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Computer-Generated Phase-Only Holograms for 3D Displays

“Phase-only Fresnel holograms,” which can be displayed on a single SLM without the

need for lenses or complicated optical accessories, substantially simplifies

3-D holographic display systems.

Exploring essential concepts, theories, and formulations of these phase-only

Fresnel holograms, this book provides comprehensive coverage of modern methods

for generating such holograms, which pave the way for commercial products such as

compact holographic projectors, heads-up displays, and data security enhancement.

Relevant MATLAB codes are provided for readers to implement and evaluate the

theories and formulations of different methods, and can be used as a quick start

framework for further research and development.

This is a crucial and up-to-date treatment of phase-only Fresnel holograms for

students and researchers in electrical and electronic engineering, computer science/

engineering, applied physics, information technology, and multimedia technology, as

well as engineers and scientists in industry developing new products on 3-D displays

and holographic projection.

Peter Wai Ming Tsang received his Ph.D. degree in electrical and electronic engineer-

ing from The University of Hong Kong in 1987. He is currently an Associate Professor

with the Department of Electrical Engineering, City University of Hong Kong. Dr.

Tsang is actively engaged in research on digital holography and three-dimensional

technology, focusing on developing methods for generation, processing, and display of

hologram. Apart from research findings reported in international journals, conferences,

invited talks, he is also an inventor of 28 patents. Dr. Tsang has served as Guest Editor/

Associate Editor for the IEEE Transaction on Industrial Informatics. He is currently an
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Optics, OSA from 2013 to 2019.

www.cambridge.org/9781108427333
www.cambridge.org


Cambridge University Press
978-1-108-42733-3 — Computer-Generated Phase-Only Holograms for 3D Displays
Peter Wai Ming Tsang 
Frontmatter
More Information

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

www.cambridge.org/9781108427333
www.cambridge.org


Cambridge University Press
978-1-108-42733-3 — Computer-Generated Phase-Only Holograms for 3D Displays
Peter Wai Ming Tsang 
Frontmatter
More Information

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

Computer-Generated Phase-Only
Holograms for 3D Displays

A MATLAB Approach

PETER WA I M ING TSANG
City University of Hong Kong

www.cambridge.org/9781108427333
www.cambridge.org


Cambridge University Press
978-1-108-42733-3 — Computer-Generated Phase-Only Holograms for 3D Displays
Peter Wai Ming Tsang 
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

79 Anson Road, #06–04/06, Singapore 079906

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/9781108427333

DOI: 10.1017/9781316999172

© Peter Wai Ming Tsang 2021

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 2021

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

Library of Congress Cataloging-in-Publication Data

Names: Tsang, Peter Wai Ming, 1956– author.

Title: Computer-generated phase-only holograms for 3D displays : a Matlab approach /

Peter Wai Ming Tsang, City University of Hong Kong.

Description: New York : Cambridge University Press, 2020. | Includes bibliographical

references and index.

Identifiers: LCCN 2020026417 (print) | LCCN 2020026418 (ebook) | ISBN 9781108427333

(hardback) | ISBN 9781316999172 (ebook)

Subjects: LCSH: Three-dimensional imaging. | Holography – Data processing.

Classification: LCC TA1560 .T73 2020 (print) | LCC TA1560 (ebook) | DDC 006.6/93–dc23

LC record available at https://lccn.loc.gov/2020026417

LC ebook record available at https://lccn.loc.gov/2020026418

ISBN 978-1-108-42733-3 Hardback

Additional resources for this publication at www.cambridge.org/pwmtsang.

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/9781108427333
www.cambridge.org


Cambridge University Press
978-1-108-42733-3 — Computer-Generated Phase-Only Holograms for 3D Displays
Peter Wai Ming Tsang 
Frontmatter
More Information

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

Contents

Preface page ix

Acknowledgments xi

1 Introduction to Digital Holography 1

1.1 Basic Concept of Holography 1

1.2 Optical Recording in Practice 5

1.3 Photography 6

1.4 Recording Setup in Optical Holography 7

1.5 Computer-Generated Holography 12

1.5.1 Point-Based Method 14

1.5.2 Layer-Based Method 16

1.6 Reconstruction of Digital Hologram 17

1.7 Capturing Digital Hologram of a Physical Object 19

1.7.1 Capture of Digital Off-Axis Hologram 19

1.7.2 Phase-Shifting Holography 21

1.7.3 Optical Scanning Holography 25

1.7.4 Non-diffractive Optical Scanning Holography 27

1.8 MATLAB Simulation 29

1.8.1 Simulation of Generating a Hologram with the Point-Based Method 29

1.8.2 Simulation of Capturing an Off-Axis Hologram 31

1.8.3 Simulation of Capturing a Digital Fresnel Hologram with Four-Step Phase-Shifting

Holography 34

1.9 Summary 34

Exercises 37

References 38

2 Fast Methods for Computer-Generated Holography 40

2.1 Introduction 40

2.2 Realization of CGH with Fourier Transform 41

2.3 Direct Look-Up Table Method 42

2.4 Novel Look-Up Table Method 44

2.5 The Line Scanning Method 46

2.6 The Split-Look-Up-Table (S-LUT) Framework 47

www.cambridge.org/9781108427333
www.cambridge.org


Cambridge University Press
978-1-108-42733-3 — Computer-Generated Phase-Only Holograms for 3D Displays
Peter Wai Ming Tsang 
Frontmatter
More Information

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

2.7 Compressed Look-Up-Table Method 49

2.8 Wavefront Recording Plane Method 50

2.9 Interpolated WRP Method 55

2.10 The Warped WRP Method 56

2.11 MATLAB Simulation 61

2.11.1 Simulation of Computer-Generated Hologram with the WRP Method 62

2.11.2 Simulation of Computer-Generated Hologram with the Downsampled WRP

Method 62

2.11.3 Simulation of Computer-Generated Hologram with the WWRP Method 69

2.12 Summary 69

Exercises 73

References 74

3 Generation of Phase-Only Fresnel Hologram 76

3.1 General View on Holographic Display System 76

3.1.1 Dual SLM Holographic Display System 76

3.1.2 Split SLM Holographic Display System 77

3.1.3 Amplitude-Only SLM Holographic Display System 78

3.2 Iterative Method for Generating Phase-Only Holograms 79

3.2.1 Generating Phase-Only Hologram for a Single-Depth Image 79

3.2.2 Enhanced IFTA: Mixed-Region Amplitude Freedom Method 81

3.2.3 Noise Reduction with IFTA Multiple Frame Averaging 83

3.2.4 Generating Phase-Only Hologram of a Multi-Depth Object with IFTA 85

3.3 Non-iterative Method for Generating Phase-Only Hologram 87

3.3.1 Random Noise Addition 88

3.3.2 Edge-Enhanced Noise-Addition Method 89

3.3.3 One-Step-Phase-Retrieval 90

3.3.4 Patterned Phase-Only Hologram 92

3.3.5 Sampled Phase-Only Hologram 93

3.3.6 Edge-Enhanced Sampled Phase-Only Hologram 96

3.3.7 Complementary Sampled Phase-Only Hologram 97

3.3.8 Binary Phase-Only Hologram 98

3.4 MATLAB Simulation 99

3.4.1 Simulation of Generating a Phase-Only Hologram with IFTA 100

3.4.2 Simulation of Generating a Phase-Only Hologram with the MRAF 100

3.4.3 Simulation of Generating a Phase-Only Hologram of a Two-Layer Object

(Double-Depth Image) with the Noise-Addition Method 106

3.4.4 Simulation of Generating a Phase-Only Hologram of a Two-Layer Object

with the PPOH Method 109

3.5 Summary 109

Exercises 110

References 111

vi Contents

www.cambridge.org/9781108427333
www.cambridge.org


Cambridge University Press
978-1-108-42733-3 — Computer-Generated Phase-Only Holograms for 3D Displays
Peter Wai Ming Tsang 
Frontmatter
More Information

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

4 Conversion of Complex-Valued Holograms to Phase-Only Holograms 113

4.1 Introduction 113

4.2 Complex Amplitude Modulation 114

4.3 Double-Phase Macro-Pixel Hologram 116

4.4 Uni-directional Error Diffusion 121

4.5 Bi-directional Error Diffusion 123

4.6 Localized Error Diffusion 125

4.7 Converting a Complex-Valued Hologram to a Binary Phase-Only Hologram with Direct Binary

Search 127

4.8 MATLAB Simulation 129

4.8.1 Simulation of Converting a Complex-Valued Hologram into a Phase-Only

Hologram with the CAM Method 129

4.8.2 Simulation of Converting a Complex-Valued Hologram into a Phase-Only

Hologram with the Double-Phase Macroblock Method 132

4.8.3 Simulation of Converting a Complex-Valued Hologram into a Phase-Only

Hologram with the UERD Method 135

4.8.4 Simulation of Converting a Complex-Valued Hologram into a Phase-Only

Hologram with the BERD Method 138

4.8.5 Simulation of Converting a Complex-Valued Hologram into a Binary Phase-Only

Hologram with the DBS Method 141

4.9 Summary 141

Exercises 145

References 145

5 Applications of Phase-Only Hologram in Display, Holographic Encryption, and

Steganography 147

5.1 Introduction 147

5.2 Holographic Projection and Display 147

5.2.1 Spatial Light Modulator 148

5.2.2 Holographic Projection 150

5.2.3 Holographic Display 150

5.3 Holographic Encryption 151

5.3.1 Optical Cryptography 153

5.3.2 Double Random Phase Optical Encryption 154

5.3.3 Single Random Phase Holographic Encryption 155

5.3.4 Enhanced Single Random Phase Holographic Encryption 160

5.3.5 Multiple-Image Holographic Encryption with Arnold Transform 163

5.4 Holographic Steganography 168

5.4.1 Data Embedded Error Diffusion Hologram 169

5.4.2 Image Embedded Error Diffusion Hologram 172

5.5 MATLAB Simulation 176

5.5.1 Simulation of the SRPE Method 176

Contents vii

www.cambridge.org/9781108427333
www.cambridge.org


Cambridge University Press
978-1-108-42733-3 — Computer-Generated Phase-Only Holograms for 3D Displays
Peter Wai Ming Tsang 
Frontmatter
More Information

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

5.5.2 Simulation on the ESRPE Method 179

5.5.3 Simulation of Multiple-Image Holographic Encryption with Arnold Transform 183

5.5.4 Simulation of Generating a DEED Hologram that Embeds an Image 186

5.6 Summary 190

Exercises 190

References 191

Index 194

viii Contents

www.cambridge.org/9781108427333
www.cambridge.org


Cambridge University Press
978-1-108-42733-3 — Computer-Generated Phase-Only Holograms for 3D Displays
Peter Wai Ming Tsang 
Frontmatter
More Information

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

Preface

According to experts and researchers, holography is likely to be the ultimate solution to

3-D display technology. In simple terms, holography is a method of capturing the full

optical field of a 3-D scene in a 2-D complex image. When a hologram is illuminated

with a coherent beam, the scene is reconstructed as a visible 3-D image.

With the advancement of computing and display technologies, it is now possible to

generate a digital Fresnel hologram of a 3-D object scene numerically. Theoretically, if

a high-resolution spatial light modulator (SLM) that is capable of displaying

a complex-valued hologram is available, the image represented by the hologram will

be reconstructed as a visible 3-D image that can be observed visually or projected onto

a 3-D surface. However, in practice, existing SLM devices can only display either the

magnitude or the phase component of a hologram, and a pair of SLMs has to be

integrated with a precise and complicated optical arrangement in order to display

a complex-valued hologram.

An effective solution to the current problem in holographic display is to generate

a phase-only hologram instead of a complex hologram, so that it can be displayed with

a single SLM. Such an approach will lead to significant simplification in the holo-

graphic display system, as well as enhancement of the brightness of the reconstructed

image. On the downside, the quality of the hologram and its reconstructed image will

be jeopardized. Although research on overcoming this issue began in the 1960s, it was

not until recently that computationally efficient methods were developed for generat-

ing phase-only holograms at a video rate of over 25 frames per second.

Most of the modern methods for generating phase-only holograms are reported in

individual journal articles. Due to the limited space available, the content of these

papers is usually presented in a succinct fashion, focusing more on the theory than the

practical aspects. This type of scholarly presentation can be adequate for an experi-

enced researcher, but may present difficulties to someone new to the field who needs to

acquire the knowledge within a short time frame, or someone who wants to get a full

picture of the state of the art (such as an undergraduate student, a postgraduate student,

or an engineering practitioner).

This book is intended to provide comprehensive coverage of modern methods for

generating digital phase-only Fresnel hologram for 3-D displays – a kind of hologram

that enables 3-D images to be displayed on a single SLMwithout the need for lenses or

complicated optical accessories. The research findings related to this technology will

have a significant impact, leading to substantial simplification of the 3-D holographic
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display system, paving the way for commercial products such as compact holographic

projectors, heads-up displays, and data security enhancement.

The book is aimed at various readers, including serious researchers, academics,

engineers, postgraduate students, and undergraduate students taking courses in digital

holography. It includes essential theories and formulations presented in a succinct and

readable manner, avoiding material that is less relevant to the main theme. MATLAB

code is provided for readers to verify and evaluate the theories and formulations

whenever applicable and selected programs can also be found online here:

www.cambridge.org/pwmtsang. I hope that this book is a good companion for every-

one in the course of conducting impactful research and developing contemporary

products on 3-D holographic display systems.

x Preface
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