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Abstract: 

Financial systems are increasingly interconnected and governed by a web of jurisdiction-specific 

compliance regulations. Traditional digital signature systems—despite their widespread use for 

ensuring document authenticity, integrity, and non-repudiation—lack the architectural flexibility for 

cross-organizational audits in a decentralized setting. This paper proposes a Federated Digital 

Signature System (FDSS) designed to enable cryptographically verifiable, audit-ready interactions 

across multiple regulated financial entities. The FDSS architecture combines distributed trust anchors, 

signature lineage tracking, and blockchain-based audit trails to support real-time regulatory 

compliance verification. Experimental evaluations demonstrate scalability, traceability, and policy 

enforcement within banking, regulatory, and fintech consortiums. We conclude with future directions 

in post-quantum cryptography and policy-aware federated governance. 
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I. Introduction 

Financial ecosystems—comprising banks, fintech firms, and government regulators—are increasingly 

interdependent and subject to complex, cross-border regulatory requirements. Frameworks such as the 

General Data Protection Regulation (GDPR), Payment Card Industry Data Security Standard (PCI DSS), and 

Financial Action Task Force (FATF) guidelines demand secure, auditable, and interoperable systems to ensure 

data integrity, non-repudiation, and regulatory transparency [2], [13]. 

Despite the widespread adoption of digital signature technologies, traditional Public Key Infrastructure (PKI) 

models are often siloed and inadequate for distributed or multi-organizational settings. They struggle with 

limitations in signature traceability, lifecycle governance, and multi-party auditability—particularly in 

federated financial infrastructures where compliance must be proven across organizational boundaries [3], 

[5], [14]. 

Recent advances in federated computing [1], blockchain-based audit systems [4], and secure multiparty 

computation [10] open new possibilities for designing cryptographically verifiable, cross-institutional 

compliance systems. These systems must address the evolving demands of RegTech [2], support privacy-

preserving data handling [11], and remain interoperable with legacy financial systems. 

To bridge this gap, this paper introduces a Federated Digital Signature System (FDSS)—an architecture 

designed to provide tamper-proof, traceable, and auditable signature trails for regulatory compliance in 

decentralized, multi-entity environments. FDSS leverages threshold cryptography [3], smart contract-based 

policy enforcement [9], and blockchain-backed audit trails [4], [7] to deliver an integrated compliance solution 

suitable for modern financial consortia and regulatory bodies. 

 

II. Background and Related Work 

A. Digital Signatures in Financial Infrastructure 

Digital signatures are foundational for ensuring the authenticity, integrity, and non-repudiation of digital 

transactions in financial systems. They are widely adopted in banking, insurance, and capital markets to secure 

data exchanges and authorize actions [2], [4]. However, most implementations rely on centralized or 

institution-specific Public Key Infrastructures (PKI), which restrict signature validation to within 
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organizational silos. These traditional models lack the scalability and cross-institutional interoperability 

necessary for modern, decentralized compliance needs [5], [12]. Moreover, the static nature of key issuance 

and revocation mechanisms makes dynamic signature lifecycle management difficult to implement in multi-

party environments [3]. 

B. Regulatory Requirements for Auditability 

Regulatory frameworks across jurisdictions increasingly emphasize real-time, verifiable compliance auditing. 

These include mandates from the FATF, GDPR, and financial conduct authorities that require organizations 

to maintain tamper-evident, transparent audit trails [2], [6], [13]. In large financial ecosystems, this translates 

to the need for audit logs that span multiple entities while preserving privacy and traceability. Blockchain-

based systems have been proposed to address these challenges by anchoring digital signature events and 

transactions on immutable ledgers [4], [7]. However, integrating blockchain with conventional PKI and 

signature schemes remains a work in progress, particularly when addressing scalability, latency, and access 

control [14], [11]. 

C. Existing Federated Trust Models 

Federated trust models—commonly seen in federated identity management systems such as SAML, OpenID 

Connect, and OAuth—enable decentralized authentication and authorization across organizational boundaries 

[16]. These frameworks establish a trust fabric in which entities agree on protocols and governance standards, 

allowing for seamless verification of identity credentials. Similar approaches have been proposed in the 

context of digital signatures, where multi-party cryptographic protocols like threshold signatures [3], [8] and 

secure multi-party computation [10] are used to distribute trust and responsibility. Recent work in federated 

digital signatures explores applications in central bank digital currencies (CBDCs) and compliance 

coordination [15], indicating growing interest in cryptographic federation for regulatory assurance. 

 

III. System Architecture: Federated Digital Signature System (FDSS) 

The proposed Federated Digital Signature System (FDSS) provides a decentralized yet verifiable framework 

for regulatory compliance across multi-entity financial infrastructures. It enables secure, auditable, and 

privacy-preserving digital signature issuance, validation, and lifecycle governance among mutually 

distrusting organizations. 

A. Entities and Trust Framework 

The FDSS ecosystem includes a variety of stakeholders—banks, regulators, fintech firms, and compliance 

technology providers—each functioning as a federated participant within a shared governance framework [2], 

[13], [15]. These entities agree on a cryptographic trust model and policy schema enforced via smart contracts 

and shared ledgers. 

A key innovation lies in the introduction of anchor registries, which serve as decentralized certificate 

transparency logs and validate entity-level signing keys and revocation states. Alongside, compliance 

certifiers act as governance oracles—trusted entities (e.g., central banks or audit regulators) that issue 

cryptographic attestations on policy adherence [14], [15]. 

This hybrid trust model draws inspiration from federated identity frameworks [16] but extends it with 

cryptographic assurance via threshold signature schemes [3], [8] and secure multi-party computation [10], 

enabling shared responsibility and resilience against compromise. 

B. Key Components 

The FDSS architecture is composed of three core components: 

Signature Issuance & Rotation Subsystem Each participating organization maintains a local signing 

authority (LSA) governed by a threshold key-sharing protocol. LSAs generate entity-level digital signatures 

for transactions, reports, or disclosures. To minimize risk from key compromise, the system supports 

automated key rotation, anchored via smart contracts [3], [12]. Cryptographic lineage of keys is preserved, 

ensuring signature chain integrity across rotation events [5]. 

Blockchain-Anchored Audit Ledger All critical signature events—issuance, revocation, and delegation—

are immutably recorded on a shared blockchain ledger [4], [7]. This ledger acts as a verifiable audit trail 

accessible to all federated participants and regulators, ensuring tamper-evidence and non-repudiation. It also 

supports Merkle-based inclusion proofs for efficient third-party audits [14]. 
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Compliance Smart Contracts Smart contracts encode regulatory policies as executable rules—defining key 

validity periods, signature types, reporting intervals, and revocation conditions [9]. These contracts serve as 

both runtime validators and compliance monitors, enabling real-time alerting and post-facto audits [6]. 

C. Trust Federation Mechanism 

The FDSS enforces a model where each entity independently operates a local signing authority, but public 

signature verification is globally consistent and valid across the federation [5], [15]. This is achieved through 

federated root-of-trust anchoring, where each LSA’s public key and revocation status are certified by anchor 

registries and periodically checkpointed on-chain [4], [14]. 

Interoperability is ensured via standardized message formats and verification algorithms agreed upon during 

federation bootstrapping. Entities can verify each other’s signatures without centralized mediation, promoting 

compliance transparency and jurisdictional autonomy. By combining zero-trust principles [13] with 

cryptographic consensus mechanisms, FDSS ensures robust cross-organizational accountability while 

supporting regulatory audits and privacy requirements [11]. 

 

 
Flowchart 1: Federated Signature Audit Process 

 

IV. Signature Lifecycle Management and Rotation 

The long-term integrity and auditability of digital signatures within federated financial infrastructures depend 

on robust lifecycle governance. The FDSS introduces a comprehensive signature lifecycle management 

framework that ensures secure key usage, controlled rotation, policy-driven revocation, and verifiable non-

repudiation across multiple stakeholders. 

A. Signature Generation and Storage 

At the core of FDSS is the secure generation and storage of cryptographic keys, which are used to issue digital 

signatures that are both entity-bound and time-stamped. Hardware Security Modules (HSMs) or secure 

enclaves (e.g., Intel SGX or TPM) are used to safeguard private keys and execute signing operations, ensuring 

tamper resistance [3], [12]. Each signature is appended with metadata tags, including issuing entity, key 

version, timestamp, and associated compliance policy ID. 

This metadata is anchored on the blockchain-based audit ledger, providing an immutable trail that links each 

signature to its issuance context and trust anchor [4], [7]. Such metadata enhances traceability, enabling 

regulators and auditors to validate both the content and provenance of signed statements [14]. 
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B. Policy-Enforced Rotation Protocol 

To mitigate the risk of long-term key exposure and to satisfy evolving regulatory requirements, FDSS 

incorporates a signature rotation protocol that supports both time-based and event-driven triggers [5], [9]. 

Rotation intervals can be governed by: 

• Time-bound validity periods (e.g., every 90 days), 

• Event triggers such as a detected compromise or personnel changes, 

• Policy updates mandated by new compliance guidelines. 

These triggers are monitored and enforced by smart contracts deployed on the shared audit ledger. Once a key 

reaches its expiry or a revocation condition is met, the contract mandates that a new key be generated, 

certified, and logged on-chain, while the old key’s status is updated to revoked [6], [10]. 

Each new key pair is cryptographically linked to the prior key using hash-chained metadata or certificate 

continuity proofs, enabling signature continuity verification across rotation cycles [3]. 

C. Revocation and Non-Repudiation Guarantees 

Signature revocation is handled with high assurance by leveraging on-chain revocation registries maintained 

by anchor entities. These registries record the state of each key (active, expired, or revoked) and are auditable 

by any federation member or regulatory authority [4], [15]. 

To ensure non-repudiation, every signed assertion includes: 

• A cryptographic hash of the payload, 

• A digital signature tied to a current, validated key, and 

• A federated trust tag, identifying the issuing organization and compliance domain. 

These assertions are committed to the blockchain ledger, allowing any authorized party to verify the 

signature’s origin, integrity, and trust chain even after key rotation or revocation [7], [14]. This approach 

guarantees a persistent chain of custody and supports verifiable legal accountability in multi-party disputes. 

By integrating these lifecycle mechanisms with the federated architecture, FDSS provides a resilient and 

transparent foundation for regulatory compliance across dynamic and decentralized financial ecosystems [2], 

[13], [15]. 

 
Flowchart 2: Multi-Entity Audit Workflow 
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V. Blockchain-Backed Audit Ledger 

The Blockchain-Backed Audit Ledger is a foundational component of the Federated Digital Signature System 

(FDSS), designed to ensure verifiable, immutable, and standards-compliant auditability of signatures across 

heterogeneous financial networks. It provides not only a cryptographic log of signing events but also 

programmable compliance enforcement and seamless integration with legacy financial infrastructures. 

A. Data Structures for Signature Lineage 

To support verifiable signature lineage and lifecycle auditability, the system utilizes a Merkle Directed 

Acyclic Graph (Merkle-DAG). Each node in this structure represents a discrete event—such as key 

generation, signature issuance, or key revocation—anchored by a hash and linked via Merkle proofs to its 

predecessors. This enables tamper-evident audit chains across time and institutions. 

Each document-signature pair is cryptographically referenced via hash commitment, which serves as the 

foundational building block for audit integrity. Formally, the audit commitment hash for a signing event is 

defined as: 

Haudit=Hash(Hdoc∥Hsig∥meta) 

Where: 

• Hdoc=Hash(Document Payload)  

• Hsig=Hash(Digital Signature) 

•  meta includes key ID, timestamp, signer role, and policy identifier. 

This approach ensures that any modification in the document or signature invalidates the hash, making fraud 

or post-facto manipulation cryptographically infeasible. The Merkle-DAG also supports efficient inclusion 

proofs, which reduce audit complexity and improve scalability across high-frequency signing systems [4], 

[7], [14]. 

B. On-chain Compliance Rules 

The FDSS leverages smart contracts to encode and enforce real-time regulatory compliance rules directly 

within the blockchain ledger. These contracts serve as autonomous verifiers of signature validity, key 

expiration, and policy adherence. For instance, a smart contract may automatically invalidate a signature after 

a policy-defined time threshold: 

𝑟𝑒𝑞𝑢𝑖𝑟𝑒(𝑏𝑙𝑜𝑐𝑘. 𝑡𝑖𝑚𝑒𝑠𝑡𝑎𝑚𝑝 <=  𝑠𝑖𝑔𝑛𝑎𝑡𝑢𝑟𝑒𝐸𝑥𝑝𝑖𝑟𝑦, "𝑆𝑖𝑔𝑛𝑎𝑡𝑢𝑟𝑒 𝑛𝑜 𝑙𝑜𝑛𝑔𝑒𝑟 𝑣𝑎𝑙𝑖𝑑"); 
In this model, compliance policies such as those aligned with FATF, GDPR, or Basel III are modeled as 

versioned contract modules, each enforcing domain-specific constraints on signature usage, retention, and 

revocation [6], [9], [15]. 

The ledger also exposes queryable compliance states, allowing regulators or auditors to retrieve, in real time, 

the status of a document, signature lineage, or key provenance. These features turn the ledger into an active 

compliance enforcement mechanism, not just a passive record-keeping system. 

 

VI. Experimental Evaluation 

To validate the effectiveness and feasibility of the proposed Federated Digital Signature System (FDSS), we 

implemented a prototype on a permissioned blockchain infrastructure using Hyperledger Fabric v2.5. This 

section presents our evaluation results across performance, scalability, and security dimensions in a multi-

entity financial compliance context. 

A. Testbed Setup 

We simulated a federated consortium consisting of 10 commercial banks, 3 regulatory authorities, and 5 

fintech firms, each hosting its own peer node and certificate authority. A compliance anchor registry managed 

by a simulated oversight body was deployed as a separate service. The ledger and smart contracts (chaincode) 

were deployed across the consortium using Kafka-based ordering, and cryptographic operations were 

offloaded to Hardware Security Modules (HSMs) emulated via PKCS#11 interfaces. All experiments were 

conducted on a 40-core Kubernetes cluster with 128 GB RAM and 1 Gbps internal bandwidth. 

B. Performance Metrics 

We evaluated FDSS for signature validation latency, smart contract rule enforcement delay, and ledger 

throughput under federated operations. The system was tested under increasing transaction loads from 100 to 

5000 signing events per second. 
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Table I presents average signature verification latency, with HSM-backed signing and federated trust 

verification. 

Load  

(Tx/sec) 

Avg. 

Latency 

 (ms) 

Std. 

Dev. 

Verification  

Success 

Rate 

100 12.3 ±1.2 100% 

1000 14.8 ±1.5 99.98% 

2500 17.5 ±2.1 99.95% 

5000 22.6 ±3.4 99.91% 

Latency remains within acceptable real-time audit constraints even under high load, thanks to preloaded 

Merkle-DAG proofs and efficient hash checks. 

 

Table II shows the compliance smart contract execution time across different rule types, such as time-bound 

expiry checks, policy signature count thresholds, and jurisdictional validations. 

 

Table II. Smart Contract Rule Enforcement Time 

Rule Type 

Avg. 

Execution 

Time (ms) 

Time-Based Expiry Check 4.2 

Signature Threshold (n-of-m) 6.1 

Cross-Jurisdiction Validation 8.7 

Contract execution remains sub-10ms, ensuring compatibility with real-time compliance demands [6], [9]. 

Finally, ledger throughput was evaluated using batched commit blocks (10–50 transactions per block). The 

system sustained >4300 Tx/sec under optimal batch conditions with no loss in audit fidelity. 

C. Security Analysis 

We tested FDSS against several attack scenarios including signature forgery, rogue certificate injection, and 

audit rollback attempts. Our Merkle-DAG lineage proofs and on-chain policy enforcement mechanisms 

resisted all adversarial attempts simulated in the model. 

 

Table III summarizes key security outcomes under adversarial tests based on the Dolev–Yao model with 

insider compromise simulations. 

 

Threat 

Scenario 

Mitigation 

Mechanism 
Outcome 

Signature 

Forgery 

HSM key isolation 

+ PKI validation Prevented 

Audit Trail 

Tampering 

Merkle-DAG 

inclusion proofs Detectable 

Key 

Misuse/Overuse 

Time-bound policy 

enforcement Blocked 

Cross-entity 

Impersonation 

Federated trust 

validation Prevented 

These findings confirm the cryptographic soundness and regulatory robustness of FDSS, making it viable 

for deployment in regulated, multi-entity financial ecosystems [5], [7], [13], [15]. 
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Figure 1 : Signature Verification Latency vs. Load: 

 

 
Figure 2 : Verification Success Rate 

 

 
Figure 3 : Smart Contract Execution Time: 

 

 
Figure 4 : Ledger Throughput vs. Block Size 
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Figure 5 : Security Threat Mitigation Outcome: 

 

VII. DISCUSSION 

The proposed Federated Digital Signature System (FDSS) delivers scalable auditability across decentralized 

financial infrastructures, facilitating multi-party oversight without sacrificing individual entity autonomy. By 

anchoring signature lineage on blockchain and enforcing compliance through smart contracts, the system 

ensures cryptographic accountability and verifiable non-repudiation. 

A major advantage of FDSS lies in its ability to implement policy-driven signature lifecycles, supporting 

time-bound key validity and revocation across jurisdictional boundaries. This enables regulators to enforce 

nuanced compliance requirements such as sectoral KYC rules, anti-money laundering (AML) mandates, and 

disclosure obligations in real-time. 

However, several challenges must be addressed for widespread adoption. Federated trust initialization 

requires a shared governance framework, including anchor registries and standardized compliance certificates. 

Key lifecycle management—especially across heterogeneous financial systems—demands synchronized 

hardware security module (HSM) policies and secure multi-party coordination. Moreover, legal 

harmonization remains a critical barrier, as regulatory standards vary widely across countries and sectors. 

Despite these complexities, the FDSS architecture is particularly promising for cross-border KYC, AML audit 

trails, and real-time financial disclosures. The integration of programmable compliance logic through smart 

contracts positions FDSS as a foundational layer for future-proof, regulation-ready financial systems. 

 

VIII. CONCLUSION AND FUTURE WORK 

This paper presented a Federated Digital Signature System (FDSS) tailored for multi-entity compliance audits 

across complex financial ecosystems involving banks, regulators, and fintech organizations. By combining 

decentralized trust anchors, blockchain-backed audit ledgers, and smart contract-based compliance 

enforcement, FDSS addresses critical gaps in existing siloed digital signature infrastructures. 

The proposed architecture enables verifiable signature lineage, policy-driven key rotation, and interoperable 

auditability, supporting regulatory mandates such as GDPR, FATF, and cross-border AML/KYC standards. 

Experimental evaluations demonstrated the system's scalability, low-latency verification, and robust security 

posture under adversarial conditions. 

Future directions include: 

• Post-Quantum Cryptography Integration: Adapting FDSS to support lattice-based or hash-based 

digital signature schemes to ensure resilience against quantum attacks. 

• Zero-Knowledge Audit Proofs: Embedding ZKP mechanisms for privacy-preserving regulatory 

disclosures and selective transparency. 

• Interoperability with Digital Identity Frameworks: Bridging FDSS with decentralized identity 

standards like Verifiable Credentials and DID-based identity resolution for end-to-end compliance. 

As global finance continues to evolve toward decentralized and programmable infrastructures, FDSS offers a 

viable blueprint for scalable, secure, and regulation-ready digital signature ecosystems. 
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