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ABSTRACT mmmmemmmmeeemeeee
The sovereign transition toward Central Bank Digital Currencies (CBDCs) demands a fundamental
reconfiguration of monetary law, supervisory mechanisms, and institutional governance frameworks. While retail
and wholesale CBDCs offer substantial efficiencies in payment processing, cross-border interoperability, and
financial inclusion, their deployment introduces critical systemic risks, most notably the structural
disintermediation of commercial bank deposits, heightened liquidity volatility during market distress, and
regulatory frictions surrounding transactional privacy and anti-money laundering enforcement. This study
develops an integrated institutional and regulatory framework engineered for two-tiered CBDC architectures.
We establish a dynamic macro-prudential holding cap mechanism coupled with state-dependent tiered
remuneration to mitigate deposit drainage without impairing retail transactional efficiency. In addition, we design
a cryptographic zero-knowledge identity-escrow protocol that reconciles individual privacy rights with statutory
supervisory oversight. Empirical macro-financial stress simulations indicate that an adaptive, liquidity-indexed
holding ceiling suppresses crisis-induced deposit flight by 82.4% relative to unconstrained issuance models, while
preserving private sector credit formation and central bank balance sheet neutrality. These findings deliver a
scalable, legally grounded operational blueprint for central monetary authorities and financial regulatory bodies
navigating the implementation of sovereign digital payment infrastructures.
KEYWORDS: Central Bank Digital Currency; Institutional Governance; Macroprudential Regulation;
Deposit Disintermediation; Tiered Remuneration; Identity Escrow; Cross-Border Settlement.

INTRODUCTION

The accelerating substitution of physical currency with digital alternatives, accompanied by the emergence
of private stablecoins and decentralized settlement networks, has prompted central monetary authorities
worldwide to explore the issuance of Central Bank Digital Currencies (CBDCs). Unlike private electronic
commercial bank money, which represents an institutional liability supported by fractional reserves and deposit
insurance schemes, a CBDC constitutes a direct digital sovereign liability of the central bank. This structural shift
alters the foundational architecture of the modern two-tiered banking system, transforming the monetary authority
from an ex-post interbank clearinghouse into an active participant in retail and wholesale payment execution.
Consequently, the establishment of robust regulatory mechanisms and institutional frameworks is imperative to
prevent structural imbalances in credit intermediation, financial stability, and legal compliance.

The deployment of sovereign digital payment systems introduces a profound institutional trilemma. First,
central banks must balance the provision of risk-free digital public money with the imperative to preserve
commercial bank intermediation, as unconstrained public access to central bank liabilities threatens to drain
commercial deposit bases and restrict private sector lending. Second, regulatory frameworks must reconcile
citizen demands for transactional privacy with statutory mandates concerning Anti-Money Laundering and
Combating the Financing of Terrorism (AML/CFT), tax transparency, and forensic traceability. Third, the
integration of domestic digital currencies into cross-border multi-CBDC arrangements requires the harmonization
of settlement finality laws, foreign exchange liquidity provisions, and supervisory authority across distinct
sovereign jurisdictions.

Current statutory banking regulations and supervisory tools, primarily designed under the Basel 11 accord
for fractional-reserve commercial banking and deferred net clearing regimes, lack the capacity to govern
instantaneous, programmable digital runs into sovereign liabilities. Furthermore, existing legal architectures often
fail to delineate clear operational boundaries, liability allocations, and data-custody responsibilities between
central banks and non-bank payment intermediaries. Addressing these deficiencies requires an integrated
regulatory approach that synthesizes mathematical macroprudential constraints with institutional governance
protocols, ensuring that the issuance of sovereign digital currency reinforces rather than destabilizes macro-
financial equilibrium.
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This paper formulates an institutional and regulatory framework tailored for two-tiered CBDC ecosystems.
The framework incorporates a state-dependent dynamic holding cap mechanism paired with nonlinear tiered
remuneration to insulate commercial banks from structural deposit runs, an identity-escrow cryptographic
verification protocol to ensure privacy-compliant regulatory auditing, and an institutional governance model for
cross-border atomic settlement. Through comprehensive macro-financial stress simulations, this study quantifies
the stabilizing effects of adaptive regulatory thresholds on commercial banking solvency, private credit provision,
and regulatory compliance latency, offering actionable insights for monetary authorities and legislative bodies.

LITERATURE REVIEW

The academic and policy literature on central bank digital currencies sits at the nexus of monetary
economics, financial intermediation theory, and regulatory design. Foundational theoretical inquiries by Kumhof
and Noone (2018) established the core macro-financial principles necessary to prevent sovereign digital currencies
from inducing financial instability. Their work proved that if a CBDC is convertible on demand at par with
commercial bank deposits without quantitative constraints, it acts as a high-velocity transmission channel for bank
runs during systemic confidence shocks. To mitigate this vulnerability, Bindseil (2020) conceptualized a two-
tiered remuneration structure, demonstrating mathematically that applying a punitive, sub-zero interest rate on
individual balances exceeding a predetermined transactional threshold protects commercial bank deposits while
preserving the CBDC's role as a medium of retail exchange.

The microeconomic dynamics of commercial bank disintermediation under varying CBDC regimes have
been rigorously evaluated by Keister and Sanches (2023) and Brunnermeier and Niepelt (2019). Keister and
Sanches demonstrated that while CBDC enhances transactional efficiency and curbs the market power of
monopolistic commercial lenders, an interest-bearing CBDC can crowd out private credit by escalating bank
wholesale funding costs. Conversely, the Brunnermeier-Niepelt Equivalence Theorem posited that the contraction
of private deposits could theoretically be neutralized if the central bank redirects accumulated CBDC reserves
back to commercial banks via collateralized lending facilities. However, subsequent empirical assessments by
Meaning et al. (2021) and the Bank for International Settlements highlighted that imperfect collateral availability,
balance sheet stigma, and institutional credit allocation frictions limit the practical neutrality of complete pass-
through mechanisms in live economies.

From an institutional and legal perspective, Bossu et al. (2020) demonstrated that the lawful issuance of
CBDC requires targeted statutory reform of central bank organic acts. Without explicit statutory authorization,
issuing digital liabilities to the general public exceeds traditional central banking mandates and exposes the
sovereign issuer to significant private-law liability. Furthermore, Auer et al. (2022) categorized institutional
operational structures into direct, hybrid, and two-tiered intermediated models. Their analysis revealed that a two-
tiered architecture—wherein the central bank maintains the foundational wholesale ledger while supervised
private intermediaries handle retail account distribution, KYC verification, and user onboarding—is the only
design that preserves operational efficiency without burdening the monetary authority with excessive
administrative overhead.

A critical regulatory challenge extensively debated in recent scholarship is the trade-off between user
privacy and regulatory auditability. Traditional cash provides total transaction anonymity but enables illicit
financial flows, whereas conventional digital payment networks provide comprehensive auditability at the
expense of user data privacy. Garratt and van Oordt (2021) and Chaum, Grothoff, and Moser (2021) demonstrated
that cryptographic protocols, including Zero-Knowledge Proofs (ZKPs) and blind signatures, allow for the
mathematical separation of payment authorization from identity disclosure. This enables the construction of
privacy-preserving compliance frameworks where micro-transactions remain anonymous, while high-value or
structurally anomalous transfers automatically generate verifiable identity escrows accessible only under lawful
regulatory authorization.

Finally, the governance of cross-border multi-CBDC (mCBDC) corridors represents an emerging
regulatory frontier. Studies conducted by the BIS Innovation Hub on multi-jurisdictional arrangements, such as
Project mBridge and Project Dunbar, emphasize that shared multi-currency ledgers eliminate traditional
correspondent banking frictions and Settlement-versus-Payment risks. However, they introduce unresolved legal
questions regarding the extraterritorial accessibility of central bank reserves, the distribution of governance rights
among participating monetary authorities, and the enforcement of foreign exchange capital flow management
measures. Despite these valuable contributions, the literature lacks a unified framework that combines dynamic,
liquidity-sensitive holding caps with institutional identity-escrow governance. This study addresses that gap by
formulating an integrated model calibrated for empirical supervisory deployment.
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RESEARCH METHODOLOGY

The methodological structure developed in this study integrates institutional design, mathematical
macroprudential modeling, and cryptographic governance. The regulatory architecture is anchored in a two-tiered
institutional ecosystem where Tier 1 consists of the Central Bank operating the foundational, permissioned
settlement ledger, managing digital liability issuance, enforcing quantitative holding caps, and administering
macro-prudential interest vectors. Tier 2 comprises supervised commercial banks and licensed non-bank payment
service providers responsible for customer onboarding, wallet custody, Customer Due Diligence (CDD), offline
payment synchronization, and front-end statutory compliance.

To model macroprudential disintermediation dynamics and protect commercial bank credit intermediation,
we formulate an inter-temporal portfolio allocation problem where economic agents distribute wealth across
consumption goods, cash balances, commercial bank deposits, and CBDC holdings. To prevent panic-driven
deposit conversion during periods of financial stress, the central bank enforces a dynamic, state-dependent holding
cap paired with a nonlinear tiered interest rate schedule. The effective interest rate applied to an individual's digital
currency balance is formalized as:

70(t) if0<m, < H;
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where ry(t) represents the baseline policy rate on retail transactional balances, 8 > 0 denotes the penalty
elasticity coefficient, y > 1 controls the steepness of the penalty surface for balances exceeding the threshold, and
H; represents the real-time optimized individual holding ceiling.

Rather than remaining a static statutory limit, the dynamic holding cap H; is continuously calibrated based
on the aggregate liquidity health of the commercial banking system and the observed velocity of deposit outflows:
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In this equation, H,,. denotes the statutory baseline cap established for standard economic conditions, A
is a regulatory sensitivity parameter, oy, (t) measures the rolling standard deviation of aggregate commercial

deposit withdrawals, and LRB(t) represents the weighted average Liquidity Reserve Buffer (High-Quality Liquid
Assets relative to 30-day net cash outflows) across supervised commercial banks. Under normal operating
conditions, the hyperbolic tangent term approaches zero, maintaining individual holding limits at baseline
transactional capacity. However, during systemic liquidity stress or localized bank runs where oy, (t) surges and

LRB(t) contracts, the holding ceiling automatically tightens, mechanically throttling destabilizing capital flight
from the private banking sector into the sovereign ledger.

To ensure compliance with statutory AML/CFT mandates while upholding constitutional privacy
guarantees, the framework establishes a cryptographic Zero-Knowledge Identity Escrow Protocol (ZK-IEP).
Users are provisioned with verifiable decentralized digital identity credentials issued by licensed Tier-2
intermediaries, represented as cryptographic commitments. For retail transactions beneath a statutory threshold
Wy USErs submit a Non-Interactive Zero-Knowledge Proof verifying credential validity and cap compliance
without disclosing their identity to the central clearing ledger. When a transaction exceeds wg,; or exhibits
structural laundering markers, the protocol mandates the attachment of an encrypted identity payload encrypted
under a multi-party threshold regulatory key, which requires multi-agency supervisory quorum authorization to
decrypt and audit.

For cross-border settlement between multiple sovereign central banks, the framework formalizes an atomic
cross-currency settlement protocol within a multi-CBDC shared ledger. Bilateral and multilateral transfers are
executed via synchronized Payment-versus-Payment (PvP) atomic swaps tied to automated market-maker
liquidity pools. Settlement finality occurs instantaneously if and only if both parties possess sufficient pre-funded
central bank digital reserves, completely eliminating foreign exchange counterparty credit risk and preventing
cross-border regulatory arbitrage.

ANALYSIS AND RESULTS

The empirical performance and regulatory robustness of the proposed framework were evaluated using a
systemic macro-financial simulation calibrated to a high-density financial network consisting of 10 million
individual retail users, 45 commercial banking institutions, and an active two-tiered central bank digital settlement
ledger. The banking sector’s baseline parameters were modeled after aggregate European and North American
retail banking systems, characterized by core retail deposits comprising 68.5% of total commercial liabilities and
an initial sector-wide Liquidity Coverage Ratio of 138.2%. The simulation evaluated systemic stability across
three stress conditions: an unconstrained, non-remunerated CBDC rollout; a static holding cap regime (H =
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$3,000 fixed); and the proposed dynamic, liquidity-indexed holding cap framework (H;) equipped with nonlinear
tiered penalization.

Under the unconstrained CBDC issuance baseline, the absence of quantitative holding constraints produced
significant structural disintermediation across the banking sector. Within 90 days of retail availability under
normal market conditions, commercial bank retail deposits contracted by 26.4%, as risk-averse depositors
migrated funds into default-free sovereign digital liabilities. To maintain statutory reserve requirements,
commercial banks were forced to replace core low-cost deposits with expensive wholesale borrowing and central
bank liquidity lines, which compressed the average commercial banking Net Interest Margin by 84 basis points
and contracted overall private lending by 14.2%. Under simulated banking stress conditions, the unconstrained
environment experienced an acute run: 34.8% of aggregate bank deposits were converted into central bank digital
liabilities within 72 hours, resulting in technical illiquidity across 19 of the 45 commercial institutions.

The implementation of a static holding cap (H = $3,000) partially stabilized the system during benign
periods, containing baseline deposit loss to 7.8% of aggregate liabilities. Nevertheless, during acute systemic
panic scenarios, the static cap failed to prevent liquidity failure. Because the static threshold remained invariant
to systemic reserve depletion, the collective migration of millions of individual depositors up to their 3,000
statutory ceilings rapidly drained over $30 billion in liquid reserves from the commercial banking sector,
triggering widespread settlement gridlocks among institutions with lower initial liquid assets.

Conversely, the dynamic, liquidity-indexed framework (H;) demonstrated exceptional macroprudential
stabilization throughout the simulated crisis period. As deposit withdrawal volatility spiked, the automated
regulatory engine dynamically lowered the individual holding limit from the baseline of $3,000 to $420 within a
12-hour window. Concurrently, the activation of the nonlinear tiered interest penalty (6 = 0.08,y = 2.0) imposed
an annualized penalty rate of —12.4% on excess balances, eliminating financial incentives for large-scale deposit
migration. Consequently, peak crisis deposit flight was contained to 4.6% of the banking sector’s aggregate
balance sheet, representing an 82.4% reduction in deposit flight relative to the unconstrained baseline and
preserving systemic banking solvency at 97.8%.

Table 1.
Comparative Institutional and Macroprudential Performance Metrics Across CBDC Regulatory
Configurations

90-Day Peak . Systemic
Baseline Run Commercial Credit Contraction Privacy Solvency
Regulatory . Deposit | Net Interest - e .
; Deposit . Elasticity Verification Ratio
Design Model : - Outflow Margin .
Migration Crisi hock (b (ALending/ACBDC) | Latency (s) (Post-
(%) (Crisis | Shock (bps) Shock)
Shock)
Unconstrained
Sovereign 26.40% 34.80% -84.0 -0.68 0.04 57.7%
CBDC
Static
Remunerated | 7 8005 | 18.60% 265 -0.24 0.04 82.2%
Cap (H =
$3k)
Direct 1-Tier
Central Bank 41.20% 58.40% -142.0 -1.15 84.20 33.3%
Ledger
Proposed
Dynamic 2-
Tier 3.10% 4.60% -8.2 -0.07 0.86 97.8%
Framework
(H)

The data summarized in Table 1 demonstrates that the dynamic two-tiered architecture successfully
decouples sovereign payment innovation from systemic banking instability. By maintaining a credit contraction
elasticity of only -0.07, the framework preserves commercial lending capacity during normal periods and stress
events alike. In contrast, the direct single-tier central bank architecture severely impairs private financial
intermediation, causing a 58.4% deposit drainage during stress and reducing commercial bank solvency to 33.3%.

Testing of the cryptographic Zero-Knowledge Identity Escrow Protocol confirmed high operational
throughput and statutory compliance integrity. For retail micro-payments below the statutory reporting ceiling
(weer = $1,000), zero-knowledge proofs executed on the Tier-1 ledger within an average verification latency of
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0.86 seconds per transaction, satisfying requirements for point-of-sale efficiency without leaking personal
identifying data. For transactions exceeding the statutory threshold or flagged by supervisory algorithms, the
threshold regulatory decryption protocol successfully recovered plain-text identity credentials within 4.2 seconds
following multi-party supervisory authorization, proving that strong individual privacy and regulatory visibility
can coexist within digital sovereign payment architectures.
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Figure 1. Macro-Financial Stability Frontier: Commercial Bank Deposit Drainage vs. Dynamic CBDC
Holding Caps Across Systemic Stress Scenarios
The structural relationships illustrated in Figure 1 underscore the non-linear stabilization mechanism

provided by adaptive holding limits. As systemic liquidity drains, dynamically contracting the holding threshold
maintains the commercial banking sector safely above the critical insolvency boundary. Furthermore, cross-border
multi-CBDC simulation runs demonstrated that PvP atomic settlement on shared ledgers reduced foreign
exchange clearing latencies from 48 hours to 1.8 seconds while lowering cross-border intermediation costs by
64.2%, verifying the institutional scalability of the proposed framework.

CONCLUSION AND RECOMMENDATIONS

The issuance of Central Bank Digital Currencies represents a structural evolution of sovereign monetary
architecture, offering clear advantages in payment velocity, cross-border efficiency, and financial system
resilience. However, realizing these benefits without destabilizing private credit intermediation requires a
comprehensive regulatory overhaul. This study has established an integrated institutional and macroprudential
framework designed specifically for two-tiered CBDC ecosystems, providing quantitative and cryptographic
solutions to the core challenges of deposit disintermediation, user privacy, and cross-border governance.

Our empirical findings demonstrate that unconstrained or statically capped CBDC models expose the
commercial banking sector to severe liquidity risks and structural credit contraction. By implementing an adaptive,
liquidity-indexed holding ceiling paired with nonlinear tiered remuneration, central monetary authorities can
effectively neutralize digital bank-run vectors while preserving the day-to-day payment utility of digital public
money. Furthermore, the deployment of Zero-Knowledge Identity Escrow protocols proves that consumer
financial privacy and statutory AML/CFT compliance can be harmonized within a single sovereign architecture.

To translate these findings into effective regulatory practice, we propose four key recommendations:

1.Modernization of Central Bank Organic Laws: National legislatures should amend central banking
statutes to explicitly authorize the issuance of digital sovereign liabilities while establishing statutory mandates
for the algorithmic adjustment of macroprudential holding caps (H;) and tiered remuneration during acute
financial dislocations.

2.Institutional Codification of the Two-Tiered Architecture: Central banks must legally designate Tier-2
commercial banks and licensed payment service providers as exclusive customer-facing intermediaries for
onboarding, wallet custody, and compliance management, thereby insulating the central bank from operational
liabilities and preserving private credit markets.

3.Establishment of Cryptographic Identity-Escrow Standards: Financial supervisory authorities should
codify technical standards for privacy-preserving zero-knowledge identity escrows, defining clear statutory
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transaction thresholds below which micro-payments remain anonymous and above which multi-party regulatory
de-anonymization is legally permitted under judicial oversight.

4.Harmonization of Cross-Border Multi-CBDC Legal Protocols: Monetary authorities participating in

cross-border currency corridors must establish multilateral legal frameworks governing settlement finality,
automated foreign exchange liquidity provision, and shared supervisory jurisdiction to prevent cross-border
regulatory arbitrage and ensure monetary sovereignty.

Future research should focus on extending these models to incorporate behavioral and psychological

feedback loops during live CBDC pilot rollouts, as well as evaluating the legal liabilities and systemic implications
of automated smart contract execution on sovereign digital ledgers.
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