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The history of post-quantum cryptography over the last decade is littered with
the corpses of elegant algebraic designs. While the mainstream community
coalesced around the structured safety of lattices (ML-KEM) and hash-based
signatures, a parallel track of research continuously attempted to build
trapdoors and permutations out of lightweight, non-lattice algebraic iterations.

Positioning the EchoPulse framework requires looking directly at the failures
and rare successes of this parallel track. It is a design born of embedded
hardware necessity—achieving a zero-byte RAM footprint—but it inherits a
volatile mathematical legacy.

### 1. Lessons from the Algebraic Graveyard

To understand where EchoPulse v5.0-ARX stands, we must dissect why its
ideological predecessors failed or succeeded.

**ASASA and the Illusion of Affine Obfuscation**

The ASASA framework attempted to build public-key cryptography by
sandwiching secret non-linear layers between dense affine transformations.

* *The Failure Mode:* Cryptanalysts completely dismantled these schemes
using MinRank, differential, and algebraic attacks. Affine layers, no matter how
large, are mathematically transparent to linear algebra. They do not increase
the algebraic degree of the system.

* *Application to EchoPulse:* The original 32-bit EchoPulse core (V_{i+1} = (V_i
\oplus S_i) \cdot a + b) committed the exact same sin. Modulo 2A{32} arithmetic
carries bits linearly. Without a mechanism to shatter the carry-chain, lattice
reduction (LLL) slices through affine iterations in polynomial time. The
proposed ARX hardening (introducing bitwise circular rotations) is not an
optional optimization; it is the sole structural barrier preventing EchoPulse
from suffering the exact fate as ASASA.

**MiMC, LowMC, and the Danger of Low Algebraic Degree**



MiMC and LowMC sought to minimize multiplicative complexity or use sparse
non-linear layers to optimize for zero-knowledge proofs and MPC.

* *The Failure Mode:* Early parameter sets were broken by interpolation and
higher-order differential attacks because the algebraic degree of the equations
did not grow fast enough over k rounds.

* *Application to EchoPulse:* EchoPulse utilizes a Multiplicative-ARX (MARX)
box. If the private multiplier a has a very low Hamming weight, the non-
linearity is sparse, mimicking the vulnerabilities of early LowMC. Ensuring
rapid algebraic degree growth requires strict parameter bounds on a and a
sufficient number of permutation rounds (N_r \ge 4) per symbol injection.

**Gimli and the Tableless Blueprint**

Gimli is a 384-bit cross-platform permutation that proves high security can be
achieved without memory-mapped lookup tables (S-boxes).

* *The Success Mode:* By expanding the state to a wide array of 32-bit
registers and relying entirely on logical operations (AND, OR, XOR, Shifts)
mixed with linear swaps, Gimli achieves full diffusion directly on the ALU.

* *Application to EchoPulse:* EchoPulse v5.0-ARX successfully inherits the
Gimli philosophy. By expanding the state to 256 bits across eight hardware
registers, it neutralizes the Grover quantum search threat (which instantly
broke the 32-bit v5.0 design) while maintaining the zero-byte RAM footprint
that makes the architecture attractive for constrained microcontrollers.

### 2. The Lifeline: The Random Oracle Buffer

The most critical architectural decision in EchoPulse is not the affine core, but
the final Hash-Oracle Replacement Model (HORM) step.

Almost all pure algebraic public-key trapdoors (like ASASA or early
multivariate schemes) fail because the adversary is given direct access to the
output of the algebraic map, allowing them to invert the equations. EchoPulse
operates more like a symmetric sponge disguised as an asymmetric KEM. By
finalizing the symbol-driven iteration with a cryptographic hash (SHA3-256 or
BLAKEZ2s), the KEM seals the algebraic structure behind a one-way wall.

This enables a provable reduction. Using the Fujisaki-Okamoto (FO) transform
in the Quantum Random Oracle Model (QROM), the IND-CCA2 security of the
KEM mathematically reduces to the One-Wayness of the core iteration (OW-



CSA). The attacker is denied the exact final state V_k needed to set up their
algebraic equations, forcing them to attack the hash preimage or blindly
search the input space.

### 3. Remaining Open Problems for Publication Readiness

While the ARX-hardened version patches the fatal flaws of the 32-bit prototype,
the framework is not yet publication-ready for a top-tier cryptographic venue.
The following gaps remain:

1. *MILP Differential Bounding:** The assertion that the inter-register mixing
and rotations defeat differential cryptanalysis is currently heuristic. A formal
Mixed-Integer Linear Programming (MILP) proof is required to demonstrate
the exact maximum expected differential probability (MEDP) across the 4-
round permutation.

2. **Algebraic Degree Profiling:** We lack exact bounds on how fast the
Boolean degree of the system reaches 255. If the degree growth is slower than
anticipated, algebraic meet-in-the-middle attacks could bypass the intended
security margins.

3. *Multiplier Side-Channel Leakage:** While the 0-byte RAM footprint
eliminates cache-timing, the dense 32 \times 32-bit multiplications directly
expose the ALU. Differential Power Analysis (DPA) targeting the Hamming
weight of the multiplier a remains a severe physical threat that game-based
QROM proofs do not cover.

### 4. Honest Assessment of the Framework

To assess EchoPulse strictly and without hype: It is not a candidate to replace
ML-KEM on the open internet, nor does it possess the decades of rigorous
lattice cryptanalysis backing current NIST standards.

Mathematically, it is a highly aggressive, symmetric-style ARX permutation
shoehorned into an asymmetric key-exchange flow via deterministic path-
routing.

However, as a niche engineering solution for the extreme edge of the IoT
sector, it is highly credible. Microcontrollers with less than 6KB of SRAM
simply cannot run standard ML-KEM without complex streaming architectures
or external memory. EchoPulse v5.0-ARX solves a real hardware problem by
shifting the cryptographic burden entirely to the CPU register file.



If the differential bounds are formally proven, EchoPulse stands as a robust,
specialized tableless KEM. It survives not by outsmarting lattice mathematics,
but by isolating a hardened, register-based heuristic behind a secure quantum
random oracle.



