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Abstract

Modern cryptocurrency infrastructures rely on cryptographic signatures and key-management systems to authorize high-
impact operations such as token issuance, cross-chain transfers, governance upgrades, and institutional custody
transactions. While blockchain consensus protocols provide strong guarantees regarding ledger integrity, many critical
operational controls remain dependent on the protection of portable digital credentials. Compromise of these credentials
can allow adversaries to execute transactions that appear cryptographically valid to the network.

This paper introduces a physical-layer cryptographic authorization architecture designed to secure the control plane of
cryptocurrency systems. The proposed framework replaces static signing keys with a hardware-rooted authorization
mechanism derived from the verified real-time dynamical behavior of a dedicated physical device. A nonlinear physical
module generates continuously evolving signals whose properties are monitored through signal analysis techniques to
confirm that the device remains within an authenticated dynamical regime.

Authorization artifacts are produced only when three conditions are satisfied: the device operates within its verified
physical regime, the requested blockchain operation satisfies protocol-level policy constraints, and the canonical
transaction message is bound to the device’s instantaneous physical state. These artifacts accompany blockchain
transactions and are verified by smart contracts responsible for executing privileged operations.

By coupling authorization directly to the real-time behavior of a physical system, the architecture transforms cryptographic
authority from a portable digital secret into a transient physical condition. This approach provides a framework for
strengthening control-plane security across a wide range of cryptocurrency infrastructure, including stablecoin issuance
systems, cross-chain bridge mechanisms, governance execution frameworks, and institutional custody platforms.

Executive Summary

Cryptocurrency systems were originally designed to eliminate centralized trust through distributed consensus and
cryptographic verification. Over the past fifteen years, blockchain networks have evolved into complex financial
infrastructures supporting decentralized finance, tokenized assets, cross-chain bridges, institutional custody services, and
large-scale digital payment systems. Despite the strength of blockchain consensus protocols and cryptographic primitives,
many of the most severe losses in the digital asset ecosystem have resulted not from failures of these mechanisms but
from compromises of the control systems responsible for authorizing privileged operations.

Actions such as token issuance, cross-chain asset releases, governance upgrades, validator management, and large
institutional withdrawals are typically authorized through digital private keys. Whether protected by hardware security
modules, multi-signature arrangements, or advanced custody platforms, these mechanisms ultimately depend on portable
digital secrets. When such secrets are compromised through infrastructure breaches, insider threats, or operational
failures, attackers can generate transactions that appear cryptographically valid to the blockchain protocol.

This paper proposes an alternative architecture in which authorization for privileged blockchain operations derives from
the verified real-time physical behavior of dedicated hardware modules rather than stored digital keys. These devices
generate continuously evolving signals through nonlinear physical dynamics, while signal analysis verifies that the device
remains within an authenticated dynamical state before authorization can occur.

Privileged operations are permitted only when three conditions are satisfied: the authorization device operates within its
verified physical state, the requested action complies with protocol policy constraints, and the system produces an
authorization artifact binding the canonical blockchain message to the device’s instantaneous physical state.

By coupling authorization to the real-time behavior of a physical system, the architecture transforms cryptographic
authority from a portable digital secret into a transient physical condition. Because the device’s physical state evolves
continuously, authorization artifacts cannot be precomputed, replayed, or reproduced outside the hardware environment
that generated them.

Physical-layer authorization therefore functions as a hardware-rooted control-plane security layer protecting high-impact
actions such as token issuance, cross-chain transfers, governance upgrades, and institutional custody transactions.
Physical-layer cryptographic authorization provides a framework for grounding digital authority in verifiable physical
processes rather than portable digital keys, introducing a hardware-rooted authorization primitive in which authority
derives from the verified real-time dynamics of a physical system rather than persistent digital credentials.
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Key Takeaways

The main weakness addressed is cryptocurrency control-plane authorization, not blockchain consensus or
cryptographic primitives.

Privileged actions such as token issuance, bridge releases, governance upgrades, and custody transfers often depend
on portable digital keys.

The proposed architecture replaces persistent signing authority with authorization artifacts derived from verified
physical hardware dynamics.

Authorization requires simultaneous satisfaction of hardware-state verification, protocol-aware policy constraints, and
message-physics binding.

The deployment model can operate as a control-plane security layer alongside existing blockchain systems without
changing consensus protocols.
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1. Introduction

Blockchain systems were originally designed to eliminate centralized trust through distributed consensus and
cryptographic verification. While consensus mechanisms secure the integrity of the ledger itself, many economically
significant actions occur through operational mechanisms responsible for managing the system. These mechanisms
form the control plane of cryptocurrency infrastructure and introduce security risks that lie outside the consensus
protocol.

Over time, blockchain networks have evolved far beyond simple peer-to-peer payment systems. Modern
cryptocurrency ecosystems now support decentralized financial markets, tokenized assets, programmable smart
contracts, cross-chain interoperability mechanisms, and institutional custody platforms. Within these systems, many
critical operations occur outside the ordinary flow of user transactions processed by the consensus layer. Actions
such as token minting and burning, cross-chain bridge releases, governance-driven protocol upgrades, validator
admission, and large custody withdrawals require explicit authorization from trusted entities or governance
processes before they can be executed on-chain.

The mechanisms responsible for approving these privileged actions collectively form what can be described as the
control plane of cryptocurrency infrastructure. While consensus protocols determine how transactions are validated
and incorporated into the ledger, the control plane determines which high-impact operations may be initiated in the
first place. In practice, the control plane governs the economic and operational boundaries of a blockchain system,
including the issuance of assets, the movement of funds across networks, and the modification of core protocol
logic.

Despite its critical role, the control plane of most cryptocurrency systems continues to rely on security models
derived from traditional key-management practices. Privileged operations are typically authorized through digital
signatures produced by administrative private keys held by organizations, validators, custodians, or governance
participants. Even when protected by hardware security modules, distributed multi-signature arrangements, or
sophisticated custody frameworks, these keys remain portable digital secrets.

This reliance on portable secrets introduces a persistent vulnerability. Digital keys can be copied, extracted,
coerced, or misused if the operational systems responsible for protecting them are compromised. When attackers
obtain sufficient signing authority, the blockchain protocol cannot distinguish between legitimate and malicious
instructions, because both appear as cryptographically valid transactions.

The architecture proposed in this paper addresses this structural weakness by redefining how authorization authority
is established. Instead of encoding authority in stored digital keys, the system derives authorization from the verified
real-time physical behavior of specialized hardware modules. In this model, authorization becomes a dynamic
property of a physical system rather than a persistent digital credential.

By grounding authorization in continuously evolving physical processes, the proposed architecture eliminates the
portability of authority that has historically enabled key-based compromises. Privileged blockchain operations can
occur only when the authorization device responsible for authorization is present, verified, and operating within its
authenticated physical state.

To address these limitations, this paper introduces a physical-layer cryptographic authorization architecture for
securing the control plane of cryptocurrency systems. The proposed framework replaces static signing keys with a
hardware-rooted authorization process derived from the real-time physical dynamics of a dedicated device. A
nonlinear physical module generates continuously evolving signals whose properties are monitored through signal
analysis and feature extraction techniques. Authorization decisions are granted only when the device’s observed
physical state lies within an authenticated dynamical regime and when the requested blockchain operation satisfies
protocol-level policy constraints. When these conditions are met, the system produces an authorization artifact that
binds the canonical operation message to the instantaneous physical state of the device. This artifact accompanies
the blockchain transaction and is verified by smart contracts before privileged actions are executed. Through this
mechanism, authorization becomes inseparable from the real-time behavior of a physical system, eliminating the
portability of authority associated with conventional private-key-based control mechanisms.

Beyond addressing specific vulnerabilities in cryptocurrency infrastructure, the architecture introduced in this work
represents a broader shift in how digital authorization may be established. Conventional cryptographic systems
derive authority from the possession of persistent digital credentials such as private keys. In contrast, the framework
proposed here derives authorization from the verified real-time behavior of a physical system. In this model, authority
is not stored as a reusable secret but emerges from the transient dynamical state of a dedicated hardware device
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operating within a verified physical regime. This approach transforms authorization from a static property of
credentials into a time-dependent physical event, establishing a foundation for security architectures in which critical
digital operations are anchored in observable physical processes.

The primary contributions of this work are as follows.

1. Introduce a physical-layer cryptographic authorization architecture for securing the control plane of
cryptocurrency systems, replacing portable private-key authority with hardware-rooted verification of real-time
physical dynamics.

2. Define a message-physics binding mechanism that couples canonical blockchain operation messages with
features derived from the instantaneous dynamical state of the authorization device, producing authorization
artifacts that cannot be precomputed or replayed.

3. Present a system model, adversary analysis, and implementation framework demonstrating how the
architecture can be integrated with existing blockchain infrastructures to secure critical operations such as
token issuance, cross-chain bridge releases, governance upgrades, and institutional custody transfers.

The relationship between the consensus layer, the control plane, and authorization mechanisms is illustrated in
Figure 1.

Cryptocurrencyy Control-Plane Architecture

Blockchain Network

Consensus Layer

» Transaction Validation
« Block Production

Control Plane Operations

 Token Issuance

« Bridge Releases

« Governance Upgrades
« Custody Transfers

2

Authorization Mechanism

Traditional Model Proposed Model

* Private Keys e Physical Authorization

Figure 1. Cryptocurrency control-plane architecture showing the consensus layer, privileged control-plane operations, and
the transition from private-key authorization toward physical authorization.

For clarity, several terms are used consistently throughout this paper. The authorization appliance refers to the
complete hardware and software system responsible for authorization decisions. The authorization device denotes
the hardware component of this appliance that performs physical-state verification and artifact generation. Within
the device, the physical module refers specifically to the nonlinear signal-generating subsystem responsible for
producing the dynamical signals used for verification. The system produces an authorization artifact, which
accompanies blockchain transactions and serves as verifiable evidence that a privileged operation was approved
under authenticated conditions.



Physical-Layer Cryptographic Authorization for Secure Cryptocurrency Infrastructure

2. System Overview

The proposed system introduces a hardware-rooted authorization layer positioned between blockchain control
mechanisms and privileged protocol operations. Rather than relying on stored digital keys, authorization derives
from the verified real-time physical dynamics of a dedicated hardware module.

The architecture consists of four primary components: a nonlinear physical module generating time-varying signals,
an observation subsystem that extracts dynamical features from these signals, a policy engine that evaluates
protocol-level constraints, and a binding mechanism that produces authorization artifacts linking canonical
blockchain messages to the device’s instantaneous physical state.

When a privileged operation is requested, the system verifies that the authorization device remains within its
authenticated dynamical regime while simultaneously confirming that the requested action satisfies protocol policies.
If both conditions hold, the message—physics binding mechanism generates an authorization artifact accompanying
the blockchain transaction. Smart contracts responsible for executing privileged operations verify the artifact before
executing the

The following sections examine the control-plane security problem in cryptocurrency systems and then present the
architecture and security properties of the proposed physical-layer authorization framework in detail.

The remainder of the paper proceeds as follows. Section 3 examines the control-plane security problem in
contemporary cryptocurrency infrastructure. Section 4 introduces the architecture of the proposed physical-layer
authorization system. Sections 5 and 6 present the formal system model and adversary analysis. Section 7
compares the architecture with existing cryptographic security technologies, while Sections 8-10 discuss
implementation considerations, deployment scenarios, and policy implications.

3. The Cryptocurrency Control-Plane Security Problem

Modern cryptocurrency ecosystems rely on a wide range of operations that extend beyond the basic transaction
validation mechanisms provided by blockchain consensus protocols. While the consensus layer ensures that
transactions recorded on the ledger are cryptographically valid and globally consistent, many of the most
consequential actions within a blockchain system originate from privileged operational mechanisms responsible for
managing the system itself.

These mechanisms govern operations such as asset issuance, cross-chain asset transfers, governance-driven
protocol upgrades, validator admission, and institutional custody transactions. Because such actions can directly
alter the economic state or operational structure of a blockchain network, they require explicit authorization
processes that operate outside the automated consensus layer. The security of these processes therefore plays a
central role in determining the overall resilience of cryptocurrency infrastructure.

In practice, these control-plane functions are typically implemented through administrative signing authority or
distributed key-management systems. Although these approaches can be effective when properly managed, they
introduce a class of vulnerabilities that arise from the operational environments in which authorization credentials
are stored, transmitted, and used.

The following examples illustrate how these vulnerabilities appear across several important components of modern
cryptocurrency systems.

3.1 Stablecoin Issuance Systems

Stablecoins represent a widely used form of blockchain-based financial instrument designed to maintain a stable
value relative to a reference asset such as a national currency. In many implementations, a centralized or semi-
centralized authority manages the issuance and redemption of tokens in response to collateral deposits or
withdrawals.

The minting and burning of stablecoins therefore represent privileged operations with direct economic
consequences. If new tokens are issued without corresponding collateral reserves, the stability of the system can
be undermined. For this reason, issuance operations are typically protected by administrative authorization
mechanisms that ensure only approved entities can initiate supply adjustments.

In most deployed systems, this authorization is ultimately implemented through a small set of private keys held by
the issuing organization or by designated governance authorities. While these keys may be protected through
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hardware security modules or multi-signature arrangements, the system remains dependent on the continued
secrecy and integrity of the keys themselves. If an attacker obtains sufficient signing authority, unauthorized
issuance operations may occur without violating any blockchain protocol rules.

3.2 Cross-Chain Bridge Infrastructure

Cross-chain bridges enable assets to move between independent blockchain networks. The typical design involves
locking tokens on a source chain and issuing corresponding representations on a destination chain. When users
wish to move assets back to the original network, the bridge must release the locked tokens after verifying that the
corresponding representations have been burned or returned.

Because bridge contracts often hold large pools of locked assets, the authorization of release operations represents
a critical security function. Many bridge systems rely on validator committees or multi-signature arrangements in
which designated operators observe events on the source chain and collectively approve withdrawals on the
destination chain.

The security of this mechanism depends on the integrity of the validator credentials used to authorize release
transactions. If an attacker gains control of sufficient validator keys or compromises the infrastructure used to
manage them, unauthorized withdrawals may occur. Several large-scale cryptocurrency exploits have involved
attacks against bridge validator systems rather than against the underlying blockchain protocols themselves.

3.3 Governance Upgrade Mechanisms

Decentralized governance frameworks allow blockchain communities to evolve protocol rules through collective
decision-making processes. Governance proposals may introduce new smart contract logic, modify protocol
parameters, or allocate treasury resources. Once approved by the relevant voting process, these proposals are
typically executed through administrative transactions that modify the behavior of the system.

Although governance voting provides a mechanism for collective oversight, the final execution of approved
proposals often depends on privileged authorization keys held by governance operators or protocol administrators.
If these keys are compromised or misused, malicious upgrades could be executed that alter contract behavior in
ways that enable fund extraction or system disruption.

Because governance transactions frequently involve modifications to core protocol logic, ensuring the integrity of
the authorization process is essential to maintaining trust in decentralized governance systems.

3.4 Institutional Custody Infrastructure

Institutional cryptocurrency custody platforms safeguard digital assets on behalf of exchanges, investment funds,
and financial institutions. These systems must authorize asset transfers, withdrawals, and settlement operations
while maintaining strict security controls.

Modern custody architectures often employ multi-signature wallets, distributed key-management systems, and
hardware security modules to reduce the risk associated with single-point key compromise. However, the authority
to move assets ultimately remains tied to the ability to produce valid cryptographic signatures associated with the
custody addresses.

As a result, attackers frequently target the operational environments surrounding custody systems, including
administrative workstations, transaction relay servers, and network infrastructure. When sufficient signing authority
is obtained, unauthorized transfers can occur even though the blockchain protocol itself continues to function
correctly.

3.5 Structural Implications for Cryptocurrency Security

The examples above illustrate a common pattern across different areas of cryptocurrency infrastructure. Many of
the most economically significant actions in blockchain systems originate from authorization mechanisms operating
outside the consensus layer. These mechanisms depend on operational infrastructures that manage the credentials
required to initiate privileged transactions.

While cryptographic signatures provide a reliable method for verifying that a transaction originated from a particular
credential, they provide no information about the circumstances under which that credential was used. As a result,
blockchain systems may faithfully execute transactions that are cryptographically valid but operationally
unauthorized.
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This structural limitation highlights the need for alternative approaches to control-plane security in cryptocurrency
systems. The architecture introduced in the following sections addresses this challenge by deriving authorization
from the verified physical behavior of dedicated hardware modules rather than from stored digital credentials.

4. Architecture of Physical-Layer Cryptographic Authorization

Physical-Layer Authorization Architecture

Authorization Appliance

Policy Engine

Privileg_ed e Protocol Constraints / Governance Rules
Operation

Request ;
‘ =
WS

Physical Module

(Nonlinear Physical State
Dynamical System) Observation

"Physical State Verifiction _—

e Authenticated Dynamical Regime Check

e Signal Sampling
+ Feature Extraction

Messége—Physiés Binding

Blockchain Transaction

=, Smart Contract Verification
| C1';

Figure 2. Physical-layer authorization architecture showing policy evaluation, physical-state observation, state verification,
message-physics binding, and smart-contract verification.

4.1 Nonlinear Physical Module

At the foundation of the architecture lies an authorization device designed to generate complex dynamical signals
through nonlinear physical processes. Unlike conventional cryptographic accelerators that perform deterministic
mathematical operations, this module operates as a continuously evolving dynamical system whose behavior is
governed by the electrical and physical characteristics of its components.

The device may be implemented using nonlinear analog circuitry, mixed-signal architectures, or other physical
mechanisms capable of producing high-dimensional time-varying signals. Circuit behavior may depend on intrinsic
physical parameters such as transistor mismatches, thermal noise sources, parasitic capacitances, and nonlinear
feedback interactions. These effects produce signals whose temporal evolution exhibits rich dynamical structure.

Such signals may include oscillatory behavior, noise-driven fluctuations, phase-locked relationships across multiple
channels, and nonlinear interactions across frequency bands. Because the system’s behavior arises from real
physical processes rather than purely deterministic algorithms, the exact waveform characteristics depend on
microscopic variations in device fabrication and environmental conditions.

The physical module therefore produces signals that are both device-specific and continuously evolving over time.
Rather than serving as a static identifier or simple randomness source, the device functions as a generator of
authenticated physical states whose dynamical behavior can be observed and verified.
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4.2 Physical State Observation and Feature Extraction

The signals produced by the physical module must be observed and analyzed in order to determine whether the
device is operating within its expected dynamical regime. This task is performed by an observation subsystem that
samples the physical module’s outputs and converts them into representations suitable for verification.

The observation subsystem typically includes analog-to-digital conversion hardware combined with signal
processing algorithms. Analog signals generated by the device are sampled at appropriate rates and converted into
digital data streams for analysis.

Signal processing techniques extract descriptive features from these measurements. These features characterize
the dynamical properties of the device and may include spectral characteristics derived from frequency-domain
analysis, entropy measures reflecting stochastic signal components, phase relationships among channels,
autocorrelation structures representing temporal continuity, and cross-channel correlation patterns capturing
nonlinear interactions.

Feature extraction maps raw signal measurements into a multidimensional feature space representing the device’s
dynamical state. Each feature vector corresponds to a particular configuration of the device’s physical behavior at
a specific moment in time.

Because the signals evolve continuously, the device traces a trajectory through this feature space during operation.
The structure of this trajectory reflects the underlying physics of the system and forms the basis for verifying device
integrity.

4.3 Enrollment and Reference Model Construction

Before the system can rely on the physical behavior of the hardware module for authorization decisions, the device
must undergo an enrollment process. Enrollment establishes a reference model describing the range of dynamical
states corresponding to legitimate operation.

During enrollment the device operates in a controlled environment while its signals are observed over extended
periods. Feature extraction algorithms analyze these signals to characterize the statistical properties of the device’s
dynamical behavior.

Rather than producing a single static fingerprint, the enroliment procedure constructs a region within feature space
representing acceptable dynamical states. This region may be defined through statistical bounds, probabilistic
models, or machine learning techniques capable of representing multidimensional distributions.

The reference model must account for natural variability caused by environmental conditions such as temperature
changes, supply voltage fluctuations, and component aging. Calibration procedures may therefore be performed
under different operating conditions to ensure the model accurately reflects the device’s legitimate behavior.

The resulting model defines the set of dynamical states that correspond to authentic device operation.

4.4 Runtime State Verification

During normal operation the system continuously verifies that the authorization device remains within the
authenticated region of dynamical behavior defined during enrollment.

The observation subsystem periodically extracts feature vectors representing the device’s current physical state.
These vectors are compared with the reference model to determine whether the observed state lies within the region
associated with legitimate operation.

If the state remains within this region, the device is considered authentic and operational. If the observed feature
vector falls outside the acceptable region, the system interprets this as evidence of abnormal conditions.

Such deviations may arise from hardware malfunction, environmental disturbances, signal injection attempts, or
physical tampering. Because the verification process evaluates multidimensional dynamical features rather than
simple signal values, reproducing the expected behavior through simulation or signal injection is substantially more
difficult.

When abnormal conditions are detected, the system disables authorization capability until the device returns to a
verified state.

10
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4.5 Protocol-Aware Authorization Policy

While the physical verification subsystem confirms the integrity of the authorization device, authorization decisions
must also incorporate the operational rules governing the blockchain system.

For this purpose, the architecture includes a policy engine responsible for evaluating contextual conditions
associated with each authorization request.

The policy engine collects information from blockchain nodes, oracle feeds, governance systems, and operational
databases. Using this information, it determines whether the requested operation complies with protocol policies.

For example, a stablecoin issuance system may require verification that sufficient collateral reserves exist to support
the proposed mint operation. A cross-chain bridge system may confirm that a deposit transaction on a source chain
has reached sufficient finality before authorizing asset release on a destination chain. Governance upgrades may
require confirmation that voting thresholds have been satisfied and that mandatory delay periods have elapsed.

Authorization proceeds only when the requested operation satisfies these policy constraints.

4.6 Canonical Message Construction

Once both the physical verification subsystem and the policy engine determine that an operation is permitted, the
system constructs a canonical message describing the blockchain operation to be authorized.

The canonical message contains all parameters required for execution, including operation type, smart contract
addresses, transaction parameters, timestamps, validity windows, and replay-prevention nonces.

Canonicalization ensures that the message representation is deterministic and unambiguous. This property is
essential because the authorization artifact generated by the system must correspond precisely to the message that
the blockchain will verify.

The canonical message therefore serves as the formal description of the operation that the authorization mechanism
approves.
4.7 Message—Physics Binding

The final stage of the authorization process binds the canonical message to the real-time physical state of the
authorization device.

Instead of generating a traditional digital signature using a stored private key, the system produces an authorization
artifact by combining the canonical message with features derived from the device’s current dynamical state.

Because the physical state evolves continuously over time, each authorization artifact is uniquely associated with
the moment in which it is generated. Even if the same message were presented again later, the resulting artifact
would differ because the device’s physical state would have changed.

This mechanism prevents authorization artifacts from being precomputed or reused outside their original context.
The artifact cannot be separated from the physical event that produced it.

Through this binding process, authorization becomes inseparable from the real-time behavior of the authorization
device, ensuring that privileged blockchain operations can occur only when the device is present and verified.

The message—physics binding process is illustrated in Figure 3.

11
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Message-Physics Binding Process

Canonical Message (m)

Physical Feature Vector

* f(t) = Feature Extraction
from Physical Module Signals

Authorization Artifact (A)

Blockchain Transaction

Figure 3. Message-physics binding process coupling a canonical message with the physical feature vector to generate an
authorization artifact.

5. Formal System Model

To analyze the security properties of the proposed architecture, the system can be represented using a formal
model that captures the interaction between the physical authorization device, the observation subsystem, the policy
engine, and the authorization artifact generation mechanism described in Section 4.

The nonlinear module described in Section 4 can be modeled as a stochastic dynamical system whose internal
state evolves over time under the influence of both deterministic circuit dynamics and stochastic physical processes.
Let the internal configuration of the device at time (t) be represented by a state variable x(t). This state encompasses
electrical quantities such as voltages, currents, and phase relationships within the device’s circuitry, as well as
stochastic influences including thermal noise and environmental fluctuations.

Because direct observation of the full internal state is impractical, the system measures a set of observable signals
generated by the device. Let s(t) represent the vector of signals sampled by the observation subsystem. These
signals are processed through a feature extraction transformation that maps the raw observations into a lower-
dimensional representation describing the device’s dynamical behavior.

Let f(t) denote the feature vector produced by this transformation. Each feature vector corresponds to a point in a
multidimensional feature space representing the device’s instantaneous dynamical state. As the device operates,
the sequence of feature vectors forms a trajectory through this space. During the enroliment procedure described
in Section 4, observations of the device under trusted conditions are used to construct a reference model
representing acceptable dynamical behavior. This model defines a region R within the feature space corresponding
to legitimate device operation. Because real hardware systems exhibit natural variability due to environmental
conditions and component aging, the region represents a bounded set rather than a single fixed point.

At runtime, the observation subsystem produces feature vectors f(t) that are evaluated against this reference region.
The physical verification predicate Vphys evaluates to true when the observed state lies within the region R:

12
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In addition to physical verification, the system evaluates whether the requested blockchain operation satisfies
protocol policy constraints. Let m represent the canonical message describing the requested operation. The policy
engine evaluates a predicate Vpol(m, B), where B represents the current blockchain state obtained through the
observation layer described in Section 8.

The policy predicate evaluates to true only when the requested operation complies with the protocol rules governing
the system. These rules may incorporate information such as governance approvals, collateral requirements,
validator permissions, or transaction sequencing constraints.

Chart 1. Formal authorization model summarizing
Authorization Condition the authorization condition and authorization
artifact relationship.

Authorization Condition Authorization occurs only when both

predicates evaluate to true. Formally,

Vauth (t,m,B) = VPhys(t) A VPOI(m’ B) ))) If Vauth evaluates to false, the system
refuses to generate an authorization
artifact.

When both conditions are satisfied, the

system generates an authorization artifact
Authorization Artifact through the message—physics binding
mechanism described in Section 4. Let A
denote the artifact produced by the binding
transformation:

Authorization Artifact

- where B denotes the binding
A—B(m,f(t)) transformation combining the canonical
message with the feature vector
representing the device’s instantaneous
physical state.

The formal authorization model is summarized in Chart 1

From the perspective of the blockchain system, the artifact functions analogously to a digital signature
accompanying the canonical message. Verification procedures confirm that the artifact corresponds to the expected
transformation applied to the message and the device state representation.

However, unlike conventional signatures, the artifact does not originate from a persistent private key. Instead, it
reflects the device’s physical state at time (t). Because the dynamical system evolves continuously and incorporates
stochastic influences, reproducing the same feature vector at a later time is highly improbable.

The formal model therefore captures the system’s central security principle: authorization artifacts correspond to
transient physical events tied to specific device states and message contexts rather than to reusable digital
credentials.

6. Adversary Model and Security Analysis
6.1 Security Objectives

The physical-layer authorization architecture is designed to provide several security properties relevant to the
protection of privileged blockchain operations. These objectives describe the conditions under which authorization
artifacts can be generated and the guarantees provided by the authorization mechanism.

Unforgeability. No adversary without access to an authorization device operating within its authenticated dynamical
regime can produce a valid authorization artifact for an arbitrary canonical message. Authorization artifacts therefore
cannot be generated through software emulation or through compromise of surrounding operational infrastructure.

13
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Replay Resistance. Authorization artifacts are bound to the instantaneous physical state of the authorization device
and to the canonical message describing the requested operation. Because the device’s dynamical state evolves
continuously and canonical messages include nonce and validity constraints, artifacts captured at one moment
cannot be reused to authorize operations at a later time.

Device-Bound Authorization. Authorization artifacts are inseparable from the physical device that produced them.
The binding transformation incorporates features derived from the device’s real-time physical state, ensuring that
authorization cannot be reproduced outside the hardware environment responsible for generating the artifact.

Policy-Constrained Authorization. Authorization artifacts are generated only when both the physical verification
predicate and the protocol policy predicate evaluate to true. As a result, privileged blockchain operations may be
authorized only when the authorization device is operating within its authenticated dynamical regime and when the
requested action satisfies the policy constraints governing the system.

6.2 Adversary Model

The adversary model characterizes the capabilities of attackers interacting with the system and evaluates the
security properties of the architecture under realistic threat conditions. Cryptocurrency infrastructures operate in
highly adversarial environments in which attackers may possess significant computational resources, extensive
knowledge of system architecture, and the ability to compromise surrounding operational infrastructure.

The adversary is assumed to have full visibility into the blockchain network and may observe or record authorization
transactions transmitted to the network. The adversary may also attempt to compromise software systems
surrounding the authorization device, including transaction relay infrastructure, administrative interfaces, or
monitoring systems. In addition, the adversary may attempt to emulate the behavior of the authorization hardware
by constructing devices or algorithms designed to generate signals resembling those produced by the legitimate
system.

The adversary may further attempt physical attacks against the authorization device itself, including probing circuit
nodes, manipulating power supplies, injecting signals into measurement paths, or attempting to extract device
parameters. Such capabilities reflect realistic threat models for hardware deployed in high-value financial
infrastructure.

The adversary model does not assume that the attacker can perfectly reproduce the real-time physical dynamics of
the authorization device. In particular, the adversary is assumed to lack the ability to replicate the stochastic
dynamical behavior produced by the nonlinear physical module described in Section 4 with sufficient precision to
satisfy the verification process.

6.3 Security Analyses
Under these assumptions, several important security properties emerge.

Resistance to Key Extraction Attacks.

Traditional authorization systems rely on persistent private keys whose compromise allows attackers to generate
valid signatures for arbitrary messages. The architecture described in this work eliminates this attack vector by
removing persistent digital keys from the authorization process.

Because authorization artifacts are derived from the real-time physical state of the device rather than from stored
secrets, there is no reusable key that can be extracted from the system. Even if the surrounding software
infrastructure is compromised, attackers cannot generate valid artifacts without access to the authorization device
operating within its authenticated dynamical regime.

Replay Attack Mitigation.

An attacker may attempt to capture authorization artifacts transmitted to the blockchain network and replay them
later in order to trigger unauthorized operations.

Replay attacks are mitigated through the combined use of canonical message fields and message—physics binding.
Canonical messages incorporate nonce values and validity windows that restrict the temporal context in which
transactions may be executed. In addition, the artifact itself depends on the device’s instantaneous physical state
at the time of authorization.

Because the physical state evolves continuously, artifacts captured at one moment cannot be reused successfully
at a later time.
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Infrastructure Compromise.

Attackers who gain administrative control over systems surrounding the authorization appliance may attempt to
issue malicious authorization requests. However, the system generates artifacts only when both the physical
verification predicate and the protocol policy predicate evaluate to true.

As a result, compromised infrastructure alone is insufficient to authorize arbitrary operations. Requests that violate
protocol policy constraints or occur when the device’s physical state cannot be verified are rejected.

Signal Emulation Attacks.

An advanced adversary may attempt to emulate the output signals of the authorization device in order to satisfy the
physical-state verification process. Such attacks require reproducing the multidimensional statistical properties of
the device’s dynamical behavior, including spectral distributions, entropy characteristics, and cross-channel
correlations.

Because the device’s behavior arises from nonlinear physical dynamics influenced by stochastic processes,
reproducing these characteristics accurately in real time presents substantial practical challenges.

Physical Tampering.

Physical tampering attempts may alter the electrical behavior of the hardware module. However, such alterations
are likely to change the statistical structure of the device’s signals, causing the extracted feature vectors to deviate
from the reference region defined during enrollment.

When this occurs, the physical verification predicate fails and the device disables authorization capability until the
system returns to a verified state.

Security Implications.

Together these properties show that authorization depends on both verified hardware behavior and protocol policy
conditions. Compromising the system therefore requires defeating multiple independent security mechanisms rather
than extracting a single reusable credential.

7. Comparison with Existing Security Architectures

Existing cryptographic protection systems focus on safeguarding digital secrets. In contrast, the architecture
proposed in this paper eliminates persistent secrets and derives authorization from verifiable physical dynamics.
This difference fundamentally alters the security model of the authorization process. The following comparisons
clarify how the proposed system differs from several widely used security technologies.

Table 1 compares the proposed architecture with existing security technologies.

7.1 Hardware Security Modules

Hardware security modules (HSMs) are widely used in financial systems and cryptocurrency custody platforms to
protect private keys from extraction. In an HSM-based architecture, cryptographic keys are stored within tamper-
resistant hardware, and signing operations are performed internally so that the key never appears in plaintext
outside the device.

This approach provides strong protection against direct key extraction attacks. However, the device still performs
deterministic signing operations whenever it receives an authorized request. If an attacker gains the ability to submit
signing requests through compromised infrastructure, administrative credentials, or software vulnerabilities, the
HSM will generate valid signatures for malicious transactions because it has no independent knowledge of the
operational context in which the request was issued.
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Security Model Comparison

Architecture Authorization Source Attack Target

| HSM Private Key Key extraction
| TEE Enclave Key Software /
\ enclave attack ‘
\
} MPC Distributed key shares Node compromise |
PUF Challgnge—response Modeling attacks |
mapping |
Physical Real-time physical Device presence
Authorization | dynamics + verified state

Table 1. Security-model comparison across HSM, TEE, MPC, PUF, and physical authorization architectures.

The physical-layer authorization architecture differs in that the device does not store or operate a reusable signing
key. Instead, authorization artifacts are generated only when the authorization device remains within its
authenticated dynamical state and when the requested operation satisfies protocol-level policy constraints. The
device therefore verifies both hardware integrity and operational policy before producing an authorization artifact.

7.2 Trusted Execution Environments

Trusted execution environments (TEEs) protect sensitive computations by isolating them within secure regions of
processor hardware. Technologies such as Intel SGX and ARM TrustZone allow private keys and cryptographic
operations to be executed within protected enclaves that are inaccessible to the host operating system.

TEEs provide strong isolation guarantees, but they remain fundamentally digital systems whose security depends
on the confidentiality of keys stored within enclave memory. Attacks against enclave implementations, side-channel
vulnerabilities, or flaws in trusted software components can potentially expose these keys or allow unauthorized
operations.

The physical-layer authorization architecture relies on a different trust foundation. Authorization artifacts are derived
from observable physical dynamics rather than from secrets stored in protected memory. Because the device does
not contain a persistent signing key, attacks targeting memory disclosure or software vulnerabilities cannot directly
extract authorization credentials.

Additionally, the trusted computing base of the physical authorization device may be smaller than that of a general-
purpose enclave system, since authorization depends primarily on hardware signal dynamics and verification
algorithms rather than large software stacks.

7.3 Multi-Party Computation

Multi-party computation (MPC) systems distribute cryptographic key shares among multiple participants so that no
single party holds the complete private key. Signing operations are performed collaboratively through distributed
protocols that combine partial computations from each participant.

This approach reduces the risk associated with single-point compromise and is widely used in institutional
cryptocurrency custody systems. However, the authority to authorize transactions still derives from a digital key
reconstructed through the MPC protocol. If an attacker compromises a sufficient number of participants or interferes
with the communication channels used by the protocol, the key may still be used to authorize transactions.
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The architecture proposed in this paper approaches the problem differently by removing the concept of a
reconstructable key entirely. Authorization artifacts depend on the instantaneous physical state of an authorization
device rather than on shares of a digital secret. Distributed authorization can still be implemented by requiring
artifacts from multiple devices, but each device derives its authority from its own verified physical behavior rather
than from fragments of a shared key.

7.4 Physical Unclonable Functions

Physical unclonable functions (PUFs) exploit manufacturing variations in hardware to produce device-specific
responses to input challenges. These responses can be used for device identification or for deriving cryptographic
keys without explicitly storing them in memory.

PUFs demonstrate how physical processes can contribute to hardware security. However, most PUF
implementations operate through discrete challenge—response mappings in which specific inputs produce fixed
outputs determined by device-specific characteristics. Once a sufficient number of challenge—-response pairs are
observed, attackers may attempt to model the mapping or emulate the device.

The physical-layer authorization architecture differs in that the device produces continuously evolving signals rather
than discrete responses. Authorization depends on the multidimensional dynamical trajectory of the system rather
than on static challenge—response relationships. Because verification evaluates statistical properties of time-varying
signals, successfully emulating the device requires reproducing the entire dynamical structure of the system rather
than matching a set of predefined responses.

7.5 Summary of Architectural Differences

The comparison above highlights the fundamental distinction between the proposed architecture and existing
approaches to cryptographic security. Technologies such as hardware security modules, trusted execution
environments, multi-party computation systems, and physical unclonable functions all aim to protect or derive digital
secrets that ultimately represent authorization authority.

In contrast, the physical-layer authorization architecture removes the concept of a persistent secret entirely.
Authorization artifacts are generated only when a specific authorization device is present and operating within its
authenticated dynamical regime, and when the requested operation satisfies protocol policy constraints.

By tying authorization directly to real-time physical behavior rather than to stored keys, the architecture eliminates
the portability of authority that has historically enabled many of the most damaging attacks against cryptocurrency
control systems.

8. System Implementation and Blockchain Integration

The architecture described in previous sections establishes the functional components required for physical-layer
authorization. Practical deployment requires integrating these components with existing blockchain infrastructure in
a manner that preserves compatibility with current protocols while strengthening control-plane security.

In operational environments, the physical authorization system functions as an external authorization appliance
positioned between privileged operational workflows and the blockchain transactions that implement those
operations. The appliance combines hardware verification, policy evaluation, and authorization artifact generation
before transactions are submitted to the network.

The implementation architecture therefore consists of three interacting layers: the authorization appliance, the
blockchain observation layer, and the on-chain verification layer.

The end-to-end authorization workflow is shown in Figure 4.
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Figure 4. End-to-end authorization workflow from
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If the device state verification and policy evaluation
processes both succeed, the appliance generates an Smart Contract Verification
authorization artifact using the message—physics
binding transformation described in Section 5. This
artifact accompanies the canonical transaction message
submitted to the blockchain.

2 Smart ContractVerification

8.2 Blockchain Observation Layer

Because authorization decisions depend on the
current state of the blockchain network, the appliance maintains an observation layer that synchronizes its internal
state with external blockchain activity.

This layer typically connects to multiple independent blockchain nodes in order to obtain reliable views of network
state, transaction histories, and smart contract variables. For operations involving multiple blockchains, such as
cross-chain asset transfers, the observation layer may monitor several networks simultaneously.

The observation layer provides the policy engine with the information necessary to determine whether proposed
operations comply with protocol rules and governance conditions.
8.3 Authorization Transaction Construction

When a privileged operation is approved, the appliance constructs a blockchain transaction containing two primary
components: the canonical operation message and the authorization artifact generated by the binding
transformation.

The canonical message specifies the operation parameters required by the smart contract responsible for executing
the action. The authorization artifact provides cryptographic evidence that the request was approved by the physical-
layer authorization system under verified conditions.

The transaction is then submitted to the blockchain network through conventional transaction submission
mechanisms.

8.4 On-Chain Verification

Smart contracts responsible for executing privileged operations perform verification of authorization artifacts before
processing the associated transaction.

Verification procedures confirm that the artifact corresponds to the canonical message included in the transaction
and that the artifact was generated through the expected binding transformation. Replay-prevention fields such as
nonce values and validity windows are also evaluated during this process.
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Only when verification succeeds does the smart contract execute the requested operation.

8.5 Operational Safeguards

Operational deployments must also account for anomalous conditions such as hardware faults, communication
failures, or inconsistent blockchain state observations.

If the physical verification subsystem detects that the device has deviated from its authenticated dynamical regime,
the appliance disables authorization capability until the system returns to a verified state. Similarly, the policy engine
may suspend authorization when blockchain observations indicate uncertain network conditions such as chain
reorganizations.

These safeguards ensure that failures or abnormal conditions do not result in unintended authorization events.

9. Deployment Scenarios and Operational Use Cases

The architecture can be applied to a range of control-plane functions within cryptocurrency infrastructure. The
following examples illustrate how physical-layer authorization can secure several common categories of privileged
blockchain operations.

The following examples illustrate how this mechanism can be applied across several major components of modern
cryptocurrency infrastructure.

Deployment scenarios are summarized in Figure 5.

Deployment Use Cases

< Stablecoin System ((c )))

@ Issuer >i=’ . Mint Transaction
e00s ©0O <& 4’

Authorization Appliance

; Cross-Chain Bridge ((< )))

Deposit Event — (= ] Release Transaction
ecoo oo 4 <>

Authorization Appliance

Governance System (®)
= I E i
5 Proposal Passed - <Upgrade xecut|on>

Authorization Appliance

Custody Platform (®)
Withdrawal Request —===p ' <Transfer

>

Authorization Appliance

Figure 5. Deployment use cases including stablecoin issuance, cross-chain bridges, governance execution, and custody-
platform transfers.

9.1 Stablecoin Issuance Control

Stablecoin systems often require controlled issuance and redemption of tokens in response to collateral deposits or
withdrawals. The authorization appliance can function as the approval mechanism for supply adjustments by
verifying that issuance requests satisfy collateralization and policy constraints.
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When a mint operation is requested, the appliance evaluates reserve data and oracle inputs to confirm that sufficient
collateral exists to support the requested supply expansion. Once these conditions are satisfied and the device’s
physical state is verified, the appliance generates an authorization artifact accompanying the mint transaction
submitted to the blockchain.

Smart contracts responsible for token issuance verify this artifact before executing the mint operation.

9.2 Cross-Chain Bridge Security

Cross-chain bridges allow assets to move between blockchain networks by locking tokens on a source chain and
releasing corresponding assets on a destination chain. Because bridge contracts frequently control large asset
pools, release operations require strict authorization.

The authorization appliance verifies that a corresponding deposit transaction has occurred on the source chain and
that the event has reached sufficient finality. After confirming the deposit and verifying the device’s physical state,
the appliance generates the authorization artifact required for the release transaction.

The destination-chain smart contract verifies the artifact before unlocking the associated assets.

9.3 Governance Upgrade Execution

Governance systems allow blockchain communities to modify protocol behavior through voting mechanisms. When
governance proposals reach the required approval thresholds, the resulting contract modifications must be executed
through administrative transactions.

The authorization appliance can verify that governance requirements have been satisfied before approving
execution. The policy engine evaluates the governance state, including proposal approval status and any required
delay periods.

Once these conditions are confirmed, the appliance generates an authorization artifact associated with the upgrade
transaction. The governance contract verifies the artifact before executing the proposed changes.
9.4 Institutional Custody Transactions

Institutional custody platforms manage large digital asset holdings on behalf of exchanges, funds, and financial
institutions. Asset transfers or withdrawals typically pass through internal operational controls before being
submitted to the blockchain network.

The authorization appliance can act as the final approval stage in this process. After internal approvals are
completed, the transaction request is submitted to the appliance, which verifies policy constraints such as withdrawal
limits or client authorization conditions.

If the request satisfies these policies and the device’s physical state remains verified, the appliance generates the
artifact required to execute the transfer.
9.5 Validator and Oracle Authorization

Operational roles such as validator admission or oracle data submission can also be secured using physical-layer
authorization.

Validator admission transactions may require an authorization artifact before new participants are added to the
validator set. Similarly, oracle updates influencing smart contract execution may require hardware authorization
before new data values are accepted by the system.

These mechanisms ensure that operational control functions depend on verified hardware authorization rather than
solely on credential possession.
9.6 Control-Plane Security Framework

Across these scenarios, the architecture functions as a general control-plane security mechanism for blockchain
systems. Authorization artifacts are generated only when both hardware integrity verification and protocol policy
evaluation succeed.

By requiring these conditions to be satisfied simultaneously, the system ensures that privileged blockchain
operations are tied to the verified behavior of the authorization device rather than to portable digital credentials.
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10. Policy Implications and Regulatory Applications

The introduction of physical-layer authorization into cryptocurrency infrastructure has implications that extend
beyond technical security architecture. By linking privileged blockchain operations to the verified behavior of
dedicated hardware operating under explicit policy constraints, the system introduces new mechanisms for
governance assurance, regulatory oversight, and operational accountability in digital asset systems. These policy
implications are particularly relevant for regulators, institutional digital asset operators, and designers of financial
infrastructure built on blockchain networks.

Digital asset infrastructure increasingly supports activities that resemble traditional financial operations, including
asset issuance, settlement, custody, and market infrastructure. As these systems grow in economic importance,
regulators and institutional participants require stronger assurances that privileged operations occur only under
authorized conditions. Physical-layer authorization provides a framework in which critical operations are tied to a
verifiable authorization process rather than solely to credential possession.

10.1 Verifiable Monetary Control

In systems that manage digital asset supply, such as stablecoins or programmable monetary protocols, issuance
and redemption operations directly affect economic stability. Linking these operations to hardware-rooted
authorization provides a mechanism for verifying that supply changes occur only when predefined policy conditions
are satisfied.

Because authorization artifacts accompany blockchain transactions, the execution of issuance operations becomes
transparently linked to the authorization process responsible for approving them. This structure allows observers,
auditors, and regulators to verify that supply adjustments occur through the expected operational mechanisms.

10.2 Institutional Compliance Enforcement

Institutional participation in digital asset markets often requires adherence to regulatory and operational compliance
frameworks. Financial institutions must enforce internal policies governing asset transfers, risk controls, and
reporting obligations before transactions are executed.

A physical-layer authorization appliance can serve as a technically enforced control point within these workflows.
Operational policies governing transaction approval can be encoded within the authorization system so that
blockchain transactions are executed only after required procedures have been satisfied.

This approach transforms compliance controls from purely procedural safeguards into mechanisms that are
technically enforced by the authorization infrastructure.

10.3 Governance Safeguards for Protocol Upgrades

Decentralized governance systems enable blockchain communities to modify protocol rules through collective
decision-making processes. However, governance execution mechanisms must ensure that approved changes are
implemented safely and in accordance with protocol constraints.

Physical-layer authorization can provide an additional safeguard by verifying that governance conditions have been
satisfied before upgrade transactions are executed. Policy checks may include confirmation of proposal approval,
enforcement of governance delay periods, and validation of upgrade parameters.

This additional verification layer reduces the risk that governance execution processes could be exploited to
introduce unauthorized protocol modifications.

10.4 Transparent Operational Auditability

Blockchain systems provide transparency regarding the transactions that occur on-chain, but they often provide
limited visibility into the operational processes that authorized those transactions. Physical-layer authorization
introduces an opportunity to strengthen auditability by linking blockchain operations to a defined authorization
mechanism.

Authorization appliances can maintain detailed logs of authorization decisions, device verification results, and policy
evaluations associated with each operation. When combined with blockchain transaction records, these logs create
a comprehensive audit trail describing both the execution and approval of privileged actions.
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Such auditability may be valuable for institutional oversight, regulatory reporting, and forensic investigation following
security incidents.

10.5 Implications for Central Bank Digital Currency Systems

Central bank digital currency (CBDC) initiatives require mechanisms for managing currency issuance, settlement
processes, and administrative controls within digital monetary systems. Ensuring the integrity of these operations is
critical for maintaining public trust in digital currency infrastructure.

A hardware-rooted authorization framework could provide a control mechanism for critical monetary operations
within such systems. Linking issuance or administrative actions to verified hardware authorization processes may
provide an additional safeguard ensuring that these actions occur only within approved operational contexts.

10.6 Policy Perspective on Hardware-Rooted Authority

From a policy perspective, the most significant implication of physical-layer authorization is the shift from credential-
based authority to hardware-rooted operational control. Traditional digital security models rely on protecting secrets
whose compromise can immediately transfer authority to unauthorized actors. In contrast, the architecture described
in this work ties authorization to the verified behavior of a specific physical system operating under defined policy
constraints.

This model aligns more closely with security practices used in critical financial and infrastructure systems, where
sensitive operations are often tied to controlled hardware environments and procedural verification mechanisms.

By embedding these principles within blockchain authorization workflows, the architecture offers a pathway toward
digital asset systems that combine decentralized ledger transparency with operational controls suitable for large-
scale financial infrastructure.

11. Future Research Directions

11.1 Security Foundations

11.1.1 Formal Security Analysis

A key direction for future work involves developing formal security definitions and proofs for the message—physics
binding mechanism described in this paper. While the adversary model presented earlier outlines practical security
properties, a rigorous treatment would define the conditions under which authorization artifacts are unforgeable and
resistant to replay or modeling attacks. Such analysis may model the physical authorization device as a stochastic
dynamical system whose observable outputs provide entropy for the binding transformation, allowing the
architecture to be evaluated against established cryptographic properties such as unpredictability, collision
resistance, and resistance to adaptive adversaries within frameworks for provable security.

11.1.2 Integration with Post-Quantum Cryptography

Concerns regarding the long-term security of existing digital signature algorithms have motivated research into post-
quantum cryptographic systems. Although physical-layer authorization reduces reliance on persistent digital keys,
blockchain infrastructures will continue to rely on cryptographic primitives for message authentication and
verification. Future research may therefore explore how message—physics binding transformations can incorporate
post-quantum cryptographic primitives, ensuring that both the physical and mathematical components of the
authorization system remain resilient against quantum-capable adversaries.

11.2 Hardware and Signal Engineering

11.2.1 Hardware Module Design

Another important research direction concerns the engineering of hardware modules capable of producing the
complex dynamical behavior required for reliable authorization while maintaining operational stability. Effective
designs must balance the generation of sufficiently rich nonlinear dynamics to resist modeling or emulation attacks
with the need for predictable behavior that can be verified within defined dynamical bounds. Potential
implementation approaches include oscillator networks, chaotic circuits, noise-driven nonlinear feedback systems,
and hybrid analog—digital architectures, while practical engineering challenges such as environmental sensitivity,
component aging, and tamper resistance must also be addressed.
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11.2.2 Signal Analysis and State Verification

The effectiveness of physical-state verification depends on the ability to extract meaningful features from the
device’s signals and distinguish legitimate dynamical behavior from anomalous conditions. Future work may explore
advanced signal analysis techniques drawn from nonlinear time-series analysis, statistical physics, and high-
dimensional data analysis to identify stable dynamical structures while detecting deviations caused by tampering,
signal injection, or emulation attempts. Machine learning methods may also assist in constructing reference models
capable of adapting to gradual device drift over time while remaining robust against adversarial manipulation.

11.3 System Integration and Applications

11.3.1 Distributed Hardware Authorization Networks

The architecture described in this paper focuses primarily on individual authorization appliances, but higher levels
of assurance may be achieved through distributed networks of independent authorization devices. In such systems,
privileged operations could require authorization artifacts from multiple devices located in different operational
environments, with each device independently verifying its physical state and policy conditions before producing its
artifact. Research in this area may investigate coordination protocols, artifact aggregation mechanisms, and
resilience strategies that enable distributed hardware authorization networks to provide fault tolerance and
increased security assurance.

11.3.2 Hardware Attestation and Remote Verification

Large-scale deployments may benefit from integrating hardware attestation mechanisms that enable remote
verification of authorization devices participating in the system. Attestation frameworks could allow blockchain
networks, governance systems, or operational infrastructure to confirm the identity and integrity of authorization
devices without requiring direct physical access. In such architectures, validators or governance contracts may
maintain registries of approved devices whose hardware identities and configurations have been attested, while
authorization artifacts generated by these devices continue to derive from their real-time physical dynamics.

11.3.3 Applications Beyond Cryptocurrency Infrastructure

Although this paper focuses on cryptocurrency systems, the concept of physical-layer authorization may have
broader applicability in domains requiring strong control over high-value digital operations. Potential application
areas include financial transaction infrastructure, critical infrastructure control systems, secure data access
frameworks, and digital identity management platforms, where tying authorization to verifiable physical processes
may provide additional protection against credential compromise and unauthorized system access.

11.4 Toward Hardware-Rooted Digital Authority

Taken together, these research directions suggest the emergence of a broader security paradigm in which
authorization decisions incorporate verifiable physical processes alongside cryptographic algorithms. By linking
critical digital operations to the observable behavior of physical systems, future architectures may establish new
foundations for trust in distributed financial infrastructure and other security-sensitive domains. Continued
exploration of this paradigm will help determine how physical-layer authorization can complement existing
cryptographic methods and contribute to more resilient digital systems.

12. Conclusion

Cryptocurrency systems have demonstrated that distributed networks can coordinate financial activity without
centralized intermediaries. Yet as blockchain technology has evolved into a foundation for decentralized finance,
tokenized assets, and global digital payment infrastructure, the mechanisms responsible for authorizing privileged
operations have become critical points of security risk. Actions such as asset issuance, cross-chain transfers,
governance upgrades, and large-scale custody transactions determine the operational boundaries of these systems
and therefore represent some of their most sensitive functions.

This paper has presented a hardware-rooted approach to securing the control plane of cryptocurrency infrastructure.
Instead of deriving authority from persistent digital credentials, the proposed architecture generates authorization
artifacts from the verified real-time behavior of a dedicated authorization device. By binding blockchain operation
messages to the instantaneous dynamical state of this device, authorization becomes inseparable from the physical
conditions under which it is produced.
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This design alters the traditional security model of blockchain control systems. Rather than protecting portable digital
secrets, the architecture requires the presence of a verified physical system operating within an authenticated
dynamical regime. Authorization artifacts therefore represent time-dependent events tied to the state of a specific
device, limiting the ability of adversaries to reproduce or reuse them outside their original context.

The architecture also provides a framework for integrating hardware-rooted authorization into existing blockchain
environments without modifying underlying consensus protocols. By embedding authorization artifacts within
standard transactions and verifying them through smart contracts, the system introduces an additional security layer
that can protect high-impact operations across a wide range of applications, including asset issuance systems,
cross-chain bridges, governance execution mechanisms, and institutional custody infrastructure.

Beyond its immediate technical implications, the proposed approach highlights a broader shift in how trust may be
established within digital financial systems. For decades, cryptographic security has relied primarily on protecting
digital secrets whose compromise transfers authority to an attacker. Physical-layer authorization introduces an
alternative model in which authority emerges from verifiable physical processes rather than from stored credentials.

As digital asset infrastructure continues to expand in scale and economic importance, mechanisms that anchor
authorization in observable physical systems may play an increasingly important role in strengthening operational
security. By tying privileged blockchain operations to the verified behavior of hardware systems, the architecture
described in this work suggests a path toward digital financial infrastructure in which authority is grounded not only
in cryptographic mathematics but also in the dynamics of the physical world.
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Appendix A. Figure, Chart, and Table Inventory

Visual Inventory
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Depicts the authorization appliance, physical module, observation layer,

Figure 2 Physical-Layer Authorization Architecture policy engine, binding transformation, transaction, and smart-contract
verification.

Figure 3 Message-Physics Binding Process Shows hgw a. canor.ucal message and physical feature vector produce
an authorization artifact.

Chart 1 Formal Authorization Model Sum.marlz.es the authorization predicate and artifact-generation
relationship.

Table 1 Sy es Camparean Compares physical authorization with HSM, TEE, MPC, and PUF
approaches.

Figure 4 Authorization Workflow Shows the gr}d-tp-end operational path from privileged request to smart-
contract verification.

Figurel5 BeploymentilselCases Maps stablecoin, bridge, governance, and custody workflows to the

authorization appliance.

Table A-1. Visuals incorporated from the source PDF.

Appendix B. Key Terms

Glossary

Authorization appliance

Authorization device

Physical module

Authorization artifact

Canonical message

Message-physics binding

Control plane

The complete hardware and software system responsible for physical-state verification, policy
evaluation, and authorization artifact generation.

The hardware component of the appliance that performs physical-state verification and artifact
generation.

The nonlinear signal-generating subsystem that produces the dynamical signals used for
verification.

The evidence object that accompanies a blockchain transaction and demonstrates that a privileged
operation was approved under verified conditions.

A deterministic representation of the blockchain operation to be authorized, including operation
parameters, nonces, timestamps, and validity windows.

The process of coupling a canonical blockchain operation message to the authorization device’s
real-time physical state.

The operational layer governing privileged blockchain actions such as token issuance, bridge
releases, governance upgrades, validator admission, and custody transfers.

Table B-1. Key terms used throughout the white paper.
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Appendix C. Implementation Checklist

Deployment Checklist

Hardware enroliment

Runtime verification

Policy integration
Canonicalization

Artifact verification

Fail-safe behavior

Auditability

Create reference models for valid device dynamics across expected environmental conditions.

Continuously sample physical module outputs and verify extracted features against enrolled dynamical
regions.

Connect the authorization appliance to independent blockchain nodes, oracle feeds, governance
systems, and operational databases.

Define deterministic message construction for all privileged operation types.

Implement smart-contract or associated verification logic for authorization artifacts, nonces, and validity
windows.

Disable authorization when hardware state, policy state, or network observation confidence is invalid or
uncertain.

Maintain appliance logs linking authorization artifacts to policy decisions and device-state verification
outcomes.

Table C-1. Practical implementation checkpoints for physical-layer authorization deployments.

26



