EchoPulse PQ Forward Secrecy - Structural Foundation (v3.0)

1. Introduction

The escalating threat of quantum computing necessitates a paradigm shift in
cryptographic protocols, particularly regarding forward secrecy. Traditional key
exchange mechanisms, often reliant on ephemeral Diffie-Hellman (D-H) or elliptic
curve Diffie-Hellman (ECDH), provide forward secrecy based on the assumed
hardness of the underlying mathematical problems. However, these assumptions are
fundamentally challenged by the advent of quantum algorithms, rendering current
forward secrecy mechanisms vulnerable to retrospective decryption by quantum
adversaries. This document defines the structural foundation for Post-Quantum
Forward Secrecy (PQ-FS) within the EchoPulse framework, presenting a novel
approach that leverages symbolic graph mutation to achieve quantum-safe forward
secrecy without reliance on traditional ephemeral key agreements. EchoPulse's
inherent properties, including its deterministic graph evolution and sub-9KB RAM
footprint, make it uniquely suited for deploying PQ-FS in resource-constrained
environments, ensuring long-term communication security critical for loT, defense,
and other vital infrastructures.

2. Cryptographic Design Lead: Mutation-Time Forward Secrecy

EchoPulse's approach to PQ-FS fundamentally deviates from ephemeral Diffie-
Hellman by anchoring forward secrecy to the dynamic, time-bound mutation of its
symbolic graph. Instead of relying on the ephemeral nature of a generated key pair,
PQ-FS in EchoPulse is achieved by ensuring that each session operates on a distinct,
irrecoverable state of the symbolic graph, making past session keys computationally
infeasible to derive even if the long-term private key is compromised in the future.

2.1. Formal Definitions of Graph-Time Context (Gt)

The core of EchoPulse's PQ-FS lies in the concept of a Graph-Time Context (Gt).
This context represents the precise state of the symbolic graph G at a given discrete
time index t.

¢ Initial Graph (GO): A publicly known, pre-agreed base symbolic graph identified
by graph_id.

e Mutation Function (u): A deterministic, cryptographically secure mutation
function that evolves the graph state: Gt+1=(Gt,At) where At represents a
change in the entropy index, dictating the progression of the graph's state based



on a defined mutation_schedule _id.

e Graph-Time State (Gt): The state of the symbolic graph G after t applications of
the mutation function from the initial graph GO. Each unique t corresponds to a
unique Gt.

e Strictly Monotonic Entropy Index (t): The time index t is derived from a
combination of unique, session-specific, and strictly increasing elements from
the TLS 1.3 handshake. This ensures that t is non-repeating and forward-only,
preventing reuse of graph states. Possible derivations for t include:

o Transcript-Hash: The cumulative hash of all handshake messages up to a
certain point.

o Handshake ID/Session Counters: A counter or identifier incremented for
each new TLS session or KEM operation.

o Combined Entropies: A cryptographically sound combination of
ClientRandom, ServerRandom, and potentially other unique session
identifiers. The crucial property is that t is strictly monotonic and
unpredictable for future sessions, ensuring that Gt is fresh and unlinkable to
future Gt' states.

2.2. PQ-Safe Derivation Logic for KEPt

The KEM shared secret KEP for a given session becomes KEPt, explicitly binding it to
the unique Gt context.

1. Client-Side:
o Client generates ClientRandom and other ClientHello elements.
o Client proposes EchoPulse parameters, including graph_id,
mutation_schedule_id, and symbol_path_length.
o Client determines the session's specific time index tC based on the partial
handshake transcript.
o Client derives GtC by applying p function tC times to GO.
o Client generates PKEPt based on GtC and transmits it in the KeyShare
extension.
o Upon receiving CTEPt from the Server, the client applies its SK_{EP_t} to
CTEPt on GtC to derive KEPt.
2. Server-Side:
o Server receives ClientHello and negotiates EchoPulse.
o Server determines the session's specific time index tS based on the partial
handshake transcript.
o Server derives GtS by applying . function tS times to GO.



o Server generates CTEPt for the received PKEPt using GtS and its own
ephemeral KEM secret for this session (SKEPt).

o The encapsulation process intrinsically binds CTEPt to GtS via the v_enc _id
and symbolic_path_sequence.

o Server sends CTEPt in its ServerHello.

o Server derives KEPt from its SKEPt and the path in CTEPt using GtS.

PQ-FS Property: Even if the long-term secret key SKLT (from which SKEPt is derived)
is compromised in the future, past session keys KEPt remain secure because:

The specific graph Gt used for that session is irrecoverable and computationally
intractable to re-derive without the exact, ephemeral session context (which is
no longer available).

The symbolic path r within CTEPt is only valid and decapsulatable on the specific
Gt used during its creation. Changes to Gt (even by a single mutation step) will
render CTEPt undecapsulatable.

2.3. How Replay Prevention is Preserved

EchoPulse inherently provides replay resistance via graph mutation. This mechanism
is not only preserved but actively enhanced by PQ-FS:

Deterministic Graph Mutation: Each session's Gt is unique due to the strictly
monotonic t. A captured CTEPt from session t cannot be replayed in session t’
(where t'o=t) because the underlying graph state Gt' will be different from Gt.
The decapsulation logic requires operations on Gt’, where the symbolic path from
CTEPt would lead to a different vdec or fail entirely.

Session-Anchored Context: The forward_entropy _epoch (as introduced in
Section 3) ensures that the time index t is strictly bound to the specific session's
entropy, preventing any attempt to reuse a CTEP from one session in another.
Active Validation (Replay Verifier): The "EchoPulse Replay Verifier CLI" actively
checks for replay warnings by comparing current vdec values against a history of
observed session outputs, thus providing a practical means to confirm the
effectiveness of the PQ-FS and replay prevention mechanisms.

3. Protocol Architect: PQ-FS Integration into Key Exchange

Integrating PQ-FS into the EchoPulse key exchange framework primarily involves
ensuring the deterministic and synchronized derivation of the Graph-Time Context
(Gt) and binding it securely within the TLS 1.3 handshake. This leverages existing TLS



extensions and EchoPulse's specific parameters.

3.1. Negotiation and Enforcement of Time-Bounded Forward Secrecy

The negotiation of PQ-FS is implicitly handled through the existing
echopulse_parameters extension.

1.

O

ClientHello (Client Proposal):

The client includes the echopulse_parameters extension within its ClientHello
message if it offers an EchoPulse-related NamedGroup.

Crucially, the derivation of t for Gt relies on elements that are part of the
handshake transcript, such as ClientRandom, ServerRandom, and the
Transcript-Hash.

The graph_id and mutation_schedule_id fields within echopulse_parameters
are essential for both parties to deterministically agree on the initial graph GO
and the specific mutation rules u(G,t).

2. ServerHello (Server Selection & Enforcement):

o

If the server selects an EchoPulse NamedGroup, it MUST include an
echopulse_parameters extension in its ServerHello. This echoes the chosen
parameters.

The actual enforcement of time-bounded forward secrecy occurs implicitly
by both client and server deterministically calculating the current t based on
the agreed handshake transcript up to the ServerHello (or later points as
defined for t derivation) and then generating/processing KEM operations on
the resulting Gt.

3.2. Introduction of forward_entropy_epoch

To explicitly bind the mutation to one-time graph positions and reinforce PQ-FS, a
conceptual forward_entropy_epoch can be defined, though it may not require a new
explicit TLS field. Instead, it is a derived value.

O

O

Definition: forward_entropy_epoch is a cryptographically derived value unique to
each session, calculated by hashing specific, non-repeating handshake elements.
It directly maps to the strictly monotonic time index t used for graph mutation.
Derivation (Conceptual): $$t = HASH(\text{Transcript-
Hash(ClientHello...ServerHello)} \: || \: \text{Session_Counter}\: || \: \
text{Ephemeral_Nonce})$$ where:

Transcript-Hash(...) is the running hash of all handshake messages.
Session_Counter is a monotonically increasing counter managed by the



server (or client) for distinct sessions.
o Ephemeral_Nonce is a short, session-unique random value generated by one
party.

e Purpose: This derived t serves as the forward_entropy_epoch, ensuring that for
every new key exchange session, the underlying graph Gt is fresh and unique.
This effectively "locks" the mutation to a one-time graph position, making it
computationally infeasible to use a previously valid ciphertext for a new session
or to link the derived KEM shared secret (KEPt) back to the initial graph GO
without knowing all intermediate mutation steps and the precise t.

3.3. Backward Compatibility with v2.1 EchoPulse Parameters

The introduction of PQ-FS based on forward_entropy _epoch and Gt derivation is
designed to be fully backward compatible with EchoPulse v2.1 parameters.

e The existing CipherSuite codepoint
TLS_ECHOPULSE_WITH_AES_128 GCM_SHA256 remains unchanged.

e The KeyShareEntry structure for EchoPulse, including NamedGroup (e.g.,
DRAFT_ECHOPULSE_KEM) and key_exchange field (carrying PK_EchoPulse or
CT_EchoPulse), remains consistent.

e The echopulse_parameters extension structure with graph_id,
mutation_schedule_id, symbol_path_length, and hash_mode is fully utilized.
These parameters define the rules for mutation, while the
forward_entropy_epoch (derived t) dictates how many times those rules are
applied.

e The Hash Oracle Replacement Model and its deterministic behavior (as defined in
v2.1) are integral to the secure derivation of KEPt on the mutated graph Gt.

The transition to PQ-FS is therefore a logical extension of EchoPulse's inherent
capabilities rather than a disruptive change, leveraging its deterministic and dynamic
graph properties.

4. Security Strategist: Threat Model and Importance of Symbolic Forward
Secrecy
4.1. The PQ Adversary Threat Model

The primary threat model addressed by Post-Quantum Forward Secrecy is the "Store
Now, Decrypt Later" (SNDL) attack. A quantum adversary with sufficient
computational resources in the future can perform the following:



1.

Passive Eavesdropping and Data Collection: Today, the adversary passively
records large volumes of encrypted communication traffic (e.g., TLS sessions,
VPNs, sensitive data streams). This is feasible as current cryptographic standards
(e.g., RSA, ECDH) are deemed vulnerable to quantum algorithms like Shor's
algorithm.

Long-Term Key Compromise: In the future, the adversary obtains the long-
term private key(s) (e.g., server's signing key, client's authentication key) through
various means, such as side-channel attacks, traditional cryptanalysis, or
breakthroughs in quantum computing that allow for the direct breaking of
current asymmetric schemes.

Retrospective Decryption: With the compromised long-term key and the now-
feasible quantum algorithms, the adversary can compute the ephemeral session
keys from the recorded traffic. This allows them to decrypt all past
communications, compromising confidentiality retrospectively.

This threat is particularly severe for communications that require long-term
confidentiality, such as national security communications, health records, financial
transactions, and industrial control data.

4.2. Vitality of Symbolic Forward Secrecy for loT, Defense, and Long-Term
Communications

Symbolic Forward Secrecy, as implemented by EchoPulse, provides a crucial defense
against the SNDL attack, especially for:

loT Devices: These devices often have limited computational power, memory,
and energy, making it difficult to deploy large-footprint PQC KEMs like Kyber,
FrodoKEM, or NTRU. EchoPulse, with its sub-9KB RAM and sub-15KB ROM, is
uniquely positioned to offer PQ-FS in these constrained environments.
Compromise of an loT device's long-term key would not expose all its past
communications, critical for sensitive smart city infrastructure or medical devices.
Defense and Critical Infrastructure: National defense communications, smart
grids, and other critical infrastructures require confidentiality assurances
spanning decades. A breach of a long-term key in the future should not allow an
adversary to decrypt historical communications. EchoPulse's PQ-FS ensures that
even if a nation-state adversary records today's traffic and gains quantum
capabilities in 20-30 years, they cannot retrospectively decrypt past sessions.
Long-Term Communications: Any data stream or communication channel
where the confidentiality requirement extends beyond the lifespan of current



cryptographic algorithms needs PQ-FS. This includes secure data archives,
intelligence gathering, and intellectual property protection.

EchoPulse's "Built-in Replay Resistance" due to its per-session graph mutation
directly contributes to its PQ-FS properties. Unlike many KEMs that rely on higher-
layer protocols (like TLS's handshake transcript) to prevent ciphertext reuse,
EchoPulse's KEM-layer mitigation is a fundamental security assurance.

4.3. Entropy Drift and Mutation Anchoring as SCA-Resistant FS-Enablers

The principles of entropy drift and mutation anchoring are critical for EchoPulse's PQ-
FS and its resistance to side-channel attacks (SCA):

Entropy Drift: The continuous and unpredictable evolution of the symbolic graph
state (Gt) through the mutation function [(G,t) ensures "entropy drift." Each
session operates on a statistically distinct and dynamically changing graph. This
constantly shifts the underlying cryptographic problem, preventing adversaries
from accumulating statistical information across multiple sessions using static
analytical techniques, including future Al/ML-driven cryptanalysis. The "Symbol
Entropy Drift Plot Generator" is a key tool for verifying this property by visualizing
how symbol distribution evolves over time.

Mutation Anchoring: The process by which the session's time index t (the
forward_entropy_epoch) is strictly derived from the unique and unrepeatable
elements of the TLS handshake transcript ensures "mutation anchoring." This
precisely ties each session's key derivation to a single, specific graph state Gt.
Any attempt to manipulate the KEM operations or replay ciphertexts outside of
this precise Gt context will fail, providing strong session unlinkability and
resistance to offline analysis.

SCA Resistance: The design principles of EchoPulse emphasize constant-time
operations to resist SCA. The deterministic nature of graph mutations and path
traversals, when implemented carefully, promotes constant-time behavior,
making it more challenging for adversaries to extract information about the
secret key or the internal graph state through timing or power analysis. The
inherent randomness of the symbol_path_sequence r and its processing through
the dynamically changing Gt further complicates SCA. The "EchoPulse
Performance Heatmap" helps in identifying potential non-constant-time
behaviors by visualizing timing drifts.

In essence, symbolic forward secrecy via mutation anchoring and entropy drift



leverages the dynamic, unpredictable, and deterministically evolving nature of the
EchoPulse graph to deliver a robust and SCA-resistant PQ-FS solution, vital for
securing long-term communications in a post-quantum world.

5. Meta Role - Consistency Reviewer: Synthesis and Integration

This document has defined a structural foundation for Post-Quantum Forward
Secrecy (PQ-FS) within the EchoPulse framework, building upon and integrating
seamlessly with existing EchoPulse v1.0 and v2.1 mechanisms.

Consistency with Prior EchoPulse Terms:

All core EchoPulse terms such as KEP (Key Encapsulation Mechanism shared secret), venc
(final encapsulated vertex), Gt (Graph-Time Context), u(G,t) (mutation function), and r
(symbolic path sequence) have been consistently applied and extended within the context of
PQ-FS. The PK_EchoPulse and CT_EchoPulse structures, along with the
echopulse_parameters extension, remain central to the negotiation and operation.

Clean Modular Structure:

The document is structured into distinct, logically flowing sections, reflecting the expertise of
each "Elite Role," facilitating clarity and easy integration into the broader EchoPulse dossier.
Internal References to v1.0-v2.1 Mechanisms:

PQ-FS in EchoPulse is not a standalone addition but a deep integration. Key mechanisms
from previous versions are referenced to demonstrate this synergy:

e Hash Oracle Replacement Model: The "Hash Oracle Replacement Model”
(refined in v2.1) is crucial for the PQ-safe derivation logic of KEPt, as it describes
the internal deterministic function for graph traversal and local hash output on
the dynamically changing Gt.

e Replay Verifier: The "EchoPulse Replay Verifier CLI" directly validates the
practical effectiveness of replay prevention, which is a cornerstone of
EchoPulse's PQ-FS. The tool's ability to detect if a v_dec has been observed
before is critical for confirming that graph mutation thwarts replay attempts.

e Symbol Entropy Drift Plot Generator: This tool provides empirical evidence for
"entropy drift," a core enabler for PQ-FS by visualizing the dynamic evolution of
symbol usage and ensuring the unpredictability of graph states.

e TLS 1.3 Integration: The defined TLS 1.3 handshake extensions and processes
(e.g., KeyShare, echopulse_parameters) are consistent with previous EchoPulse
specifications.

Precise Definitions and Harmonized Terminology:
Throughout, precise definitions for new concepts like Graph-Time Context ($G_t$) and
strictly monotonic entropy index ($t$) have been provided. Terminology is harmonized to



ensure that all components of the EchoPulse framework speak a consistent language, crucial
for high-stakes applications and formal standardization efforts. The conceptual
forward_entropy_epoch serves as the practical embodiment of the monotonic time index t.
This document firmly establishes EchoPulse's unique capability to deliver strong Post-
Quantum Forward Secrecy through its innovative symbolic graph mutation,
reinforcing its position as a leading solution for quantum-safe communication in
constrained and critical environments.



