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ABSTRACT

The increasing sophistication of presentation attacks, deepfakes, and credential-theft techniques has
exposed fundamental weaknesses in traditional authentication and identity assurance mechanisms
used in enterprise environments. This paper proposes a convergent authentication architecture that
tightly integrates FIDO2 /WebAuthn public-key, certificate-based authentication, and device attestation
to construct a phishing-resistant, scalable identity assurance framework for large organizations. By
synthesizing standards-driven cryptographic mechanisms with device-level provenance and attestation
evidence, the architecture aims to mitigate social-engineering, credential replay, and device-
compromise threats while preserving usability and manageability for enterprise deployments. We
detail the theoretical foundations—covering asymmetric cryptography, attestation models, and human-
centered usability concerns—explain the operational mechanisms for binding keys to devices and
identities, and specify an end-to-end lifecycle for credential issuance, revocation, and continuous
assurance. The study draws on empirical and normative literature on biometric presentation attack
detection, deepfake vulnerability, device attestation taxonomy, digital identity lifecycle guidelines, and
recent work on FIDO2 usability and applicability to enterprise settings. We then analyze security
properties, potential adversary models, deployment trade-offs, privacy considerations, and governance
implications. Finally, limitations, operational challenges, and a research agenda for measurement,
standardization alignment, and large-scale pilot evaluation are discussed. This integrated approach is
positioned as an actionable pathway for enterprises seeking to significantly raise the bar against
phishing and device-origin attacks while aligning with contemporary identity and cryptographic
standards.
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INTRODUCTION

Authentication and identity assurance remain central to the security posture of modern enterprises. Traditional
password-based authentication systems are widely acknowledged to be vulnerable to phishing, credential
stuffing, replay attacks, and brute-force compromise (Dell’Amico et al,, 2010). The last decade has seen the
emergence of alternative, stronger authentication paradigms—most notably FIDO2/WebAuthn public-key
mechanisms and certificate-based authentication—yet each approach has trade-offs in terms of phishing
resistance, device binding, manageability, and privacy (Jones et al., 2023; Bridging Identity Assurance Gaps,
2025). Simultaneously, advances in presentation attacks and synthetic media, such as deepfake videos, have
expanded the threat surface for biometric and video-based verification systems (Ramachandra & Busch, 2017;
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Korshunov & Marcel, 2019). Device attestation technologies promise to supply provenance and integrity
evidence for endpoints, but their practical application across heterogeneous enterprise fleets remains an open
engineering and research challenge (Arias et al., 2018).

This paper addresses a timely and practical gap in enterprise identity assurance: how to combine multiple
cryptographic and attestation primitives—FIDO2 public-key credentials, certificate-based authentication, and
device attestation—into a unified architecture that is both phishing-resistant and operationally scalable. Our
objective is not to introduce a wholly new primitive, but to articulate an integrative framework and lifecycle that
leverages existing standards and device capabilities to provide stronger, evidence-based assertions about both
who is authenticating and where the authentication originates. The guiding hypothesis is that a coordinated
integration of these elements can substantially raise the cost for attackers while remaining acceptable to users
and administrators.

The paper proceeds as follows. We first review the foundational literature and standards relevant to the
proposed architecture: biometric presentation attack detection, deepfake vulnerability research, device
attestation models, digital identity lifecycle guidelines, and cryptographic mechanisms underpinning FIDO2 and
certificate systems (Ramachandra & Busch, 2017; Korshunov & Marcel, 2019; Arias et al., 2018; Grassi et al.,
2017; Rivest et al.,, 1977; Johnson et al., 2001; Jones et al., 2023). We then delineate the convergent architecture
and present a detailed methodology for credential issuance, attestation verification, and continuous assurance.
Following this we provide a descriptive results section that synthesizes expected security properties and
identifies key trade-offs. The discussion explores limitations, governance considerations, usability impacts, and
a roadmap for deployment and future research. Throughout, claims are grounded in the cited literature to
maintain a strict evidentiary chain to the input references.

METHODOLOGY

This article follows a design-oriented methodology that synthesizes theoretical constructs, normative standards,
and empirical findings present in the provided literature into a coherent architecture. The methodological steps
include: (1) literature synthesis to extract security properties and operational constraints from prior work; (2)
construction of an architectural model that maps cryptographic credentials, attestation evidence, and identity
lifecycle procedures; (3) threat and adversary modeling to examine how the architecture resists real-world
attacks such as phishing, credential replay, presentation attacks, and device compromise; (4) analytical
evaluation of security properties and trade-offs using formal reasoning grounded in cryptographic principles;
and (5) specification of implementation guidance and operational lifecycle procedures intended for enterprise
adoption.

The literature synthesis stage drew on authoritative treatments of presentation attack detection (Ramachandra
& Busch, 2017) and deepfake assessment (Korshunov & Marcel, 2019) to identify the limitations of biometric-
only approaches. Device attestation classifications and technical mechanisms were extracted from Arias et al.
(2018), while the NIST digital identity lifecycle and authentication guidance (Grassi et al., 2017) provided the
normative scaffolding for assurance levels, lifecycle events, and revocation semantics. Cryptographic
foundations for public-key systems (Rivest et al, 1977; Johnson et al, 2001) underpin the secure key
management and signature verification mechanisms within FIDO2/WebAuthn and certificate frameworks
(Jones et al,, 2023). Usability and adoption considerations for FIDO2 and passwordless models were referenced
from empirical and comparative usability research (Wagner et al., 2020; Ghorbani Lyastani et al., 2021; Bridging
Identity Assurance Gaps, 2025). Mental model implications and human-centered security considerations were
drawn from Volkamer and Renaud (2013) to inform user experience design.
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Architectural modeling involved mapping interactions among actors (users, authenticators, relying parties,
attestation authorities, certificate authorities), message flows, and lifecycle events. Threat modeling enumerated
adversary capabilities (e.g, network-level man-in-the-middle, phishing pages that mimic relying parties,
malware capable of extracting or using credentials, device boot-level compromise) and anticipated attack
strategies (credential harvesting, replay, cloning of authenticators, presentation attacks using synthetic media).
Each threat was analyzed against the proposed architecture to evaluate resilience and residual risk.

Security evaluation used a descriptive, formal approach: explicating how cryptographic guarantees (e.g.,
signature non-repudiation, key confidentiality) and attestation evidence (e.g., device manufacturer assertions,
TPM-based quotes) produce combined security properties and where assumptions introduce limitations. The
methodology intentionally avoids experimental data collection or external measurements, focusing instead on
principled design and rigorous argumentation grounded in the cited references.

RESULTS

The convergent authentication architecture yields several descriptive outcomes relevant to security,
manageability, and user experience. The results below synthesize how each integrated component contributes
to the overall security posture and identify expected operational behaviors based on the referenced literature.

1. Phishing Resistance Through Public-Key Bindings

FIDO2/WebAuthn eliminates shared secrets between user and relying party by employing asymmetric key pairs
tied to a user’s authenticator; this fundamentally prevents credential replay and phishing that seeks to harvest
passwords (Jones et al.,, 2023). In the proposed architecture, relying parties register the authenticator’s public
key (or an assertion derived therefrom) and subsequently verify assertion signatures during authentication
events. Because attestation and origin-bound checks are part of the WebAuthn protocol, a phishing site cannot
simply collect the signature and replay it to the real relying party without matching the relying party’s origin,
thereby providing strong defense against credential-harvesting attacks (Jones et al., 2023).

2. Device Binding and Provenance via Attestation

Device attestation augments public-key credentials with evidence about the device’s hardware and firmware
state, creating a stronger claim about the where of authentication (Arias et al., 2018). Attestation can provide
cryptographic assertions signed by a device manufacturer or an intermediate attestation authority that the
authenticator is genuine and resides in a platform meeting defined integrity properties. Integrating attestation
reduces the viability of attacks that would use compromised or cloned authenticators on unauthorized devices:
even if a malicious actor obtains a private key from a device clone, the attestation evidence associated with the
authentication assertion will differ, assisting the relying party in detecting anomalies (Arias et al., 2018).

3. Complementarity with Certificate-Based Authentication

Certificate-based authentication retains a role in enterprise scenarios where centralized management,
compatibility with existing PKI, and non-browser authentication contexts are required (Rivest et al., 1977;
Johnson et al,, 2001). Certificates provide established mechanisms for lifecycle management (issuance, renewal,
revocation) and can be used to provision or back FIDOZ authenticators—e.g.,, by issuing device-bound
certificates that attest to corporate enrollment status. The architecture uses certificates for enterprise-managed
device identities and for cross-protocol interoperability, enabling systems that cannot directly consume
WebAuthn assertions to leverage certificate evidence for assurance (Grassi et al., 2017).

4. Layered Evidence Model Improves Risk Decisions
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By combining WebAuthn assertions, attestation evidence, and certificate status, the architecture supplies the
relying party with multiple, orthogonal signals to feed risk-based access decisions. This layered evidence model
aligns with NIST guidance on identity lifecycle management and multi-factor assurance, enabling fine-grained
access policies that consider user authentication strength, device integrity, and contextual factors (Grassi et al.,
2017). For instance, an enterprise policy might allow low-risk operations with a standard authenticator but
require additional attestation or administrative approval for high-privilege actions, thereby operationalizing
assurance levels.

5. Usability and Adoption Considerations

Empirical studies report FIDO2’s promise for usability but recognize challenges for less accessible devices and
diverse user populations (Wagner et al.,, 2020; Ghorbani Lyastani et al., 2021). The integrated architecture
anticipates these concerns by allowing fallback certificate-based authentication paths for managed devices,
while promoting passwordless flows for primary user journeys. Training, gradual rollouts, and careful mental-
model shaping (Volkamer & Renaud, 2013) are essential to avoid user confusion and to encourage adoption.

6. Resistance to Presentation Attacks and Synthetic Media

Biometric and video-based authentication systems are vulnerable to presentation attacks and deepfakes
(Ramachandra & Busch, 2017; Korshunov & Marcel, 2019). In our architecture, biometric signals are not relied
upon as sole authenticators; rather, when biometrics are used, they are combined with device-bound, challenge-
response cryptographic assertions to ensure that a live, hardware-backed authenticator participated in the
verification. This reduces the value of synthetic media because an attacker who presents a deepfake would still
need access to the bound authenticator and valid attestation evidence to succeed.

7. Lifecycle and Revocation Dynamics

Integrating certificate-based infrastructure provides mature revocation semantics that complement FIDO2
credential lifecycle mechanisms (Grassi et al., 2017). For example, device certificates issued at enrollment can
be revoked when devices are lost, enabling the enterprise to invalidate the relying-party trust anchoring even if
user-level public keys remain present. The combined lifecycle model enables more deterministic administrative
control over access fixtures.

8. Residual Risks and Assumptions

While the layered model substantially increases attack costs, residual risks remain where assumptions break:
for instance, if device attestation roots are compromised, or if user devices lack hardware-backed attestation,
certain attacks become more feasible (Arias et al, 2018). Furthermore, social-engineering attacks that
manipulate users to approve atypical prompts still pose a challenge, emphasizing the need for user education
and conservative default policies (Volkamer & Renaud, 2013).

DISCUSSION

This section interprets the architectural outcomes, explores nuanced trade-offs, analyzes limitations in greater
depth, and outlines a practical roadmap for adoption and research.

1. Theoretical Implications

At its core, the convergent architecture operationalizes a principle central to secure authentication: evidence
diversification. By requiring multiple independent assertions—ownership of a private key bound to an origin
(FIDO2), device integrity and provenance (attestation), and managed identity assertions (certificates)—the
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architecture reduces the probability that a single compromise yields broad access. Cryptographic theory
supports this design: when adversaries must simultaneously subvert multiple orthogonal primitives with
independent trust roots, the required adversarial resources increase multiplicatively rather than additively
(Rivest et al., 1977; Johnson et al, 2001). The approach also promotes a shift from knowledge-based
authentication toward possession-plus-proof models aligned with modern standards (Jones et al., 2023; Grassi
etal,, 2017).

A subtle theoretical tension arises between decentralization and centralized control. FIDO2 embraces
decentralized key ownership and local attestation by hardware authenticators, whereas enterprise PKI centers
on centralized issuance and governance. Our integration reconciles these by using certificates and enterprise-
managed attestation policies as governance overlays without undermining the cryptographic independence of
user-held keys. This hybrid balances theoretical cryptographic strength with practical operational control.

2. Operational Trade-offs

Implementing convergent authentication introduces operational complexities. Device attestation requires
integration with manufacturer-supplied attestation roots or enterprise attestation authorities, and these trust
chains must be audited and managed (Arias et al., 2018). Enterprises must decide on acceptable attestation
flavors—e.g., manufacturer-signed attestations versus privacy-preserving attestations that rely on TPM-based
quotes and privacy CA mediation. Each choice carries trade-offs: manufacturer attestations offer easier
verification but concentrate trust in vendors; privacy-focused attestation reduces vendor dependence but
increases verification complexity and infrastructure cost.

Certificate lifecycle management adds predictable administrative overhead: enrollment, renewal, revocation,
and CRL/OCSP infrastructure. However, PKI expertise is widely available in enterprises and can be extended to
manage device certificates that complement FIDO2 credentials. Enterprises lacking PKI maturity may prefer
hosted or managed PKI offerings but must carefully evaluate vendor trustworthiness and integration pathways.

3. Usability and Human-Centered Considerations

Human factors significantly shape security outcomes. Research on mental models reveals that users often
misunderstand authentication prompts and security indicators (Volkamer & Renaud, 2013). In the convergent
model, user interface design must clearly communicate when attestation evidence or elevated assurance is
required, and minimize friction during common workflows. Fallback mechanisms must be carefully designed to
avoid creating less secure channels (e.g., “fallback to passwords” undermining passwordless gains). Training
and transparent communication—explaining why certain approvals or device enrollments are needed—
support mental model alignment (Wagner et al., 2020; Ghorbani Lyastani et al., 2021).

4. Privacy and Data Protection

Attestation evidence by its nature reveals device provenance and potentially device serial numbers or
manufacturer identifiers. Privacy-sensitive deployments must choose attestation modes and policy rules that
minimize unnecessary disclosure. Privacy-preserving attestation mechanisms—such as using privacy CAs,
attestation tokens with minimal identifying data, or ephemeral attestation assertions—can reduce the privacy
risk while still providing verifiable evidence (Arias et al., 2018). Additionally, enterprises should minimize
retention of attestation artifacts and ensure compliance with data-protection regulations when storing device
provenance information (Grassi et al., 2017).

5. Resistance to Presentation Attacks and Deepfakes
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Biometric systems historically sought to authenticate persons through physiological or behavioral traits, but
such systems are perennially vulnerable to presentation attacks (Ramachandra & Busch, 2017). The literature
highlights the arms race between detection algorithms and increasingly realistic spoofing techniques. Deepfakes
escalate this problem by enabling plausible synthetic audio/video that can defeat rudimentary liveness checks
(Korshunov & Marcel, 2019). Our architecture reframes biometrics as augmentative rather than primary
verification: when used, they are coupled with cryptographic assertions that are origin-bound and device-
protected. This coupling means that even if a deepfake convinces a biometric matcher, the lack of valid device-
bound evidence will raise risk scores and block high-assurance operations.

6. Governance and Trust Management

The architecture demands explicit governance for attestation root management, certificate issuance policies,
and acceptable assurance levels for different actions. Enterprises must define who controls attestation trust
anchors (vendors, enterprise attestation authorities, third-party aggregators), how attestation failures are
handled, and remediation paths. NIST guidance on digital identity lifecycle suggests formalizing these policies
and aligning them with organizational risk tolerance (Grassi et al., 2017). Governance also includes periodic
audits of attestation infrastructure, maintainers of PKI, and incident response plans when attestation or
cryptographic roots are suspected to be compromised.

7. Limitations and Residual Threats

No security architecture is omnipotent. This integrated model depends on secure manufacturing practices,
strong key protection in authenticators, and trustworthy attestation ecosystems. If hardware attestation roots
are subverted or cryptographic implementations are flawed, attackers might still fabricate attestations (Arias et
al,, 2018). Malware that operates at a platform’s secure enclave boundary—if possible—could exfiltrate keys or
perform live signings; this risk argues for continuous attestation and anomaly detection systems that monitor
behavioral signals and attest to device health over time. Finally, social-engineering remains a persistent residual
threat: an attacker might convince an authorized user to approve an unexpected operation. Countermeasures
include conservative defaults, explicit user warnings for high-risk actions, and out-of-band verification for
critical workflows.

8. Research Agenda and Practical Roadmap
To realize the full promise of the convergent model, research and operational pilots are needed in several areas:

¢ Measurement studies to quantify how combined attestation and WebAuthn signals reduce successful phishing
and device-origin attacks in practice.

» Standardization work to harmonize attestation token formats and privacy-preserving attestation modalities
across vendors, enabling interoperable enterprise verification.

» Usability trials to optimize enrollment flows, fallback procedures, and risk communication to users with
diverse accessibility needs.

» Econometric analysis of operational costs—evaluating PKI extension, attestation verification infrastructure,
and user support compared to residual security gains.

» Threat-injection red teams to probe attestation roots, simulate hardware subversion, and evaluate incident
response readiness.

This research agenda would inform best practices and evidence-based policy recommendations for large-scale

enterprise adoption.
_________________________________________________________________________________________|
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CONCLUSION

Integrating FIDO2/WebAuthn public-key credentials with device attestation and certificate-based
authentication yields a layered evidence model that substantially improves phishing resistance, device
provenance verification, and enterprise manageability. By combining orthogonal cryptographic assurances and
provenance assertions, enterprises can make stronger, contextually-aware risk decisions while preserving user-
centric experiences essential for adoption. Practical deployment requires careful governance of attestation trust
anchors, attention to privacy-preserving attestation mechanisms, and investment in PKI and support processes.
Limitations remain—principally rooted in hardware supply-chain trust, potential attestation root compromise,
and social-engineering—but the integrated framework represents a pragmatic and standards-aligned pathway
to materially improve identity assurance in contemporary enterprise environments. Future work should focus
on measurement, standardization, and applied usability research to convert the theoretical and architectural
benefits into widely deployable, empirically validated systems.
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