
1

Enhancing Security using Quantum Blockchain in
Consumer IoT Networks

Mritunjay Shall Peelam, Vinay Chamola∗, Senior Member, IEEE and
Biplab Sikdar Senior Member, IEEE

Abstract—Blockchain technology, renowned for its ability
to securely store data, hashes, and signatures permanently,
faces unprecedented challenges in secure Consumer IoT (CIoT)
networks with the advent of quantum computing. This paper
proposes a set of robust quantum-based protocols and techniques
to address these challenges by enhancing the security, scalability,
and reliability of CIoT systems in the face of quantum threats.
Updating the blockchain infrastructure is imperative to ensure
ongoing security, which involves forks or protocol adjustments
to establish new post-quantum chains and addresses, requiring
rapid data and asset migration by users. Blockchain guarantees
data integrity through an immutable ledger of transactions
distributed via cryptographic hashes. The proposed quantum
protocols and techniques enhance scalability and reliability and
address the unique security needs of both commercial and
governmental applications in secure CIoT networks through
immersive embedded cyber-physical systems. These include
Quantum Currency Security Protocols, Distributed Ledger Data
Blocks, Quantum Ledger Verification, Quantum Solutions for
Middleman Attacks, and the integration of Elliptic Curve
Cryptography (ECC)-based security measures. By integrating
these methods, the proposed approach ensures robust protection
against emerging quantum threats, thereby securing sensitive
information and transactions.

Index Terms—Quantum Computing, Quantum Key
Distribution (QKD), Blockchain, CIoT, Consumer IoT,
Consumer Electronics Network.

I. INTRODUCTION

QUANTUM computing solves the mathematical
challenges underlying most forms of encryption

today [1]. Quantum computers present a significant challenge
to the effectiveness of current asymmetric encryption methods
[2]. Asymmetric cryptography involves generating a pair of
keys, one private and one public, that are mathematically
related [3]. The private key must remain confidential, while
the public key is openly shared. Digital signatures created
using this method can be verified by anyone possessing
the corresponding public key, a crucial feature used
extensively in the financial industry to validate transactions
[4]. The security of asymmetric cryptography relies on
the mathematical concept of a “Message Digest”, which
ensures that while it’s computationally feasible to derive
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the public key from the private key, the reverse process is
computationally infeasible [5, 6]. This fundamental principle
is the foundation for protecting electronic transactions and
communications within consumer networks to enhance
IoT security through immersive embedded cyber-physical
systems. Fig. 1 shows the different layers of a blockchain
system and the types of attacks it faces. It starts with
block data, networking protocols, consensus algorithms,
smart contracts, and decentralized applications. Each layer
is susceptible to specific attacks like network attacks,
consensus manipulation, and contract tampering, which can
compromise data security and system integrity [6–8]. Quantum
blockchain technology enhances security in Consumer IoT
through advanced quantum techniques. Quantum-resistant
encryption, such as lattice-based cryptography or multivariate
cryptography, protects sensitive data, ensuring confidentiality
and thwarting breaches of the CIA triad [9]. Robust quantum
cryptographic protocols, like Quantum Key Distribution
(QKD), defend against network attacks such as eavesdropping
and man-in-the-middle attacks [10, 11]. Quantum-resistant
consensus algorithms prevent manipulation and maintain
transaction integrity, including Quantum-Resistant Proof
of Work (QR-PoW) or Quantum-Resistant Proof of Stake
(QR-PoS).

Fig. 1: Layered representation of a blockchain system
highlighting potential attack vectors.

Integration with Hardware Security Modules (HSMs)
employing quantum-resistant algorithms, such as
quantum-safe digital signatures or quantum-safe hash
functions, secure against physical attacks like theft, hijacking,
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and tampering of device interactions with blockchain networks
[12]. This comprehensive approach ensures that consumer
IoT networks remain secure against emerging threats posed
by quantum computing and physical security risks.

A. Significance of Quantum Blockchain

Blockchain is a distributed ledger technology that facilitates
consensus building across a large, potentially dishonest user
base due to its high Byzantine Fault Tolerance (BFT) [6, 22].
Key features of blockchain technology, such as accountability
and transaction transparency, make it appealing for a wide
range of uses, from smart contracts to manufacturing
[23]. On a modern blockchain network, any user may
record a new transaction in the distributed ledger. This
specification allows for the transfer of digital assets between
parties and stipulates that the digital signature of the
initiator must sign each transaction. Each user’s transaction
history is stored as a blockchain on their local computer
[24]. Securing these networks, especially against emerging
quantum threats, remains a challenge. Fig 2 shows the

Fig. 2: Quantum blockchain data organization in secure
Consumer IoT networks.

quantum blockchain data organization designed to address
the challenges of secure Consumer IoT networks. The
structure comprises sequential blocks (Blocki−1, Blocki,
and Blocki+1) containing essential elements such as Hash,
Previous Hash, Nonce, and Quantum Data. Each block is
cryptographically linked to its predecessor, ensuring data
integrity. Users (User1, User2, ...Usern) interact with this
system through quantum keys (QPublicKey,QPrivateKey)
and signatures (QSignature), providing a robust verification
mechanism. This quantum-enhanced blockchain framework
aims to enhance security, protect against quantum attacks, and
ensure reliable data handling across consumer IoT networks.
It is an ideal solution for safeguarding sensitive information

and transactions [8, 25]. The blockchain is a decentralized
database constructed through a series of interconnected
blocks, each encompassing four crucial elements: Hash of
the preceding block, Quantum computing-related data content,
Nonce, utilized to shape the hash into a predetermined
form, and Hash of the block itself. Quantum computing
introduces unique computational capabilities that require
specialized handling of quantum data [26]. Integrating these
attributes into secure Consumer IoT networks makes it
possible to ensure the integrity, confidentiality, and reliability
of quantum information within these networks. This enables
secure consumer IoT networks to effectively serve as
robust and trustworthy platforms for managing quantum
data, contributing to the advancement and adoption of
quantum technologies [26]. The advent of universal quantum
computers poses significant threats to traditional security
methods in secure consumer IoT networks [27]. Table I
compares traditional cryptographic methods like RSA and
ECC and quantum-resistant methods like lattice-based and
hash-based cryptography. It highlights key differences in
areas like quantum vulnerability, key sizes, computational
efficiency, and long-term security, emphasizing the potential
impact of quantum threats on consumer IoT networks.
Quantum computing threatens encryption methods like RSA
and ECC, which are commonly used in blockchain, by
making it possible to break their security through algorithms
like Shor’s. Quantum-resistant encryption methods, such as
lattice-based or hash-based cryptography, are being developed
to counter this [20]. Blockchain systems can integrate these
quantum-resistant algorithms to ensure long-term security.
Early adoption of these approaches is crucial to secure against
future quantum attacks on current encryption standards [28].
Shor’s quantum algorithm, capable of factoring large numbers
and discrete logarithms in polynomial time, undermines the
security of such algorithms [25, 29]. The essence of Shor’s
algorithm can be encapsulated by the equation for period
finding:

r = min{r > 0 : ar ≡ 1 (mod N)}, (1)

Where N is the large integer to be factored, a is a randomly
chosen number less than N , and r is the order of a modulo N .
Successfully determining r enables the efficient factorization
of N . Shor’s algorithm, encapsulated by the equation 1
demonstrates how large numbers used in encryption, such
as RSA, can be factored efficiently [30]. This process is
particularly relevant in smart consumer electronics devices
within CioT networks. For example, in a network of smart
home devices such as cameras, smart locks, and thermostats,
which use RSA encryption for secure communication, Shor’s
algorithm aids in finding the period r, where ar ≡ 1 (mod N),
to solve the factoring problem [31]. Once this period is found,
the system can streamline secure key exchanges and improve
the efficiency of cryptographic operations. This example
illustrates how the equation 1 encapsulates the core function of
Shor’s algorithm and its application to enhancing encryption
and communication in CIoT networks. Grover’s search
method introduces vulnerabilities by providing a quadratic
speedup in determining the inverse hash function [29]. The
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TABLE I: Comparison between Quantum-Resistant Cryptographic and Traditional Cryptographic methods.

Parameter Traditional Cryptographic Methods (RSA, ECC) Quantum-Resistant Cryptographic Methods
(Lattice-based, Hash-based)

Quantum Vulnerability [13] Highly vulnerable (broken by Shor’s algorithm) Resistant to quantum attacks (e.g., 2128 quantum complexity
for lattice problems)

Underlying Problem [14] Integer factorization (RSA) or discrete logarithms
(ECC)

Hard lattice problems (NTRU), hash functions, multivariate
equations

Key Sizes [14] RSA-2048 bits, ECC-256 bits for 128-bit security Lattice-based: 1000–2000 bits, Hash-based: 256 bits for
128-bit security

Computation Efficiency [15] RSA-2048: 1ms, ECC-256: 0.1ms per operation Lattice-based: 5-10ms, Hash-based: 1-2ms per operation

Security Against Classical
Attacks [16]

Strong (RSA-1024 broken), ECC-256 strong Strong (based on NP-hard problems), hash-based also strong

Maturity and Adoption [17, 18] Well-established, widely adopted (TLS, SSL,
blockchain)

Still under research, some early adoption (e.g., NTRU)

Adaptability to Blockchain [19] Integrates into current protocols Requires key management adjustments and protocol updates

Long-Term Security [14] Insecure in the quantum era (broken in minutes by large
quantum computers)

Secure against classical and quantum attacks (128-256-bit
quantum security)

Performance Overhead [20, 21] Low (RSA-2048 encryption: 1MB/s) Higher (Lattice-based: 200KB/s, Hash-based: 500KB/s)

foundational equation of Grover’s algorithm, which outlines
the number of iterations k needed to find a target item with
high probability, is given by:

k =
⌊π
4

√
N
⌋

(2)

Where N is the number of items in the database, this
equation demonstrates Grover’s algorithm’s quadratic speedup
over classical search methods. Computationally intensive
post-quantum digital signatures alone may not suffice against
assaults that manipulate the network’s hash rate using
a quantum computer [32]. While alternative approaches,
such as blockchains based on mining procedures, exist
to sustain distributed ledgers, they still rely on pairwise
authenticated channels or digital signatures, leaving them
vulnerable to quantum computer attacks. Pairwise authentic
channels can ensure message integrity during transit but fail
to address the transferability problem [33]. Post-quantum
signatures are critical for securing blockchain in Consumer
IoT networks as they address vulnerabilities posed by
quantum computing [19]. Current advancements, like NIST’s
quantum-resistant algorithms (e.g., CRYSTALS-Dilithium,
Falcon), are being integrated into blockchain frameworks
to ensure resilient authentication and transaction validation
[34]. These signatures are particularly practical in IoT
settings due to their lightweight cryptographic nature, enabling
secure end-to-end encryption for resource-constrained devices
[35]. By securing data integrity and decentralizing trust,
post-quantum signatures ensure tamper-resistant, future-proof
protection against emerging quantum threats, making them
vital for the security of smart consumer electronics [36].

B. Impact of Quantum Computing on Blockchain

Quantum computing rapidly moves from labs to mainstream
use, promising efficiency in computational tasks beyond
classical computers. It threatens the security of current
cryptographic methods, posing challenges for technologies like
IoT, blockchain, and AI [37, 38]. This shift has significant
implications for consumer electronic networks, particularly
ensuring secure operations. Ensuring secure Consumer IoT

networks will require adapting to these quantum challenges.
Blockchain and other Distributed Ledger Technologies
(DLTs) provide transparency and security through public-key
cryptography and hash functions. Quantum computing
threatens these methods, necessitating the development of
post-quantum cryptosystems [20]. This shift is crucial for
maintaining secure operations in Consumer IoT networks.
Quantum computers utilize qubits, allowing them to be in
superposition states as:

|Ψ⟩ = α |0⟩+ β |1⟩ (3)

with probabilities |α|2 and |β|2 respectively, where |α|2 +
|β|2 = 1. This property enables quantum parallelism, as an
n-qubit system represents 2n possible states simultaneously.
Quantum algorithms, like Grover’s algorithm, can search
unsorted databases in O(

√
N) time, offering a quadratic

speed-up over classical algorithms [39]. The impact of
quantum blockchain on consumer IoT networks includes
enhanced encryption and faster data processing, leading to
more secure and efficient communication systems. This poses
a risk to cryptographic codes protecting digital signatures
and transaction histories, which is crucial as up to 10% of
global GDP will be stored on blockchains by 2025 [40].
Quantum technology necessitates new cryptographic protocols
to secure data, profoundly impacting Consumer IoT networks
by altering industry data security practices. Table II shows
the impact of quantum computing on various blockchain
parameters, comparing classical blockchain performance with
quantum-enhanced capabilities. Data for this analysis were
collected from recent advancements and theoretical models
in quantum computing and blockchain technology. This
information benefits consumer IoT networks by highlighting
potential transaction speed, security, and energy efficiency
improvements, which are critical for developing more robust
and efficient systems. Integrating quantum cryptography in
Consumer IoT networks represents a significant advancement
in blockchain security. Fig. 3 combines quantum computing
with traditional blockchain methods. Using the unpredictable
properties of quantum mechanics enhances security measures,
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TABLE II: Influences of Quantum Computing on Blockchain Performance Metrics.

Blockchain Parameter Classical Blockchain Impact of Quantum
Computing

Equivalent
Signature
(Classical)

Equivalent Signature (Quantum)

Hash Rate 1010 hashes/second 1030 hashes/second SHA-256 SHA-512

Key Length 256 bits 512 bits or more RSA-2048 Post-Quantum RSA-4096

Transaction Throughput 10 transactions/second 1000 transactions/second ECDSA Post-Quantum ECDSA

Latency 10 seconds 0.1 seconds ECDSA Post-Quantum ECDSA

Consensus Mechanism Efficiency 70% 90% PoW Quantum-Optimized PoW

Block Size (B) 1 MB 10 MB SHA-256 Post-Quantum Block Compression

Block Creation Time (BCT) 10 minutes 1 minute PoW Quantum-Optimized PoW

Encryption Breaking Time 1012 years 10−3 years RSA-2048 Quantum-Resistant Encryption

Signature Verification Speed 1000 verifications/second 106 verifications/second ECDSA Post-Quantum ECDSA

Data Integrity Check Speed 500 checks/second 104 checks/second SHA-256 Post-Quantum Hashing

Smart Contract Execution Time 1 second 0.01 second ECDSA Post-Quantum Smart Contracts

Block Propagation Delay 5 seconds 0.5 seconds SHA-256 Quantum-Optimized Propagation

Transaction Finality (TF) 1 hour 5 minutes ECDSA Post-Quantum ECDSA

Double Spend Attack Resistance Medium High ECDSA Post-Quantum Double Spend Resistance

Privacy Preservation (PP) Medium High SHA-256 Quantum-Enhanced Privacy Protocols

Consensus Time 5 minutes 10 seconds PoW Quantum-Optimized Consensus
Mechanisms

Fig. 3: Layered Integration Approach: Quantum Leap in
Blockchain Security and the Impact of Quantum Computing
on Blockchain.

making blockchain systems more resilient against potential
breaches. This step secures our digital future and marks a
major consumer IoT network technology advancement.

C. Role of Immersive Embedded Cyber-Physical Systems
(IE-CPS) in Securing CIoT with Quantum Blockchain

The rapid growth of the CIoT has led to a significant
increase in connected devices, raising concerns over data
security, privacy, and system reliability [41]. IE-CPS and
Quantum Blockchain offer an advanced secure communication
and data management solution to address these challenges.
The integration of these technologies enhances security
and scalability while addressing the complexity of modern
CIoT environments. IE-CPS involves the integration of

computational capabilities into physical processes, enabling
real-time interaction with the surrounding environment [42].
They are particularly valuable in CIoT, where they enhance
interconnected devices’ situational awareness and adaptability.
The IE-CPS can be expressed as:

IE-CPS = {(S,A,E) | S ⊆ S,A ⊆ A,E ⊆ E} (4)

Where:
• S represents the set of physical sensors that collect data

(Si ∈ S).
• A is the set of actuators that execute actions (Ai ∈ A).
• E represents the embedded computational environment

(Ei ∈ E).
The system’s control algorithms govern the real-time data flow
and interaction between sensors and actuators, which can be
represented using a control function [43].

u(t) = f(S,A,E, t) (5)

Where u(t) is the control signal at time t, and f is the
function that dictates the behavior of the embedded system.
The following are the roles of IE-CPS:

1) Enhanced Data Integrity through Quantum-Resistant
Consensus: Quantum Blockchain ensures data integrity
by utilizing QKD alongside a quantum-resistant consensus
mechanism [44]. Using quantum keys QKAB between two
nodes A and B helps secure the communication channel.

QKAB = {qi | qi ∈ {0, 1}, i = 1, 2, . . . , n} (6)

The consensus mechanism is resistant to quantum attacks,
enabling secure transaction validation. Each block in the
blockchain is encrypted using a quantum key QKAB , making
it difficult for adversaries to alter the contents of a block
without detection:

Bi = (H(Bi−1), QKAB , Di, ti) (7)
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2) Real-time Intrusion Detection with IE-CPS Monitoring:
IE-CPS provides continuous monitoring of the physical
environment and can detect anomalies in real-time, improving
the security posture of CIoT devices [45]. This can be modeled
as:

A(t) = {Si(t), Ai(t) | i = 1, 2, . . . ,m} (8)

By integrating IE-CPS, any anomaly δ detected in sensor
readings can be flagged as:

δ =

{
1 if Si(t) ̸= Ŝi(t)

0 otherwise
(9)

Where Ŝi(t) represents the expected sensor readings,
quantum-secured communication ensures that such alerts are
transmitted securely to control centers, preventing tampering
during transmission.

3) Scalable Secure Communication via Quantum
Blockchain: Using quantum cryptography in blockchain
networks allows for scalable and secure communication
between numerous CIoT devices [46]. As the number of
devices n increases, traditional encryption methods struggle
with key management. Quantum key distribution simplifies
this with the following:

Key Length ∝ log2(n) (10)

This relationship indicates that the length of the quantum key
increases logarithmically with the number of devices, allowing
secure key management even as the CIoT network scales.
This ensures that each device in the IE-CPS framework can
communicate securely without compromising performance.

4) Tamper-Proof Data Storage Using Quantum Ledger:
The tamper-proof nature of Quantum Blockchain provides
a secure ledger for storing CIoT data, ensuring that any
unauthorized access or modification attempts are detectable
[47]. If an adversary tries to clone a quantum state |ψ⟩, the
no-cloning theorem ensures:

|ψ⟩ ⊗ |0⟩ ↛ |ψ⟩ ⊗ |ψ⟩ (11)

This property is used to secure data in the blockchain, making
it impossible to duplicate data blocks without detection.
Thus, combining IE-CPS and Quantum Blockchain enables a
tamper-resistant data storage mechanism where quantum keys
secure each recorded transaction.

5) Secure Authentication and Key Exchange: Integrating
IE-CPS with Quantum Blockchain allows for secure
authentication of CIoT devices [48]. For two devices DA

and DB , a mutual authentication process using QKD can be
described as:

Auth(DA, DB) = {(DA, DB) | H(QKDA
) = H(QKDB

)}
(12)

Where: Auth(DA, DB) signifies that devices DA and DB

have been authenticated if their quantum keys match after a
hashing operation. This prevents unauthorized devices from
joining the CIoT network, ensuring only legitimate nodes can
communicate.

D. Salient Contributions

In this paper, we use quantum blockchain, which
significantly enhances scalability and reliability while
addressing the unique security needs of commercial and
governmental applications within secure Consumer IoT
networks. It includes novel contributions such as the Quantum
Currency Security Protocol, Distributed Ledger Data Blocks
for Consumer IoT Networks, Quantum Ledger Verification
using Quantum Cryptography, and solutions for middleman
attacks in blockchain using quantum security and privacy
measures. It also integrates Elliptic Curve Cryptography
(ECC)-based security measures to further enhance consumer
IoT network protection.
• Introduces the Quantum Currency Security Protocol and

Distributed Ledger Data Blocks to enhance security and
privacy for commercial and governmental applications,
like securing financial transactions in smart home CIoT
networks.

• Proposes a design that improves transaction transparency
and scalability in Distributed Ledger Data Blocks, for
example, ensuring accurate tracking of data and payments
in industrial CIoT systems.

• Uses Quantum Ledger Verification with quantum
cryptography to ensure transaction integrity and
authenticity, such as securely storing and verifying
patient records in healthcare CIoT systems.

• Provides solutions for middleman attacks using advanced
quantum security, like preventing data tampering
in-vehicle communications in smart transportation CIoT
systems.

• Employs quantum principles like entanglement to secure
blockchain networks from middleman attacks, ensuring
secure communication between vehicles in transportation
CIoT systems.

• Integrates Quantum Key Distribution (QKD) and
post-quantum methods to protect sensitive data
from quantum threats, like securing supply chain
communications between suppliers and logistics
providers in CIoT networks.

• Enhances encryption for CIoT networks using Elliptic
Curve Cryptography (ECC), ensuring secure, efficient
communication in resource-constrained devices like
wearable medical equipment.

E. Paper Organization

In this section, the organization of the paper is outlined. The
rest of the paper is organized as follows: Section II provides a
comprehensive review of existing research and developments
related to blockchain security, quantum computing, and
their integration with a particular focus on Consumer IoT
(CIoT) networks. Section III details the objectives to enhance
CIoT security by developing quantum-resistant protocols
and techniques that address quantum computing threats.
Section IV describes the methodologies used, including the
Quantum Currency Security Protocol, Distributed Ledger
Data Blocks, Quantum Ledger Verification using Quantum
Cryptography, Quantum Solutions for Middleman Attacks,
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and ECC-Integrated Security Measures. Section V presents
the results obtained from integrating cryptocurrency and
blockchain with quantum technologies, emphasizing their
scalability, reliability, and effectiveness in addressing the
unique security needs of CIoT networks. Section VI concludes
the key findings and highlights their implications for future
blockchain and quantum security in Consumer IoT. Section
VII discusses the challenges encountered during the research
and outlines potential directions for future work, focusing on
optimizing the proposed protocols for enhanced performance
and broader applicability in quantum-resistant blockchain
systems.

TABLE III: List of Abbreviations and their meanings used in
the paper.

Abbreviation Used Term
AES Advanced Encryption Standard
AI Artificial Intelligence
BB84 Bennett-Brassard 1984
BCT Block Creation Time
BFT Byzantine Fault Tolerance
CIoT Consumer Internet of Things
CP-ABE Ciphertext-Policy Attribute-Based

Encryption
CPU Central Processing Unit
DLTs Distributed Ledger Technologies
ECDLP Elliptic Curve Discrete Logarithm Problem
ECDSA Elliptic Curve Digital Signature Algorithm
ECC Elliptic Curve Cryptography
EdDSA Edwards-Curve Digital Signature Algorithm
GDP Gross Domestic Product
HSMs Hardware Security Modules
IEEE Institute of Electrical and Electronics

Engineers
IIoT Industrial Internet of Things
IoT Internet of Things
MEC Mobile-Edge Computing
NVMe SSD Non-Volatile Memory Express Solid State

Drive
NVIDIA H100 NVIDIA H100 Tensor Core Graphics

Processing Unit
PKI Public Key Infrastructure
PoS Proof of Stake
PoW Proof of Work
PUFs Physically Unclonable Functions
QDS Quantum Digital Signature
QEC Quantum Error Correction codes
QKD Quantum Key Distribution
QBIF Quantum Blockchain Identity Framework
QIT Quantum Identity Token
QRNG Quantum Random Number Generators
QR-PoS Quantum-Resistant Proof of Stake
QR-PoW Quantum-Resistant Proof of Work
RAM Ferroelectric Random Access Memory
RSA Rivest–Shamir–Adleman
SCADA Supervisory Control and Data Acquisition
SHA Secure Hash Algorithm
SVP Shortest Vector Problem
TLS Transport Layer Security
ZKP Zero Knowledge Proofs

II. LITERATURE SURVEY

Integrating quantum blockchain into Consumer IoT
networks offers a promising approach to enhance security
through quantum-resistant cryptographic techniques and
tamper-proof data management. This literature review
explores existing research on the fusion of quantum
blockchain technology with IoT networks, focusing on
how it addresses critical security challenges such as
authentication, data integrity, and scalability. Table VI

shows a comparative analysis of several research papers
focused on enhancing security and privacy in Consumer
IoT (CIoT). It categorizes the papers based on specific
technological approaches such as Blockchain Integration,
Quantum Technology, Encryption Methods, and Post-Quantum
Cryptography. It provides a clear overview of each paper’s
methodologies to address security challenges. Singamaneni
et al. [6] introduced a multi-qubit Quantum Key Distribution
(QKD) Ciphertext-Policy Attribute-Based Encryption
(CP-ABE) model to enhance cloud security for consumers.
The proposed model demonstrated improvements in key
generation rate and transmission distance, offering stronger
encryption with minimal computational overhead for cloud
environments. Awan et al. [8] proposed an AI-driven SDN
architecture for Consumer IoT, incorporating Ubiquitous AI,
Quantum-Inspired ML, and a Decentralized Trust Evaluation
mechanism. The approach achieved detection accuracies of
98.5% for passive eavesdropping attacks and 95% for Sybil
attacks. The model maintained low computational costs and
high network throughput across different attack scenarios.
Wang et al. [49] developed a blockchain-enabled decentralized
edge intelligence framework for 6G consumer electronics,
integrating edge servers and blockchain consensus. The
proposed system achieved 96% offloading efficiency and low
latency of 50ms across 2000 devices and 100 edge servers
in simulations, highlighting its scalability and efficiency.
Datta et al. [50] introduced a blockchain-based smart
contract model for securing healthcare transactions using
consumer electronics and Mobile-Edge Computing (MEC).
Their approach utilized AES, RSA, EdDSA, and ECDSA
for encryption, achieving high security and scalability.
Experimental results showed the proposed scheme’s better
efficiency in communication cost and processing time
compared to existing models. Ayub et al. [51] developed
a secure, consumer-centric demand response management
protocol for resilient smart grids using blockchain-based
authentication. Their protocol incorporates Physically
Unclonable Functions (PUFs) to prevent physical attacks,
ensuring privacy and security for consumer IoT devices.
The method showed lower computation and communication
costs than similar protocols, making it an efficient solution
for Industry 5.0 applications. Wu et al. [52] presented
state-of-the-art research opportunities for next-generation
consumer electronics, emphasizing IoT standardization
(IEEE 2668) and cybersecurity. Their work proposed a
comprehensive framework for enhanced interoperability and
security in consumer IoT systems, showcasing potential
research directions like complex network analysis for
improved device reliability and network performance. Peelam
et al. [53] explored quantum computing applications for IoT,
focusing on network optimization, quantum-secured IoT, and
quantum sensors. Their approach, which employed quantum
algorithms like Grover’s and Shor’s, demonstrated improved
IoT network efficiency and security performance, achieving
enhanced data accuracy and optimization for industrial IoT
environments. Balogh et al. [54] reviewed IoT security
challenges, focusing on cloud and blockchain integration,
post-quantum cryptography, and evolutionary techniques
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TABLE IV: Comparative analysis of various Consumer IoT (CIoT) research papers, highlighting the various technological
approaches and methodologies used for enhancing security and privacy.

Author Reference BI QT CIoT EM SF DP QCS LDB LV MAS PQC

Singamaneni et al. [6] ✓ ✓ ✗ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Awan et al. [8] ✓ ✓ ✗ ✓ ✓ ✓ ✗ ✓ ✗ ✗ ✗

Wang et al. [49] ✓ ✗ ✗ ✗ ✓ ✓ ✗ ✓ ✗ ✗ ✗

Datta et al. [50] ✓ ✗ ✗ ✓ ✓ ✓ ✗ ✓ ✗ ✗ ✗

Ayub et al. [51] ✓ ✗ ✗ ✓ ✓ ✓ ✗ ✓ ✗ ✗ ✗

Wu et al. [52] ✗ ✗ ✗ ✗ ✓ ✓ ✗ ✗ ✗ ✗ ✗

Peelam et al. [53] ✗ ✓ ✗ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗

Balogh et al. [54] ✓ ✗ ✗ ✓ ✓ ✓ ✗ ✓ ✗ ✗ ✗

Aggarwal et al. [55] ✓ ✓ ✗ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Yang et al. [44] ✓ ✓ ✗ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Muralidharan et al. [56] ✓ ✗ ✗ ✗ ✓ ✓ ✗ ✓ ✗ ✗ ✗

Yu et al. [57] ✓ ✗ ✗ ✗ ✓ ✓ ✗ ✓ ✗ ✗ ✗

Proposed Paper ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

* Abbreviations: BI = Blockchain Integration, QT = Quantum Technology, CIoT = Consumer IoT, EM = Encryption Methods, SF = Security Features, DP = Data Privacy, QCS
= Quantum Currency Security, LDB = Ledger Data Blocks, LV = Ledger Verification, MAS = Middleman Attack Solution, PQC = Post-Quantum Cryptography.

for securing consumer electronics. Their methodology
employed evolutionary algorithms to address security issues,
demonstrating improved attack detection in IoT networks
while ensuring efficient computational performance. Aggarwal
et al. [55] proposed a secure smart grid authentication system
by integrating Quantum Key Distribution (QKD) and
blockchain technology into Supervisory Control and Data
Acquisition (SCADA) systems for consumer electronics.
Their approach demonstrated improved data integrity and
lower computational overhead, with simulations significantly
enhancing throughput and system security. Yang et al. [44]
conducted a theoretical analysis on quantum blockchain for
decentralization, focusing on quantum identity authentication
using quantum Public Key Infrastructure (PKI). Their work
introduced the Quantum Blockchain Identity Framework
(QBIF) to address identity management challenges in
consumer IoT, demonstrating enhanced security against
quantum attacks and offering a decentralized solution for
user authentication. Muralidharan et al. [56] introduced
a decentralized ME-centric framework for consumer IoT,
integrating edge computing, decentralized storage, and
blockchain to enhance scalability and security. Their model
demonstrated improved latency and data privacy, addressing
interoperability challenges in CIoT systems. Yu et al. [57]
proposed a blockchain-based Shamir’s threshold cryptography
scheme for data protection in Industrial IoT (IIoT) settings.
The approach integrates edge computing and blockchain
to enhance security by decentralizing key storage. Their
model demonstrated significant data confidentiality and
integrity improvements, with efficient key reconstruction
and encryption performance. The Black Bird 51% attack
becomes dangerous in quantum computing because it
exploits the majority control of a blockchain network’s
hashing power, denoted as P ≥ 0.51 [58]. In classical
systems, this attack allows a malicious actor to double-spend
or reverse transactions by re-mining blocks faster than
honest nodes. Quantum computing, with its ability to
factor large integers efficiently (e.g., Shor’s algorithm for

breaking RSA), can solve complex hash functions faster,
reducing the time complexity from O(2n) to O(n2), where
n represents the number of qubits used. This means the
time needed to gain 51% control and re-mine blocks could
drastically decrease [29]. Using quantum-resistant encryption
schemes like lattice-based cryptography or Elliptic Curve
Cryptography (ECC) adapted for quantum environments
could counteract this by ensuring the cryptographic primitives
remain secure even against quantum-based threats [19].
Integrating such quantum-resistant algorithms ensures
that the blockchain maintains its security by keeping
the computational difficulty of controlling 51% intact,
despite quantum advancements. Quantum computing poses
significant challenges to distributed sensor networks and
cryptocurrencies [59]. In distributed sensor networks,
quantum algorithms can break traditional encryption,
compromising data integrity and secure communication
[60]. For cryptocurrencies, quantum computers threaten
the security of cryptographic methods like Elliptic Curve
Cryptography (ECC), making wallets vulnerable to theft
and enabling faster 51% attacks (as shown in Table V) that
disrupt transaction consensus. These challenges necessitate the
adoption of quantum-resistant algorithms to secure blockchain
applications in these fields. Table V shows a comparative
analysis of PoW and PoS under quantum threats, highlighting
key factors such as attack difficulty, block time impact, energy
consumption, and network scalability. It illustrates how PoS
is generally more resilient to quantum attacks due to lower
reliance on computational puzzles and faster adaptability to
quantum-resistant cryptographic solutions.

III. AIMS AND OBJECTIVE

The paper aims to explore the integration of quantum
computing with blockchain technology in Consumer IoT
networks, focusing on enhanced security and efficiency. It
examines Quantum Currency with public keys, aims to
improve cryptocurrency transactions, and reduces quantum
attacks. It covers Quantum Verification of Ledger using
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TABLE V: Comparison of Proof of Work (PoW) and Proof of Stake (PoS) under Quantum Threats.

Factor Proof of Work (PoW) Proof of Stake (PoS)

51% Attack Difficulty [61] Requires 1.5–2.5 exahashes/second of hashing
power

Requires control of 30M–50M tokens in stake
(depends on network size)

Block Time Impact under Quantum Threat [62] 30% reduction in block creation time Minimal change (3%-5% reduction in block time)

Transaction Finality Time [63] 10 minutes per block, can reduce to 6–7 minutes 2–5 seconds per block, no significant change

Energy Consumption [64] 70 TWh/year 90% lower than PoW ( 2–5 TWh/year)

Quantum-Resistant Cryptography Integration
Time [65]

3–5 years for transition to quantum-safe
algorithms

1–2 years for transition due to flexible architecture

Consensus Algorithm Impact [64] Mining difficulty may be affected by faster
quantum mining

Stake validation remains secure with minor
vulnerabilities

Network Scalability under Quantum Threat [65] TPS may reduce from 7 to 5 TPS Minimal TPS impact, remains at 1,000–10,000
TPS

Attack Surface for Quantum Mining [65] High vulnerability due to reliance on SHA-256 Lower vulnerability, less dependent on
computational puzzles

Quantum Cryptography to develop robust cryptographic
techniques that ensure blockchain integrity. It proposes
solutions for Middle Man Attacks in Blockchain, addressing
intermediary vulnerabilities. The integration of Quantum
Security and Privacy measures is investigated to enhance
transaction confidentiality in the presence of quantum threats.
It uses the application of Elliptic Curve Cryptography
(ECC) in quantum blockchain for its effectiveness in
quantum-resistant cryptographic algorithms. To maintain
the relationships and connections between the various
components used in the paper, the Quantum Currency Security
Protocol worked alongside Distributed Ledger Data Blocks
to secure transaction validation and storage. Quantum Ledger
Verification further enhanced the authentication and validation
of these transactions [66]. The Quantum Solutions for
Middleman Attacks provided additional protection against
unauthorized access, reinforced by the Quantum Security
and Privacy Measures to secure sensitive information
[67]. ECC-Integrated Security Measures ensured efficient
encryption, maintaining the system’s performance across all
components [68].
The following points show the aims and objectives of the
proposed methodology, highlighting the relationships and
connections between the various components used in the
methodology section.

• Proposed a Quantum Currency Security Protocol
to enhance the security of cryptocurrency transactions
by utilizing quantum-resistant cryptographic algorithms,
ensuring secure data transfer within Consumer IoT
networks.

• Designed Distributed Ledger Data Blocks that
improved transactions’ transparency, scalability, and data
integrity, ensuring each transaction was securely validated
and added to the blockchain without vulnerabilities.

• Implemented Quantum Ledger Verification uses
quantum cryptographic techniques to authenticate
and ensure generating unique key pairs, encrypting
transactions, and utilizing changes.

• Proposed Quantum Solutions for Middleman Attacks
that leveraged quantum principles like entanglement and
superposition to prevent unauthorized interception and
transaction manipulation, safeguarding the blockchain’s

data flow.
• Integrated Quantum Security and Privacy Measures

within the blockchain to enhance confidentiality and
safeguard sensitive information against quantum-enabled
cyber threats, ensuring the long-term security of
Consumer IoT networks.

• Applied Elliptic Curve Cryptography
(ECC)-Integrated Security Measures to improve
encryption efficiency and data protection in Consumer
IoT devices, enabling lightweight cryptographic solutions
that support secure communication and data transfer
across constrained environments.

IV. METHODOLOGY

This section explores several quantum-based methodologies
for securing Consumer IoT networks. First, we discuss
the Quantum Currency Security Protocol, which provides a
robust framework for digital transactions within consumer
IoT networks. Next, we address the utilization of Distributed
Ledger Data Blocks, which are crucial for maintaining the
integrity and transparency of transactions. Quantum Ledger
Verification, underpinned by quantum cryptography, enhances
the accuracy and security of ledger verification processes.
We also examine quantum solutions designed to counteract
middleman attacks in blockchain systems, a critical aspect
of maintaining trust in digital communications. The role
of quantum security and privacy measures in blockchain
technology is highlighted to reinforce the further protection
of sensitive information. Elliptic Curve Cryptography (ECC)
is also considered for its efficiency and strength in encryption,
complementing the aforementioned techniques in ensuring a
secure consumer IoT network.

A. Quantum Currency Security Protocol in Consumer IoT
Networks

The integration of quantum technology into blockchain
at the cryptocurrency level can be facilitated by referencing
various quantum cash schemes developed since the 1960s
[69]. Quantum currency employing public keys explores
superposition to prevent unauthorized replication of quantum
states used as coins. This security stems from the inability of
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attackers to ascertain the cryptographic keys used to construct
these states, thereby thwarting attempts to measure each qubit
in the correct basis [70]. Stephen Wiesner initially proposed
the concept of generating public-key quantum money in
1960 [71]. The Quantum Currency Security Protocol (QCSP)
ensures secure quantum-resistant currency transactions
by generating unique key pairs, encrypting transactions,
and utilizing quantum-resistant consensus mechanisms for
validation and blockchain integration. It introduces public-key
quantum money to enhance asset security within consumer
IoT networks. QCSP utilizes QKD and quantum-secure digital
signatures to enhance the security of digital transactions.
QCSP first establishes a secure quantum channel between
the sending device Ui and the receiving device Uj using
QKD to initiate a transaction in a consumer IoT network.
This process generates a pair of quantum keys: QKpubi

(public quantum key of Ui) and QKprivi (private quantum
key of Ui). Simultaneously, a shared secret key Kij is
established between Ui and Uj . Once the quantum channel
is established, Ui initiates a transaction by preparing a
message M containing transaction details such as the amount
(Amount), sender’s address (SenderAddress), recipient’s
address (RecipientAddress), and timestamp (Timestamp).
This message M is hashed using a quantum-secure hash
function to produce H(M):

H(M) = HashFunction(M) (13)

Ui signs H(M) using their private quantum key QKprivi ,
resulting in a digital signature Si:

Si = Sign(QKprivi , H(M)) (14)

The signed message (M,Si) is transmitted to Uj over a
classical communication channel. Upon receiving (M,Si), Uj
verifies the authenticity of the transaction by using QKpubi

to verify Si and ensure that M has not been tampered during
transmission:

Verification(QKpubi ,M, Si) → {True,False} (15)

If the verification is successful (Verification = True),
Uj proceeds with the transaction; otherwise, it rejects the
transaction. To ensure the integrity and authenticity of the
transaction, Ui generates an authentication token T using the
shared secret key Kij and sends it along with the signed
message (M,Si) to Uj . Uj validates T using Kij to confirm
that the message originated from Ui and has not been altered:

T = AuthenticationToken(Kij) (16)

ValidateToken(T,Kij) → {True,False} (17)

The Quantum Currency Security Protocol is described in
Algorithm 1. It uses unique key pairs, encryption, and strong
validation mechanisms to protect quantum-resistant currency
transactions in consumer IoT networks. By integrating
public-key quantum money, QCSP strengthens asset security,
incorporating measures to defend against quantum threats in
digital currency transactions

Algorithm 1 Quantum Currency Security Protocol in
Consumer IoT Networks

Input: Transaction message M , Quantum key pair (QKpubi
, QKprivi

),
Shared secret key Kij

Output: Transaction confirmation or rejection
Function QuantumCurrencySecurityProtocol(M , QKpubi

, QKprivi
, Kij )

begin
Establish quantum channel between Ui and Uj ;

Generate sequence of qubits {qi} with random basis;
Transmit {qi} to Uj ;
Uj measures {qi} with random basis;
Compare bases over classical channel;
if bases match then
Kij ← extract key from matching bits;

else
abort process and report error;

Si ← QuantumSign(QKprivi
, M );

Send (M,Si) to Uj ;

verification_status← QuantumVerify(QKpubi
, M , Si);

if verification_status == True then
proceed with transaction;

else
reject transaction;

T ← Generate authentication token using Kij ;
Send T along with the signed message;

if validate token T with Kij then
confirm integrity and authenticity;

else
report tampering;

return transaction confirmation or rejection;

B. Dual Authentication in Quantum Currency Security
Protocol

The Quantum Currency Security Protocol (QCSP) employs
dual authentication using quantum public-private keys and
quantum identity tokens to enhance security in CIoT networks
[72]. This approach solves the vulnerabilities of single
authentication, such as impersonation, quantum attacks (e.g.,
Shor’s algorithm), and eavesdropping. In dual authentication,
quantum keys and tokens are required for secure access,
providing a quantum-resilient solution [73].

1) Basis of Dual Authentication: The Quantum
Public-Private Key (QPK) system encrypts a message
M using the public quantum key kpub, and the encryption
can be formulated as:

EQPK(M) =M ⊗ ⟨kpub|ψ⟩ (18)

Where ψ represents the quantum state associated with the
user. Due to the no-cloning theorem, any attempt to copy
or measure ⟨kpub|ψ⟩ disturbs the system, alerting legitimate
parties of an attack. The Quantum Identity Token (QIT) is a
unique quantum state |QIT ⟩ assigned to each user. Verification
is conducted by measuring:

Pverify(|QIT ⟩) = 1 if valid, otherwise 0 (19)

Due to the uncertainty principle, an attacker cannot measure
or replicate the token without disturbing it, leading to failed
verification attempts.
Theorem: In a Consumer IoT network, dual authentication
with quantum public-private keys and quantum identity tokens
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guarantees secure communication, impersonation resistance,
and robustness against quantum and classical attacks [74].
Proofs:

• Impersonation Resistance: Let the probability of success
for an adversary attempting to impersonate a user be
denoted by Pimpersonate. In single authentication, this
probability depends on successfully guessing or stealing
the public-private key pair:

Psingle = P (break QPK) (20)

The adversary must break the QPK system and replicate
the QIT state for dual authentication. The total probability
of success is:

Pdual = P (break QPK)× P (break QIT) (21)

Given that both probabilities are exponentially small due
to quantum mechanics:

P (break QPK) ≈ 1

2n
, P (break QIT) ≈ 1

2m
(22)

Where n and m represent the security parameters
(number of qubits), we have:

Pdual =
1

2n
× 1

2m
=

1

2n+m
(23)

Thus, the adversary’s probability of success in
impersonation is exponentially smaller with dual
authentication than with single authentication.

• Resistance to Quantum Attacks: Classical encryption
schemes are vulnerable to quantum attacks, such as Shor’s
algorithm, where the probability of success is high [75]:

PShor ≈ 1 (24)

Quantum public-private key encryption relies on quantum
superposition and entanglement, which are not affected
by Shor’s algorithm [29]. The probability of successfully
breaking a quantum public-private key system is
negligible:

P (break QPK with Shor) ≈ 0 (25)

To break dual authentication, the adversary must also
replicate the quantum identity token, which is again
protected by the no-cloning theorem:

P (break QIT) ≈ 0 (26)

Thus, the total probability of breaking the system through
quantum attacks is:

Pquantum attack = P (break QPK)× P (break QIT) ≈ 0
(27)

• Security: The security of dual authentication defined as:

Psuccess = P (break QPK)× P (break QIT) =
1

2n+m
(28)

The security parameters are where n and m. Therefore,
the system’s security is exponential for the size of the
quantum keys and tokens [76]. This probability becomes

negligibly small for practical values of n and m, making
dual authentication exponentially more secure than single
authentication.

Psuccess =
1

2n+m
≈ 0 (29)

Thus, dual authentication ensures that both the QPK
and QIT components are required for successful
authentication, and breaking both is computationally
infeasible, even for quantum computers [77].

C. Distributed Ledger Data Blocks for Consumer IoT
Networks

Blockchain technology faces significant challenges related
to scalability, efficiency, and sustainability. Addressing
these concerns is crucial for blockchain to become a
responsible and widely adopted technology. These issues
could be solved with the advent of practical quantum
computers, allowing blockchain to be used extensively in
mission-critical applications in sectors such as banking and
consumer electronics [78]. Quantum computing not only
promises solutions to existing blockchain problems but
also has the potential to enhance the implementation of
blockchain technologies, including cryptocurrencies [18]. In
a blockchain-based consumer IoT, the distributed ledger
maintains the ownership and status of all devices and
transactions [79]. This ledger is composed of a chain of blocks,
where each block references its predecessor. The header of
each valid block contains a hash H of the previous block in
the chain. Typically, each block includes a timestamp T , a
nonce N , and a list of transactions Txns. When a transaction
occurs in this network, the current state of the ledger is updated
by a function Calculate that takes the initial state S0 and the
transaction Txn and returns the next state S1 or an error Err.
This can be expressed mathematically as:

Calculate(S0,Txn) =

{
S1 if the transaction is valid
Error if the transaction is invalid

(30)
Each block Bi in the blockchain can be represented as:

Bi = {Hi−1, Ti, Ni,Txnsi} (31)

where Hi−1 is the hash of the previous block Bi−1, ensuring
the integrity of the chain. The hash function H can be defined
as:

Hi = Hash(Bi) = Hash(Hi−1, Ti, Ni,Txnsi) (32)

The state transition function can be represented as:

St+1 = Calculate(St,Txnt) (33)

This equation illustrates how the state of the ledger St at time
t is updated to St+1 after processing the transaction Txnt. A
consensus algorithm such as Proof of Work (PoW) or Proof of
Stake (PoS) is used to ensure consensus across the network.
For PoW, miners solve a computationally intensive puzzle,
which can be represented as:

H(Bi) < Target (34)
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Where the target is a value that adjusts the puzzle’s difficulty,
for PoS, the probability of validating the next block depends on
the validator’s stake in the network. Fig. 4 shows the structure
of the distributed ledger data blocks in a blockchain-based
consumer IoT network.

Fig. 4: Blockchain cryptocurrency’s distributed ledger data
blocks.

D. Quantum Ledger Verification using Quantum
Cryptography

Using quantum cryptography to verify ledgers significantly
boosts the security and reliability of consumer IoT networks
[80]. Quantum cryptography relies on unique properties of
quantum mechanics, such as entanglement and superposition,
to create highly secure and tamper-resistant transactions
[81]. For example, entangled photon pairs securely share
cryptographic keys in QKD. The state of an entangled photon
pair can be represented as:

|ψ⟩ = 1√
2
(|00⟩+ |11⟩) (35)

This equation shows that the photons are linked, so any
attempt to intercept them will disrupt their state, alerting the
parties involved. Quantum cryptography verifies ledger entries,
ensuring each transaction remains unaltered and trustworthy.
For a transaction T , its verification is:

V (T ) = H(T )⊕Kq (36)

Here, H(T ) is a hash function applied to the transaction,
and Kq is a quantum key. The result V (T ) confirms that
only authenticated transactions, verified by quantum keys, are
recorded on the ledger. This quantum-enhanced verification
ensures the privacy and integrity of ledger data, leading to
more secure and decentralized systems in our increasingly
digital world. Algorithm 2 utilizes quantum computing and
cryptography to authenticate ledger transactions. It employs
superposition (|L⟩ = α|0⟩ + β|1⟩) and measurement (P (r =
0) = |α|2) techniques, alongside entanglement (|ψ⟩ = |L⟩ ⊗
|V ⟩) for enhanced security. Quantum error correction and key
distribution ensure ledger integrity. Output is determined by
the measurement outcome (r) and can be either "Authentic
(1)" or "Not Authentic (0)". This algorithm is vital for secure
financial record-keeping in quantum computing environments.

E. Quantum Solution for Middleman Attack in Blockchain

Blockchain, a distributed ledger, allows trustless parties
to transact without a centralized intermediary [82], and is

Algorithm 2 Quantum Ledger Verification Protocol
Input: Ledger state L, quantum computing system with N qubits, quantum

cryptographic keys
Output: Verification result (Authentic (1) or Not Authentic (0))
Step 1: Initialize Quantum Ledger Parameters

begin
foreach transaction T do

Generate a unique public-private key pair (PK_T, SK_T ) for the
sender;
Encrypt T using a quantum-resistant algorithm E with PK_T ;
Ciphertext_C ← E(T, PK_T );
Attach PK_T to T ;

Step 2: Quantum Superposition
begin

Prepare the ledger state L in a quantum superposition:

|L⟩ = α|0⟩+ β|1⟩

where |0⟩ and |1⟩ represent computational basis states, and α and
β ∈ C are complex probability amplitudes with normalization:

|α|2 + |β|2 = 1

Step 3: Quantum Measurement
begin

Apply Hadamard gate H to transform the ledger state into superposition:

|L′⟩ = H|L⟩ =
α|0⟩+ β|1⟩
√
2

Perform quantum measurement on |L′⟩ in the computational basis,
yielding probabilities:

P (r = 0) = |⟨0|L′⟩|2 =
|α|2

2
, P (r = 1) = |⟨1|L′⟩|2 =

|β|2

2

Step 4: Quantum Entanglement
begin

Entangle the ledger state with verification qubits |V ⟩.
The combined system is now in the state:

|ψ⟩ = |L⟩ ⊗ |V ⟩ = α|0⟩L ⊗ |0⟩V + β|1⟩L ⊗ |1⟩V

This establishes an entangled state between the ledger qubits and
verification qubits.

Step 5: Quantum Cryptographic Checks
begin

Apply Quantum Error Correction codes (QEC) to detect and correct errors
in the ledger state;
Use quantum entanglement swapping to facilitate secure communication;
Perform QKD using protocols like BB84 to verify the authenticity of the
ledger;

Step 6: Quantum Verification
begin

Measure the verification qubits |V ⟩ to obtain the final result. The quantum
system collapses into a classical state.

Step 7: Quantum Ledger Verification
begin

if verification qubits collapse to |0⟩ then
Output: "Ledger is Authentic (1)";

else
Output: "Ledger is Not Authentic (0)";

characterized by its immutability, unforgeability, traceability,
transparency, and security. These features are underpinned
by public-key cryptography, whose security traditionally
hinges on the computational difficulty of specific problems.
With the rise of quantum computing, concerns have
emerged regarding the security of blockchain systems
based on traditional public-key cryptosystems. The resilience
of blockchain against quantum computational threats is
paramount [20]. Quantum-resistant public-key cryptosystems,
particularly lattice-based cryptosystems, have gained attention.
These cryptosystems are currently invulnerable to known
quantum algorithms, providing a robust defense against
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Fig. 5: Secure data management in consumer IoT networks
with quantum ledger database.

quantum attacks. Lattice-based cryptosystems often require
larger key sizes and signatures [83]. Quantum encryption
has become crucial for blockchain technology in consumer
IoT networks, protecting against middleman attacks by
using the principles of quantum mechanics to create
unbreakable cryptographic keys. This ensures the integrity and
confidentiality of blockchain transactions, as illustrated in Fig.
5. A quantum solution is proposed to enhance blockchain
security against middleman attacks. Algorithm 3 shows the
quantum principles to protect blockchain transactions. It
employs a quantum circuit with n qubits, where n corresponds
to the blockchain transaction length. The algorithm initializes
these qubits and applies quantum gates like X and Hadamard
to create an entangled state, subsequently measuring the
qubits. By checking the measurement outcomes for any
result other than ’0’*n and ’1’*n, the algorithm detects
potential middleman attacks, enhancing transaction security.
The quantum circuit Uentangle applies the Hadamard gate H to
each qubit, creating an entangled state as:

H⊗n |0⟩n =
1√
2n

2n−1∑
i=0

|i⟩ . (37)

Following entanglement, the measurement operation Umeasure
collapses the state |ψ⟩ to a classical bitstring, verifying
outcomes to detect anomalies. This approach is summarized
as follows:

|ψ⟩ =
1∑

i,j=0

αij |i⟩ |j⟩ , (38)

Deviations from the expected patterns of ’0’*n and ’1’*n,
where ’0’*n represents a string of zeros and ’1’*n, a string of
ones, serve as signals for potential tampering. This mechanism
enhances the security of blockchain transactions against threats
posed by quantum-enabled technologies.

F. Quantum Security and Privacy used in Blockchain

Quantum security and privacy are essential for enhancing
secure consumer IoT networks by addressing inherent
vulnerabilities [84]. According to quantum physics principles,
quantum technology ensures privacy and resolves safety issues
in conventional network systems [67]. For instance, the
QKD protocol enables devices to share information securely,

Algorithm 3 Quantum Middleman Attack Resilient
Transaction (QMART) Protocol

Input: Blockchain Transaction (blockchain_transaction)
Output: Security Result (Security_Result)
Function QMART Protocol(blockchain_transaction)

begin
n← length of blockchain_transaction;

Quantum_Circuit← QuantumCircuit(n,m);

foreach i ∈ {0, 1, . . . , n− 1} do
if blockchain_transaction[i] =′ 1′ then

Apply X gate to Quantum_Circuit at qubit i;

foreach i ∈ {0, 1, . . . , n− 2} do
Apply H gate to Quantum_Circuit at qubit i;

Apply CNOT gate to Quantum_Circuit from qubit i to i+ 1;

Result← execute(Quantum_Circuit, backend, shots = 1);
Counts← Result.get_counts();

if length of Counts = 1 and ’1’ ×ninCounts then
Security_Result ← "Middleman attack detected! Transaction

compromised.";

else
Security_Result ← "Transaction secure. No middleman attack

detected.";

return Security_Result;

utilizing the Heisenberg uncertainty principle as follows:

∆x ·∆p ≥ ℏ
2

(39)

Where ∆x and ∆p represent uncertainties in position and
momentum, and ℏ is the reduced Planck’s constant. This
principle guarantees that any eavesdropping attempt will
introduce detectable disturbances. The Quantum Digital
Signature (QDS) [85] mechanism replaces the elliptic
curve-based conventional digital signature technique.
Traditional signature is represented as:

s = k−1(H(m) + r · dA) mod n (40)

Where s is the signature, k is a random integer, H(m) is
the hash of the message, r is part of the signature, dA is the
private key, and n is the order of the curve, are vulnerable to
quantum attacks. QDS, rooted in quantum superposition and
entanglement, is described as:

|ψ⟩ = α|0⟩+ β|1⟩ (41)

where |ψ⟩ is the quantum state, and α and β are complex
probability amplitudes of states |0⟩ and |1⟩, provides a more
secure alternative as it can only be tampered with by the
owner. Implementing quantum-resistant algorithms is crucial,
as classical cryptographic methods like RSA are based on the
difficulty of factoring large integers.

N = pq (42)

Where p and q are primes, they are susceptible to quantum
attacks via Shor’s algorithm. Quantum algorithms can factorize
N exponentially faster than classical algorithms, posing a
significant threat. Lattice-based cryptography, which relies
on hard problems like the Shortest Vector Problem (SVP)
in high-dimensional lattices, is preferred for its resilience
against quantum computing capabilities. Quantum Random
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Number Generators (QRNG) use the inherent unpredictability
of quantum phenomena to produce true random numbers,
essential for encryption keys [86]. This unpredictability is
mathematically grounded in quantum mechanics, ensuring
non-replicable randomness for secure key generation. To
quantify the security enhancements brought by quantum
technology, we introduce the quantum security factor Q,
defined as:

Q =
1

2
(α+ β) (43)

Where α represents the classical security parameter, and β is
the quantum enhancement coefficient. This equation highlights
the relation between classical and quantum security measures.
Quantum entanglement in secure communication channels
allows the implementation of quantum teleportation protocols
[87], represented as:

|ψ⟩AB =
1√
2
(|00⟩+ |11⟩)AB (44)

Where |ψ⟩AB denotes an entangled state shared between
devices A and B. This entanglement ensures that any change
in one part of the system instantaneously affects the other,
providing a secure method for transmitting information.
Quantum teleportation for consensus in blockchain explores
the security of quantum cryptography, primarily utilizing
entanglement and the no-cloning theorem. For example, if
two smart consumer electronics devices share an entangled
pair |ψ⟩ = 1√

2
(|00⟩ + |11⟩), any measurement on one device

affects the state of the other [88, 89]. If an eavesdropper
attempts to intercept, the state collapses, violating the
superposition principle, as the no-cloning theorem |ϕ⟩ ̸= |ψ⟩
prevents duplicating unknown quantum states. QKD based
on the BB84 protocol uses the polarization of photons,
represented by states |0⟩ , |1⟩ , |+⟩ , |−⟩ , ensuring only the
intended devices share the key. Any interception alters
the measurement outcomes due to Heisenberg’s uncertainty
principle ∆x ·∆p ≥ ℏ

2 , thus guaranteeing secure transmission
and consensus in blockchain networks [90]. Transitioning
to quantum-based security mechanisms secures consumer
IoT networks against future quantum computing threats,
ensuring long-term security [91, 92]. Quantum cryptographic
techniques offer a level of security unattainable by classical
methods, addressing emerging vulnerabilities and enhancing
the resilience of interconnected devices. This comprehensive
security framework is vital for protecting sensitive information
and maintaining the integrity of consumer IoT networks in an
increasingly complex digital landscape.

G. Elliptic Curve Cryptography (ECC)-Integrated Security
Measures in Consumer IoT Networks

ECC is essential in consumer electronics networks to
provide robust security and efficient performance [93, 94].
Unlike traditional algorithms like RSA, ECC achieves
comparable security with much smaller key sizes, translating
to faster computation and reduced storage requirements crucial
for resource-constrained devices [95]. ECC is based on the
complex mathematics of elliptic curves, making it challenging
for attackers to decipher encrypted data without the private key

[96, 97]. This high level of security and efficiency ensures that
sensitive data transmitted between devices, such as personal
information or financial transactions, remains protected against
unauthorized access while minimizing the impact on device
performance and battery life. It is asymmetric public key
cryptography based on the properties of a particular type of
equation based on a mathematical group. Vector Miller and
Neal Koblitz proposed the cryptographic use of Elliptic curves
as shown in Fig. 6. In 1985 [98], Lenstra’s elliptic curve
factoring algorithm used ECC. In consumer IoT, ECC is a
highly efficient method for securing device communications,
serving as a robust alternative to the RSA algorithm. ECC
provides comparable security with much smaller key sizes,
essential for devices with limited computational resources.
This efficiency is due to the elliptic curve equation:

y2 = x3 + ax+ b (45)

Here, the curve is symmetric about y = 0 because the values
of x are ±. The elliptic curve is denoted as Ep(a, b), where a
and b are restricted by the modulo p operation, with p being
a prime number. Given a point P on the curve and a scalar k,
the corresponding point Q = kP can be computed efficiently.
If P and Q are known, determining k is computationally
challenging due to the discrete logarithmic problem. To
facilitate secure communications between devices, Algorithm
4 generates public and private keys. In this algorithm, “nA”
and “nB” denote the private keys for devices A and B, “G”
is a fixed generator point on the elliptic curve, and “n” is a
prime constant. The algorithm computes the public keys “PA”
and “PB” by multiplying the private keys with the generator
point G. It then derives the secret keys “kA” and “kB”
through additional operations on these public keys, thereby
providing the cryptographic keys necessary for secure message
encryption and decryption between devices.

Fig. 6: Elliptic Curve Cryptography illustrating secure
operations and boundary limits in consumer IoT.

1) Encryption of Elliptic Curve: Let the message M be
encrypted on ECC by the point Pm and let a random positive
integer k for encryption. Then, the cipher point sent to the
receiver is Cm.

Cm = {k ∗ tG, Pm ∗ PB} (46)
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Algorithm 4 Elliptic Curve Key Generation and Secret
Key Computation for Secure Electronic Devices

Input: Private key for Device A (nA), Private key for Device B (nB ),
Generator point (G), Prime number (p)

Output: Public key for Device A (PA), Public key for Device B (PB ), Secret
key for Device A (kA), Secret key for Device B (kB )

Function EllipticCurveKeyGenerationAndSecretKeyComputation(nA, nB , G,
p)
begin

Step 1: Generate Public Keys
PA ← nA ·G mod p;
PB ← nB ·G mod p;

Step 2: Generate Secret Keys
kA ← nA · PB mod p;
kB ← nB · PA mod p;

Step 3: Return Values
return PA, PB , kA, kB ;

2) Decryption of Elliptic Curve: For decryption, the
receiver’s secret key is multiplied by the value of the first
coordinate point on ECC, that is: nB ∗ kG After that, it will
be subtracted from the second coordinate in the pair.

Pm+ k ∗ PB − (kG ∗ nB) (47)

Since PB = nB ∗G, hence

Pm+ k ∗ PB − k ∗ PB (48)

So, the receiver gets the same point, which is Pm.

H. Elliptic Curve Cryptography (ECC) for Quantum Security
in Consumer IoT Using Quantum Mathematics

ECC is widely used in resource-constrained environments
like Consumer IoT due to its efficiency and smaller key sizes
than traditional methods like RSA [93]. The emergence of
quantum computers seriously threatens ECC’s security, as
quantum algorithms, such as Shor’s algorithm, can efficiently
solve the underlying Elliptic Curve Discrete Logarithm
Problem (ECDLP) [99, 100]. By integrating ECC with
quantum-resistant techniques and using principles of quantum
mathematics, we can enhance its security against quantum
attacks [101].

I. Elliptic Curve Cryptography for Quantum-Resilient
Consumer IoT Networks

ECC is an efficient cryptographic solution for securing
resource-constrained devices in Consumer IoT networks
due to its smaller key sizes and robust security [101].
The advent of quantum computing presents significant
challenges, as quantum algorithms, like Shor’s algorithm, can
efficiently break ECC by solving the Elliptic Curve Discrete
Logarithm Problem (ECDLP). To enhance ECC’s resilience
against quantum attacks, hybrid cryptographic schemes, which
combine ECC with quantum-resistant algorithms, are essential
for maintaining secure communications in Consumer IoT
networks [93].

1) ECC in Quantum-Resilient System: ECC is based on the
properties of elliptic curves over finite fields. The elliptic curve
E over a finite field Fp is defined by the equation:

y2 = x3 + ax+ b (mod p) (49)

Where a and b are constants, and 4a3 + 27b2 ̸= 0 ensures
that the curve has no singular points. The security of ECC
arises from the difficulty of solving the Elliptic Curve Discrete
Logarithm Problem (ECDLP): given points P and Q =
kP , finding k is computationally infeasible for classical
computers but is solvable using quantum computers with
Shor’s algorithm. In the quantum context, scalar multiplication
on elliptic curves is represented using quantum superposition:

|kP ⟩ =
n−1∑
k=0

αk|P ⟩ (50)

Where |kP ⟩ is the quantum state representing the result of
scalar multiplication by k, and αk are the corresponding
probability amplitudes.
Theorem: Let E(Fp) be an elliptic curve over a finite field,
and P ∈ E(Fp) a generator of a cyclic subgroup of
order n. ECC combined with quantum-resistant cryptographic
techniques such as lattice-based cryptography to ensure
quantum resilience, resulting in a hybrid cryptographic system
that is secure against classical and quantum adversaries.
Proofs:

• Classical Security of ECC: In classical cryptographic
systems, the Elliptic Curve Discrete Logarithm Problem
(ECDLP) remains difficult to solve using classical
algorithms, such as Pollard’s rho algorithm, which
has complexity O(

√
n) [102]. This guarantees security

against classical attackers.
• Vulnerability to Quantum Attacks: Shor’s algorithm

can solve the ECDLP in polynomial time O((log n)2),
making ECC vulnerable to quantum computing
attacks [29]. Shor’s algorithm utilizes quantum Fourier
transforms and modular arithmetic to efficiently compute
discrete logarithms, compromising ECC’s security.

• Hybrid Quantum-Resilient Approach: To
counter quantum threats, ECC is combined with
quantum-resistant algorithms. One such method is
lattice-based cryptography, which is resistant to quantum
attacks [73]. The hybrid cryptographic scheme ensures
that lattice-based components remain secure even if a
quantum adversary breaks the ECC component. The
encryption process for a message m using this hybrid
scheme can be written as:

EHybrid(m) = EECC(m)⊕ ELattice(m) (51)

Where:
– EECC(m) represents encryption using Elliptic Curve

Cryptography,
– ELattice(m) represents encryption using lattice-based

cryptography.
• Quantum Computation in ECC: Quantum encryption

processes in ECC involve the use of quantum gates
for scalar multiplication [103]. The quantum state
representing a point P on the elliptic curve evolves as
follows:

UECC|P ⟩ = |kP ⟩ (52)

Here, UECC is a unitary operator representing scalar
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multiplication in the elliptic curve group. Combining this
with lattice-based cryptography ensures the cryptographic
system is resilient to quantum attacks.

• Quantum Resistance Against Attacks: The hybrid
approach ensures that the decryption process remains
secure, even in the presence of quantum computers [104].
The decryption equation is given as:

m = DHybrid(c) = DECC(cECC)⊕DLattice(cLattice) (53)

Since no efficient quantum algorithm exists for breaking
lattice-based cryptographic schemes, this ensures
quantum resilience for Consumer IoT networks.

V. RESULT

In this section, we have summarized our work by combining
cryptocurrency and blockchain with quantum technology. We
have explored key areas such as using quantum methods
for secure verification of transactions, designing quantum
currency protocols with public keys, and using quantum
solutions to protect blockchain systems from middleman
attacks. We have also looked at ways to improve the
security and performance of traditional blockchain systems
using quantum technology. To ensure accurate results, we
have conducted experiments on a high-performance setup
with multi-core processors, 64GB of RAM, NVIDIA H100
Tensor Core GPUs, high-speed NVMe SSD storage, and
specialized quantum simulation tools. This setup allowed
us to test the impact of quantum solutions on blockchain
security and performance. We have conducted a detailed
Security Level Comparison of Cryptographic Algorithms in
Pre-Quantum and Post-Quantum contexts using data from
Google’s Cirq and IBM’s Qiskit simulators. Our Proposed
Comparative Complexity Analysis of security protocols in
Consumer IoT (CIoT) networks utilized these simulators to
evaluate key performance metrics, including error rates and
verification times. We analyzed the Comparison of Classical,
Hybrid, and Quantum Blockchain Technologies by measuring
attack success rates, verification time, error rates (bars),
and privacy levels (line), using the outputs from Cirq and
Qiskit to ensure accurate results. The performance metrics
of quantum protocols across various security parameters
were also assessed, providing valuable observations into
CPU usage for classical versus post-quantum algorithms
measured across different platform transaction rates. Our
findings show that quantum technology enhances security
and improves the efficiency of blockchain networks by
reducing computational demands and enhancing encryption.
The research highlights the practical use of quantum
solutions to make blockchain systems more secure and
efficient in the future. Fig. 7 illustrates the frequency
distribution of various solved challenges within the field
of quantum blockchain. Quantum Blind Signature and
New Consensus techniques each account for 24.6% of
the solved challenges, highlighting their significant roles
in maintaining transaction anonymity and developing new
consensus mechanisms suitable for quantum environments.
Quantum Key Distribution follows with 19.3%, emphasizing

Fig. 7: Frequency Analysis of the Solved Challenges using
Quantum Blockchain.

its importance in securing blockchain transactions through
quantum-secured communication channels.The inclusion of
real-world application data further validates the significance
of these techniques, as demonstrated by the frequency
analysis where Quantum Blind Signatures and New Consensus
techniques account for 24.6% each, and Quantum Key
Distribution (QKD) follows at 19.3%. In the consumer
electronics industry, these techniques are essential for securing
smart devices, particularly in secure communications and
encrypted data transactions between IoT-enabled devices. This
application data highlights how these methods are theoretically
important and critical in ensuring consumer electronics’
security and privacy, justifying their high usage percentages.
Zero Knowledge Proofs (ZKP) contribute to 15.8% of the
solutions, providing privacy-preserving verification methods.
Quantum Properties are used in 10.5% cases to enhance
blockchain protocols using superposition and entanglement.
One-way Functions, essential for ensuring blockchain data’s
irreversible and secure hashing, make up 5.3% of the
resolved challenges. This detailed frequency analysis provides
insight into the specific areas within quantum blockchain
where significant progress has been made in addressing
technical challenges. Fig. 8 compares the security levels

Fig. 8: Security Level Comparison of Cryptographic
Algorithms in Pre-Quantum and Post-Quantum Contexts.



(measured in bits) of various cryptographic algorithms in
pre- and post-quantum contexts. A significant increase in
security levels is required for cryptographic algorithms to
maintain their strength against quantum computing attacks.
For instance, AES-256 and SHA-3 256 show substantial
gains in their security levels in the post-quantum scenario,
while algorithms like DSA-3072 and ECDSA maintain robust
security even in quantum computing threats. In consumer
IoT networks, the security level comparison shows significant
improvements, especially using AES-256 and SHA-3 256.
These encryption methods provide higher security when facing
post-quantum threats. The move from 256-bit encryption
to 512-bit encryption increases quantum protection. This
stronger security comes with higher energy consumption
and processing demands in smart devices, which can lead
to increased resource use. Implementing such advanced
encryption will require careful optimization to ensure that
devices can handle these requirements without sacrificing
performance or efficiency. This comparison highlights the
importance of advancing cryptographic techniques to ensure
data protection in the quantum computing era, especially
for consumer IoT, which increasingly relies on secure
communication and data storage. Table VI compares the time

TABLE VI: Proposed comparative complexity analysis of
security protocols in Consumer IoT (CIoT) Networks.

Proposed Security Protocols Time Complexity Space Complexity

Quantum Currency Security
Protocol

O(nlogn) O(n)

Distributed Ledger Data Blocks O(n2) O(n)

Quantum Ledger Verification O(n2) O(n)

Quantum Solution for Middleman
Attack

O(nlogn) O(n)

Quantum Security and Privacy O(n2) O(nlogn)

ECC-Integrated Security Measures O(nlogn) O(n)

and space complexities for different security protocols in the
methodology section IV. The data have been taken from
the proposed algorithms used in the papers, which discuss
cryptographic techniques such as lattice-based cryptography,
elliptic curve cryptography, and other quantum-resistant
methods. These values reflect the computational requirements
of each protocol as analyzed in these studies. Fig. 9 compares
CPU usage across classical and post-quantum algorithms
across different transaction rates. The plot demonstrates
that post-quantum algorithms tend to have higher CPU
usage, which is essential given the increasing complexity
of securing consumer IoT networks. As quantum computing
evolves, it threatens classical encryption methods, making it
crucial to adopt quantum-resistant algorithms. This ensures
that networks remain secure against future quantum attacks,
protecting sensitive consumer data from potential breaches.
The data on CPU usage and verification times highlights
system efficiency, but its impact becomes more meaningful
when applied to real-world CIoT networks. For instance, in
a smart home network with devices like smart locks and
cameras, lower CPU usage and faster verification ensure
quick authentication, reducing latency and enhancing security

Fig. 9: Comparison of CPU usage for classical versus
post-quantum algorithms across varying transaction rates.

and user experience in real-time applications. Fig. 10 shows

Fig. 10: Comparison of classical, hybrid, and quantum
blockchain technologies showing attack success rate,
verification time, error rate (bars), and privacy levels (line).

that quantum blockchain provides enhanced security in
consumer IoT networks compared to classical and hybrid
systems. Using QKD ensures that unauthorized access is
detectable, reducing the attack success rate to 5% and
achieving a verification time of 5 milliseconds. Quantum
blockchain also has a lower error rate of 1.05%. It
maintains a high privacy level of 90%, making it a robust
solution for protecting sensitive data and securing networks
against future cyber threats. The reduction in attack success
rates to 5% and verification times to just 5 milliseconds
in quantum blockchain offers significant improvements in
security and speed for consumer IoT networks. These
advancements allow for stronger protection against breaches
and faster transaction processing, ensuring real-time operations
and enhancing the performance of smart devices. This
directly benefits CIoT environments by providing efficient,
secure communication critical for the better functioning of
interconnected devices in a quantum-resilient ecosystem. Fig.
11 shows a comparative analysis of four quantum security
protocols in Secure Consumer IoT Networks, evaluating



Fig. 11: Performance metrics of quantum protocols across
different security parameters used for Quantum Blockchain
in consumer IoT networks.

six key parameters: Key Length, Complexity, Resistance
to Quantum Attacks, Efficiency, Scalability, and Storage
Requirement. The Quantum Middleman Attack Resilient
Transaction Protocol excels in Complexity (100%) and
Resistance to Quantum Attacks (100%), making it highly
robust. The Elliptic Curve Key Generation and Secret Key
Computation show balanced performance, particularly in
Efficiency (90%) and Scalability (90%), indicating versatility.
The Quantum Currency Security Protocol is the most efficient
(100%) and scalable (100%), suitable for high-performance
needs. However, it has lower complexity (33%) and storage
requirement (33%). This analysis helps identify protocols
based on specific security and performance requirements,
balancing high security and operational efficiency. The
data was obtained through experiments using a Python
script that generated numerical values for Key Length,
Complexity, Resistance to Quantum Attacks, Efficiency,
Scalability, and Storage Requirement and normalized these
values for comparison.

VI. CONCLUSION

Integrating quantum computing with blockchain technology
offers a transformative solution for enhancing the security
and efficiency of consumer IoT networks. This paper
highlights the potential of quantum-resistant cryptographic
algorithms, including the Quantum Currency Security Protocol
(QCSP) and Elliptic Curve Cryptography (ECC), to protect
blockchain transactions against quantum attacks, ensuring the
confidentiality, integrity, and availability of sensitive data.
The practical benefits of CIoT networks include real-time
data transmission between smart consumer devices, efficient
resource management, and enhanced security against cyber
threats. These networks support fast, reliable communication
among interconnected devices, improving the user experience
and ensuring smart devices operate smoothly with minimal
delays and higher resilience to attacks. Quantum Ledger
Verification and Quantum Middleman Attack Resilient
Transaction Protocol improve the accuracy and security of

ledger verification and transaction processes. By incorporating
these quantum technologies into blockchain frameworks, we
can significantly strengthen the resilience of consumer IoT
networks, addressing critical security challenges and creating
a more secure and reliable digital future. This comprehensive
approach ensures that consumer IoT devices and data remain
protected, leading to more robust and trustworthy platforms.

VII. CHALLENGES AND FUTURE RESEARCH

Developing robust quantum-resistant algorithms remains
a significant challenge as they must be secure against
quantum attacks and efficient for practical use in consumer
electronic networks [105]. Ensuring blockchain systems’ high
performance and scalability integrated with quantum-resistant
mechanisms is crucial, as the computational overhead
can impact transaction speeds and network efficiency.
Achieving interoperability between existing classical
and new quantum-enhanced systems is complex and
essential for widespread adoption without disrupting current
operations. The lack of standardization in quantum-resistant
cryptographic protocols and blockchain frameworks can
impede implementation and acceptance, making establishing
widely accepted standards necessary [106]. Implementing
these solutions can be resource-intensive and costly, posing
financial and logistical challenges. Future research focused
on optimizing quantum-resistant algorithms, developing
efficient quantum consensus mechanisms, and validating
these concepts through real-world implementations. Efforts
should also be made to enhance interoperability, establish
standards and best practices, and address cost and resource
efficiency through innovative solutions. The following shows
the potential future work:
• Optimize quantum-resistant algorithms to enhance their

efficiency and security.
• Develop efficient quantum consensus mechanisms to

accommodate the unique requirements of blockchain
systems.

• Conduct experimental studies and real-world
implementations to validate theoretical concepts
and assess practical feasibility.

• Enhance interoperability between classical and
quantum-enhanced systems.

• Establish standards and best practices for
quantum-resistant blockchain implementations.

• Explore cost-effective solutions and resource-efficient
approaches for implementing quantum-resistant
blockchain systems.
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