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Abstract-

Firmware security is a critical aspect of modern computing, as firmware serves as a crucial bridge
between hardware and higher-level software. However, firmware is often overlooked and can be
susceptible to various challenges and vulnerabilities that threaten the security of embedded systems. This
survey paper presents an in-depth exploration of firmware security, encompassing the challenges faced in
securing firmware, common vulnerabilities prevalent in firmware code, and effective mitigation strategies
to safeguard against potential threats. We delve into the intricacies of firmware analysis techniques,
secure boot mechanisms, hardware-based security, and firmware update processes to address the
vulnerabilities present in firmware. Furthermore, we discuss the importance of continuous monitoring,
threat modelling, and best practices to enhance the overall security posture of firmware-based systems.
The paper aims to serve as a comprehensive resource for researchers, practitioners, and industry
professionals interested in comprehending the multifaceted landscape of firmware security and taking
proactive measures to safeguard their embedded systems.
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I. INTRODUCTION
Embedded systems play an increasingly vital role
in modern technological landscapes, powering a
wide array of devices and critical
infrastructure. Firmware, the embedded software
that facilitates communication between hardware
and higher-level software, forms the foundational
layer of these systems.
However, firmware security is often overlooked,
leaving devices vulnerable to potential cyberattacks
and unauthorized access. As attackers increasingly
target firmware for exploitation, it becomes
imperative to comprehensively address the
challenges and vulnerabilities inherent in this
critical component.
I.LA. Background and Significance of Firmware
Security
Firmware security has gained prominence due to
the rising number of cyber threats targeting
embedded systems. The potential consequences of
firmware breaches are far-reaching, including
device malfunction, data theft, system compromise,
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and even physical harm in certain sectors like
healthcare and industrial automation.

1.B. Objectives of the Survey

The primary objective of this survey paper is to
provide a comprehensive analysis of firmware
security, outlining the challenges, vulnerabilities,
and potential threats faced by embedded systems.
By examining the various attack vectors and
prevalent firmware vulnerabilities, this survey aims
to raise awareness of the critical need for robust
firmware security measures.

Il. FIRMWARE ANALYSIS TECHNIQUES
Firmware analysis plays a pivotal role in
identifying potential vulnerabilities and security
weaknesses within embedded systems. This section
explores various firmware analysis techniques,
each with its distinct advantages and limitations.
I1.A. Static Analysis of Firmware
Static analysis involves examining firmware code
without executing it. By analysing the firmware's
source code or binary, static analysis aims to detect
potential security flaws, unsafe coding practices,
and vulnerabilities. This technique utilizes
advanced algorithms to analyse the code's structure,
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control flow, and data dependencies, identifying
potential buffer overflows, code injection points,
and other vulnerabilities.

11.B.Dynamic Analysis of Firmware

Dynamic analysis, in contrast, involves executing
firmware in a controlled environment to observe its
behavior at runtime. By monitoring the firmware's
actions, interactions with hardware, and network
communications, dynamic analysis can identify
runtime vulnerabilities, memory corruption issues,
and unintended behaviors

I1.C. Hybrid Approaches for Comprehensive
Analysis

To address the limitations of individual analysis
techniques, hybrid approaches combine static and
dynamic analysis. By integrating the results from
both methods, researchers can gain a more
comprehensive understanding of firmware security.
Static analysis can be used to guide dynamic
analysis, identifying interesting code paths to
explore during runtime analysis.

11.D. Challenges and Limitations of Firmware
Analysis

Despite the benefits of firmware analysis, several
challenges and limitations persist. Obfuscation
techniques, commonly employed to hinder
analysis, can obscure critical aspects of firmware
code, making it challenging to identify potential
vulnerabilities.

I11. COMMON FIRMWARE
VULNERABILITIES

Firmware vulnerabilities are potential weaknesses
that can be exploited by attackers to compromise
the security and integrity of embedded systems.
This section examines some common firmware
vulnerabilities that pose significant risks to the
overall security of devices.

111.A.Buffer Overflows and Memory Corruption
Buffer overflows and memory corruption
vulnerabilities occur when a program writes data
beyond the boundaries of allocated memory
buffers. Attackers can exploit this vulnerability to
overwrite adjacent memory regions, potentially
leading to arbitrary code execution or system
crashes. Firmware lacking proper input validation
and bounds checking is susceptible to buffer
overflows, making it crucial for developers to
implement secure coding practices and ensure
robust memory management.
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I11.B. Insecure Authentication and Authorization

Firmware often includes authentication and
authorization mechanisms to control access to
privileged functionalities and sensitive data.
Insecure  authentication practices, such as
hardcoded or weak credentials, can allow
unauthorized users to gain unauthorized access.
Similarly, improper authorization checks may grant
excessive privileges, leading to privilege escalation
attacks.

I11.C. Injection Attacks and Command Injection
Injection attacks occur when untrusted data is
improperly processed, leading to unintended
execution of malicious code. Firmware is
vulnerable to injection attacks, such as SQL
injection and command injection, if it fails to
validate and sanitize user input properly.

I1.D. Insecure Firmware Updates and Boot
Procedures

Insecure firmware update and boot procedures pose
critical risks to the integrity of embedded systems.
Attackers can compromise the firmware update
process to inject malicious code, leading to
unauthorized modifications and potential backdoor
installation. Similarly, insecure boot procedures
may allow attackers to bypass security measures
and gain unauthorized access to the system.

I11.E. Backdoors and Unauthorized Access
Backdoors are intentionally inserted by developers
or attackers to provide covert access to a system.
Unauthorized access through backdoors can be
exploited to execute malicious code, exfiltrate
sensitive data, or launch further attacks.

IV. SECURE BOOT AND CODE SIGNING
Securing the boot process is a fundamental step in
ensuring the integrity and authenticity of firmware
and preventing unauthorized code execution. This
section delves into the importance of secure boot,
the components involved in the secure boot
process, code signing techniques for firmware
authentication, and the limitations and best
practices  associated  with  secure  boot
implementation.

IV.A.IMPORTANCE OF SECURE BOOT

Secure boot is a critical security mechanism that
verifies the authenticity and integrity of firmware
during the system's boot-up process. By
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establishing a chain of trust from the initial
firmware to the operating system, secure boot
ensures that only authorized and properly signed
firmware is loaded and executed. This mitigates the
risk of firmware tampering, malicious code
injection, and  unauthorized  modifications,
safeguarding the embedded system against
firmware-based attacks. Secure boot is a
foundational security measure that establishes a
trusted computing environment, making it
challenging for attackers to compromise the
system's firmware and overall security.

IV.B. Secure Boot Process and Components

The secure boot process involves several key
components that collectively establish a secure
chain of trust.

IV.C. Code Signing Techniques for Firmware
Authentication

Code signing is a key aspect of secure boot that
ensures the authenticity and integrity of firmware
images. Firmware is signed using cryptographic
algorithms, such as RSA or ECDSA, with a private
key held by the firmware developer or
manufacturer.

IV.D. Limitations and Best Practices for Secure
Boot

While secure boot is an essential security measure,
it is not without limitations and challenges. For
instance:

Dependency on Secure Hardware: Secure boot
relies on the integrity of hardware components
involved in the boot process. An attacker with
physical access to the hardware or with the ability
to compromise it may circumvent secure boot
protections.
Key Management: Proper key management is
crucial for secure boot. Safeguarding private keys
and ensuring the authenticity of public keys are
critical aspects of a secure boot implementation.
Firmware Update Mechanisms: Secure boot should
be complemented with secure firmware update
mechanisms. Otherwise, an attacker might exploit
vulnerabilities during the update process to
compromise the system.
V. HARDWARE-BASED SECURITY FOR
FIRMWARE
Hardware-based security solutions offer a robust
and tamper-resistant foundation for protecting
firmware and ensuring the integrity of embedded
systems. This section explores various hardware
security features, trusted platform modules (TPMs),
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and unique hardware-based identities, emphasizing
their significance in safeguarding firmware and
enhancing overall system security.

V.A. Hardware Security Features for Embedded
Systems

Modern embedded systems often integrate
dedicated hardware security features to fortify their
defense against attacks. These hardware security
features encompass a range of capabilities,
including secure boot mechanisms, hardware-based
encryption, secure storage, and cryptographic
acceleration. Hardware security modules (HSMs)
and cryptographic co-processors provide dedicated
hardware for cryptographic operations, ensuring
faster and more secure encryption and decryption.
These hardware-based security features are
essential in establishing a trusted foundation for
firmware execution and secure communication.

V.B. Trusted Platform Modules (TPMs) and
Hardware Roots of Trust

Trusted Platform Modules (TPMs) are specialized
hardware components that serve as hardware roots
of trust. They provide a secure environment for
cryptographic operations, secure key generation
and storage, and secure measurements of the
firmware and system state. TPMs play a crucial
role in establishing the authenticity and integrity of
firmware during the boot process and throughout
system operation. By attesting to the system's
trustworthiness, TPMs enable secure remote
attestation and are a fundamental building block
inestablishing a chain of trust for firmware-based
systems.

V.C. Leveraging Hardware-Based Security for
Firmware Protection

Hardware-based security measures offer significant
advantages in protecting firmware from various
threats, including malware injection, tampering,
and unauthorized access. By employing hardware-
based secure boot mechanisms, firmware integrity
can be verified during the boot process, ensuring
that only authenticated and verified firmware
images are executed

VI. SECURE FIRMWARE UPDATES
Secure firmware updates are essential for
maintaining the security and functionality of
embedded systems throughout their lifecycle. This
section explores the challenges in ensuring secure
firmware updates, the importance of secure over-
the-air (OTA) update mechanisms, techniques for
preventing firmware rollback attacks, and best
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practices for implementing secure firmware
updates.

VI.A. Challenges in Secure Firmware Updates

Securely updating firmware in embedded systems
presents several challenges:

Authentication and Integrity: Ensuring the
authenticity and integrity of firmware updates is
crucial to prevent unauthorized and tampered
updates.

Secure Delivery: Firmware updates must be
securely delivered to prevent interception and
modification during transmission.

Resource Constraints: Embedded systems often
have limited resources, making it challenging to
implement robust cryptographic mechanisms and
secure storage for updates.

Rollback Attacks: Firmware rollback attacks can
exploit vulnerabilities in the update process to
revert to older, potentially vulnerable firmware
versions.

Continuous Monitoring: Continuous monitoring of
firmware updates and validation mechanisms is
necessary to detect and respond to potential attacks
or update failures.

VI.B. Secure Over-the-Air (OTA) Update
Mechanisms

Secure OTA update mechanisms are designed to
address the challenges in securely delivering and
installing firmware updates over wireless networks.
These mechanisms typically include:

Secure Protocols: Utilizing secure communication
protocols, such as TLS/SSL, to encrypt the
firmware update data during transmission and
authenticate the update server.

Code Signing: Cryptographically signing the
firmware update to verify its authenticity and
integrity during installation.

Update Validation: Performing integrity checks on
the update before installation to prevent the
installation of tampered or corrupted firmware.
Secure Boot Integration: Integrating secure boot
mechanisms to verify the authenticity and integrity
of the updated firmware before executing it.
Rollback Protection: Implementing mechanisms to
prevent firmware rollback attacks, such as version
checks and secure counters.

.,ﬁ’

T:::J I l*,\ NS

LS JuH-uI -u'l

VI.C. Secure Firmware Rollback Prevention

Firmware rollback prevention is crucial to ensure
that once a firmware update is installed, the system
cannot revert to an older, potentially vulnerable
version. Techniques to prevent firmware rollback
attacks include:

Version Checks: Storing the version number of the
currently installed firmware and refusing to install
older versions.

Cryptographic Checksums: Storing cryptographic
checksums of the installed firmware and using
them to validate the firmware during boot.

Digital Signatures: Including digital signatures in
the firmware wupdate metadata to prevent
installation of wunsigned or incorrectly signed
updates.

VI1.D. Firmware Update Best Practices

To ensure the security and effectiveness of
firmware updates, the following best practices
should be adopted:

Secure Update Channels: Establish secure channels
for delivering firmware updates, such as encrypted
connections and trusted update servers.

Code Signing and Validation: Digitally sign
firmware updates and perform validation checks to
ensure authenticity and integrity.

Secure Boot Integration: Integrate secure boot
mechanisms to verify the authenticity of the
updated firmware during the boot process.

Rollback Protection: Implement techniques to
prevent firmware rollback attacks, ensuring that the
system stays up-to-date with the latest secure
firmware.

Error Handling: Include robust error handling in
the update process to handle update failures and
prevent system instability.

VII.CONTINUOUS MONITORING AND
THREAT MODELLING
Continuous monitoring and threat modelling are
essential components of a proactive firmware
security strategy. This section discusses the
importance of continuous firmware monitoring, the
process of threat modelling for firmware security,
and the implementation of incident response plans

to effectively address firmware attacks.

VILA Importance of Continuous Firmware
Monitoring

Continuous monitoring of firmware is crucial to
detect and respond to potential security threats and
anomalous behaviour promptly. Unlike traditional
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software, firmware operates at a lower level and is
often more challenging to inspect for security
vulnerabilities and unauthorized changes.

VI1.b>.ThreatModelling for Firmware Security
Threat modelling is a structured approach to
identify ~ potential ~ security  threats  and
vulnerabilities in the firmware.

. The process includes the following steps:

Assess  Vulnerabilities: Evaluate the potential
vulnerabilities that could be exploited by the
identified threats. Consider the impact and
likelihood of successful exploitation for each
vulnerability.

Mitigation Strategies: Develop mitigation strategies
to address the identified threats and vulnerabilities.
These strategies may include secure coding
practices, access controls, cryptographic
protections, and secure update mechanisms.

VIIL.C. Implementing Incident Response Plans for
Firmware Attacks

Despite robust preventive measures, the possibility
of firmware attacks cannot be entirely eliminated.
Therefore, organizations must have well-defined
incident response plans to handle firmware-related
security incidents effectively. Key components of
incident response plans for firmware attacks
include:

Early Detection: Implement monitoring tools and
anomaly detection mechanisms to identify potential
firmware security incidents as early as possible.
Forensic Analysis: Conduct a thorough forensic
analysis of the compromised firmware and affected
systems to understand the nature and extent of the
attack.

Firmware Restoration: If necessary, restore
firmware from trusted backups or use secure update
mechanisms to reinstall the firmware.

VIIl. BEST PRACTICES FOR FIRMWARE
SECURITY

To establish a strong Défense against potential
cyber threats and ensure the resilience of embedded
systems, adhering to best practices for firmware
security is paramount.

VIIIL.A. Secure Coding Practices for Firmware
Development

Secure coding practices are foundational to
building firmware that is robust against security

.,ﬁ’

T:::J I l*,\ NS

LS JuH-uI -u'l

vulnerabilities and attacks. Some essential secure
coding practices for firmware development include:

Input Validation: Validate all user input and
external data to prevent buffer overflows, injection
attacks, and other forms of code injection.

Memory Safety: Implement safe memory
management techniques to prevent memory
corruption vulnerabilities, such as buffer
overflows and null pointer dereferences.

Least Privilege: Adhere to the principle of least
privilege by granting firmware components only
the necessary privileges and access rights to
perform their designated functions.

Code Reviews: Conduct regular code reviews to
identify and address potential security issues,
logical flaws, and coding errors.

Error Handling: Implement robust error handling to
prevent information leakage and ensure that the
firmware gracefully handles unexpected situations.

Secure Communication: Utilize secure
communication protocols, such as TLS/SSL, to
protect sensitive data transmitted between firmware
components and external systems.

VIIL.B. Secure Configuration and Hardening of
Firmware

Secure configuration and hardening involve
configuring firmware settings and features in a way
that minimizes security risks and potential attack
surfaces. Key practices for secure configuration
and hardening of firmware include:

Default Passwords: Eliminate default passwords
and enforce the use of strong, unique passwords
during initial setup.

Access Controls: Implement granular access
controls to restrict privileged functions and limit
access to sensitive areas of the firmware.

Secure Boot and Update Mechanisms: Integrate
secure boot mechanisms and ensure that firmware
updates are cryptographically signed and
authenticated.

Secure Protocols: Use secure communication

protocols for management interfaces and remote
access.
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Secure Key Management: Safeguard cryptographic
keys and certificates used for firmware
authentication and encryption.

VIIl.c.Security Testing and Firmware Validation

Security testing and validation are critical to
assessing the effectiveness of firmware security
measures and identifying potential vulnerabilities.
Some essential practices for security testing and
firmware validation include:

Penetration Testing: Conduct regular penetration
testing to simulate real-world attack scenarios and
identify potential weaknesses in the firmware.

Code Signing  Verification:  Validate the
authenticity and integrity of firmware using code
signing verification during the boot process.

Update Validation: Validate firmware updates to
ensure they come from trusted sources and are not
tampered during transmission.

IX. INDUSTRY STANDARDS AND

FRAMEWORKS
To promote consistency and best practices in
firmware security, various industry standards and
frameworks have been developed. This section
examines firmware security standards and
guidelines, as well as industry frameworks that
provide a structured approach to firmware security
assurance.

IX.A. Firmware Security Standards and
Guidelines

Several organizations have established standards
and guidelines specifically focused on firmware
security. Some notable ones include:

ISO/IEC 15408 (Common Criteria):  This
international standard provides a framework for
evaluating the security properties of IT products,
including firmware. It helps establish the
trustworthiness of firmware through rigorous
evaluation and certification processes.

CIS BenchmarksTheCenter for Internet Security
(CIS)  publishes  benchmarks  for  secure
configuration and hardening of various systems,
including firmware. These benchmarks offer
prescriptive guidance on securely configuring
firmware settings.

Firmware Security Best Practices by OWASP: The
Open Web Application Security Project (OWASP)
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provides a comprehensive list of best practices and
guidance for securing firmware, covering areas like
secure  boot, cryptography, and  secure
communication.

IX.B. Industry Frameworks for Firmware
Security Assurance

In addition to specific standards and guidelines,
some industry frameworks offer comprehensive
approaches to firmware security assurance:

Trusted Computing Group (TCG): TCG provides
open standards for hardware-based security
technologies, such as Trusted Platform Modules
(TPMs) and secure boot mechanisms. These
standards help establish a chain of trust and ensure
the integrity of firmware.

Platform Security Architecture (PSA): Developed
by Arm, PSA is a comprehensive framework for
building secure connected devices. It includes
guidelines, threat models, and security analysis
tools to help device manufacturers implement
robust firmware security measures.

Firmware Security Framework (FSF): The FSF is
an open-source framework that aims to provide a
standardized and structured approach to firmware
security.

Integration of these industry standards and
frameworks into firmware development processes
can greatly enhance the security of embedded
systems and ensure compliance with widely
recognized best practices.

X. FUTURE DIRECTIONS AND

EMERGING TRENDS
The field of firmware security is continuously
evolving to keep pace with the ever-changing threat
landscape and technological advancements. This
section explores some future directions and
emerging trends in firmware security, including
advancements in firmware analysis techniques,
quantum-resistant cryptography, and the integration
of security automation and Al-driven firmware
protection.
X.A. Advancements in Firmware Analysis
Techniques
Firmware analysis techniques are expected to
undergo significant advancements to better detect
and mitigate firmware vulnerabilities.
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X.B. Quantum-Resistant  Cryptography for
Firmware

As quantum computing capabilities advance,
traditional ~ cryptographic  algorithms  may
becomevulnerable to attacks. Quantum-resistant
cryptography, also known as post-quantum
cryptography, is expected to gain importance in
firmware security to ensure the longevity of secure
communication and authentication.

X.C. Security Automation and Al-Driven
Firmware Protection

Automation and artificial intelligence (Al) are
likely to play a key role in enhancing firmware
security. Some emerging trends include:

Al-Driven Threat Intelligence: Al-powered threat
intelligence platforms will continuously analyze
and correlate security data to identify emerging
threats and improve firmware protection strategies.

Al-Based Firmware Behavior Analysis: Al
algorithms that monitor firmware behavior in real-
time can detect and respond to anomalous
activities, mitigating potential threats.

X1. CONCLUSION

In conclusion, firmware security is a
multifaceted discipline that requires a
comprehensive  approach  encompassing
analysis, coding practices, hardware-based
protection, and continuous  monitoring.
Through constant innovation, collaboration,
and proactive measures, firmware security can
be effectively strengthened to safeguard the
integrity and functionality of embedded
systems in an ever-evolving cybersecurity
landscape.
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