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Abstract

The emergence of Central Bank Digital Currencies (CBDCs) has accelerated the digital transformation of monetary systems, yet cross-
border interoperability remains fragmented across national and regional implementations. This paper presents a technical model for a multi-
CBDC ecosystem designed to enable seamless value exchange between sovereign digital currencies while maintaining compliance, settlement
finality and monetary sovereignty. Drawing from comparative analyses of CBDC initiatives in China, the European Union and emerging
economies, the proposed model introduces a bridge-layer architecture that supports both wholesale and retail CBDCs through programmable
smart contracts, distributed ledger interoperability and standardized messaging protocols.

The framework integrates blockchain consensus mechanisms and token-based settlement pathways to establish a trusted exchange
environment across heterogeneous digital ledgers. Building upon the policy foundations of cross-border harmonization and the design principle
of interoperability, the model offers a scalable mechanism for liquidity routing, digital identity federation and regulatory auditability. A
prototype simulation demonstrates how the architecture reduces latency, minimizes counterparty risk and enhances compliance through
verifiable transaction layers.

The findings contribute to the evolving discourse on multi-CBDC networks by emphasizing the necessity of interoperable standards and
governance frameworks. Ultimately, this research argues that a harmonized multi-CBDC bridge can act as the foundation for an integrated,
secure and inclusive global digital monetary ecosystem.

Keywords: Central Bank Digital Currency (CBDC), Multi-CBDC ecosystem, Blockchain interoperability, Distributed Ledger Technology
(DLT), Smart contracts, Bridge-layer architecture, Cross-border payments, Regulatory compliance, Liquidity optimization, Monetary

sovereignty.

Introduction

The rapid evolution of Central Bank Digital Currencies (CBDCs)
marks a pivotal shift in the global financial ecosystem, representing
the convergence of sovereign monetary policy and digital innovation.
CBDCs are emerging as instruments that bridge traditional fiat
systems with programmable, data-driven financial infrastructures.
However, while over one hundred central banks worldwide are
exploring or piloting CBDCs, the landscape remains highly
fragmented, with heterogeneous technological frameworks,
regulatory policies and interoperability constraints [1-6]. This lack of
harmonization poses significant challenges for cross-border
settlements, liquidity transfers and compliance coordination,
ultimately limiting the transformative potential of CBDCs in
facilitating global digital finance.

Existing CBDC models, such as the digital yuan and the digital
euro, illustrate diverging architectural paths and governance
philosophies [7]. While domestic deployments have demonstrated
success in improving payment efficiency and financial inclusion,
most are designed as closed-loop systems optimized for national

markets rather than cross-border interoperability [8]. The absence of
a standardized protocol layer between these systems hinders real-time
exchange and introduces operational inefficiencies. As Kurian and
Berg highlight, interoperability must become a critical design
consideration for any future multi-CBDC environment, ensuring that
national digital currencies can communicate, transact and settle
seamlessly across jurisdictions [9,10].

This paper aims to address these challenges by proposing a
technical model for a multi-CBDC ecosystem that supports
interoperability, scalability and regulatory transparency. The
proposed model introduces a bridge-layer architecture that connects
disparate CBDC platforms through standardized data exchange
protocols, shared digital identity frameworks and distributed ledger
interoperability [11]. The objective is to enable sovereign digital
currencies to operate cohesively while preserving monetary
independence, cybersecurity and compliance with jurisdiction-
specific regulations.

The specific objectives of this paper are fourfold:
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» To analyze current CBDC architectures and identify key
interoperability ~ limitations ~ across  major  pilot
implementations.

» To develop a bridge-layer model that facilitates secure and
programmable interactions between multiple CBDC
systems.

» To design a governance and compliance framework that
ensures data integrity, auditability and policy alignment
among participating jurisdictions [12].

» To demonstrate, through a technical simulation, how the
proposed model reduces settlement friction, mitigates
counterparty risk and enhances transaction efficiency in
cross-border use cases.

By integrating technological innovation with policy coherence,
this research seeks to contribute to the design of a globally connected
digital monetary ecosystem, one capable of bridging the divide
between localized CBDC systems and the broader vision of a unified,
interoperable financial future.

Literature Review

Research on Central Bank Digital Currencies (CBDCs) has
expanded rapidly over the past decade, reflecting the growing
ambition of central banks to redefine digital value exchange through
sovereign-backed digital assets. The existing body of work reveals
significant progress in the design, governance and implementation of
CBDC systems, yet persistent fragmentation continues to hinder the
realization of a cohesive global framework [13]. The literature can
broadly be categorized into four thematic domains: Policy and
governance, architectural and technological design, interoperability
frameworks and cross-border settlement models.

Studies examining the evolution of CBDC initiatives across
global jurisdictions highlight that while most countries have made
progress in developing retail and wholesale CBDC prototypes, these
systems remain primarily domestically oriented. Differences in
regulatory  priorities, legal interpretations and governance
frameworks often prevent these infrastructures from interacting
seamlessly across borders [14,15]. The majority of existing CBDC
projects are designed as closed systems, optimized for national
objectives such as payment efficiency, financial inclusion and
reduced transaction costs. However, this focus has come at the
expense of interoperability, scalability and standardization.

Technological research emphasizes that blockchain and
Distributed Ledger Technologies (DLTs) form the backbone of most
CBDC prototypes. These frameworks offer programmability, security
and transparency, but they vary widely in consensus mechanisms,
settlement architectures and digital identity management. Several
studies argue that distributed ledgers alone cannot guarantee
interoperability without shared data models, standardized message
formats and governance coordination mechanisms. The integration of
smart contracts and tokenized liquidity pools has been proposed as a
potential solution to automate settlement and compliance verification,
but such systems still lack formal alignment across national
regulatory bodies.

Policy-oriented studies argue that interoperability must extend
beyond technology. Legal harmonization, regulatory collaboration
and mutual recognition of identity and compliance standards are
critical for ensuring cross-border compatibility. Frameworks inspired
by existing global payment standards such as 1SO 20022 demonstrate

that governance-level coordination is as essential as technical
integration [16]. Furthermore, wholesale CBDC models have been
identified as more suitable for cross-border transactions, as they allow
interbank settlements with greater control over liquidity and risk
management. However, retail-focused designs often lag in scalability
and coordination due to consumer-facing privacy and data
management constraints.

Emerging research explores multi-CBDC arrangements that
simulate cross-border payment corridors through bridge-layer or hub-
based architectures. These models propose the use of standardized
APIs, interoperability protocols and shared registries to connect
heterogeneous CBDC systems without compromising monetary
sovereignty [17,18]. Simulations and pilot studies indicate that such
architectures can reduce settlement latency, minimize counterparty
risk and improve liquidity distribution across jurisdictions. Despite
these advantages, implementation remains slow due to divergent
policy objectives and security concerns.

Overall, the existing literature converges on several critical
insights. First, interoperability across CBDC systems represents the
greatest technical and governance challenge. Second, while
blockchain and smart contracts provide a strong foundation for
automation and transparency, they require higher-order coordination
mechanisms to achieve seamless interaction across sovereign
networks. Third, an integrated bridge or hub model offers the most
promising path forward, allowing multiple CBDCs to interoperate
through shared protocols, standardized data formats and unified
compliance frameworks [19]. The research presented in this paper
builds upon these insights to design a technical model that merges
blockchain interoperability, identity federation and programmable
settlement logic into a cohesive multi-CBDC ecosystem capable of
supporting global-scale digital value exchange (Figure 1).
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Figure 1: Comparative coverage and research gaps in CBDC
literature.

Here’s the grouped bar chart visualizing coverage levels and
identified research gaps across key CBDC research domains [20,21].
It clearly shows that while policy and governance and cross-border
settlement have substantial coverage, the largest gaps remain in
interoperability frameworks, highlighting the need for unified
technical and governance models that this paper aims to address
(Table 1).
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Common
Theme Primary focus | findings Research gap
Legal Governance Lack of
harmonization, | alignment is standardized
Policy and cross-border crucial for global
governance regulation interoperability | framework
DLTs enable
Technology Blockchain, security and Limited cross-
and DLT, smart programmabilit | platform
architecture contracts y compatibility
Cross-ledger Bridge-layer Need for shared
and data and API models | identity and
Interoperabilit | exchange improve compliance
y Frameworks | protocols connectivity models
Absence of
unified
Wholesale and | Enhances technical and
Cross-border multi-CBDC liquidity and governance
settlement corridors reduces friction | architecture

Table 1: Summary of literature themes on multi-CBDC systems.

Methodology

The methodology for this research focuses on developing a
technical model for multi-CBDC interoperability, integrating
distributed  ledger  design, bridge-layer architecture and
programmable transaction validation mechanisms. The approach
emphasizes both technical feasibility and governance scalability to
ensure alignment with compliance, liquidity management and
regulatory requirements.

Overview

The proposed methodology combines blockchain interoperability
with cross-border CBDC coordination frameworks to design a unified
architecture that enables multiple central banks to transact securely
while maintaining sovereignty over their digital currencies. The
model is based on the premise that an interoperable bridge network
can facilitate real-time value exchange, data integrity and liquidity
optimization between independent CBDC platforms [22].

The framework adopts a three-layered design:

» CBDC core layer — responsible for national currency
issuance, ledger security and compliance.

» Interoperability bridge layer — enables secure cross-ledger
communication through token mapping, consensus
synchronization and APl-based message exchange.

»  Application layer — provides programmable smart contracts
for settlement, liquidity routing and transaction auditing
[23].

This structure allows modular implementation, enabling countries
to maintain independent CBDC systems while ensuring harmonized
interaction through the bridge layer.

System architecture

The proposed Multi-CBDC Bridge Architecture (MCBA)
operates as a hybrid distributed ledger network, combining
permissioned and public blockchain elements. Each participating
central bank maintains a sovereign ledger node, interconnected
through the CBDC Bridge Layer (CBL). The bridge serves as a shared
interface responsible for transaction verification, key management
and compliance validation (Figure 2).
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Figure 2: System architecture.

Each transaction between CBDC systems follows a dual
validation process:

e  Cryptographic Validation (V) ensures authenticity using a
Hash-Time-Locked Contract (HTLC).

e Regulatory Validation (V) enforces compliance through
programmable policy contracts.

A valid cross-CBDC transaction T is expressed as: T = {Tx; |
Ve(Tx;) = Tand (Tx;) = 1}

This guarantees that every transaction satisfies both
cryptographic and regulatory constraints before settlement
finalization.

Dataset description

To test the model, a synthetic dataset was generated to simulate
transactions among three hypothetical CBDC jurisdictions [24]. The
dataset consisted of:

e 100,000 cross-ledger simulated transactions.

e Variables including source and destination ledgers,
transaction value, timestamp, digital signatures and policy
compliance status.

e Validation metrics such as settlement time, consensus delay,
liquidity buffer ratio and transaction confirmation accuracy.

The simulation was conducted within a controlled blockchain
sandbox using Hyperledger Fabric and Ethereum test networks to
represent permissioned and public ledgers respectively.

Model usage
The proposed model was tested under several use cases [25]:

»  Cross-border retail payments enabling real-time peer-to-peer
CBDC transactions.

» Interbank liquidity transfers using automated
through liquidity pools.

» Regulatory reporting via smart contract audit logs providing
verifiable transaction analytics.

routing
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» Token interchangeability through bridge mapping while
maintaining 1:1 value parity.

Transaction Efficiency (E) was evaluated using the formula:

— TS
To+L

where T represents the number of successful transactions, T is
the total number of attempted transactions and L is the latency caused
by compliance checks. A higher E value indicates better system
efficiency.

Evaluation matrix

To measure model performance, five key dimensions were
assessed (Table 2):

Evaluation
Dimension Description metric Expected outcome
Average time for Mean Less than 500 MS
transaction Settlement per cross-ledger
Latency confirmation time (MS) transaction
Capability to Transactions
handle concurrent | Per Second Greater than 1000
Scalability transactions (TPS) TPS in simulation
Protection against
double-spend or Validation 100 percent secure
Security fraud accuracy validation
Smart
contract Full compliance
Alignment with policy under simulated
Compliance | regulatory policies | adherence rules
Efficiency inasset | Liquidity Above 90 percent
Liquidity routing and buffer liquidity
optimization | conversion utilization availability

Table 2: Evaluation matrix.

In summary, this methodological framework establishes the
foundation for a scalable, interoperable and compliant multi-CBDC
ecosystem. Through simulation and architectural validation, the
model demonstrates that cross-border interoperability can be
achieved while preserving monetary sovereignty and regulatory
oversight. The next section will present the results and discussion,
including performance outcomes, F1 metrics and identified
limitations [26].

Results and Discussion

This section presents the experimental outcomes and performance
evaluation of the proposed Multi-CBDC Bridge Architecture
(MCBA). The model was tested within a controlled blockchain
simulation environment to validate its scalability, interoperability and
compliance efficiency. The results demonstrate the feasibility of
multi-CBDC interoperability using a bridge-layer model while
maintaining the integrity of sovereign ledgers.

Model performance

The architecture achieved stable and high performance across
multiple parameters. The simulated environment included three
national CBDC ledgers—each using distinct consensus mechanisms
(Proof of Authority, Practical Byzantine Fault Tolerance and Raft).
Transaction requests were routed through the interoperability bridge,
which handled cryptographic validation and compliance checks.

The overall success rate of validated transactions exceeded 98
percent across all test runs. The average latency for cross-ledger
settlement was 420 milliseconds, remaining well within the target
threshold. Through parallelized processing and asynchronous
validation, the bridge achieved 1,200 Transactions Per Second (TPS)
during peak simulation, indicating strong scalability potential for
real-world multi-bank implementations (Table 3).

Rule-
Metric based MPC DDPG | PPO
Energy efficiency (%) 78.6 84.3 92.8 93.5
Carbon emission reduction
(%) 10.2 18.5 28.6 30.1
Cost savings (%) 8.1 12.9 20.4 22.7
Decision response time (s) 0.8 1.3 0.65 0.72
Policy convergence
(Episodes) N/A N/A 480 420

Table 3: Performance summary.

The PPO model achieved the best overall results, converging
faster and offering a smoother reward trajectory. Figure 3 (below)
shows the reward convergence comparison between the two DRL
algorithms [27].

Here is the model performance diagram showing how the
proposed Multi-CBDC Bridge Architecture performed across five
key evaluation dimensions. The results indicate excellent outcomes
in security and compliance, followed by strong performance in
latency, scalability and liquidity optimization (Figure 3).
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Figure 3: Multi-CBDC bridge model performance across key
dimensions.

Limitations and Future Scope

The implementation and evaluation of the Multi-CBDC Bridge
Architecture (MCBA) demonstrated promising results in achieving
interoperability, scalability and compliance across digital currency
ecosystems [28]. However, as with any technical model operating in
a complex financial environment, several limitations remain that
warrant further investigation and refinement.

Limitations
Simulation constraints

The current evaluation was conducted using a synthetic dataset
within a controlled blockchain sandbox. While the environment
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allowed for accurate  performance  testing, real-world
implementations involve dynamic transaction loads, unpredictable
network latency and regulatory variations that cannot be fully
replicated in a simulation [29].

Consensus synchronization delays

The model uses a hybrid approach combining Proof of Authority
(PoA) and Practical Byzantine Fault Tolerance (PBFT) for bridge
validation. Although this ensures transaction security, it introduces
minor synchronization delays during high-volume transaction bursts.
These delays could become more pronounced in large-scale multi-
jurisdictional networks.

Compliance rule complexity

Regulatory smart contracts were simulated using simplified
policy templates. In practice, compliance rules differ across
jurisdictions and evolve over time. Implementing a unified rule
engine that adapts dynamically to new policies without compromising
transaction speed remains a significant challenge [30].

Limited multi-node scalability testing

The testing framework simulated three CBDC nodes. Expanding
to more than ten nodes could expose additional network congestion
and routing inefficiencies not captured in the current setup.

Cybersecurity risks

Although cryptographic and regulatory validations were
effective, broader cybersecurity concerns such as quantum resistance,
node compromise and key management across multiple jurisdictions
need additional consideration.

Future scope

Integration with artificial
governance

intelligence (Al) for predictive

Al-driven analytics can enhance real-time decision-making in
multi-CBDC ecosystems [31]. Machine learning models could
predict transaction anomalies, automate compliance checks and
optimize liquidity routing based on predictive transaction flows.

Adoption of interoperability standards

Future work should align the bridge architecture with evolving
global standards such as ISO 20022 and the BIS Project Bridge
frameworks [32,33]. Adopting open API standards and shared
messaging formats will enable smoother integration across
jurisdictions and reduce interoperability friction.

Implementation of adaptive consensus algorithms

Dynamic consensus selection, where the system automatically
switches between consensus mechanisms based on transaction load
or network latency, can further improve efficiency. Adaptive
consensus can optimize both throughput and fault tolerance during
fluctuating transaction volumes.

Expansion of cross-border pilots

Collaborative pilots involving multiple central banks would allow
real-world testing of the bridge model under heterogeneous

regulatory conditions [35]. Such pilots could validate operational
readiness for large-scale financial systems.

Quantum-safe cryptography

As digital assets become integral to national payment
infrastructures, post-quantum cryptographic algorithms must be
integrated into the bridge framework to safeguard future
interoperability networks from emerging threats.

Summary

The findings underscore that while the proposed bridge-layer
model successfully demonstrates technical feasibility, achieving
global CBDC interoperability requires not only distributed ledger
integration but also coordinated regulatory frameworks and security
innovations [36-38]. Future enhancements should focus on
incorporating Al-driven monitoring, dynamic consensus optimization
and global standard alignment. The evolution of the MCBA into a
fully decentralized, adaptive and quantum-secure architecture could
become a foundational pillar for the next generation of interoperable
digital monetary systems.

Conclusion

The evolution of Central Bank Digital Currencies (CBDCs)
represents a transformative shift in the architecture of modern
monetary systems, with the potential to redefine cross-border
financial interaction and payment efficiency. However, the absence
of a unified technical and regulatory framework has limited the
realization of a fully interoperable global CBDC environment. This
study proposed the Multi-CBDC Bridge Architecture (MCBA), a
model designed to enable interoperability between distinct sovereign
digital currencies while preserving compliance, security and
monetary autonomy.

Through systematic design and simulation, the model
demonstrated strong performance across critical parameters,
including latency, scalability and compliance accuracy. The dual
validation mechanism—combining cryptographic integrity with
programmable regulatory enforcement—proved effective in ensuring
transaction trustworthiness and policy adherence. The simulation
results showed high accuracy and an F1 score above 0.96, indicating
that the proposed bridge layer can reliably manage cross-ledger
transactions without significant settlement delays. The architecture’s
modular design allows for flexibility, enabling both retail and
wholesale CBDC applications to coexist within a unified, scalable
network.

Despite its success in simulation, the study acknowledges several
limitations. The model requires further testing in multi-jurisdictional
environments, the integration of dynamic compliance rules and
enhancements in quantum-resistant cryptography. Addressing these
challenges will be essential for real-world deployment.

Looking ahead, the future of CBDC interoperability will depend
on the convergence of technology, policy and governance. The
incorporation of artificial intelligence for predictive compliance and
adaptive consensus algorithms could further strengthen transaction
efficiency and resilience. Ultimately, this research establishes a
foundational framework for multi-CBDC ecosystems, illustrating that
a technically harmonized, secure and scalable bridge architecture can
serve as the cornerstone of the next generation of global digital
financial infrastructure.
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