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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
teatures 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
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CHAPTER 1

Introduction

'This chapter provides motivation for research and work on secure processor architectures. It also
provides an outline of the organization of this book and, in particular, highlights the core and
the optional chapters.

1.1 NEED FOR SECURE PROCESSOR ARCHITECTURES

Secure processor architectures by design provide extra hardware features which enhance com-
modity processors with new security capabilities. The new security features may be purely in
hardware, or they may be implemented in both hardware and software. The former are the so-
called hardware security architectures, and the latter are the so-called hardware-software archi-
tectures. Unlike hardware security modules or dedicated security accelerators (see Section 3.6.5),
secure processor architectures are mainly designed as extensions of commodity processors, and
are based on architectures such as such x86 or RISC. The increased need for implementing
security features in processor architectures has been driven in recent years by three factors.

* Software Complexity and Bugs: Increased complexity and size of the software code run-
ning on commodity processors, especially the operating system or the hypervisor code,
makes it impractical, or even impossible, to provide security solely based in software—
more and more lines of software code lead to increased number of software bugs and poten-
tial exploits. New features (e.g., new protection levels or new hardware features for creating
trusted software executing environments) are needed to provide an execution environment
wherein a small, trusted code can execute separated from the rest of the untrusted code.

* Side-Channel Attacks: Computation is today often done in settings such as in cloud
computing where many different users share the same physical hardware. Co-residency of
potential victims and attackers on same hardware can allow the attackers to learn sensitive
information through shared hardware and the side channels. Timing-based side chan-
nels, and also power, RF, or EM-based ones, exploit known side effects of the behavior of
commodity processors when different types of computations are performed. Only modifi-
cations at the architecture and hardware levels can mitigate different types of side channels
and the resulting side-channel attacks.

* Physical Attacks: Attacks including physical probing of memory busses or even memory
chips have necessitated protections against not just software, but hardware or physical
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attacks, especially as cloud computing has increased in popularity, where users no longer
have physical control over the hardware on which their code runs, new mechanisms are
needed to protect the code and data against physical attacks. Likewise, embedded devices
or Internet-of-Things devices are prone to physical attacks as users may not have physical
control over the devices at all times.

The first motivating factor for the need for secure processor architectures listed above is
the constantly increasing code size of the software, and consequent number of bugs and ex-
ploits. According to some estimates there can be as many as 20 bugs per 1000 lines of software
code [69]. Even if it is an overestimate, an operating system or hypervisor with millions of lines
of code will have thousands of bugs. The operating system is typically in charge of managing
applications, and as long as the operating system is running correctly, applications are protected
from one another. Today, however, the code base of an average operating system has grown
to tens of millions of lines of code and it is no longer possible for operating system to be bug
free—the operating system is no longer trustworthy to protect the applications. Similarly, af-
ter introduction of the new hypervisor privilege level, hypervisors were supposed to be small
and trustworthy to isolate different operating systems form one another. Yet today, hypervisors
are more like operating systems with millions of lines of code. The bloated code base makes
the operating systems and hypervisors less trustworthy. To secure applications (from each other
and from the untrustworthy operating system) or to secure virtual machines (VMs) (from each
other and from the untrustworthy hypervisor), a variety of secure processor architectures, and
design ideas, have been proposed that leverage changes in the architecture. New privilege levels
or mechanisms for separation of code and data can help protect trusted code from the rest of
the code running on the computer system.!

The second motivating factor for the need for secure processor architectures is side-
channel attacks. Side-channel attacks that leverage timing, power, RF, or EM changes or ema-
nations as processors execute different programs and instructions. The side-channel attacks have
been known and explored for a long time. Defending against such types of attacks, however, has
gained new urgency after Spectre [120] and Meltdown [138] attacks were publicized (while this
book was being written), which partly leverage cache timing side channels, for example.

'The third factor driving the need for secure processor architectures is the physical attacks.
Lack of physical control over the computer system where the code is executing means that users
can no longer be sure that there is physical security and that nobody is tampering with their
system. For example, in cloud computing, users rent servers or VMS that are located in far away
data centers where rogue employees or hosting company compelled by the government can probe
the server hardware while it is running. In another scenario, embedded devices, such as in now
popular Internet-of-Things computing paradigm, are spread out in variety of locations where
the owner may not be able to ensure that they are physically secure.

Hardware designs can suffer form bugs in the hardware description code, just as there are bugs in software. Chapter 9 gives
information about approaches for security verification of processor architectures and designs.
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1.2 BOOK ORGANIZATION

Organization of this booK’s chapters is shown in Figure 1.1 below. The overarching design goal
of secure architectures is to protect integrity and confidentiality of user applications, operating
system, hypervisor, or other software components, depending on the threat model and assump-
tions of the particular architecture, and prevent software or hardware attacks (again, within limits
of the particular threat model). To help students and practitioners learn about, and create, such
solutions and protections, the remainder of the book is divided into a number of chapters focus-
ing on major topic areas, culminating in the last chapter that presents the principles for secure
processor architecture design.

'The remaining chapters of this book can be divided into three groups. Chapter 2 covers
basics of computer security needed for understanding secure processor architecture designs. It
can be considered an optional chapter for those already familiar with topics such as: confidential-
ity, integrity, availability, symmetric and public-key cryptography, secure hashing, hash trees,
etc. Chapters 3-8 and also Chapter 10 are the core of this book. Chapter 9 is again an optional
chapter, which can be considered a mini survey of work on security verification of processor
architectures and hardware.

Core chapters
Optional Chapter 1 of the book
background Introduction
Chapter 2 -d-f------="""""""7"
Basic Computer ---f-]---------______ >
Security Concepts Chapter 3
Secure Processor Architectures
Chapter 4
Trusted Execution Envronments
Chapter 5
Hardware Root of Trust
Chapter 6
Memory Protections
Chapter 7
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Chapter 8 B
Side Channel Threats and Protections .O‘p tional
____________ mini survey
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IS Security Verification of
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Chapter 10 Processor Architectures
Principles of Secure Processor Architecture
Design
v

Figure 1.1: Organization of this booK’s chapters.







CHAPTER 2

Basic Computer Security
Concepts

This chapter covers basics of computer security needed for understanding secure processor ar-
chitecture designs. It begins with a discussion of the trusted computing base, security threats
to a system, and discussion of threat models. A brief overview of information leaks and side
channels is also included in the chapter as it will be needed to understand the side-channel at-
tack protections that secure processor architectures needs. This chapter then dives into security
concepts of confidentiality, integrity, and availability. It also explains basics of symmetric-key
cryptography, public-key cryptography, and secure hashes. A short section on importance of
good sources of randomness is included. The chapter closes with a short overview of physically
unclonable functions (PUFs) and their applications.

2.1 TRUSTED COMPUTING BASE

In a secure processor architecture, the Trusted Computing Base (T'CB) is formed by the hard-
ware components and the software components that work together and provide some security
guarantees, as specified by the architecture. There is a distinction that can be made between
hardware secure architectures where the hardware is protecting the software but all security
mechanisms are solely in hardware, or hardware-software secure, architectures where hardware
works with some software (usually privileged software such as the operating system or the hy-
pervisor) to protect other software. The latter can provide more flexibility, but typically increases
the size of the TCB. Larger TCB is usually considered less desirable as more lines of software
code (and likewise lines of hardware description code) are assumed to be correlated with more
potential bugs [69] and consequently security vulnerabilities.

A typical computer system can be broken down into a number of distinct hardware com-
ponents, e.g., processor cores, processor caches, interconnect, Dynamic Random Access Mem-
ory (DRAM), etc. These hardware components interact with each other as well as with the
different software components as the system executes. The hardware components which are
dependent upon to provide security form the hardware TCB. Meanwhile, the software com-
ponents (if any) which are dependent upon to provide security form the software TCB. These
hardware and software components that work together and provide some security guarantees
are assumed to be trusted, and together form the whole TCB.
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Correct operation of the system depends on the correctness of the TCB. The goal of
secure processor architectures is then to ensure that the trusted hardware components can work
together with the trusted software components to provide the desired security properties and
protections for the software (e.g., trusted software modules or enclaves, whole user applications,
or even containers or VMs) running on the system.

In addition to the trusted hardware and software components, there are the untrusted
parts of the system. The untrusted parts (hardware or software) need not be overtly malicious,
but are simply not trusted for the correct operation of the system. During the design of a secure
processor architecture, the trusted computing base has to be constructed such that, regardless of
the actions taken by the untrusted parts, the security properties of the system will be maintained.
Eftectively, each untrusted entity can be a potential attacker that tries to break the security of the
system—the designer has to then consider all possible attacks by all the untrusted entities, unless
a specific threat is explicitly not protected against, as specified in the threat model (discussed in
Section 2.2.6). Beyond the untrusted entities which are part of the system, there are external
attackers which should also be considered, i.e., physical attacks on the computer system.

It should be emphasized that trusted parts are ones on which the correct operation of the
system explicitly depends on. If something happens to a trusted part (e.g., a software function
is altered or a hardware module is modified) then the protections of the whole system can no
longer be assumed. The trusted part, however, could be malicious to begin with or buggy due to
poor design. A trusted software or a trusted hardware part thus may or may not be trustworthy.

Trustworthiness is a qualitative designation indicating whether the entity will behave as
expected, is free of bugs and vulnerabilities, and is not malicious. The designation of an entity
as trustworthy is separate from the designation of the entity as trusted. A secure processor ar-
chitecture is designed with explicit assumption about which hardware or software entities need
to be trusted, i.e., these entities from the TCB. During the design and implementation of these
entities, it needs to be ensured that they are indeed trustworthy. Techniques such as formal
security verification [52] should be applied to make sure the design is correct. However, even
beyond design, bugs, or malicious modifications can be introduced during manufacturing time,
e.g., hardware trojans can be added [213].

Architecture designers typically focus on ensuring that the protocols, interactions, inter-
faces, and use of encryption and hashing among the trusted components are such that there
can be no attack. Once there is confidence that the system cannot be attacked due to a logical
design in the flaw, the focus can move to the implementation details. Implementation details!
focus on issues such as malicious foundries [231] or supply chain security [178]. Even when the
lifetime of a processor ends, issues of trustworthiness can continue (e.g., make sure the system
permanently destroys the encryption keys).

Tt should be noted that side channels are related to both the design process, e.g., timing side channels due to the way the
cache is designed are independent of the physical implementation details of the cache, and to the implementation process,
e.g., different types of transistors or logic gates may create thermal or EM side channels. Side channels are discussed in
Section 2.2.4.
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2.1.1 KERCKHOFFS’S PRINCIPLE: AVOID SECURITY THROUGH
OBSCURITY

Kerckhofls’ principle is well known and was first created in the context of cryptographic sys-
tems [167]. The principle can be paraphrased as stating that operation of the TCB of a security
system should be publicly known and should have no secrets other then the cryptographic keys.
'Thus, even if an attacker knows everything about the operation of the TCB, he or she still cannot
break the system unless he or she knows the cryptographic keys.

Many failed security systems practice the opposite of this principle, which is security
through obscurity. Security through obscurity can be paraphrased as attempting to secure the
system by making the operation of the TCB secret and hoping that any potential attackers are not
able to reverse engineer the system and break it. Designers should not underestimate the clev-
erness of attackers and they should never practice security through obscurity. Security through
obscurity has led to many real attacks, such as on metro cards [44], or could potentially lead to
attacks on computer processors, as with researchers recently breaking into Intel's Management
Engine [60] that runs secretive code which is in charge of the computer platform.

2.2 SECURITYTHREATS TOA SYSTEM

'The processor, the whole hardware of the computer system, and the software executing on it
can be vulnerable to a number of security threats. The attackers can exploit the attack surface to
mount different types of attacks, and these need to be protected against.

2.2.1 THEATTACK SURFACE

'The attack surface is the combination of all the attack vectors that can be used against a system.
Individual attack vectors are different ways that an attacker can try to break system’s security.
Figure 2.1 shows different types of attack vectors (left side of the figure), along with potential
parts of the system which can be targets of the attacks (bottom of the figure). Attack vectors could
be through hardware or software, and in both cases could be due to so-called external attackers
(attacker is not executing code on the target computer nor physically near the computer system
they are attacking) or so-called internal attackers (the attacker is running code on the system he
or she is trying to attack, or has physical access to the system). Hardware attacks could come from
untrusted hardware (not in the TCB), or external physical attacks (e.g., physical probing of the
memory or data buses). Software attacks could come from untrusted software (not in the TCB)
or the software that is supposed to be protected (but due to bugs or malicious behavior tries to
attack the system on which it is running). The targets of the attacks, shown at the bottom of
Figure 2.1, can be hardware which is in the TCB, software which is in the TCB, or the software
that is supposed to be protected. It does not make sense to try to attack the untrusted hardware
or the untrusted software as by definition it does not provide any security mechanisms nor hold
any sensitive data.
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Figure 2.1: The potential attack surface of a secure processor. The terms external and internal
refer to whether the potential attack is from within the system or from outside. The targets of

the attacks can be either the TCB or the software that is being protected (by the TCB).

There are numerous examples of the different classes of attacks. Software-on-software at-
tacks could be untrusted operating system attacking software that is being protected. A software-
on-hardware attack could be untrusted software using cache side-channel attacks to learn secret
information from a processor cache’s operation. A hardware-on-software attack could be an
untrusted memory controller trying to extract information from DRAM memory. A hardware-
on-hardware attack could be untrusted peripheral trying to disable memory encryption engine.
Note that components inside the software or hardware TCB are never assumed to be sources of
attacks, as by definition, they are trusted with ensuring protections for the system.

2.2.2 PASSIVE AND ACTIVE ATTACKS

Passive attacks are the types of attacks where the attacker only observes the operation of the
system. He or she does not actively trigger any inputs nor otherwise interact with the system.
Passive attackers are most often called an eavesdroppers. They listen in on communication (in-
ternal or external to the system) to try to deduce the secret information or code. Side-channel
attacks are types of passive attacks where attackers gather timing measurements, or power, EM,
thermal, or other emanations from the system to try to learn what it is doing or to learn the
secrets (more on side channels is mentioned shortly in Section 2.2.4).

Active attacks involve the attacker trying to modify code or data of the system. An attacker
may try to write into some memory location (e.g., to change encryption key stored there) or
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execute a series of instructions (e.g., to heat up the chip and cause it to fail). Physical attacks on
processor chips such as fault injection are also active attacks as the attacker actively manipulates
the (physical) state of the system.

'The attacks can be further divided into: snooping, spoofing, splicing, replay, and distur-
bance attacks. Snooping attacks are passive attacks where the attacker simply tries to observe or
read some information. Spoofing attacks are active attacks that, for example, involve injecting
new memory commands to try to read or modify data in memory. Splicing attacks are also active
attacks, which, for example, involve combining portions of legitimate memory commands (ob-
served before through a snooping attack) into new memory commands (to read or modify data).
Typically, splicing involves combining requests from one command (e.g., a memory read from,
or a write to, a specific address) with authentication information from another command. Replay
attacks are another example of active attacks which involve, for example, re-sending previously
observed memory command again in the future. Disturbance attacks are the last type of active
attack and they include attacks such as Denial of Service (DoS) on memory bus [153], using
repeated memory accesses to age circuits [110], repeated memory access to trigger Rowhammer

bug [117], etc.

2.2.3 MAN-IN-THE-MIDDLE ATTACKS

Man-in-the-middle attacks are attacks on communication (internal external to the system).
As the name implies, man-in-the-middle attempts to intercept communication between two
trusted components, and the goal is for neither entity to recognize that someone is intercepting
the communication. Man-in-the-middle can be passive (receive data, read it, and forward to
original destination without any changes) or active (modify data after receiving it or inject some
new data).

2.2.4 SIDE AND COVERT CHANNELS AND ATTACKS

A covert channel [67] is a communication channel that was not intended or designed to transfer
information between a sender and a receiver. Covert channels typically leverage unusual methods
for communication of information, never intended by the system’s designers. These channels can
include use of timing, power, thermal emanations, electro-magnetic (EM) emanations, acoustic
emanations, and possibly others. With the exception of timing channels, most channels require
some physical proximity and sensors to detect the transmitted information, e.g., use of EM
probe to sense EM emanations. Meanwhile, many timing-based channels are very powerful as
they do not require physical access, only that sender and receiver run some code on the same
system. Some covert channels can be prevented at the design time if they are known to exist,
e.g., through proper isolation of processes or by partitioning caches, but many go unnoticed until
the system is deployed.

Covert channels are important when considering intentional information exfiltration

where one program manipulates the state of the system according to some protocol and an-
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other observers the changes to read the “messages” that are sent to it. Covert channels are a
concern because even when there is explicit isolation, e.g., each program runs in its own address
space and cannot directly read and write another program’s memory, a covert channel may allow
the isolation mechanisms to be bypassed.

A side channel [128] is similar to a covert channel, but the sender does not intend to
communicate information to the receiver, rather the sending (i.e., leaking) of information is a
side effect of the implementation and the way the computer hardware or software is used. Side
channels can use same means as covert channels, e.g., timing, to transmit information. Typically,
covert channels and attacks are analyzed or presented first as both sender and receiver is under
control of the potential attacker and it is easier to create a covert channel. Next, side channels
are usually explored as they are more difficult to create since the victim (i.e., sender) is not under
control of the attacker. Some side channels, like covert channels, can be prevented at the design
time, e.g., through constant-time software implementations or by randomizing caches, but many
also go unnoticed until the system is deployed.

Side channels are important when considering unintentional information leaks. In a side
channel, there is usually a victim process that uses a computer system and the way the system
is used can be observed by an attacker process. Processor-based side and covert channels can
be generally categorized as timing-based, access-based, or trace-based channels. Timing-based
channels rely on the timing of various operations to leak information, e.g., [4, 21, 122]. For
example, one process performs many memory accesses so that memory accesses of another pro-
cess are slowed down. Access-based channels rely on accessing some information directly, e.g.,
[83, 161, 165, 174, 253]. For example, one process probes the cache state by timing its own
memory accesses. Irace-based channels rely on measuring exact execution of a program, e.g.,
[1]. For example, attacker obtains sequence of memory accesses and whether they are cache hits
or misses based on the power measurements. Besides processor-based side and covert channels,
others exist, such as through power [121], EM radiation [6], thermal [106], etc.

Both covert and side channels can be created as a result of the logical design of the system,
or due to the implementation of the system. Timing channels are often due to design, e.g., caches
have different timing for a cache hit vs. cache miss, thus observation of the timing of memory
access can reveal some information about state of the system. Timing channels can often be
fixed or at least mitigated by changing the design, e.g., disable caches or use partitioned or
randomized caches. Implementation-related channels can be, for example, EM channels, where
the logical design does not leak any information (e.g., no timing cache channel exists), but EM
radiation can reveal some information (e.g., memory address used to perform a memory access).
Implementation-related channels, similar to hardware trojans, cannot often be easily defended
at the architecture level. Meanwhile, timing channels or other due to the logical design of the
system can be defended by changing the system design.
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2.2.5 INFORMATION FLOWS AND ATTACK BANDWIDTHS

'The information flow refers to the transfer of information between different entities. Information
flow can be explicit, e.g.,a = b where data or information in b is moved to a, or it can be implicit,
e.g.,b = 0; if(a) then b = 1, where the value of b reflects whether a is true, but there was never
a direct assignment, or copying of data, from a to b. Typically when discussing information
flow there is a low-security entity that interacts with a high-security entity. A system could have
a desired property such as “there is no information flow between the components x and y” or
“component x’s file z is never accessible by component y.” Information flow can happen through
data or through timing information.

If there is a possible information flow between the system and an attacker, then there is
a potential attack vector. This has been formalized in security verification by number of tools
which can try to check whether there are information flows between different entities in the
system [52]. Side and covert channels can also be expressed in terms of information flow between
an attacker and a victim.

When there is information flow, one needs to also consider bandwidth and the probabilis-
tic nature of the information flow. Bandwidth simply means how much data can be transferred
in a unit of time. Naturally, higher bandwidth information flows are more dangerous from se-
curity perspective. Although, in many cases to goal of an attacker is to exfiltrate a cryptographic
key, e.g., 128-4096 bits, and the actual bandwidth does not need to be very high to get useful
information (i.e., the key). The other aspect is the probabilistic nature of the information flow.
As an example, in a cache side-channel attack, there is interaction between attacker process and
victim process, who both affect the state of the cache, which leads to the side-channel attack.
However, the information flow depends on the behavior of the attacker and the victim. If victim
and attacker always access mutually exclusive cache sets, there is no information leak; if they ac-
cess or contend for the same cache set, there can be information leak. Thus, there is not always
an actual information flow, even it it is possible to have one.

Whether there is an information flow between a potential attacker and victim can be
analyzed using non-interference. Non-interference is a property that typically refers to how
untrusted entities interact with trusted entities. The interference between these entities can be
analyzed to check that the untrusted entity is not able to observe any differences in its own
behavior, or the behavior of the system, in response to, or as a byproduct of, a trusted entity
processing sensitive or non-sensitive inputs. The trusted entity, however, may observe differ-
ences in the behavior of system or the untrusted entity. Non-interference essentially means that
information about the operation of the secure entity does not leak to the insecure entity.

2.2.6 THE THREAT MODEL

A threat model is a concise specification of the threats that a given secure processor architecture
protects against. It is unlikely that an architecture can be designed to protect against all pos-
sible hardware and software attacks. Also, it may be economically infeasible to try to provide
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protections against certain, unlikely attacks. At the very least, a threat model should specify the
assumptions and threats that the architecture considers. It should specify the following.

1. TCB: the set of trusted hardware and software components.
2. Security properties: properties that the TCB aims to guarantee.
3. Attacker assumptions: capabilities of potential attackers.

4. Potential vulnerabilities: attackers and attack vectors on the trusted computing base, in-
cluding untrusted entities and also any external attackers which will be defended against.

As part of the threat model, it is beneficial to also list any groups of potential attackers,
attackers’ capabilities, or attack vectors which are out-of-the-scope of the protections the trusted
computing base of the secure architecture aims to ensure. This can clarify what is not being
protected by the design.

Difterent secure processor architectures will provide protections under assumptions of dif-
ferent possible attacks, thus direct comparison of the architectures is often difficult. For example,
some may protect from physical attacks on DRAM memory but not side channels, but others
may protect against timing side channels, but not against physical attacks.

When there is an attack, since each architecture is designed for a specific threat model, it
is important to distinguish whether the attack is indeed within the scope of the threat model.
Sometimes the problem with the architecture is actually with the threat model. For exam-
ple, recent Intel SGX architecture does not aim to protect against side-channel attacks due
to caches [104], while there are many researchers presenting such attacks against SGX [75].
Architects need to consider needs and expectations of the users and make sure the threat model
matches what is assumed by the users.

2.2.7 THREATS TO HARDWARE AFTER THE DESIGN PHASE

Secure processor design focuses on minimizing the TCB, and protecting against a variety of
attacks. All the protections depend on the trustworthiness of the TCB, and at the design time
the designer should attempt to verify the TCB [52]. When the hardware and software is actually
manufactured, however, there are a number of threats that may still undermine the design:

Bugs or Vulnerabilities in the TCB—By definition, the TCB is fully trusted and assumed
to be bug and vulnerability free. This is usually not explicitly stated, but should still be kept
in mind while discussing security of any given architecture. Software (and hardware) design
security verification [52] are themselves large research areas that can inform assumptions about
the dangers of bugs and vulnerabilities in the TCB, and how to avoid them.

Hardware Trojans and Supply Chain Attacks—With the growing globalization of the
supply chain, a single processor may include intellectual property (IP) blocks from multiple
vendors from different countries, the whole system may be manufactured and processed in many
different facilities in many countries before the final product is delivered to the customers. All
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the different parties who supply IP blocks or are part of the manufacturing and supply chain can
potentially alter or modify the design to insert hardware trojans. When discussing the secure
processor architecture design, it is usually implied that as long as the design is correct, the actual
processor will be properly manufactured according to the design and not altered. Hardware
trojan detection and prevention [231] as well as supply chain issues [178] are themselves large
research topics that are well studied, and they can inform the assumptions about the threats of
hardware trojans or possible supply chain attacks on the TCB.

Physical Probing and Invasive Attacks—Once a processor is manufactured and used in
a real device, the device can be potentially easily probed through physical means. Some architec-
tures may assume no physical attacks (e.g., processor is used in a system that is located in a secure
facility) or they may assume limited physical attacks (e.g., the memory chip can be probed as it
is separate from the main processor, but the processor itself cannot be probed). Typical physical
attacks may involve reading out data from device via standard interfaces (e.g., remove DRAM
chip, place in another computer, and read out contents of the DRAM memory chip [86]). They
may also involve invasive attacks, such as decapsulating the package of the processor or memory
to get access to the circuits on the chip. Such invasive attacks may use etching or drilling and
use an optical microscope and a small metal probes to inspect the circuits. More sophisticated
attacks can use focused ion beam (FIB) for probing of deep metal and polysilicon lines on the
chip, or they can even be used to modify of the chip structure by adding interconnect wires or
even creating new transistors [92]. Different secure processor architectures typically aim to pro-
tect against a subset of these attacks, e.g., assume DRAM memory can be removed and probed.
There is a large body of ongoing research relating to physical attacks [213] that can be used to
contextualize the assumptions about physical probing and attacks.

2.3 BASICSECURITY CONCEPTS

Analyzing and designing a secure processor architecture involves deciding about what properties
the system will provide for the protected software, within the limitations of the threat model.
'The basic properties are: confidentiality, integrity, and availability. Furthermore, authentication
mechanisms are important to consider. As part of integrity checking and also of authentication,
understanding freshness and nonces is a crucial aspect. Finally, it is important to distinguish
security from reliability, and keep in mind that security assumes reliability is already in place.

2.3.1 CONFIDENTIALITY, INTEGRITY, AND AVAILABILITY

One of most basic objectives of any computer security system, whether hardware or software,
is to protect code and data stored or executing on the system. There are three well-known se-
curity properties of the code or data with regard to which the code or data can be protected:
confidentiality, integrity, and availability. These properties are defined by [128] as follows.
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* “Confidentiality is the prevention of the disclosure of secret or sensitive information to
unauthorized users or entities.”

* “Integrity is the prevention of unauthorized modification of protected information with-
out detection.”

* “Availability is the provision of services and systems to legitimate users when requested
or needed.”

Confidentiality of code or data can be ensured if there is no action, or set of actions, that
an untrusted entity can make to directly read, or otherwise deduce, contents of the confiden-
tial code or data. In terms of information flow, confidentiality can be modeled as existence of
channels for information flow from the trusted entities to the untrusted entities. Such channels
could be modeled as noisy channels or lossy channels if the untrusted entity only gets partial
information about the confidential code or data. If the attacker is able to find a confidentiality
breach, then the attacker can learn some or all information about sensitive code or data that the
architecture aimed to protect, and the architecture in question needs to be redesigned and fixed.

It should be stressed that even partial information lean can be dangerous. Often attackers
will have access to some external information or an ability to brute-force and make educated
guesses once they have some partial information. The external information can be public infor-
mation known to everybody, or some information attacker has obtained (e.g., through a different
attack). This can help deduce information (e.g., combine known memory layout of a program
with timing information for the cache). The ability to brute-force and check all possibilities,
especially when guessing cryptographic keys, means that attackers do not actually need to get all
the 128 bits for 128-bit AES, for example, they may get 96 or even 64 bits, and try to guess the
rest in matter of days on a powerful computer. Finding an attack that requires no specific outside
information, or no brute-forcing to work, is much more powerful and damaging than finding
a very specific attack that only works in certain scenarios with lots of external information or
requires brute-forcing some information.

Integrity of code and data can be ensured if there is no action, or set of actions, which
allow untrusted entity to modify the protected code or data. Integrity attacks do not require an
attacker to learn any information, but only the ability to modify something. Integrity attacks
focus on code or data related to authentication or integrity checks, so as to allow the attacker to
bypass these checks, and breach the system.

Integrity attacks can vary in the amount of modification the attacker attempts to do. On
one end of the spectrum, an attacker may want to modify just one bit of information, e.g.,
enable/disable protections bit, that will allow him or her to later damage the system through a
different attack. On the other end of the spectrum, he or she may try to modify whole memory
contents to rewrite some code or data in the system.

Availability of the code and data can be ensured if there is no way for an attacker to deny
service to the users of the system. Availability almost never can be achieved through use of one
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single secure processor design, e.g., the attacker can always smash the processor with a hammer
to destroy it and thus deny it access to anybody. In less drastic approaches, attackers can slowly
use up memory or other resources of the system, making it impossible for the protected code and
data to execute in reasonable time. Availability can be achieved by using many secure processor
working together, such as through redundancy.

2.3.2 AUTHENTICATION

Authentication relates to determining who a user or system is [128]. One approach to imple-
menting authentication is for the parts of a system, or for a user and a system, to exchange
information something that each knows, such as a password. This is usually referred to as prov-
ing “what you know,” other approaches use proving “what you have” or “what you are” [128].
Authentication inherently requires integrity, as an attackers should neither be able to modify
the authentication information nor make up their own.

2.3.3 FRESHNESS AND NONCES

When dealing with integrity or authentication, it is not only important that the information is
correct but that it is “fresh.” A good example of need for freshness are replay attacks where some
previously correct and good data or information is re-sent at a future time when the information
is no longer up to date. To ensure freshness, nonces are used. A nonce is a “number used once”
and is a common way to ensure freshness in cryptographic protocols. Often, there is not a trusted,
global clock that a components of a system can reference to find out if some event has happened
before or after some time. An alternative is to use some indicator, the nonce, which can be
referenced. As each value of the nonce is used once during a lifetime of the system, once a number
has been used, it can be remembered. A practical way to implement nonces is to use a monotonic
counter, thus only one, latest, value needs to be stored securely for reference by each component.
An alternative could be to use random numbers as nonces (e.g., sender sends a random n and
receiver replies with n + 1). When using random numbers as nonces, there is danger of two
random number repeating themselves. Consequently, it may be best to use monotonic counters
as nonces when it is possible to store the state (i.e., store the last nonce value.”

2.3.4 SECURITY VS. RELIABILITY

From a security perspective, confidentiality, integrity, and availability assume a sophisticated
attacker who attempts to maximize their chance of breaking the system. Security assumes that
reliability, i.e., protection from random faults or errors, is already provided by the system, and
focuses instead on the deliberate attacks by a smart adversary. Thus, reliability is about random
errors, e.g., cosmic rays striking DRAM and causing a fault, while security is about deliberate
attacks, e.g., attacker modifying exactly the memory location storing the secret key. When con-
sidering system availability, if the reliability is not maintained (e.g., the system shuts down), it
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still should not allow disclosure of any information to a potential attacker, nor allow information

to be modified.

2.4 SYMMETRIC-KEY CRYPTOGRAPHY

To ensure data confidentiality, symmetric- or private-key cryptography is needed. In symmetric-
key cryptography, data encryption and decryption uses the same secret key. When protecting
data, there is the plaintext p which is encrypted into a resulting ciphertext ¢ by the encryption
function which also uses some private key k. Thus, the encryption process is: ¢ = Enc(k, p).
To get back the plaintext data, decryption is needed: p = Dec(k, c¢). Note, both encryption and
decryption use the same key in symmetric-key cryptography. It is required that the encrypted
ciphertext looks almost random to someone who does not posses the key k. Given ciphertext,
an attacker should not be able to learn neither the key nor the plaintext data. Symmetric-key
algorithms can be broken down into block ciphers and stream ciphers.

241 SYMMETRIC-KEY ALGORITHMS: BLOCK CIPHERS

Block ciphers work on blocks of data, e.g., AES uses a 16-byte block. Plaintext to be encrypted
has to be a multiple of the block size. Data smaller than the block needs to be padded to the block
size, while data bigger than the block size is encrypted in block-sized chunks. For data bigger
than one block size, there are different modes of operation of the block cipher that determine
how the blocks are encrypted [128]. Electronic Code Book (ECB) mode simply encrypts one
block at a time. The danger of ECB is that encryption of same data blocks will result in same
ciphertext blocks when using same keys, which can reveal patterns about the input plaintext
data. Other modes include Cipher Block Chaining (CBC) or Counter Mode (CTR). Here, the
same input data blocks will results in different ciphertext blocks, even when using same key.

Encryption only provides confidentiality, but integrity is often also desired. For integrity
protection, there are dedicated modes of operation [128], e.g., Hash-based Message Authenti-
cation Code (HMAC), Cipher-based Message Authentication Code (CMAC), or Galois Mes-
sage Authentication Code (GMAC). In these modes, the last ciphertext block is effectively a
secure hash (fingerprint) of the whole data, and its value depends on the encryption key.

To avoid having to separately do encryption and hashing, there are authenticated encryp-
tion modes which combine the two operations into one. One of the most recent recommended
modes is the Galois/Counter Mode (GCM) [148]. Given a key, it can encrypt data and generate
a keyed-hash value of the data.

Decryption works similar to encryption, where one has to work with block-sized chunks
of ciphertext. Some modes of operation, e.g., CTR, allow for easy decryption of random blocks
inside the ciphertext. With CTR, each block is xored with an encryption of a counter, knowing
which counter corresponds to which block, a random block can be decrypted by encrypting the
counter value and xoring it with the ciphertext block. Meanwhile, others may require to decrypt
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multiple blocks together or a whole ciphertext (due to the chaining, in a serial fashion, among

the individual blocks).

2.4.2 SYMMETRIC-KEY ALGORITHMS: STREAM CIPHERS

A different approach to symmetric-key encryption is taken by stream ciphers. Here, the plaintext
is encrypted bit by bit by combining it (using xor operation) with a pseudorandom keystream.
The keystream is typically generated from a random seed using shift registers, and the seed is the
cryptographic key needed for decryption. Some modes of operation of block ciphers behave as
stream ciphers, but still the main distinction is that they operate on blocks of data, while stream
ciphers operate on bits.

Stream ciphers can be faster in hardware than block ciphers. One disadvantage is that is
hard to provide ability to do random data access inside the encrypted ciphertext as one has to
re-generate the pseudorandom keystream up to the point where the to-be-access data is located
in the ciphertext stream.

2.4.3 STANDARD SYMMETRIC: KEY ALGORITHMS
While a number of symmetric-key algorithms exist, designers should use the AES [173] which

is well studied and considered secure. There are also some “lightweight” block ciphers, such as
PRESENT [27]. Older algorithms such as RC4, DES, or 3DES should no longer be used as
their key sizes are too small or they are considered insecure due to cryptographic attacks. More-
over, custom-designed algorithms should be avoided. There are numerous examples of security-
by-obscurity where custom, publicly untested algorithms have been deployed in products such
as metro cards, only to be found to have serious flaws [44]. Among stream ciphers, there are

Salsa29 and its variant ChaCha [22].

2.5 PUBLIC-KEY CRYPTOGRAPHY

In public-key cryptography, also called asymmetric-key cryptography, data encryption and de-
cryption uses different keys. For confidentiality protection, the input is a plaintext p which is
encrypted into a resulting ciphertext ¢ by the encryption function which uses the public key pk.
Thus the encryption process is: ¢ = Enc(pk, p). To get back the plaintext data, decryption is
needed: p = Dec(sk, c). Here, the decryption uses the secret key sk. Given a pk it should be
infeasible to find out what is the secret key sk, which depends on hardness of certain mathemat-
ical problems, such as factoring of large numbers, e.g., RSA [175]. The advantage of public-key
cryptography is that pk can be given to anybody, and they can encrypt the data or code using
this pk. Meanwhile, only the user, program, or hardware module in possession of the sk can
decrypt the data.

For integrity, public-key cryptography can be used in “reverse” direction when used in

digital signatures or message authentication codes. The sk can be used to create a digital signa-
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ture, and anybody with access to the pk can verify the signature—but cannot make a new valid
signature as they do not have sk nor can they get the sk from knowing pk.

2.5.1 KEYENCAPSULATION MECHANISMS

Key Encapsulation Mechanisms (KEMs) are methods for securely transmitting a symmetric en-
cryption key using public-key encryption. Public-key encryption is typically significantly slower
and more costly in terms of computations. As result, in most applications which require encryp-
tion of a lot of data in a public-key setting, the encryption key is secured and transferred using
the (relatively slow) public-key encryption, while the actual data is later encrypted (relatively
fast) using that symmetric key. Upon receiving a message, first the public-key algorithm is used
to decrypt the key, then the symmetric-key algorithm is used to decrypt the actual data.

2.5.2 STANDARD PUBLIC-KEY ALGORITHMS

The most well-known public-key algorithm is the RSA algorithm [175], which derives its secu-
rity from hardness of problem of factoring large numbers. More recently, Elliptic Curve Cryp-
tography (ECC) [87] has gained popularity as well, which is based on the algebraic structure of

elliptic curves over finite fields.

2.5.3 POST-QUANTUM CRYPTOGRAPHY

Most recently, there is active interest in the so-called Post-Quantum Cryptographic (PQC)
algorithms, as the promise of practical quantum computers nears [37]. In the 1990s, Shor
proposed algorithms that can solve both the integer-factorization problem and the discrete-
logarithm problem in polynomial time on a quantum computer [197, 198]. Cryptosystems based
on the hardness assumptions of the integer-factorization problem and the discrete-logarithm
problem can be broken using Shor’s algorithm and a quantum computer. For example, public-
key algorithms such as RSA may not be secure for long-term use and other algorithms need to
be standardized and used in their place.

As of 2018, there are five categories of mathematical problems that are under investigation
as candidates for PQC: code-based systems, lattice-based systems, hash-based systems, systems
based on multivariate polynomial equations, and systems based on supersingular isogenies of
elliptic curves [23, 179].

In addition, Grover’s algorithm [78] gives a square-root speedup on brute-force attacks
that check every possible key. This does not break symmetric-key algorithms, such as AES,
but does necessitate the use of larger keys. For example, a 256-bit pre-quantum security level
corresponds to 128-bit post-quantum security level.
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2.6 RANDOM NUMBER GENERATION

Most security and cryptographic algorithms and protocols depend on good sources of random
numbers, especially for key generation. There are pseudo-random number generators (PRNGs),
which use an algorithm to expand a seed into a long string of random-looking numbers. The
numbers are not truly random, as given knowledge of the seed and the algorithm; anybody
can re-generate the same sequence of random-looking numbers. There are also true random
number generators (TRNGs), which generate truly random numbers. For example, physical
phenomenon like electrical noise or temperature variations can be used as sources of randomness.
True random numbers are hard to obtain at high rate, thus many times TRNGs generate a
small true random number, the seed, and a PRNG is used to expand that seed into a long
string of random numbers. As long as the seed is truly random, and never accessible to potential
attackers, then the resulting PRNG output can be used in secure manner. Computer architects
often assume existence of sufficient randomness, and hardware and circuit designers are ones
focusing on how to create such circuits. Designers should however realize that TRNGs can be
manipulated, such as by inserting backdoors into processor’s random number generator [166].

2.7 SECURE HASHING

To ensure data integrity, secure hashes are needed. A secure hash algorithm is a cryptographic
hash function. A secure hash maps input data, m, of variable size to a fixed size output, ~—the
output is simply called the hash of the input data. Secure hash is a one-way function, and it
should be infeasible to mathematically invert it and deduce the input data given the hash value.
Furthermore, there are three properties that strong cryptographic hashes should have. They are
as follows.

* Pre-image resistance—given a hash value / it should be infeasible to find any message m
such that & = hash(m).

* Second pre-image resistance—given a specific input m it should be infeasible to find
different input m, such that hash(m,) = hash(m,).

* Collision resistance—it should be difficult to find two random messages m3 and m4, where
m3 # my, such that hash(ms) = hash(ms); due to the birthday paradox [128] it is possible
to find two such random messages that hash to the same value much more readily than
one may expected.

Hash functions are used to compute the hash value, sometimes called digest or fingerprint,
of some input data. Given the hash size is fixed, and much smaller than the data size in most
cases, it is easier to store and protect the hash value, rather than the original data. Given same
input m, the hash will always be the same /, and anybody with access to m can compute /.

Common application of hashes is in authentication and integrity checking. For example,

a hash can be computed for a large file, then the file can be sent to an untrusted storage while the



20 2. BASIC COMPUTER SECURITY CONCEPTS

hash is kept in a safe location. Later, when the large file is read again, its hash can be recomputed
and checked against the stored value to make sure there was no modification to the file (note this
does not protect against replay attacks, or if someone is able to change the hash value stored in
the secure location). When checking integrity or authentication, freshness needs to be ensured;
often a nonce is included as part of the hash (i.e., hash data concatenated with the nonce).

2.7.1 USE OF HASHES IN MESSAGE AUTHENTICATION CODES

When using Message Authentication Codes (MACs) only the entity with the correct cryp-
tographic key can generate or check the hash value. Unlike secure hashes where anybody can
generate the hash value, MACs have added requirement that only select entities who have the
correct cryptographic key can do so. The advantage of MACs over plain secure hashes is that the
hash value cannot be generated by anybody, just the entity that has the key. MACs can be sent
over untrusted communication channels along with the data. The attacker may try to change the
data, but he or she cannot generate a new MAC that matches the data as long as he or she does
not have the cryptographic key. To check the integrity, data can be hashed again by the receiver,
and then hash compared with the decrypted hash from the MAC. MAC can be realized by
using keyed-hash message authentication codes, block ciphers, or based on universal hashing.
Both sender and receiver need to share the same key when using MAC:s.

2.7.2 USE OF HASHES IN DIGITAL SIGNATURES

Digital signatures are similar to MACs, in that only the user or program with the correct crypto-
graphic key can generate or check the hash value. Unlike MAC:s, digital signature use a private
signing key to generate the signatures, and a public verification key to check the signatures. Akin
to public-key cryptography, the parties generating and verifying the digital signatures have dif-
terent keys. Digital signatures can leverage public-key cryptographic algorithms, e.g., on the
sender’s end securely hash a message then encrypt the hash with the private key which allows
the verifier to re-generate the hash, on the receiver’s end decrypt the received value using the
public key, and check if the two match. The public key infrastructure can be leveraged to dis-
tribute certificates so that sender and receiver need not to have direct contact in order to be able
to authenticate the messages that were digitally signed.

2.7.3 USE OF HASHES IN HASH TREES

A hash tree, also called a Merkle tree [150] and shown in Figure 2.2, is usually a binary tree data
structure. In the hash tree, a parent node contains hash value of its children nodes. At the very
bottom of the tree are the leaf nodes. Thus, as one proceeds up the tree, integrity of the lower
tree nodes can be checked by computing their hash value and comparing with the hash stored in
the parent nodes; finally the root node contains the hash value which is dependent on the values
of all the intermediate nodes, and thus the leaf nodes.
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Root Node
HR = bas/}(HI, Hz)

Hash Node Hash Node
H1=bas/y(B1, B2) H2=/Jasb(B3, B4)
Data Data Data Data
Block B; Block B, Block B3 Block B,

Figure 2.2: Example of a hash tree with four data nodes, showing internal hash nodes, and the
root hash. The value of the root hash depends on all the data nodes’ values.

The hash tree was invented to speed up the verification of integrity of large sets of data.
Assuming leaf nodes correspond to parts of a file, or parts of the computer memory, if there is a
change in part of the file, or part of the memory, one only needs to check the hash value of the
parent nodes of the leaf nodes that were changed—and not compute the hash over the whole
file or memory.

2.7.4 APPLICATION OF HASHES IN KEY DERIVATION FUNCTION

Often, a system uses many symmetric keys, or needs to generate a symmetric key in a specific
format. Key Derivation Function (KDF), is used to derive one or more secret keys from a master
secret key. Keyed cryptographic hash functions are one example of pseudo-random functions
that can be used for key derivation [32].

2.7.5 STANDARD SECURE HASH ALGORITHMS

There exist numerous secure hash algorithms. Most common, and most recommended, ones
today are the SHA-2 [202] and SHA-3 [57] algorithms. Use of older algorithms such as M D4,
MD5, or SHA-1 show be avoided as they are no longer secure as a commodity computer can be
used to perform a brute-force search to find a message that gives the desired hash value. A hash
digest size of 256 bits is likely a good choice today as it makes it impossible launch a brute-force
attack, even with a quantum computer (due to Grover’s algorithm, pre-quantum security level
of 256 is equivalent to post-quantum 128-bit security level).

2.8 PUBLICKEY INFRASTRUCTURE

Public key infrastructure (PKI) is a set of policies and protocols for managing, storing, and
distributing certificates used in public-key encryption [14]. In PKI, there is a trusted third party
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which can distribute digital certificates that vouch for correctness of public keys pk of different
entities, and allows for verification and decryption of public-key encrypted data without having
to directly talk to each sender to get their key.

'The trusted third party is the certificate authority. The authority is responsible for verifica-
tion of the certificates it receivers. It then distributes the certificates to other users, signed with
its own private keys. Certificates for the certificate authorities are usually pre-distributed (e.g.,
browsers come with built-in list of certificates for certificate authorities). If there is a problem
with a certificate authority, then the PKI infrastructure will break. For example, a user can by
mistake trust a certificate authority they should not. Or, a malicious certificate authority could
equivocate and give different information to different users, enabling man-in-the-middle type
attacks, for example.

2.8.1 DIGITAL CERTIFICATES

Digital certificates are a central part of the PKI. In a simplified form, a digital certificate contains
some identifying information about a system or a user and their public key. This information is
encrypted with a private key of the certificate authority. Users are given known-good public keys
of the certificate authorities, which they can use to check authenticity of the certificates. Once
authenticity of certificate is verified (i.e., the digital signature of the certificate was indeed made
by the trusted authority) then the users can be sure that the public key in the certificate belongs
to the system or user that the certificate is for. With this information, users can verify messages
sent by the entity that has the private key corresponding to the public key in the certificate.

2.8.2 DIFFIE-HELLMAN KEY EXCHANGE

Diffie-Hellman (DH) is an algorithm used to establish a shared secret between two entities.
Its main application is as a way of exchanging cryptography keys for use in symmetric-key al-
gorithms. Symmetric-key encryption and decryption is much more efficient than public-key
encryption. Thus, often it is desired to use public-key protected means of communication to
generate a shared, symmetric secret key for actual transfer of data between two entities. Diffie-
Hellman requires use of authenticated channel, i.e., the two communicating parties need to
authenticate each other, otherwise there is a man-in-the-middle attack.

2.8.3 APPLICATION OF PKI IN SECURE PROCESSOR ARCHITECTURES

As will be seen in later chapters, a PKI is not directly used by secure processor hardware. How-
ever, for users of such processors, a PKI is needed to distribute certificates vouching for the
cryptographic secrets embedded in these secure processors (such as a private key pk of the pro-
cessor). Each secure processor typically needs at least one private key (either burned-in in some
registers, stored on non-volatile memory, or derived from a PUF). To ensure users that they are
indeed communicating with the expected processor, the manufacturer typically needs a PKI to

distribute certificates vouching for the public keys assigned to each processor.
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Having a publicly known signing key may be a privacy issue, allowing adversaries to de-
anonymize communication if the see the same key being used over and over again. This issue has
been addressed by work such as on Direct Anonymous Attestation (DAA), which is a crypto-
graphic primitive used to enable remote authentication of a trusted computer while preserving
privacy of the platform’s user [29].

2.9 PHYSICALLY UNCLONABLE FUNCTIONS

Each secure processor should be uniquely identified and have a unique set of cryptographic keys.
This can be achieve by “burning in” the unique information at the factory. However, such an
approach requires extra cost (since each chip has to be written with the unique information), and
a potentially malicious manufacturer may keep information about all the secret keys they have
burned into their products. As an alternative, researchers have recently proposed PUFs [143],
and they could be used to generate unique information per-chip.

PUFs leverage the unique behavior of a device, due to manufacturing variations, as a
hardware-based fingerprint. A PUF instance is extremely difficult to replicate, even by the
manufacturer. Many uses of PUFs have been presented in literature: authentication and iden-
tification [119, 206, 224], hardware-software binding [81, 82, 123, 186, 187], remote attes-
tation [125, 189], and secret key storage [225, 226]. PUFs can also be leveraged for random
number generation [144] as well as for recently proposed virtual proofs of reality [182]. PUF
implementation is mostly domain of hardware and circuit designers, but architects can leverage
them in their security architectures. At the architecture level, PUFs are most often abstracted
away as modules that give a unique, unclonable fingerprint of the hardware.
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CHAPTER 3

Secure Processor Architectures

This chapter introduces the main features of secure processor architectures, as an extension of
general-processor architectures. It first gives examples of real-world attacks on existing proces-
sor architectures, which further motivates research and design of secure architectures. It next
presents features of general-processor architectures. It then introduces secure processor archi-
tectures, their features, especially concerning different execution levels and privileges, and gives
examples of existing academic and commercial architectures. The chapter also lists secure pro-
cessor architecture assumptions and limitations of what the architectures can achieve.

3.1 REAL-WORLD ATTACKS

Before diving into description of secure processor architectures, this section gives some exam-
ples of-real world attacks that modern processors face. These types of attacks further motivate
the need for secure processor architectures, and also give a warning of how wrong assumptions
about the hardware behavior (e.g., the decay of DRAM after power is turned of), or unintended
consequences of performance improving features (e.g., speculative execution), can result in vul-
nerabilities and attacks.

As secure processor architectures are built upon normal processors, the same bugs and
vulnerabilities can affect them as well, and should be guarded against. These vulnerabilities are
in addition to any intentional hardware trojans or modifications to the system. The processor
vulnerabilities can be in the ISA, microarchitecture, circuits, or devices, and they can be used to
break the system or bypass protections offered by the system. The attacks range from ones that
simply crash the system, to attacks allowing one to steal data from different processes, kernel, or
form other VMs. Some of the attacks can be deployed remotely without physical access to the
system, only requiring the attacker to run some code on the target machine, while other attacks
require physical presence, e.g., to probe the circuits or remove DRAM chips.

'The canonical example of a hardware processor bug (although not security related) is the
FDIV bug in Intel processors, discovered in 1994 [170]. The Pentium FDIV bug in the Intel P5
Pentium Floating Point Unit (FPU) caused incorrect decimal results to be returned for float-
ing point division. While the impact of the bug on average users maybe unclear, it resulted in
hardware recalls and millions of dollars in costs to Intel [170].

Of the security-related hardware bugs or vulnerabilities, the recent and most well-known
ones are the Coldboot attack [86] and the Rowhammer attack [117], both affecting DRAM.

There are also the major processor vulnerabilities from 2018 published as this book was being
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written: Spectre [120] and Meltdown [138]. These vulnerabilities and resulting attacks exemplify
the range of threats that processors face, from ones requiring physical access to cool down the
memories to later steal data, to ones that can be executed remotely on cloud computing servers.
They also show that any component in the computer system can be vulnerable, e.g., a problem
with the DRAM may be just as damaging as problem with the main processor chip itself.

3.1.1 COLDBOOT

A Coldboot [86] attack can be used to steal information from DRAM when the system is pow-
ered off. Coldboot exploits physical phenomenon that data stored in DRAM does not disappear
as soon as the power is turned off. Rather, with the DRAM refresh disabled, or the power all-
together turned off, the charges on capacitors in the DRAM cells (which are used to store the
data) slowly decay. Thus, the basic assumption that DRAM is a volatile memory that looses
contents instantly when powered off is not true.

In the Coldboot attack, researchers have shown that data, such as encryption keys, can
be extracted from DRAM chips after computer is powered off. To extend the amount of time
available before charges in the capacitors decay, DRAM chips can be easily cooled down with
a can of compressed air spray (kind of used to clean computer keyboards or other electronics
from dust). Cooling DRAM further slows down the decay, allowing one to remove a DRAM
module from the computer, transfer it to another computer and dump the data, for example.
Alternatively, a computer can be quickly shut down while DRAM is cooled, and rebooted into
a malicious OS that reads oftf the DRAM data before it could have decayed.

A variety of solutions can be used to protect against Coldboot attack, but all require extra
software or hardware to effectively erase data, rather than wait and assume the data will be lost
due to the DRAM cell decay. In software, secret keys need to be explicitly erased. In hardware,
battery-backed DRAM could use stored energy from the batteries to explicitly zero out the
memory contents when external power is lost or refresh is disabled.

3.1.2 ROWHAMMER

A Rowhammer [117] attack can be used to alter bits in memory locations not accessible to the
attacker process or application. Rowhammer is a different vulnerability of the DRAM, but one
which is also related to how data is stored as charges on capacitors in DRAM. Most computer
systems rely on isolation to separate programs or VMs from one another. The isolation is en-
forced through page tables or other mechanisms for checking which physical memory a process
can access. However, as shown in Rowhammer, accessing DRAM cells in a specific pattern
can cause data to be altered in other DRAM cells—there is no explicit violation of the isola-
tion mechanisms, but rather the physical devices’ properties cause data to change in memory
locations what were not actually accessed by the attacker.

To realize the attack, first, attacker process’ data and the victim’s data need to be in adjacent
DRAM rows. Next, the attacker can repeatedly access its own data in the DRAM rows adjacent
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to the victim’s data. After a large number of iterations, some of the bits in the victim’s data will
change their value. The attack is built on the principle that the charges in certain DRAM cells
will flip if there is repeated electrical activity near by, i.e., memory access, in the adjacent cells.
Which cells flip their value depends on the manufacturing variations of the DRAMs and is
different from one device to another. Thus, the attack requires the data to be in very specific
locations, and not all DRAM rows in a DRAM module may be susceptible to this attack.
Protections against this type of attack can include hardware modifications to make
DRAM cells less prone to flipping bits under repeated stress of accesses to adjacent cells. In
software, the memory of victim and attacker processes can be allocated such that it is not in

adjacent DRAM rows.

3.1.3 MELTDOWN

Meltdown [138] vulnerability can be used to break isolation between user applications and the
operating system. Meltdown exploits side eftects of the out-of-order and speculative execution
teatures on today’s processors to enable user applications to read arbitrary memory locations of
the operating system kernel that have been mapped into the address space of the user process.
Today’s operating systems map the kernel into the address space of every process to allow for,
e.g., fast interrupt handling that does not require changing address spaces. The isolation between
the user application and the kernel memory locations is based on a privilege level bit indicating
the current execution privilege level (typically user or kernel). On a memory access, the privi-
lege level is checked. The out-of-order and speculative execution features of Intel processors, but
possibly others as well, allow for speculative execution instructions to improve performance; and
they should nullify any changes in the processor state if the speculation was incorrect. However,
speculative execution of data loads also influences the processor cache. Although the processor
my properly clean up its state after any speculative execution, if the speculatively loaded data re-
mains in the processor cache, it can leak information, as was demonstrated with Meltdown [138]
(and related Spectre attack discussed shortly).

In a simplified example of Meltdown, there may be an instruction that causes a trap in a
user program, followed by an access to a memory location in the kernel, labeled data in below
example, and further access, labeled probe_array in below example, that uses the data from
that kernel memory location as an address to access another memory location. A sample code

form [138] is:

raise_exception();

access (probe_array[data * 4096]);
If the out-of-order and speculative execution logic speculatively executes the memory access
(e.g., before computing that the instructions should not happen due to the trap), it will read the
data from kernel memory location and use it as an address for the probe array load. The accessed
kernel data is never visible to the user application. However, the memory that was accessed

based on the address derived form the data in the kernel memory is left present in the cache.
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Subsequently, by doing a cache side-channel attack [138], the attacker application can probe
which memory locations are in the cache, and from there can directly derive the value of the
kernel’s data. Thus, out-of-order and speculative execution, combined with a cache side-channel
attack, allow user applications to bypass protection checks and read any data that is mapped into
the user application’s address space.

A hardware solution to Meltdown is to do privilege checks on the speculatively executed
data early in the speculation process (processors such as from AMD were not found to be vulner-
able as they do the checks before the memory access is speculatively executed). Such hardware
changes require micro code updates or replacement of the processor which can be costly. A soft-
ware solution is to not map so much kernel data into the address space of user applications,
however, this will have performance impact, e.g., on interrupts.

3.1.4 SPECTRE

Spectre [120] vulnerability can be used to break isolation between different applications. Spec-
tre exploits speculative execution of instructions following branch instructions. Compared to
Spectre, Meltdown does not use branch prediction for achieving speculative execution; it relies
on instructions that will cause a trap. Also, Meltdown leverages delayed privilege checks to al-
low applications to access kernel memory locations—meanwhile Spectre allows forcing a victim
application to leak its secrets to a different, attacker, application. Both vulnerabilities leverage
cache side-channels attacks to actually find out what is the secret data (of the kernel in case of
Meltdown, or of the victim application in case of Spectre). According to the researchers who
found Spectre vulnerability, speculative execution capabilities found in processors from Intel,
AMD, and ARM all currently have Spectre vulnerability [120]. Consequently, Spectre affects
most processors in use today, but in practice may be difficult to exploit as it requires a mix of
techniques to achieve a practical attack.

In a simplified example, an attacker needs to train a branch predictor to mis-predict on
a certain branch instruction address. As a branch predictor is shared by all processes running
on the same CPU, an attacker who knows the code of the victim can create an application that
has branches at same addresses, but the branch outcome is different. Furthermore, the attacker
should flush the cache. For the victim, as an example, it can have an access to an array, result of
which is used to access a second array; with an if statement to guard the address range for the
first array access—to prevent accesses beyond its bounds. A sample code form [120] is:

if (x < arrayl_size)
y = array2[arrayl[x] * 256];
Since the attacker has trained the branch predictor to mis-predict on this if branch check, it
can cause the processor hardware to assume the branch is not taken (if statement is true) and
execute the out-of-bounds access with a very large x to the first array, which will be used by
the second array access. The processor will eventually compute that there was a mis-prediction

and discard any data, y. However, the processor cache will have already been occupied with
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the data from array accesses. As the array element accessed depends directly on value of data
in arrayl[x], in a final step, the attacker can perform a cache side-channel attack and measure
timing of the accesses to figure out which memory location was brought into the cache during
the speculative execution [120] and thus find the value of the data at arrayl[x]. In addition to
abusing the branch predictor, other variants of the attack are possible such as by using indirect
branches [120].

A hardware solution for this type of attack would be to disable the speculative execution
and branch prediction. However, the performance impact would be significant. Another hard-
ware option would be not to share the branch predictor (e.g., have multiple separate predictors in
hardware), but such solution may not scale. A software solution may be that applications could
also be isolated by having one application only running alone on one processor. Since proces-
sors do not share branch predictors, this would prevent an attacker from influencing the branch
predictor state—but again performance impact would be significant. Another, partial, software
solution is to for loads inside branches to act as memory fences (or insert explicit memory se-
rialization instructions. This can prevent memory loads (which modify cache state used in the
side channel part of the attack) from executing until prior instructions have finished.

3.1.5 OTHERBUGS AND VULNERABILITIES

Although some of the bugs or vulnerabilities attract much attention in the popular media, there
are many more that affect, or have affected, computer systems. Normal processors suffer from
variety of bugs, which are published regularly by the processor manufacturers in their errata
documents, or which are listed on numerous web pages, e.g., [45]. An analysis of over 300 bugs
from these errata documents has found almost 10% were security-critical [94]. Attacks leverag-
ing processor bugs, or simply abusing some processor functionality, can be used against features
such as the System Management Mode (SMM), to escalate privileges of the attacker [237], or
Message Signaled Interrupts (IMSI) mechanisms to break VM isolation [238]. The vulnerabil-
ities are by no means limited only to processors or memories, as shown above. For example,
researchers have demonstrated that vulnerabilities in GPUs can be used to break isolation and
steal data from different programs sharing the same GPU [130].

Attacks do not have to also focus just on the compute related components. Thermal sensors
have been abuse to leak information in multicore processors [19]. Features such as dynamic
voltage and frequency scaling (DVES) have also been abused, and researches have shown that
they can be manipulated to change timing of operations and introduce faults, allowing them to
leak secrets such as encryption keys from protected environments [210].

Many of such attacks stem from competing design goals. The main goals of processor
architects are to improve performance, reduce area, or reduce energy. Each type of optimiza-
tions, however, can bring about potential vulnerabilities. Performance enhancing features are a
prime example of sources of potential attacks, for example, processor caches allow for creating

abstraction of large, fast memory, but they also allow cache side-channel attacks due to timing



30 3. SECUREPROCESSORARCHITECTURES

differences in memory accesses that they create. Reduction of area can also lead to potential
attacks, e.g., using more densely packed transistors and electronics can reduce cost of a chip,
but can lead to attacks such as Rowhammer in DRAMs, where close proximity of memory cells
allows them to interact electrically in ways that break higher-level assumptions about how the
memory operates. Power features such as the dynamic voltage and frequency scaling can cut
processor power, but also can be abused to change timing of operations and cause faults that
result in attacks.

3.2 GENERAL-PURPOSE PROCESSOR ARCHITECTURES

Secure processors are built on top of general-purpose processor architectures, and expand them
with new security features. A diagram of the typical software levels in a modern processor is
shown in Figure 3.1. On the left-hand side are shown the typical protection levels, or “rings.”
At any point in time, code running on the system is executing at one of the privilege levels, or
rings. The privilege level determines what the code or instructions can and cannot do.

Traditionally, modern computer systems use ring-based protections, first proposed in
hardware around 1970s [188], to separate privileged and unprivileged software. During code
execution, hardware keeps track of the current privilege level (ring) in which the code is run-
ning. The different rings considered in commodity processors are: user (ring 3), various semi-
privileged code (ring 2 and 1), and the operating system kernel (ring 0). To provide further
functionality, over time, new features have been added, resulting in addition of new privilege
levels, such as the hypervisor (ring -1).

When executing instructions on a processor, certain instructions are restricted to be only
available in privileged mode (e.g., ring 0) while others can be executed in any privilege level. Also,
memory access checks are performed to ensure only privileged code can access some memory
locations, for example. A privilege change from a lower to higher privilege can happen through
special instructions (such as a system call initiated by the application or a VM exit initiated by
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Figure 3.1: A diagram of the typical software levels in a modern processor. The green outline

shows the components most often considered trusted in a modern processor.
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the guest VM) or by a hardware event (such as a fault, an interrupt, or a signal on a physical pin
on the processor chip).

Entrance to more privileged modes has to be guarded so that less privileged code cannot
elevate its privileges when not authorized. It is the duty of the software and hardware controlling
the more-privileged execution to validate the inputs before it acts on them.

Any fault that occurs while code is in a particular privilege mode can affect all other code in
that or any less privileged (i.e., same or higher ring number) code. Such faults, however, should
not have impact on any more privileged code (i.e., lower ring number). For example, if a guest
OS crashes (ring 0), then the hypervisor (ring -1) should still keep operating correctly.

As Figure 3.1 highlights with green outline, the operating system and the hypervisor are
today trusted. Compromised or malicious operating system can attack all the applications in the
system. Likewise, compromised or malicious hypervisor can attack all the operating systems in
the system. Secure processor architectures, as discussed later, address some of these issues by
adding new privilege levels for trusted management software, prevent some lower levels (more
privileged today) from having access to higher levels, or add horizontal privilege separation
within levels. This aims to help reduce the software TCB, which otherwise today contains all
the software from the operating system down.

3.2.1 TYPICAL SOFTWARE LEVELS (RINGS3TO -1)

User (ring 3) to operating system kernel (ring 0) protections are well covered by standard com-
puter architecture textbooks, e.g., [164]. Starting in the early 2000s, commodity processor ven-
dors have started to add hardware virtualization assistance to their products, with Intel V'T-
x [227] and AMD-V [5] extensions. Like many ideas, however, virtualization support has been
explored prior to that by mainframe computers such as from IBM or Honeywell [79] LPAR.
In today’s commodity processors, hypervisor mode (ring -1) is typically implemented as an
extra privileged mode for the main processor cores. Hardware changes only affect the processor.
In addition to the mode itself, extra additions such as hardware nested page tables [24] have been
introduced (a concept of software-based shadow page tables [5] has been used before hardware
supported nested page tables were introduced). With addition of these components, it is nat-
ural that hardware inside the processor, such as table-lookaside buffers (TLBs), is expanded to
work with the new memory management additions. For example, Intel processor include hard-
ware page-table walker which can handle the extra levels of page tables [7]. Meanwhile, IBM’s

mainframes have also supported nested virtualization before [160].

3.2.2 TYPICAL HARDWARE COMPONENTS

A typical computer system today contains the main processor, and other components such as
memories or input and output (I/O) devices. All the components are connected through a mem-
ory bus. As Figure 3.2 shows with green highlighted outlines, all of the hardware components of
a processor are trusted today. Information can be extracted from memory or memory contents
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can be modified. Snooping on the system bus is possible and can be used to extract information
communicated on the bus. Compromised or malicious devices can attack other components of
the system. Secure processor architectures, as discussed later, add new features to the processor,
or the other components, so that some of the other components can be untrusted (and thus not

part of the TCB).

Processor Chip
Core Core
| $ |
Memory I/O Devices

Figure 3.2: A diagram of the typical hardware components in a modern processor. The green
outline shows the components most often considered trusted in a modern processors.

3.3 SECURE PROCESSOR ARCHITECTURES

Secure Processor Architectures add new hardware and software features to provide Trusted Ex-
ecution Environments (TEEs) wherein software executes protected from some of the software
and hardware threats (according to an architecture’s threat model). Secure processor architec-
tures enhance general-purpose processor with new protection features. They provide new or
alternate privilege levels and utilize software or hardware changes to facilitate protection of soft-
ware (software modules, applications, or even VMs).

3.3.1 EXTENDING VERTICAL PRIVILEGE LEVELS

One of the first extensions that can be made to general-purpose processor architectures is ad-
dition of new privilege levels, shown in Figure 3.3. The new privilege levels include system
management mode (ring -2) or platform security engine (ring -3).

System Management Mode (Ring -2) is a privilege level originally introduced in Intel
processors [103], which is more privileged than the hypervisor mode. The SMM code is typi-
cally part of the firmware, and the SMM mode can be entered only through a special System
Management Interrupt (SMI) by asserting a pin on the processor chip’s package or I/0 access
to a specific port.
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Figure 3.3: A diagram showing new privilege levels that have been added over time. New levels
are leveraged to protect more trusted code, as it manages the system.

'The goal of SMM to provide some management functionalities, even if the operating
system or hypervisor is compromised. The SMM code is typically very small and provided by
the computer manufacturer without means for users to analyze, check, or update the code. These
restrictions create a security through obscurity situation, and have led to exploits, e.g., SMM
rootkits [59].

Platform Security Engine (Ring -3) is an even more privileged level. Platform Secu-
rity Engine is a name given in this book to solutions similar to Intel’s Management Engine
(ME) [181] or AMD’s Platform Secure Processor [10]. Platform management engine is typi-
cally a separate, small processor fully independent of the main processor of the computer. The
management engine can access resources of the computer even if the operating system or hy-
pervisor is compromised or has crashed. If management engine is a separate chip, it can have
separate power connection from the main processor, memory or other components allowing it
to stay on while the whole computer is offline—and, for example, it can be used to power on
computers remotely (management engine has interface to network as well so it can receive re-
mote commands). In addition, it often has reserved memory regions that it can use for code or
data, which cannot be accessed by other components, leading to the designation of ring -3 that is
not controllable by any other code in the system. In case of Intel's ME, it was usually embedded
into the motherboard’s north bridge [183], although with newer designs it may be in another
part of the system, or even within same package as the main processor. With introduction of
AMD’s SEV and memory encryption technologies, AMD’s chips include a Platform Security
Processor [10], which has many similarities to the Management Engine.

'The goal of the highest privileged level is to be able to control system execution and emu-
late some hardware features using a very small, embedded processor. However, similar to SMM,
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the even more privileged security engine usually, in commercial products, contains proprietary
code that is usually a trade secret, with infrequent updates. There are today no means for users
to analyze, check, or update the code. This secrecy introduces type of security through obscurity,
and there are recent revelations of bugs that may lead to attacks, for example, on the Manage-
ment Engine in Intel [60].

3.3.2 HORIZONTAL PRIVILEGE LEVEL SEPARATION

New privileged execution modes can also be introduced to separate privileges horizontally. These
new privileges can be made orthogonal to existing protection levels. For example, using ARM’s
terminology, a “normal” and “secure” execution modes can be created, where within each mode
there are still the usual application, operating system, etc., levels. However, the software execut-
ing in the secure mode (regardless of the level) is more privileged than any software executing
in the normal mode.

3.3.3 BREAKING LINEAR HIERARCHY OF PROTECTION LEVELS

Furthermore, architectures can be designed to break the linear relation ship (where the lower
level is always more privileged than a higher level). Figure 3.4 shows examples of how different
architectures have in the past been designed to omit some of the levels from the software TCB.
Reducing the number of trusted levels makes the TCB smaller, which is always one of the
design goals for secure processor architectures. In Figure 3.4, normal processor is shown with
all the levels trusted (in green outline). Some architectures, such as Bastion [35], have been
designed to assume untrusted operating system; hypervisor and all the levels below work together
to protect the Trusted Software Modules (T'SMs). Intel's SGX [13] is an example of architecture
that removes most of the levels from the software TCB, and where the security engine is only
one needed, and trusted, to protect an Enclave (equivalent of a TSM). AMD’s approach with
SEV [50] is to use the security engine to protect whole VMs, and all the code inside them.

3.3.4 CAPABILITY-BASED PROTECTIONS

'There are also alternative designs which do not necessarily use the linearly ordered set of privilege
levels at all. Capability-based architectures [239] associate “capabilities” with different resources
(such as memory locations or hardware modules). To access or make use of a resource, the re-
quester needs to have a token or a capability that allows it the access. In such scenarios, the threat
models will look different as the trusted and untrusted components (and potential attackers) are
not discussed in terms privilege levels, but sets of capabilities that each entity possesses.

3.3.5 ARCHITECTURES FOR DIFFERENT SOFTWARE THREATS

As discussed before, there are numerous software and hardware attacks that a system can aim

to protect against. In Figure 2.1, the attack surface was shown and four types of attacks were
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Figure 3.4: Example of how different architectures consider some of the privilege levels un-
trusted, and these are not in the TCB. Green outline shows which levels are trusted for
these sample architectures. The three examples are Bastion [35], Intel's SGX [13], and AMD’s
SEV [12] architectures.

mentioned: software on software, software on hardware, hardware on software, and hardware
on hardware. By introducing the different new levels, adding horizontal level separation, or
designing the system to reduce the software TCB and consider some levels untrusted, different
architecture for different threat models can be achieved. Especially, various combinations of
trusted and untrusted levels in a system result in designs that protect from different software
threats and attacks.

Typically, each processor architecture is composed of multiple execution privilege levels.
At each privilege level, e.g., user level, there can be multiple software entities, e.g., there are
many applications running on a typical workstation at one time, or there are numerous VIMs
(operating systems) running on a server. The processor architecture threat model has to specify
which of the privilege levels are trusted and which are untrusted. Also, the threat model has to
specify if entities at the same level are mutually trusting.

For example, today a reasonable assumption would be that the applications are mutually
untrusting (one application may try to attack another) and that the operating system and hy-
pervisor is untrusted, but the remaining levels are trusted (e.g., system management mode is
trusted)—this would be a threat model of hardware architecture that supports trusted software
modules, such as Intel SGX [13]. While typically there is a progression of levels (e.g., hypervi-
sor then operating system then application), they are not necessarily more trusted in that same
order, as the example shows.
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A threat model has to say which of the levels and entities are trusted and which are not; see
Figure 3.5. With the five levels there are 32 = 2° possible combinations of security architectures
based on different assumptions whether each level is trusted or not. So far the last two levels
are almost always trusted (although they are not trustworthy, as there exist, e.g., SMM rootk-
its [237]). This leaves 8 possible security architectures, and a number of academic or commercial
architectures have addressed the different combinations of threats, as shown on right-hand side

of Figure 3.5.
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Figure 3.5: Given a set of privilege levels, each of these can be trusted or untrusted, depending on
the secure processor design. The figure shows different combinations of trusted and untrusted
levels and corresponding sample secure architecture that implements the assumptions about
which parts are trusted and untrusted. The sample architectures listed are Bastion [35], Hyper-
Wall [209], AMD SEV [12], AEGIS [205], XOM [136], SP [58, 129], Intel SGX [13] and
Ascend [64]. While not a processor architecture, Fully Homomorphic Encryption (FHE) [65]
is also included in this figure as it is one potential solution for processing data when all of the
software is untrusted.

3.3.6 ARCHITECTURES FOR DIFFERENT HARDWARE THREATS

Modern computer system is composed of one or more separate physical chips. For example,
memory is separate chip from the main processor. These chips are somehow interconnected,
usually by wires or different types of busses on the motherboard that holds them all together.
Because of this physical configuration, it may be easy to attack (or substitute) different compo-
nents. Physical probing of wires, changing chips, and even modifying the physical chips form
the different hardware attacks that secure processor architectures aim to mitigate where possible.

When designing a secure processor architecture, memory is often singled out as the com-

ponent that should not be trusted as it is a passive component which can be easily removed
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and swapped with a different one. Physical probing inside the memory is typically not consid-
ered, but a memory chip can be always moved into another computer and its contents read out,
e.g., the Coldboot attack [86]. I/O devices are also singled out as untrusted as they are typi-
cally from different, potentially untrusted manufacturing sources. Finally, the interconnect is
simple to physically probe as well and should not be trusted. The upcoming sections provide
details of hardware modifications that can help secure a system in light of all these components
being untrusted.

Meanwhile, the processor chip is trusted. Reasons for trusting the processor chip is that
chips are manufactured in increasingly more complex technologies (28 nm is standard today,
with many companies fabricating chips as small as 10 nm or even smaller feature sizes). It is
very expensive to actively probe such small features, whereas probing an interconnect bus which
is orders of magnitude larger is easier. (Of course threat models develop over time, some re-
cent works consider that different components inside the chip may be untrusted, as well as the
interconnect inside the processor chip can be untrusted; see Section 7.3.)

An new trend of 3D integration presents a potential new approach to thinking about
hardware attacks. The goal of 3D (also sometimes called 2.5D) integration is to stack multiple
chips together in one package, or to have multiple packages stacked one on top of the other.
For example, in a package-on-package configuration, a CPU chip is physically located below
a memory chip. This can greatly reduce wire lengths and accelerate the data transfer between
memory and CPU.

Because of the tight integration, it is now more difficult to probe the interconnect between
CPU and memory, especially as attackers may have to physically disassemble the package-on-
package configuration, which increases the difficulty of the attack. The 3D integrated systems
may consider memory to be trusted again due to the higher difficulty of the attacks. On the other
hand, tight integration of many components may lead to new types of attacks or side channels.

3.3.7 HARDWARE TCB AS CIRCUITS OR PROCESSORS

Key parts of the hardware TCB can be implemented as dedicated circuits or actually as firmware
or other code running on dedicated processor, especially code running on dedicated processor
seems to be preferred approach in industry. Intel Management Engine is reported to use and
ARC processor or Intel Quark processor [169]. Meanwhile, AMD’s Platform Security Processor
is reported to be based on an ARM processor [135]. Effectively, there is a small processor running
inside the main processor. Figure 3.6 shows the two options for realizing the security engine.

3.4 EXAMPLES OF SECURE PROCESSOR
ARCHITECTURES

Numerous secure processor architectures have been proposed both in academia and industry.

Interestingly, industry was probably the first explore secure architectures (or at least designed
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Figure 3.6: The hardware security engine, SecE in the figure, can be realized as dedicated circuits,
or it can be implemented as a processor running some management code.

hardware features that now we associate with secure processors). Later, academia seems to have
taken over, and in recent years it is again industry that is generating the most buzz about such
architectures. Chapter 4 goes into detail on a number of these architectures, but they are listed
here for reference and also some have been already shown in Figure 3.5.

3.41 ACADEMICARCHITECTURES

Starting in the late 1990s or early 2000s, academics showed an increased interest in secure
processor architectures—XOM [136], AEGIS [205], Secret-Protecting (SP) [58, 129], Bas-
tion [35], NoHype [112, 208], HyperWall [209], Ascend [64], CHERI [239], or Sanctum [43],
to name a few. This is not an exhaustive list of architectures, but covers major academic architec-
tures. First, researchers begun to be interested in protecting software applications (code) from
hardware attacks and modification of the contents of the oft-chip memories. Protections against
operating systems were later introduced. Once hypervisors were introduced, they were co-opted
to work with the hardware to provide the protections. As the hypervisor code begun to bloat,
the hypervisor begun to be considered an untrusted entity and new protections were added to
protect code and data against untrusted hypervisors as well. Finally, some architectures consider
all software to be untrusted and explore how to perform computation on encrypted data. Most
of the designs focus on single-processor systems. Multiprocessor security has focused mostly on
the communication aspect (securing communication between multiple processors and memo-
ries), while individual processors in a secure multiprocessor system are often secured using ideas
from single-processor designs.
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3.4.2 COMMERCIAL ARCHITECTURES
Already in the 1970s, IBM included features such as logical partitions (LPAR) [79]. The secu-

rity features were most common in main frame computers. Designers of later microcomputers
did not incorporate many explicit security features, but in the late 2000s industry begun to
again present designs such as Sony, Toshiba, IBM’s Cell Broadband Engine [196] (with its
security processor vault), Dallas Semiconductor’s Secure Microprocessor Chip [146] (with its
encrypted memory and self destruct mode), ARM’s TrustZone [236], Intel's SGX [13, 95, 149],
and AMD’s SEV [50]. The commercial solutions leverage many of the academic ideas, but also
their own pragmatic ideas needed to actually deploy the products.

One pragmatic feature, and potential weakness, of the architectures comes from use of
dedicated security processors (inside the main processor). For example, Intel includes the Man-
agement Engine (ME) processor while AMD has a Platform Security Processor. These are
used to realize some of the “hardware” features, such as managing the protections, or updat-
ing the page tables. These, often hidden, management processors run hidden code. While they
are likely used to help quickly deploy the systems, they are vulnerable to software style bugs in the
“hardware”—if the Management Engine code gets modified, for example, security of the whole
processor is undermined [60]. This is, however, part of the tradeoff. Having all features in pure
hardware is likely impractical due to time-to-market or cost constraints, so some “hardware”
features have to be pushed to software. But that in turn leads to more software-style bugs that
threaten the TCB of the system. Note, the choice of using dedicated circuits or an embedded
processor is in addition to choice of use of microcode, which is widely used in processor design.

3.5 SECURE PROCESSORARCHITECTURE
ASSUMPTIONS

Secure processor architecture designs typically involve a number of assumptions. At the end of
the book, all the assumptions from all the book chapters are evaluated together.

3.5.1 TRUSTED PROCESSOR CHIP ASSUMPTION

The key to most secure processor architecture designs is the trusted processor chip assumption.
It is assumed that the processor chip is the trust boundary for the hardware TCB. Everything
in the processor chip is trusted, and everything outside is not trusted.

3.5.2 SMALL TCBASSUMPTION

To prevent or minimize problems due to the TCB, the TCB should be small. It is further
assumed that a smaller hardware and software TCB imply better security. The small TCB as-
sumption is derived from two general ideas. First, less software code means it can be more likely
audited, verified, and it will contain fewer bugs. Second, less hardware code likewise means it

can be audited, verified, and will contain fewer bugs.
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3.5.3 OPENTCBASSUMPTION

Using Kerckhoffs’s Principle [167] from cryptography, the TCB should not contain any secrets,
and it is assumed that the TCB can be inspected and analyzed. Especially, operation of the TCB
should be publicly known and should have no hidden functionality. And, only secrets should be
the cryptographic keys, to prevent security through obscurity.

3.6 LIMITATIONS OF SECURE ARCHITECTURES

Secure processor architectures are not a full solution to computer security problems, especially,
secure processor architectures do not, usually, deal with the physical realization of the processors
themselves. The general area of hardware security (as opposed to the architecture security) covers
topics that are orthogonal to secure processor architecture design, but should be considered by
architects when they think about their architectures. These are listed below.

3.6.1 PHYSICAL REALIZATION THREATS

Secure processor architectures assume that the manufactured chip, and especially the hardware,
is correct. Research on hardware trojans [109], however, shows that malicious hardware can be
inserted after the design time, e.g., at the foundry where the processors are manufactured. On
the other hand, hardware trojan defense research shows how such trojans can be detected [212].

3.6.2 SUPPLY CHAIN THREATS

In addition to modification of the chip, which may in practice be very difficult, there are issues
of the supply chain [178]. Modern servers, embedded system, etc., contain intellectual property
(IP) from many designers and they are manufactured in variety of locations before being finally
assembled into the finished product. At any of these stages in the supply chain a malicious
component can be inserted into the system. For example, CPU can be correct, but the memory
chip is malicious. Fingerprinting hardware modules and identifying correct ones, such as through

use of PUFs, is one possible defense [55].

3.6.3 IPPROTECTION AND REVERSE ENGINEERING

Security should not be through obscurity, thus the design and hardware of the secure processor
architectures should be known. Still, in a number of scenarios the designers may want to keep the
hardware implementation a secret, e.g., due to fears of others stealing their intellectual property.
Camouflaged logic [180], split-manufacturing [231], and other approaches can help prevent
attackers from reverse engineering the design. Camouflaged logic aims to prevent one from
deducing the circuit design, and behavior, by looking at the physical layout of the transistors.
Meanwhile, split-manufacturing involves producing a processor chip in two or more foundries,
where each one processes only few levels of the design. Split-manufacturing research shows how
to divide the design into different parts (usually the design is split into back end of line, BEOL,
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and front end of line, FEOL) and each part is processed by a different foundry such that at a

foundry cannot deduce final design based just on the parts it is processing.

A related topic to IP protection is threats of over-production. Ideas of hardware odome-
ters [9] have been presented where new hardware features are used to ensure only legitimate
devices can be authenticated. Furthermore, re-use or recycling of devices is dangerous as old,
worn-out parts can be sold as new. Again, odometer features can give indication about the age of
the integrated circuit chip and whether it is new, or has been used for extended period of time.

3.6.4 SIDE- AND COVERT-CHANNEL THREATS

Side- and covert-channel attacks can be used to leak the information based on the physical ema-
nations (e.g., power, thermal, electro-magnetic). Such attacks can be damaging and used to leak
sensitive information—typically the goal is to get the encryption key. Chapter 8 discusses side-
and covert-channel threats, and protections, for processor architectures. A distinction needs to
be made between information leaks due to the design of the logic, most often timing channels,
and information leaks due to physical implementation. At the architecture level, the logic-related
channels should be eliminated, e.g., due to processor caches. But then the physical implemen-
tation related channels may still remain, e.g., EM channels [6].

3.6.5 WHAT SECURE PROCESSOR ARCHITECTURES ARENOT

Secure processor architectures are not hardware security modules (HSMs) such as IBM Crypto-
Cards [101]. HSMs are dedicated, hardware modules that have extra physical security compared
to typical processors (and secure processor architectures). HSMs may have tamper-resistant and
tamper-evident coatings (e.g., the module may try to erase keys and shut down if it detects phys-
ical tampering, typically thanks to a wire mesh or other sensors that, when tampered with, signal
an intrusion [14]). They further may be battery-backed, to ensure power-cycling of the whole
system does not affect them (and that they have power to execute any proactive defenses in case
of an attack where the rest of the system is shut down). Secure processor architectures mimic
some HSM features (e.g., memory encryption) but usually do not deploy the more extreme
measures (e.g., physical coatings).

A distinctive feature of secure processor architectures from HSMs is that they rely on
platform features and modify only the architecture and digital logic. Secure processor architec-
tures typically are not concerned with physical design, but aim to provide as much security as
possible only through the architecture and digital logic level.

Secure processor architectures are also not security accelerators, such as dedicated devices
for speeding up encryption or decryption. They almost always have dedicated hardware for ac-
celeration of encryption, hashing, or public-key cryptography. But these features are used by
the secure processor architectures’ hardware to speed up the new protections it offers—a sep-
arate accelerator may still be present on a system if needed, e.g., for high-speed encryption or
decryption of network traffic.
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3.6.6 ALTERNATIVES TO HARDWARE-BASED PROTECTIONS:
HOMOMORPHIC ENCRYPTION

A theoretical alternative to the myriad of hardware-based security modifications, or need to
introduce new hardware architectures, may be Fully Homomorphic Encryption (FHE) [73].
In fully homomorphic encryption, operations are performed on the ciphertext and result in the
creation of new ciphertext, which can later be decrypted to see the results of the computation.
Importantly, the new ciphertext does not leak any information about the results, which can
only be accessed by an entity with the proper decryption key. Currently, fully homomorphic
encryption suffers from two practical limitations. First, the operations are very slow, making
them impractical. Second, code is not protected as the protections only extend to the data.

Despite the limitations, with fully homomorphic encryption, the hardware manufacturer
is not trusted. Actually, there is not a TCB anymore in some sense. All the inputs, intermediate
data, and outputs are encrypted, so there is no plaintext information anywhere on the system that
could leak out. Currently, there is an open research challenge between the two approaches. One
one hand, if the hardware manufacturer is trusted, many operations can be done on a secure
processor at high speed. On the other hand, any bugs or vulnerabilities could allow sensitive
data to leak out, giving motivation of using cryptographic approaches such as FHE that do not
depend on trusting the hardware nor the processor manufacturer.
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CHAPTER 4

Trusted Execution
Environments

This chapter first introduces Trusted Execution Environments (TEEs) and presents high-level
description of the protections offered to TEEs by the Trusted Computer Base (TCB), and how
the protections can be realized. It then presents a list of existing academic and commercial secure
processor architectures, and the types of TEEs they offer as examples of possible design choices.
It also presents TEE-related assumptions. The chapter closes by listing limitations of today’s

TCBs and the TEEs they create.

4.1 PROTECTING SOFTWARE WITHIN TRUSTED
EXECUTION ENVIRONMENTS

TCB is the set of hardware and software that is responsible for creating the TEE environment.
Software executing within a TEE is protected from a range of software and hardware attacks.
The range of attacks that the software is protected from depends on the threat model of the
particular secure processor architecture. The relationships between TCB and TEE are:

* TEE is created by a set of all the components in the TCB, both hardware and software
* TCB is trusted to correctly implement the protections; and
* vulnerability or successful attack on TCB nullifies the TEE protections.

Different secure processor architectures focus on protecting Trusted Software Modules
(T'SMs), also called Enclaves, while others on protecting VMs or containers. All of the code
inside the TEE is given the same set of protections. There are no explicit protections that TEE
gives to the different parts of the code in the TEE (except for the differentiation of the usual
privilege levels, if the TEE contains a whole VM, for example). Users need to carefully consider
what code runs within the TEE, especially if they use any external libraries or unverified code.

4.1.1 PROTECTIONS OFFERED BY THE TCB TO THE TEES

Confidentiality and integrity are the two main security properties that the TCB of a secure
g prop

processor architecture aims to provide for a TEE. Confidentiality and integrity protection is

from potential attacks by other software components or hardware components which are not in
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the TCB. There is usually no protection from attacks by malicious TCB or malicious code within
a TEE. There can be multiple instances of the TEE running in parallel at the same time, e.g.,
multiple TSMs or Enclaves can be running on a system, each belonging to a different user. The
TCB protects each TEE from potential attacks by the other TEE, e.g., there could be malicious
code running in one instance of TEE trying to attack another TEE instance. Consequently,
multiple mutually untrusting pieces of protected code can run on a system at the same time.

There is no uniform set of attack vectors that all the secure architectures aim to prevent.
Most designs aim to protect from software-on-software attacks so that untrusted software is not
able to attack the TEE or that mutually untrusting TEEs running on same system are not able
to attack each each other. Note that for architectures that assume the OS or VM is untrusted,
the TEE is protected from attacks the by more privileged OS.

Side channels are a weak point for many of the architectures, as they allow software-on-
software side-channel attacks. Timing channels due to components in the processor are main
reason for potential software-on-software side channels. Side channels can also be considered
software-on-hardware attacks since the malicious software is abusing hardware behavior to learn
information. Again, protections, if offered, are from attacks by untrusted components outside
the TCB, or from attacks between mutually untrusting TEEs.

Hardware-on-software attacks are also partly considered by the different architectures.
Especially, the main memory or system bus is often considered untrusted, so hardware probing
to extract software secrets is often protected against. Hardware-on-hardware attacks are similarly
often partly considered when concerning memory or peripheral devices, e.g., malicious network
card connected to a memory bus should not be able to send malicious messages that would
crash memory controller. Hardware attack protections, if offered, are from attacks by untrusted
hardware components outside the TCB. TCB hardware (and software) is trusted by definition
and attacks such as trojans are not considered (at the architecture level at least).

4.1.2 ENFORCING CONFIDENTIALITY THROUGH ENCRYPTION

Given the trusted processor chip assumption, and that everything outside of the processor chip
is untrusted, symmetric key cryptography should be used to protect data going off chip to pre-
vent hardware attacks. Figure 4.1 shows a diagram of a typical processor, with added encryption
engine for protecting data going off chip. The security engine, or other part of the TCB, should
encrypt data going out, and decrypt data going in to the chip. In the least, an encryption key
for memory, K, is needed and needs to be stored securely in the hardware as part of the TCB.
Chapter 6 deals in-depth with memory protection, and gives more details about how to imple-
ment the confidentiality protection through encryption.

4.1.3 ENFORCING CONFIDENTIALITY THROUGH ISOLATION

Protected software can be separated through isolation (controlling address translation and map-
ping) to prevent software attacks. Naturally, page tables are a well-known mechanism for con-
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Figure 4.1: A diagram of a typical processor, with added encryption engine for protecting data
going off chip.

trolling memory allocation. However, page tables are managed by the operating system or hy-
pervisor, for second level page tables, either of which can be untrusted. In HyperWall archi-
tecture [209], for example, the hypervisor is untrusted to do the memory management, so Hy-
perWall hardware manages the memory. The isolation must be managed by TCB and can be
architected as a modification to the page table mechanisms (e.g., add another layer of trans-
lation or access control in addition to the OS or hypervisor managed page tables) or could be
architected as dedicated memory management (hardware or software) module in the TCB that
replaces the page table mechanisms.
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| |
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Figure 4.2: A diagram of a typical processor, showing in yellow the different components of
the system that usually contain some state which need to be flushed between executions of
different software.
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4.1.4 ENFORCING CONFIDENTIALITY THROUGH STATE FLUSHING

State in the processor and elsewhere in the system needs to be flushed to ensure confidentiality
from other entities that will later run on the system. Figure 4.2 shows the main parts of the
processor that need their state to be flushed. While not often considered, any buffer or register
in the processor can store data related to execution of a TEE. When the TEE is no longer
executing (e.g., it was interrupted by another process, or it was terminated) all the relevant state
needs to be flushed. Caches, registers, and memory are the obvious parts of the system that need
flushing. However, there are also functional units and their state, e.g., the branch predictor state,
or even state in the uncore or the security engine. Confidentiality leaks have been shown, for
example, due to improper cleaning of the state, or “lazy” cleanup [152] that allowed sensitive data
to be left in the processor state after TEE finishes execution. Chapter 8 covers side channels and
gives more information about the state flushing, as lack of proper cleanup is one of the reasons
for number of side channels or information leaks.

4.1.5 ENFORCING INTEGRITY THROUGH CRYPTOGRAPHIC
HASHING

In addition to integrity protections, cryptographic hashing should be used to protect data going
off chip to prevent hardware attacks and modification to the data. Figure 4.3 shows how the
hashing is typically applied to data going in and out of the processor chip. All data going off chip
(either due to explicit memory operations, or as part of saving and restoring processor state when
TEE execution switches between different TEEs) needs to have its integrity protected. This can
be achieved by having a hash module as part of the security engine, or other TCB component.
Even if data is encrypted, someone could try to modify the behavior of the system by changing
memory contents, even without decrypting the data. Most notably, an attacker could do a replay
attack to replace current memory contents with previous good memory contents (which are now
“old” but still would correctly decrypt). Having a hash value, that is fingerprint of the memory,
stored in the TCB in the processor allows the processor to detect any changes. In addition,
a nonce is needed. Chapter 6 deals in-depth with memory protection, and gives more details
about how to implement the integrity protection through cryptographic hashing. Especially, raw
hashing of memory is never used; instead hash trees are used due to their efficiency.

4.2 EXAMPLES OF ARCHITECTURES AND TEES

Various academic and commercial architectures have explored adding hardware support for se-
curing the executing software at different granularities. The different secure processor archi-
tectures mainly focus on protecting TSMs or Enclaves, or whole VMs. In general, one key
characteristic of the secure architectures is that there is some shared secret (key) between the
TCB and the code running in the TEE, so that the hardware or software of the TCB knows
how to decrypt and verify the code and data in the TEE.
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Figure 4.3: A diagram of a typical processor, showing off-chip memory contents being hashed
using a hash engine; and need to store the reference hash value and nonce on chip.

Many of the architectures have concentrated on protecting discrete trusted software mod-
ules (T'SMs), a term defined in [35, 58, 129]. More recently, these are also called Enclaves
thanks to the popularity of recent SGX extensions introduced by Intel [149]. A mini-survey
of the architectures is given below. First, the blow paragraphs focus on academic architectures,
tollowed by discussion of commercial solutions that aim to protect TSMs or Enclaves. Second,
architectures focusing on protecting whole VIMs are presented.

4.2.1 ACADEMICARCHITECTURES FOR PROTECTING TSMS OR
ENCLAVES

eXecute-Only Memory (XOM) [136] has user code stored in memory compartments such that
one compartment cannot access another. XOM assumes that external memory is not trusted
and, as a result, the data leaving the processor chip is encrypted. Also, each compartment has a
session key associated with it and this key is used for encryption and decryption of the instruction
and data stream. At any time only one compartment can be active, as its session key is loaded
and used by the hardware for cryptographic protections.

AEGIS [205] is an architecture for tamper-evident and tamper-resistant processing.
AEGIS assumes that all components external to the processor are untrusted. It uses encryption
and hashing to protect sensitive data when it is outside of the processor core. Each application
binary is encrypted and has an associated hash. The AEGIS hardware also has a private key,
which can be used to sign a hash of the application so that a remote party can verify that the
correct application was started.

Secret Protecting (SP) [58, 129] architecture proposed that software modules should have
their confidentiality and integrity protected, when all the components except for the processor
core are untrusted. SP defined the secure execution environment and introduced idea of pro-

tecting the software modules. Each SP processor possess a cryptographic key which can be used
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by the SP hardware to decrypt the software module’s code and data. SP provides both user-
mode [129] and authority-mode [58] variants. In user-mode there is only one owner of the
device, while in the authority-mode there is a central authority that shares keys with a number
of SP devices.

'The Bastion [35] architecture extends the SP architecture by using a hypervisor to pro-
vide scalable trusted software execution and tailored attestation. Bastion protects TSMs with
encryption and hashing, and multiple TSMs from different security domains can be active at
the same time. Furthermore, in part due to the use of a trusted hypervisor, Bastion can provide
flexible attestation of a selected set of TSMs.

Ascend [64] is an architecture that aims to protect from attacks by untrusted program.
Although the program is trusted to perform the computations, however, from the perspective of
the processor chip’s inputs, outputs, and power consumption, an untrusted server cannot learn
anything about private user data being processed. Ascend leverages ORAM to hide memory
access patterns and differential-power analysis (DPA) resistance techniques to hide power con-
sumption patterns [64].

Sanctum [43] aims to offer strong isolation of software modules running concurrently and
sharing resources. It also protects against software attacks that infer private information from a
program’s memory access patterns. Sanctum architecture moves most of the TCB logic into the
trusted software, reducing burden of need for complex hardware TCB.

4.2.2 COMMERCIAL ARCHITECTURES FOR PROTECTING TSMS OR
ENCLAVES

Cell Broadband Engine with its processor vault [196] provides hardware isolated execution en-
vironments where code executing on a synergistic processing element (SPE) inside the Cell pro-
cessor can be protected from the code executing in the rest of the system. SPEs are dedicated
hardware processing units with associated and dedicated memory. The SPE and the memory
can be locked out from the rest of the system and the code executing on the SPE can be iso-
lated from even the main processing unit. The processor vault uses public-key cryptography to
allow encrypted code to be sent to the SPE and decrypted, without being visible to the rest of
the system.

ARM TrustZone [236] which creates two separate “worlds” for executing a trusted, secure
operating system and untrusted, normal operating system. Even if the normal operating system
or applications are compromised, the secure world is protected. In addition, memory and system
buses can be tagged with an identifier of which world is currently executing, allowing some
devices to be accessible only from the secure world, for example.

Intel’s Secure Guard Extensions (SGX) [13, 95, 149] provides protections for trusted
software modules, called enclaves, which are protected by hardware from untrusted operating
system and other entities. Oftf-chip memory is protected through encryption. Although SGX

did not intend to protect against side channels [104] like most of the prior academic architec-
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tures, researchers have found this as a potential weakness. Intel’s new cache partitioning tech-
nology [140] can help avert some of the threats. It has some features of both Bastion or SP
architectures presented in academia.

4.2.3 ACADEMICAND COMMERCIAL ARCHITECTURES FOR
PROTECTING WHOLE OSES OR VMS

NoHype [112, 208] introduced the idea of eliminating the hypervisor, while still allowing a
number of virtual machines (VMs) to share the processor. Hardware was logically partitioned
in NoHype such that each virtual machine obtained its resources on startup, and through the
hardware separation mechanisms, one VM could not access resources of other machines. By
eliminating the need for an active hypervisor, NoHype reduced the software TCB (at the cost
of functionality, such as live migration).

HyperWall [209] proposed to protect whole virtual machines from the hypervisor (while
still having hypervisor runing on the system to perform system management tasks). HyperWall
introduced hardware for management of memory such that hypervisor could allocate and de-
allocate memory for virtual machines, but not observe their operation.

AMD’s Secure Encrypted Virtualization (SEV) [50] is similar to SGX, but focuses on
protection of whole VMs from an untrusted hypervisor. SEV ensures VM’s memory is not ac-
cessible to other entities in the system. It has some features of HyperWall architecture presented
in academia.

4.3 TCBAND TEE ASSUMPTIONS
TEE designs typically involve a number of assumptions. At the end of the book, all the assump-

tions from all the book chapters are evaluated together.

4.3.1 NO SIDE EFFECTS ASSUMPTION

Secure processor architectures assume no side effects are visible to the untrusted components
whenever protected software is executing. Especially, the system is in some state before protected
TEE software runs. Next, the protected software runs, often modifying the system and processor
state. Finally, when protected software is interrupted or terminates, the state modifications are
erased so that no information can leak to the untrusted components. Likewise, when multiple
TEE run concurrently, one should not have visible side effects on another.

4.3.2 BUG-FREE PROTECTED SOFTWARE ASSUMPTION

The software (code and data) executing within TEE protections is assumed to be bug-free.
The goal of any secure processor architectures is to create minimal TCB that realizes a TEE
within which the protected software resides and executes. Software within the TEE cannot be
protected from itself, e.g., if it is buggy or if some external libraries have been included that
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had vulnerabilities. Especially, code bloat endangers invalidating this assumption about benign
protected software, as more and more code in the TEE increases chances of bugs. The TEE
software could, however, try to attack other TEEs or the system. This, however, is a separate
issue from bug-free TEE software.

4.3.3 TRUSTWORTHY TCB EXECUTION ASSUMPTION

Any vulnerabilities in the TCB can lead to attacks that nullify the security protections offered by
the system to the TEE. Especially, problems in hardware state machines controlling the system
could be exploited to nullify TEE protections. Or, problems in software or firmware running
on the security engine, if it is realized as an embedded processor and not dedicated hardware
circuits, can likewise be exploited to nullify TEE protections. Trustworthiness of the TEE then
depends on the ability to monitor the TCB code (hardware and software) execution as the system
runs. It is assumed monitoring of TCB mechanisms is able to: fingerprint and authenticate TCB
code, monitor TCB execution and control flow, and protect TCB code (both software but also
“hardware” if it is realized as an embedded security processor) through known mechanisms such
as virtual memory, address space layout randomization, etc.

4.4 LIMITATIONS OF TCBS AND TEES

Hardware-protected execution environments are a great way to protect the critical code and
computation. However, they come with some limitations and potential pitfalls for the designers
and users. Each limitation can be seen as a research challenge: to find solutions on how to fix
the limitations.

4.4.1 VULNERABILITIES IN THE TCB

Current designs allow for TCB-resident attacks, where the attacker uses the hardware pro-
tections to hide from the rest of the system. Examples of such TCB-resident attacks include
SMM-based rootkits [59] where the attackers are able to subvert the SMM and use it as an at-
tack vector. Because the SMM (ring -2) is more privileged than operating system or hypervisor,
it may be impossible for system administrator to get rid of SMM rootkit once it is installed,
especially, if there is no way to update or recover the SMM code. Another example are platform
management engine-based attacks [214] which leverage the ME (ring -3) to hide and launch at-
tacks. These can be even more damaging, as the ME is separate processor or microcontroller, and
which cannot be updated or debugged, today. Once the TCB is compromised, any protections
offered by the system are nullified and TEE is no longer secure.

4.4.2 OPAQUE TCB EXECUTION

Today there are often no means of auditing and accessing the code running as part of the TCB,
especially code running the “hardware” that is actually implemented as an embedded processor,
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notably for the security engine. Proprietary code is usually a trade secret, with infrequent up-
dates. Code signing, if deployed, further prevents users from themselves updating the code. This
secrecy introduces type of security through obscurity, and there are well know attacks using the
management engine as an attack vector to take over the whole system, e.g., ring -3 rootkits [59].

Code running and managing the TCB should be fingerprinted, and possibly authenti-
cated. A hash over the TCB code can be computed at load time, by the hardware. Such hash
could be available in a read-only register or memory location once the TEE code is loaded, but
before the TEE code is executed. Attestation of the TEE could then include attestation of the
state of the TCB.

Additionally, monitoring of execution of the management TCB code is an important
feature so that correct execution of the system can be observed. There is a plethora of performance
counters in todays processors. Yet, the most security crucial components, such as Intel’s ME or
AMD’s PSP, do not seem to have any such features. Today, users simply have to trust the TCB
code, which is often a black box with no run-time monitoring or reporting capabilities.

4.4.3 TEE-BASED ATTACKS

By design, trusted execution environments create a hardware-protected space wherein code can
execute safely from outside inspection. This creates a number of challenges which, if not ad-
dressed, can allow for malicious code to leverage the TEEs as an attack vector, while the hard-
ware features meant to protect TEEs help the attacker from being discovered, or stopped. Al-
ready, academics have presented potential attacks, such as the SGX-Bomb [107].

4.4.4 TEE CODE BLOAT

Code bloat (trusted hardware complexity or trusted software complexity) is a potential danger.
As the TEEs are used to perform more and more functionality, there is more and more chance
of a bug or vulnerability. Over time, researchers and programmers are finding clever ways to put
more and more code into the TEEs. There exist Linux containers running inside Intel SGX [15]
or a hypervisor running inside SMM [17]. The motivation for design of the TEEs is that they
will protect a “small” piece of code which is bug-free (and ideally verified in some form). Mean-
while, this is often not true. Each new feature added for convenience or due to other needs of
users endangers the platform as the TCB grows and TEE capabilities expand.
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CHAPTER 5

Hardware Root of Trust

'This chapter introduces the root of trust. It then discusses ideas of measurement and chain of
trust. These ideas are used to demonstrate trusted and authenticated boot, remote attestation,
and data sealing. The chapter also presents ideas regarding runtime attestation and continuous
attestation. It next presents ideas for use of PUFs as root of trust. It also introduces ideas, and
shortcomings, of using authentication for limiting what code can execute in the TCB or TEE.
'The chapter closes with a list of assumptions about the root of trust.

5.1 THEROOT OF TRUST

'The objective of secure processor designs is to provide authentication, confidentiality, and in-
tegrity protections for the TEEs they create. Thus, the system that realizes a secure processor
architecture has to be trusted. The trust in most of these systems derives from two things. First, a
root of trust, which is typically a cryptographic key or set of cryptographic keys. Second, trust in
the manufacturer of the hardware and the hardware itself. This chapter focuses on the first aspect:
the root of trust. To form the root of trust, cryptographic keys are needed for authentication,
confidentiality, and integrity.

Authentication: The processor needs to authenticate itself, so a remote party or user can
convince oneself that certain data or messages are indeed coming from a particular, trusted sys-
tem. It is assumed that only one system (processor) exists that has a given (secret) key. Typically,
public key cryptography is the choice for authentication: processor has a secret key, and a public
key which is known to everybody. This key can be derived from a processor’s secret key. As-
suming manufacturer correctly initializes only one processor with an unique secret key, then any
properly derived keys should be also unique.

Confidentiality: The processor needs encryption keys for confidentiality of data going
out of the processor. For memory protection, ephemeral keys can be used, which are randomly
re-generated on each system startup. For persistent data, the keys need to be generated in a
systematic way. Typically, this combines in some way processor’s secret key, and measurement
of the system, as discussed shortly.

Integrity: The processor needs keys for integrity checking of data going outside of the
processor. These can be derived as well from the secret key. One possible way is to use crypto-
graphic hashes to generate all the keys from the root secret key. As long as the root key is unique
and secret, the other keys should be as well. Getting access to a derived key, due to one-wayness
of hashes, should not leak information about the processor’s secret key.
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5.1.1 ROOT OF TRUST AND THE PROCESSOR KEY

Security of the system is derived from a root of trust: a secret (cryptographic key) only accessible
to the TCB components. From that secret key, it is possible to derive all the encryption, signing,
and other keys. The root of trust key needs to be securely stored in processor chip the TCB, as
shown in Figure 5.1.
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Figure 5.1: A diagram of a secure processor, showing its secret key, Kg, which is stored within
the processor boundary. The secret key should only be accessible to the components in the TCB,
and never leave the boundary of the chip. From the secret key, other keys such as for encryption
or signing can be derived.

Each secure processor requires such a secret key, which should further be unique to each
instance of the processor, i.e., each chip. One option is to burn it in at the factory by the man-
ufacturer. However, this implies trust in the manufacturer and the supply chain, especially, it
needs to be ensured the manufacturer does not hold a copy of the secret key after the processor
is deployed. An alternative is to use PUFs. However, this requires addition of extra circuits that
realize the PUF there is needed to ensure reliable operation of the PUF and error correction
circuits are needed, and finally extra hardware module to derive cryptographic keys from the

PUF output is needed.

5.1.2 PKIAND SECURE PROCESSORS

Public Key Infrastructure (PKI) is needed to distribute the certificates of the public keys of the
processors. Especially, users need to know which are the keys belonging to the legitimate pro-
cessors. The manufacturer, or a trusted third-party, needs to maintain the lists of known-good
keys and the associated processors. Revocation is very difficult, and an open research topic: once
a processor is compromised, its key can be extracted, and thus should be revoked. However, how
should a manufacturer know that a particular processor is compromised, when the manufacturer
likely never has access to the processor once it leaves the factory. There are also a multitude
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of integrators which actually integrate the chips into a working system, the secret key may be
compromised there even before the product is sold. A potential solution here are PUF's: the man-
ufacturer cannot set the key, and users can enroll the device when they receive it. Yet, between
manufacturing and enrollment the processor or system could be modified or changed.

Typically, from the root of trust key, Kg, are derived keys for confidentiality, integrity,
and authentication. A secret key, Ksx and corresponding public key, Kpk, are derived for en-
crypting data to be sent to the processor. This is data handled by the TCB, not the TEE as
TEE software will have its own keys. A signature generation key, Kgi.x, and a corresponding
signature verification key, Ky, are also derived. They are used to sign data generate by the TCB.
Especially, the TCB’s signing key can be used to sign user keys generated in the TEE, so that the
TEE’s keys can be tied, via the signature, to the underlying hardware that the TEE is executing
on. Furthermore, for authentication, the signing key can be use as well.

As shown in Figure 5.2, the manufacturer (if the Kg key is burned in) can generate the
public and verification keys, and their corresponding certificates. These can then be distributed
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Figure 5.2: The manufacturer (top-left) initializes the secret key of a processor, and is able to
derive different encryption (Ksk, Kpk) or signing keys (Ks;ex, Kvk). The public (Kpg) and veri-
fication (Kyk) keys, and corresponding certificates, can be generated and given to the certificate
authority (top-right). Given some ID of a processor, the users (bottom-right) can obtain the
certificates for that processor’s keys.
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to certificate authorities, who in turn can communicate the certificates to users given some 1D
for the processor users’ want to interact with.

'The different keys are derived often by use of cryptographic hashes. Getting access to a
derived key, such as the public encryption key, due to one-wayness of hashes, should not leak
information about the processor’s secret key. If the secure processor design leverages PUFss, it
may require users to run their own key distribution solutions, or use existing, third-party PKI.
Also, if the PUF-derived keys are never to be exposed, then the processor needs hardware or
software that is part of the TCB to generate the derived keys and certificates, such that Kz truly
never leaves the boundaries of the processor chip.

5.1.3 ACCESSTO THE ROOT OF TRUST

A physical attack or unscrupulous manufacturer or system integration could steal or leak secret
keys. A more likely danger, however, is the code that is part of the TCB, and has direct access
to the root of trust, which may leak the key unintentionally due to a bug, or due to some at-
tack. Usually, BIOS or other low-level code is able to access the secret keys (e.g., to sign digital
messages generated by the processor). This is usually code stored in flash memory, rather than a
dedicated circuit. Bugs in the code can lead to exploits that can leak the secret key.

5.2 CHAIN OF TRUST AND MEASUREMENTS

When running TEEs on a system, it is crucial to know that it is correctly configured, e.g., only
decrypt the file system if the correct operating system has been loaded. To achieve this, the
trust begins with the secret key and a small piece of code which is implicitly trusted, such as
a small BIOS. When a system turns on, this BIOS is the first code to execute. This code can
then “measure” next piece of code that is to be loaded an executed, e.g., the firmware. Next,
the firmware can “measure” the OS that starts up next, etc. Here, “measurement” is the act
of generating a cryptographic hash of the code (and data) after it is loaded and before it is
executed. The goal is to prevent someone from modifying this code (if the code is modified, the
cryptographic hash will have a different value than the expected value).

Eventually, there is a set of hashes of the different components that booted up one after the
other. Rather than to store each separately, each measurement can be used to “extend” the prior
measurement. To “extend” means that hash value of the prior piece of code is concatenated with
the next level of code and data when the hash is generated. Thus, at each level the hash depends
on the code and data, and the hash of the prior level. In the end, one hash value depends on all of
the prior code. This idea has been leveraged in the Trusted Platform Module (TPM) from which
the term “extend” may have originated. The TPM [219] is a low-cost co-processor dedicated
to security. The main objective of the TPM is to provide a root of trust in the platform. TPM
helps to protect against software attacks by providing attestation and sealed storage mechanisms.
'The attestation, in particular, is based on a chain of cryptographic hash measurements of all the

software layers.
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When doing the measurements, different pieces of code can be included in the measure-
ment. Usually, only the trusted code is to be measured. Meanwhile, there are different secure
architectures which consider different software to be trusted. Figure 5.3 shows that when the
measurements are done, different system levels may be included in the measurement. On the
right side of the figure, two alternatives for how the measurements are done are shown. First,
all the levels can be measured in succession: hardware measures the lowest software level, then
each level measures the next level. The measurement is done via cryptographic hashing of the
code running at that level. Second, some levels are “skipped.” If a software level is not part of

TCB or TEE it does not need to be measured.
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Figure 5.3: Left-hand side shows the levels in a typical secure processor architecture. Right-hand
side shows two examples of different levels being measured. In the end, the user should receive

the measurement, i.e., a cryptographic hash, that reflects the state of the system (the TCB and
the TEE).

5.2.1 TRUSTED AND AUTHENTICATED BOOT

Trusted boot means that the system will only operate if all the measurements are correct, oth-
erwise the system may not even start up. Authenticated boot means that the system does all the
measurements, and users can access the measurement values, but the system will still continue
to boot up and run even if the measurements are not as expected.

Currently, there is no standard action to be taken when the measurements are not correct.
A system can stop executing or secret data can be prevented from being decrypted, as in trusted
boot. But what if this system is part of critical infrastructure, e.g., an ambulance? Will the system
refuse to run, e.g., ambulance’s GPS unit will not turn on? Authenticated boot allows the system

to run, but may not decrypt the hard drive data if the measurements are not correct. Here again,
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if this system is part of an ambulance, should life-saving patient data not be decrypted if the
measurements are not correct? Failover modes where a standby module automatically takes over
when the main system fails are not well explored in hardware secure processor architectures.
Defining what to do when the measurement is not as expected is an open issue.

5.2.2 MEASUREMENT VALIDATION

The measurements taken during the trusted boot need to be validated. The main way to do the
validation is to check the measurements against a list of known-good values. This, however, can
be problematic. By definition of cryptographic hashes, even change in one bit of the input m
will cause the resulting hash 4 to be totally different, compared to hash of the original input.
Any update such as a new kernel version, or even addition of a new kernel module, or other
update will cause all the hashes to change. Thus, it may become impractical to keep track of
all the possible known-good values for all the possible permutations of system software. In the
end, this problem may contribute to difficulty in deploying architectures in practice. A possible
solution is to leverage the PKI used for key distribution, to distribute well-known hashes for
variety of system configurations—or users can generate their own databases of known-good
values based on software they or their companies use.

Figure 5.4a shows how a measurement is generated by the processor. It can be signed with
the processors signing key. Then the user (b) is able to request a certificate from the trusted cer-
tificate authority. Given the certificate and the measurement, usually received over the network,
he or she can validate the signature and know if the measurement came from legitimate source.
Once the signature is validated, the actual measurement value needs to be checked. Mismatch
in the measurement value means that some software in the TCB or TEE is not as expected.

5.2.3 REMOTEATTESTATION

Remote attestation combines the root of trust with measurement, especially to attest that a
system is running correctly, the measurements of the software as the system booted up can be
signed with the private key of the processor, and sent to remote parties. These remote users
can compare the known-good hash values with the received data and satisfy themselves that
the system booted up in a correct configuration (or find that there is a problem). Because the
hashes are signed with the private key of the processor, users are ensured that the measurement
could not have been modified or forged after it was generated by the processor. It should be
remembered that issues of replay attacks are critical: one needs to ensure at the protocol level
that some correct (but old) measurement is not replied or sent again in future.

Figure 5.4¢ shows that the software (TEE) running on the processor can be attested using
the measurements and signatures as well. The processor can make the measurement, of the TEE’s
code, sign it and send to the user. If he or she verifies the signature and the measurement, then

he or she can send sensitive data to the TEE by encrypting it with a new session key. The session
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Figure 5.4: (a) A processor chip can generate measurements of the TCB (and TEE) and sign
them with its signing key. (b) A remote use can obtain certificates from a trusted certificate
authority, top-right, and use the certificates to validate the signatures of the measurements.
(c) Once the measurement is validated, if it is for TEE, the user can send some sensitive infor-
mation to the TEE, by sending encrypted information as well as sending the needed decryption
key. The decryption key is protected by public key of the TCB or TEE. (d) The user can also
send to TEE keys needed for decryption of data stored on remote disk.

key can be encrypted with the processor’s public key, or more likely a key generated by the TEE,
and signed by the TCB.

5.2.4 SEALING

Sealing is the act of encrypting some data with a key derived from a measurement. Conversely,
unsealing, is the act of decrypting data with a key derived form a measurement. The idea of
sealing and unsealing is to tie the data to a specific hardware and software configuration. For
example, if hard drive data is sealed before system shutdown, then next time the system boots
up, if there is any change to the measurements (e.g., any of the trusted software was somehow
changed), then the proper decryption key cannot be derived and data cannot be decrypted. This
prevents malicious uses from accessing data if they changed the software while the system was
turned off (it does not protect against attacks while the system is running nor against time-of-

check to time-of-use attacks discussed in the next subsection).
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Figure 5.4d shows that the system can have some data stored on disk. Once the TEE is
verified, the user can send back a cryptographic key (encrypted again with the public key of the
TCB or public key generated by the TEE). That cryptographic key can be used to decrypt files
and data stored on the disk.

5.2.5 TIME-OF-CHECK TO TIME-OF-USE ATTACKS

'The main limitation of any measurement technique that measures (i.e., generates cryptographic
hashes) the code is that it does not say anything about the code after it was measured. It only is
based on raw measurements of static code as it was right before the piece of software executed.
'This leads to well-known class of Time-of-Check to Time-of-Use (TOCTOU) problems. The
system may be correct at time #o, but it may become compromised at time ¢y, if user asks for
the values of measurements at some later time f,, he or she will get the hash value that states
that system was okay at 7o, but no information about state at #, is gained. One solution to this
problem is to perform continuous attestation at system runtime.

5.3 RUNTIMEATTESTATION AND CONTINUOUS
MONITORING OF TCB AND TEES

Projects such as Copilot [168] have presented ideas about runtime attestation or checking of the
state of the system. Most common approach is monitoring of the execution of the system. A
co-processor can be added, where main processor executes normally, while a co-processor per-
forms validation of the execution path. This can be also performed with performance monitoring
counters now available with many processors.

Through observation of execution patterns, such as the number of branches taken, branch
addresses, frequency of memory accesses, etc, a pattern of behavior of can be detected. This
pattern can be learned and, at runtime, the performance counter data can be used to detect
whether the program is behaving as expected or it has deviated. This can be applied to both the
trusted and untrusted components, however, most work focuses on the untrusted components
or the software that is being executed. Runtime attestation of the trusted components, i.e., the
TCB, is so far not well explored.

A more structured approach is analysis of control-flow graphs. Source code can be ana-
lyzed to understand the control flow graph of software. Then, at runtime, again, the execution
of a program can be checked to see if it has deviated from the expected control flow. This can be
applied to the system and other software. At the hardware level, however there is often a state
machine that dictates the behavior of the hardware—how to monitor the correct execution of
such state machines is an open problem. Software can be monitored by hardware, but it is not
clear how hardware, which is the lowest level in the system, can be monitored. A possible solu-

tion to this problem is to use hardware odometers [9]. The odometers work focuses on checking
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how long the hardware has been running (i.e., as an anti recycling feature), but similar counters
or hardware features can check how hardware state machines are running.

5.3.1 LIMITATIONS OF CONTINUOUS MONITORING

Continuous monitoring can leverage performance counters and look for anomalies. This, how-
ever, requires knowing the correct and expected behavior of system and the software. The at-
tacker can “hide in the noise” if they change the execution of the software slightly and do not
affect performance counters significantly.

5.4 PUFSAND ROOT OF TRUST

PUFs leverage the unique behavior of a device due to manufacturing variations as a hardware-
based fingerprint. A PUF instance is extremely difficult to replicate, even by the manufacturer
and provides an unique identifier for the system. Thus, as mentioned earlier, PUF is very much
like a secret key, and PUF response can be used in place of burning-in a key by the manufacturer.
'This can be used as a root of trust to establish whether software is executing on correct platform.

5.41 HARDWARE-SOFTWARE BINDING

So far, this chapter has focused on ensuring the correct measurement of the software, and check-
ing at bootup time if software has been modified. But once the measurement is done, there
is no real binding between the software and the hardware. To ensure that the software is in-
deed executing on a particular piece of hardware, hardware-software binding has been proposed.
Hardware-software binding [81, 82, 123, 186, 187] is a method to precondition execution path
of the software on the output of a PUF. Only on correct hardware will the PUF generate correct
outputs that will cause software to execute as intended, if the software is moved to a different
system, the PUF output by design will be difterent on another system, and the software will no-
longer execute correctly. The hardware-software binding can be implemented via an indirection
table in the software, where the PUF measurements are used to decrypt a table that controls the
jump or call addresses used in the source code.

To enable the hardware-software binding, at system runtime there needs to be a stream
of output from the PUF to be used in the indirection table. A PUF can be read at start up
time, and used as a key to a pseudo-random number generator. Storage of the PUF output
may be challenging to secure, and in principle is not difterent from storing the secret key—thus
hardware-software binding can be made to work with architectures that do not use PUFs, but
do have a secret key, unique to each system. Or, a run-time accessible PUF can be used, such as
the DRAM PUF [242] which can be queried at runtime. A run-time PUF reduces the need for

storage of secret keys or generation of pseudorandom numbers from a stored key.
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5.5 LIMITING EXECUTION TO ONLY AUTHORIZED
CODE

Firmware (TCB) updates or protected software updates can be authenticated in the processor
through use of signatures made by a trusted party. At manufacturing time, a certificate for the
manufacturer’s public and verification keys can be inserted into the processor. As shown in Fig-
ure 5.5, users can send code and data to an authorized party who has access to the signing key
of the manufacturer. The authorized party can inspect the code, and if approved, generate a sig-
nature. The user can then send the code and the signature to the remote processor. The TCB
components, with access to the certificate stored in the processor, can validate the signature,
and, if correct, load, and execute the code.
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Figure 5.5: The processor chip can be embedded with a certificate for known-good verification
keys, such that the processor TCB can authenticate messages, especially code and firmware
updates. The manufacturer (top-left) can send signing keys to the trusted third party (top-right).
Users can request the trusted third party, or even the manufacturer, to sign their code and data.
The code and data can then (bottom) be sent to the processor. The processor can validate the
signatures and only load the code if the signature is correct.
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5.5.1 LOCK-INAND PRIVACY CONCERNS

Privacy issue arise from any authentication mechanisms which limit what code can run on the
TCB, or inside the TEEs. If only the manufacturer can update the device’s TCB, then they are
dependent upon for security updates and fixing bugs. Furthermore, requiring the manufacturer
or another party to approve code that can run inside TEE further limits what code can be exe-
cuted in the TEE. For example, as of time this book was written, to deploy Intel SGX Enclaves
in production mode requires license from Intel and that Intel sign the code that is deployed
inside any Enclave running on any server [105].

When a system is running and the TCB or TEE is being authenticated, use of signatures
based on keys unique to a processor presents privacy issues. If a private key is used directly each
time, one can know from which processor the messages are coming and a connection can be
made between communication patterns and a specific physical machine. If a certificate author-
ity is used for key and certificate distribution, it can know exactly when a specific processor is
being used by a user who requests certificate about that processor. To solve such issues, Direct
Anonymous Attestation (DAA), developed for TPM, offers some protections while allowing
for remote authentication [29].

5.6 ROOT OF TRUST ASSUMPTIONS

There are typically a number of assumptions related to the Root of Trust. At the end of the book,
all the assumptions from all the book chapters are evaluated together.

5.6.1 UNIQUE OF ROOT OF TRUST KEY ASSUMPTION

The unique secret processor key is assumed to be assigned to each processor so any two secure
processors can be distinguished. The manufacturer is assumed to never assign two keys to dif-
terent processors. If using PUFs, then the hardware needs to generate a unique key for each
device even in event of errors or measurement noise in the PUF measurement from which the
key is derived.

5.6.2 PROTECTED ROOT OF TRUST ASSUMPTION

'The root of trust key is assumed to be protected and never disclosed. If keys are burned-in by the
manufacturer, the manufacturer is assumed to keep secure database of the keys, and ideally delete
the private keys once they have been generated. The manufacturer is entrusted with protecting
the keys, and to never disclose those keys. If keys are derived from PUFs, then the enrolling
party is trusted not to disclose the keys. The key is assumed to be stored in the processor chip
and is part of the TCB and never disclosed. All TCB components (hardware or software) which
have access to the key are trusted to never leak it.
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5.6.3 FRESHMEASUREMENT ASSUMPTION

Authentication and data sealing give access to data to TEE software that is presumed to be
correctly executing. Measurements are used to unseal data, and need to be fresh, meaning that
they should be recently taken to avoid TOC-TOU attacks. Continuous authentication can be
implemented to constantly check the TEE software. A mechanism needs to be in place to revoke
access to sealed data if measurements change.
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CHAPTER 6

Memory Protections

This chapter covers issues relating to protection of the main memory, typically DRAM, but
also NVRAM in the near future. It overviews threats against main memory, dividing them into
active and passive attacks. It then discusses mechanisms which can help ensure confidentiality,
integrity, and access pattern protections for the main memory. It finally presents assumption
relating to main memory protections.

6.1 THREATS AGAINST MAIN MEMORY

'The main memory, today typically DRAM, is often a separate chip from the main processor
chip. The main memory is connected to the processor chip via a communication bus that is a set
of wires on the mother board. Following the secure processor chip assumption discussed before,
both the main memory and the communication bus are typically assumed untrusted. As they
are located outside of the processor chip, it is assumed that they can be more easily probed than
any wires inside the processor chip.

Memory protection needs to consider both attacks from within the processor and from
the outside of the system as the memory and the processor are separate physical chips. The
penalty for these protections is the performance, e.g., encryption overhead, and area needed,
e.g., to store root hash values in the processor.

6.1.1 SOURCES OF ATTACKS ON MEMORY
Memory is vulnerable to the different types of attacks listed as follows.

* Untrusted software running on the processor can attempt to access memory regions is is
not allowed to.

* Malicious devices can attempt to use DMA to access memory regions they are not allowed
to or snooping on the bus.

* Physical attacks on the memory bus can be used to extract data that is being communicated
on the bus.

* Physical attacks on the memory itself, e.g., Rowhammer or Coldboot.

Especially, in addition to attacks such as probing the memory bus, DRAM chips can
be easily removed and analyzed off-line. Moreover, with practical non-volatile memories
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(NVRAM) on the horizon, data stored in the main memory will no longer disappear when
memory is powered off, further requiring the contents to be protected.

6.1.2 PASSIVE ATTACKS

Attacks on memory can be divided into active and passive attacks. In passive attacks, the at-
tacker passively eavesdrops on the communication, but does not try to alter any data. Passive
attacker can try to learn the contents of messages—this can be prevented with use of encryp-
tion, i.e., encrypt all data before it leaves the chip boundary. He or she can also try to learn
some information from the patterns of the memory accesses—this can be prevented with obfus-
cated memory accesses (usually using oblivious RAM techniques). The passive attacks focus on
breaking confidentiality protections and passive attacks usually succeed if the designers did not
correctly protect the information, such as encryption is not used while untrusted components
have access to the sensitive data. Main passive attack type is listed below.

Eavesdropping Attacks focus on passively collecting information that is communicated
to or from memory. However, getting access to data is not the only potential problem. Passively
observing the memory access patterns can also reveal sensitive information. For example, access
pattern to memory locations containing encryption S-Boxes can reveal which part of the S-Box
is accessed, and can be used to leak information about the secret key. Encryption combined with
hiding memory access patterns can protect against eavesdropping attacks.

6.1.3 ACTIVE ATTACKS

In addition to passive attacks, there are active attacks. In active attacks, the attacker can actively
inject or manipulate the communication between the processor and the memory, or inject their
own commands and request the memory to execute them. The active attacks focus on breaking
either confidentiality or integrity—active attacks are usually successful if the designers do not
properly authenticate communication, or if freshness is not ensured. Main active attack types
are listed as follows.

Spoofing Attacks aim to inject memory data (or memory operations) without being de-
tected. Attacker can inject memory reads or writes which will either change memory contents,
or gain access to some memory. It may be possible, for example, to spoof memory read oper-
ation while the main processor is in sleep or low-power mode, and read the memory contents
undetected. Reading memory contents possibly gives attacker direct access to secret data. Such
attacks can be mitigated by proper authentication of memory access commands, or through use
of encryption (where only legitimate entity has the right cryptographic key). Writing to memory
can affect integrity of the system, for example the attacker can write new page table memory
contents to attempt to modify the page table based isolation mechanisms. Such attacks can be
prevented through use of hashing and message authentication codes.

Splicing Attacks, also called mix-and-match attacks, focus on combining data from two

or more reads or writes to create a new, legitimate read or write. The splicing attacks, as the name
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implies, splice portions of different message, e.g., data payload of one message, with authenti-
cation header of another. If the whole read or write operation is not analyzed and authenticated
correctly, attacker may be able to re-use portions of messages to create a valid memory operation.
To protect against this type of attack, hashing and MAC can be used, however, the authenticated
data needs to make sure to cover whole packet so that attacker cannot change part of message,
while leaving the hash or MAC the same.

Replay Attacks, also called rewind attacks, leverage old messages, and send them again. If
a nonce is not used, then there is no guarantee of freshness. Often, a monotonic counter can be
used as a nonce to ensure that sender or receiver can discover that a message is old. Another, less
common approach, is to have a global clock which can be trusted and used as a time reference
for each memory operation. Replay protection involves both nonces (for freshness) and hashing
or MAC:s to ensure that the correct nonce is always part of the message; otherwise a reply attack
could combine part of one message, with a nonce from another message.

6.2 MAIN MEMORY  PROTECTION MECHANISMS

As foreshadowed by the previous section, memory protection can be achieved by leveraging the
three following techniques:

* confidentiality protection with encryption;
* integrity protection with hashing (typically using a hash-tree); and
* access pattern protection (typically leveraging Oblivious RAM techniques).

These are discussed in detail in the following sections. Confidentiality protection can be against
attacks from different processor chips and I/O devices, or even against attacks from among dif-
ferent software running within a core (e.g., each trusted software module can have its memory
encrypted and protected from other software, operating system or hypervisor). Likewise, in-
tegrity can be checked with respect to whole processor chip (one hash tree for each chip, as
discussed below), or per trusted software module or per virtual machine. Access pattern protec-
tion requires special on-chip storage, to buffer and store some data locally, thus typically is done
per processor chip. Although, per software module or per virtual machine protections could be
designed in the future.

Figure 6.1 shows a simplified diagram of a multi-processor chip system, and depicts four,
(a)—(d), major attack points. First, (a) is the untrusted software (either other user software or the
management software) running on the processor. Memory protection is not primarily concerned
with these—the focus is typically on the off-chip protection, which is done with encryption and
hashing. Nevertheless, inside the processor chip the memory is decrypted so could be easily read
by other software. The page table mechanisms can protect the data form other equally-privileged
software (e.g., one application from another). To protect the data from higher-privileged soft-

ware, data can be tagged so that the hardware (based on the tag associated with a piece of code
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Figure 6.1: Simplified diagram of a multi-processor chip system with multiple memories and
I/0 devices all having access to the same interconnect. Four major attack points (a)—(d) are

highlighted and explained in the text.

or data) can restrict access to the memory. Tagging memory requires extra bits to be included
with each memory word, increasing size of the memory buses and storage elements. Second,
(b) is the physical attacks on the interconnect. Physical probing outside of the processor chip’s
package is considered easier, and thus anything going off the processor chip and passing through
the interconnect can be potentially snooped on or even modified, this is where the encryption
and hashing is applied most often—but there is cost of encryption and decryption on each pro-
tected memory access. Also, data going off chip can be subject to access pattern analysis. Third,
(c) memory contents can be probed or memory can be removed and analyzed off-line later. Well-
known Coldboot attacks [86] showed that DRAM retention can be significantly extended by
cooling down the DRAM chip. Moving forward, NVRAM which by design does not loose data
when powered off, necessities protection of memory data as it can be recovered by anybody with
access to the memory chip. Fourth, (d) I/O devices, typically connected to the PCle bus and
using DMA, can directly access memory.

Some of the threats can be mitigated thanks to memory management units (IMMUs)
and I/0 MMU which serve to logically isolate the difterent processors, memories, and devices.
However, the interconnect and memories can still be physically probed, or the I/O devices can
directly access the contents of memories if 1/O MMU is not configured correctly, necessitating
encryption and hashing to protect memory contents. To overcome these limitations and come
ahead of further potential threats, secure processor architectures typically add one or more of
the three below types of protections.

6.2.1 CONFIDENTIALITY PROTECTION WITH ENCRYPTION

Memory encryption typically uses AES block cipher to transparently encrypt and decrypt data
going to or from the DRAM, using an key re-generated on each system reboot. The key has

to be stored on the processor chip, often in the MMU or in a special security management
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module. If same memory is to be shared among different processors they need access to the
shared secret key. With multi-core processor chips, one MMU can be shared by the difterent
processors, which actually removes need to have to explicitly share the key. In a multi-processor
setup, the key has to be somehow shared by the processor chips. Sending of the key in plain
text on the memory bus is not possible (attacker could easily snoop on the key). The solution
can be public-key cryptography, however, this is very expensive in hardware and not often done.
Most solutions today focus on having unique key(s) per chip without explicit sharing of the keys
among different chips.

Memory sharing with devices, via DMA, is often needed. Here the device would need to
have access to the key, or the data is sent in plain text from the device to the I/O MMU, which
then can encrypt data going to the main memory. Partly sending data in plain text is not a good
solution, design should encrypt data end-to-end. In practice, the devices doing DMA are I/O
devices (network card, or a disk) and they would not do any encryption. Instead, the data they
are processing is already encrypted (at some higher level in the software stack) so even though
data going on the memory or PICe bus between device and memory is unencrypted per se.

To facilitate enabling and disabling encryption for certain memory ranges (e.g., memory
shared with I/O devices is unencrypted), an extra bit in page table entries can be used by the
OS, hypervisor, or the hardware to mark data needing protection. Data marked as not needing
protection can simply bypass the encryption or decryption engine; see Figure 6.2. Data that does
need protection will go through the engine—which add latency to the memory access. Counter-
mode encryption can be used to speed up the process by pre-computing the encryption pads and
then only doing one xor operation between data and the pad. This requires proper caching of
the encryption counters used in counter-mode encryption to achieve good performance.

Enc? Dec?
¢ Plain Text Data Ciphertext Data
CPU > CPU
DRAM |<— ' DRAM
Encryption Decryption
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(a) Memory Write (b) Memory Read

Figure 6.2: Block diagram of key components in encryption and decryption, shown not to scale.
(a) For memory writes, select data can be encrypted, typically with a symmetric key cipher such
as AES. (b) For memory reads, if the data is not decrypted, e.g., read by software not authorized,
the CPU will only see the ciphertext.

In addition to using one key for whole memory encryption, different keys can be used for
different applications or virtual machines, for example. The keys are managed typically by the
MMU or a management engine—this may be the weakest link, as the key is accessible to the
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MMU or management engine which can potentially decrypt all the memory traffic. However,
assuming trusted hardware that manages the keys, it can switch which encryption key is used
based on who makes the request. As long as the keys are generated by the hardware and only
accessible to the hardware, the management software, e.g., hypervisor, can help manage which
keys are in use, without actually getting access to the plaintext of the keys.

In addition to protection from attacks on the off-chip memory (DRAM), it may be re-
quired to protect from attacks from within the processor chip. For example, application may
need protection from operating system, or operating system may need protection from a hy-
pervisor. In these cases, encryption alone does not help and a tagging or ID-based approach is
taken. Data can be tagged with a process ID or a virtual machine ID. When reading and writ-
ing data, the IDs can be compared between the requester and the data itself. For example, each
virtual machine and the hypervisor are each associated with a separate memory encryption key.
Outside the processor, memory is encrypted with the different keys, so each entity is protected
from others. Inside the processor die, the hardware keeps track of the virtual machine IDs to
prevent one entity from accessing another’s code or data, while the code and data is in plain text.

In summary, secure architectures should use hardware to generate memory encryption
keys on each boot cycle. Different keys can be used for different entities, to ensure data encrypted
by one cannot be accessed by another. In addition to encryption, use of tagging or IDs is needed
to control access to the data once it has been decrypted and brought into the processor.

Recently, commercial example of such solutions is AMD’s Memory Encryption [50],
which provides Secure Memory Encryption (SME) that allows for full encryption of DRAM
memory contents. The processor is extended with hardware for encrypting and decrypting data
going to and from the DRAM, similar to Figure 6.2. Furthermore, the memory encryption
features in AMD are integrated with the AIMD-V [5] extensions to create Secure Encrypted
Virtualization (SEV) [12]. SEV form AMD tags all code and data with an ID of the virtual
machine, called the address space ID, or ASID for short.

6.2.2 INTEGRITYPROTECTION WITH HASHING

Hashes are key cryptographic primitives used in integrity verification. Integrity protection lever-
ages the fact that each input to a cryptographic hash will give a unique hash output (with neg-
ligible probability of two inputs giving same output, as determined by the size of the hash).
'Thus, the hash value uniquely represents the data, i.e., it is a fingerprint for the data. If the data
is altered, the hash value will change: previously computed hash will be different from freshly
computed hash and this difference indicates that someone changed the data. Rather than have
to store a copy of the whole data, the relatively small hash value is sufficient for checking the
integrity. Hashing is then the key part in integrity protection of memory contents.

Memory integrity protection most often focuses on the external attackers. The assumption
is that the off-chip DRAM memory can be more easily manipulated or changed. Thus, after data
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is stored, and before it is used again, integrity checks are needed. Hashes require storage in a
secure on-chip location so that there is a reference value which can be compared against.

A simplistic solution would be to hash the whole memory and keep one hash value. How-
ever, this is very ineflicient as any small change to portion of memory requires hashing over the
whole memory instead. A common alternative that is used are hash trees, also called Merkle
trees [150]; a sample hash tree is shown in Figure 6.3a. Moreover, recall Figure 2.2 in Chapter 2
that presented hash tress in more depth.
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Figure 6.3: Comparison of (a) standard Merkle Tree used for memory protection and (b) Bonsai
Merkel Tree which uses MACs and build memory tree only over the counters used in the MACs.
'The root hash is stored within the trusted processor boundary, shown in green.

Using Merkle trees for authentication [72] introduced the idea of building a tree of hashes,
with the root stored in secure on-chip register. Advantage over the simple approach of hashing
the whole memory is the performance of computing, and verifying, the hash values. After a
piece of memory data is updated, only the hashes in the tree nodes on the path from the leaf
node (that was update) to the root node need to be recomputed and updated. This will require
only log,(N) hash computations, where N is the depth of the tree. To verify a piece of data,
again, rather than having to read whole memory and compute a hash, it is only required to read
two adjacent memory locations, and compute the hashes on the way from the leaf node that is
to be checked to the root node.

In the tree-based approach, the intermediate tree nodes (shown in darker gray in the
Figure 6.3) need to be protected to prevent an adversary to compute, and insert, their own hash
values. To address this problem, instead of using plain cryptographic hashes, secure processor
designs use keyed hashes, also called MAC:s. The key needed to generate MACs is always stored
in secure on-chip location. This way the tree nodes can be stored in the untrusted memory
location. As a performance improvement, the tree nodes can be cached [72], as soon as node
that is in the on-chip cache is encountered (and hashes match) verification can stop successfully.

Integrity protection is often combined with confidentiality protection, which itself often

relies on encryption. With counter mode encryption [96, 177, 177, 194, 195, 204, 205, 244,
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247, 254], memory is protected using a method where a counter is encrypted and the result is
xored with the cipher text or plain text (for decryption or encryption). With counter mode, the
encryption and decryption can happen in the background, while the critical path only requires
addition of the xor operations. This, however, assumes that the right counters will be available
at the right time (ideas of caching and prediction can be used to pre-compute and cache the
encrypted counters). Counters can be public information, but their integrity needs protection;
if the attacker can change counter value, he or she can change the result of encryption or de-
cryption. Conveniently, the counters can be stored in the main memory, and protected by the
memory integrity tree, as shown in Figure 6.3a.

Improvements on the standard hash trees are address-independent seed encryption and
Bonsai Merkle trees [38, 176]. They aim to help with the performance issues introduced by
the Merkle trees. The Bonsai Merkle trees are shown in Figure 6.3b. Address-independent seed
encryption separates the encryption seed form the memory address. Using memory addresses,
which were not meant to be used for security purposes, is not a good practice, and instead a
logical page identifier can be used when encrypting the data (to prevent attacker from associating
different data with different memory locations). With Bonsai trees, MACs are used for integrity
checking of the main memory. An attacker cannot generate his or her MACs without access to
the secret key. To prevent spoofing and splicing attacks, the memory location is included in
the MAC. MAC can protect against spoofing and splicing attacks, but not for replay, thus a
nonce (or a monotonic counter) is needed for each memory location. To protect the counter, see
Figure 6.3b, the “Bonsai” Merkle tree can be created over the counters used for reply protection
and logical memory location identifiers. The Merkle tree is much smaller than regular hash tree,
which improves the performance. One drawback may be the MACs which are more expensive
to compute and check. Architectures such as Intel SGX architecture [13], for example, use a
tree of MACs provide data integrity and replay protection.

In addition to memory protection, often data from memory needs to be swapped out to
disk (by operating system or hypervisor). Hardware-software secure architecture that support
copying data to disk, may need to extend the integrity protection trees to cover disk as well.
Bastion architecture [35], for example, has a memory integrity tree that has dedicated leaf nodes
reserved for disk pages.

In summary, secure architectures should use hashing to check integrity of memory, and
store the root of the hash tree in a secure on-chip location. They should use keyed hashes or
MAC: to ensure attackers are not able to generate their own hashes (to match their malicious
data). For improved performance and to reduce the amount of data that needs to be integrity
protected, approaches from Bonsai Merkle trees can be followed. Hash tress (using keyed hashes
or MACs) combined with nonces can ensure protection of spoofing, splicing, and replay attacks.
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6.2.3 ACCESS PATTERN PROTECTION

Besides getting access to raw data of the memory, observing memory access patterns can also
reveal secrets. To address this issue, memory access pattern protection techniques have been
proposed, most notably Oblivious Random Access Memory (ORAM) [74]. ORAM keeps the
semantics of a program, but hides the exact memory access pattern of the program. Concep-
tually, ORAM prevents information leakage by maintaining all memory locations randomly
shuffled: on each memory access, data read or written, and then reshuffled. The goal of ORAM
is that any memory access pattern is indistinguishable from any other access pattern. An attacker
seeing seemingly random access pattern does not know which data was actually accessed, and
which one is a decoy access. While this clearly adds performance overhead, it can reduce the
potential attacks.

ORAM can be realized by having a small, trusted memory on the processor chip, and the
larger, untrusted, DRAM memory outside of the chip. For each memory access, the ORAM
hardware or software makes a number of accesses to the external memory, with the goal of
confusing the attackers. It heavily relies on the small, trusted memory that is located on-chip

Path ORAM [203] is one of the efficient ORAM implementation for secure processors.
It is composed of two main components: a binary tree storage in oft-chip main memory and an
on-chip trusted ORAM controller. The binary tree stores the data content and is implemented
using the main memory, DRAM. Example operation of Path ORAM is shown in Figure 6.4.
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Figure 6.4: Example operation of Path ORAM showing data access and how all data blocks
along a path are read into the stash, data is returned to the processor, and finally data blocks
along different, random, path are written back.
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Each node in the tree can hold up to N data blocks, and any unused space in a node is
loaded with random dummy data blocks. The tree has a root node and number of leaf nodes,
thus there is a path from the root to each leaf node, and on each path there are numerous data
blocks (stored within the nodes of the tree). All nodes are encrypted and thus attacker cannot
tell real data form random dummy data. ORAM controller is part of the trusted hardware that
controls and manipulates the tree structure. The ORAM controller contains two main structures:
a position map and a so-called stash. The position map is a type of a lookup table that can be
used to map memory addresses of a data block to a path in the ORAM tree, i.e., which path in
the tree should be traversed to find the needed data block. The stash is secure on-chip storage,
or a cache, that can store a few data blocks. Data data stored in Path ORAM either needs to be
stored in the DRAM (in the tree structure) or be located in the on-chip stash. To access data,
first the path on which the needed data is located is looked up in the position map. Second, all
the nodes (data blocks) on that path are fetched into the processor. The data blocks are decrypted
and put into the stash; and meanwhile the requested data block is sent to the processor. Third,
the requested address is added, via the position map, to a new random path in the three. Finally,
nodes (data blocks) are encrypted and written back to the original path in the tree. Consequently,
when next access is made to the same address, the new (random) path is accessed, hiding the
true data access from the potential attacker.

ORAM ideas have been used in many settings, including in cloud computing [63]. As the
memory hierarchy of a modern processor grows beyond just the DRAM and persistent storage,
it is important to consider other elements of the memory hierarchy, such as the remote cloud
storage, and how they need to be protected.

In summary, protection of the raw data of memory is not sufficient. The access pattern
behavior needs to be protected as well, as it can leak information about what the protected
software is doing. Amount of information that can be deduced from access patterns by the
attacker can be reduced by shuffling the memory access patterns and hiding the true memory
references among the random looking accesses.

6.3 MEMORYPROTECTIONS ASSUMPTION

There is typically one assumption related to the memory protections. At the end of the book, all
the assumptions from all the book chapters are evaluated together.

6.3.1 ENCRYPTED, HASHED, AND OBLIVIOUS ACCESS MEMORY
ASSUMPTION

Off-chip memory is untrusted and the contents is assumed to be protected from the snooping,
spoofing, splicing, replay, and disturbance attacks. Encryption should be used to prevent snoop-
ing and spoofing attacks. Hashing should be used to prevent spoofing, splicing, replay (nonces
must be used), and disturbance attacks. Meanwhile, oblivious access should be used to prevent
snooping attacks.
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CHAPTER 7

Multiprocessor and
Many-Core Protections

The prior chapters of the book, like most secure processor architectures, have focused on uni-
processor designs where there is only one processor. This chapter meanwhile discusses security
issues in the design of secure processor architectures for computer systems which have more than
one processor chip, or systems which have many processor cores on one chip. It first focuses on
shared memory multiprocessors and distributed shared memory systems. It then covers security
issues in many-core processor designs. The chapter ends with list of assumptions for multipro-
cessor and many-core secure architectures.

7.1 SECURITY CHALLENGES OF MULTIPROCESSORS
AND MANY-CORE SYSTEMS

'The overarching theme of the multi-processor designs is the communication. Uni-processor
designs mainly focus on protection of the off-chip communication going to and from memory.
'The memory does not usually initiate communication so it is considered a passive element—it
responds to requests from the processor. In multi-processor there is now a new dimension which
is the processor to processor communication.

In multi-processor designs, securing inter-processor communication is a new challenge.
In multi-processor designs, multiple processors, each on physically separate chip, are connected
together, and connected to the memory. The interconnect is assumed to be more easily probed
than chips themselves, thus motivating the need to secure the communication, and any data, that
is transferred between difterent chips. Multi-processor secure designs need to ensure confiden-
tiality, integrity, and authenticity of the messages going among the processor chips, and memory
as well. Furthermore, one or more of the processors could be malicious (it is rather easy to swap
out processors on the motherboard), thus some mechanisms are needed for authentication of
the chips.

In many-core designs, the threats that multi-processor designs have worried about on the
outside of the chip, have now moved into the processor chip. Many-core designs increase per-
formance by including more and more processing cores within a processor chip (rather than
connecting many chips together). Thanks to continued advances in manufacturing technology,

tens or hundreds of processor cores can fit on a single chip today. Such expansion of cores within
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processor chip can, however, create a new threats: where one or more of the cores in untrusted.
s in the multi-processor design, there are now many entities communicating, and the commu-
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nication needs to be protected.

7.2 MULTIPROCESSOR SECURITY

Symmetric Multi Processing (SMP) and Distributed Share Memory (DSM) are two main de-
sign types for Multiprocessor systems. In SMP, there is typically a single memory bus which is
connected to all the processors, and which is also connected to the main memory. All processors
in SMP connect to the same main memory. In DSM, there is an interconnection network that
connects all the processors. Also, as the name implies, the memory is distributed. In DSM, each
processor has some memory that is physically near it, and thus is fast to access, and the rest of
the memory is physically far (as it is near one of the other processors) and it is slow to access.

7.2.1 SMP AND DSM THREAT MODEL

SMP and DSM, also referred to as Non-Uniform Memory Access (NUMA), offer two ways of
connecting many CPUs together. Figure 7.1 shows the two possible designs. In the figure, high-
lighted in green are trusted processor chips. From the perspective of a processor chip, all other
processor chips, memories, or I/O components can be untrusted. Unlike with uni-processor
designs, one danger of SMP or DSM designs is that one or more of the processors could be
malicious. The different attacks can come from the untrusted software or hardware, especially,

again, other processors can be potentially malicious.
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Figure 7.1: Block diagram of a typical Symmetric Memory Multiprocessor (SMP) system and
a typical Distributed Share Memory (DSM). The usual threat model assumes the processor is
trusted (highlighted in green) but the other components are untrusted, especially other proces-
sors can be sources of attacks.
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7.2.2 SYMMETRIC MEMORY MULTTPROCESSOR SECURITY

In SMP designs, there is typically a single bus which is connected to the processors. The memory
is also connected to this bus. All communication is done through the shared bus. The shared
bus is typically part of the motherboard, and may be more easily probed than the processor
chips themselves. Consequently, secure SMP designs need to protect the communication on
the shared bus, plus potentially give protection from one or more of the other processors. They
also need to protect memory as in uni-processor designs.

Confidentiality and Integrity of Communication. Work on secure SMP [195, 254]
points to a number of solutions which can be leveraged to protect the communication among the
different processors. Due to performance constraints, counter mode AES is the typical choice
for encryption. The counter values can be pre-generated ahead of time, and only the resulting
pads need to be xored with the data, adding minimal latency. The challenge is to keep track of
the counters for the communication among the processors. One solution is to have each source-
destination pair of processors use a dedicated set of counters for encryption of the data trafhic.
'This has high storage overhead, but can achieve very good prediction rate (as the counters from
each source to destination are used in sequential order). Storage can be reduced by having shared
counters (one counter for each sender) or a global counter. Shared counters require less storage,
but prediction rate is not as high. A global counter requires close synchronization of all the
processors, something that multi-processor designs try to avoid.

For integrity protection, message authentication codes (MACs) can be used. Each sender
can create a MAC for authentication and integrity checking of the message. As a performance
improvement, AES in Galois/Counter Mode (GCM) [148] combines both encryption and au-
thentication. Use of the so-called authenticated encryption mode of a symmetric cipher allows
the system to generate the MAC at the same time as the message is being encrypted.

Confidentiality and integrity protections assume each source-destination pair of proces-
sors shares a secret key that can be used to do the encryption and MAC:s. If such a key is not
pre-shared, public key cryptography would have to be used to allow two processors to agreed on
the shared secret. In addition, a nonce (typically a monotonic counter) needs to be included in
the MAC to prevent replay attacks where the attacker may try to re-send old messages.

Confidentiality and Integrity of Memory. SMP systems require memory protection just
as uni-processor systems. Memory protection can be done using any of the variants of the Merkle
trees discussed in previous chapter. As the memory is a shared resource, all the processors need
to keep track of the memory updates, and possibly explicitly share the root node of the integrity
tree—or individually update the tree root, but at all times they need to have a consensus about
what is the correct tree root value. Especially, after each update, the tree nodes and the root node
of the Merkle tree need to be updated so that all processors see the same value. An advantage
of SMP systems is that each processor sees all the messages sent on the memory bus. Each
processor can snoop on the memory bus and when it sees a message going to the memory it
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can authenticate the message. If correct, it can compute the new tree root value based on the
message it has just seen.

One memory tree for whole system results in a performance overhead due to synchroniza-
tion of the memory tree. An alternate solution is to maintain per-processor memory integrity
trees. Each processor can maintain an integrity tree for the memory it is working with. Memory
not being used can be excluded form the tree (certain tree leaf nodes are null) so that contents
of this memory, presumably used by other processors, is not included in the integrity tree. Also,
such memory locations excluded from a tree can be used for memory sharing. Data shared be-
tween processors can be put in physical memory that is not being checked for integrity (so after
one processor updates it, the other can read it without encountering a validation error in its in-
tegrity tree). It can then copied from the shared memory to the memory being used exclusively
by the processor, and which is protected by the integrity tree. When data is copied into the pro-
tected memory, the local processor’s tree is updated and from that point forward the data has
its integrity checked. When copying data from shared memory, the data needs to be authen-
ticated, through use of keyed-hashes or digital signatures. Similar mechanism can be used for
I/0 devices that copy data to/from memory that is not protected.

Memory Access Pattern Protection. Because in simultaneous multithreading (SMT) ev-
ery processor can observe all memory accesses, attacks based on traffic analysis are more easy
(e.g., compared to uni-processor setup where the attacker has to physically probe the memory
bus, here one of the SMP processors could simply be malicious and it is directly plugged into
the bus). One counter-measure is the ORAM which can hide access patterns. Each processor
in SMP would have to include an instance of ORAM to hide its access patterns from others.
A disadvantage is that this may increase reads and writes on the memory bus, leading to more
integrity related operations.

Key Management. Each processor in an SMP system needs to have its own key, from
which keys for confidentiality and integrity checking can be derived. The key can either be
burned in by the manufacturer, or PUF can be used to derive the key. The challenge is that the
other processors in the SMP system need to be informed of the legitimate keys of all the other
processors. How to efficiently implement the key sharing among SMP nodes is open problem.

'The keys could be loaded into the processors at boot time by some trusted mechanism.
For example, assuming there are no attacks at system boot up, the first processor to boot up can
communicate its key to the others, and request their keys—or it can generate a key and send
it to all the other processors so everybody uses the same key. This has obvious disadvantages
that there may be attack at system boot up. Alternative is public key cryptography, but public
key cryptography is too expensive in terms of computation to be added as a hardware block
in a processor just for sharing keys among SMP processors. Nevertheless, in principle each
processor could send the shared secrets to others using public key cryptography when the system
is initialized, or when a new processor is added to the SMP system.
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Storage of the shared secrets in each processor needs attention as well. An attacker could
swap out a processor, try to extract the key, and then insert a malicious processor (but now with
the right shared keys) into the socket. Thus, keys stored on the processors should be writeable
(to initialize them), but only readable by the hardware (so there is no easy way to read out the
key, short of invasive physical attack).

7.2.3 DISTRIBUTED SHARED MEMORY SECURITY

In DSM designs there is no longer a single bus that all processors can snoop on. Rather, pro-
cessors may be connected in a mesh or other network. The connections are typically point-to-
point, so all processor chips do not see all the traffic, rather data packets take different routes
from source to destination. This allows many packets to be in flight at same time and improves
performance compared to a shared bus in SMP. Furthermore, in NUMA the memory itself is
also distributed, each processor is associated with a piece of memory that is physically co-located
with that processor, as shown in Figure 7.1. Memory accesses are non-uniform, accessing local
memory is faster than memory further away, allowing system to have lots of memory, with the
benefit that data stored in memory close to the processors can be accessed faster. In addition,
DSM systems have coherency protocols to keep track of which processor has the latest copy
of which data. Thus, there are the coherency messages (a memory access on one processor may
trigger a number of coherency messages needed to bring in latest copy of the data into that pro-
cessor). From a security perspective, not all of this communication traffic is seen by everybody
due to the point-to-point nature of the interconnect. This can be positive effect as traffic can
be isolated or routed from untrusted components. But it can also be negative, as none of the
processors have a total view of what is going on in the system.

Confidentiality and Integrity Protection of Communication and Memory. For
processor-to-memory communication, confidentiality can be again ensured with a block cipher
such as AES in counter mode, as it offers best performance (if the pads are pre-computed cor-
rectly and in time). All data’s confidentiality could be protected with the symmetric key encryp-
tion. For integrity MACs can be used, or the AES GCM mode can combine both confidentiality
and integrity; and Merkle tree can be used for checking the integrity of the main memory.

For processor-to-processor communication, encryption and MACs can be used. How-
ever, the plethora of cache coherence messages, makes it prohibitive to encrypt and hash all
the messages to ensure security. One solution, proposed in a secure DSM design [177], is to
only ensure that attacks that do not result in coherence protocol anomalies can are detectable.
Because the cache coherency protocols have well defined states and transitions, it can be easily
checked if a message comes which does not follow the protocol. Such a message can be dropped
and trusted system software notified of discovery of a message that does not follow the protocol,
which can further inform the users, for example. Only correct messages which are part of the
protocol need to be authenticated. Only if a message cannot be authenticated, then an alarm is

raised. With this approach, the number of messages needing authentication is reduced.
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The communication in DSM is also quite fast. HyperTransport [40] is one example of
interconnect used for DSM systems. It can operate today at up to 3.2 GHz clock frequency and
with 4-byte links, with current standard. In such configuration, this requires processing 4 byte
per cycle, while some of the best AES designs can do 0.25 bytes per cycle [8]. The performance
of the interconnect is one of the key obstacles for security, performance should not be affected
by the security, thus primitives such as AES have to be carefully integrated in the designs. This
is also motivation for research and integration of light-weight ciphers that run faster.

Access Pattern Protection of Memory. In DSM all processors do not get to observe all
the memory accesses or all the coherence messages. This can be leveraged to simplify memory
access obfuscation. Routing of some packets could be controlled in a special way, or randomized,
to hide the access patterns of one processor form the others. This may even remove the need for
access pattern obfuscation all together.

Key Management. As in SMT, key distribution among the processors that are part of the
DSM system is a challenge. Two main options are to pre-install the other processors’ keys, or use
public-key cryptography for processors to get each other’s keys. Overhead of public key cryptog-
raphy is usually prohibitive. Alternatively, and depending on the threat model, is to leverage the
interconnect. One advantage of DSM is that there are point-to-point links, so two processors
can communicate directly without others seeing the messages. This can be used to distribute
pair-wise keys, where only the sender and receiver knows what the key is (assuming there are no
external attackers). As in SMT, an attacker may be able to extract the keys, and he or she can
potentially insert a malicious processor into one of the sockets and impersonate a correct one.
Keys need to be protected from read out by any untrusted software (potentially even untrusted
operating system or hypervisor).

7.2.4 SMP AND DSM TRADEOFFS

While SMT is becoming an older design style, with most processors moving to DSM, one ben-
efit of SMT is that encryption and other cryptographic computations can be done fast enough
in relation to (the slower) SMT data rates. This allows for encryption and integrity checks being
done on reads and writes by each processor. Efficient key sharing among SMP processors is an
open-issue today. While optimizations such as separate integrity trees can potentially improve
performance of the system compared to a single tree.

Point-to-point links in DSM can be leveraged for security, as not all processors see all the
communication and messages. They can also aid in sharing keys among the processors. Chal-
lenges of DSM include rather fast interconnect, necessitating either very fast cryptographic
modules, or judicious protections of only certain messages passed between processors chips.
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7.3 MANY-CORE PROCESSORS AND MULTI-PROCESSOR
SYSTEM-ON-A-CHIP

Many-core processors and multi-processor system on a chip (MPSoC) designs share the char-
acteristic of having many processing cores on the same chip. Similar to SM'T or DSM, there are
many processing elements, but instead of these processors being on separate chips, and the inter-
connect being exposed on the motherboard, they are all inside the same chip. In this configura-
tion, the memory is typically a separate chip. However, with recent trends in 3D integration [71]
the memory may also be in same package, or in a package-on-package (PoP) configuration.

Typically, many-core processors have same type of a processor core, while MPSoC com-
bine various cores, often from different manufacturers. In both cases, the cores are connected
by a network-on-a-chip (NoC). The are three main components of the NoC: the processors,
the routers that are used to route traffic between processors, and the wires carrying the data. A
sample figure of a multi-processor system-on-a-chip, along with some key components of the
network-on-a-chip, is shown in Figure 7.2.

Processor Chip
CPU . CPU
~— Router Router 3=
|
CPU .. CPU

Memory 1/0 Devices

Figure 7.2: Potential threats agains many-core systems include untrusted processors, routers,
or interconnect between the routers. Off-chip components such as the main memory or I/O
devices are untrusted as well.

7.3.1 MANY-CORE AND MPSOC THREAT MODEL

Unlike SMT or DSM, designs that focus on many-cores and MPSoCs often assume that the
processors (or CPUs), NoC routers, or the interconnect between the routers is untrusted, as
shown in Figure 7.2. As with uni-processor and multiprocessor designs, the off-chip components

(e.g., main memory or I/O devices) are still untrusted as well.
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First, one of the processors or CPUs can be malicious, or contain a hardware trojan, e.g.,
[109]. The malicious processing element or the hardware trojan within it can drop outgoing or
incoming packets, resulting in a denial of service. It can snoop on incoming packets—but only
packets bound for that processor. It can alter outgoing or incoming packets as well. It can further
inject new malicious packets into the network.

Second, the routers can be malicious or compromised. A router has access to all the packets
that pass through it. It does not see all the packets in the NoC as not all packets pass through all
routers. For the packets that do pass a particular router, it can drop packets, snoop on the packets,
modify packet contents, re-order packets, or inject packets (including replaying old packets).

Finally, there are the wires on which the data is transmitted. As the wires are realized in
the metal layers of the chip, they may be most easily probed, so a physical attacker can snoop on
the packets. Note that physical attacks on the routers and processors are also possible, but they
are subsumed by the hardware trojan assumption—hardware trojan can do as much if not more
than a physical attack.

7.3.2 COMMUNICATION PROTECTION MECHANISMS

A data packet going from one processor to another is broken down into flits, and flits are further
divided into phits. Each phit is akin to the smallest unit of data that can be transmitted. Flits are
composed of many phits and are the basic unit that is moved around the NoC. Each flit may pass
through multiple routers as it traverses the NoC, and each router is a hop in the communication
network. As communication speed is critical, each flit should take one hop per cycle, thus the
latency is the number of hops between the source and destination processor in the NoC.

Decryption of each flit at the 1 flit per cycle rate is not easily achieved. The performance
criticality of the communication puts the biggest constraint on possible cryptographic protec-
tions. Optimized AES designs can take about 4 cycles per byte [8], while some lightweight
ciphers can take about 1 cycle per byte [137]. Meanwhile, flit size is on the order of 16 bytes,
while phits are about 2 bytes.

Two important solutions have been developed to secure NoC communication. First, since
itis not the case that flits are generated each cycle, leveraging the average rate of flit injection into
the NoC, combined with some prediction about the communication patterns and efficient cryp-
tographic algorithm implementation can be one solution. Second, network coding approaches
can be used instead of typical, strong cryptographic solutions. These two approaches should be
analyzed with respect to the typical threat models for NoCs.

On top of these mechanisms for protection of the communication on the NoC, main
memory protections can be built. As in SMT and DSM, memory encryption and integrity
protections are needed to ensure external main memory is protected. Given that all the processors
are on the same chip, it may be easier to have a single memory integrity tree, with the tree
root value stored in some on-chip location accessible to every processor—but a synchronization
mechanisms is needed to ensure only one processor only updates the value at a time. Given
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performance and synchronization issues, it may still be more beneficial to have separate integrity
trees for each processor in the end.

7.3.3 3D INTEGRATION CONSIDERATIONS

There is a recent trend toward 3D integration (variably called either 3D or 2.5D). Especially with
MPSoC systems, used in small embedded device, now commonly called Internet-of-Things,
the main DRAM memory is integrated in the same package as the MPSoC, or in a package-
on-package (PoP) configuration. This has notable performance benefit as the wires between
processor chip and memory are shorter. Also, the vertical 3D integration can accommodate
higher-bandwidth communication. Comparison between traditional design and 3D design is
shown in Figure 7.3.

Metal layers
Substrate

Package Die 2
Potential attacker Backside
snooping on A metal layer
memory bus Die 1
With TSVs

Figure 7.3: Example of traditional 2D design (left) and 3D integration (right). With the 2D
design, processor and memory interconnect wires are exposed on the circuit board, allowing for
potential attackers to snoop or invasively attack the. With the 3D integration, all wires going to
or from memory are in the processor package.

The security advantage of the 3D or 2.5D integration is that the wires going between
the processor and the memory are more difficult to access (they are either in the package, or
sandwiched between two packages in the PoP configuration). This physical aspect of the de-
sign can be used to formulate a threat model where external attacks on processor-to-memory
interconnect are not considered, removing the need to do encryption, hashing, or access pattern
protection.

A related trend is the embedded DRAM (eDRAM). Embedded DRAM is dynamic
random-access memory integrated on the same die as the main processor. It has the same poten-
tial benefit as 3D integration in that processor and memory connections are not exposed outside
the processor package.
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7.4 MULTIPROCESSOR AND MANY-CORE
PROTECTIONS ASSUMPTION

There is typically one assumption related to multiprocessor and many-core protections. At the
end of the book, all the assumptions from all the book chapters are evaluated together.

7.4.1 PROTECTED INTER-PROCESSOR COMMUNICATION
ASSUMPTION

In addition to the existing uni-processor assumptions, designs with multiple processors or cores
assume that the inter-processor communication will be protected. Confidentiality needs to be
ensured such that if two processors are communicating, other processors cannot snoop on the
communication. Integrity needs to be ensured such that one processor cannot modify mem-
ory of another processor. Communication pattern protection also needs to be ensured as mali-
cious processor can observer the communication of other processors. Furthermore, the protected
inter-processor communication assumption requires that different processors be able to mutually
authenticate each other.
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CHAPTER 8

Side-Channel Threats and

Protections

'This chapter presents side channel threats, and protection approaches, for secure processor ar-
chitectures. The chapter first introduces side and covert channels, and how they can lead to side-
and covert-channel attacks. It then presents various processor features and how they contribute
to information leaks. It also presents a simple classification of side and covert channels. It next
discusses information leakage bandwidths due to various attacks. The chapter then discusses
defense techniques, and especially highlights various secure cache designs. It also presents argu-
ments for use of side channels as means to detect attacks, and it finally closes with discussion of
side channel threats assumption made by secure processor architectures. Contents of this chapter
are taken partly from this book’s author’s survey on the same subject of side and covert channels
in processors [207].

8.1 SIDE AND COVERT CHANNELS

Side and covert channels have been introduced in Section 2.2.4. These channels are a means for
communication of information. They are called side- and covert-channel attacks if the commu-
nication leads to some secret information leaking out. The attacks are often on confidentiality,
i.e., the goal is to leak information out.

8.1.1 COVERT CHANNEL REVIEW

As areview, a covert channel is an intentional communication between a sender and a receiver via
a medium not designed to be a communication channel. Covert channels typically leverage un-
usual methods for communication of information, never intended by the system’s designers. They
typically leverage observable changes in: timing of execution of some instructions or programs,
power consumption of the system, thermal emanations of the system, electro-magnetic (EM)
emanations generated as the system operates, or even acoustic emanations. Covert channels are
easier to establish since both the sender and the receive are working together. Establishing a
covert channel is a precursor to being able to establish a side channel (defined below).

Covert channels are a means for communicating information. A covert-channel attacks
is an attack on a system’s confidentiality, where the sender and receiver use a covert channel to
leak out sensitive information. For example, a program inside an Intel SGX Enclave (i.e., the
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sender) may modify processor cache state based on some secret information it is processing,
and then another program outside the Intel SGX Enclave (i.e., the receiver) may be able to
observe the changed cache behavior and deduce what the sensitive information was, e.g., bits of
an encryption key.

Figure 8.1 shows a schematic of a typical attack. First, (a) the sender runs some applica-
tion that attempts to leak secret information to the receiver. Next, execution of the application
or instructions can generate some emanations (2a) or cause processor state to be changed (2b);
the sender and receiver know how the change in emanations or processor state is used to en-
code secret information that is to be transmitted. Finally, (c) the receiver is able to observe the
emanations or change of the processor state (usually through timing changes), and deduce the
secret information that was communicated by the sender.
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Figure 8.1: Schematic of a covert-channel attack. Side-channel attacks are similar, but the sender
in the covert channel is an unsuspecting victim in the side channel.

8.1.2 SIDE CHANNEL REVIEW

In a side channel, the “sender” in an unsuspecting victim and the “receiver” is the attacker. A
side channel is similar to a covert channel, but the sender does not intend to communicate
information to the receiver, rather sending (i.e., leaking) of information is a side effect of the
implementation and the way the computer hardware or software is used. Just as covert channels,
side channels can be created using: timing, power, thermal emanations, EM emanations, or
acoustic emanations.

The goal of a side-channel attack is to extract some information from the victim. Mean-
while, the victim does not observe any execution behavior change nor is aware that they are
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leaking information. This way confidentiality can be violated as data, such as secret encryption
keys, is leaked out. Side-channel attacks work just as shown in Figure 8.1, but the “sender” from
the figure in the victim and the “receiver” from the figure is the attacker.

Interestingly, side-channel attacks can work in “reverse.” A side channel can also exist from
attacker to victim. In a reversed attack, the attacker’s behavior can “send” some information to
the victim. The information, in the form of processor state change for example, affects how the
victim executes, without the victim knowing there is a change. For example, the attacker can
fill processor cache with data, causing the victim to run more slowly (a type of weak deinal-of-
service attack). Or, the attacker can affect behavior of the branch predictor, causing the victim
to execute extra instructions before processor is able to detect that these instructions should not

be executed and nullifies their ISA-visible change [120].

8.1.3 SIDE AND COVERT CHANNELS IN PROCESSORS

One of the first mentions of what we now call side- or covert-channel attacks in reference to
computers was made by Lampson in 1973 in his note on the confinement problem of pro-
grams [126]. Lampson discussed issues of confining a program during its execution so that it
cannot transmit information to any other program, and he raised issues of side and covert chan-
nels. Since then, many researchers have explored side- and covert-channels attacks in depth.

From a processor architecture perspective, there is an intrinsic connection between the
side and covert channels and the characteristics of the underlying hardware. Two key features
need to be present for communication to exist. First, for communication to exist there has to
be a channel. In processors, the channels are based on the shared hardware used by the dif-
ferent processes—because of spatial and temporal sharing of processor functional units among
different programs, behavior of the hardware can be modulated and observed by the difterent
programs. Second, for communication to exist there needs to be means of modulating the chan-
nel. In processors, many decades of processor architecture research have resulted in processor
optimizations which create fast and slow execution paths, and which result in stateful functional
units that are influenced by the instructions that execute on them. Taking the fast or slow path,
or affecting state of functional units, which can be later observed, are some of the means of
modulating information onto the processor hardware “communication channel.”

'The channels can be classified based on whether logical (software-only) or physical pres-
ence is needed. With software-only channels, the sender (attacker in covert channels and victim
in side channels) and the receiver (attacker in both cases) are only utilizing microarchitectural
teatures of the processor. Meanwhile with physical presence, the attacker can use physical means
to probe the processor chip, requiring more resources and physical access to the target processor.
Processor features leading to the different attacks are given in the next section, while the subse-
quent section classifies these attacks based on the logical and physical presence requirements.

As these types of attacks are well known, researchers have shown many defenses over the

years. Nevertheless, almost all remain academic proposals. In particular, the designs which focus
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on eliminating the side and covert channels and their associated attacks often do so at the cost
of performance, which is at odds with the desire to improve efficiently of modern processors
that are used anywhere from smartphones, cloud computing data centers to high-performance
supercomputers used for scientific research. There exists intrinsic interplay between the desire
to prevent microarchitectural side and covert channels and the desire to further improve proces-
sor performance through microarchitectural enhancements. Any defenses need to consider the
performance, power, and area overheads they impose on the whole computer system.

8.2 PROCESSOR FEATURES AND INFORMATION LEAKS

'The sole act of executing an instruction and affecting one or more of processor’s functional units’
state can lead to a side or a covert channel. This is because there is an intrinsic relationship
between processor microarchitectural features which allow today’s processors to efficiently run
various programs, but at the same time optimizations which lead to the side and covert channels.
Because of the sharing of functional units among different programs, programs can in general
observe, directly or indirectly, timing of the operation of the functional units. Knowing the
design of the different functional units, timing in turns reveals whether the fast or slow execution
path was taken. Finally, knowing one’s own operations (i.e., the attacker program), or victim’s
program’s operations, and the timing, an information leakage can be observed.

Figure 8.2 shows numerous sources of potential information leaks in a modern processor.
Further, this book proposes that there are five characteristics of modern processors and their
design which lead to microarchitectural-based information leaks that can form a basis for a side
or covert channel.

1. Variable Instruction Execution Timing—Execution of different instructions takes a dif-
ferent amount of time, thus by observing how long some program takes to execute, some
information can be learned about which instructions it is executing.

2. Functional Unit Contention—Sharing of hardware leads to contention, whether a pro-
gram can use some hardware or not depends on the scheduling and what operations other
programs are doing, leaking information about other programs trying to use the same
functional unit.

3. Stateful Functional Units—Program behavior can affect the state of the functional units
and output of the functional units or timing of instructions which depend on these func-
tional units is related to state of the functional units, allowing for information leaks
to occur.

4. Memory Hierarchy—Memory hierarchy is composed of many components designed to
improve the average performance of a program, such as caches. However, memory accesses
can be slow or fast depending on the state of the memory hierarchy, e.g., if data is in the
cache or not, leading to many timing side-channel attack possibilities.
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5. Physical Emanations—Execution of programs aftects physical characteristics of the chip,
such as thermal changes, which can be observed with on-chip sensors and lead to infor-

mation leaks.
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Figure 8.2: Diagram showing details of a typical multithreaded processor core. Highlighted in
the diagram are main components which can contribute to side channels. However, any part
of the processor which allows for sharing (spatial or temporal) of resources among different
applications can potentially be a source of a side channel, even if no example attack using that
component exists today.

8.2.1 VARIABLE INSTRUCTION EXECUTION TIMING

'The job of the processor hardware is to perform different computations. Some computations are
fundamentally simpler than others. Many logical operations (e.g., AND, OR, NAND, etc.) can
be performed in a single processor cycle. Arithmetic operations such as addition also can be done
quickly with use of parallel prefix adders or similar hardware circuits. Some other operations,
however, such as floating point multiplication, do not have as efficient hardware implemen-
tations. Thus, processor designers have designed single- and multi-cycle instructions. As the
names imply, a single-cycle instruction takes one processor cycle while a multi-cycle instruction
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takes many cycles to complete a task, usually due to the complexity of the instruction. Program
timing will then depend on the instructions in that program. Thus, these fast and slow instruc-
tions lead to information leaks when computation is performed and the different timing of the
instructions can be observed.

Eliminating the fast and slow paths would mean making all instructions take as long as the
slowest instruction. However, performance implications are tremendous. The difference between
logical operation and floating-point is on order of many cycles. Meanwhile, a memory operation
(discussed in detail later) can take over hundreds of cycles if data has to be fetched from main
memory vs. coming from a cache. There is an inverse relationship between the entropy among
instruction execution timing and the performance. Greater performance differences between
instructions implies higher entropy and more potential information leaks.

8.2.2 FUNCTIONAL UNIT CONTENTION

Processors are constrained in area and power budgets. This has led processor designers to choose
to re-use and share certain processor units when having separate ones may not be beneficial on
average. One example is hyper-threading, or simultaneous multithreading (SMT), where there
are two or more execution pipelines per processor core. The multiple pipelines usually share
the execution stage and the units therein. The motivation is that, on average, there is a mix of
instructions and it is unlikely that programs executing in parallel, one on each pipeline, will
need exactly the same functional units. Program A may do addition, while program B is doing
memory access, in which case each executes almost as if they had all resources to themselves. A
complication comes in when two of the programs attempt to perform same operation. If two
programs, for example, try to perform floating point operations, one will be stalled until floating
point unit is available. The contention can be reflected in the timing. If a program performs
certain operation and it takes longer at certain time and shorter other times, then this implies
that some other program is also using that same hardware functional unit, leaking information
about what another program is doing. Thus, information leaks during computation when shared
hardware leads to contention; this can result in attacker learning what types of computation, and
when, the victim is performing.

Reductions in the contention can be addressed by duplicating the hardware. Today, there
are many multi-core processors without SM'T, where each processor core has all resources to
itself. However, equally, many processors employ SMT and research results show that it gives
large performance gains with small overhead in area. For example, SMT chip with two pipelines
and shared execution stages is about 6% larger than a singe thread processor [31]. A two thread
SMT is likely to remain in production for many years because of the evident benefits. Better
performance/area ratios as explicit design goals imply at least some functional unit sharing will
exist and in turn contention that leads to information leaks. The contention also becomes quite
important in the memory subsystem, as discussed later in this chapter.
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8.2.3 STATEFUL FUNCTIONAL UNITS

Many functional units inside the processor keep some history of past execution and use the
information for prediction purposes. Instructions that are executed form the inputs to the func-
tional units. The state is some function of the current and past inputs. And the output depends
on the history. Thus, output of a stateful functional unit depends on past inputs. Observing the
current output leaks information about the past computations in which that unit was involved.

A specific example can be given based on the branch predictor. The branch predictor is
responsible for predicting which instructions should be executed next when a branch instruc-
tion is encountered. Since the processor pipeline is usually broken down into many stages, the
branch instruction is not evaluated until much later after it is fetched. Thus, the hardware needs
to guess which instruction to fetch while the branch is being evaluated, should it execute the
next instruction, from the not taken path, or go to instructions from the taken path. Once the
branch instruction if finally executed, the hardware can, if needed, nullify fetched instructions
it it was found that there was as a mis-prediction and instructions from the wrong path were
started to execute. Today, however, this is not always done. All ISA-visible state is erased, but
microarchitectural state may remain modified, which can be detected via side-channels attacks.

To obtain good performance, branch predictor attempts to learn the branching behavior
of programs. Its internal state is built using observation of past branches. Based on the addresses
of the branch instructions it builds local and global histories of past branches. When a branch
instruction is encountered, branch prediction is looked up based on the address of the branch
instruction. If it was seen in the past, there is a taken or not taken prediction. Modern branch
predictors can reach below 2 miss-predictions per 1,000 instructions [34]. Because of global
history component of the branch predictors, different programs affect the branch predictor. A
pathological program can “train” the branch predictor to mis-predict certain branches. Then,
when another program executes, it may experience many mis-predictions leading to longer ex-
ecution time and thus information leaks about which branches were executed.

Eliminating the branch predictor would negatively affect the performance of the processor
and it is unlikely to be removed from modern processors. This is one example of how information
leaks will exist as program’s behavior (executed instructions) affect state of various functional
units, that later affects others programs’ timing.

8.24 MEMORYHIERARCHY

'The processor memory hierarchy has some of the biggest impacts on the programs’ performance,
and information leaks. Not coincidentally, a vast number of research papers has focused on
side and covert channels due to some functional unit in the memory hierarchy, some examples
include: [220] [26] [93] [248] [172] [30] [127] [252] [217] [76] [155] [154] [28] [1] [3] [165]
[222] [223].

Caches. The memory subsystem is composed of different layers of caches. Each L1 cache
is located closest to the processor, it is smallest in size, but accessing data in the L1 cache takes
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about 1-2 processor cycles. There are separate L1 caches for instructions and data. The L2 cache
is a larger cache, but at the cost of taking about 10 processor cycles to access data in the cache.
The L2 cache can be per processor core or shared between multiple processor cores. L3 cache,
also called Last Level Cache (LLC), is the biggest cache in size up to few MB, but accessing
data in L3 takes tens of cycles. Finally, there is the main memory, sized in GBs, but requiring
100 cycles or more to access data.

Processor designers use the cache hierarchy to bring most recently and most frequently
used data into the cache closest to the processor. This ensures that when there is memory access
or instruction fetch, it can be fetched from one of the caches, rather than requiring going all the
way to memory. Unfortunately, the fastest caches closest to the processor are also smallest, so
there needs to be some policy of which data to keep in the cache. Often, the policy is some variant
of the least recently used policy (LRU) that kicks out least recently used data or instructions and
keeps most recently used ones. As programs execute on the processor and perform memory
accesses, they cause processors to bring into the caches new data, and kick out least recently
used data back to lower cache or eventually to the main memory (DRAM).

Keeping track of least recently used data in the whole cache is not practical, thus caches
are broken down into sets, where each memory location can only be mapped into a specific set.
Multiple memory addresses are mapped to a set. A cache typically has two or more ways, e.g., in
a two-way set associative cache, there are two locations that data from specific set can be placed
into. The LRU policy is kept for each set. For example, if memory addresses 0 x 0, 0 x 2 and
0 x 4 are accessed in that order, then when 0 x 4 is accessed, it will evict 0 x 0 from the two-way
set associative cache as 0 x 0 was least recently used in that set.

Such design of the caches lends itself easily to contention and interference, which in turn
leads to information leakage that is typically due to timing. The leakage can reveal whether some
data is in the cache or not. Accessing data in L1 takes 1-2 cycles, while data in memory can take
up to 100 cycles. Eliminating such leakages is difficult. Ideally, the cache replacement logic could
search whole cache for the least recently used data, rather than just within a set. The Z-cache
is one step toward that, however, its complexity has prevent it from being implemented [185].
Proposals for randomized caches have also been put forward [232]. However, currently if caches
are removed, each memory access could take 100 or more cycles; it is not realistic to eliminate
the caches form today’s processors’ memory hierarchy. Again, execution of different (memory)
instructions takes different amount of time leading to potential for side or covert channels.

Prefetcher. Another component of the memory hierarchy is the prefetcher which is used
in microprocessors to improve the execution speed of a program by speculatively brining in data
or instructions into the caches. The goal of a processor cache prefetcher is to predict which
memory locations will be accessed in near future and prefetch these locations into the cache. By
predicting memory access patterns of applications the prefetcher brings in the needed data into
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the cache, so that when the application accesses the memory, it will already be in the cache or a
stream buffer,! avoiding much slower access to the DRAM.

Hardware prefetchers attempts to automatically calculate what data and when to prefetch.
'The prefetchers usually work in chunks of size of the last level cache (LLC) blocks. Sequential
prefetchers prefetch block x 4+ 1 when block x is accessed. An improvement, which is most
often used in today’s processors, is the stride prefetcher which attempts to recognize sequential
array accessed, e.g., block x, block x + 20, block x + 40, etc. [193].

Because hardware stride prefetcher fetches multiple blocks ahead, it will sometimes bring
in data that the application is not going to use. However, depending on the physical memory
allocation, that prefethed data may actually be used by another application. When the applica-
tion accesses memory and measures timing, the blocks which were prefetched based on pattern
detected for the other application will be accessible more quickly. In addition, if the exact de-
tails of the prefetcher algorithm are known, it is possible to trace back which addresses and
how many addresses were accessed by the other application. Like for other parts of the mem-
ory hierarchy, prefetcher removal is not an easy option to defend against potential information
leaks. Prefetcher removal would have largest penalty for applications with very regular memory
accesses, but others will be negatively affected as well.

Memory Controller. The memory controller and the DRAM controller in the main
memory are responsible for managing data going to and from the processor and the main mem-
ory. The memory controller contains queues for request from the processor (reads and writes,
usually coming form the last level cache), it has to schedule these request, and arbiter between
different caches making request to DRAM, which can cause contention.

'The memory controller, which is a shared resource, becomes a point of contention. For
example, two processor cores are each connected to the same memory controller and memory
chip. Requests from each processor core need to be ordered and queued up for processing by the
memory. Dynamically changing memory demand from one processor core will affect memory
performance of the other core. While the memory controller attempts to achieve fairness, it
is not always possible to balance out memory traffic from different cores. In particular, today’s
DRAM is typically divided up into pages and data from within DRAM is first brought into
a row buffer before being actually processed (reads sent data back to the requesting processor
from the buffer, or writes update it with incoming data). Many of today’s chips use open-page
policy that gives some preference to reads or writes to currently opened page (i.e., on in the row
buffer). Memory accesses with lots of spatial locality may get preference as they hit in the open
page—giving overall better performance as opening/closing new pages is expensive in terms of
energy and time. Because of such optimization, again shared hardware leads to contention which
in turn can be basis for side or covert channels.

1Some prefetchers place prefetched data in a dedicated stream buffer to limit cache pollution; stream buffer nevertheless is
like a cache and accessing data in stream buffer is much faster than going to main memory.
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Interconnect. Modern processors have replaced a typical bus that connected multiple pro-
cessors and memory with more advance interconnects, such as Intel'’s Quick Path Interconnect
(QPI) [102]. The interconnect is used to send data between processors and also for memory
accesses in NUMA where main memory is divided up and separate DRAM chips and memory
controllers are located near each processor. Such an arrangement gives each processor fast access
to local memory, yet still large total system memory. However, timing of memory accesses can
reveal information, such as accessing data in the DRAM chip close to the processor is faster than
accessing remotely located DRAM at another core. In addition, locking and atomic operations
can lock down the interconnect making memory accesses stall. Thus memory access timing can
reveal state of the interconnect and leak information about what other processes are doing.

8.2.5 PHYSICAL EMANATIONS

While not a functional unit that performs some computation or data access, environmental sen-
sors are becoming available on modern processor chips. One example is the thermal sensors.
Modern Intel or ARM chips typically feature one or more sensors on each core, to help with
thermal management of the processor, for example. The sensors can be read by the operating
system and are generally exposed to user-space programs. Directly being able to read the sensor
values opens up avenues for side or covert channels. For example, by executing a lot of instruc-
tions, one program will cause the chip to heat up. Meanwhile, another program can read the
thermal sensor and thus learn about intensity of computation that the other program is doing.

8.3 SIDE AND COVERT CHANNEL CLASSIFICATION

In context of the processor, the information leaks can be turned into side or covert channels by
attackers who are either running software on the same processor as the victim, or who are external
to the processor. Figure 8.3 shows one potential classification of the attacks. The distinguishing
features are the logical vs. physical presence, and whether the attacker needs to observe the
victim, or just themselves.

Most of the microarchitectural attacks (and defenses) that are considered by the architects
are at the left-hand side of the figure where software-only attacks are considered (i.e., logical
presence). Architects do not usually control the exact physical features of the processor chip, such
as a special package that may be added to protect from EM radiation leaks. They do, however,
design and control the types of functional units, their sharing and behavior, thus have some con-
trol over potential information leaks. Nevertheless, many attacks in the right-hand side where
physical presence by the attacker is required.

Because contention in the processor exists among different programs, attacker can observe
the behavior of the victim, but also the victim can affect he behavior of the attacker. The top side
of the figure shows that some attacks only require attacker to observe their own behavior (which
is affected by the victim). Functional unit contention and stateful functional units are main

sources of these attacks. The bottom side of the figure shows attacks leveraging observation of



8.3. SIDE AND COVERT CHANNEL CLASSIFICATION 95
Self-Observation
L

Functional unit
contention, stateful
functional units attacks

i Memory hierarchy l
attacks
Logical : | Physical
Presence = | ] - . Presence
Execution timing,
(Internal E functional unit Power, E (External
Software i contention, stateful EM (thermal | Attacker)
Attack ' g ] . i '
acker) function units, RE light) attacks
: processor sensors :
: attacks Memory hierarchy |
; ) attacks 1
i Memory hierarchy l
attacks

Other-Observation

Figure 8.3: A classification of side- and covert-channel attacks based on whether physical pres-
ence is required, or attacker only needs to run some software on same processor as the victim;
and whether attacker observes the victim (“other-observation”), or attacker only observes its own
behavior (“self-observation”). Some combinations do not make sense, such as physical (external)
attacker observing its own behavior, and are left blank.

behavior of the victim, where all five of the categories of processor features listed prior section
contribute. The memory hierarchy is a contributor to attacks in most cases. Meanwhile, self-
observation with physical presence, top-right of the figure, does not make sense, thus no attacks
are listed there.

In terms of memory and cache attacks, in so-called internal timing attacks, the attacker
measures its own execution time. Based on knowledge of what it (the attacker) is doing, e.g.,
which cache lines it accessed, and the timing of its own operations, the attacker can deduce
information, e.g., which cache lines were being accessed by other applications on that processor.
In the so-called external timing attacks, the attacker measures execution time of the victim,
e.g., how long it takes to encrypt a piece of data; knowing the timing and what the victim is
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doing the attacker can deduce some information, e.g., was there addition or multiplication done
during the encryption, potentially leaking bits of information about the encryption key. External
timing channels often require many iterations to correlate timing information, however, basic
principle is the same that attacker observes a victim’s timing and the victim’s timing depends
on the operations it performs. The so-called trace-based attacks require tracking exact memory
accesses, which is most easily done with physical presence.

Requirements of physical presence or only virtual presence (software-only attacks) impacts
the types of attacks that are possible. Nevertheless, the boundary is fluid as introduction of new
sensors onto processor chips, changes the requirements and makes new attacks possible with
only software. Addition of new sensors contributes to functionality, but may create new avenue
for side and covert channels.

8.4 ESTIMATES OF EXISTING ATTACK BANDWIDTHS

While new attacks are constantly being presented, this section aims to give an overview of past
attacks and project future attack capabilities and what architects should expect. Most of the
presented attacks in the past had bandwidths for information leakage in ranges of kilobits per
second (Kbps) in optimal or idealized setting, and in bits per second (bps) or less in more practical
settings. New attacks can reach Mbps.

'The attack bandwidths have continued to increase over recent years. One of the first side-
channel attacks was the 0.001 bps Bernstein’s AES cache attack using L1 cache collisions [21].
Bonneau improved the attack to about 1 bps [28]. Around same time, Percival reported attacks
with about 3200 Kbps using L1 cache-based covert channel, 800 Kbps using L2 cache-based
covert channel, which reduce to few Kbps when they were done in a realistic setting [165].
Besides caches, a 1 bps proof-of-concept channel due to branch predictor [61] was presented.
'The work has since been updated [62] and latest results show about 120 Kbps channel. Further
units inside the processor that have been exploited are the thermal sensors and recent work has
shown 300 bps covert channel that leverages these on-chip sensors that can be used to measure
physical properties of the chip (i.e., temperature) without physical presence [19].

In the realm of cloud computing, researchers have focused on virtualization and virtual
machines. Ristenpart et al. showed 0.006 bps memory bus contention channel across VIMs [174],
and also 0.2 bps cross-VM L2 access-driven attack [174]. Xu et al. presented 262 bps L2 cache-
based covert channel in a virtualized environment [243]. Zhang et al. show 0.02 bps L1 cache-
based covert channel across Vs, using IPIs to force attacker VM to interrupt victim VM [253].
Wau et al. show 100 bps channel on Amazon’s EC2 due to shared main-memory interface in
symmetric multi-processors [241]. Hunger et al. show up to 624 Kbps channel when sender
and receiver can have a well optimized and have aligned clock signals [100].

'The presented attacks are only a subset of all attacks, and they only cover attacks without
physical presence. Nevertheless, the bandwidths have increased over the years. These attacks
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leverage variety of functional units in the processor, and it should be expected that most processor
features could potentially be used as source of information leak leading to side or covert channels.

Historical analysis shows that researchers are able to find side and covert channels based on
variety of functional units requiring only virtual presence. Designers of new processor features
need to expect that any additional features may be leveraged in a malicious way and should
consider how the new addition impacts system security.

8.4.1 ATTACK BANDWIDTH ANALYSIS

'The Trusted Computer System Evaluation Criteria (TCSEC), also commonly referred to as The
Orange Book, sets the basic requirement for trusted computer systems [159]. The Orange Book
specifies that a channel bandwidth exceeding a rate of 100 bps is a high bandwidth channel.
Many attacks have long surpassed the boundary set by TCSEC. The cache-based attacks are
highest in bandwidth as potential attackers are able to affect specific cache sets by executing
memory accesses to particular addresses that map to the desired set. Other functional units let
potential attackers affect the units state less directly. For example, many branch instructions are
needed to re-train the branch predictor, which leads to lesser bandwidth channel.

Figure 8.4 shows the selected attacks and their bandwidths as a function of year in which
they were presented. Bandwidth in bps on y-axis is plotted on log-scale for easier reading. It may
seem unusual that as years progress, new published attacks do not necessarily have bandwidth
better than prior attacks (due to expectation that new research should beat prior work). It should
be noted, however, that some of the newer attacks are based on functional units that contribute
less to the performance, so the bandwidth is less. The contributions of these attacks are clever
ways of, for example, leveraging the branch predictor to leak information. Clearly, bandwidths
are getting higher and have reached the bounds set by TCSEC for “high bandwidth channels,”
as shown by the red line in Figure 8.4.

When considering idealized attacks (shown as pentagrams in the figure) which are on the
order of 100s Kbps, the “high bandwidth” boundary has long been passed in their case. These
attacks, however, are usually specific to a single program, which often is the AES encryption
algorithm. The attacks tend to be also synchronous, where the attacker and victim are executing
synchronized (e.g., attacker and victim alternate execution on same processors). The synchronous
attacks tend to have better bandwidth. For example, the L1 cache-based covert channel across
VMs used IPIs to exactly force execution of the attacker to interleave with the victim. Dedicated
attacker can thus come up with clever ways of improving bandwidth by having more synchronous
attacks, approaching the idealized attack scenarios and further improving attack bandwidths. In
summary, bandwidths for many side channel attacks today have already surpassed the bounds set
by TCSEC for high bandwidth channels. Designers need to account for these potential attacks

when considering new designs or analyzing existing ones.




98 8. SIDE-CHANNEL THREATS AND PROTECTIONS

108

6
10° « % ]

104 4

102 =
+o

Bandwidth (bps)
o
o

10% o 1

20 i
10 o

D 1 1 1L 1 1
2004 2006 2008 2010 2012 2014 2016 2018
Year

Figure 8.4: Scatter plot of bandwidths of select attacks, orders of magnitude bandwidth increase
can be seen over last years for the non-idealized attacks (squares). Idealized attacks (pentagrams)
show much greater bandwidths, but these are for specific cases, such as attacks on particular table
lookup based AES software implementation or a particular RSA implementation. Today, some
attacks are even better, reaching Mbps data rates.

8.5 DEFENDING SIDE AND COVERT CHANNELS

Since the side and covert channels depend both on the hardware, and the software that is run-
ning on that hardware, the defenses can be based on both hardware approaches and software

approaches. The approaches are classified in Figure 8.5.

8.5.1 HARDWARE-BASED DEFENSES OVERVIEW

To mitigate side and covert channels, hardware architectural changes have been proposed includ-
ing partitioning or time-multiplexing caches [163] [232], which have since been improved [124].
Such approaches essentially reserve a subset of the cache for the protected program. Other pro-
grams are not able to interfere with these reserved cache blocks. This prevents internal-timing,
but external-timing attacks are still possible since measuring the protected program’s timing
from outside still can reveal some patterns about memory it is accessing. In addition, other ap-
plications cannot use the reserved cache blocks, effectively cutting down on cache size and the
performance benefits it brings.

One of the best proposals focuses on new type of randomized caches [233]. Today’s com-
modity hardware has caches where the mapping between memory and cache sets is fixed and
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Figure 8.5: Hardware and software approaches to microarchitectural side and covert channel de-
fense.

same for all applications. Randomized caches in effect change this mapping for each applica-
tion. While not designed with security as a goal, the Z-cache [185] may have some of the similar
properties where it searchers among many cache sets to find least recently used block for replace-
ment, reducing applications’ contention for a same set. In general, increasing associativity helps
defend attacks, and number of caches aim to simulate highly associative cache without actually
requiring implementation of a highly associative cache (which may have poor performance and
use a lot of power).

Most recently, work has turned to on-chip networks and ensuring non-interference [234]
or providing timing channel protection [230]. In [234] the authors re-design the interconnect
to allow precise scheduling of the packets that flow across the interconnect. Data from each
processor are grouped together and carried together in “waves” while strictly non-interfering
with other data transfers. the authors in [230] observe, as this chapter does, that due to shared
resources, applications affect each other’s timing through interference and contention. The de-
fense proposal is again to partition the network temporally and limit how much each processor
can use the network so as to limit the interference.

Hardware-supported mechanisms have also been added for enforcing strong non-
interference [218]. The authors propose “execution leases” which allow the system to temporally
partition the processor’s resources and lease them to an application so that others cannot inter-
fere with the usage of these resources. This temporal partitioning again focuses on un-doing the
original design where resources are shared at very fine granularity, and instead making it coarser,
leaving to small potential leaks. The tradeoff is the performance impact of locking parts of pro-
cessor for exclusive use of an application. The longer the application can keep the resources, the
better leak protection, but also more negative impaction performance of other applications.
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Processor architects have also proposed the addition of random noise to hardware coun-
ters [145]. The key to any timing attacks is to be able to obtain a timing reference, either within
the application or somewhere from outside. In [145] the authors’ approach is to limit the granu-
larity and precision of timekeeping and performance counters mechanisms. By introducing more
uncertainty in the timing, potential attackers are limited in their ability to get a good point of
reference. Nevertheless, many applications are networked and can use external sources of timing,
such as network time protocol [151]. Both inside and outside the computer system needs to be
considered even when focusing on microarchitectural channels.

8.5.2 SECURE CACHE DESIGNS

To address the threats of cache side-channel attacks, focusing on timing, researchers have pre-
sented number of secure processor cache designs. There are at least 12 different secure cache
designs presented in academic literature to date: [43, 56, 113, 129, 140, 141, 229, 232, 233,
245, 249, 250]. Most of the designs are only academic proposals, not yet implemented in real
processors. However, CATalyst [140] is a proposal leverages Intel's CAT (Cache Allocation
Technology) technology available today in Intel processors.

'The SP cache [91, 129] uses partitioning techniques to statically partition the cache ways
for separate use by the victim and the attacker processes, based on a process identifier. The
SecVerilog cache [249, 250] also statically partitions cache blocks, but it distinguishes between
low and high security levels. Instructions in the source code need to be tagged with the security
level of each memory access instruction. The SecDCP cache [229] uses partitioning idea similar
to the original SecVerilog cache, but the partitioning is dynamic; meanwhile, SecVerilog pre-set
the size of the low and high partitions of the cache as system design time. The NoMo cache [56]
uses an isolation approach by assigning each active thread; ina SMT (simultaneous multithread-
ing), a number of cache blocks that are only accessible to that thread. The SHARP cache [245]
uses both partitioning and randomization techniques to prevent victim’s data from being evicted
or flushed by other malicious processes. The Sanctum cache [43] uses page coloring [115, 211]
approach to partition the cache, and a security monitor to ensure isolation of the secure data.
'The CATulyst cache [140] uses partitioning features from Intel’s Cache Allocation Technology
(CAT) [156] to partition the last level cache. The PL cache [232] provides isolation by parti-
tioning cache based on cache blocks. The RP cache [232] uses randomization to de-correlate the
memory address accessing and timing of the cache. The Newcache cache [142, 233] dynamically
randomizes memory-to-cache mapping to prevent attacks. The Random Fill cache [141] also
de-correlates the cache access timing by using random filling technique. The Non Deterministic
cache [113] uses cache randomizes access delay to de-correlate the relation between cache block
access and cache access timing.

Among the secure cache designs, there are two main features which they utilize: parti-
tioning and randomization. Partitioning-based caches usually limit the victim and the attacker
to only access cache blocks that are not accessible by the other. Randomization-based caches



8.5. DEFENDING SIDE AND COVERT CHANNELS 101

inherently de-correlate the relationship between memory address that was accessed by the vic-
tim, and the timing of the victim or the attacker. Randomization often implies either randomly
bringing in data into the cache, randomly evicting data, or both. It could also imply randomizing
the address to cache set mapping.

Partitioning-based secure caches are usually good at preventing external interference be-
tween attacker and victim, but are weak at preventing internal interference. Randomization-
based secure caches are good at preventing external interference, and most of internal interfer-
ence. Today, however, there is not a single secure cache that can fully defend all side-channel
attacks based on timing.

8.5.3 SOFTWARE-BASED DEFENSES

Researchers have suggested clearing out leftover state in caches through frequent cache
flushes [161]. This is clearly a performance-degrading technique, nevertheless it is able to pre-
vent side and covert channels, as all application data and code is flushed from memory on context
switch and when the application runs again it observes the long timing of main memory accesses.
If the scheduling periods are long, application is able to fill up the cache and benefit from it.
However, when scheduling periods are short, essentially the application will have to get all data
from memory as the caches are flushed constantly. External timing attacks are prevented, and
internal-timing can also be thwarted if the scheduling periods are short.

Outside of processor caches, to deal with the branch predictor based channels, clearing
branch predictor on a context switch has been suggested [2] as well. Again, periodical clearing
of the predictor state makes the current predictions not dependent on past inputs seen by the
predictor, thus reducing information leak. However, such a defense is also a performance hit as
branch predictors rely on learning the branching history of the running programs to give good
branch predictor hit rate.

Addition of noise has also been suggested. For example, [97] explores reducing channels
by introducing fuzzy time. In the work, a collection of techniques is introduced that reduce the
bandwidths of covert timing channels by adding noise to all clock sources available to a process;
this includes system time stamp counters and inputs from disk drives or network cards. Prior
work has also introduced similar fuzzy time and created noise to defeat bus contention channel
and to try to prevent attacks [77].

Other works focus on making the time and all events deterministic, such as in determin-
istic OSes designs [16, 240]. Rather than randomize the timing and add noise, all events are
delivered at deterministic instants. Such approaches are not easily applied to caches or hardware
teatures, but do help in virtualized environments where the hypervisor can control precisely de-
livery of packets or other timing information.

An example of pro-active attempt is the lattice scheduler which is a process scheduler
that schedules applications using access class attributes to minimize potential contention chan-
nels [98]. In general, applications can be scheduled such that the contention is minimized. While
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existing schedulers do not do this, taking hardware into consideration a scheduler can run dif-
ferent processes on different cores, or time multiplex them such as to limit the contention. Of
course, this assumes availability of many processes to be run and fairness of today’s OS or hy-
pervisor schedulers may be violated.

8.5.4 COMBINING DEFENSES OVERVIEW

Both software and hardware defenses can be used to try to mitigate side and covert channel at-
tacks. Hardware can enforce spatial or temporal partitioning, create randomization or add noise.
In software approaches, management software can modify (flush) processor state or change
scheduling, it can also add noise. Other approaches are possible, but all approaches need to
consider how added protections affect the system performance.

8.6 SIDE CHANNELS AS ATTACK DETECTORS

While side and covert channels are mostly considered as a negative aspect of a system, side
channels can be actually used to detect or observe system operation. Measure timing, power,
EM, and other behavior can be used to detect unusual system behavior and potential attacks.
'This approach is similar to using performance counters, but attacker does not know measurement
is going on, or even how the measurement is being made. For example, existing research [49]
explores how to use EM emanations to detect malware.

Consequently, a tension between side channels as attack vectors vs. as detection tools
exists. Side channels are mostly used for attack today. But if the channels are someday fully
eliminated, then their use as attack detectors will be eliminated. Thus, a middle ground needs
to be found.

8.7 SIDE-CHANNEL THREATS ASSUMPTION

There is typically one assumption related to side channel threats in secure processors. At the end
of the book, all the assumptions from all the book chapters are evaluated together.

8.7.1 SIDE-CHANNEL FREE TEE ASSUMPTION

'The protected software assumes that the TEE is side-channel free. The TCB hardware and
software should clean up processor state (both ISA-visible and microarchitectural) to remove
any side channels. Memory hierarchy should especially defend protected software from side-
channels attacks.

Despite protections from attacks by other software or hardware, TEE software still needs
to defend against internal interference-based channels. In particular, software’s own memory ac-
cesses interfere with each other and create timing differences that external attackers can observe
when interacting with the TEE software.
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CHAPTER 9

Security Verification of
Processor Architectures

This chapter forms a stand-alone chapter that is a mini survey of approaches for security veri-
fication of processor architectures. It first discusses motivation for the need for formal security
verification. It then overviews the different levels (ISA, Microarchitecture, etc.) in a system and
how verification can be performed at the different levels. It next discusses different security ver-
ification approaches. It then presents a mini survey of the different hardware-software security
verification projects which exist today. The chapter closes presenting assumptions relating to
the security vitrification of processor architectures. This chapter is based in part on this book’s
author’s survey paper on the same topic [52].

9.1 MOTIVATION FOR FORMAL SECURITY
VERIFICATION

News articles and opinion pieces by top security researchers constantly remind us that as comput-
ing becomes more pervasive, security vulnerabilities are more likely to translate into real-world
problems [120, 138]. Computing systems today are very complex. If the design of the hardware,
software, or the way the two interact is not perfect, then there may be security vulnerabilities
that attackers can exploit.

Many secure processor architectures have been designed in academia to provide en-
hanced security features in hardware [36, 58, 108, 116, 129, 136, 205, 209, 239]. 'The proposed
hardware-software system depends critically on the hardware and correct hardware-software in-
teractions to provide the security. Yet, these secure architecture most often do not come with any
formal specifications or proofs for security. In industry, increasing number of designs provide
some hardware features for security, e.g., ARM TrustZone [221], Intel SGX [149], or AMD
Memory Encryption [11]. These designs also all rely on the assumption that the hardware is
correct—the industry designs also often do not have any publicly available formal security spec-
ifications nor proofs. With formal security verification, the designers could prove the system
design and implementations are secure and trustworthy.

To help find potential security vulnerabilities and prove the designed system is trustworthy,
formal methods can be used. Since the security of the systems depends on the correctness of
the protections that both the hardware and software components provide, there is the need
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to verify the security of both the software and the hardware. Formal methods have been used
extensively in the functional verification of hardware and software for a long time [20, 85, 114,
199]. Recently, the use of formal methods for verifying the security features of the hardware and
the software levels of computing systems has emerged as an important research topic [52].

9.2 SECURITY VERIFICATION ACROSS DIFFERENT
LEVELS OF ABSTRACTION

A hardware-software system is typically composed of multiple hardware and software levels, as
shown in Figure 9.1. The typical software levels are: application, operating system (OS), and
hypervisor. The typical hardware levels in a computer system are: ISA (Instruction Set Archi-
tecture), Microarchitecture, RTL (Register Transfer Level), Gate, and Physical.
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Figure 9.1: Hardware and software levels found in a typical commodity computing system are
shown on the left. Sample academic projects and levels which they consider in the security
verification are shown on the right. The sample projects are: SecChisel [53], VeriCoq [25],
Caisson [134], Sapper [133], SecVerilog [250], XOM [136], Micro Policies [51], Cache Ver-
ification projects, e.g., [251], Moat [201], Ironclad Apps [89], Verve [246], SecVisor [191],
XMHF [228], Minvisor [147], CertiKOS [80], and selL4 [118].
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Traditionally, upper levels depend on the lower levels for functionality and security. A
guest OS relies on the hypervisor to provide isolation from other malicious guests. If the more
privileged hypervisor has a security vulnerability, the OS may not be able to provide any guaran-
tees about security, as the hypervisor is more privileged in most architectures today. Or, a secure
operating system cannot protect information leakage if the underlying hardware has a backdoor,
for example. At the hardware level, for example, ISA is not secure if the microarchitecture that
implements it has a bug; and a microarchitecture realized using a flawed RTL that implements
it is likewise not secure, and so forth. The relationship is not strictly linear in that upper level
always depends on all lower levels. Some of the secure processor architectures’ have introduced
hardware that allow higher software levels to be protected from intermediate software levels. For
example, in Bastion [36] applications are able to communicate with the Hypervisor while by-
passing the OS; or in HyperWall [209] a virtual machine does not need to rely on hypervisor for
isolation as the hardware provides some of the basic memory management functionality. Thus,
the security verification approach needs to consider which levels are important for security.

The software and hardware levels needed for ensuring security of the system constitute
the trusted computing base (TCB) which contains all the software and hardware that need to
be trusted (although may not be trustworthy). Thus, the TCB should be verified for security
to make it truly trustworthy. Effectively, the TCB consists of different components in different
levels, and security verification tools and methods should include all these levels when checking
the security of the system. Figure 9.1 on the right side shows a sampling of existing academic
projects and the different system levels that their security verification process covers.

Different projects consider different levels and some skip certain levels as well. For exam-
ple, Moat [201] verifies applications with respect to ISA, and assumes hardware fully protects
the applications from OS or Hypervisor, so OS can Hypervisor levels are skipped. When skip-
ping certain levels, it needs to be ensure that they cannot affect the security properties offered
by the system.

In summary, the system components at all the levels that make up the trusted computing
base (TCB) should be verified for security to make sure the system is truly trustworthy. Security
verification tools and methods should include all these levels when checking the security of the
system. Meanwhile, some, usually lower, levels of the system are often assumed trustworthy and
not checked; e.g, most architecture work does not consider the physical level and would assume
that processors are manufactured correctly.

9.3 SECURITY VERIFICATION APPROACHES

'The general flow of the security verification process is shown in Figure 9.2. The starting point
of the verification is the actual system, either an already existing system or a design of some
new system whose security properties need to be verified. From the actual system, or design,
a representation of the system needs to be obtained, (a) in Figure 9.2. In parallel, the security
properties of the system need to be specified, (b) in Figure 9.2. The security properties are closely
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tied to the system’s assumed threat model. Security verification requires agreement on a threat
model. If the threat model agreed upon does not represent the reality or the user needs, then the
verification results may not be meaningful. For example, initially Intel SGX did not consider
side-channel attacks due to processor caches [104], while attackers and researchers focused on
this exact attack vector. Verification of Intel SGX, which would exclude side-channel attacks,
would not have been as useful as verification that included consideration of such attacks.

Assuming the threat model is agreed upon, the security properties can be specified sep-
arately or together within the representation of the system, in which case (a) and (b) would be
done together. The final step is the actual verification process which takes the system repre-
sentation and security properties as input, and returns whether the verification passed or failed,
(c) in Figure 9.2. If the verification fails, the design needs to be updated and re-evaluated, (d) in
Figure 9.2.
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Figure 9.2: General procedure for security verification.

9.3.1 SYSTEM REPRESENTATION

In order to check if a system complies with some properties, a representation of the system
that accurately expresses its behavior is needed. Ideally, the actual system description can be
used, such as the hardware description language (HDL) source code for hardware components,
or a programming language source code for software components. Otherwise, a model of the
hardware behavior in the verification tool is needed. One reason a model may be needed is that
the way a system is described in HDL or programming language may not be compatible with
the verification tool that is being used, or the way the system is described is too complex for the
verification process to handle. There is a danger, however, that the model may not accurately
represent the actual system. If an automated method of creating a model (from source code
representation) is not available, then model has to be created manually by engineers. When
creating models manually, proving the correspondence between the model and the actual system
is an open research problem.
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Hardware components can be described with Hardware Description Languages (HDLs).
'The most popular HDLs are Verilog [215] and VHDL [139]. More high-level abstractions and
reusability, than with traditional HDLs, is offered by hardware generation languages (HGLs)
or hardware construction languages (HCLs), such as Chisel [18], Bluespec [157], or Gene-
sis2 [192]. These languages usually focus on functional specification, but can be extended to
include security related information, usually via annotations in the code. Examples of languages
extended for security include SecChisel [54] or SecVerilog [250].

Software components can be described by their high-level implementation in program-
ming languages such as C, C++, or Java. Like with hardware languages, system specification
can be integrated with security-property specification, and include security verification related
information inside the code itself as annotations. Examples include TAL [46] or Dafny [131].

Given the system representation, formal verification is done with respect that system rep-
resentation. Most projects assume a trusted compiler or tool chain such that the system realiza-
tion indeed matches the system representation, and does not contain extra hidden, or unwanted,
functionality that may compromise the security of the system. For example, after verifying the
C code of an application, there is still a concern that the compiler may not generate the cor-
rect machine code from the C code. A malevolent compiler might insert malicious code into
the binary, as demonstrated in [216], where a virus-infected compiler as able to inject back-
doors into applications during compilation. Researchers have developed trusted compilers that
are guaranteed not to inject behavior that was not specified. One example of such a compiler is
CompCert [132] which is a certified compiler that generates binaries from Coq code.

In summary, a system representation is needed to verify the system. Actual source code,
or a model of the system, can serve as the representation. Even a verified system, however, is
susceptible to vulnerabilities if the real system does not match the source code or the model—this
may be due to attacks at manufacturing time or untrusted toolchains, for example.

9.3.2 SECURITY PROPERTIES

'The main security properties that designers may be interested in are the confidentiality, integrity,
or availability, listed in Section 2.3.1. Recall, confidentiality concerns prevention of the disclo-
sure of sensitive information to unauthorized entities. If a system has some registers that should
not be modified except by the hardware, then these registers require confidentiality protection
form the system levels above the hardware. Integrity concerns prevention of unauthorized mod-
ification of sensitive information. If certain data should not be modified except by the operating
system, then it requires integrity protection from the system levels above the operating system.
Availability concerns ensuring provision of services to legitimate users when requested.

Note, as mentioned in Section 2.3.1, availability almost never can be achieved through use
of one single secure processor design. For example, attackers can slowly use up memory or other

resources of a system, making it impossible for protected code and data to execute in reasonable
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time. Availability, however, can be achieved by using many secure processor together, through
redundancy, for example.

As was seen in Figure 9.1, typical system is broken down into many hardware and soft-
ware layers. Often there is a linear relationship in that hardware or software components are
protected from all levels above a certain level, which is least privileged level to be able to access
(confidentiality) or modify (integrity) of that hardware or software component.

Confidentiality, integrity and availability of each system component that is part of the
trusted computing base needs to be considered when specifying security properties for verifica-
tion. Any unverified component could become a source of vulnerability.

9.3.3 FORMAL VERIFICATION

Typical formal verification mechanism include theorem provers or model checking. When us-
ing theorem proving approach, the security properties can be represented in terms of logical
formulae. A logical formula serves as a limitation on the states the system is allowed throughout
its execution. When using model checking, security properties can be expressed as invariants
within a system, and their validity is checked against all possible execution paths of the system.

Theorem provers, also called proof assistants, use formal proofs to verify that a system
complies with some given properties. Theorem provers aid the verification process by provid-
ing frameworks for creating a mathematical model of the system, for specifying the security
properties, and for formally proving whether the model complies with the properties or not.
Theorem provers are generally composed of a language (such as Coq [99]), and an environment
for describing the proofs (such as CogqIDE [42]). There is a number of proof assistants used
actively in academia and industry such as: Coq [99], Isabelle/HOL [158], PVS (Prototype Ver-
ification System) [162], ACL2 (A Computational Logic for Applicative Common Lisp) [111],
and Twelf (LF) [88]. Theorem proving typically requires a lot of effort and time to complete,
and learning the required tools is seen as one of the difficult aspects of verification using this
method.

Model checkers, on the other hand, typically use an algorithmic search, which is per-
formed over a system’s representation and its states, rather than using deduction. Internally,
model checker often rely on satisfiability modulo theories (SMT) solvers to analyze the state
space. In general, checking whether a system complies with a given specification is an unde-
cidable problem [41]. With model checkers, the problem is converted into a search problem
with a reasonable coverage of input instances, however, it may not always give a solution. Es-
pecially, model checking has a well-known state explosion problem, which is the exponential
growth of the states of the system that should be evaluated. State explosion leads to extremely
long run times or exhaustion of the compute resources, thus preventing it from giving a solu-
tion sometimes. For fairly complex systems, model checking needs to use more abstraction and
simplified models. However, as the level of abstraction gets higher, there is the risk of missing
some important details of the system being verified.
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'The security property that is being verified using model checking has to be defined using

a logical form. The checks can be done either for each transition or each state using invariants,
pre- and post-conditions. The output can be positive (property satisfied), negative (property
violated), or the execution runs indefinitely.

Finite state reachability graphs are the most common way of modeling systems. Reach-
ability graphs, or Kripke structures, are designed as a graph where the nodes represent each
reachable state within a system, while the edges represent the transitions between states [47].
To formally express the behavior of a system over time with respect to certain properties, one
can use temporal logic. Linear temporal logic (LTL) is a common type of temporal logic where
single execution paths can be checked [68]. Computation tree logic (CTL), on the other hand,
expresses temporal logic in a tree structure, and thus, can reason about more than one time-
line [39]. There are many other variations of temporal logic that could be used depending on the
verification scenario [70]. Model checkers often leverage satisfiability modulo theories (SMT)
solvers. They are used to solve satisfiability problems expressed in first-order logic.

Some other alternatives to theorem provers and model checkers include symbolic execu-
tion. In symbolic execution [33], symbols are used in lieu of the actual values of program variables
or hardware components. As the simulation executes, the symbols can be updated, combined,
turned into expressions, and sometimes simplified. Since the values of the symbols may not be
clearly identified, each possible execution-branch is followed. In this way, all possible execution
states can be evaluated simultaneously, at great cost of storage and slow execution during test-
ing. There are variations of this technique, such as symbolic trajectory evaluation [90]. Unlike
model checking, which requires a model of the system, symbolic execution deals directly with
the source code, in case of software applications. The source code is executed in an interpreted
environment that is able to keep track of all possible values of all variables, pointers, etc., in the
code as it runs.

In summary, theorem provers or model checkers can be used for security verification of the
secure processor architectures. Theorem provers have a much higher learning curve, meanwhile
model checkers suffer from state explosion problem and in some cases may not be able to give a
definite answer about security of a system.

9.4 DISCUSSION OF HARDWARE-SOFTWARE SECURITY
VERIFICATION PROJECTS

Many of the existing security verification projects use general purpose verification tools. The
current general-purpose tools used in security verification are not compatible with conventional
hardware or software languages, such as C or Verilog, requiring either manual or programatic
conversion of a design into a form that can be handled by the security verification tools.

Some project create a model that is separate from the actual system implementation source

code, e.g., Micro-Policies [51], Cache verification [251], XOM [136], or SecVisor [66]. With
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these approaches, designers have to make sure their model accurately mirrors the system imple-
mentation, otherwise the result of verification might not be correct.

Some existing security verification projects take the approach of designing new domain-
specific languages that allow making verification an integral part of the design and implemen-
tation process. In these projects, tools are developed to transform the system description in the
new domain-specific language into another form that is amenable to use with verification tools,
e.g., VeriCoq [25] or Dafny [131]. For example, in Dafny, the code has annotations for pre- and
post-conditions, invariants, and ghost variables. With use of annotations and through automatic
transformation, SMT solvers can check if the invariants always hold. Meanwhile, other projects
embed security-related tags into a conventional language such as Verilog. These projects tend
to develop custom tools to make sure the generated design has the desired security properties,
these include SecChisel [54], Sapper [133], Caisson [134], or SecVerilog [250].

On the one hand, they can develop their system in a traditional language such as C or
Verilog. 'This allows for quick development of the functional design with tools familiar to engi-
neers, but does incur the effort of having to also separately write their design in a representation
that their preferred security verifier understands. On the other hand, they can implement their
system in a verification-friendly language. This has higher initial effort, but may pay off in long
term with less effort due to not having to write the representation second time for verifica-
tion. The drawback is that the verification-friendly language may not support all the aspects the
designer desires to verify.

Confidentiality and integrity are the two main security properties often sought in a system
(recall availability is not often provided at the level of single processor architecture). The verifi-
cation aspect of a system often covers these properties, but can be formulated in a more generic
form (e.g., non-interference) or a more specific form (e.g., memory integrity). The formulation
of these properties depends on the levels of the system that are being verified, c.f. Figure 9.1,
and on the tools used. The analysis of information flow provides is a useful basis for proving
many of the security properties of a system. Monitoring information flow requires data labeling,
declassification, and information flow rules specific to the system. Many projects focusing more
on the hardware levels of a system use the analysis of information flow for proving information
flow policies, non-interference, and confidentiality and integrity. Software-level focused projects
have a wide variety of verification aspects, which try to verify confidentiality or integrity.

A selection of current and recent security verification projects focusing on hardware-
levels of the system includes: Micro-Policies [51], Cache Verification [251], XOM [136], Veri-
Coq [25], Formal-HDL [84], RTLIFT [184], Caisson [134], Sapper[133], SecVerilog [250],
ReWire [171], and SecChisel [54].

Software-level focused security verification projects include: SelL.4 [118], CetriKOS [80],
Verve [246], Ironclad Apps [89], SecVisor [66], MinVisor [48], AAMP7G [235], ISA [190],
MOAT [201], and Verification of SIR [200].
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So far, formal verification research has been mostly focused on the functional correctness
of the hardware or software systems. Security verification of software-only is also well studied.
Hardware security verification, however, is an emerging research area which is necessitated by
the fact that modern systems require both software and hardware for their correct and secure
operation. Especially with the introduction of security-focused hardware, such as Intel SGX,
trusting remote software and hardware is more critical now than before, as it handles users’
ever-increasing sensitive information. Any vulnerabilities in these computing systems can be
exploited by attackers. Thus, the whole system, including both the hardware and software parts,
should be considered in the security verification.

Security verification is a branch of formal verification where the correctness properties are
extended to include security properties, e.g., confidentiality and integrity. The process requires a
formal specification of the security properties, an accurate representation of the implementation,
and some verification mechanisms, e.g., theorem proving and model checking, to prove that the
implementation complies with the needed security properties.

Since security properties are provided by system’s components at multiple levels in the
system, only verifying some particular level or levels cannot guarantee whole system’s security.
Especially, need to verify that microarchitecture correctly implements the architecture-specified
security properties. With the improvement of verification tools and methods, more and more
system levels should be included in the security verification.

In summary, there are many open research topics in the security verification of hardware
and software systems. The most critical, however, is the need for full-system security verification,
which spans more levels than can be done through today’s existing projects.

9.5 SECURITY VERIFICATION ASSUMPTION

There are typically two assumptions relating to security verification of secure processors. At the
end of the book, all the assumptions from all the book chapters are evaluated together.

9.5.1 VERIFIED TCB ASSUMPTION

'The hardware and software TCB of a processor architecture should be verified both from func-
tional and security perspective. Verification of the different modules and any protocols used for
communication should be performed to ensure the TCB does not contain any logical flaws.
Even with verification performed, there may still be issues later on at the manufacturing stage
due to hardware trojans or supply chain attacks, for example.

9.5.2 VERIFIED TEE SOFTWARE ASSUMPTION
The software that is running inside the TEE should be verified. The TCB creates the trusted

execution environment wherein the protected software executes. However, if the software is
buggy or can be attacked, then there is noting the TCB can do to protect it.
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CHAPTER 10

Principles of Secure Processor
Architecture Design

This chapter concludes the book by presenting the principles of secure processor architecture
design which have been derived based on the observations of best practices for secure processor
design. It then gives a short description of how the secure design principles affect the standard
computer architecture principles. It next overviews threats to the assumptions that have been
discussed at the end of each chapter. It also presents common pitfalls and fallacies of secure
processor architecture design. It ends with a list of challenges that secure processor architects
can encounter, a list of future trends, and a brief note on the art and science of secure processor
architecture design.

10.1 THE PRINCIPLES

For secure processor architecture, this book presents a set of five principles that can be followed
to achieve a secure design:

1. protect off-chip communication and memory;

2. isolate processor state between TEE execution;

3. measure and continuously monitor TCB and TEE;
4. allow TCB introspection; and
5.

minimize the TCB.

10.1.1 PROTECT OFF-CHIP COMMUNICATION AND MEMORY

Due to danger of attacks on external components, the secure processor chip assumption should
be followed and any and all data and communication leaving the processor chip needs to be
protected. It should be protected for confidentiality, integrity, access pattern, authentication and
freshness. Encryption ensures protection of any secret or sensitive information (data or code)
and should be used whenever data leaves the chip. Encryption should be used by the hardware
and software parts of the TCB. Any memory location that is off-chip should be encrypted and
hashed (using hash trees). Secure hash can be used to compute a fingerprint of piece of code
and data stored outside the chip; the fingerprint can be used to ensure integrity. Randomized
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or oblivious accesses prevent attacks that use access patterns to learn information. All the off-
chip communication and data needs to be authenticated with MACs or digital signatures, and
freshness needs to be ensured (with proper use of nonces) so that attackers cannot use replay
attacks against the system.

10.1.2 ISOLATE PROCESSOR STATE BETWEEN TEE EXECUTION

Within the processor, the hardware and software TCB create the TEE wherein protected soft-
ware executes. Each TEE software instance shares the processor hardware with other instances
of TEE software, and the untrusted software as well. Due to the shared hardware, numerous
side channels or information leaks are possible. Any processor state should be isolated between
execution of different TEE and also the untrusted software. The state includes caches, but also
any bufters and memory structures in the processor, even if they are not visible to the program-
mers (such as the state of the branch predictor, for example). The state can be isolated through
state flushing, where each time execution switches, all the state is securely stored, and flushed
from the processor’s functional units. State in other components, such as I/O devices, needs to

be flushed as well.

10.1.3 MEASURE AND CONTINUOUSLY MONITOR TCB AND TEE

Measurement allows to attest the system and prove it is working correctly. Hashes and active
measurements form basis of attestation. However, a reference hash or measurement value is
always needed to be able to make a judgement about whether the state or behavior of the system
is correct or not. Such reference values need to be provided for all TCB and TEE components.
Attestation also may require use of public key infrastructure (PKI), thus key management and
structure of the PKI needs to be designed when the secure processor architecture is designed.

Static hashing of code and data needs to be augmented with active measurement of the
operation of the system to detect any run-time changes. Measurement can capture behavior of
the system and detect any deviations. This should be applied both to the TCB itself, and the
protected code and data in the TEE. Too often, TCB components are not actively measured,
leaving a void in information about the status of the TCB. Integrity of all of the hardware
and software parts of the TCB, and the protected code and data, should be ensured. Integrity
checking can be augmented with error correction, to prevent both random and malicious changes
to the code or data. Hashing is especially needed for any control data structures to ensure that
information has not been modified. While the operation of the TCB should not be secret, to
avoid security through obscurity, it still needs to be ensured that it is not modified.

10.1.4 ALLOW TCB INTROSPECTION

Transparency, or avoiding so-called security through obscurity, is needed to allow users to know
what the system does. Also, attackers are often very clever, and a designer should not depend on
hidden functionality to protect the system. Moreover, obscuring the functionality (e.g., making
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only binary code available) makes it difficult for legitimate users to be able to evaluate a system,
or potentially fix a system if it is broken. Short-term benefits such as easier deployment is often
offset if bugs are later found, exposing many systems to attacks.

10.1.5 MINIMIZE THE TCB

Having minimal TCB ensures that it can be validated and made trustworthy. There is a corre-
lation between the complexity of the system (hardware and software lines of code) and number
of potential bugs. Thus, minimizing TCB is crucial to reduce bugs, and consequently poten-
tial vulnerabilities that can lead to attacks. Also, for verification of the system, the simpler the
system, the more likely it can be formally verified.

Any secure processor architecture relies on the TCB (a set of trusted hardware and soft-
ware components) to realize the protections. However, a trusted component need not be trust-
worthy. A bug, or malicious modification, to a component in the TCB can render the system
useless. Thus, formal security verification, and not just functional verification is needed. To en-
able security verification, TCB needs to remain small.

10.2 IMPACT OF SECURE DESIGN PRINCIPLES ON THE
PROCESSOR ARCHITECTURE PRINCIPLES

In computer architecture there are roughly six principles: caching, pipelining, prediction, par-
allelization, use of indirection, and specialization. Most computer architecture techniques and
improvements can be categorized into one of the six. The principles for secure processor archi-
tecture design have implications on the processor architecture principles. As can be seen from
the discussion below, it is the principle of isolation of state that most often interacts with the
existing architecture principles.

Caching. Principle of caching focuses on the idea that frequently used data should be
cached and made available faster than some infrequently used data. This, however, creates fast
and slow memory accesses that lead to side-channel attacks. Moreover, caches are a shared re-
source and have a limited storage capacity. The principle of isolation of state implies that two
different TEEs should not affect each other. This may require flushing the caches to clean up
data stored in the cache that would affect timing of memory accesses, or use of partitioning or
randomization. The principle of isolation of state introduces performance overheads, which are
at odds with the goal of caching that is to speed up memory accesses. Also, protection of off-chip
memory implies use of encryption, which can further slow down memory accesses.

Pipelining. Pipelining breaks execution into small chunks (pipeline stages) and allows for
exploitation of parallelism. To sustain high throughput of the processor pipelines prediction is
used (the next principle discussed below). Prediction and the principle of isolation of state are
at odds and the latter can potential limit how much prediction pipelining can use.
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Prediction. Prediction aims to improve performance by predicting future behavior of the
software (e.g., branch predictor predicts whether a branch should be taken or not taken even
before the actual branch condition is evaluated). The principle of isolation of state implies that
prediction should be made separately for each piece of TEE software. Meanwhile, many pre-
diction approaches have a “global” component where the prediction is based in part on behavior
of all the software. Any prediction mechanisms would need to consider each piece of software
independently, and the performance impact is not clear—but likely slightly negative.

Parallelization. Parallelization focuses on performing multiple tasks in parallel. It may
actually help isolation if different hardware units are available and not shared as different software
executes in parallel. It may, however, make reasoning about behavior of the system (and thus
measurement) more difficult as multiple events are happening in parallel at run time.

Use of Indirection. Page tables are one example of use of indirection where actual physical
memory addresses are hidden and applications use virtual addresses. Indirection often uses small
cache-like structures to speed up the lookup of the indirection information (e.g., look up page
table translations in the TLB). Similar to the discussion on the caching principle, cache-like
structure are at odds with the principle of isolation of state and the principle of isolation of state
may have negative impact on performance of looking up of indirection information.

Specialization. Specialization is a catch-all architecture principle for any custom hard-
ware or modules, e.g., special AES instructions and inclusion of AES engine in processors can
be seen as specialization. If specialization involves any hardware units which contain state, then
the state needs to be properly cleaned up or isolated between TEE execution due to the principle
of isolation of state. This may have negative impact on performance of the specialized units.

10.3 LIMITATIONS OF THE SECURE PROCESSOR
ASSUMPTIONS

Throughout the book, a number of assumptions that are made during secure processor archi-
tecture design were listed. They are repeated here, and the limitations of each assumption are

briefly explained.

* Trusted Processor Chip Assumption—Invasive attacks, hardware trojans, and supply chain
attacks can in practice mean that even verified design of a processor chip is not fully secure
after it is manufactured.

* Small TCB Assumption—Code bloat and expansion of features present in secure proces-
sor architectures means that the TCB size keeps increasing.

* Open TCB Assumption—Proprietary code running on embedded security processors is
one example of how the operation of the TCB is not open and exemplifies security through
obscurity that can lead to attacks.
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* No Side-effects Assumption—State in functional units is often not cleaned up properly,
or there is processor state that was not considered (and thus not cleaned up) which leads to
one piece of software being able to impact another; and this leads to side-channel attacks.

* Bug-free Protected Software Assumption—In practice, software running in TEE may not
be verified or may contain bugs due to imported code modules.

* Trustworthy TCB Execution Assumption—Few, if any, architectures actually provide
means to monitor the TCB execution, thus there is little information available to vali-
date that TCB is trustworthy.

* Unique of Root of Trust Key Assumption—Most designs leverage keys burned in by the
manufacturer, with little information about how manufacturer prevent others or them-
selves from cloning same key in multiple processors.

* Protected Root of Trust Assumption—For designs that leverage keys burned in by the
manufacturer, little information is available on how the manufacturers actually protect

the keys.

* Fresh Measurement Assumption—TOC-TOU attacks and no continuous measurement
mean that measurements of the TCB or TEE may not be fresh in practice.

* Encrypted, Hashed, and Oblivious Access Memory Assumption—Lack of encryption,
hashing or ORAM due to performance constraints means that data going oft-chip to
memory may be open to attacks, especially due to attackers observing access patterns.

* Protected Inter-processor Communication Assumption—Again, lack of encryption,
hashing, or ORAM due to performance constraints means that communication can be
vulnerable to attacks on confidentiality, integrity or access pattern observation.

* Side-Channel Free TEE Assumption—Lack of side channel protections or improper
clean up of processor state means that there are possible side channels among TEE soft-
ware and also the untrusted software.

* Verified TCB Assumption—Complexity of the TCB, and also the fact that it is com-
posed of hardware and software parts, means it is very difficult to formally verify and few
architectures today contain any formal security verification.

* Verified TEE Software Assumption—Small software running in a TEE is more likely
to be verified, but constant code bloat makes the assumption hard to keep as the TEE
software gets bigger and bigger.
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10.4 PITFALLS AND FALLACIES

When designing secure processor architectures, researchers and practitioners may encounter
some common pitfalls and fallacies. While it is hard to make an exhaustive list, below are some
situations researchers and practitioners should pay attention to.

Pitfall: Security through Obscurity. The well-known idea of security through obscurity
can lead to potential attacks and undermine the security of a processor architecture. There are
numerous examples of designers hoping they are more clever than attackers, which have led to
publicized security failures, e.g., [44]. It may be tempting to try to design custom-made crypto-
graphic algorithms or protocols, e.g., to save on power or to improve performance of the system.
Practice shows, however, that such custom cryptographic solutions often fail, and designers
should stick with the true and tested ciphers such as AES for symmetric key cryptography or
RSA for public key cryptography. Note, however, that even the true and tested ciphers should
be used with care, especially with increasing concerns about quantum computers, post-quantum
cryptographic algorithms should be considered, once they are standardized. Avoiding security
through obscurity is also related to the idea behind Kerckhoffs’s principle: security of a crypto-
graphic system should only depend on the secret key, and not any secret designs of the system
itself. This idea also applies beyond cryptographic algorithms or protocols, to any part of a secure
processor design. Any hidden or secret functionality, often obfuscated or hidden due to intel-
lectual property protection reasons, can be a source of vulnerability. Relying on hidden code or
hardware design for any aspect of a secure processor design is a dangerous approach that should
be avoided.

Fallacy: Assuming Hardware is Immutable. One of the motivations behind moving se-
curity features to hardware is that hardware is immutable, and thus more difficult for an attacker
to probe or modify. This is true, mostly. As more and more functionality is moved to hard-
ware, many features can be realized by software. Already, some secure processor designs include
embedded processors, within the main processor, which are responsible for running security re-
lated code. Thus, the “hardware” features are simply code running on a processor that is, ideally,
properly isolated from the rest of the actual processor. Now if this code can be modified, then
the immutable aspect of the “hardware” is lost, opening potential attack vectors onto the secure
processor design. The motivation, however, for adding some software to do what is assumed to
be hardware’s job can still be valid: as the complexity of the operations increases, creating custom
state machines and actual hardware modules can be time-consuming and complex.

Designers should not force themselves to add all security features in hardware. They should
be clear about which features are indeed in the immutable hardware logic gates, and which are
implemented as code or microcode running on some embedded processor. Another aspect that
architects should also consider is that hardware is composed of different physical pieces can be
potentially modified by changing one of the pieces. One example here may be DRAM memory,
which is separate from the main processor: both processor and memory may be designed to be
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secure, but one can easily swap in and out different memory modules, so the whole system has
to protect against some pieces being replaced or modified.

Pitfall: Wrong Threat Model. The choice of a threat model is inherently a subjective
decision. There is no perfect threat model. While it is important to make arguments about threat
models, researchers and practitioners should distinguish attacking threat model vs. attacking
the design. Especially, it may be possible to find a flaw with a threat model, and demonstrate
an attack against the system under a threat that it was not originally designed for. In this case,
the new attack is valid because the attacker found or designed, hopefully, reasonable new threat
model that should be considered. Meanwhile, the original design is still correct, as it was not
meant to protect against the original threat model, so the new attack is null when considering
the modified threat model. When a flaw is found with a design, the attackers should clarify if
they are attacking the design, or really if they are disputing the original threat model. At the
same time, designers should acknowledge shortcomings of their threat models, and update the
architectures if a new, better threat model is found.

Pitfall: Outdated or Custom Crypto. Already mentioned as part of the first pitfall, but
worth highlighting again, both custom cryptographic protocols and algorithms should not be
used in a secure processor architecture. Architecture design is already a complex process, and
adding another layer of complexity, the unverified cryptographic protocols or algorithms only
makes the design less reliable. The designers should, however, ensure that when new crypto-
graphic standard is developed and agreed upon, the design is updated to use it. For example,
DES has been superseded by AES, so secure processor designs should not use DES anymore.
If or when a standard cipher such as AES or RSA is superseded, the secure processor design
should be updated accordingly. Moreover, as updating hardware is expensive, use of known-
good cryptographic algorithms ensures that the processors are likely secure for many years to
come and do not require sudden replacement due to a flaw in the algorithm.

Pitfall: Ignoring Side Channels. New side-channel attacks, as well as covert-channel
attacks, are discovered each year. While side-channel attacks have much less bandwidth than
other types of attacks, they can still be used to steal cryptographic keys, which maybe sufficient
to undermine security of a system. Addressing side channels is costly, often requires a redesign
and a performance degradation of the system. Nevertheless, with move to cloud computing
(where many mutually-untrusting users may share same computer and be exposed to software-
based attacks) or Internet-of-Things (where low-cost devices with few security features may be
exposed to physical attacks), there is need to consider, and protect against side- and covert-
channel attacks.

Pitfall: Incorrect Hardware Abstractions. Use of abstraction, such as having the ISA
as the hardware-software interface, helps to design and reason about operation of the system.
However, when the abstraction does not match how the real device or hardware behaves, then
security attacks are possible. Many security attacks can be attributed to use of wrong abstractions,
or abstractions not matching reality. Coldboot [86] or Rowhammer [117] attack, for example,
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exemplify how most computer architects assumed that data in DRAM is volatile and is lost
immediately after power is turned off, or that the only way to modify some data in particular
DRAM address is to explicitly write to to that address, respectively. Meanwhile, for both of
the attacks, physical properties of the hardware differed from the abstract view of DRAM, and
allowed these attacks to happen. In the processor chip itself, attacks such as Spectre [120] and
Meltdown [138], for example, exemplify how at the ISA level there is assumption that there
are no visible state changes if instructions executed through speculative execution are invali-
dated. Meanwhile, at the microarchitecture level, speculative execution was shown to modify
the processor cache state, and that state was not cleaned up. Designers should ensure the ab-
straction they use matches the real hardware, and if needed new or extended abstractions should
be designed. Especially, it is important to expose security-related behavior of the system in
the abstraction.

Fallacy: Assuming a System if Fully Secure. It is unlikely that a practical implementation
of a system will ever be fully secure. Even if the design is fully correct, then there are issues of
implementation and physical realization of the system. Also, even if the designer is confident
that there are no flaws, a clever attacker can often find a way around—attacker only needs to find
one way into the system, while the defender has to protect from all the possible attacks he or she
can think of. In addition, if formal verification is used, it is likely impossible to prove absence of
any attack. Bearing this in mind, architects should assume that a system will be attacked. Some
consequences are that devices should not share same, hard-coded cryptographic keys, lest one
of them is compromised, or that continuous attestation should be used and it may help detect
attacks, rather than doing attestation only once at system startup.

Pitfall: Ignoring Security as Primary Design Objective. Often, performance, area, and
energy are the primary design targets for a processor architecture. This can lead to design choices
that may sometimes undermine security. Most prominent examples of where security issues can
arise from prioritizing other design choices include the variety of timing side-channel attacks.
For example, the processor hardware is shared among different programs (to save area), but this
leads to contention-based attacks, or processor state is lazily cleaned up (to improve perfor-
mance), but this leads to data leakage through registers that are not cleaned up. Performance,
area, and energy should be considered, but not independent of security. Zero-overhead security
is something that should still be strived for, and perhaps one day will be achieved.

Pitfall: Code Bloat. Most of the secure processor architectures are designed such that
they protect some code and data. This to-be protected code and data is assumed to be itself
secure. To help ensure that the protected code and data is secure, one approach is to minimize
it, just as one wants to minimize the TCB. However, over time, there is code bloat. Once system
designers discover the benefits of some new security feature, e.g., Intel's SGX, they are enticed
to put more and more code to execute inside the protected environment. Eventually, while SGX
may work, it is not possible to ensure that the code inside the SGX enclaves is correct. Code
bloat can also affect the secure processor’s hardware and software. As users demand more and
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more options, the complexity of the TCB grows. This in turn increases the size of the hardware
and software code, leading to bugs, and many have been discovered in commercial products.

10.5 CHALLENGES IN SECURE PROCESSOR DESIGN

The research area of computer architecture and security is quickly evolving. Nevertheless, there
are a number of challenges, listed below in alphabetical order, that are recurring over the years.
Understanding these challenges and addressing them could help in design of better secure pro-
cessor architectures of tomorrow.

Attack Recovery. Recovering from, or responding to, an attack is an open challenge.
The easiest solution in secure processor architectures has been to halt or shut down the system.
However, such action may not be feasible in real-life deployments, e.g., if a secure processor
is part of a self-driving car it cannot simply stop working when there is an attack. Degrading
system performance is one option. However, in general, the practical issue of what to do after
an attack is detected is an open research challenge.

Concurrency. Use of many processor cores, or even speculation mechanisms in a single
core, means that reasoning about timing of different events is difficult. Especially, security checks
need to complete before data is accessed; or if speculative actions were taken, all side-effects of
such actions need to be removed in case of failed security checks.

Data Remanence. Data retention, or unexpected existence there of, can cause problems
for secure processor designs. One of the well-known attacks is the Coldboot attack where re-
searchers proved that DRAM memories can retain data for a long time, even after removed
from the computer. This showed dangers that potentially sensitive data, through to disappear
once computer is powered off, was able to be accessed. More recently, non-volatile memory,
NVRAM, is a growing trend in computer architectures, which also leads to data retention re-
lated issues: data does not disappear when system is turned off. The intended, or unintended,
persistence of data means that encryption needs to be used to secure the data in case it is not
deleted at some expected time.

Key Management. Management of cryptographic keys is always a difficult challenge.
Often, academic publications omit it, as it requires considering many more components than
just the secure system, e.g., manufacturer, other systems, etc. Nevertheless, this is often the weak
point, or at least potentially something that prevents the system from being deployed in real life.

Threat Models and Economics. The economic part of security is often a hidden topic
in area of architecture security. Meanwhile, security is really about economics. Why assume
that physical attack is not feasible while software attacks are okay? Such questions about the
threat model often can boil down to some implied assumptions about how many resources and
money the attacker would, or would not, use to break a system. If it is valuable enough, the
attacker’s resources could be huge and most defenses will fail. Understanding and motivating

architecture security work in economic terms could perhaps help better define existing threat
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models. Moreover, risk assessment and risk management can help teach architects about how
to designs systems and what threats to expect.

Time of Check to Time of Use. The so-called TOCTOU attacks are a large class of
problems relating to attestation. The difficulty of these problems is that at the time of check
when some attestation information is gathered a system is operating correctly and not under
attack; meanwhile, by the time the attestation information is actually used, the time of use, the
system has been compromised—this is not easily discovered as the attestation information is
from the time of check, which has already passed. In general, attestation information is gathered
at system startup, when it is easy to reason about what is the correct initial state. However, as
the system runs, it changes it state and defining a correct state at any point in time is difficult.
Active, run-time protections and attestation are one possible solution.

Usability. If a feature is not user-friendly, or difficult to use, people will find a way around
it, or not use it at all. One such challenge is with attestation: it is easy to generate a hash of
the code, however, conveying to users why certain hash value, a random looking string of digits,
is good and another, also random looking string, is not, is difficult. Even if users agree on the
known-good values, any small change to software changes the hash, so practically updating
the system is not possible as the number of hashes to be managed grows quickly over time.
Considering users, and how easy the system is to use in practice is important. A related issue is
of compatibility, and whether code has to be modified or re-compiled. Many excellent research
ideas may not get deployed quickly, or at all, if they necessitate too many changes to deployed
systems. There is a tradeoff between how many security features one can add, e.g., using a clean-
slate approach, and the effort to get such a system to be deployed in practice.

10.6 FUTURE TRENDS IN SECURE PROCESSOR DESIGNS

While predicting the future is fraught with danger, there are some near- and long-term research
directions that may be interesting for computer architects to consider.

Homomorphic Encryption. Practical homomorphic encryption is always few years away,
but steadily it is getting nearer practice. It could be a big change in design of secure processor ar-
chitectures. Especially, there is no longer need to trust the manufacturer. Performance, however,
remains the main hurdle in actually implementing it in commodity processors.

System Designs Leveraging TEEs. With the recent deployment of trusted execution
environments such as Intel's SGX, AMD’s SEV, or ARM’s TrustZone, there are actual secure
processors designs people can use. There is a shift now toward more development of system
software and applications that leverage these hardware features. Already, conferences or work-
shops dedicated to SGX-related software exist. Meanwhile, architects should observe the needs
of the software and large systems, that use the secure hardware as one of many building blocks,
to explore what new features can be used to help the system design. Focusing on just the secure
processor architectures may no-longer be sufficient, rather the focus may shift to larger system

design, were the processor is just one of the components.
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Heterogenous Systems. Traditionally, secure processor designs have focused on just the
processor (and the memory subsystem that often uses external DRAM chips). Today’s comput-
ers, however, are more and more heterogenous. Most systems include GPU and now FPGA
chips. Protections offered by the secure processors will need to be extended to consider GPUs
and FPGAs, and how to provide confidentiality and integrity protection to software and hard-
ware designs that span code running on CPU, GPU, with custom logic that is being constantly
reconfigured in the FPGA fabric.

Quantum Computers. Always few years away, but always getting closer to reality, quan-
tum computers offer a promise and challenge for secure processor architectures. On one hand,
new processing will be designed around quantum computers. Early work is today already ex-
ploring how to design processor architectures for quantum computers. Such quantum computer-
based architectures will naturally evolve to include security. Designers should learn from classical
architectures (e.g., about issues such as side-channel attacks) and aim to prevent them already
in early days of designing quantum computer based architectures. On the other hand, quantum
computers are known to be able to break certain cryptographic algorithms. Thus, secure pro-
cessor designers (and especially industry) need to ensure that cryptographic algorithms used are
sufficiently strong; computer manufactured today will be in use for many years, and practical
quantum computers may come online in that time-frame.

Physically Uncloneable Functions. Leveraging unique physical hardware features due
to manufacturing differences has emerged as important research area in hardware security. The
so-called PUF, extract a hardware fingerprint (not to be confused with hash functions and the
hash values which are also akin to fingerprints), can be used for secure key storage, or even for
random number generation. Architects can leverage the PUFs in the secure processor designs
for these functionalities. The measurement of the physical properties could be, for example, used
to attest the operation of the hardware, and combine it with the software attestation operations.
Already, researchers are exploring aging and means to test how long certain hardware has been
on and running,.

Non-CMOS-based Architectures. Secure processor architectures have been tradition-
ally designed based on CMOS technologies. However, new types of devices (memristor,
terroelectric-based, DNA-based computing, etc.) are being now explored. The secure proces-
sor designers can leverage these technologies to design new and better designs. The properties
of these devices need to be studied to, especially focusing on side channels, to ensure they will
no have some unintended side-effects that can leak information.

10.7 ART AND SCIENCE OF SECURE PROCESSOR DESIGN

Raising the bar for the attackers is what most of the security is about. Anything can be attacked
and 100% security does not exist. But, if the difficulty is high enough, most attacks will fail.
Secure processor architecture design is about developing systems that can protect code and data

executing on a commodity-style processor while protecting from most practical attacks. The art
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of secure processor architecture is about how to pick the threat models and what protections to
offer, while the science is about what algorithms and hardware (and software) modules to use
to implement these protections efficiently without sacrificing too much performance, power, or
area of the processor. It is hoped that through learning about the secure processor architectures
and the principles for designing them, the readers have gained some insights into the art and
science of secure processor design.
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BOOK’S WEB PAGE

Online recourses related to this book are available at: caslab.csl.yale.edu/books. The web
page provides information on book updates, tutorials relating to secure processor architectures
and design, and other books or book chapters written by the author.
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