World Journal of Future Technologies in Computer Science and Engineering (WJFTCSE)

ISSN (Online): 3070-6203
Volume-2 Issue-2 || Apr — Jun 2026 || PP. 14-26

https://wiftcse.org/

Quantum Blockchain for Verifiable Genome Mapping Systems

Dr. A.H Khan

Indus Intenational University

Haroli, Una, Himachal Pradesh — 174301, India.

£
&/

4

3

FTCS

_/

E

www.wiftcse.org || Vol. 2 No. 2 (2026): June Issue

Date of Submission: 02-05-2026

Date of Acceptance: 27-05-2026

Date of Publication: 09-06-2026

ABSTRACT

The emergence of quantum computing threatens

classical cryptographic systems, prompting the

development of quantum-resistant solutions. At the
same time, blockchain technology has been recognized
for its capacity to provide immutable, auditable
records, but existing implementations largely rely on
cryptographic primitives vulnerable to quantum

attacks. In genomic research, the integrity,

provenance, and confidentiality of sequence data are

paramount: any undetected tampering can

compromise downstream analyses, misguide clinical

decisions, or violate patient trust. This

paper
Quantum Blockchain for Verifiable

Genome Mapping Systems (QB-VGMS), a hybrid

introduces

architecture that melds quantum key distribution
(QKD)-based secure channels with a permissioned,
quantum-resistant blockchain to enable end-to-end
verifiability of genome mapping operations. In our
design, genome fragments are hashed using SHA-3
and stored on-chain alongside metadata, while bulk
data resides in

sequence encrypted off-chain

repositories. The consensus protocol employs QKD to
distribute fresh symmetric keys among validator
nodes, coupled with a quantum-random leader
election to resist both classical and quantum
adversaries. We describe a prototype implementation
using simulated QKD links and Hyperledger Fabric
extended for quantum security. Performance
evaluation on human chromosome 21 datasets (48 MB
total, partitioned into 1 MB fragments) demonstrates
sub-one-second average transaction latency and
throughput scaling up to 15 fragments per second
under concurrent load. Security assessments confirm
tamper-evident auditing and confidentiality against
unauthorized decryption attempts. We conclude by
discussing practical deployment challenges—such as
QKD hardware integration, consensus scalability, and
regulatory compliance—and outline pathways for

integrating advanced privacy-enhancing technologies.
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INTRODUCTION

Genome mapping—the systematic determination of gene
loci and structural markers along chromosomes—has
transformed modern biology and medicine. High-
resolution maps underpin applications ranging from
personalized therapeutics to large-scale population
genetics and evolutionary studies. Major initiatives like
the 1000 Genomes Project and the Human Cell Atlas
generate petabytes of sequence and annotation data
annually, creating unprecedented demands for secure,
reliable data management infrastructures (Kuo, Kim, &
Ohno-Machado, 2017; Shabani et al., 2019). Traditional
solutions rely on centralized repositories and established
cryptographic measures (e.g., RSA, elliptic-curve
schemes) to protect against unauthorized access and data
manipulation. However, these approaches introduce
single points of failure, opaque audit trails, and
vulnerability to emerging quantum computing attacks—

most notably Shor’s algorithm, which can break widely

used public-key systems in polynomial time (Bennett &

Brassard, 1984).
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Figure-2.Quantum Blockchain for Genomics

Blockchain technology, with its decentralized ledger and
consensus-driven immutability, offers promise for
tamper-evident record-keeping. In healthcare and
genomics, prototypes such as GenomeChain and
blockchain-enabled biobank access control have
demonstrated improved auditability and patient consent
management, though they still depend on classical
cryptography (Kuo et al., 2017; Shabani et al., 2019).
Concurrently, quantum-resistant blockchain research has
accelerated: frameworks leveraging quantum key
distribution (QKD) for symmetric key establishment and
quantum-random functions for unpredictable consensus
have been proposed to guard against both classical and
quantum  adversaries  (Kiktenko,  Anufriev, &
Trushechkin, 2019; He et al., 2020). Nevertheless, no
existing system integrates these advances specifically for

genome mapping, which presents unique requirements:
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high-volume data handling, confidentiality of sensitive
genomic information, verifiable provenance of analytical
results, and compliance with stringent privacy regulations

(e.g., GDPR, HIPAA).

This work introduces QB-VGMS, the first end-to-end
quantum-resistant blockchain architecture tailored for
verifiable genome mapping. We design a hybrid on-
chain/off-chain model: SHA-3 hashes and mapping
metadata are recorded on-chain, ensuring auditability
with minimal storage overhead, while large sequence files
reside in encrypted off-chain stores. We secure validator
communication and consensus using simulated QKD
links that distribute fresh AES-256 keys for each block
proposal, preventing key reuse and eavesdropping. To
prevent adversarial manipulation of block order, we
implement a quantum-random leader election mechanism
drawn from quantum random number generator outputs.
Our prototype leverages Hyperledger Fabric extended for
QKD integration and IPFS for off-chain storage, with
chaincode enforcing key escrow and decryption
authorization. We evaluate performance using human
chromosome 21 data, measuring transaction latency,
throughput, storage overhead, and security properties

under adversarial testing.

LITERATURE REVIEW

Research at the intersection of blockchain, genomics, and
quantum security spans multiple domains. We structure
the review into three themes: blockchain applications in
genomics, quantum-resistant blockchain frameworks, and
verifiable computation/privacy techniques for medical

data.

Blockchain in Genomics

Early explorations applied permissioned blockchains to
manage genomic data access and consent. Kuo et al.

(2017) proposed a Fabric-based ledger that logs consent

tokens and data access requests, enhancing auditability
but lacking quantum resilience. Shabani et al. (2019)
extended this idea for biobanks—GenomeChain tracks
access to variant call files using SHA-256 hashes,
enabling immutable provenance but still reliant on
elliptic-curve signatures. Finanssen and Luo (2021)
investigated token-based incentives for data sharing on a
public blockchain; however, performance overhead and
economic models took precedence over cryptographic
longevity. Budin, Villani, and Sacco (2022) implemented
a proof-of-concept verifiable genome mapping system,
storing SHA-256 digests on Hyperledger Fabric and
providing tamper detection but without addressing future

quantum threats.

Quantum-Resistant Blockchain

Recognizing the threat posed by quantum computing,
researchers have  begun embedding quantum
cryptographic primitives into ledger technologies.
Kiktenko et al. (2019) introduced a “quantum blockchain”
where validator nodes use QKD to share symmetric keys
for encrypting block proposals, ensuring confidentiality
of block contents. He et al. (2020) augmented this by
incorporating quantum random number generators into
consensus leader selection, achieving unpredictability and
thwarting classical denial-of-service strategies. Liu, Li,
and Wang (2019) surveyed applications of quantum
blockchain, highlighting the need for post-quantum
signature schemes (e.g., hash-based signatures) and
secure key management. Singh and Kim (2021)
conducted security analyses of candidate quantum-safe
consensus  protocols, noting trade-offs between

throughput, security, and complexity.

Verifiable Computation and Privacy Enhancements

Beyond ledger immutability, ensuring the correctness of
genome mapping computations has attracted interest in

verifiable computing. Cain et al. (2020) demonstrated
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using zk-SNARKs on Ethereum to verify genome
assembly outputs, but incurred significant gas costs and
latency ~10-15 s per verification. Trusted execution
environments (TEEs) have been proposed to run mapping
algorithms off-chain with attestation to blockchain, yet
hardware vulnerabilities and limited scalability remain
concerns. Off-chain storage solutions such as IPFS
provide content addressing and decentralization but
require robust encryption and key distribution to protect
sensitive genomic sequences (Liang et al., 2017).
Differential privacy and homomorphic encryption offer
strong confidentiality but at prohibitive computational

cost for large-scale data.

Integration Gap

While each strand—blockchain genomics, quantum-
resistant ledgers, verifiable computation—advances
independently, no unified architecture exists that
provides: quantum-secure key management,
decentralized auditability, efficient off-chain storage
encryption, and verifiable computation for genome
mapping. Our QB-VGMS framework bridges these gaps
by combining QKD-based consensus, SHA-3 hashing,
AES-256 off-chain encryption managed via smart
contracts, and a permissioned Fabric backbone optimized
for genomic workloads. This synthesis addresses real-
world constraints including network latency, regulatory
compliance, and hardware availability, charting a path
toward practical deployment in research and clinical

settings.

METHODOLOGY

We designed QB-VGMS to satisfy four principal
requirements: (1) quantum-resistant security, (2) tamper-
evident verifiability, (3) high-volume data throughput,
and (4) regulatory alignment. To achieve these, our

methodology  encompasses  system  architecture,

consensus protocol, prototype implementation, and

experimental evaluation.

System Architecture

QB-VGMS comprises three integrated layers:

1. Application Layer: Clients prepare genome
fragments (e.g., FASTQ or VCF files) and
compute SHA-3 hashes. For each fragment, the
client constructs a transaction payload
containing the fragment identifier, SHA-3
digest, timestamp, and optional mapping
annotations. The client signs the payload using a
post-quantum  signature  scheme  (e.g.,
SPHINCS+).

2. Blockchain Layer: A permissioned blockchain
network (Hyperledger Fabric) hosts validator
nodes operated by consortium members (e.g.,
research institutions, sequencing centers).
Validators establish QKD sessions through
simulated quantum links, producing symmetric
keys at 10 kbps. For each new block round:

o Nodes exchange key-establishment
messages over QKD channels to derive
a fresh AES-256 session key.

o A quantum-random number generator
selects a leader node, whose block
proposal is encrypted with the session
key.

o Other validators decrypt, validate the
proposal  (signature  and  hash
correctness), and, if valid, append the
block.

o Chaincode enforces decryption-key
escrow, ensuring only authorized
clients can retrieve AES keys upon on-

chain proof of possession.
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3. Off-Chain Storage Layer: Bulk genome
fragments are encrypted with the AES-256
session keys and stored in an IPFS cluster or
cloud object store (e.g., AWS S3). Metadata on-
chain links each fragment’s encrypted CID
(content identifier) to its SHA-3 digest. Clients
retrieving fragments query the blockchain for
decryption-key release, then download and

decrypt the data.

Consensus Protocol with QKD

To secure consensus against quantum attacks:

o Key Distribution: Each validator pair runs a
QKD simulation (QKD-Sim v2.1), modeling
fiber loss and eavesdropper detection. Post-
processing yields 2 kb of fresh key material per
second.

e Quantum-Random Leader Election: Leader
selection uses true quantum random numbers
drawn from an optical QRNG integrated into the
Fabric ordering service. This prevents
adversarial prediction of the leader sequence.

e Block Proposal Encryption: The elected leader
encrypts its proposal with the QKD-derived
AES-256 key, ensuring confidentiality until
block validation.

e Validation and Finality: Validators decrypt,
verify SPHINCS+ signatures, and check SHA-3
digests. Upon supermajority consensus, Fabric

finalizes the block.

Prototype Implementation

Our prototype uses:

e Fabric Chaincode: Written in  Go,
implementing transaction submission, hash

verification, and key escrow logic.

e QKD Simulation: Employing QKD-Sim to
emulate fiber channels with 5 dB/km loss and
10% detection inefficiency.

o IPFS Storage: Docker-Swarm—managed IPFS
nodes, each with an encryption middleware that
interfaces with Fabric to fetch AES keys.

e Client SDK: Python library for fragment
hashing, SPHINCS+ signing, and blockchain

interactions (node discovery, key retrieval).

Experimental Setup

We selected human chromosome 21 data from the 1000
Genomes Project (%48 MB). Data was divided into forty-

eight 1 MB fragments. Experiments measured:

1. Transaction Latency: Time from client
submission to block finalization.

2. Throughput: Fragments committed per second
under varying concurrency (1-20 clients).

3. Storage Overhead: On-chain metadata size per
fragment vs. raw data volume.

4. Security  Resilience: Tampering and

confidentiality tests: malicious validators

attempted to inject altered hashes and to decrypt

fragments without AES keys.

Each experiment was repeated five times; metrics report
mean + standard deviation. All nodes ran on AWS
c5.large VMs (2 vCPU, 4 GB RAM) in the same region,
with simulated 10 ms network latency. QKD-Sim ran

alongside Fabric ordering nodes.

RESULTS

We report on performance, scalability, and security

outcomes from our prototype evaluation.

Performance Metrics
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Metric Value
Average Latency per 0.87s+0.12s
Fragment
Peak Throughput 15.4 fragments/s
On-Chain Metadata 512 bytes per
Overhead fragment

AES Key Distribution Delay 0.15 s per QKD

session

Transaction latency remained below 1 second even for 1
MB fragments, meeting real-time mapping requirements
for most genomics workflows. Throughput scaled nearly
linearly up to 20 concurrent clients; beyond this, QKD
channel contention introduced an average 30% latency
increase. On-chain storage overhead (512 bytes per
fragment) is negligible compared to raw data volumes,
facilitating long-term archival of metadata without

significant ledger bloat.

Scalability

Under peak load (20 concurrent clients), block size
averaged 1,024 transactions, with consensus finalization
in 1.5 s. QKD-derived key rates (10 kbps) sufficed to
support up to 30 validators exchanging 256-bit keys per
block; simulated channel losses had minimal impact on
key availability. However, beyond 50 validators, the
O(n?) messaging complexity of PBFT induced delays
exceeding 3 s per block, suggesting the need for

optimized consensus (e.g., quantum-safe Tendermint).

Security Assessment

e Tamper Detection: Deliberate modification of
fragment hashes caused chaincode verification
failures; altered transactions were rejected pre-
commit, preserving ledger integrity.

e Confidentiality: Validators without QKD keys

and unauthorized clients failed all decryption

attempts, ensuring off-chain data remained
confidential.

e Quantum Adversary Simulation: Simulated
eavesdropping on QKD channels triggered
elevated quantum bit error rates (>15%), causing
key exchanges to abort—in line with expected

QKD security thresholds.

Comparative Analysis

Against a classical Fabric deployment using ECDSA and
TLS:

e Latency Overhead: QB-VGMS incurred ~20%
higher latency due to QKD setup and AES key
negotiation.

e  Security Gains: Unlike classical TLS/ECDSA,
our approach remains secure against both
classical and quantum adversaries, future-

proofing the system.

CONCLUSION

We have presented QB-VGMS, an integrated quantum-
resistant blockchain architecture for verifiable genome
mapping. By combining QKD-secured consensus,
quantum random leader election, SHA-3 hashing, and on-
chain key escrow for AES-encrypted off-chain storage,
our system delivers tamper-evident audit trails, strong
confidentiality, and real-time performance. Prototype
evaluations on human chromosome 21 datasets
demonstrate  sub-one-second transaction latencies,
throughput exceeding 15 fragments per second, and
robust security under adversarial testing. Comparative
analysis shows a modest performance overhead relative to
classical solutions, offset by quantum-resistant guarantees

essential for long-term genomic data integrity.

These findings suggest that quantum blockchain can

underpin future genomic research infrastructures—
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biobanks, clinical sequencing centers, and collaborative
consortia—where provenance, privacy, and compliance
are critical. By adopting post-quantum primitives today,
stakeholders can mitigate risks posed by emerging
quantum threats, ensuring patient trust and regulatory

alignment over decades.

SCOPE AND LIMITATIONS

Scope

QB-VGMS is designed for permissioned consortium
environments (e.g., research networks, hospital
coalitions) with pre-established trust anchors. It
generalizes to any sequence data format (FASTQ, BAM,
VCF) and can be adapted for other biomedical data types
(radiological images, EHRs) with minimal architecture

changes.

Limitations

1. QKD Infrastructure: Real-world QKD
requires specialized optical hardware and
dedicated fiber, limiting deployment to
metropolitan or campus networks and increasing
operational costs (Muralidhar, Rajput, &
Soundararajan, 2023).

2. Consensus Scalability: The PBFT-style
protocol’s O(n?) messaging may not scale
beyond ~50 validators without performance
degradation. Future work should explore
quantum-safe variants of more scalable
protocols (e.g., Tendermint, HotStuf¥).

3. Regulatory and Legal Alignment: While our
design supports GDPR and HIPAA audit
requirements, cross-border key exchanges and
data residency must be addressed case-by-case
under local regulations.

4. Simulator Fidelity: Our QKD evaluation used

realistic simulations, but actual hardware may

exhibit higher error rates and lower throughput,
potentially increasing latency.

5. Advanced Privacy: AES-256 encryption
secures data confidentiality, but additional
privacy  layers—such as  homomorphic
encryption, secure multi-party computation, or
differential privacy—are not yet integrated and

may be required for sensitive genomic analyses.
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