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Abstract: The exponential growth of the Internet of Things (IoT) has revolutionized connectivity, generating vast
amounts of data, and introducing significant challenges in security and privacy. Traditional security protocols often
fail to meet the demands of IoT environments due to the limited computational and energy capacities of devices,
as well as the need for scalability and adaptability in dynamic networks. This study evaluates IoT application
protocols to identify those lacking native key-exchange mechanisms and examines the integration of Owl, a
password-authenticated key-exchange protocol, to improve security from the initial stages of communication. By
focusing on lightweight and resource-efficient designs, this research demonstrates how Owl addresses critical
security gaps, reinforces authentication, and ensures robust session establishment in IoT systems. The findings
provide a road-map for incorporating Owl into IoT architectures, offering practical solutions to achieve seamless,

scalable, and secure communication in constrained environments.
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1. Introduction

Currently, the exponential growth of Internet of Things (IoT) networks and their applications
is radically transforming various sectors, from home automation to device monitoring in Industry
4.0. This surge in connectivity brings with it a significant increase in the quantity and variety of data
generated, which poses new challenges in terms of security and privacy. Defining and implementing
suitable security protocols is crucial to protect these data against unauthorized access and to ensure
the principle of security in IoT network architectures [1][2].

Due to the fact that IoT devices often include devices with limited computational and energy
capacities, traditional security protocols may not be suitable or efficient for their implementation in
these environments due to their high complexity. The diversity of applications and devices within IoT
networks demands a flexible and adaptable approach that can meet specific security requirements. This
implies not only the protection of data transmission but also security in data storage and processing,
critical elements for maintaining the trust and continuous functionality of IoT applications.

Despite advances in security technologies, current protocols face significant limitations in the IoT
context. Many of these protocols were not specifically designed for IoT environments and therefore
may not function optimally in networks of low-power devices or with bandwidth limitations. The
need for simplified configuration and management, essential for IoT devices that often lack advanced
user interfaces, presents an additional challenge that can compromise security by not allowing detailed
adjustments or requiring trade-offs between ease of use and security strength. Moreover, scalability is
another significant problem; protocols must be able to adapt efficiently to networks that can rapidly
grow in the number of devices without degrading overall system performance. Most current security
protocols are not designed to efficiently handle the dynamics of a constantly expanding network,
which can result in bottlenecks and failure points that compromise the security of the entire network.
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In this context, Owl presents itself as a promising solution to overcome these limitations by
integrating a password-authenticated key-exchange protocol. Its design focuses on efficiency and low
resource demand, making it ideal for devices with limited capabilities, typical of many IoT applications.
Owl allows two parties to establish a high-entropy session key based solely on a low-entropy shared
secret stored through a one-way transformation, thus significantly reinforcing security in vulnerable
and dynamic environments [3].

The main goal of this article is to evaluate which IoT application protocols natively lack a
key-exchange method to initiate a secure session and to determine how integration with Owl can
reinforce security from the start of the communication session. By doing this, we aim to strengthen IoT
application protocols to natively include defined and secure steps to establish a session through key
exchange, ensuring that security is not only applied as an external layer, but is integrated into the very
structure of IoT communication. The article is structured as follows. Section 2 reviews the state-of-the-
art in IoT security, highlighting protocol vulnerabilities and cryptographic advances. Section 3 defines
the integration criteria for Owl that assess efficiency, security, and scalability. Section 4 presents the
Owl-CoAP integration architecture, detailing key exchange and authentication mechanisms. Section
5 explores the enhancement of entropy to enhance CoAP security. Section 6 evaluates performance
through experimental analysis, measuring computational overhead and authentication latency. Finally,
Section 7 concludes with insight into the strengthening of IoT protocols and future research directions.

2. State of the Art

The security in IoT is undergoing a transformation with the implementation of cryptographic
advances designed to address emerging challenges in critical sectors such as remote healthcare and
automated urban infrastructures. The evolution and adaptation of established protocols, such as
MQTT and CoAP, have been fundamental in this metamorphosis, facilitating the integration of
security as an intrinsic element rather than a subsequent solution. MQTT, in particular, has stood out
by implementing improvements that strengthen authentication and encryption, which is vital in a
landscape where efficiency and security must coexist without mutual compromise. These advances in
security not only increase the resilience of systems against unauthorized access and cyber threats, but
also increase confidence in the adoption of IoT technologies for applications that are essential for daily
life and the well-being of individuals [4].

The progress of MQTT in IoT security reflects the constant evolution and significant advances
in cryptography in this area. In facing the challenge of protecting an increasingly complex and
dispersed network, MQTT has adapted with advanced cryptographic solutions that meet the growing
demands of a diversified IoT environment. In addition, the management of sessions and innovative
authentication techniques based on tokens and digital certificates have increased the level of security
available for IoT applications. These developments have solidified MQTT not only as an efficient
medium of communication but also as a secure standard for the transmission of sensitive data in
critical applications, where a security breach is not an option [5].

Moreover, protocols such as CoAP, employing DTLS, have set a precedent in the secure man-
agement of IoT devices on a large scale. Adaptability is a distinctive characteristic of these solutions,
allowing for precise implementation in various scenarios, from home networks to complex industrial
systems. Zigbee, with its AES encryption and shared key schemes, along with LoRaWAN and Sigfox,
which have developed security solutions specific to low-bandwidth capacity environments, reflect
how security significantly varies depending on the application context. These protocols not only
secure data transmission, but also reinforce the association phase and strengthen the network against
unauthorized access [6].

In the context of Industry 4.0, the implementation of native security in long-range industrial
sensor network protocols is fundamental. Zigbee and LoRaWAN protocols are exemplary in this
regard, having significantly advanced their cryptographic approaches [7].
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Zigbee has enriched its protocol with dynamic key renewal techniques, providing robust defense
against sustained attacks while adapting to emerging threats. On the other hand, LoRaWAN has
integrated unique application keys for each device, favoring an individualized encryption approach
that allows for personalized and flexible security for each node in the network. These developments
are not only reactive but proactive, ensuring that the network is not only resilient to current threats but
also prepared to adapt to the constantly evolving needs and vulnerabilities in the industrial realm. The
integration of these cryptographic capabilities into the intrinsic design of communication protocols
underscores the importance of a solid and adaptable security foundation that is crucial to the success
and sustainability of operations in Industry 4.0 [8].

The convergence of protocols such as NB-IoT, CAT-LTE, and LTE-M represents a milestone in
IoT security, especially with respect to their application in extensive action areas that range from
monitoring critical infrastructures to intelligent resource management. NB-IoT has established itself
as an effective solution for connectivity in vast areas with low bandwidth requirements, with its
standard 3GPP encryption being a critical component for maintaining security in wide-reaching
cellular networks. This protocol is particularly relevant in applications where signal durability and
penetration are essential, such as in the monitoring of public utilities and agricultural sensors [9].

However, CAT-LTE emerges as a favored option in environments demanding higher data transfer
speeds, balancing energy efficiency with high-quality performance. The built-in security of this
protocol addresses the growing concern for cyber risks in sectors such as automotive and telehealth,
where data integrity can have direct implications on human safety and health [10].

LTE-M, with its ability to provide mobility and voice communications, extends to dynamic
applications such as vehicle tracking and real-time fleet management. This protocol optimizes spectrum
use and connectivity on the move, with a focus on security that supports applications requiring low
latency and continuous, reliable communication.

In each of these protocols, security is not an afterthought, but a primary consideration integrated
from the design’s inception. The implementation of robust cryptographic standards and advanced key
management has become indispensable to protect against evolving threats and support the scalability
of IoT networks. These advancements in protocol security reflect a proactive and anticipatory approach,
ensuring that networks are not only secure in the present but are also equipped to adapt to future
challenges in an ever-changing technological landscape.

At the frontier of IoT technology, emerging cryptographic algorithms redefine security and
operational efficiency in the context of Industry 4.0. Innovations such as J-PAKE, OPAQUE, and Owl
are designed not only to meet current demands, but also to be flexible in the face of future challenges
in a constantly changing IoT environment. These technologies represent a qualitative leap in the
way secure communications are established, particularly in contexts where traditional cryptographic
structures might not be applicable [11].

J-PAKE and OPAQUE contribute advanced authentication strategies that preserve user privacy
and the integrity of the process. J-PAKE, using zero-knowledge, avoids the need to transmit secret keys,
maintaining security even when the communication channel’s security is not guaranteed. OPAQUE
further strengthens the authentication process, ensuring that user credentials remain protected against
exposure, even during the authentication process [12].

Owl stands as a revolutionary protocol in IoT security, providing mutual authentication through
a process that uses low-entropy passwords, which is fundamental in low-end devices. In the realm of
PAKE protocols, Owl excels in its ability to generate high-entropy keys from these simple passwords,
allowing parties to authenticate each other securely and efficiently. This technique contrasts with more
computationally expensive authentication methods, such as RSA asymmetric encryption, which is less
practical on devices with limited resources.

Owl provides an efficient alternative in critical scenarios by using the simpler, less demanding
symmetric encryption protocol like PAKE, enhancing IoT protocol robustness and leading new stan-
dards. Its implementation improves proactive defenses and adapts to new vulnerabilities, making these
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protocols central to the next generation of IoT systems, securing diverse environments, from smart
cities to industrial setups. As shown in Table 1, Owl’s approach to key exchange stands out compared
to other IoT security protocols, particularly those that lack native mechanisms for establishing secure
sessions. By addressing these gaps, Owl enhances authentication, scalability, and overall resilience
in constrained environments, providing a lightweight but robust security solution for modern IoT

deployments.
Table 1. Comparison of security protocols in IoT
Protocol ~ Security Efficiency Compatibility ~Communication Key  Scalability Complexity Performance
Ex- in Hostile En-
change vironments
MQTT[13] Basic Authen- High  with  Wide on De- Message-Oriented = No High Low Moderate
tication, Op- Low Band- Vicesand Plat-
tional TLS width forms
CoAP[14]  DTLS, Secure  High in  Specific for Message-Oriented  Yes Medium  Moderate  High
Authentica- Low-Power IoT Devices and RESTful
tion Networks
Zigbee[15] AES-128 En-  Moderate, Low-Power Mesh Network No High Moderate  High
cryption Optimized Devices
for  Sensor
Networks
BLE[16] AES Encryp- High in Per- Common Point-to-Point Yes Low Moderate  Low
tion, EC sonal Devices in Mobile Connection
for Pairing and Health
Devices
LwM2M][17] DTLS, Secure ~ Designed to  Based on  Object Model-  Yes High Moderate ~ High
Authentica- Manage IoT  CoAP, Good  Oriented
tion Devices for IoT De-
vices
LoRa[18] = AES Encryp- HighinLong  Used in Mesh Network- No Very Low High
tion Distancesand  Wide Area  Oriented High
Low Power Networks
(LPWAN)
Thread[19] AES Encryp- High in  WideinSmart Mesh Network, Yes High Moderate  High
tion, IP-Based ~ Low-Power Home Appli- IPv6-Based
Security Networks cations
(6LoOWPAN)
Sigfox[20] ~ Proprietary High for  Optimized Uni-Directional No Very Low High
Encryption Small Mes- for Low- or Limited Bi- High
sages Power IoT  Directional Com-
Devices munication
NB- 3GPP  Stan- High for  Integration Narrow Band for  Yes High Moderate  Moderate
IoT[21] dard Encryp- Small Data  with Existing IoT
tion Volumes Cellular  In-
frastructure
LTE- 3GPP  Stan- High  with  Compatibility — Suitable for Mo-  Yes High Moderate ~ Moderate
M[22] dard Encryp- Capacity for with Existing bile IoT Applica-
tion Larger Data LTE Net- tions
Volumes works
- AES-128 Moderate, Preferred Short-Range Mesh  Yes Medium  Moderate  High
Wave[23]  Encryption, Optimized in Home  Communication
ECDH for for  Smart Automation
Pairing Home  Net-
works
Wi- AES-128 En- High in  Suitable for Mesh-Oriented No High Moderate  High
SUNJ24] cryption Large-Scale Public Service  with IPv6
Mesh  Net- Applications
works
ISA AES-128 En- High in In- Specific for Industrial Wireless  Yes Medium  Moderate = High
100.11a[25] cryption dustrial Envi- Industrial Communication
ronments Applications
Wireless ~ AES-128 En-  Moderate, Usage in Pro-  Robust Communi-  Yes Medium  Moderate  High
HART[26] cryption Specific for  cess Control cation for Process
Instrumenta- Environ- Control
tion ments
NFC[15] Standards- High for Common Near-Field Com- Yes Low Low Moderate
based Encryp- Short-Range in Mobile  munication
tion Transmission ~ Devices and

Payments
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3. Integration Criteria for IoT Protocols in Owl Protocol

To determine the most suitable protocol for integration with Owl, we consider the following
essential criteria:

® Operational Efficiency and Resource Requirements: Prefer a protocol that requires low computa-
tional complexity and is efficient in resource management, especially in IoT environments with
devices with limited capabilities.

¢ Security and Encryption Handling: The protocol’s ability to integrate robust security measures
without complex reconfigurations, using mechanisms such as TLS or DTLS to ensure the protec-
tion of transmitted data.

¢ Adaptability and Scalability: Importance of the protocol being able to handle a large number of
devices and adapt to the expansion and dynamism needs of physical medium access and the IoT
environment.

Now, the careful selection of protocols such as MQTT, CoAP, Zigbee, LoRa, BLE, Z-Wave, NB-IoT,
LTE-M, and Sigfox for integration with advanced systems like Owl is extensively justified by their
strategic adaptation to the specific demands of the IoT industry. These protocols not only stand out
for their unique capabilities, but are also aligned with emerging trends and critical requirements
for robustness, efficiency, and security in various industrial sectors. This alignment ensures that
integration with systems like Owl is not only technically and functionally sound but also strategically
advantageous, maximizing the return on investment and ensuring scalability and security in complex
and evolving IoT environments.

3.1. MQTT

Integration Inefficiency: Although MQTT effectively handles real-time communications, its
dependence on TCP/IP and the need to handle security in multiple layers through TLS may complicate
its integration with systems like Owl that require flexibility in intermittent or dynamic networks.
Furthermore, the centralized broker architecture can be a bottleneck and a single point of failure, which
is not ideal in critical applications that require high availability and distributed security [27].

3.2. CoAP

Integration Challenges: CoAP itself does not define specific methods for session key exchange.
Instead, CoAP can be configured to use transport-level security via DTLS or apply additional security
layers such as digital certificates or preshared keys. DTLS supports various key exchange mechanisms,
including RSA, ECC (Elliptic Curve Cryptography), and PSK (Pre-Shared Keys) [28].

3.3. Zigbee and LoRa

Redundancy and complexity: The robust security implementation in Zigbee and LoRa, especially
AES encryption and network management specific to mesh and LPWAN, may not require the advanced
authentication features offered by Owl, leading to redundancy that could complicate and not improve
the existing infrastructure under the link layer. This could result in additional complexity and resource
overhead without clear benefits [29,30].

3.4. BLE and Z-Wave

Limited Security Enhancement: Since BLE and Z-Wave already have effective security mecha-
nisms for their short-range applications and personal devices, integration with Owl may not provide
significant improvements. BLE employs a pairing process that includes key exchange to establish an
encrypted connection. This is done through various pairing methods such as Just Works, Passkey
Entry, and Out-of-Band (OOB). Regarding Z-Wave, in its Z-Wave S2 version, it includes measures to
ensure that only verified and authenticated devices can join the network, using a process called DSK
(Device Specific Key) to confirm the identity of the devices during inclusion [31,32].
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3.5. NB-IoT and LTE-M

Redundancy in Security Layers: These protocols use robust security layers provided by cellular
network operators, including the use of a SIM card for authentication, specifically designed to meet
telecommunications standards. The integration of Owl could duplicate these security layers, adding
complexity without a proportional increase in protection or functionality, which is inefficient, especially
in terms of energy consumption and network management [33].

3.6. Sigfox

Communication Limitations: Sigfox’s architecture, oriented towards unidirectional or limited
bidirectional transmission of small amounts of data, makes integration with Owl practically unfeasible.
Owl, designed for secure and dynamic authentications, would require a richer bidirectional interaction
that Sig fox simply cannot efficiently support[34].

The diversity in the design of IoT protocols reflects the specificity of each for certain operational
environments, from energy efficiency to geographical extension. Ideally, Owl integration should enrich
existing capabilities without overburdening systems with superfluous technical complexities. This
evaluation indicates that, while several protocols could benefit from integration with Owl in theory,
CoAP stands out as the most optimal candidate. CoAP not only has an architecture that effectively
supports Owl’s signaling but also facilitates registration and efficient management of nodes through
its middleware. This protocol, characterized by its lightweight and efficient nature, and its advanced
security implementation through DTLS, positions it as an ideal complement to Owl, especially in IoT
applications requiring agile and robust security management [34].

3.7. Complementarity of Owl and CoAP

Orientation towards IoT: Both Owl and CoAP are designed for IoT environments. Owl provides a
secure authentication and key-establishing mechanism, while CoAP offers a lightweight application
layer protocol for communication between IoT devices with limited resources. Enhanced security: In-
tegrating Owl with CoAP could significantly enhance security in communication between IoT devices.
Owl can securely handle key exchange and authentication, while CoAP, especially when combined
with DTLS or OSCORE, ensures that data in transit is secured at the application or transport layer.
Interoperability: Using Owl for authentication and key exchange and CoAP for regular communication
between devices, the strengths of both protocols can be leveraged, thus maximizing interoperability
within a diverse IoT environment.

3.8. Integration Considerations

Security Implementation: It will be crucial to correctly implement security mechanisms in both
protocols. For example, ensuring that the key exchange performed by Owl and data communica-
tion through CoAP are protected against external attacks. Resource Management: Although both
protocols are designed to be efficient in resource usage, integration must carefully manage system
resource consumption to avoid overloading IoT devices with limited capabilities. Configuration and
Management: The configuration of the integration between Owl and CoAP should be managed in a
way that simplifies both initial implementation and long-term management, including the update and
renewal of the key and security certificate. Rigorous Testing: It is essential to conduct thorough testing
to ensure that integration is not only secure but also stable and capable of handling anticipated use
scenarios without failures.

4. Integration Criteria for IoT Protocols in Owl Protocol

To determine the most suitable protocol for integration with Owl, we consider the following
essential criteria:


https://doi.org/10.20944/preprints202502.1694.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 February 2025 d0i:10.20944/preprints202502.1694.v1

7 of 24

* Operational Efficiency and Resource Requirements: Prefer a protocol that requires low compu-
tational complexity and is efficient in resource management, especially in IoT environments with
devices with limited capabilities.

® Security and Encryption Handling: The protocol’s ability to integrate robust security mea-
sures without complex reconfigurations, using mechanisms such as TLS or DTLS to ensure the
protection of transmitted data.

¢ Adaptability and Scalability: The importance of the protocol being able to handle a large number
of devices and adapt to the expansion and dynamism needs of physical medium access and the
IoT environment.

By considering these criteria, protocols like MQTT, CoAP, Zigbee, LoRa, BLE, Z-Wave, NB-IoT,
LTE-M, and Sigfox can be evaluated for integration with Owl. Although all of these protocols have
different features, the goal is to identify the one that aligns best with the characteristics of Owl, ensuring
secure, efficient, and scalable communication within IoT environments.

4.1. MQTT

MQTT effectively handles real-time communications, but its dependence on TCP/IP and its
reliance on multiple security layers, such as TLS, can make integration with Owl challenging. The
centralized broker architecture introduces a single point of failure, which can hinder high availability
and distributed security.

4.2. CoAP

CoAP, in its current form, does not define specific methods for session key exchange. However,
CoAP is often used with DTLS or OSCORE to provide secure communication. Its lightweight nature
and REST-based design make it a promising candidate for Owl integration.

4.3. Zigbee and LoRa

Zigbee and LoRaWAN offer robust security implementations: AES encryption, shared key
schemes, and other mesh or LPWAN security features that may make additional enhancements
based on Owl redundant. These protocols already incorporate robust link layer security mechanisms,
which could lead to unnecessary complexity if combined with Owl.

4.4. BLE and Z-Wave

Both BLE and Z-Wave have established security protocols tailored to short-range communication.
BLE uses a pairing process with key exchange methods like Just Works and PassKey Entry, while
Z-Wave 52 employs device-specific keys (DSKs). These built-in mechanisms may diminish the value
of integrating Owl for these scenarios.

4.5. NB-IoT and LTE-M

These cellular-based protocols are based on operator-managed security features, including SIM-
based authentication. Adding Owl could duplicate existing layers, introducing complexity without
significant security benefits.

4.6. Sigfox

Sigfox’s unidirectional or limited bidirectional transmission architecture is not well-suited to
Owl’s dynamic, interactive authentication processes. The limited communication capability of Sigfox
devices does not align with the Owl mutual authentication and key exchange requirements.

5. OWL-CoAP Integration Architecture with Secure Provisioning

The Integration of OWL (Owl: An Augmented Password-Authenticated Key Exchange Scheme) with
CoAP (Constrained Application Protocol) allows a secure and efficient communication solution for
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IoT environments, particularly for resource-constrained devices. This section details the proposed
architecture divided into main components, communication flow, and an analysis of its advantages.
**As shown in Table 2, the integration relies on well-defined security components, including key
provisioning, session management, protocol adaptation, and DTLS-based encryption. The structured
communication flow described in Table 3 ensures secure message transmission, while the advantages
summarized in Table 4 highlight the efficiency, security, and scalability that OWL brings to IoT
networks.**

5.1. Main Components

Table 2. Main Components of OWL-CoAP Integration

Component Description

Key Provisioning Module

* Generates and distributes identifiers derived from public keys

gRFC6920{] ) )
upports URI, binary formats, and human-readable representations.
* Manages Access Control Lists (ACLs) for endpoint permissions.

OWL-CoAP Session Manager

¢ Implements OWL for secure key exchange and session management.
¢ Provides mutual authentication via Zero-Knowledge Proofs (ZKP).
¢ Establishes high-entropy session keys from simple passwords.

CoAP Protocol Adapter
¢ Converts OWL messages into CoAP-compatible formats (URIs, to-
kens).
* Ensures modularity and interoperability with existing deployments.
DTLS Security Layer

J Supgorts lightweight encryption via PreSharedKey (PSK).
¢ Enables certificate-free authentication using RawPublicKey (RPK).
¢ Provides strong authentication with X.509 certificates.

5.2. Communication Flow

Table 3. Communication Flow in OWL-CoAP Integration

Stage Description

Initial Provisioning

¢ Devices receive key materials (Eublic keys, ACLs).
¢ Identifiers are assigned for authentication and access control.

Session Initiation

¢ The client sends identity and parameters via CoAP over UDP.
¢ The server authenticates the client using OWL and establishes a secure
session key.

Secure Message Transmission

¢ CoAP messages are encrypted with OWL-generated session keys.
¢ Middleware validates requests and responses.

Ongoing Session Manage-
ment
¢ DTLS maintains sessions with periodic key and ACL updates.
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5.3. Analysis and Advantages

Table 4. Analysis and Advantages of OWL-CoAP Integration

Aspect Advantages

Enhanced Security

¢ OWL strengthens authentication and prevents identity spoofing.
e DTLS ensures data integrity and confidentiality.

Efficiency in Resource-

Constrained Environments , . o
® CoAP’s UDP-based design minimizes resource usage.

* OWL’s lightweight cryptographic operations optimize perfor-
mance.

Interoperability

¢ CoAP’s modular architecture supports various IoT devices.
* OWL complements CoAP’s REST-based model for scalability.

The integration of the OWL protocol with CoAP and DTLS provides a comprehensive security frame-
work tailored for resource-constrained IoT environments. Using OWL's efficient key-exchange mecha-
nisms and CoAP’s lightweight communication model, this architecture ensures secure, scalable, and
low-overhead authentication and data transmission. The modular design of CoAP, complemented by
the robust encryption options offered by DTLS, facilitates seamless interoperability with existing IoT
infrastructures. Through structured provisioning, efficient session management, and enhanced security
measures, this integration addresses key challenges in IoT security while maintaining optimal resource
utilization. This approach not only mitigates authentication vulnerabilities, but also establishes a
resilient foundation for secure and efficient IoT communications.

6. Entropy Augmentation in CoAP: Enhancing Security Through Optimized Computational
Efficiency

The OWL protocol (Owl: An Augmented Password-Authenticated Key Exchange Scheme) introduces
advanced mechanisms to enhance entropy within the CoAP (Constrained Application Protocol) ecosys-
tem, optimizing the balance between robust security and computational efficiency. This integration is
particularly crucial in IoT and resource-constrained environments, where devices operate with limited
processing capabilities, but demand strong cryptographic protections to prevent unauthorized access
and data breaches. In alignment with the lightweight nature of CoAP, OWL enhances its authentication
and session initiation processes while minimizing computational overhead.

During the registration phase, OWL securely interacts with CoAP to establish initial trust. The
user computes and transmits the derived values based on their credentials, while the server challenges
the user with a zero-knowledge proof mechanism (ZKP) to confirm possession of the secret information
without exposing it. This ensures that sensitive data remain confidential, even in constrained network
conditions typical of CoAP-based deployments. In the log-in phase, the protocol verifies that the
generated session key corresponds to the one derived during registration, allowing secure mutual
authentication within the restricted CoAP message structure.

For password updates, the protocol incorporates enhanced security measures tailored to the
lightweight requirements of CoAP. The process begins with the user initiating a password change
request authenticated through their current credentials. The server issues a new ZKP-based challenge,
ensuring that the user still possesses the original secret without transmitting it over the network. The
user computes a new password-derived value locally, using the existing salt and cryptographic hash
functions, and securely transmits it to the server. The server validates the new credentials against
the existing parameters and, upon successful verification, updates its stored values while securely
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invalidating the old ones. This process ensures that password updates are resistant to interception,
replay attacks, and computational inefficiencies.

Each of these phases, registration, login, and password updates, will be further detailed, with a
focus on their interaction with CoAP and their reliance on cryptographic techniques such as hashing
and zero-knowledge proofs. The seamless integration of the OWL protocol with CoAP ensures a
secure, efficient and lightweight solution for authentication in constrained environments, reinforcing
the integrity and confidentiality of user credentials.

6.1. OWL Registration Process with DTLS in CoAP

The OWL protocol, when integrated with DTLS, provides a robust framework for secure authenti-
cation in CoAP-based systems, particularly in IoT environments with constrained devices. During the
registration process, the OWL leverages cryptographic hash functions to derive intermediate values
from weak passwords provided by users. The process begins by computing:

t=H(U | w) mod q (1)
where H is a secure hash function, U is the user identifier, and w is the password. This is followed

by the following computation:
= H(t) mod q )

enhancing resistance to dictionary attacks. Finally, the verifier is securely stored on the server as:

T =g¢' mod p 3)

These steps effectively increase the entropy of authentication parameters while maintaining
compatibility with constrained devices, a critical feature of CoAP.

The interaction between the client and the server during the registration and session establishment
is further secured by DTLS, which provides encryption for transmitted data and protects against
eavesdropping and tampering. For example, the server generates an ephemeral private key x3 and
computes its corresponding public key:

X3 = ¢"¥ mod p 4)

To authenticate the client without exposing sensitive data, the server issues a Zero-Knowledge
Proof (ZKP) challenge c, calculated as:

c=H(g, X3,U) mod g (5)

The client responds by calculating:

r=2x3+c-tmodg (6)

allowing both parties to verify the relationship:

¢ = X3¢ mod p @)

This process ensures mutual authentication while preserving the confidentiality of private keys.
See Figure 1.

In addition, OWL employs ephemeral private keys (x1, x2, x3, x4) and their corresponding public
keys (X1, X, X3, X4) to establish secure session keys. Zero-Knowledge Proofs (711, 712, 713, 714) are used
to verify the ownership of these keys without revealing their values. During the session key agreement
phase, the value § is calculated using contributions from both the user and server keys:
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B = f(x1,x2, X3, X4) mod g (8)
ensuring that the derived session key reflects the input of both parties. A ZKP associated with f,
denoted as:
Iz = ZKP(B) )
7N DTLS Channel | I Server/Registration (S) | \ ZKP Non-Interactive Module

User

| Start DTLS handshake

| DTLS connection established _ |

| Initiates registration with identifier U and password w
T T

|_ Requests computation oft, m, and T
i T

| Computes t = H(U||w) mod q
| Computes nm = H{t) mod q
i Computes T = g™t mod p

' Sends U, m, T securely

|
' Forwarded securely

Selects random x3in [0, g—1]
Computes X3 = g~x3 mod p

Requests challenge generation c_ |

Computes c = H(g, X3, U) mod q

Returns challenge c

Computesr=x3 +c*tmodg

i
| Sends c, r to User securely

| _ Forwarded securely

| Verifies g~r = X3 * g~(c*) mod p |

|
1 Confirms verification success or failure

User [ DTLS Channel | I server/Registration (S) | [ ZKP Non-Interactive Module |

AN

Figure 1. Registration and Authentication Process in the OWL Protocol Using Zero-Knowledge Proofs

Validates its correctness without exposing private keys.

The integration of OWL with DTLS enhances CoAP by providing secure, high-entropy session
keys derived from passwords and preconfigured materials. DTLS ensures the confidentiality and
integrity of transmitted data, complementing OWL'’s ability to prevent identity spoofing attacks.
Moreover, the lightweight operations of OWL, optimized for multiplicative groups and elliptic curves,
make it particularly suitable for real-time applications in the Internet of Things (IoT).

The transcript of all messages exchanged during a session, secured by DTLS, guarantees consis-
tency between the client and the server, reducing the risk of communication discrepancies. This log
includes key parameters such as public keys, challenges, responses, and session details, providing a
comprehensive record to verify session integrity.

6.2. OWL Login Process with DTLS in CoAP

The OWL protocol, combined with DTLS, ensures robust mutual authentication and secure
session establishment within CoAP-based systems. This integration is particularly advantageous in
IoT environments where constrained devices require efficient yet secure communication protocols.
The following outline the main steps of the log-in process.
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6.2.1. User Initialization
The user computes the following values:
t=H(U | w) mod q (10)
where U is the username, and w is the password.
= H(t) mod gq (11)
enhancing resistance to dictionary attacks.
Public keys are computed as:
Xi=¢"modp, Xp;=g"2modp (12)

based on ephemeral private keys x1 and x».

The user generates Zero-Knowledge Proofs (ZKP) Il and I, to prove ownership of x1 and xp
without revealing them. The user sends U, X, X, Iy, I, to the server, encrypted and secured using
DTLS.

6.2.2. Server Validation

The server decrypts the data using DTLS and verifies the received ZKPs Il and I1,, ensuring
X5 # 1. The server generates its own ephemeral public keys:

Xz=¢"modp, X4=g"“modp (13)

based on its private keys x3 and x4. The server produces ZKPs I13 and Il to prove ownership of x3
and xy4.
The server calculates a shared value for session key establishment:

B= (X1 Xz X3)™" mod g (14)
and generates I1g, a ZKP to validate p.

6.2.3. Server Sends Validation Data
The server sends S, X3, Xy, 113,11y, g, B to the user over a secure DTLS channel.

6.2.4. User Validation and Key Computation

The user verifies Il and I'ly, ensuring X4 # 1. The user computes:

a=(Xy-X3-X4)2" mod q (15)
K= (B/X*") mod q (16)

as the session key.
h = H(K || Transcript) (17)

where the transcript includes all messages exchanged.
r=x1—t-hmodg (18)

a response value based on the session hash.
The user generates I1,, a ZKP to prove the correctness of a, and sends «,11,, 7 to the server
through DTLS.
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6.2.5. Server Key Validation and Session Establishment

The server verifies I1, and computes:
K= (B/X;*™)" mod q (19)
as the session key.
h = H(K || Transcript) (20)

The server verifies:
¢ -Th=X (21)

confirming the user response.
Both the user and the server compute:

k= H(K) (22)

the final shared session key.
The integration of DTLS into the OWL login process ensures encrypted message exchanges,
further enhancing confidentiality and integrity. See Figure 2.

ZKP User User DTLS Channel Server/Registration (S) 2ZKP Server

| Start DTLS handshake

| DTLS connection established i
H e e >
| Computes t = H(U||w) mod g | |
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<
| Mland M2 !
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Figure 2. Secure Login Process in the OWL Protocol Using Zero-Knowledge Proofs
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6.3. Password Update in the OWL Protocol with DTLS Integration

The OWL protocol provides a secure and efficient mechanism for updating user passwords while
preserving the integrity of the authentication process. When integrated with DTLS in CoAP-based
systems, the password update process ensures that sensitive information remains encrypted and
protected throughout the update, adding an additional layer of security.

6.3.1. Password Update Process

User Operations:
The user selects a new password w’. Using cryptographic hash functions, the user computes:

t'=H(U | @) mod g (23)
where H is a secure hash function and U is the user’s identifier.
' = H(#') mod g (24)

enhancing protection against dictionary attacks.
The user computes the verification value:

T = ¢" mod p (25)

which will be used for future authentication attempts.

The user securely transmits 77" and T’ to the server over a DTLS-encrypted channel.

Server Preparation: The server decrypts and verifies the received 77’ and T’ using DTLS to ensure
integrity and authenticity. The server then replaces the existing values 7 and T with 7" and T, securely
storing the updated credentials for future authentication. See Figure 3.

AN
User DTLS Channel Server (S)

: Secure DTLS Con i 1

! Start DTLS handshake

| DTLS connection established

:Password Update Process :

Selects new password \( w' %)

| Computes \( t' = H{U || w'} \mod g \) |

N

. Computes \( \pi' = H(t) \mod g\)

1

 Computes \(T'=g~{t'} \/mod p \)

i

| Sends \( \pi' \), \( T'\) securely

! Forwarded securely

| Prepares to replace stored values \( \pi\), \ TV) with \{ \pi' \J, M T" W)

Validates new values and stores securely

1

Sends confirmation message |

| Password update successful

U?%er DTLS Channel Server (5)

./ \‘

Figure 3. Registration and Authentication Process in the OWL Protocol Using Zero-Knowledge Proofs
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6.3.2. Security Implications

The password update process, reinforced with DTLS, ensures that:

¢ Sensitive information, such as the new password w’, is never transmitted or stored in plaintext.

¢ All computations are performed using cryptographic hash functions, enhancing resistance to
attacks such as eavesdropping or replay attacks.

¢ The updated values 77’ and T’ are seamlessly integrated into the existing authentication frame-
work, maintaining compatibility with the security guarantees of the protocol.

¢ DTLS encrypts the communication channel, ensuring confidentiality and integrity during the
password update process.

This mechanism highlights the flexibility and robustness of the OWL protocol in adapting to
dynamic credential updates, making it a secure solution for resource-constrained IoT devices in
CoAP-based environments.

7. Experimental Design

To rigorously evaluate the performance of the **OWL-CoAP integration** proposed within IoT
environments, a **comprehensive experimental design** was developed to compare it with **traditional
security approaches**. The evaluation focused on four key performance metrics: **computational
efficiency, communication overhead, authentication latency, and security robustness**. These metrics
were analyzed at multiple levels to account for varying operational conditions and device capabilities.

To ensure **validity and reliability** of the results, several critical statistical considerations were
incorporated into the experimental design, including **normality, randomization, and homoscedas-
ticity** (homogeneity of variances). The assumption of normality was verified to confirm that the
collected data followed a **Gaussian distribution**, ensuring the appropriateness of parametric sta-
tistical tests. Randomization was applied throughout the experiment to minimize bias and external
influences, ensuring a fair comparison between *OWL-CoAP and conventional protocols**. Further-
more, homoscedasticity was assessed to confirm that variance levels remained consistent between
different experimental groups, enhancing the **statistical significance** of the observed differences.

These methodological safeguards were implemented to provide a **robust assessment** of the
performance differences between the evaluated protocols. **As detailed in Table 5, the study examines
the impact of key factors such as key size, encryption methods, protocol types, and attack resilience on
the selected performance metrics. This structured approach enables a comprehensive comparison of
OWL-CoAP with alternative security mechanisms, offering valuable insights into its effectiveness and
adaptability for various IoT deployment scenarios**.

Table 5. Experimental Metrics, Factors, and Levels

Metric Factors Levels
Computational Effi- Key Size, Encryption 1-500 bits, OWL-DTLS,
ciency Method DTLS-X.509

Communication Over-

Protocol Type, Message

CoAP-OWL, CoAP-PSK,

head Size CoAP-X.509; Small,
Medium, Large
Authentication Latency ~ Authentication Mecha- PSK, X.509, OWL; Low,
nism, Network Condi- Medium, High Latency
tions
Security Robustness Attack Type, Encryption  Replay, MITM, Brute
Strength Force; Low, Medium,
High

7.1. Experimental Setup

The experimental environment consists of the following elements:
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¢ Software Environment: The simulation is implemented in Python using the aiocoap library for
CoAP communication.

¢ Security Configuration: The server operates over **DTLS on port 5684**, supporting both
**unidirectional and bidirectional DTLS authentication**.

¢ Network Simulation: Network conditions, including **latency, bandwidth, and packet loss**,
are emulated using Mininet and Linux Traffic Control (tc).

¢ Evaluation Tools: Data collection and monitoring are performed using **Wireshark**, custom
Python scripts, and statistical analysis in **Matplotlib and Pandas**.

¢ ThingsBoard Integration: The simulated IoT devices securely communicate with a ThingsBoard
server running a **CoAP DTLS endpoint**.

7.1.1. Security Configuration and Certificate Management

To enable secure CoAP communication with **DTLS**, the ThingsBoard instance is configured
with **valid ECDSA certificates** stored in PEM format. The following configurations were applied:

export COAP_DTLS_ENABLED=true

export COAP_DTLS_CREDENTIALS_TYPE=PEM
export COAP_DTLS_PEM_CERT=server.pem
export COAP_DTLS_PEM_KEY=server_key.pem
export COAP_DTLS_PEM_KEY_PASSWORD=secret
export COAP_DTLS_BIND_PORT=5684

For testing purposes, self-signed ECDSA certificates were generated using the following com-
mands:

openssl ecparam -out server_key.pem -name secp256rl -genkey
openssl req -new -key server_key.pem -x509 -nodes -days 365 -out server.pem -subj "/CN=localhost"

Note: While self-signed certificates are useful for testing, it is recommended to use a ** certificate
from a trusted Certificate Authority (CA) for production deployments**.

7.2. Authentication Latency

Authentication latency is a critical factor in IoT security. In this study, a comparative analysis was
performed on the authentication latency of the *CoAP-PSK, CoAP-X.509, and CoAP-OWL** protocols.
The latency data were generated through simulations using a **normal distribution** with predefined
mean and standard deviation values for each protocol.

Figure 4 presents the histogram of authentication latency, highlighting significant differences
in performance between the evaluated protocols. **CoAP-OWL demonstrates the lowest average
latency**, making it the most efficient solution for **IoT environments that require rapid authentica-
tion**. In contrast, **CoAP-X.509 exhibits the highest latency**, reflecting the additional processing
time associated with **certificate-based authentication**. **CoAP-PSK falls between the two**, offering
a **moderate trade-off between speed and security**.

Figure 5 provides a box plot visualization of latency dispersion between protocols. CoAP-
OWL shows minimal variation, indicating consistent authentication times, while CoAP-X.509 reveals
significant variability, attributed to complex cryptographic operations. CoAP-PSK exhibits moderate
dispersion, suggesting stable but slightly variable authentication times compared to CoAP-OWL.
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Comparison of Authentication Latency Across Protocols
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Figure 4. Comparison of Authentication Latency Across Protocols
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Figure 5. Boxplot of Authentication Latency Across Protocols

Table 6 summarizes the statistical results, including the mean latency and standard deviation for
each protocol. CoAP-OWL achieves the best performance, with an average latency of 78.06 ms and
the lowest standard deviation, reinforcing its suitability for time-sensitive IoT applications. CoAP-
PSK, with a mean latency of 120.29 ms, provides a reasonable balance, whereas CoAP-X.509 incurs a
significant overhead with an average latency of 181.77 ms.

Table 6. Authentication Latency Statistics

Protocol Mean Latency (ms) Standard Deviation (ms)
CoAP-PSK 120.29 14.68
CoAP-X.509 181.77 24.92

CoAP-OWL 78.06 9.83
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The results highlight that CoAP-OWL not only offers lower latency but also provides a more
predictable and reliable authentication process. Its lightweight design and efficient cryptographic
approach make it an optimal choice for IoT deployments where responsiveness and resource efficiency
are paramount. The CoAP-PSK protocol presents a viable alternative for scenarios where moderate
security and authentication speed are required. In contrast, CoAP-X.509, while offering robust security,
may not be suitable for applications with stringent latency requirements due to its computational
complexity.

These findings underscore the importance of selecting an appropriate authentication mechanism
based on the specific needs of the IoT application. The CoAP-OWL protocol stands out as the
most effective solution to achieve secure and efficient communication in constrained environments,
contributing to the overall resilience and performance of IoT ecosystems.

8. Computational Overhead

To evaluate the computational overhead of the OWL-DTLS and DTLS-X.509 protocols, we per-
formed a simulation that focused on three critical metrics: computational complexity, energy con-
sumption, and network overhead. The results provide insights into the suitability of these protocols
for resource-constrained IoT environments by analyzing their performance across different key sizes,
ranging from 1 to 500 bits, with 1000 iterations per key size to ensure statistical significance. The
complexity models were derived considering key factors such as computational efficiency, security
mechanisms, and protocol design.

The following is a comparison of the computational complexity between the DTLS-X.509 and
OWL-DTLS protocols, highlighting the advantages that OWL-DTLS offers in terms of performance
and security. Although DTLS-X.509 relies on asymmetric cryptography with high computational cost,
OWL-DTLS adopts more efficient techniques, such as password-authenticated key exchange (PAKE),
which optimizes authentication and session establishment.

Table 7 presents a detailed comparison of both protocols, illustrating key differences in terms of
key generation, verification, handshake complexity, encryption overhead, and attack resilience.

Table 7. Detailed Complexity Comparison between DTLS-X.509 and OWL-DTLS

Factor DTLS-X.509 OWL-DTLS Advantage of OWL

Key Generation  O(n%) O(nlogn) OWL reduces the computational
cost by using password-derived
keys instead of complex asymmet-
ric cryptographic operations.

Key Verification  O(nlogn) O(n) OWL enables faster key validation
without the need for certificate ver-
ification.

Handshake Com- O(2("/50)) O(n) OWL simplifies session establish-

plexity ment by reducing handshake steps.

Encryption Over- O(nlogn) O(nlogn) Similar efficiency, but OWL avoids

head certificate-related overhead.

Attack Resilience  Vulnerable to imper- Resistant via Zero- OWL enhances authentication se-

sonation attacks. Knowledge Proofs curity and prevents identity theft.
(ZKP).
Computational High CPU/memory Lightweight crypto- OWL is optimized for constrained
Efficiency usage due to  graphic operations. IoT devices.
RSA/ECC.

Energy Consump- High due to certifi- Low due to minimal OWL extends battery life in IoT de-

tion cate validation. computations. vices.

Network Over- Large certificate ex- Compact authentica- OWL reduces bandwidth usage,
head changes. tion messages. ideal for IoT.
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In general, OWL-DTLS offers a significant reduction in computational complexity, resulting in
lower resource consumption and shorter processing times. Optimization of verification and handshake
operations contributes to faster and more efficient authentication, while its design, based on robust
passwords, provides better resilience against attacks, overcoming the limitations of DTLS-X.509 in
environments with high security and efficiency requirements. The simulation results for computational
cost, illustrated in Figure 6, demonstrate that OWL-DTLS consistently outperforms DTLS-X.509 by
reducing complexity, making it more suitable for low-resource devices. As summarized in Table 7,
OWL-DTLS achieves this efficiency by reducing the complexity of key generation, minimizing hand-
shake overhead, and eliminating the need for certificate validation, making it a more practical solution
for constrained IoT environments.

Comparison of Computational Complexity: DTLS-X.509 vs OWL-DTLS
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Figure 6. Comparison of Computational Complexity: DTLS-X.509 vs OWL-DTLS

In terms of energy consumption, Figure 7 indicates that OWL-DTLS consumes 20% less energy
compared to DTLS-X.509 across all key sizes, mainly due to the simplified cryptographic operations
and reduced handshake complexity. The base energy consumption for OWL-DTLS is calculated at
0.0571 Joules, whereas DTLS-X.509 incurs additional penalties due to the certificate verification process.
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Figure 7. Comparison of Energy Consumption: DTLS-X.509 vs OWL-DTLS
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Regarding network overhead, the analysis presented in Figure 8 demonstrates that OWL-DTLS
introduces significantly lower overhead, with an average reduction of 18% compared to DTLS-X.509.
The improved efficiency of OWL-DTLS allows for reduced message sizes and fewer data exchanges,
which is crucial in IoT scenarios where bandwidth is a limiting factor.

Comparison of Network Overhead: DTLS-X.509 vs OWL-DTLS
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Figure 8. Comparison of Network Overhead: DTLS-X.509 vs OWL-DTLS

Table 8 summarizes a sample of the simulation results for both protocols:

Table 8. Sample Results for DTLS-X.509 and OWL-DTLS

Key Size (bits) Computational Cost  Energy (J) Overhead (bytes)
DTLS-X.509

1 2.00 0.075 122.4

11 1384.75 0.825 146.4

21 9389.87 1.575 170.4
OWL-DTLS

1 2.00 0.050 102

11 74.75 0.550 122

21 169.86 1.050 142

The findings confirm that OWL-DTLS is a more efficient alternative for IoT applications due to its
lower computational complexity, reduced energy consumption, and minimal network overhead. This
makes OWL-DTLS an attractive solution for enhancing the security of constrained IoT environments
while ensuring optimal performance.

9. Discussion

The experimental results provide a detailed perspective on the computational efficiency and
communication performance of OWL-DTLS compared to DTLS-X.509. The data collected from the
simulations demonstrate a clear reduction in computational overhead, energy consumption, and
network resource usage, which are critical factors for IoT deployments in constrained environments.

The computational complexity analysis, shown in Figure 6, indicates that OWL-DTLS requires
significantly fewer processing resources compared to DTLS-X.509. The simplified cryptographic
operations and the use of PAKE-based authentication mechanisms contribute to reducing the overall
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processing burden. These reductions are particularly evident as key sizes increase, demonstrating the
ability of OWL-DTLS to scale efficiently without introducing excessive computational demands.

Energy consumption is another critical aspect addressed in the experimental evaluation. As
illustrated in Figure 7, OWL-DTLS consistently consumes less power compared to DTLS-X.509. This
efficiency is attributed to the streamlined key exchange and authentication processes, which reduce the
need for repetitive cryptographic operations. Lower energy requirements make OWL-DTLS a viable
solution for battery-powered IoT devices operating in remote or resource-constrained environments.

The evaluation of network overhead, depicted in Figure 8, highlights the efficiency of OWL-DTLS
in minimizing data transmission overhead. The results indicate an approximate 18% reduction in
communication overhead compared to DTLS-X.509. This improvement stems from OWL-DTLS’s
ability to optimize message exchanges and reduce redundant data transmissions, which is particularly
beneficial in low-bandwidth IoT networks.

Despite these positive observations, several challenges persist. One of the primary concerns
is the scalability of OWL-DTLS in large-scale IoT networks. As the number of connected devices
increases, the management of authentication sessions and key distribution becomes increasingly
complex. Efficient handling of these elements is crucial to maintaining performance and avoiding
potential bottlenecks in high-density deployments.

Another area of interest is the adaptability of OWL-DTLS to different IoT communication protocols
and network architectures. Given the diversity of IoT ecosystems, interoperability with existing
protocols such as MQTT, CoAP, and LoRaWAN remains an ongoing area of exploration. Ensuring
seamless integration without compromising security or performance is a key consideration for practical
implementation.

Furthermore, while OWL-DTLS exhibits lower processing and energy costs, the trade-offs between
security and performance need to be continuously assessed. Ensuring that reduced complexity does
not compromise the robustness of the authentication process is essential to maintain the integrity of
IoT communications, particularly in applications with stringent security requirements.

In general, the analysis of the experimental data underscores the potential advantages and areas
for further optimization in the deployment of OWL-DTLS for IoT environments. Future evaluations
should focus on dynamic testing scenarios, varying network loads, and real-world deployments to
further validate the performance metrics observed in controlled simulations.

10. Conclusions

The integration of the OWL password-authenticated key exchange protocol with the Constrained
Application Protocol (CoAP) and the Datagram Transport Layer Security (DTLS) offers a compelling
solution to the evolving security challenges in IoT ecosystems. The experimental results highlight the
superior performance of OWL in terms of computational efficiency, energy consumption, and network
overhead compared to traditional DTLS-X.509 implementations. The lightweight design of OWL,
which leverages password-based authentication and zero-knowledge proofs, makes it particularly
well suited for resource-constrained IoT devices, reducing processing overhead while maintaining
robust security guarantees.

The comparative analysis underscores the ability of OWL to achieve a significant reduction in
computational complexity, as evidenced by lower energy consumption and communication overhead.
These improvements directly translate into extended device lifespan, reduced latency, and improved
scalability for large-scale IoT deployments. In particular, OWL'’s streamlined cryptographic operations,
such as efficient key derivation and verification, contribute to its reduced energy footprint, making it a
viable alternative for battery-powered and energy-sensitive environments.

Despite these advantages, the integration of OWL with CoAP and DTLS presents critical chal-
lenges that require further attention. The scalability of the protocol in dense IoT networks, where
thousands of devices need to authenticate and communicate securely, remains an open area of research.
Effective session management, key distribution strategies, and protocol optimization are necessary to
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ensure that performance scales without deterioration in security. Furthermore, interoperability remains
a crucial concern, as IoT ecosystems consist of heterogeneous devices employing various communica-
tion protocols. Ensuring seamless integration with existing IoT standards such as MQTT, Zigbee, and
LoRa while maintaining security consistency across platforms is imperative for widespread adoption.

Another notable challenge lies in balancing security with performance. Although OWL excels in
reducing computational costs and energy consumption, its implementation must carefully consider
potential trade-offs in security strength, particularly in high-risk environments requiring stronger
cryptographic assurances. The exploration of hybrid approaches that combine OWL efficiency with
complementary security measures such as post-quantum cryptographic primitives may provide a
promising path forward.

Future efforts should focus on refining OWL deployment strategies in real-world IoT environ-
ments, optimizing its implementation for diverse use cases such as industrial automation, healthcare
monitoring, and smart city infrastructure. Further testing under varying network conditions and
load scenarios will be critical in validating the robustness and resilience of the OWL-CoAP-DTLS
integration. In addition, improvements in the provisioning process, including dynamic key updates
and automated certificate management, will play a pivotal role in streamlining the onboarding and
lifecycle management of secure devices.

The integration of the OWL protocol with CoAP and DTLS marks a significant step forward
in IoT security, offering an optimal balance between robust authentication, computational efficiency,
and resource conservation. By addressing the remaining challenges through continued research and
technological advancements, OWL has the potential to redefine secure communication frameworks
for IoT, driving enhanced resilience, scalability, and operational efficiency across a wide range of
applications.
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