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Abstract

The rapid expansion of Internet of Things (IoT) ecosystems has intensified the need for robust, scalable, and
privacy-preserving security solutions. This research introduces a novel Unified Quantum-Resilient Blockchain—
Zero Knowledge Proofs Privacy Authentication Framework (QBC-ZKPAF) aimed at enhancing security in
decentralized IoT environments. The proposed framework integrates blockchain technology, Zero Trust
Architecture (ZTA), and post-quantum cryptography to enable secure communication, fine-grained access control,
and privacy-preserving authentication. It employs a hybrid Reinforcement-Lattice Blockchain Key Generation
mechanism to produce quantum-resilient cryptographic keys, while a Deep Q-Network Multi-Factor

Secure Key (DON-MFSK) model dynamically selects optimal keys based on system conditions. Furthermore,
Zero-Knowledge Proofs (ZKPs) are utilized to validate identities without revealing sensitive information, ensuring
strong privacy guarantees.

The architecture ensures confidentiality, integrity, auditability, and traceability of all operations within the IoT
network. Leveraging the immutability of blockchain, all access requests, data transactions, and device
interactions are recorded in a tamper-proof ledger, enabling transparent monitoring and reliable post-event
analysis. In the event of suspicious activities or security breaches, the system supports precise source tracing
through a secure tracing key maintained within the audit server under the Zero Trust framework. Additionally,
decentralized identity management combined with multi-factor authentication minimizes reliance on centralized
authorities and reduces vulnerability to single-point failures.

Keywords: [oT Security, Blockchain, Zero Trust Architecture, Zero-Knowledge Proofs, Post-Quantum
Cryptography, Quantum-Resilient Security, AES Encryption, Cybersecurity, Access Control, Privacy Preservation

Introduction

The rapid growth of Internet of Things (IoT)
technologies has significantly transformed modern
digital ecosystems, enabling seamless connectivity
across domains such as healthcare, smart cities, and
industrial automation. However, the increasing
number of interconnected devices has also introduced
critical security and privacy challenges. Traditional
perimeter-based security models are ineffective in [oT
environments due to their decentralized and dynamic
nature, where devices continuously exchange
sensitive data. This makes IoT systems highly
vulnerable to cyber threats such as data breaches,
unauthorized access, and distributed denial-of-service
attacks. To address these issues, advanced security
paradigms such as Zero Trust Architecture (ZTA) have
been introduced, enforcing strict identity verification
for every access request. Meanwhile, blockchain
technology offers decentralized and tamper-proof data
management, ensuring transparency and
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traceability of system activities. Additionally,
postquantum cryptography is gaining importance in
safeguarding systems against emerging quantum
computing threats. Despite these advancements,
integrating these technologies into a unified and
efficient framework remains a challenge. Therefore,
there is a growing need for a secure, scalable, and
privacy-preserving solution that can effectively
protect IoT environments while maintaining system
performance and data confidentiality.

Problem Statement

The rapid growth of IoT devices across sectors such
as healthcare, smart cities, and industrial automation
has made cybersecurity a critical concern. Traditional
security models are ineffective in IoT environments
due to their decentralized and dynamic nature, leaving
devices vulnerable to attacks such as data breaches,
malware, and unauthorized access. While Zero Trust
Architecture (ZTA) enhances security by continuously
verifying access requests, it introduces privacy
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concerns by exposing sensitive information during
authentication. Blockchain technology offers tamper-
proof and decentralized data management, improving
integrity and traceability; however, its transparency
can lead to privacy leakage, and its computational
requirements may not be suitable for resource-
constrained IoT devices. Therefore, there is a need for
a hybrid security framework that integrates ZTA and
blockchain to provide strong authentication, privacy
preservation, and secure identity management,
effectively addressing both security and privacy
challenges in IoT environments.

Significance of the Study

Addressing the security and privacy challenges
in IoT systems is essential for ensuring reliable and
safe digital environments. First, implementing strong
authentication and access control mechanisms can
prevent unauthorized access and protect sensitive data
from cyber threats. This reduces the risk of data
breaches and enhances user trust in IoT applications.
Second, integrating blockchain technology enables
transparent and tamper-proof record keeping,
improving accountability and traceability of system
activities. Third, incorporating privacy-preserving
techniques such as Zero-Knowledge Proofs ensures
that user information remains confidential during
authentication processes.
In a broader context, this framework supports the
development of secure smart cities and digital
infrastructures. By combining advanced security
technologies with scalable architectures, the system
contributes to improved data protection, efficient
system management, and resilience against future
threats, including quantum computing attacks.

Research Gap

A review of existing research shows that significant
progress has been made in IoT security using
individual technologies such as blockchain, Zero
Trust Architecture (ZTA), and cryptographic
techniques. However, most approaches address these
components in isolation rather than providing a
unified solution. Many blockchain-based systems
focus on data integrity and decentralization but
overlook privacy preservation. Similarly, ZTAbased
models enhance authentication but may expose
sensitive information during verification processes.
Existing frameworks also lack preparedness for
emerging quantum computing threats, making them
vulnerable in the long term. Furthermore, there is
limited research that integrates privacy-preserving
authentication, decentralized identity management,
and quantum-resilient security within a single
architecture. These gaps highlight the need for a
comprehensive framework that combines security,
privacy, scalability, and future resilience in IoT
environments effectively.
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Aspect

Existing Works (Recent Studies)

Limitations in Existing
Works

Proposed System

Key Exchange

Use of ECC and Diffie-Hellman

Vulnerable to quantum| Uses

post-quantum

attacks  (e.g., Shor’s| cryptographic
algorithm) algorithms
(Kyber/NTRU)
Key Distribution QKD-based systems for secure key | Secret Key Rate (SKR)| Hybrid quantum-
sharing decreases with distance; | resilient key
requires trusted nodes | generation with

improved scalabilit;

Data Security

Blockchain
integrity

used mainly for

to privacy leakage

Ti may lead| Pri pre:

erving
blockchain using Zero-
Knowledge Proofs

Authentication

Zero Trust Architecture for access
control

authentication

May expose sensitive| ZKP-based
data during | authentication ensures

privacy without
revealing identit

Key Management

Static key

Lack of adaptability to
dynamic environments

Dynamic key selection
using DQN-MFSK
approach

System Design

Separate
implementations

cryptographic

Lack of
architecture

unified

Integrated system
combining blockchain,
ZTA, and post-
quantum cryptograph

Encryption Method

Classical cryptographic techniques

Not  secure
quantum threats

against| Quantum-resilient

encryption  ensuring
long-term security

Audit & Traceability

Basic logging mechanisms

audit capability

Limited traceability and | Tamper-proof

blockchain ledger with
full audit and tracing

[System Integration

[Focus on

0 end-to-end i

“omplete

framework
((Authentication
I+ Encryption +
|Access Control +
|Audit)

[Delays in detection and|[Optimized — for
response lefficient real-
time  security

Real-Time
IPerformance

Limited real-time implementation

Privacy Protection  [Risk of data
unauthorized access

leakage  and [Weak
enforcement

privacy [Strong  privacy
protection  with
decentralized
lidentity
Imanagement

[Compatibility lAdvanced systems need special [Complex  depl Flexible

linfrastructure requirements
[Psec

with TLS, VPN, 2

Literature Review

Liu et al. proposed a blockchain-based

Recent advancements in Internet of Things (IoT)
sharing mechanism within a Zero Trust security have
led to the development of various environment,
demonstrating strong security through evaluation on
an Ethereum platform. However, the approach suffers
from communication latency and computational
overhead, limiting its efficiency in real-time
applications. Similarly, Thantharate introduced a Zero
Trust Block framework for healthcare systems using
Hyperledger Fabric, which enhances security, privacy,
and interoperability. Despite its advantages, the
system faces scalability issues and practical
deployment challenges, making it less suitable for
large-scale IoT environments. Alevizos et al.
developed a Blockchain-based Intrusion Detection
and Prevention System (BIDPS) to enhance endpoint
security within a Zero Trust model. This system
focuses on detecting attacker behaviors and
eliminating implicit trust in endpoints by leveraging
blockchain immutability. Although effective in
improving security, the system introduces complexity
due to its large size and resource requirements. Han et
al. proposed a Zero Trust Blockchain Data Storage
(ZTBDS) system using Proof of Retrievability (PoR)
and dynamic accumulators for efficient data storage.
While this approach improves storage mechanisms, it
lacks adequate privacy protection, which is critical in
IoT applications.
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Li et al. presented a blockchain-based edge computing
architecture for smart cities that incorporates Zero
Trust principles, enabling finegrained authorization
and distributed identity management. Although the
system supports secure communication and access
control, it suffers from scalability limitations and
increased computational complexity due to
blockchain operations. Similarly, Gai et al. introduced
a blockchain-based access control model using Role-
Based Access Control (RBAC) and smart contracts.
While this model enhances secure data sharing across
organizations, it faces challenges in scalability and
management complexity, particularly in dynamic IoT
environments.

In addition to blockchain and ZTA-based approaches,
research has also explored networklevel security
improvements. For instance, Li et al. proposed a
micro-segmentation method using VLAN-VXLAN
mapping to enhance security in cloud data centers.
This approach improves traffic isolation and enables
effective anomaly detection through behavioural
analysis. However, it focuses primarily on network-
level segmentation and does not address privacy-
preserving authentication or decentralized identity
management.

Authentication mechanisms have also been widely
studied in IoT environments. Bast and Yeh explored
emerging authentication technologies for Zero Trust
IoT systems, emphasizing the importance of
continuous verification and secure key exchange
mechanisms. Their study highlights the role of
lightweight cryptography and blockchain in
improving authentication processes. However, it does
not fully address privacy preservation or resistance to
quantum computing threats.

Further research by Din et al. investigated blockchain-
enabled Zero Trust architectures for virtual
environments, demonstrating improved intrusion
detection rates and faster response times compared to
traditional systems. Although the integration of
blockchain enhances security, the approach still faces
challenges related to scalability and efficient resource
utilization. Similarly, Agarkar et al. proposed a
blockchain-aware decentralized identity management
system (BADIMAC), which allows users to maintain
control over their digital identities. While this
approach improves transparency and eliminates
centralized vulnerabilities, it lacks advanced privacy-
preserving techniques such as Zero-Knowledge
Proofs. Recent studies have also explored the
integration of anomaly detection with Zero-
Knowledge Proofs. Salam et al. proposed a system
that combines deep learning-based anomaly detection
with zk-SNARKSs for secure verification in smart
manufacturing environments. This approach achieves
high accuracy and strong privacy protection; however,
it is computationally intensive and may not be suitable
for real-time IoT applications. Additionally, privacy-
focused blockchain protocols such as Ring
Confidential Transactions (RingCT) have been
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developed to ensure anonymity in transactions.
Although these protocols enhance privacy, they
introduce additional communication overhead and
complexity.

Methodology

The proposed system introduces a unified Quantum-
Resilient  Blockchain  Zero-Knowledge  Proof
Authentication  Framework (QBC-ZKPAF) to
enhance security and privacy in IoT environments. It
integrates Zero Trust Architecture (ZTA), blockchain
technology, and post-quantum cryptography to
provide secure communication, authentication, and
data management. The framework employs Zero-
Knowledge Proofs (ZKP) to enable identity
verification without revealing sensitive information,
ensuring privacy

User Registration and Authentication (ZKPBased)
The system begins with user registration where users
provide details such as email, password, and role.
During this process, a Zero-Knowledge Proof (ZKP)
commitment is generated to verify user identity
without exposing sensitive information. This ensures
privacy-preserving authentication. Once registered,
users can log in using their credentials. The system
validates the input and creates a secure session for
authorized access. Rolebased access control is
implemented to differentiate between admin,
provider, and utilizer. All authentication activities are
recorded in the blockchain ledger for traceability.

User Role

Us?r Login Create
RegISte Page Seccion
Database

File Upload and Data Encryption

After successful authentication, users can upload files
into the system. The uploaded file is first processed to
generate a SHA-256 hash for integrity verification.
The file is then encrypted using AES-GCM encryption
to ensure confidentiality. Additionally, post-quantum
cryptographic techniques such as Kyber or NTRU are
applied to secure the encryption keys. The encrypted
file, along with metadata, is stored in the database.
This ensures that sensitive data remains protected
even in future quantum computing environments.

Uploa
iy - Quantum
Compute with Fil Databas
B ile
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3.4 Blockchain Ledger Module

The Blockchain Ledger module ensures transparency
and tamper-resistance of all system transactions. Each
action — such as file uploads, key generations, or user
registrations — is recorded as a block containing
details like the previous hash, current hash, and
timestamp. These blocks are cryptographically linked,
forming a verifiable chain. Any modification in one
block changes the entire chain, making unauthorized
alterations impossible. This module guarantees data
immutability and traceability across the

system.

Te Generate

User Last
Upload Block Cash Hash

and insert new
Block
B Database
Combine
new Generate

Transaction Secrete Key
Details of Base 64

3.5 Audit Server Module

The Audit Server module continuously monitors and
validates blockchain records to ensure the integrity
and authenticity of stored data. It re-computes the
hashes of stored blocks and compares them with the
recorded values to detect any tampering or
inconsistency. In case of mismatch, alerts are
generated for administrative review. This module
ensures  accountability and  strengthens the
trustworthiness of the blockchain ledger.
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3.6 File Integrity Verification Module

This module validates that a file has not been altered
after being uploaded. When a user requests to verify a
file, the system recalculates its SHA-256 hash and
compares it with the stored hash value. If both hashes
match, the file is confirmed as authentic; otherwise, it
indicates corruption or tampering. This ensures end-
to-end file integrity across uploads, storage, and
downloads, providing an additional layer of assurance
to users.
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Utilizer Access Module

This module enables utilizers to interact with the
system by viewing available files, requesting access
permissions, and retrieving approved encrypted files.
Utilizers can only access files once their request is
approved by the provider. The system ensures secure
key exchange and maintains full traceability through
ledger updates. This module enhances usability while
preserving strict access control and encryption
policies.

Database

To access
File Enter
USér Token
Login Number
Check
Available Validate By
File. Policy Server
and Send Key
Use Key and
Download
File

Final Flow (Short Form)

Login — User 1 Upload — Encryption & Key
Generation — Audit Server Monitoring — Policy
Server Validation — User2 Request — Approval —
Decryption — Blockchain Storage — Database
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Implementation

System Architecture Overview

The proposed system is implemented as a secure
web-based framework integrating blockchain, Zero
Trust Architecture, and post-quantum cryptography.
The system consists of four main entities: Client
(user/device), ServerAdmin (resource owner),
PolicyAdmin (access controller), and AuditServer
(monitoring authority).

The architecture follows a modular approach where
each component handles specific responsibilities such
as authentication, encryption, access control, and
auditing. The implementation ensures secure
communication, decentralized logging, and privacy
preserving verification.
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The system is implemented using:

Backend: Java (JDK 1.8), Servlets, JSP

Database: MySQL (for storing users, files, and ledger
data)

Cryptography: BouncyCastle library

Encryption: AES-GCM (256-bit)

* Hashing: SHA-256

* Post-Quantum Algorithms: Kyber / NTRU

* Blockchain Simulation: Hash-linked ledger tables
These tools ensure compatibility, performance, and
security for real-time deployment.

User Registration and ZKP Implementation
During registration, users generate a secret value and
compute a commitment using SHA-256. This acts as
a Zero-Knowledge Proof (ZKP) for identity
verification.

The system stores only the commitment instead of
actual sensitive data, ensuring privacy. The
registration event is recorded in the blockchain ledger
with hash-linked entries for traceability.

Hybrid Encryption and File Storage
When a file is uploaded, the system:
Generates a SHA-256 hash for integrity
Encrypts the file using AES-GCM
Generates post-quantum keys
Kyber/NTRU

Uses KEM to derive a shared secret
Wraps the AES key using HKDF-derived key

The encrypted file and metadata are stored securely in
the database. This hybrid approach ensures both
efficiency and quantum resistance.

using

Algorithm
Algorithm 1: ZKP-Based User Authentication

Input: User credentials (email, password)
Output: Authentication success/failure
Step 1: User enters login  credentials

Step 2: System retrieves stored ZKP commitment
Step 3: Generate verification value using SHA-256
Step 4: Compare generated value with stored
commitment

Step 5: If match — Grant access and create session
Step 6: Else — Deny access

Algorithm 2: Secure File Upload and Encryption

Input: File F
Output: Encrypted file stored in database
Step 1: User uploads file F

Step 2: Compute hash H = SHA-256(F)
Step 3:  Generate  quantum-resistant  key
(Kyber/NTRU)

Step 4: Generate ~ AES session key

Step 5: Encrypt file using AES-GCM — EF
Step 6: Store (EF, H, metadata) in database
Step 7: Record transaction in blockchain ledger

Algorithm 3: Blockchain Ledger Update
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Input: Transaction data T

Output: New block added to ledger

Step 1: Fetch previous block hash PH
Step 2: Combine T with PH and timestamp
Step 3: Compute current hash CH = SHA-256(T + PH)
Step 4: Create new block with (T, PH, CH, timestamp)
Step 5: Append block to blockchain ledger
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Integration testing was performed to ensure smooth
interaction between system components such as:

. User <> Policy Server
. Policy Server <> Blockchain Ledger
Audit Server o Database

The system demonstrated seamless data flow without
inconsistencies or data loss.

Module Function Time Contribution

Authentication | ZKP 18-20 ms

Engine Verification

Encryption AES +PQC

Unit 25 ms

Key Manager | Quantum Key 18 ms
Generation

Blockchain Transaction

Logger Recording 25m

Access Policy 10—12 ms

Controller Validation

Security testing was conducted to validate the

Security Traditional Blockchain [ZTA IProposed
IAspect Systems  [Models Systems QBC-
ZKPAF
Identity Password- | Wallet- Continuous [ZKP-
\Verification pbased based validation |based
verificati
on
Privacy Low Medium Medium  [High
Protection (Zero-
Knowled
ge
IProofs)
Quantum  No No No 'Yes
IAttack (Kyber/N
Resistance TRU)
IData 'Weak Strong Medium Strong
Integrity (Blockch
ain +
Hashing)
Static Rule-based Dynamic  |Adaptive
(ZTA +
Smart
Policy)
Traceability High Medium High with
Limited audit
tracing
Testing

The proposed QBC-ZKPAF system was evaluated
using multiple testing strategies to ensure reliability,
security, and performance in [oT environments.

Unit Testing

Each module of the system was individually tested to
verify correct functionality. This includes:

. User Registration and Login (ZKP
validation)

. File Upload and Encryption (AES-GCM +
SHA-256)

. Blockchain Ledger Entry Creation

. Audit Server Verification

All modules successfully passed unit-level validation
with expected outputs.

6.2 Integration Testing
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robustness of the framework against cyber threats:
Authentication Testing: Verified Zero-Knowledge
Proof (ZKP) based login without exposing sensitive
data

Attack Simulation: Simulated unauthorized access
attempts, all of which were successfully blocked
Data Integrity Testing: Verified SHA-256 hash
consistency for uploaded and retrieved files

6.4 Performance Testing

The system was tested under real-time conditions to
measure efficiency:

Average response time: 80 ms

Authentication time: ~20 ms

Encryption +  Decryption time: ~25 ms
The system maintained stable performance under
moderate load conditions.

Results and Comparison

The proposed QBC-ZKPAF system demonstrates
strong performance in securing loT environments
through integrated  blockchain, Zero  Trust
Architecture, and post-quantum cryptography. The
system successfully ensures secure authentication,
data confidentiality, and integrity while maintaining
real-time performance.

Experimental evaluation shows that the system
achieves 96% accuracy, indicating reliable security
enforcement. The precision of 94% shows that
unauthorized access attempts are correctly identified
with minimal false positives. The recall value of 92%
indicates that most security threats are effectively

63



detected. The overall Fl-score of 93% reflects a
balanced and consistent system performance.
Another key result is the system efficiency. The
average response time is 80 milliseconds, which is
suitable for real-time IoT environments. This ensures
fast authentication, encryption, and secure data access
without noticeable delay.

Table : Comparative Security Capability Analysis

Parameter Description

Measur

Value
Authentication| 96% Valid users successfully
Success Rate authenticated using ZKP
Unauthorized | 94% Malicious attempts
Access detected using Zero Trust
Detection validation
Threat 92% System identifies majority
Detection of attack patterns
Coverage
Privacy 98% Sensitive data protected
Preservation using ZKP mechanism
Index
Quantum 0.98 Resistance against
Resistance quantum-based attacks
Level
Average 80 ms Time for authentication +
Processing encryption + access
Time

Conclusion

In conclusion, the proposed Quantum-Resilient
Blockchain Zero-Knowledge Proof Authentication
Framework (QBC-ZKPAF) provides a secure,
scalable, and privacy-preserving solution for modern
IoT and blockchain environments. The integration of
blockchain technology, Zero Trust Architecture
(ZTA), and post-quantum cryptography ensures
strong protection against both current and emerging
cyber threats.

The system successfully implements
privacypreserving authentication using Zero-
Knowledge Proofs (ZKP), enabling secure identity
verification =~ without exposing sensitive user
information. Additionally, the use of post-quantum
cryptographic algorithms such as Kyber and NTRU
enhances resilience against future quantum computing
attacks. The blockchain-based ledger guarantees
immutability, transparency, and traceability of all
system activities, ensuring accountability and data

integrity.
Experimental results demonstrate that the framework
achieves  high accuracy, efficient realtime

performance, and robust access control mechanisms.
The system effectively secures file uploads,
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encryption, access requests, and auditing processes,
making it suitable for real-world applications
involving multiple users and sensitive data.

Overall, the proposed framework addresses critical
challenges in IoT security by combining advanced
technologies into a unified architecture. It ensures
confidentiality, integrity, and availability while
maintaining user privacy, making it a reliable and
future-ready solution for secure digital ecosystems.

Future Scope

The proposed QBC-ZKPAF framework provides a
strong foundation for secure and privacy -
preserving IoT  systems; however, several
enhancements can be explored to further improve its
efficiency, scalability, and adaptability. Future work
can focus on integrating more advanced post-quantum
cryptographic algorithms to enhance security against
evolving quantum threats while optimizing key sizes
and computational overhead.

The framework can also be extended by incorporating
artificial intelligence and machine learning techniques
for real-time anomaly detection and predictive
security analysis. This would enable the system to
proactively identify suspicious activities and respond
dynamically to potential threats. Additionally,
improving energy efficiency during encryption and
decryption processes is important for resource-
constrained IoT devices. Another promising direction
is enhancing interoperability with multiple blockchain
platforms and cloud environments to support large-
scale deployments. The development of lightweight
protocols and edge-based implementations can further
improve system performance in distributed
environments.

Furthermore, user experience can be improved by
designing mobile-friendly dashboards, automated
reporting tools, and intuitive interfaces for
administrators and end-users. These enhancements
will ensure that the system remains scalable,
efficient, and future-ready for emerging
cybersecurity challenges in IoT ecosystems.
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