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The rapid proliferation of Internet of Things (IoT) devices has introduced
significant security challenges, particularly in authentication and device
identity management. Resource-constrained microcontrollers such as the
ESP32 are widely adopted due to their low cost, integrated connectivity, and
flexibility, but they remain vulnerable to physical attacks, firmware cloning,
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and credential theft. This review paper examines software-defined,
hardware-assisted secure authentication frameworks for ESP32-based IoT

assisted security, devices. It surveys existing authentication mechanisms, evaluates ESP32’s

software-defined security. built-in hardware security features, and analyzes how software-defined

security architectures can leverage hardware primitives to enhance trust,
e-ISSN: 2455-6491 scalability, and resilience. The paper identifies open research challenges and
highlights future directions for secure authentication in large-scale IoT
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1. INTRODUCTION intelligent transportation, and smart city

infrastructures. Billions of interconnected
The Internet of Things (IoT) ecosystem has

witnessed rapid and continuous growth in
recent years, transforming a wide range of
application domains including smart homes,
industrial automation, healthcare systems,

devices now collect, process, and exchange
sensitive data, making security a fundamental
requirement rather than an optional feature.
Among the wvarious security concerns,
authentication plays a critical role, as it
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ensures that only legitimate and trusted
devices are allowed to access networks,
services, and resources within an IoT
environment. Traditional software-only
authentication mechanisms, which are
commonly used in conventional computing
systems, often prove inadequate when applied
to IoT devices. These devices are typically
constrained by limited processing power,
memory, and energy resources, which restrict
the use of computationally intensive security
algorithms. In addition, IoT devices are
frequently deployed in wunattended or
physically accessible environments, making
them more vulnerable to attacks such as
firmware tampering, credential extraction,
and device cloning. As a result, relying solely
on software-based security solutions can
expose loT systems to significant risks. The
ESP32  microcontroller, developed by
Espressif Systems, has become one of the most
widely adopted platforms for IoT development
due to its low cost, integrated Wi-Fi and
Bluetooth connectivity, and rich peripheral
support. Its popularity across both consumer
and industrial applications, however, also
makes it an attractive target for adversaries
seeking to exploit common vulnerabilities at
scale. While the ESP32 includes several built-
in hardware security features, effectively
leveraging these capabilities requires careful
system design and integration. In this context,
the combination of hardware-assisted security
mechanisms with software-defined
authentication frameworks has emerged as a
promising approach for strengthening device
identity, trust, and resilience against attacks.
By using hardware-based protection for
sensitive operations such as key storage and
cryptographic processing, while maintaining
flexible and configurable authentication logic
at the software level, it is possible to achieve a
balanced solution that is both secure and
practical.

2. BACKGROUND AND MOTIVATION

A. IoT Authentication Challenges

Resource constraints: Limited CPU, memory, and
power restrict the use of complex cryptographic
algorithms.

Physical exposure: Devices may be deployed in
untrusted environments, enabling side-channel or
invasive attacks.

Scalability: Large-scale deployments require
efficient provisioning and lifecycle management.

Credential management: Storing secrets in
firmware or flash memory increases the risk of
extraction

B. E SP32in loT Ecosystems

The ESP32 is a dual-core microcontroller
featuring:

e Integrated Wi-Fi and Bluetooth

e Hardware cryptographic accelerators

e Secure boot and flash encryption

¢ Random number generator (RNG)
Despite these features, many deployments
underutilize hardware security, relying instead on
static keys or cloud-based authentication alone.

Software-

Feature Software- Hardware- | 5ogned 4
Only Assisted

Hardware
Resistance to Low Medium- Hiah
Key Extraction High g
Scalability Medium Medium High
Cost Low Medium Medium
Flexibility High Low High
Lifecycle . o
Management Limited Limited Strong
Table 1: Comparison of security implementation

approaches

3. HARDWARE SECURITY FEATURES OF ESP32

A. Secure Boot

Secure boot ensures that only authenticated and
integrity-verified firmware is executed during
device startup. The ESP32 verifies the digital
signature of the bootloader and application
firmware using a root-of-trust key permanently
stored in on-chip eFuses. This mechanism prevents
unauthorized firmware modification, rollback
attacks, and execution of malicious code, thereby
establishing a trusted execution environment from
the initial boot stage.

B. Flash Encryption

Flash encryption transparently encrypts firmware
and sensitive data stored in external flash memory
using hardware-managed cryptographic keys. This
feature protects critical assets such as
cryptographic keys, authentication credentials,
and proprietary application logic from offline
extraction and physical attacks. Since encryption
and decryption are handled by dedicated
hardware, the process incurs minimal
performance

C. Hardware Cryptographic Accelerators

The ESP32 integrates dedicated hardware
accelerators to support common cryptographic
algorithms, including:
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e AES
e RSA
e SHA
e HMAC

These accelerators significantly reduce
computational overhead and power consumption
compared to software-only implementations.
Moreover, hardware execution improves
resistance to timing and side-channel attacks by
providing consistent execution behavior and
isolating cryptographic operations from general-

purpose processor resources.

D. True Random Number Generator (TRNG)

The ESP32 includes a hardware-based true
random number generator that derives entropy
from physical noise sources. This TRNG enables
secure generation of cryptographic keys, nonces,
and session identifiers, which are critical for
secure authentication and key exchange protocols.
High-quality randomness strengthens overall
system security by preventing predictability in
cryptographic operations.

4. SOFTWARE-DEFINED AUTHENTICATION
FRAMEWORKS

A. Concept of Software-Defined Security

Software-defined security (SDS) is a paradigm that
abstracts and decouples security mechanisms
from wunderlying hardware implementations,
allowing security policies and controls to be
centrally defined, dynamically updated, and
uniformly enforced across heterogeneous systems.
Unlike traditional static security models, SDS
enables programmability, adaptability, and
scalability, which are critical requirements for
modern distributed systems such as the Internet of
Things (IoT). In 10T environments, devices are
often resource-constrained, geographically
distributed, and deployed at large scale, making
manual configuration and device-specific security
management  impractical.  Software-defined
security addresses these challenges by shifting
authentication logic, policy definition, and access
control decisions to centralized cloud or edge
platforms. These platforms can dynamically adjust
authentication requirements based on contextual
factors such as device behavior, network
conditions, or threat intelligence. Atthe same time,
SDS does not eliminate the need for hardware-
based trust. Instead, it complements software
flexibility with device-level hardware trust
anchors, such as secure elements or trusted

execution environments. By leveraging hardware-
assisted security features, software-defined
authentication frameworks ensure that
cryptographic identities and sensitive operations
remain protected against physical attacks,
firmware tampering, and key extraction, thereby
establishing a strong and verifiable root of trust for
each device.

B. Architecture Overview

A typical software-defined, hardware-assisted
authentication framework is composed of multiple
logical layers that collectively provide secure,
scalable, and manageable device authentication.
The major architectural components are described
as follows:

Hardware Root of Trust : The hardware root of
trust forms the foundation of the authentication
framework. On platforms such as the ESP32, this
includes features like secure boot, eFuses, and
built-in cryptographic accelerators. Secure boot
ensures that only authenticated and untampered
firmware is executed on the device, while eFuses
enable permanent storage of cryptographic keys or
configuration data. Hardware cryptographic
accelerators provide efficient and secure execution
of cryptographic operations, reducing
computational overhead and protecting sensitive
material from software-based attacks.

Device Identity Layer : The device identity layer
establishes a unique and non-forgeable identity for
each IoT node. This identity is typically derived
from hardware-bound attributes, such as burned-
in keys or physically unclonable function (PUF)-
based values. By binding device identity to
immutable  hardware  characteristics, the
framework prevents identity spoofing and
unauthorized device replication. The device
identity serves as the basis for all subsequent
authentication and authorization processes.

Authentication Protocol Layer This layer
implements secure authentication mechanisms
that verify the legitimacy of both the device and the
network entity. Common approaches include
mutual authentication using digital certificates,
token-based schemes, or lightweight challenge-
response protocols optimized for constrained
devices. Mutual authentication ensures that
devices authenticate the server or gateway in
addition to being authenticated themselves,
thereby mitigating man-in-the-middle and
impersonation attacks.
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Control and Policy Layer : The control and policy
layer resides in the cloud or at the network edge
and is responsible for defining, enforcing, and
updating authentication policies. This layer
enables centralized management of security rules,
such as credential validity, access privileges, and
trust levels. Policies can be dynamically adjusted
without requiring firmware changes on the
devices, allowing rapid response to emerging
threats or operational changes.

Lifecycle Management : Lifecycle management
encompasses the entire operational lifespan of an
IoT device, including secure provisioning,
credential rotation, firmware updates, and
decommissioning. Secure provisioning ensures
that devices are authenticated and enrolled into
the system before deployment. During operation,
secure update mechanisms maintain device
integrity, while decommissioning processes
revoke credentials and prevent compromised or
retired devices from accessing the network.
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Figure 1:Software-defined, hardware-assisted
secure Authentication framework for ESP32-
based IOT devices.

5. AUTHENTICATION TECHNIQUES FOR
ESP32 10T DEVICES

A. Certificate-Based Authentication

X.509 certificates stored in encrypted flash
memory enable strong identity verification but
introduce memory and management overhead.

B. Key-Based Challenge-Response
Hardware-stored symmetric or asymmetric keys
are used in challenge-response protocols,
minimizing exposure of secrets.

C. Token-Based Authentication

Tokens (e.g., JWT) are generated after initial
hardware-backed authentication and used for
session management.

D. Physical Unclonable Function (PUF)-Inspired
Approaches

Although ESP32 does not natively support PUFs,
researchers have explored deriving unique device
identities from hardware variations combined
with

Certificate
based

Figure 2 : Authentication Techniques for ESP32
IoT Devices

6. SECURITY ANALYSIS AND
COMPARATIVE
A. Enhanced Resistance to Firmware and ldentity-
Based Attacks.

The integration of software-defined control with
hardware-assisted security mechanisms
significantly enhances resistance against firmware
tampering and identity-based attacks in IoT
systems. Traditional loT security approaches often
rely on static credentials or purely software-based
authentication, which are vulnerable to firmware
modification, key extraction, and device cloning. In
contrast, the proposed framework establishes a
multi-layered defense model that combines
immutable hardware trust anchors with centrally
managed, software-defined au Firmware
tampering attacks, in which adversaries attempt to
modify or replace device firmware to gain
unauthorized control, are effectively mitigated
through the use of a hardware root of trust.
Features such as secure boot on the ESP32 ensure
that only cryptographically signed and verified
firmware images are executed during device
startup. Any unauthorized modification to the
firmware is detected during the boot process,
preventing compromised devices from operating
within the network. Additionally, hardware-
enforced key storage using eFuses protects
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cryptographic material from extraction, even in
the presence of physical access or advanced
software attacks. thentication policies. Identity-
based attacks, including device cloning and
impersonation, pose a critical threat in large-scale
IoT deployments. The proposed architecture
addresses these threats by binding device identity
to unique, hardware-derived cryptographic
credentials. Since these credentials are generated
and protected within the hardware root of trust,
they cannot be duplicated or transferred to
another device. As a result, cloned devices lacking
the original hardware characteristics are unable to
authenticate successfully, effectively preventing
unauthorized network access. The software-
defined control layer further strengthens security
by enabling centralized monitoring, policy
enforcement, and dynamic response to detected
anomalies. Authentication rules and trust levels
can be updated in real time without requiring
device-side firmware changes, allowing rapid
mitigation of emerging threats. For example,
compromised or suspicious devices can be
immediately revoked or isolated through policy
updates at the cloud or edge layer.

7. OPEN CHALLENGES AND RESEARCH
DIRECTION

A. Provisioning Complexity

Secure device provisioning remains a critical
challenge, particularly during initial key injection
and device onboarding. Although hardware-
assisted key storage and cryptographic
accelerators enhance security, the initial
establishment of trust still depends on secure
manufacturing, distribution, and enrollment
processes. In large-scale 10T deployments,
ensuring that each ESP32 device is provisioned
with unique and uncompromised credentials
without  manual intervention  introduces
operational complexity. Future work should
explore automated and scalable provisioning
mechanisms, including secure factory provisioning
workflows and decentralized identity-based
onboarding approaches.

B. PUF Support Limitations

Physical Unclonable Functions (PUFs) are widely
regarded as an effective mechanism for
establishing intrinsic hardware identity. However,
the lack of native PUF support in ESP32 devices
limits the ability to derive device-unique secrets

directly from hardware variations. As a result, the
framework must rely on stored cryptographic
keys, which, although protected, do not offer the
same level of inherent uniqueness as PUF-based
solutions. Future research may investigate
lightweight PUF emulation techniques using
existing ESP32 hardware characteristics or hybrid
approaches that combine software-based
uniqueness with hardware-assisted protection.

C. Secure Over-the-Air Update Challenges

Over-the-air (OTA) firmware updates are essential
for maintaining device security and functionality
throughout the lifecycle of IoT deployments.
However, OTA mechanisms also introduce
potential attack vectors if not carefully designed.
Ensuring firmware authenticity, integrity, and
rollback protection without increasing
computational or memory overhead remains a
challenge for resource-constrained ESP32 devices.
Future enhancements should focus on
strengthening secure boot chains, incorporating
hardware-enforced version control, and formally
verifying OTA update processes to prevent
downgrade and injection attacks.

D. Lack of Standardization

The absence of unified and widely adopted
standards for hardware-assisted authentication in
IoT ecosystems presents interoperability and
deployment challenges. Existing solutions often
rely on vendor-specific implementations, limiting
portability across platforms and complicating
system integration. Standardized frameworks and
interfaces would facilitate broader adoption and
simplify cross-vendor interoperability. Future
efforts should align with emerging IoT security
standards and contribute to the development of
common specifications for hardware-assisted
authentication mechanisms.

CONCLUSION
This paper presented a Software-Defined
Hardware-Assisted Secure Authentication

Framework tailored for ESP32-based IoT devices.
By combining software-defined control with the
built-in hardware security features of the ESP32
platform, the proposed framework achieves strong
authentication guarantees while maintaining
flexibility, scalability, and ease of use. The
abstraction of hardware-assisted security
mechanisms through software-defined interfaces
enables secure authentication to be implemented

© International Journal of Advanced Innovative Technology in Engineering 78



Chandrakant Kothare et. al., International Journal of Advanced Innovative Technology in Engineering, 2026, 3(1), PP 74-79

without increasing development complexity or
requiring specialized hardware expertise. The
framework effectively addresses common IoT
security threats such as firmware tampering,
device cloning, and impersonation attacks by
leveraging secure key storage, hardware-based
cryptographic  operations, and controlled
software-defined policy enforcement.
Furthermore, the modular architecture supports
secure provisioning, automated device
onboarding, and post-deployment updates,
making it suitable for large-scale and long-term
IoT deployments. Overall, the proposed approach
demonstrates that integrating software-defined
techniques with hardware-assisted security can
provide a practical and robust authentication
solution for resource-constrained IoT devices.
Future work will focus on extending the
framework to support additional ESP32 variants,
evaluating performance under large-scale
deployments, and integrating emerging post-
quantum and zero-trust authentication
mechanisms to further enhance system resilience.
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