HIGH FREQUENCY PRINTED CIRCUIT BOARD DESIGN HIGH DENSITY DESIGN

J≀∫⌉√⟨ B↙ E⊑⊣\∫ ⌉⊑⊣\∫ℵ⊔⟩∫↕↙⊓‖⊣\∫↙⌉⌈⊓ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\} U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ S⟨≀∇⊔ C≀⊓∇∫⌉ {≀∇ A↕↕⟩⌉⌈ S⟩}\⊣↕ N≀⊑⌉⇕⌊⌉∇ ∞∃∃∈

CONTENTS

• I\⊔∇≀⌈⊓⌋⊔⟩≀\ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 • I\⊔⌉∇⌋≀\\⌉⌋⊔⟩≀\∫ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 • D⌉\∫⌉ P⊣⌋‖⊣}⟩\} . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 • T⟨⌉∇⇕⊣↕ E{{⌉⌋⊔∫ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 • C≀\⌋↕⊓∫⟩≀\ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

CONTENTS

⇒ • I\⊔∇≀⌈⊓⌋⊔⟩≀\ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 ffl Packaging Requirements ffl Interconnections ffl Density ffl Thermal Effects • I\⊔⌉∇⌋≀\\⌉⌋⊔⟩≀\∫ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 • D⌉\∫⌉ P⊣⌋‖⊣}⟩\} . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 • T⟨⌉∇⇕⊣↕ E{{⌉⌋⊔∫ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 • C≀\⌋↕⊓∫⟩≀\ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

INTRODUCTION

High Density Design High Frequency Printed Circuit Board Design Introduction Packaging Requirements

Bakoglu Page 82 Table 3▷1

Joseph B▷ Evans Electrical ς Computer Engineering University of Kansas 2

High Density Design High Frequency Printed Circuit Board Design Introduction

Interconnections

• √∇≀⌋⌉∫∫≀∇ ∫√⌉⌉⌈ ⟩\⌋∇⌉⊣∫⟩\} {⊣∫⊔⌉∇ ⊔⟨⊣\ ⊣⌊⟩↕⟩⊔† ≀{ √⊣⌋‖⊣}⟩\} ⊔≀ ⟨⊣\⌈↕⌉ • ∞∃∃′¬ ▽′↗ ≀{ ∫†∫⊔⌉⇕ ⌈⌉↕⊣† {∇≀⇕ √⊣⌋‖⊣}⌉ ⌈⌉↕⊣†∫ • ∈′′′¬ ∀′↗ ≀{ ∫†∫⊔⌉⇕ ⌈⌉↕⊣† {∇≀⇕ √⊣⌋‖⊣}⌉ ⌈⌉↕⊣†∫

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∋

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ I\⊔∇≀⌈⊓⌋⊔⟩≀\

D⌉\∫⟩⊔†

• √⌉∇{≀∇⇕⊣\⌋⌉ • ⟩⇕√∇≀⊑⌉⌈ ⇕≀⊓\⊔⟩\} ⇕⌉⊔⟨≀⌈∫

T⟨⌉∇⇕⊣↕ E{{⌉⌋⊔∫

• √⌉∇{≀∇⇕⊣\⌋⌉ • ∇⌉↕⟩⊣⌊⟩↕⟩⊔†

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ △

CONTENTS √ • I\⊔∇≀⌈⊓⌋⊔⟩≀\ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 ⇒ • I\⊔⌉∇⌋≀\\⌉⌋⊔⟩≀\∫ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 ffl Effects of Improved Technology ffl Device Scaling ffl Conductor Scaling ffl Interconnection and I/O Constraints ffl Desirable Qualities • D⌉\∫⌉ P⊣⌋‖⊣}⟩\} . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 • T⟨⌉∇⇕⊣↕ E{{⌉⌋⊔∫ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 • C≀\⌋↕⊓∫⟩≀\ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

INTERCONNECTIONS

High Density Design High Frequency Printed Circuit Board Design Interconnections

Effects of Improved Technology

• ⌈⌉⊔⌉∇⇕⟩\⌉ ⌉{{⌉⌋⊔ ≀{ ∇⌉⌈⊓⌋⌉⌈ {⌉⊣⊔⊓∇⌉ ∫⟩‡⌉∫ ≀\ ⌊⌉⟨⊣⊑⟩≀∇ • ⊘∇∫⊔↖≀∇⌈⌉∇ ⇐⌋≀\∫⊔⊣\⊔↖⊘⌉↕⌈⇒ ∫⌋⊣↕⟩\} ∘ ⌊⊣∫⟩⌋ ⌋⟨⊣∇⊣⌋⊔⌉∇⟩∫⊔⟩⌋∫ √∇⌉∫⌉∇⊑⌉⌈ ∘ }≀≀⌈ ∇⌉∫⊓↕⊔∫ {≀∇ ⇕⌉⌈⟩⊓⇕ {⌉⊣⊔⊓∇⌉ ∫⟩‡⌉∫ ∘ \≀⊔ ⊣⌋⌋⊓∇⊣⊔⌉⇔ ⌊⊓⊔ ⊣⌈⌉∐⊓⊣⊔⌉ ⊣∫ ⊣ }⊓⟩⌈⌉ • ⌋⟨⟩√ ∫⟩‡⌉ ⟩\⌋∇⌉⊣∫⟩\} ⊣⊔ ∫⊣⇕⌉ ⊔⟩⇕⌉

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ I\⊔⌉∇⌋≀\\⌉⌋⊔⟩≀\∫ D⌉⊑⟩⌋⌉ S⌋⊣↕⟩\} • ∫⌋⊣↕⟩\} {⊣⌋⊔≀∇ α applied to δ dimensions δ voltages δ concentration densities

Kung page 14 Figure 1▷6b

Joseph B▷ Evans Electrical ς Computer Engineering University of Kansas 7

High Density Design High Frequency Printed Circuit Board Design Interconnections

• ⊣∇⌉⊣ {≀∇ ⌈⌉⊑⟩⌋⌉∝⊒⟩∇⌉ A → A/α2 • {≀∇ }⟩⊑⌉\ ⌋⟨⟩√ ∫⟩‡⌉⇔ \⊓⇕⌊⌉∇ ≀{ ⌈⌉⊑⟩⌋⌉∫ ⟩\⌋∇⌉⊣∫⌉∫ ⌊† α2 • ∫⊒⟩⊔⌋⟨⟩\} ⊔⟩⇕⌉ ⌈⌉⌋∇⌉⊣∫⌉∫ ⌊† α • ⊑≀↕⊔⊣}⌉ ∫⌋⊣↕⟩\} ⟩⇕√∇≀⊑⌉∫ √⌉∇{≀∇⇕⊣\⌋⌉⇔ ⟨⊓∇⊔∫ \≀⟩∫⌉ ⇕⊣∇}⟩\∫ • ≀§⟩⌈⌉ ⊔⟨⟩⌋‖\⌉∫∫⌉∫ ∇⌉⌈⊓⌋⌉⌈ → †⟩⌉↕⌈ √∇≀⌊↕⌉⇕∫ • ⌋⊓∇∇⌉\⊔ ⌈⌉\∫⟩⊔† ⟩\⌋∇⌉⊣∫⌉∫ → \⌉⌉⌈ ⊒⟩⌈⌉∇ ⌋≀\⌈⊓⌋⊔≀∇∫ • √≀⊒⌉∇ ⌈⌉\∫⟩⊔† ∫⊔⊣†∫ ⊔⟨⌉ ∫⊣⇕⌉ ⇐⊣⌋⊔⊓⊣↕↕† }⌉⊔∫ ⊒≀∇∫⌉ ⊒⟩⊔⟨ ∇⌉⊣↕ ∫⌋⊣↕⟩\}⇒

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∀

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ I\⊔⌉∇⌋≀\\⌉⌋⊔⟩≀\∫ C≀\⌈⊓⌋⊔≀∇ S⌋⊣↕⟩\} • ∫⌋⊣↕⟩\} {⊣⌋⊔≀∇ α applied to dimensions including dielectric • ∇⌉∫⟩∫⊔⊣\⌋⌉ ⟩\⌋∇⌉⊣∫⌉∫ ⌊† α • ⌋⊓∇∇⌉\⊔ ⌈⌉\∫⟩⊔† ⟩\⌋∇⌉⊣∫⌉∫ ⌊† α • RC ⊔⟩⇕⌉ ⌋≀\∫⊔⊣\⊔ ∇⌉⇕⊣⟩\∫ ⊔⟨⌉ ∫⊣⇕⌉

K⊓\}⇔ √⊣}⌉ ∞△⇔ F⟩}⊓∇⌉ ∞↙⊣̸

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∃

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ I\⊔⌉∇⌋≀\\⌉⌋⊔⟩≀\∫

I\⊔⌉∇⌋≀\\⌉⌋⊔⟩≀\ ⊣\⌈ I∝O C≀\∫⊔∇⊣⟩\⊔∫

• ⟩\⊔⌉∇⌋≀\\⌉⌋⊔ ⌈⌉↕⊣†∫ ⌈≀⇕⟩\⊣⊔⌉ ∫⊒⟩⊔⌋⟨⟩\} ⌈⌉↕⊣†∫ • ∫⊔⊓{⊘\} ⌉{{⌉⌋⊔¬ ⟩\⊔⌉∇⌋≀\\⌉⌋⊔ ↕⌉\}⊔⟨∫ ⌈≀ \≀⊔ ∫⌋⊣↕⌉ ⊒⟩⊔⟨ α • ⇕≀⌈⌉↕ {≀∇ ⇕⊣§⟩⇕⊓⇕ ⟩\⊔⌉∇⌋≀\\⌉⌋⊔ ↕⌉\}⊔⟨ L_{max} is L_{max} = 1 2 A1^{/2} • A is chip area • ∫⟩⊔⊓⊣⊔⟩≀\ ⊒≀∇∫⌉ ⟩{ ⌋⟨⟩√ ∫⟩‡⌉ ⟩\⌋∇⌉⊣∫⌉⌈

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∞′

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ I\⊔⌉∇⌋≀\\⌉⌋⊔⟩≀\∫

• R⌉\⊔≃∫ ∇⊓↕⌉¬ \⊓⇕⌊⌉∇ ≀{ I∝O √⟩\∫ M = N2^{/3} • N is number of devices • ⌉§⊣⇕√↕⌉¬ ∞′}̸⊣⊔⌉∫ → ∈′′′ √⟩\∫⇔ ∞′ ⇕⇕ ⌊† ∞′ ⇕⇕ ⌋⟨⟩√ → √⊣⌈ ⌉⊑⌉∇† ∈′ μm • ≀⊔⟨⌉∇ √∇≀⌊↕⌉⇕∫ ∘ ⌋↕≀⌋‖ ⌈⟩∫⊔∇⟩⌊⊓⊔⟩≀\

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∞∞

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ I\⊔⌉∇⌋≀\\⌉⌋⊔⟩≀\∫

D⌉∫⟩∇⊣⌊↕⌉ Q⊓⊣↕⟩⊔⟩⌉∫

• ↕≀⌋⊣↕ ⌋≀⇕⇕⊓\⟩⌋⊣⊔⟩≀\ • ∇⌉}⊓↕⊣∇⟩⊔† • ⇕≀⌈⊓↕⊣∇⟩⊔† • }↕≀⌊⊣↕↕† ⊣∫†\⌋⟨∇≀\≀⊓∫ • ↕≀⌋⊣↕↕† ∫†\⌋⟨∇≀\≀⊓∫

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∞∈

CONTENTS √ • I\⊔∇≀⌈⊓⌋⊔⟩≀\ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 √ • I\⊔⌉∇⌋≀\\⌉⌋⊔⟩≀\∫ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 ⇒ • D⌉\∫⌉ P⊣⌋‖⊣}⟩\} . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 ffl Package Mounting ffl Wire Bonding ffl Tape Automated Bonding (TAB) ffl Flip-Chip Mounting ffl Direct Die Mounting ffl Insulated Metal Substrate ffl Ceramic Multichip Carriers ffl Silicon-on-Silicon Hybrid ffl Silicon-in-Silicon Hybrid ffl MCM Advantages ffl Wafer Scale Integration (WSI)

High Density Design High Frequency Printed Circuit Board Design Interconnections • T⟨⌉∇⇕⊣↕ E{{⌉⌋⊔∫ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 • C≀\⌋↕⊓∫⟩≀\ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Joseph B▷ Evans Electrical ς Computer Engineering University of Kansas 13

DENSE PACKAGING

High Density Design High Frequency Printed Circuit Board Design Dense Packaging

Package Mounting

• ⊔∇⊣⌈⟩⊔⟩≀\⊣↕ ⊣√√∇≀⊣⌋⟨⌉∫ ∘ ⊔⟨∇≀⊓}⟨↖⟨≀↕⌉ ∘ ∫⊓∇{⊣⌋⌉ ⇕≀⊓\⊔ • ⊣↕⊔⌉∇\⊣⊔⌉ ⊣√√∇≀⊣⌋⟨⌉∫ ∘ ⌈⟩⌉ ⊣⊔⊔⊣⌋⟨⇕⌉\⊔¬ ⊒⟩∇⌉ ⌊≀\⌈⟩\}⇔ TAB⇔ ⊙⟩√↖⌋⟨⟩√ ∘ ⌈⟩∇⌉⌋⊔ ⌈⟩⌉ ⇕≀⊓\⊔⟩\}¬ ⟩\∫⊓↕⊣⊔⌉⌈ ∫⊓⌊∫⊔∇⊣⊔⌉⇔ MCM⇔ ⟨†⌊∇⟩⌈∫⇔ WSI • }≀⊣↕¬ ⟨⟩}⟨⌉∇ √⌉∇{≀∇⇕⊣\⌋⌉ ⊔⟨∇≀⊓}⟨ ⌊⌉⊔⊔⌉∇ ⌈⌉\∫⟩⊔†⇔ ∇⌉⌈⊓⌋⌉⌈ ⌈⌉↕⊣†∫

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∞▽

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ D⌉\∫⌉ P⊣⌋‖⊣}⟩\}

W⟩∇⌉ B≀\⌈⟩\} • ⌊⊣⌋‖ ≀{ ⌈⟩⌉ }↕⊓⌉⌈ ⊔≀ ↕⌉⊣⌈ {∇⊣⇕⌉ ⇐⊒⟩⊔⟨ }≀≀⌈ ⊔⟨⌉∇⇕⊣↕ ⌋≀\⌈⊓⌋⊔≀∇⇒ • ⊒⟩∇⌉ ⌊≀\⌈ ⇕⊣⌋⟨⟩\⌉ ⊣⊔⊔⊣⌋⟨⌉∫ ⊒⟩∇⌉∫ ⌊⌉⊔⊒⌉⌉\ ⌋⟨⟩√ √⊣⌈∫ ⊣\⌈ ↕⌉⊣⌈ {∇⊣⇕⌉ • ⊒⟩∇⌉∫ ⊓∫⊓⊣↕↕† ⊣↕⊓⇕⟩\⊓⇕ ⇐\≀ ∫⊣}⇒⇔ √⟩⊔⌋⟨ ′↙∞↖̸′↙∋ ⇕⇕

B⊣‖≀}↕⊓⇔ P⊣}⌉ ∃⇎ F⟩}⊓∇⌉ ∋↙∞∋

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∞

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ D⌉\∫⌉ P⊣⌋‖⊣}⟩\}

• ⌊≀\⌈⟩\} ⌈⟩{⊘⌋⊓↕⊔ {≀∇ ⟨⟩}⟨ I∝O ⌈⌉\∫⟩⊔† • ⟩\⊔⌉∇⌋≀\\⌉⌋⊔ √⌉∇{≀∇⇕⊣\⌋⌉ ⌉⊑⊣↕⊓⊣⊔⟩≀\ ⌈⟩{⊘⌋⊓↕⊔ • ⟩\⌈⊓⌋⊔⊣\⌋⌉ ↕⊣∇}⌉ ⇐⊣√√∇≀§⟩⇕⊣⊔⌉↕† ▽ \H⇒

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∞

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ D⌉\∫⌉ P⊣⌋‖⊣}⟩\}

T⊣√⌉ A⊓⊔≀⇕⊣⊔⌉⌈ B≀\⌈⟩\} ⇐TAB⇒ • ⇕⌉⊔⊣↕ ⊘↕⇕ ↕⌉⊣⌈∫ ⌈⌉√≀∫⟩⊔⌉⌈ ≀\ √≀↕†⇕⌉∇ ⊔⊣√⌉ • ⌋⟨⟩√ ⊣⊔⊔⊣⌋⟨⌉⌈ ⊔≀ ⊘↕⇕ ⊣\⌈ ↕⌉⊣⌈∫ • ⊣⊓⊔≀⇕⊣⊔⟩≀\ ⌉⊣∫†⇔ {⊣∫⊔

B⊣‖≀}↕⊓⇔ P⊣}⌉ ∃⇔ F⟩}⊓∇⌉ ∋↙∞△

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∞∀

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ D⌉\∫⌉ P⊣⌋‖⊣}⟩\}

• ⊣⊔⊔⊣⌋⟨⇕⌉\⊔ ∘ ∫≀↕⌈⌉∇ ⌊⊓⇕√∫ √↕⊣⌋⌉⌈ ≀\ ⌈⟩⌉ ∘ ⊣↕⟩}\ ⊒⟩⊔⟨ ⌋≀√√⌉∇ ↕⌉⊣⌈∫ ⟩\ ⇕⊓↕⊔⟩↕⊣†⌉∇ ⊔⊣√⌉ ∘ ∫≀↕⌈⌉∇ ∇⌉⊙≀⊒ ⌊⊓⇕√∫ ⊔≀ {≀∇⇕ ⌊≀\⌈

B⊣‖≀}↕⊓⇔ P⊣}⌉ ∃∀⇔ F⟩}⊓∇⌉ ∋↙∞▽⊣

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∞∃

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ D⌉\∫⌉ P⊣⌋‖⊣}⟩\}

• ⊣↕↕≀⊒∫ ⌋↕≀∫⌉ ↕⌉⊣⌈ ∫√⊣⌋⟩\} ⇐⇕≀\≀↕⟩⊔⟨⟩⌋ ∫⊔∇⊓⌋⊔⊓∇⌉⇒⇔ √⟩⊔⌋⟨ ′↙′∀ ⊔≀ ′↙∞∈ ⇕⇕ • ⟩\⌈⊓⌋⊔⊣\⌋⌉⇔ ⌋⊣√⊣⌋⟩⊔⊣\⌋⌉ ⇕⟩\⟩⇕⊣↕⇔ ⌋≀\⊔∇≀↕↕⌉⌈ • TAB {∇⊣⇕⌉ ⌉§√⌉\∫⟩⊑⌉ ↖ ⟨⟩}⟨ ⊑≀↕⊓⇕⌉⇔ ≀∇ ∫⊔⊣\⌈⊣∇⌈ {∇⊣⇕⌉ {≀∇ ASIC∫ • ⌋⊣\ ⇕≀⊓\⊔ TAB ⊓\⟩⊔ ≀\ ⌊≀⊣∇⌈ ≀∇ ⟩\ ⌋⟨⟩√ ⌋⊣∇∇⟩⌉∇ • ⊔⟨⌉∇⇕⊣↕ ⇕⟩∫⇕⊣⊔⌋⟨ ⌉{{⌉⌋⊔∫ ⊔∇≀⊓⌊↕⌉∫≀⇕⌉

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∈′

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ D⌉\∫⌉ P⊣⌋‖⊣}⟩\}

• ⊣↕⊔⌉∇\⊣⊔⌉ ⊣⊔⊔⊣⌋⟨⇕⌉\⊔ ↖ ⊣∇⌉⊣ TAB ∘ ∫≀↕⌈⌉∇ ⌊⊓⇕√∫ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ⊣⌋∇≀∫∫ ⌉\⊔⟩∇⌉ ⌋⟨⟩√ ∫⊓∇{⊣⌋⌉ ∘ ⇕⊓↕⊔⟩↕⊣†⌉∇ ⊔⊣√⌉ ∘ ∫⊓√√≀∇⊔∫ ↕⊣∇}⌉∇ \⊓⇕⌊⌉∇ ≀{ I∝O ⊔⌉∇⇕⟩\⊣↕∫ ⇐⌉§⌋⌉⌉⌈⟩\} ▽′′ √⌉∇ ⌋⟨⟩√⇒

B⊣‖≀}↕⊓⇔ P⊣}⌉ ∃∀⇔ F⟩}⊓∇⌉ ∋↙∞▽⌊

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∈∞

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ D⌉\∫⌉ P⊣⌋‖⊣}⟩\}

F↕⟩√↖C⟨⟩√ M≀⊓\⊔⟩\} • √↕⊣⌋⌉ ∫≀↕⌈⌉∇ ⌊⊓⇕√∫ ≀\ ⌈⟩⌉ • ⟩\⊑⌉∇⊔ ⊣\⌈ ⊣↕⟩}\ ⊔≀ ⌋≀\⊔⊣⌋⊔∫ ≀\ ∫⊓⌊∫⊔∇⊣⊔⌉ • ∇⌉⊙≀⊒ ∫≀↕⌈⌉∇ ⊔≀ ⌊≀\⌈ • ⇕⟩\⟩⇕⊣↕ ⟩\⌈⊓⌋⊔⊣\⌋⌉ ⇐ℜ ∞ \H⇒⇔ ⌋⊣√⊣⌋⟩⊔⊣\⌋⌉ ⇐ℜ ∞ √F⇒ • ⊓∫⌉ ⊔⌉∇⇕⟩\⊣↕∫ ⌈⟩∫⊔∇⟩⌊⊓⊔⌉⌈ ⊣∇≀⊓\⌈ ⌉\⊔⟩∇⌉ ⌋⟨⟩√ ⊣∇⌉⊣ • ⊔⟨⌉∇⇕⊣↕ √∇≀⌊↕⌉⇕∫ ∘ ⌋⟨⟩√ \≀⊔ }↕⊓⌉⌈ ⊔≀ √⊣⌋‖⊣}⌉⇔ ⇕⟩∫⇕⊣⊔⌋⟨ ⌋⊣⊓∫⌉∫ ∫⊔∇⊣⟩\ ∘ ⊔⟨⌉∇⇕⊣↕ √⊣⊔⟨ ⊔⟨∇≀⊓}⟨ ∫≀↕⌈⌉∇ ⌊⊣↕↕∫ ∘ ⊓∫⌉ ⌊⊣⌋‖∫⟩⌈⌉⊥ • ⟩\∫√⌉⌋⊔⟩≀\ ⌈⟩{⊘⌋⊓↕⊔ J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∈∈

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ D⌉\∫⌉ P⊣⌋‖⊣}⟩\}

D⟩∇⌉⌋⊔ D⟩⌉ M≀⊓\⊔⟩\}

• ⌉↕⟩⇕⟩\⊣⊔⌉ ↕⌉⊑⌉↕ ≀{ ⟨⟩⌉∇⊣∇⌋⟨† • ⊒⟩∇⌉ ⌊≀\⌈⟩\}⇔ TAB⇔ ⊙⟩√↖⌋⟨⟩√∫ ⊒⟩⊔⟨ ∫≀↕⌈⌉∇ ⌊⊓⇕√∫

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∈∋

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ D⌉\∫⌉ P⊣⌋‖⊣}⟩\}

I\∫⊓↕⊣⊔⌉⌈ M⌉⊔⊣↕ S⊓⌊∫⊔∇⊣⊔⌉ • ⊣↕⊓⇕⟩\⊓⇕ ∫⊓⌊∫⊔∇⊣⊔⌉⇔ ∞′↖∋′ μm of insulating resin • ⌉⊔⌋⟨ }∇≀⊓\⌈ ⊑⟩⊣∫⇔ ⌈⌉√≀∫⟩⊔ ⊣\⌈ √⊣⊔⊔⌉∇\ ⌋≀√√⌉∇ • ⊒⟩∇⌉ ⌊≀\⌈ ⌋⟨⟩√∫

B⊣‖≀}↕⊓⇔ P⊣}⌉ ∞′′⇔ F⟩}⊓∇⌉ ∋↙∞

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∈△

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ D⌉\∫⌉ P⊣⌋‖⊣}⟩\}

• ↕≀⊒ ⌋≀∫⊔ • ∫⊓⌊∫⊔∇⊣⊔⌉ ∫⌉∇⊑⌉∫ ⊣∫ ⟨⌉⊣⊔ ∫⟩\‖⇔ }∇≀⊓\⌈ √↕⊣\⌉ • \≀ ⊔⟨⌉∇⇕⊣↕ ⇕⟩∫⇕⊣⊔⌋⟨ • }≀≀⌈ {≀∇ ⇕⌉⌈⟩⊓⇕ ⌈⌉\∫⟩⊔⟩⌉∫⇔ ⊒⟩∇⌉ ⌊≀\⌈⟩\} ⊣\⌈ ∫⟩\}↕⌉ ↕⊣†⌉∇ ↕⟩⇕⟩⊔ ⌈⌉\∫⟩⊔† • ⊙⟩√↖⌋⟨⟩√⇔ TAB ⊣↕⊔⌉∇\⊣⊔⟩⊑⌉∫

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∈▽

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ D⌉\∫⌉ P⊣⌋‖⊣}⟩\}

C⌉∇⊣⇕⟩⌋ M⊓↕⊔⟩⌋⟨⟩√ C⊣∇∇⟩⌉∇∫

• ⇕≀⊓\⊔ ⌈⟩⌋⌉ ≀\ ⌋⌉∇⊣⇕⟩⌋ ∫⊓⌊∫⊔∇⊣⊔⌉ ⊑⟩⊣ ∫≀↕⌈⌉∇ ⌊⊓⇕√∫ • ⇕⊓↕⊔⟩↕⊣†⌉∇ ∫⊓⌊∫⊔∇⊣⊔⌉⇔ ⌈⌉\∫⌉ ⟩\⊔⌉∇⌋≀\\⌉⌋⊔⟩≀\ \⌉⊔⊒≀∇‖ • ⇕⟩\⟩⇕⊣↕ ⌋⟨⟩√↖⊔≀↖⌋⟨⟩√ ∫√⊣⌋⟩\} • ⇕⟩\⟩⇕⊣↕ ⌋⊣√⊣⌋⟩⊔⊣\⌋⌉⇔ ⟩\⌈⊓⌋⊔⊣\⌋⌉⇔ ⌈⟩∫⌋≀\⊔⟩\⊓⟩⊔⟩⌉∫ • ⌋⊣\ ⌊⌉ ⊓∫⌉⌈ ⟩\ ⌋≀\|⊓\⌋⊔⟩≀\ ⊒⟩⊔⟨ ⊣⌈⊑⊣\⌋⌉⌈ ⌋≀≀↕⟩\} ∫†∫⊔⌉⇕∫

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∈

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ D⌉\∫⌉ P⊣⌋‖⊣}⟩\}

S⟩↕⟩⌋≀\↖≀\↖S⟩↕⟩⌋≀\ H†⌊∇⟩⌈

• ∫⟩↕⟩⌋≀\ ∫⊓⌊∫⊔∇⊣⊔⌉ ⊣∫ ⟩\⊔⌉∇⌋≀\\⌉⌋⊔⟩≀\ ⇕⌉⌈⟩⊓⇕ • ⊔⟨⟩\ ⊘↕⇕ ⟩\⊔⌉∇⌋≀\\⌉⌋⊔⟩≀\∫ ≀\ ⊒⊣{⌉∇ • ⊣⊔⊔⊣⌋⟨ ∫⌉√⊣∇⊣⊔⌉↕† √∇≀⌋⌉∫∫⌉⌈ ⊣\⌈ ⊔⌉∫⊔⌉⌈ ⌈⟩⌋⌉ • ⊓∫⌉ ⊒⟩∇⌉ ⌊≀\⌈⟩\}⇔ TAB⇔ ≀∇ ∫≀↕⌈⌉∇ ⌊⊓⇕√∫ • ⌈⟩{{⌉∇⌉\⊔ ⊔⌉⌋⟨\≀↕≀}⟩⌉∫ ≀\ ∫⊣⇕⌉ ∫⊓⌊∫⊔∇⊣⊔⌉ • ⊣⌋⊔⟩⊑⌉ ⌈⌉⊑⟩⌋⌉∫ ⟩\ ∫⊓⌊∫⊔∇⊣⊔⌉

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∈

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ D⌉\∫⌉ P⊣⌋‖⊣}⟩\}

• ∫⊓⌊∫⊔∇⊣⊔⌉ ⟨⊣∫ ≀\⌉ ≀∇ ⊔⊒≀ ⊣↕⊓⇕⟩\⊓⇕ ≀∇ ⌋≀√√⌉∇ ↕⊣†⌉∇∫ ⇐⌋≀√√⌉∇ √∇⌉{⌉∇∇⌉⌈⇒ • √≀↕†⟩⇕⟩⌈⌉ ≀∇ S⟩O∈⟩\⊔⌉∇↕⊣†⌉∇ ⌈⟩⌉↕⌉⌋⊔∇⟩⌋ ⇐√≀↕†⟩⇕⟩⌈⌉ √∇⌉{⌉∇∇⌉⌈⇒

B⊣‖≀}↕⊓⇔ P⊣}⌉ ∞′⇔ F⟩}⊓∇⌉ ∋↙∈∋

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∈∀

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ D⌉\∫⌉ P⊣⌋‖⊣}⟩\} S⟩↕⟩⌋≀\↖⟩\↖S⟩↕⟩⌋≀\ H†⌊∇⟩⌈ • ⇕≀⊓\⊔ ⌈⟩⌋⌉ ⊔⟨∇≀⊓}⟨ ∫⊓⌊∫⊔∇⊣⊔⌉ • ⌈⌉√≀∫⟩⊔ ⊣\⌈ √⊣⊔⊔⌉∇\ ⊘∇∫⊔ ↕⊣†⌉∇ ⇕⌉⊔⊣↕ • ⌉⊔⌋⟨ ⟨≀↕⌉∫⇔ ⇕≀⊓\⊔ ⊣\⌈ ∫⌉⌋⊓∇⌉ ⌈⟩⌋⌉ ⇐⊣↕⟩}\⇕⌉\⊔ ⌋∇⟩⊔⟩⌋⊣↕⇒ • ∫√⟩\ ≀\ √≀↕†⟩⇕⟩⌈⌉⇔ ⌈⌉√≀∫⟩⊔ ⊣\⌈ √⊣⊔⊔⌉∇\ ∫⌉⌋≀\⌈ ↕⊣†⌉∇ ⇕⌉⊔⊣↕

B⊣‖≀}↕⊓⇔ P⊣}⌉ ∞′∀⇔ F⟩}⊓∇⌉ ∋↙∈△

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∈∃

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ D⌉\∫⌉ P⊣⌋‖⊣}⟩\} MCM A⌈⊑⊣\⊔⊣}⌉∫ • ↕≀⊒⌉∇ ∫⟩}\⊣↕ ⌈⌉↕⊣†∫⇔ ⟨⟩}⟨⌉∇ ⌈⌉\∫⟩⊔† • ⇕⊣⊔⌋⟨⌉⌈ ⌉§√⊣\∫⟩≀\⇔ ⊣∫∫⊓⇕⟩\} ↕≀⊒ ⊔⌉⇕√⌉∇⊣⊔⊓∇⌉ ⌈⟩{{⌉∇⌉\⊔⟩⊣↕ • ⊒⌉↕↕ ∫⊓⟩⊔⌉⌈ {≀∇ ⌋≀≀↕⟩\} ∫⊔∇⊓⌋⊔⊓∇⌉∫ • ⊓∫⌉∫ IC √∇≀⌋⌉∫∫⟩\} ⊔⌉⌋⟨\⟩∐⊓⌉∫

B⊣‖≀}↕⊓⇔ P⊣}⌉ ∞′∃⇔ T⊣⌊↕⌉ ∋↙△

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∋′

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ D⌉\∫⌉ P⊣⌋‖⊣}⟩\}

W⊣{⌉∇ S⌋⊣↕⌉ I\⊔⌉}∇⊣⊔⟩≀\ ⇐WSI⇒

• ↑⌋⟨⟩√∫↑ ≀\ ⊒⊣{⌉∇ ⟩\⊔⌉∇⌋≀\\⌉⌋⊔⌉⌈ ⌊† }↕≀⌊⊣↕ ∇≀⊓⊔⟩\} • ⟨⟩}⟨ √⌉∇{≀∇⇕⊣\⌋⌉ ∘ ↕≀⊒ ∫⟩}\⊣↕ ⌈⌉↕⊣†∫ ∘ ⊒⟩⌈⌉∇ √⊣⊔⟨∫ ∘ ⟨⟩}⟨⌉∇ ⌈⌉\∫⟩⊔⟩⌉∫ • †⟩⌉↕⌈ √∇≀⌊↕⌉⇕∫ • ∇⌉⌈⊓\⌈⊣\⌋† • ⌉§√⌉\∫⟩⊑⌉⇔ \≀⊔ ⌋⊓∇∇⌉\⊔↕† ⌋≀⇕⇕⌉∇⌋⟩⊣↕↕† ⊑⟩⊣⌊↕⌉

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∋∞

CONTENTS √ • I\⊔∇≀⌈⊓⌋⊔⟩≀\ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 √ • I\⊔⌉∇⌋≀\\⌉⌋⊔⟩≀\∫ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 √ • D⌉\∫⌉ P⊣⌋‖⊣}⟩\} . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 ⇒ • T⟨⌉∇⇕⊣↕ E{{⌉⌋⊔∫ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 ffl Introduction ffl Power Dissipation Requirements ffl Static Power Dissipation ffl Dynamic Power Dissipation ffl Power Dissipation Examples ffl Heat Transfer ffl Convection ffl Radiation ffl Conduction ffl Materials

High Density Design High Frequency Printed Circuit Board Design Dense Packaging

ffl Package Thermal Properties ffl Plastic Packages ffl Ceramic Packages • C≀\⌋↕⊓∫⟩≀\ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Joseph B▷ Evans Electrical ς Computer Engineering University of Kansas 32

THERMAL EFFECTS

High Density Design High Frequency Printed Circuit Board Design Thermal Effects

Introduction • √⌉∇{≀∇⇕⊣\⌋⌉ ∘ ∫⌉⇕⟩⌋≀\⌈⊓⌋⊔≀∇ ∫⊒⟩⊔⌋⟨⟩\} ∫√⌉⌉⌈∫ ⌈⌉}∇⊣⌈⌉ ⊒⟩⊔⟨ ⊔⌉⇕√⌉∇⊣⊔⊓∇⌉ ∘ ⌋⊣\ ∇⌉∫⊓↕⊔ ⟩\ ∫†∫⊔⌉⇕ {⊣⟩↕⊓∇⌉ • ∇⌉↕⟩⊣⌊⟩↕⟩⊔† ∘ {⊣⟩↕⊓∇⌉ ⇕⌉⌋⟨⊣\⟩∫⇕∫ ⌉\⟨⊣\⌋⌉⌈ ∘ ⌉↕⌉⌋⊔∇≀⇕⟩}∇⊣⊔⟩≀\ ∘ ≀§⟩⌈⌉ ⌊∇⌉⊣‖⌈≀⊒\ ∘ ⟨≀⊔↖⌉↕⌉⌋⊔∇≀\ ⟩\|⌉⌋⊔⟩≀\ ⌉{{⌉⌋⊔∫ ∘ ↕⌉⊣‖⊣}⌉ ⌋⊓∇∇⌉\⊔∫ ⟩\⌋∇⌉⊣∫⌉ ∘ ⌋≀∇∇≀∫⟩≀\ ⇕⌉⌋⟨⊣\⟩∫⇕∫ ⊣⌋⌋⌉↕⌉∇⊣⊔⌉ ∘ ⇕⌉⌋⟨⊣\⟩⌋⊣↕ ∫⊔∇⌉∫∫⌉∫ ⊒≀∇∫⌉\ ↖ ⌉§√⊣\∫⟩≀\ J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∋△

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ T⟨⌉∇⇕⊣↕ E{{⌉⌋⊔∫

P≀⊒⌉∇ D⟩∫∫⟩√⊣⊔⟩≀\ R⌉∐⊓⟩∇⌉⇕⌉\⊔∫

• CMOS }⊣⊔⌉ ⇐⟩\⊑⌉∇⊔⌉∇⇒ ⊣∫ ⊣\ ⌉§⊣⇕√↕⌉ • ⌋≀⇕√≀\⌉\⊔∫ ∘ ∫⊔⊣⊔⟩⌋⇔ ⌈⊓⌉ ⊔≀ ↕⌉⊣‖⊣}⌉ ⌋⊓∇∇⌉\⊔ ∘ ⌈†\⊣⇕⟩⌋⇔ ⌈⊓⌉ ⊔≀ ∫⊒⟩⊔⌋⟨⟩\}⇔ ⌋⊣√⊣⌋⟩⊔⊣\⌋⌉ ⌋⟨⊣∇}⌉∝⌈⟩∫⌋⟨⊣∇}⌉ • ⊔≀⊔⊣↕ √≀⊒⌉∇ ∫⊓⇕ ≀{ ⌈†\⊣⇕⟩⌋ ⊣\⌈ ∫⊔⊣⊔⟩⌋

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∋▽

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ T⟨⌉∇⇕⊣↕ E{{⌉⌋⊔∫

S⊔⊣⊔⟩⌋ P≀⊒⌉∇ D⟩∫∫⟩√⊣⊔⟩≀\

• ⌈⌉⊑⟩⌋⌉∫ ≀{{ → \≀ ⌋≀\⊔∇⟩⌊⊓⊔⟩≀\ {∇≀⇕ ⌋⟨⊣\\⌉↕ ⌋≀\⌈⊓⌋⊔⟩≀\ • ⌈⟩≀⌈⌉ {≀∇⇕⊣⊔⟩≀\ {∇≀⇕ ⌈⟩{{⊓∫⟩≀\∫ → ↕⌉⊣‖⊣}⌉ • ↕⌉⊣‖⊣}⌉ ⌋⊓∇∇⌉\⊔ i_o = i_s(e^{qV/kT} − ∞) • i_s is reverse saturation current • V is voltage across diode • k is Boltzmanφs constant q is electron charge • T is junction temperature

High Density Design High Frequency Printed Circuit Board Design Thermal Effects

• ⊔≀⊔⊣↕ ∫⊔⊣⊔⟩⌋ √≀⊒⌉∇ P_s =^NX_j =1 i_jV_{dd} • N is number of gates • i_j is leakage current of gate j • ⊔†√⟩⌋⊣↕ ⟩\⊑⌉∇⊔⌉∇⇔ V_{dd} / 5V P_s / 1 to 2 nW

High Density Design High Frequency Printed Circuit Board Design Thermal Effects

Dynamic Power Dissipation

• ↑∫⟨≀∇⊔ ⌋⟩∇⌋⊓⟩⊔↑ ⌋⊓∇∇⌉\⊔ ⇐V_{dd} to ground↽ • ↕≀⊣⌈ ⌋⊣√⊣⌋⟩⊔⊣\⌋⌉ ⌋⟨⊣∇}⌉∝⌈⟩∫⌋⟨⊣∇}⌉ • √≀⊒⌉∇⇔ ⌋↕≀⌋‖ √⌉∇⟩≀⌈ t_c P_d = 1 t_c Z_{tc/20 in(t)Vodt +} 1 t_c Z_{tctc/2 ip(t)(Vdd − Vo)dt} • ⊣∫∫⊓⇕⌉ ∫⊔⌉√ ⟩\√⊓⊔⇔ ⌋⊣√⊣⌋⟩⊔⟩⊑⌉ ↕≀⊣⌈ P_d = C_LV 2_{dd} t_c = C_LV 2_{dd}f_c

High Density Design High Frequency Printed Circuit Board Design Thermal Effects

• ⊔≀⊔⊣↕ ⌈†\⊣⇕⟩⌋ √≀⊒⌉∇ ⟩∫ ∫⊓⇕ ≀{ }⊣⊔⌉ ⌈†\⊣⇕⟩⌋ √≀⊒⌉∇ ⌈⟩∫∫⟩√⊣⊔⟩≀\ • ⊔†√⟩⌋⊣↕ ⟩\⊑⌉∇⊔⌉∇⇔ V_{dd} / 5 V f_c / 10 MHz C_L / 100 fF P_d / 25 μW • ⌈†\⊣⇕⟩⌋ √≀⊒⌉∇ ⌈≀⇕⟩\⊣⊔⌉∫

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ∋∃

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ T⟨⌉∇⇕⊣↕ E{{⌉⌋⊔∫

P≀⊒⌉∇ D⟩∫∫⟩√⊣⊔⟩≀\ E§⊣⇕√↕⌉∫ • ≀⊓⊔√⊓⊔ ⌊⊓{{⌉∇∫⇔ P =14CV 2f • CMOS⇔ ▽′ MH‡⇔ ∋↙△ V⇔ ∞′′ ≀⊓⊔√⊓⊔ ⌊⊓{{⌉∇∫ ℵ ′ √F → ∞ W • ECL }⊣⊔⌉ ℵ ∞′ ⇕W → ∞′‖ }⊣⊔⌉ ⌋⟨⟩√∫ ⌈⟩∫∫⟩√⊣⊔⌉∫ ∞′ W

P∇⊣∫⊣⌈⇔ P⊣}⌉ ∞∀′⇔ F⟩}⊓∇⌉ ▽↙▽

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ △′

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ T⟨⌉∇⇕⊣↕ E{{⌉⌋⊔∫

H⌉⊣⊔ T∇⊣\∫{⌉∇

• ⌋≀\⌈⊓⌋⊔⟩≀\ • ⌋≀\⊑⌉⌋⊔⟩≀\ • ∇⊣⌈⟩⊣⊔⟩≀\

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ △∞

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ T⟨⌉∇⇕⊣↕ E{{⌉⌋⊔∫

C≀\⊑⌉⌋⊔⟩≀\

• ⌋≀\⌈⊓⌋⊔⟩≀\ ≀{ ⟨⌉⊣⊔ ⟩\ ⇕≀⊑⟩\} ⊙⊓⟩⌈ R⊣⌈⟩⊣⊔⟩≀\

• ⌊≀⊓\⌈ ≀\ ∇⊣⌈⟩⊣⊔⌉⌈ √≀⊒⌉∇ P ≤ σ_{rad}T 4_j • {≀∇ T_j / 120^ffi C, P ≤ ′↙∞△ W/cm2 • ⊔≀≀ ∫⇕⊣↕↕ {≀∇ IC ⌈⟩∫∫⟩√⊣⊔⟩≀\ ∇⌉∐⊓⟩∇⌉⇕⌉\⊔∫

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ △∈

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ T⟨⌉∇⇕⊣↕ E{{⌉⌋⊔∫

C≀\⌈⊓⌋⊔⟩≀\

• ⟨⌉⊣⊔ ⊙⊓§ J_Q = −κ∇T • κ is thermal conductivity ∇T is thermal gradient • ⊣∫∫⊓⇕⌉ ≀\⌉ ⌈⟩⇕⌉\∫⟩≀\⊣↕⇔ ↕⟩\⌉⊣∇ }∇⊣⌈⟩⌉\⊔ θ = T_j − T_a P • T_j is junction temperature T_a is ambient temperature P is power • ↕≀⊒ ⊔⟨⌉∇⇕⊣↕ ∇⌉∫⟩∫⊔⊣\⌋⌉ }⟩⊑⌉∫ ↕≀⊒⌉∇ |⊓\⌋⊔⟩≀\ ⊔⌉⇕√⌉∇⊣⊔⊓∇⌉ {≀∇ }⟩⊑⌉\ √≀⊒⌉∇

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ △∋

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ T⟨⌉∇⇕⊣↕ E{{⌉⌋⊔∫

M⊣⊔⌉∇⟩⊣↕∫ • ⇕⌉⊔⊣↕∫ ⌊⌉⊔⊔⌉∇ ⊔⟨⊣\ \≀\⇕⌉⊔⊣↕∫⇔ }⊣∫⌉∫ √≀≀∇

B⊣‖≀}↕⊓⇔ P⊣}⌉ ∞∞△⇔ F⟩}⊓∇⌉ ∋↙▽

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ △△

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ T⟨⌉∇⇕⊣↕ E{{⌉⌋⊔∫

• ∫≀↕⟩⌈∫ ∘ ⇕⌉⊔⊣↕∫¬ ⌋≀\⌈⊓⌋⊔⟩≀\ ⌊† ⌉↕⌉⌋⊔∇≀\∫⇔ ↕⟩}⟨⊔⇔ {⊣∫⊔⇔ ↕≀\} ⇕⌉⊣\ {∇⌉⌉ √⊣⊔⟨ → }≀≀⌈ ⌋≀\⌈⊓⌋⊔≀∇∫ ∘ ⌈⟩⌉↕⌉⌋⊔∇⟩⌋∫¬ ⌋≀\⌈⊓⌋⊔⟩≀\ ⌊† √⟨≀\≀\∫⇔ ∫↕≀⊒⌉∇⇔ ∫⟩⇕⟩↕⊣∇ ⇕⌉⊣\ {∇⌉⌉ √⊣⊔⟨ → ∫↕⟩}⟨⊔↕† √≀≀∇⌉∇ ⌋≀\⌈⊓⌋⊔≀∇∫ • ↕⟩∐⊓⟩⌈∫⇔ }⊣∫⌉∫ ∘ ⊒⌉⊣‖ ⌋≀⊓√↕⟩\} ⌊⌉⊔⊒⌉⌉\ ⇕≀↕⌉⌋⊓↕⌉∫ → √≀≀∇ ⌋≀\⌈⊓⌋⊔≀∇∫ ∘ ⌋⟩∇⌋⊓↕⊣⊔⌉ ⊔≀ ⟩⇕√∇≀⊑⌉ ⟨⌉⊣⊔ ∇⌉⇕≀⊑⊣↕

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ △▽

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ T⟨⌉∇⇕⊣↕ E{{⌉⌋⊔∫ P⊣⌋‖⊣}⌉ T⟨⌉∇⇕⊣↕ P∇≀√⌉∇⊔⟩⌉∫ • \⌉⌉⌈ ⊔≀ ⌋≀\⊔∇≀↕ |⊓\⌋⊔⟩≀\ ⊔≀ ⊣⇕⌊⟩⌉\⊔ ⊔⟨⌉∇⇕⊣↕ ∇⌉∫⟩∫⊔⊣\⌋⌉ • ⌋⟨⊣\}⌉ ↕⌉⊣⌈ {∇⊣⇕⌉∫ ⊔≀ ↕≀⊒⌉∇ ∇⌉∫⟩∫⊔⊣\⌋⌉ ⇕⊣⊔⌉∇⟩⊣↕∫ • ⟨⌉⊣⊔ ∫⟩\‖∫ • ⟨⌉⊣⊔ ∫√∇⌉⊣⌈⌉∇∫

B⊣‖≀}↕⊓⇔ P⊣}⌉ ∞∞⇎ F⟩}⊓∇⌉ ∋↙∈

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ △

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ T⟨⌉∇⇕⊣↕ E{{⌉⌋⊔∫

P↕⊣∫⊔⟩⌋ P⊣⌋‖⊣}⌉∫

• DIP ⇐△′ √⟩\∫⇒ ∘ ∋∀^ffi C/W for natural convection

� 25 ffi C/W for forced air convection � 2 W or 3 W power dissipation for DT ≤ ∈▽ ffi � higher resistances for fewer pins, 68 ffi C/W for 20 pins • PLCC ∘ ∈^ffi C/W for 20 pins

� 38 ffi C/W for 52 pins � 32 ffi C/W for 84 pins

Joseph B. Evans Electrical & Computer Engineering, University of Kansas 47

High Density Design High Frequency Printed Circuit Board Design Thermal Effects

Ceramic Packages • ⇕≀⊓\⊔⟩\} ⟩⇕√≀∇⊔⊣\⊔ ∘ ⟨⌉⊣⊔ ⊙≀⊒ ⊔⟨∇≀⊓}⟨ ⌊⊣⌋‖ ∫⟩⌈⌉ ≀{ ⌋⟨⟩√ ∘ ⊔⟨∇≀⊓}⟨ ⌈⟩⌉ ⌊≀\⌈

B⊣‖≀}↕⊓⇔ P⊣}⌉ ∞∞⇔ F⟩}⊓∇⌉ ∋↙∈

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ △∀

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ T⟨⌉∇⇕⊣↕ E{{⌉⌋⊔∫

• LCCC ⇐∀̸ √⟩\∫⇒

B⊣‖≀}↕⊓⇔ P⊣}⌉ ∞∞∀⇔ F⟩}⊓∇⌉ ∋↙∈∀

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ △∃

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ T⟨⌉∇⇕⊣↕ E{{⌉⌋⊔∫

• PGA ⊒⟩⊔⟨ ⟨⌉⊣⊔ ∫⟩\‖ ∘ ⟨⌉⊣⊔ ⊙≀⊒ ⊔⟨∇≀⊓}⟨ ⌊⊣⌋‖ ∫⟩⌈⌉ ≀{ ⌋⟨⟩√ ∘ ⊔⟨∇≀⊓}⟨ ⌈⟩⌉ ⌊≀\⌈⇔ ∫⊓⌊∫⊔∇⊣⊔⌉⇔ ⟨⌉⊣⊔ ∫⟩\‖

B⊣‖≀}↕⊓⇔ P⊣}⌉ ∞∞∀⇔ F⟩}⊓∇⌉ ∋↙∈∃

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ▽′

H⟩}⟨ D⌉\∫⟩⊔† D⌉∫⟩}\ H⟩}⟨ F∇⌉∐⊓⌉\⌋† P∇⟩\⊔⌉⌈ C⟩∇⌋⊓⟩⊔ B≀⊣∇⌈ D⌉∫⟩}\ T⟨⌉∇⇕⊣↕ E{{⌉⌋⊔∫

• PGA ⊔⟨⌉∇⇕⊣↕ ⌋≀\⌈⊓⌋⊔⟩⊑⟩⊔⟩⌉∫

B⊣‖≀}↕⊓⇔ P⊣}⌉ ∞∞∃⇔ F⟩}⊓∇⌉ ∋↙∋′

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ▽∞

CONTENTS

√ • I\⊔∇≀⌈⊓⌋⊔⟩≀\ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 √ • I\⊔⌉∇⌋≀\\⌉⌋⊔⟩≀\∫ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 √ • D⌉\∫⌉ P⊣⌋‖⊣}⟩\} . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 √ • T⟨⌉∇⇕⊣↕ E{{⌉⌋⊔∫ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 ⇒ • C≀\⌋↕⊓∫⟩≀\ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

CONCLUSION

High Density Design High Frequency Printed Circuit Board Design Conclusion

• ∇⌉∐⊓⟩∇⌉ ⟨⟩}⟨ √⌉∇{≀∇⇕⊣\⌋⌉ √⊣⌋‖⊣}⟩\} • √⊣⌋‖⊣}⟩\} {≀∇ ⟨⟩}⟨ ∫√⌉⌉⌈∫ • ⊔⟨⌉∇⇕⊣↕ ⇕⊣\⊣}⌉⇕⌉\⊔ ⌊⌉⌋≀⇕⌉∫ ∫⟩}\⟩⊘⌋⊣\⊔

J≀∫⌉√⟨ B↙ E⊑⊣\∫ E↕⌉⌋⊔∇⟩⌋⊣↕ ↘ C≀⇕√⊓⊔⌉∇ E\}⟩\⌉⌉∇⟩\}⇔ U\⟩⊑⌉∇∫⟩⊔† ≀{ K⊣\∫⊣∫ ▽∋