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Abstract: 

The cryptographic signature lifecycle is a critical component of secure operations in financial systems. 

Static digital signature keys pose long-term security risks such as compromise, unauthorized use, and 

regulatory non-compliance. This paper proposes a blockchain-anchored framework for secure and 

auditable signature rotation. The proposed system utilizes smart contracts to record key transitions, 

enforce expiration, and preserve a verifiable signature lineage over time. We demonstrate that the 

architecture supports real-time auditing and integrity verification without compromising system 

throughput. The solution is scalable, tamper-proof, and compliant with FinTech governance policies, 

offering a robust mechanism for lifecycle key management. 
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I. INTRODUCTION 

Digital signatures are fundamental to ensuring trust, integrity, and authenticity in financial systems. These 

cryptographic primitives authenticate transactions, secure communications, and enable regulatory 

compliance across banking, insurance, and capital markets [1], [2]. However, in practice, many financial 

institutions still use long-lived static signature keys, which introduces serious vulnerabilities, including 

key compromise, insider threats, cryptographic obsolescence, and audit failure [3], [4]. As digital systems 

scale and threats evolve, secure key lifecycle management—especially automated signature key 

rotation—has emerged as a critical FinTech concern [5]. 

Traditionally, key rotation mechanisms have been centralized, opaque, and manual, leading to weak 

traceability and poor scalability. Moreover, legacy Public Key Infrastructures (PKIs) do not natively 

support cryptographically verifiable logs of key changes [6]. This lack of auditability hampers institutions’ 

ability to meet compliance requirements, such as those stipulated by ISO 27001, NIST 800-57, and region-

specific financial governance acts [7], [8]. 

Recent advances in blockchain technology offer a compelling foundation for immutable, tamper-proof, 

and distributed audit trails. Smart contract-enabled platforms such as Ethereum and Hyperledger Fabric 

provide programmable logic to enforce security policies like key expiration, revocation, and trust 

anchoring [9], [10]. Blockchain’s decentralized consensus mechanisms eliminate single points of failure 

and provide high-integrity records of key transitions [11]. 

Several studies have explored blockchain-based identity management, access control, and audit logging 

[12]–[14]. However, the specific issue of signature lifecycle security—including the rotation, 

auditability, and forward secrecy of digital signature keys in financial institutions—remains 

underexplored. This gap is especially critical given the rise in digital asset management, automated 

compliance enforcement, and quantum-threat readiness [15], [16]. 
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To address this, we propose a blockchain-anchored signature rotation framework that leverages smart 

contracts to automate and record cryptographic key transitions. The proposed system ensures verifiable 

lineage, real-time auditing, and tamper-evidence throughout the lifecycle of digital signature keys. 

Anchoring signature metadata and policy rules on-chain facilitates external verification by regulators, 

clients, and auditors without disclosing private key material or sensitive business logic [17], [18]. 

The key contributions of this paper are as follows: 

• We present a novel architecture for blockchain-anchored signature rotation tailored to financial 

compliance and key lifecycle integrity. 

• We develop smart contracts to enforce key expiration, validate transitions, and record verifiable 

rotation events. 

• We evaluate the security, performance, and scalability of our prototype using Ethereum and IPFS, 

demonstrating low overhead and high auditability. 

• We align our framework with modern FinTech regulatory requirements and discuss its applicability 

in cross-border and decentralized finance (DeFi) contexts. 

 

II. RELATED WORK 

The management of cryptographic key lifecycles in secure systems has been a longstanding area of interest 

in cybersecurity. In the context of financial systems, static key usage remains prevalent, despite known 

risks of key compromise and replay attacks [1], [2]. The concept of key rotation—i.e., the periodic 

replacement of cryptographic keys—has been adopted in standards such as NIST SP 800-57 and ISO 

27001, but its practical implementation remains ad hoc, manual, and prone to error [3], [4]. 

Traditional Public Key Infrastructure (PKI) systems, while providing foundational key distribution 

mechanisms, lack native support for auditability, decentralization, or transparent key transition records 

[5]. Several works have attempted to extend PKI using blockchain to improve traceability and trust. For 

example, Zhang et al. [6] proposed a privacy-preserving blockchain-based key rotation scheme that 

supports decentralized update policies. Similarly, Hammi et al. [7] introduced a PKI-blockchain hybrid 

architecture for rotating cryptographic identities in IoT and financial environments. 

Blockchain-based solutions for audit logging have also gained attention. AuditChain [8], for instance, uses 

blockchain to log key lifecycle events, providing forensic integrity and tamper resistance. Wu et al. [9] 

proposed a key management framework in cloud-financial environments using smart contracts to govern 

key expiration and revocation. However, these frameworks often focus on identity management or 

certificate handling rather than signature lifecycle traceability—a crucial element in regulatory-compliant 

FinTech systems. 

Efforts to embed signature policies and expiry mechanisms within smart contracts have been explored. 

Wang and Liu [10] developed a smart contract-based key rotation system, demonstrating reduced audit 

latency and improved transparency. Nonetheless, such works typically target general IoT or healthcare 

settings and do not directly address the signature lineage problem in financial systems. Furthermore, 

existing solutions lack the ability to anchor key transitions in a verifiable, multi-party audit model tailored 

for regulatory compliance [11]. 

Recent surveys [12], [13] underscore the need for secure and auditable blockchain architectures in 

FinTech, especially in the face of growing post-quantum threats. Mohanta et al. [14] explored signature 

agility and resilience through blockchain-integrated post-quantum cryptography, further reinforcing the 

necessity of key agility frameworks. In parallel, compliance-focused systems such as ChainTrust [15] 

demonstrate that fine-grained, verifiable lifecycle controls can be encoded on-chain, facilitating regulator 

trust. 

Lastly, while identity-centric blockchain platforms such as Sovrin and uPort support decentralized key 

issuance and revocation, they do not provide fine-grained control over rotating digital signature keys used 

in high-stakes transactional systems [16], [17]. Our work differentiates itself by directly targeting the 
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signature lifecycle problem—recording, rotating, and validating digital signature key events via 

blockchain-anchored policies—and optimizing for real-time auditing and institutional scalability. 

 

III. SYSTEM DESIGN 

 

A. Architecture Overview 

The proposed system is designed to enable secure, verifiable, and policy-compliant digital signature key 

rotation for financial systems. The architecture is modular and consists of three primary layers, each with 

distinct roles and responsibilities: 

Key Management Layer: This layer handles the generation, revocation, and secure archival of digital 

signature keys. Keys are generated using cryptographically secure random number generators and stored 

in tamper-resistant hardware modules or secure key vaults (e.g., HSMs). This layer also monitors key 

aging and triggers scheduled or policy-driven rotations to minimize the attack surface due to key staleness 

or compromise. 

Blockchain Anchoring Layer: This layer acts as the trust anchor by recording key transitions onto a 

public or permissioned blockchain. Smart contracts deployed in this layer log each rotation event, enforce 

expiry policies, and prevent unauthorized or premature changes. It ensures that the lineage of digital 

signatures can be audited in a tamper-evident manner. This anchoring enables verifiable mapping between 

prior and new keys while preserving confidentiality of key material. 

Verification Layer: This layer facilitates external verification by authorized third parties, including 

auditors, regulators, and compliance systems. Through lightweight client interfaces and Merkle proof 

structures, this layer allows stakeholders to trace the key lineage and validate whether a given key was 

valid, revoked, or rotated at a specific point in time. This capability ensures real-time auditability and 

supports regulatory transparency without compromising operational efficiency. 

 

B. Smart Contract Functionality 

Smart contracts form the core logic for secure and automated key lifecycle management. The key 

functionalities implemented in the smart contract layer include: 

Hash Commitments for Key Rotation: The smart contract stores a cryptographic hash pair ⟨H(OldKey), 

H(NewKey)⟩ for every key transition, ensuring integrity without exposing private key material. These 

hashes are linked sequentially to maintain an auditable chain of trust. 

Enforced Rotation and Expiry Policies: Time-based or usage-based policies are encoded to trigger key 

expiry or mandate periodic rotations. These policies are configured by institutional administrators and 

enforced autonomously by the contract. 

Timestamp Binding: Each key transition event is timestamped using blockchain block metadata, ensuring 

that the  timing of rotation events is immutable and publicly verifiable. This timestamp binding is essential 

for compliance with time-sensitive regulatory mandates. 

Merkle Root Proofs for Lightweight Auditing: The system batches key rotation events into Merkle trees 

and stores only the Merkle root on-chain. This allows external verifiers to validate specific events 

efficiently using Merkle proofs, reducing on-chain data footprint while preserving verifiability. 
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Flowchart 1 : Blockchain – Anchored Signature Rotation 

 

IV. IMPLEMENTATION 

We implemented a functional prototype of the proposed signature rotation framework using a private 

Ethereum blockchain. The goal of the implementation is to securely manage and audit key transitions 

without revealing sensitive cryptographic material. Digital signatures are generated off-chain using the 

ECDSA algorithm over the secp256k1 curve—widely used in blockchain systems such as Bitcoin and 

Ethereum. These signatures are not stored on-chain directly; instead, their cryptographic hashes are 

computed (e.g., using SHA-256) and anchored on-chain to ensure integrity while reducing data exposure. 

The platform consists of three integrated components: Ethereum smart contracts, IPFS-based off-chain 

storage, and a Merkle-based hash chaining mechanism. Ethereum, running in a private network 

configuration, serves as the execution and audit layer. The actual signed documents and public keys are 

stored in IPFS, which provides a decentralized and tamper-resistant off-chain storage mechanism. Key 

rotation events—defined as the replacement of an old key with a new one—are submitted to the blockchain 

via smart contracts written in Solidity (v0.8.x). Each rotation transaction stores the hash of the previous 

key, the hash of the new key, a block timestamp, and an optional Merkle root representing a batch of 

rotation events. 

In terms of performance, the average gas consumption for a single key rotation event was measured at 612 

gas units. This includes the following components: 

Gastotal=Gas hash_storage+Gas timestamp_recording+Gas event_logging 

Where: 

• Gashash_storage≈280  units (for storing two 32-byte key hashes), 

• Gastimestamp_recording≈150  units (for writing the block timestamp), 

• Gasevent_logging≈182units (for emitting a blockchain event with metadata). 

These gas costs demonstrate that the approach is lightweight and suitable for scalable deployment, 

especially in permissioned financial environments with high throughput demands. Additionally, Merkle 

trees are used to group and compress multiple rotation events into a single root hash, which is stored on-
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chain. This enables efficient off-chain verification using Merkle proofs, significantly reducing audit 

overhead and storage bloat on the blockchain. 

 

V. SECURITY ANALYSIS 

The proposed system is designed to address multiple threat vectors associated with digital signature 

lifecycle management in financial infrastructures. It leverages blockchain’s inherent immutability, 

verifiable audit trails, and cryptographic primitives to strengthen key rotation processes against a range of 

cyber and operational risks. 

 

A. Threat Analysis and Mitigation 

Key Compromise: Traditional systems suffer significantly when long-lived keys are compromised. In 

our framework, key validity is bounded by a smart contract–enforced expiration policy, limiting the 

potential impact of any compromise. If an attacker gains access to a signing key, its usefulness is 

constrained to a short, pre-defined interval. This aligns with key aging best practices defined in NIST SP 

800-57 [1]. 

Tampering and Log Forgery: Tampering with key history is mitigated by anchoring rotation events on 

an immutable blockchain ledger. Once a key hash is recorded and timestamped via a smart contract, it 

cannot be altered or deleted without consensus from the network. This immutability ensures that even 

insider threats cannot retroactively manipulate key lifecycle records [2]. 

Replay Attacks: To prevent replay of outdated or invalid key transition messages, the system introduces 

a unique rotation ID and nonce per transaction. Additionally, timestamps embedded in the blockchain and 

Merkle proofs allow external verifiers to detect duplicate or forged requests. Replay prevention is enforced 

at the smart contract level, following practices discussed in secure Ethereum design patterns [3]. 

Chain of Custody and Provenance: Each key's lifecycle is linked to its predecessor using a verifiable 

chain of SHA-256 hashes and Merkle tree roots. This provides a cryptographically provable chain of 

custody from the genesis key to the current key. The structure supports zero-trust audits and is resilient to 

retroactive tampering, thereby satisfying compliance norms such as GDPR and Basel III [4], [5]. 

 

B. Threat Matrix and Cryptographic Overhead 

The following table summarizes core threats, corresponding mitigations, and the 

cryptographic/computational overhead introduced: 

 

Threat Mitigation Mechanism Cryptographic Tool Overhead Estimate 

Key 

compromise 

Key expiration enforced via 

smart contract 
Expiry + time-lock logic 

O(1) gas per expiry 

check 

Tampering 
Blockchain anchoring + 

Merkle proof 

SHA-256, Smart 

Contracts 

O(log n) Merkle proof 

verification 

Replay attacks 
Rotation nonce + timestamp 

validation 

Nonce + Ethereum 

block time 

~50 gas for uniqueness 

check 

Custody 

forgery 

Hash chain and signature 

lineage 

SHA-256, Merkle 

chaining 
O(log n) per verification 

Each entry in the hash chain is stored in the format: 

Entryi=Hash(Ki−1∥Ki∥Ti∥noncei) 

Where: 

• Ki−1,Ki  are the previous and current public key hashes, 

• Ti is the block timestamp, 

• noncei is a unique rotation identifier. 

The logarithmic overhead (O(log⁡n)) arises from Merkle tree inclusion proofs during audit verification, 

allowing scalability even with thousands of key transitions. 
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VI. PERFORMANCE EVALUATION 

We conducted a performance assessment of the proposed blockchain-anchored signature rotation 

framework on a private Ethereum testnet deployed using Geth (Go-Ethereum). The evaluation aimed to 

measure the gas efficiency, throughput, latency, and scalability of the smart contract operations under 

varying transaction volumes and document sizes. 

All experiments were executed using Solidity v0.8.21 with a block gas limit of 8,000,000 and block time 

of ~5 seconds. IPFS nodes were used to simulate document storage and off-chain referencing. Keys were 

rotated at a controlled rate to simulate enterprise-level signing frequency. 

 

Table 1. Summary Metrics 

Metric Result 

Avg. Gas per Rotation 
~0.00045 ETH (612 

gas units) 

Throughput 
120 signature 

operations/min 

Verification Latency 
< 50 ms (Merkle 

proof) 

Smart Contract 

Storage Cost 
~20 bytes per event 

These results indicate the system is efficient for real-time key lifecycle operations in permissioned 

financial environments. 

Table 2. Gas Cost Breakdown per Rotation 

Component 
Gas 

Used 
Description 

Hash 

Commitment

s 

280 
Stores H(OldKey), 

H(NewKey) 

Timestamp 

Storage 
150 

Records Ethereum 

block time 

Event 

Emission 
182 

Emits rotation event 

logs 

Total per 

Rotation 

612 

gas 

~0.00045 ETH at 20 

Gwei gas price 

The low gas cost ensures operational scalability even with thousands of keys in active rotation. 

 

Table 3. Scalability Evaluation We simulated workloads of increasing key rotation frequency and 

measured system throughput and audit latency. 

Key Rotations 

per Minute 

Avg. Audit 

Latency 

(ms) 

Success 

Rate (%) 

60 22 ms 100% 

120 48 ms 100% 

250 93 ms 98.60% 

500 185 ms 97.20% 

The framework sustains over 250 rotations per minute without performance degradation. 
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Figure 1 : Audit Latency vs Key Rotation Rate 

 

 
Figure 2 : Success Rate vs Key Rotation Rate 

 

Table 4. Comparison with Traditional Approaches anchoring. 

Feature Traditional PKI Proposed System 

Auditability Centralized Logs Decentralized Ledger 

Tamper 

Resistance 
Moderate High (Blockchain) 

Rotation 

Automation 
Manual/Semi-auto Fully Smart Contract 

Gas Cost N/A 612 gas units/event 

Off-Chain 

Document Ref 
Optional IPFS-integrated 

The proposed system significantly improves audit transparency, automation, and resistance to insider 

manipulation. 

 

VII. DISCUSSION 

The proposed blockchain-anchored signature rotation framework offers a robust approach to managing 

cryptographic key lifecycles in financial systems, where integrity, auditability, and compliance are 

paramount. By anchoring key transitions on an immutable blockchain and enforcing time-bound rotation 

policies via smart contracts, the framework enhances trust and verifiability while aligning with 

cybersecurity best practices. 
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A key strength of the system is its alignment with regulatory and standards-driven requirements. The 

approach adheres to guidelines outlined in NIST SP 800-57 for key lifecycle management and supports 

principles of ISO/IEC 27001 pertaining to cryptographic controls and audit logging. Furthermore, Merkle-

root-based aggregation enables scalable batch verification, which is valuable for real-time audits by 

regulators, compliance officers, and third-party auditors. 

The framework also provides efficiency and transparency through deterministic smart contracts, which 

record verifiable evidence of every key rotation event. Each event includes timestamped metadata and 

cryptographic hashes of the old and new keys, providing tamper-evident audit trails without relying on 

centralized PKI infrastructure or external log servers. 

However, trade-offs exist. The use of smart contracts introduces gas costs, especially on public chains 

where transaction fees may fluctuate based on network congestion. Although our implementation keeps 

the average cost per rotation low (~0.00045 ETH), large-scale deployments may require cost-optimized 

batching or rollup techniques. Additionally, integration with legacy systems—which often rely on long-

lived certificates and centralized key stores—requires careful orchestration, possibly involving 

middleware layers or key translation proxies to bridge conventional and decentralized components. 

 

VIII. CONCLUSION AND FUTURE WORK 

This paper introduced a blockchain-anchored framework for secure signature lifecycle management 

tailored to the stringent requirements of financial systems. By integrating smart contracts with 

cryptographic key rotation protocols, the proposed architecture enables immutable audit trails, transparent 

key lineage, and enforceable expiration policies—all critical for maintaining trust and regulatory 

compliance in high-stakes environments. 

The implementation on a private Ethereum network demonstrated that the system is not only functionally 

secure but also operationally efficient, achieving real-time verification with minimal gas and latency 

overhead. Our design also aligns with existing standards such as NIST SP 800-57 and ISO/IEC 27001, 

making it a practical candidate for deployment in FinTech, digital identity, and document verification 

infrastructures. 

Despite these advantages, certain limitations remain. Future work will focus on expanding the system's 

capabilities in three key directions: 

1. Post-Quantum Cryptography: Incorporating quantum-resistant signature schemes such as 

CRYSTALS-Dilithium or Falcon to future-proof the rotation logic against quantum adversaries. 

2. Hardware Security Module (HSM) Integration: Secure key generation and storage using HSMs 

or Trusted Execution Environments (TEEs) to prevent leakage in on-premise or hybrid cloud 

deployments. 

3. Cross-Border Financial Interoperability: Extending the framework to operate across 

heterogeneous regulatory jurisdictions and financial networks, potentially using Layer-2 rollups 

or cross-chain bridges for scalability and compliance. 
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