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ABSTRACT
With growing interest in computer security and the protection of the code and data which ex-
ecute on commodity computers, the amount of hardware security features in today’s processors
has increased significantly over the recent years. No longer of just academic interest, security
features inside processors have been embraced by industry as well, with a number of commer-
cial secure processor architectures available today. This book aims to give readers insights into
the principles behind the design of academic and commercial secure processor architectures.
Secure processor architecture research is concerned with exploring and designing hardware fea-
tures inside computer processors, features which can help protect confidentiality and integrity of
the code and data executing on the processor. Unlike traditional processor architecture research
that focuses on performance, efficiency, and energy as the first-order design objectives, secure
processor architecture design has security as the first-order design objective (while still keeping
the others as important design aspects that need to be considered).

This book aims to present the different challenges of secure processor architecture design
to graduate students interested in research on architecture and hardware security and computer
architects working in industry interested in adding security features to their designs. It aims to
educate readers about how the different challenges have been solved in the past and what are the
best practices, i.e., the principles, for design of new secure processor architectures. Based on the
careful review of past work by many computer architects and security researchers, readers also
will come to know the five basic principles needed for secure processor architecture design. The
book also presents existing research challenges and potential new research directions. Finally,
this book presents numerous design suggestions, as well as discusses pitfalls and fallacies that
designers should avoid.

KEYWORDS
secure processor design, processor architecture, computer security, trustworthy
computing, computer hardware security
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Preface
Recent years have brought increased interest in hardware security features that can be added to
computer processors to protect sensitive code and data. It has been realized that new hardware
security features can be used to provide, for example, means of authentication or protection of
confidentiality and integrity. The hardware offers a very high level of immutability, helping to
ensure that it is difficult to change the hardware security protections (unlike with software-only
protections). Hardware cannot be as easily bypassed or subverted as software, as it is the ultimate
lowest layer of a computer system. Finally, dedicated hardware for providing security protections
can potentially offer energy efficiency and minimal impact on system performance.

Yet, adding security features in hardware has many challenges. Defining what has to be
secured, and how, is often a subjective choice based on qualitative arguments—unlike the quan-
titative choices that computer architects are used to making. Moreover, once made, the hardware
cannot be easily changed, which necessitates careful design of the security features in the first
place. The secure architecture design process also requires foresight to include features and al-
gorithms that will be suitable for many years to come. Perhaps the biggest challenges are the
attacks and various information leaks that the system should protect against. Not only random
errors or faults need to be considered, but the system also needs to defend against “smart” at-
tackers who can intelligently manipulate inputs or probe the hardware to try to maximize their
chances of subverting the computer system’s protections.

This book assumes readers may be at the level of a first- or second-year graduate student
in computer architecture. The book is also suitable for more senior students or for practicing
computer architects who are interested in starting work on the design of secure processor ar-
chitectures. The book provides a chapter on security topics such as encryption, hashing, confi-
dentiality, and integrity, to name a few—consequently a background in computer security is not
required. It is the hope that this book will get computer architects excited about security and
help them work on secure processor architectures.

The chapters of this book are based on research ideas developed by the author and also
ideas gleaned from papers that a variety of researchers have presented in conferences such as
ISCA, ASPLOS, HPCA, CCS, S&P, and Usenix Security. Information is also included about
recent commercial architectures, such as Intel SGX, ARM TrustZone, and AMD memory en-
cryption technologies. The book, however, is not meant as a manual or tutorial about any one
specific security architecture. Rather, it uses past academic and industry research to derive and
present the principles behind design of such secure processor architectures.

This book is divided into ten chapters. Chapter 1 focuses on motivating the need for
secure processor architectures and gives an overview of the book’s organization. Chapter 2 covers
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basics of computer security needed for understanding secure processor architecture designs. It
can be considered an optional chapter for those already familiar with major computer security
topics. Chapter 3 discusses main features of secure processor architectures, such as extending
processors with new privilege levels, or breaking the traditional linear hierarchy of the privilege
levels. Chapter 4 focuses on the Trusted Execution Environments which are created by the
hardware and software Trusted Computing Base, and discusses various protections that secure
architectures can offer to the Trusted Execution Environments. Chapter 5 introduces the Root
of Trust from which most of the security features of a secure processor architecture are derived.
Chapter 6 is an in-depth discussion of protections that secure architectures use to protect main
memory, usually DRAM. Chapter 7 overviews security features that target designs with many
processors or many processor cores. Chapter 8 gives extended review of side channel threats,
processor features that contribute to existence of side channels, and ideas for eliminating various
side channels. Chapter 9 is an optional chapter, which can be considered a mini survey of work
on security verification of processor architectures and hardware. Chapter 10 concludes the book
by presenting the five principles for secure processor architecture design, along with research
challenges and future trends in secure processor designs.

After finishing this book, readers should be familiar with the five design principles for
secure processor architecture design, numerous design suggestions, as well as become educated
about pitfalls and fallacies that they should avoid when working on secure processor designs.
Most importantly, security at the processor and hardware level is a crucial aspect of today’s
computers, and this book aims to educate and excite readers about this research area and its
possibilities.

Jakub Szefer
October 2018



xxi

Acknowledgments
The ideas and principles derived in this book are based not only on my own research, but also on
research and ideas explored overmany years by numerous researchers and gleaned from their aca-
demic papers presented in top architecture and security conferences. I would like to especially
acknowledge my former Ph.D. adviser, Prof. Ruby B. Lee, and others with whom I learned
about, and worked on, secure processor architectures. The principles and ideas presented here
reflect the hard work of many researchers and of the broader computer architecture and secu-
rity communities.

I would like to thank Prof. Margaret Martonosi, the editor of the Synthesis Lectures
on Computer Architecture series, and Michael B. Morgan, President and CEO of Morgan &
Claypool Publishers, for their support and deadline extensions. I hope this book is a valuable
addition to the series, and it was made much better through their input and encouragement. In
addition, this book was improved thanks to the feedback and reviews from Margaret Martonosi,
Caroline Trippel, and Chris Fletcher. Further, I would like to thank Dr. C.L. Tondo, Christine
Kiilerich, and the copyeditors for helping bring this book to reality.

Work on this book was made possible in part through generous support from the National
Science Foundation, through grants number 1716541, 1524680, and an NSF CAREER award
number 1651945, and through support by Semiconductor Research Corporation (SRC). It was
further made possible through support from Yale University.

Special thanks to my current Ph.D. students: Wenjie Xiong, Wen Wang, Shuwen Deng,
and Shanquan Tian. It is a pleasure to work with them on secure processor architectures, hard-
ware security, and other topics related to improving computer hardware security; our work forces
me to constantly learn new ideas and push the boundaries on these exciting research topics.

I would like to thank my parents, Ewa and Krzysztof, for their constant encouragement,
especially during my years in graduate school, and now in my academic career. Their unwavering
love and support can always be counted on.

Most importantly, I would like to thank my amazing wife, Injoong, for all she does. With-
out her, my research, work, and this book would not be possible. She is the most loving wife and
my best friend. And last, but not least, many hugs and kisses to our baby daughter, Adriana, for
being the cutest and smartest baby ever! Every day is a surprise and she brings nothing but joy
to me.

Jakub Szefer
October 2018


	Copyright Page
	Title Page
	Dedication
	Contents
	Preface
	Acknowledgments



