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as Si, III–V compound semiconductors and SiGe;

• a description of light-emitting diodes, semiconductor lasers and photodetectors;
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• plentiful real-world examples; and

• end-of-chapter problems to test understanding of the material covered.

From crystal structure to atomic bonding, recombination and radiation in semi-

conductors to p–n junctions and heterojunctions, a wide range of critical topics is

covered. Moreover, a chapter on analogue circuit applications provides an introduction

to scattering parameter theory, followed by descriptions of different types of amplifier

and oscillator utilising HBTs and HEMTs. Optimisation algorithms, such as simu-

lated annealing and neural network applications, and parameter extraction of electronic
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Sheila Prasad is Professor Emeritus in the Electrical and Computer Engineering Depart-

ment at Northeastern University. Her current research interests include microwave and

high-speed semiconductor devices and circuits, and optoelectronic circuits. She has co-

authored the book Fundamental Electromagnetic Theory and Applications with Ronold

W. P. King and has authored over 130 journal and conference publications.

Hermann Schumacher is Professor and Director of the Competence Center on Integrated

Circuits in Communications, Institute of Electron Devices and Circuits, University of

Ulm. He is also the Director of the International Master Program on Communications

Technology at the University of Ulm, and has authored over 150 journal and conference

publications.

Anand Gopinath is Professor in the Department of Electrical and Computer Engineering

at the University of Minnesota. He is Life Fellow of the IEEE, Fellow of the OSA

and Fellow of IET (UK). His research is in the areas of RF/microwave and optical

semiconductor devices, integrated optics and metamaterials.

www.cambridge.org/9780521862837
www.cambridge.org


Cambridge University Press
978-0-521-86283-7 — High-Speed Electronics and Optoelectronics
Sheila Prasad , Hermann Schumacher , Anand Gopinath 
Frontmatter
More Information

www.cambridge.org© in this web service Cambridge University Press

High-Speed Electronics and
Optoelectronics: Devices and
Circuits

S H E I L A P R A S A D

Northeastern University, Boston

H E R M A N N S C H U M A C H E R

University of Ulm, Germany

A N A N D G O P I N A T H

University of Minnesota, Minneapolis

www.cambridge.org/9780521862837
www.cambridge.org


Cambridge University Press
978-0-521-86283-7 — High-Speed Electronics and Optoelectronics
Sheila Prasad , Hermann Schumacher , Anand Gopinath 
Frontmatter
More Information

www.cambridge.org© in this web service Cambridge University Press

University Printing House, Cambridge CB2 8BS, United Kingdom

One Liberty Plaza, 20th Floor, New York, NY 10006, USA

477 Williamstown Road, Port Melbourne, VIC 3207, Australia

314-321, 3rd Floor, Plot 3, Splendor Forum, Jasola District Centre, New Delhi - 110025, India

103 Penang Road, #05-06/07, Visioncrest Commercial, Singapore 238467

Cambridge University Press is part of the University of Cambridge. 

It furthers the University’s mission by disseminating knowledge in the pursuit of  

education, learning and research at the highest international levels of excellence.

www.cambridge.org  

Information on this title: www.cambridge.org/9780521862837

© Cambridge University Press 2009

This publication is in copyright. Subject to statutory exception  

and to the provisions of relevant collective licensing agreements,  

no reproduction of any part may take place without the written  

permission of Cambridge University Press.

First published 2009

A catalogue record for this publication is available from the British Library

Library of Congress Cataloging in Publication data

Prasad, Sheila.

High-speed electronics and optoelectronics : devices and circuits /

Sheila Prasad, Hermann Schumacher, Anand Gopinath.

 p. cm.

Includes bibliographical references and index.

1. Electronic apparatus and appliances. I. Schumacher, Hermann, 1957–

II. Gopinath, Anand. III. Title.

TK7870.P676 2009

621.381–dc22

                                                                                                     2008048655

ISBN  978-0-521-86283-7  Hardback

Cambridge University Press has no responsibility for the persistence or  

accuracy of URLs for external or third-party internet websites referred to in  

this publication, and does not guarantee that any content on such websites is,  

or will remain, accurate or appropriate. 

www.cambridge.org/9780521862837
www.cambridge.org


Cambridge University Press
978-0-521-86283-7 — High-Speed Electronics and Optoelectronics
Sheila Prasad , Hermann Schumacher , Anand Gopinath 
Frontmatter
More Information

www.cambridge.org© in this web service Cambridge University Press

Contents

Preface Page vii

Acknowledgements ix

Part One Devices 1

1 Review of semiconductor materials and physics 3

1.1 Executive summary 3

1.2 Semiconductor materials 4

1.3 Types of solids 5

1.4 Crystal structure 5

1.5 Crystal directions and planes 6

1.6 Atomic bonding 8

1.7 Atomic physics 9

1.8 The de Broglie relation 11

1.9 Quantum mechanics 12

1.10 Statistical mechanics 16

1.11 Electrons in a semiconductor 16

1.12 The Kronig–Penney model 16

1.13 Semiconductors in equilibrium 18

1.14 Direct and indirect semiconductors 20

1.15 Recombination and radiation in semiconductors 25

1.16 Carrier transport in semiconductors 29

1.17 p–n junction 30

1.18 Schottky diode 34

1.19 Heterostructures 35

1.20 Silicon–germanium heterostructures 40

1.21 Problems 43

References 45

2 Electronic devices 46

2.1 Executive summary 46

2.2 MESFET 46

2.3 High electron mobility transistor 67

www.cambridge.org/9780521862837
www.cambridge.org


Cambridge University Press
978-0-521-86283-7 — High-Speed Electronics and Optoelectronics
Sheila Prasad , Hermann Schumacher , Anand Gopinath 
Frontmatter
More Information

www.cambridge.org© in this web service Cambridge University Press

vi Contents

2.4 Radio Frequency MOSFETs 95

2.5 Bipolar and hetero-bipolar transistors 115

2.6 Problems 156

References 158

3 Optimisation and parameter extraction of circuit models 163

3.1 Executive summary 163

3.2 Optimisation of device models 163

3.3 Simulated annealing 164

3.4 Neural networks applied to modelling 168

3.5 Optimisation of neural networks by the genetic algorithm 180

3.6 Structured genetic algorithm 181

3.7 Semi-analytical device parameter extraction 184

3.8 Basic expressions for small-signal parameter extraction 203

3.9 Small-signal model of the collector-up (inverted) HBT 212

3.10 Problems 214

References 218

4 Optoelectronics 221

4.1 Executive summary 221

4.2 Optical sources 221

4.3 Photodetectors 261

4.4 Problems 284

References 285

Part Two Circuits 289

5 Building blocks for high-speed analogue circuits 291

5.1 Executive summary 291

5.2 Basic relations for two-port networks 291

5.3 Noise in two-ports 306

5.4 Transistor amplifiers 313

5.5 Oscillators 383

5.6 Mixers 396

5.7 Baluns, unbals and hybrids 412

5.8 Problems 419

References 421

Index 423

www.cambridge.org/9780521862837
www.cambridge.org


Cambridge University Press
978-0-521-86283-7 — High-Speed Electronics and Optoelectronics
Sheila Prasad , Hermann Schumacher , Anand Gopinath 
Frontmatter
More Information

www.cambridge.org© in this web service Cambridge University Press

Preface

Starting from the development of transistor technology to laser technology, the field

of solid state devices and their circuit applications has advanced rapidly. The silicon

bipolar junction transistor was first applied to low frequency circuits. The subsequent

advances in materials science made it possible to fabricate compound semiconductor

transistors capable of operating at microwave frequencies and high speeds. This pre-

sented the capability of applications in both analogue and digital circuits. At the same

time, the wide choice of high performance semiconductor materials also enabled the

development of optoelectronic devices such as lasers and light-emitting diodes. The

communications industry continues to grow and diversify, thus necessitating the design

of circuits which will satisfy the requirements of mobile telephones which are becom-

ing more and more sophisticated in their performance. Circuit design has applications

in other areas such as optical communications.

This book focusses on high-speed electronics and optoelectronics where the devices

operate at frequencies ≥1 GHz. It is presented in two parts with devices being dis-

cussed in the first part and the circuit applications in the second part. In Part One,

semiconductor devices fabricated in a variety of material systems – Si, III–V compound

semiconductors and SiGe – are presented. We discuss the concepts and the fundamen-

tal principles of operation. We do not attempt to present the latest results as they will

already be obsolete by the time the book is published. It is assumed that the reader has

had a course in fundamental solid state physics.

Chapter 1 reviews semiconductor materials and physics. For the reader who is famil-

iar with the topics, this chapter will be a brief review. If not, the reader can go to the

references section to get a detailed coverage of the topics. Semiconductor materials are

described followed by brief discussions of crystal structure and bonding. The section

on quantum mechanics is intended to present only the important concepts and is not

a comprehensive treatment of the subject. Semiconductor properties are described fol-

lowed by types of semiconductors. Semiconductor junctions are treated in detail as they

are the basis of the devices to be treated in subsequent chapters.

Chapter 2 presents high-frequency/high-speed electronic devices starting with the

MESFET, which was the first transistor to operate at microwave frequencies. The devel-

opment of the high electron mobility transistor (HEMT) represented a major advance in

technology and is presented here in detail. The recent application of MOSFETs to radio

frequency has been successful and the properties are covered in detail. Finally, bipolar
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viii Preface

and heterojunction bipolar transistors (HBTs) are described. Models for the transistors

are presented and their method of implementation is described.

Chapter 3 presents the optimisation and parameter extraction of the circuit models of

the electronic devices. The simulated annealing algorithm is discussed followed by the

application of neural networks to circuit modelling. The genetic algorithm is defined

and its application to optimisation is shown. Parameter extraction methods are given for

circuit models using semi-analytical methods and basic expressions are derived.

Chapter 4 deals with various optical sources such as light-emitting diodes and lasers,

giving details of their physical properties and their modes of operation. The discussion

of emitters is followed by an extensive coverage of a variety of photodetectors.

In Part Two of the book, we discuss analogue circuits at the gate level. We will

assume that the reader has a background (at the undergraduate level) in fundamental

analogue circuit theory. Chapter 5 (Part Two of the book) deals with the components of

high-speed analogue circuits. After a review of scattering parameter theory, the power

and noise relations for two-port networks are discussed. Transistor amplifiers are cov-

ered in detail, showing the application of the devices described in Chapter 2. This is

followed by a discussion of oscillators and mixers for high-speed circuits. Important

passive components of high-speed circuits complete this chapter.

We have a layered approach to each chapter in the book. There is an executive

summary at the beginning of each chapter. This will make the book valuable also for

technical managers who may not want to go through the chapter content in detail. We

have extensive problems at the end of each chapter, which will give the student appli-

cations of the theory. This book should be useful to research engineers and graduate

students. Results from various research papers are presented, many of which are only

available in journals which are referenced extensively. However, the reader need not

go to the original papers as the results are given in sufficient detail to give a good

understanding of the material.
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