AnaGen (Analog Generator) engine and orchestrated through Python-
driven control logic, enables rapid, scalable, and technology-portable layout genera-
tion across a wide range of analog building blocks.

The methodology was demonstrated on four representative circuits: an inverter,
a single-ended differential amplifier, a comparator, and an Ibias generator (with and
without trimming). These blocks span diverse placement sensitivities and routing
constraints, providing a comprehensive evaluation of the framework’s capabilities.

The chapter detailed the automated layout flow starting from schematic-driven
constraint extraction, followed by template-based device placement and multiple rout-
ing strategies, including VSR routing, AnaGen routing, hybrid routing, and manual
routing. Quantitative and qualitative comparisons highlighted the inherent trade-offs
between development effort, execution time, layout area, and analog quality. AnaGen
routing consistently delivered symmetry-aware and analog-robust layouts; VSR rout-
ing achieved the fastest execution and most compact areas, while the hybrid approach
offered an effective compromise for blocks requiring both speed and precision. These
results confirm that no single routing strategy is universally optimal, and that flexible
strategy selection is essential for practical analog automation.

Technology porting experiments further validated the portability of the proposed
approach. By isolating technology dependencies into rule files, existing AnaGen tem-
plates were migrated across different PDKs without modifying placement structures
or routing topologies. This demonstrates that the framework supports scalable reuse
and significantly reduces the overhead associated with migrating analog layouts to
new technologies.

In summary, this chapter demonstrates that template-based layout automation
provides a robust and industrially viable solution for accelerating analog layout design
while preserving quality, consistency, and portability. The proposed methodology
supports rapid iteration, systematic reuse, and efficient adaptation across circuits
and technology generations, establishing a strong foundation for advanced analog
automation and further research in layout synthesis and optimization.
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Chapter 6

Conclusion

This thesis presented a comprehensive, industrial tool-driven framework for multi-
level automation of analog integrated circuit (IC) design, spanning architecture explo-
ration, schematic synthesis, optimization, and layout generation. Despite extensive
research in electronic design automation, analog IC design continues to rely heav-
ily on manual expertise due to complex performance trade-offs, sensitivity to device
matching, and strong dependence on layout quality. The work presented in this
thesis demonstrates that these challenges can be systematically addressed through
a structured, constraint-aware, and reusable automation flow validated on multiple
representative analog design benchmarks.

At the architecture level, the thesis demonstrated automated optimization of ana-
log system-level designs using Python-based algorithms tightly integrated with in-
dustrial circuit simulators. A DC-DC buck converter was employed as a benchmark
to validate the proposed approach, where constrained parametric sweeps enabled au-
tomatic sizing of key design parameters such as inductance and capacitance values.
The results showed that a peak efficiency of approximately 86% could be achieved at
1 A load, remaining stable across a load range of 0.6 A to 3.5 A, while significantly
reducing manual optimization time. This architecture-level automation enables rapid
design-space exploration and supports early-stage design decisions without manual
schematic development.

At the schematic level, the thesis introduced parameterized, technology-independent
generators for the automatic synthesis of schematic diagrams for analog and mixed-
signal building blocks. A resistor network connected to a comparator was used as a
benchmark to demonstrate deterministic and variation-aware optimization, targeting
layout area minimization while preserving voltage accuracy and statistical robustness.
The framework was validated through large-scale Monte Carlo analysis exceeding
200 000 samples across all process corners, achieving a 100% pass rate. Post-layout
validation confirmed close agreement between calculated and extracted values, with
a voltage error below 1% and output variation within 3.34% (30), demonstrating the
reliability of the proposed schematic-level automation. Notably, the automatically
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generated schematic was successfully implemented in a silicon prototype, confirming
the practical deployability of the proposed methodology. The framework was further
extended to the automatic generation of configurable SAR ADC architectures, where
block-level schematic templates enabled rapid assembly of complete converters based
on user-defined specifications. This approach highlights the scalability and reusability
of the framework across different circuit classes.

At the layout level, the thesis addressed one of the most critical challenges in ana-
log design automation: enforcing symmetry, matching, and routing balance. The pro-
posed framework integrates schematic-driven constraint extraction with analog-aware
placement and template-based routing techniques. Particular emphasis was placed on
symmetry-critical blocks, such as comparators, where matched device placement and
balanced routing paths are essential for offset and timing performance. Comparative
layout experiments demonstrated that unconstrained routing fails to preserve ana-
log symmetry and matching, whereas template-based routing consistently achieves
analog-quality layout results. For the comparator benchmark, automated layout gen-
eration is completed in under 5 minutes, compared to an initial manual development
effort of 3-34 hours, while achieving a layout area of 1795 ym? with the hybrid routing
strategy comparable to the manual reference of 1295 ym?.

All stages of the proposed framework were implemented and validated using in-
dustrial EDA tools and design environments, ensuring practical relevance and de-
ployability in real design environments. The experimental results confirm that the
framework enables scalable reuse, consistent design quality, and substantial reductions
in overall design time. By combining architecture-level optimization, schematic-level
automation, and layout-aware constraint enforcement within a unified flow, this work
demonstrates that systematic, multi-level automation of analog IC design is achiev-
able without compromising performance or layout integrity.

Future work may extend the proposed framework toward closed-loop optimiza-
tion flows, integration of machine learning techniques for constraint inference and
layout refinement, and expansion to more complex mixed-signal and RF systems.
The contributions of this thesis represent a significant step toward bridging the gap
between academic research and industrial practice in analog integrated circuit design
automation.
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