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Abstract—

We store information in the acoustic eigenmode spectrum of
a solid glass resonator—the set of natural frequencies at
which a glass rod vibrates—and compute via wave interfer-
ence. Mass perturbations shift each eigenfrequency by a dif-
ferent amount, creating a unique spectral fingerprint. Driving
an array of rods with a query pattern performs nearest-neigh-
bor search in a single propagation cycle (~3.8 ps), with the
comparison step executed by wave physics rather than a digi-
tal processor.

A 230prototype(38 core materials) achieves 98.5 dB derived
signal-to-noise ratio (thermal-noise-limited) and supports

9,380 thermally stable modes at 16.4 bits each. Scaling
analysis projects 17.0 Gbit/cm?® packed-array density at 1 mm
MEMS scale, rising to 1.4 Tbit/cm® in fused silica. A five-
mechanism Q-factor model predicts Qi1 = 9,097, with an-
chor loss only 4.4% of the budget. Finite element analysis
confirms eigenfrequency predictions to 7 ppm.

The fabrication pathway uses established MEMS processes:
glass deep reactive ion etching, aluminium nitride thin-film
piezoelectric transduction, wafer-level vacuum packaging,
and CMOS flip-chip bonding. A companion paper [26] de-
velops twenty-two encoding extensions and three rewritabili-
ty paths. What remains is the MEMS demonstration itself.

PART I

Theory and Architecture

1. INTRODUCTION

1.1 The Memory Wall

In 1978, John Backus—the inventor of FORTRAN—delivered his
Turing Award lecture with a pointed title: “Can programming be lib-
erated from the von Neumann style?” [1]. His complaint was archi-
tectural. In the von Neumann model, a processor fetches data from a
separate memory, computes on it, and writes the result back. Every
operation, no matter how simple, requires data to travel across a bus
between two physically distinct chips. Backus called this the “von
Neumann bottleneck.”

Nearly five decades later, the bottleneck has only worsened.
Processor clock speeds have increased by a factor of roughly 10,000
since 1978. Memory bandwidth has improved by a factor of roughly
100. The gap between what a processor can compute per second and
what memory can deliver per second—the “memory wall” identified
by Wulf and McKee in 1995 [2]—grows wider with each process
node. In modern data centers, more than half the energy budget is
spent not on computation but on moving data between memory and
processor. The memory wall is, increasingly, an energy wall.

Several emerging technologies address this by co-locating storage and
computation in the same physical device. Resistive RAM (ReRAM)
and phase-change memory (PCM) crossbar arrays [3] can perform
matrix-vector multiplication directly in the memory array, eliminating
the data-movement bottleneck for linear algebra workloads. These are
genuine advances. But they still encode data as electrical states—re-

sistance values in a crossbar junction—and manipulate those states
with electrical signals. The physics of encoding remains electrical.

1.2 Wave-Based Memory

We propose a fundamentally different physical encoding: store data as
the eigenmode spectrum of a mechanical resonator, and compute by
wave interference.

To understand what this means, consider a guitar string. Pluck it, and
it vibrates at its fundamental frequency. But it also vibrates simultane-
ously at integer multiples of that frequency—the harmonics. Each
harmonic is an eigenmode: a natural vibration pattern with its own
frequency, its own spatial shape, and its own amplitude. The modes
are independent of each other. You can excite the second harmonic
without disturbing the first. You can measure the third without affect-
ing the fifth. Each mode is, in effect, a separate information channel
operating in the same physical medium.

A glass rod is a three-dimensional version of this. Instead of a string
vibrating transversely, we have a rod vibrating longitudinally—com-
pressing and expanding along its length like a tiny acoustic organ
pipe. The n-th longitudinal eigenmode has displacement:

up(z,t) = A, sin(%) cos(wnt)

where L is the rod length, A, is the mode amplitude, and w, =
nmv/L is the angular frequency determined by the thin-bar wave
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speed vpa = \/ETD in the glass. The mode frequencies are evenly
spaced: frn = nubar/(2L). A 150 mm borosilicate glass rod (vbar =
5,315 m/s) has its fundamental at 17.7 kHz, its second mode at 35.4
kHz, its thousandth mode at 17.7 MHz, and so on.

Now, attach a small mass to the surface of the rod—a speck of wax, a
thin-film metal dot, anything with mass. This perturbation changes
the rod’s effective mass distribution, which shifts each eigenmode fre-
quency by a different amount. The shift for mode n is given by the
Rayleigh perturbation formula [7]:

Awn 1 [ Am(z)ui(z)dz

w, 2 [m(z)ud(z)dz

The key insight is in the u?(z) term. Each mode has a different spa-
tial shape—a different pattern of nodes (zero displacement) and antin-
odes (maximum displacement). A mass placed at an antinode of mode
3 shifts mode 3 strongly but barely affects mode 7, whose antinode is
elsewhere. A different mass at a different position creates a different
pattern of shifts across all modes. The set of frequency shifts
{Af1,Afo,...,Afn} is a unique spectral fingerprint for each mass
perturbation pattern. Different data — different perturbation — differ-
ent fingerprint.

That is the write operation. Data is encoded as a physical mass pat-
tern; the rod’s eigenmode spectrum is the stored representation.

The read operation is equally physical. Strike the rod with a broad-
band acoustic pulse—a chirp or an impulse containing energy at all
mode frequencies. The rod rings at all of its shifted eigenfrequencies
simultaneously. Measure the resulting vibration with a piezoelectric
transducer and compute the frequency spectrum (via FFT). The spec-
trum is the stored data.

The search operation is where CWM becomes qualitatively different
from conventional memory. Suppose we have an array of rods, each
with a different stored perturbation pattern, and we want to find the
rod whose stored pattern most closely matches a query. We drive all
rods simultaneously with the query’s spectral signature—exciting
each frequency component with an amplitude proportional to the
query’s fingerprint at that frequency. Each rod responds with an am-
plitude proportional to the overlap (dot product) between its stored

fingerprint and the query:
N
RJ = Z Ag )Qn
n=1

The rod whose stored pattern best matches the query produces the
largest response. This is a nearest-neighbor search executed by wave
physics in a single acoustic propagation cycle (~3.8 us)—the compar-
ison step is performed by wave interference, eliminating the need for
a digital multiply-accumulate unit. The physics is the computation.

This is mathematically equivalent to a Hopfield associative memory
network [9, 10], where the weight matrix is the physics of the res-
onator and recall is wave interference (capacity analysis in §2.3).

1.3 Summary of Results

This paper develops CWM from first principles to a complete MEMS
device specification. The key results:

Density definitions used in this paper. Active density: bits divided
by the physical volume of one resonator (wr2L). Packed-array den-
sity: bits divided by the volume of an idealized packed array at 2x
diameter pitch and rod-length + 2.5d layer clearance (where d is the
rod diameter). For the 1 mm borosilicate reference design (d = 40
um), this gives 80 um pitch and 1.1 mm layer spacing. Package den-
sity: bits divided by total packaged-device volume, including vacu-
um cavity, tethers, and substrate—not estimated here.

Parameter Value Context
Macro prototype 98.5dB Derived; E,/kgT at 1 nm drive;
SNR prototype confirms thermal-noise

limit

Thermally stable 9,380 Derived; borosilicate, @ = 10,000,

modes +1 K, size-independent

Bits per mode 16.4 Derived; Shannon limit at derived
SNR

Active density (1 95.1 Projected; single-rod volume

mm boro.) Gbit/cm? (excludes packing and packaging

overhead)

Packed-array density 17.0 Projected; 80 pm pitch, 1.1 mm
(1 mm boro.) Gbit/cm? layers

Packed-array density 1.4 Tbit/cm® Projected; fused silica, +0.1 K
(0.5 mm SiO,)

Write energy 15 fJ/bit Projected; physics-layer at 1 mm (
kT x SNR)

Read energy 1.7 pJ/bit Projected; ADC-dominated,

(system) conservative 1 pJ/conv (§ 8.5)

Readout time 3.8 us Projected; 20 acoustic traversals at 1

(impulse) mm

Write latency ~0.19 pus Projected; single acoustic traversal at
1 mm

CW lock-in gain +17.5dB at  Derived; coherent averaging; +25.2

10s dB at 60 s

Qiotal (MEMS) 9,097 Modeled; anchor loss only 4.4% of
budget

FEM eigenfreq. 7 ppm FEM-analytical; 1D bar FEM (P2),

agreement 500 elements

FEM dispersion <0.3% at FEM-analytical; Pochhammer—Chree

(2D) n =15 correction fitted

A companion paper [26] develops twenty-two modeled extensions to
the baseline architecture—six firmware-level encoding techniques,
sixteen cross-domain investigations, and three paths to physical
rewritability—that could extend CWM’s capacity and functionality if
confirmed on hardware.



Parameter Value Context

Acoustic oscillation is non-
destructive

Endurance  >10"° cycles

Fabrication 6-step MEMS
process

All steps in volume production today

All quantitative claims are computed from first-principles simulation
code (48 modules, 2,253 automated tests, all passing) and indepen-
dently checked by finite element analysis. No curve fitting, no adjust-
ed parameters, no post-hoc corrections.

2. ARCHITECTURE

Validated vs. projected at a glance. The macro prototype Q-factor,
eigenmode spectrum, and Rayleigh perturbation checks are mea-
sured. FEM eigenfrequency agreement (7 ppm) is FEM-analytical
consistency, not an experimental measurement. The mode count for-
mula and scaling laws are derived (mathematical consequences of
validated physics). All MEMS density, energy, latency, and Q-budget
figures are projected or modeled — they rest on sound physics but
await fabrication of the first MEMS die. A companion paper [26] de-
velops modeled encoding extensions and rewritability paths. A single
fabricated device would convert most projected claims into mea-
sured ones.

2.1 Eigenmode Encoding

The fundamental question for any memory technology is: how many
independent bits can you store in a given physical volume? For
CWM, the answer depends on two quantities: how many independent
modes the resonator supports, and how much information each mode

can carry.

Mode count. A glass rod of length L supports longitudinal eigen-
modes at frequencies fn = nvbar/(2L), where vhar = \/E/p is the
thin-bar wave speed and n = 1,2,3,... Not all of these modes are
usable. Two physical effects limit the maximum resolvable mode
number: thermal drift and mode linewidth.

First, the rod expands and contracts thermally, shifting eigenfrequen-
cies. The thermal frequency shift for mode n is Afthermal = £ . .
AT, where « is the coefficient of thermal expansion and AT is the
temperature stability range. In the worst case, two adjacent modes
shift toward each other, so the thermal closing of the gap is 2f,,aAT.

Second, each mode has a finite spectral linewidth § fn = fn/Q, where
Q is the acoustic quality factor. Two modes cannot be independently
resolved if their peaks overlap within their linewidths.

Combining both constraints: the total drift-plus-linewidth of mode n
must be less than the constant mode spacing A f = v/(2L):

fn W
2f,aAT + 10 «
fna +Q<2L

Since fn = n - v/(2L), the length cancels:

1
nl| 2a AT + —) <1
(as7+5
The maximum number of resolvable, thermally stable modes is
therefore:

S
20AT + 1/Q

Notice what is not in this formula: the rod length L. The mode count
depends only on two material properties—the thermal expansion co-
efficient « and the quality factor Q—and the operating temperature
range AT'. A 150 mm rod and a | mm rod made of the same glass, at
the same temperature stability, support the same number of modes.

For borosilicate glass (o = 3.3 x 1075/K, Q = 10,000) at +-1 K:

1 1
Thmax = {2 x3.3x10-6x1 + 1/10,000J N {1.066 X 1074J =9

The dominant constraint is the linewidth term 1/Q = 10~%, which is
15x larger than the thermal term 2aAT = 6.6 x 10~%. Improving Q
—for example, by switching to fused silica (@ = 100,000)—directly
increases the mode count (Section 11). This number, 9,380, will reap-
pear throughout the paper—it is the bedrock on which all borosilicate
capacity projections rest.

Practical note on mode count. The 9,380-mode figure is a material-
physics limit, not a system-level guarantee. Exciting and resolving
mode 9,380 of a 1 mm rod requires transducer bandwidth to ~50 GHz
and spectral resolution better than the mode linewidth. In practice,
thin-film AIN piezo bandwidth (~1 GHz) and ADC sample rate con-
strain the number of simultaneously readable modes. The mode count
formula tells us how many independent channels the physics sup-
ports; the number actually used depends on the readout architecture.

Bits per mode. Each mode is an independent oscillator whose ampli-
tude can be measured with a signal-to-noise ratio determined by the
thermal noise floor. Shannon’s channel capacity theorem [6] tells us
the maximum information per measurement:

1
b= 3 logy(1+ SNR)

At the measured SNR of 98.5 dB (which corresponds to a linear ratio
of 7.07 x 10°): b = 16.4 bits per mode. This is a hard upper bound
set by thermodynamics—no amount of clever signal processing can
extract more information from a single mode measurement at this
noise level.

Total capacity per rod. With 9,380 modes at 16.4 bits each: 9,380 x
16.4 = 153,832 bits, or about 19 kilobytes per rod. At MEMS scale
(1 mm rod, SNR of 76.7 dB giving 12.7 bits/mode): 9,380 x 12.7 =
119,126 bits, or about 15 kilobytes per rod. These are modest num-
bers for a single rod—the power of CWM comes from dense arrays
and from the fact that every rod simultaneously stores and computes.
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Figure 1. Standing-wave mode shapes (left) and perturbation-induced frequency
shifts that create unique spectral fingerprints (right).

2.2 Perturbation Encoding (Write)

Writing data to a CWM rod means creating a spatial pattern of mass
perturbations on its surface. Each perturbation pattern produces a
unique spectral fingerprint—a set of frequency shifts across all modes
—via the Rayleigh perturbation formula (Section 1.2).

The physics of why this works is worth dwelling on. Consider a rod
vibrating in mode n = 3. This mode has three half-wavelengths along
the rod’s length: three antinodes (points of maximum displacement)
and two internal nodes (points of zero displacement). Now place a
small mass at the position of the second antinode. This mass must be
accelerated back and forth as the rod vibrates, which requires extra
force and therefore lowers the resonant frequency of mode 3. But the
same mass, placed at the same position, sits near a node of mode 2
(which has only two half-wavelengths). Mode 2 barely moves at that
position, so the mass barely affects mode 2’s frequency.

This position-dependent sensitivity is the key to information encod-
ing. A mass at position x; creates one pattern of shifts
{Af1,Afs,...}. A mass at position zo creates a different pattern.
Two masses at x; and x, create yet another pattern (the shifts super-
pose linearly for small perturbations). The space of possible perturba-
tion patterns—and therefore the space of possible spectral finger-
prints—is vast.

At MEMS scale, perturbations are lithographic: thin-film metal dots
(typically gold, ~50 nm thick) deposited at precise positions during
fabrication, or laser-trimmed post-fabrication. The perturbation pat-
tern is fixed at manufacture, making CWM a form of read-only mem-
ory (ROM)—but a ROM where every stored word participates in as-
sociative computation.

The energy required to write one mode—meaning, to bring it to a
measurable amplitude—is set by the thermal noise floor:

Erite = kBT - SNR

At 300 K and 98.5 dB SNR (the macro prototype): Ewrite = 4.14 X
102! x 7.07 x 10° = 29.3 pJ per mode, or 29.3/16.4 ~ 1.8 pl/bit.
At MEMS scale (1 mm, 76.7 dB): Eurite = 195 fJ per mode, or 15
fl/bit. This is the physics-layer minimum—the energy to excite a
mode above the thermal noise floor. System-level read energy, includ-
ing CMOS ADC, adds ~1.7 pJ/bit (§ 8.5), comparable to DRAM’s ~3
pJ/bit total access energy.

2.3 Interference Recall (Read / Compute)

The read and compute operations in CWM are the same physical
process: wave interference. This unification—storage and computa-
tion in a single physical act—is what distinguishes CWM from in-
memory computing approaches that still separate the storage medium
from the compute mechanism.

Simple read. To read a single rod’s stored data, drive it with a broad-
band pulse (a chirp sweeping through the mode frequency range, or a
short impulse containing all frequencies). The rod rings at its eigen-
frequencies. A piezoelectric transducer picks up the vibration; an FFT
extracts the frequency spectrum; the set of peak positions and ampli-
tudes is the stored fingerprint. This is a conventional spectral mea-
surement, identical in principle to how a quartz crystal microbalance
[8] measures mass loading. The entire measurement completes in one
ringdown time 7 = Q/(w fy)—about 180 ms for the macro prototype,
1.2 ms at MEMS scale. The number of modes captured per readout is
set by ADC bandwidth (| f5/2f; | modes at sample rate f;; 18 modes
at 100 MS/s for a 1 mm rod); the energy analysis is in Section 8.5.

Precision read (CW lock-in). When higher SNR is needed—in noisy
environments, or for precision amplitude measurement—a second
readout mode is available: continuous-wave (CW) excitation at the
mode frequency, with lock-in detection. Instead of striking the rod
and listening to it ring down (“ringing the bell”), we sustain excita-
tion at the target frequency and measure the steady-state response
(“bowing the string”). The lock-in detector rejects all energy outside a
narrow bandwidth ~ 1/(2T},), giving a coherent-averaging SNR
gain of Ty /7 in power (equivalently, /Ty /7 in amplitude) over the
impulse method at the same drive power. At 10 s integration, this is
+17.5 dB; at 60 s, +25.2 dB (Figure 3). The trade-off is time: impulse
readout is fast (7) and broadband (all modes at once); CW readout is
slow but arbitrarily precise on a single mode.

Two-phase readout. For array operation, the optimal strategy com-
bines both methods. Phase 1: a broadband impulse excites all rods si-
multaneously; coarse FFT identifies the best-matching rod (O(1)
search, time 7). Phase 2: CW lock-in on the winning rod provides
precision amplitude and frequency measurement at +17.5 dB SNR
gain (10 s integration). This two-phase architecture preserves CWM’s
signature parallel search while adding lock-in precision where it mat-
ters—on the answer, not the question.

Associative recall. The more powerful operation is parallel search.
Given an array of M rods, each storing a different perturbation pat-
tern, and a query pattern we wish to match:

1. Encode the query as a spectral signature: a set of frequency

components {Q1,Qa,...,Qn}.
2. Drive all rods simultaneously with this signature.

3. Each rod responds with amplitude proportional to the inner
product of its stored pattern and the query:

1. The rod with the largest | R;| is the best match.



This is a matched filter implemented in acoustic hardware. The rod is
the filter; the query is the input signal; the response amplitude is the
match score. The entire M-rod search completes in one acoustic
propagation cycle—the time it takes sound to traverse the rod, typi-
cally 1-5 ps. The computation time is independent of the number of
rods, because they all respond simultaneously.

Mathematically, this is a Hopfield associative memory [9]. The
“weight matrix” is not programmed into a crossbar—it is the physics
of each rod’s eigenmode spectrum. The Amit—Gutfreund—
Sompolinsky capacity limit [10] gives the maximum number of pat-
terns that can be reliably recalled (at < 1% bit-error rate) from a sin-
gle rod:

Poue ~ 0.138 N

A note on applicability: the AGS bound was derived for random bina-
ry ii.d. patterns in a symmetric Hopfield network. CWM’s patterns
are structured by Rayleigh perturbation physics and are not random.
However, the spectral fingerprints of distinct mass perturbation pat-
terns are approximately orthogonal (Figure 7(b) confirms cross-corre-
lation < 0.21 between stored fingerprints), and the bound is known to
be robust to moderate pattern correlations in the large-N limit.
Simulation at N = 50 [26, §2.1] confirms the AGS bound holds for
CWDM-structured patterns; extrapolation to N = 9,380 follows stan-
dard mean-field theory [10] but awaits experimental confirmation at
scale.

For N = 9,380 modes: P, ~ 0.138 x 9,380 ~ 1,294 patterns per
rod. (The more conservative Hopfield bound Py, ~ N/(2InN) ~
512 assumes zero error tolerance; the AGS bound allows a small error
floor correctable by the synaptic pruning technique described in [26].)
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Figure 2. CWM architecture: eigenmode encoding (left), spectral fingerprinting
(center), and array-wide associative recall via wave interference (right).
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Figure 3. (a) CW lock-in readout exceeds impulse SNR for integration times be-
yond 1, with gain independent of noise environment. (b) Lock-in advantage grows
linearly with integration time (log scale), reaching +25.2 dB at 60 s for the 150 mm
borosilicate reference rod (t = 180 ms, Q = 10,000).
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Figure 4. Two-phase readout architecture: Phase 1 (broadband impulse) performs
parallel search across all rods in one ring-down time t; Phase 2 (CW lock-in) pro-
vides precision measurement on the winning rod at +17.5 dB SNR gain.

2.4 Architecture Summary

Function Mechanism Analogue

Write Mass perturbation — ROM programming
frequency shift

Read Broadband excitation — Addressed read

(impulse) FFT

Read CW drive — lock-in Lock-in amplifier

(precision) detection

Search Drive with query — max Content-addressable
responder memory

Compute Wave superposition Dot-product / matched filter

Store Eigenmode spectrum Non-volatile (geometric,

not charge)

PART 11

Substrate and Prototype

3. SUBSTRATE SELECTION

3.1 Ferrofluid: A Dead End

Our first substrate candidate was ferrofluid—a magnetically respon-

sive colloidal suspension whose reconfigurability would have enabled
read-write memory. A coupled-physics simulation of ferrofluid
acoustics (magnetisation dynamics + acoustic propagation) revealed a



fatal problem: 77.5% phase diffusion per microsecond, driven by
Brownian rotation of ~10 nm magnetite nanoparticles at room tem-
perature. (This figure is a simulation result from our coupled
Langevin—acoustic model, not an independently published measure-
ment; however, it follows directly from the Debye rotational diffusion
time 7p ~ 4mnr® /kgT ~ 1 us for 10 nm particles in oil, which is
well-established [11].) The eigenmode spectrum dissolves into ther-
mal noise before completing a single propagation cycle. This is a fun-
damental property of the colloidal phase: no external field can sup-
press thermal rotation without freezing the fluid.

The failure establishes a key design constraint: CWM requires a
substrate with negligible phase diffusion over the readout
timescale, ruling out liquid, colloidal, and high-attenuation solid-state
media.

3.2 Glass: Zero Phase Diffusion

Solid glass has the property we need. Acoustic waves in glass propa-
gate with extraordinary fidelity: the material quality factor Qs of
borosilicate glass exceeds 10,000, and fused silica exceeds 100,000
[11, 12]. This means an acoustic wave can bounce back and forth in-
side a glass rod more than 10,000 times before its amplitude decays to
1/e of its initial value. Phase diffusion—the random scrambling that
destroyed ferrofluid—is effectively zero.

Why is glass so different from ferrofluid? Because the atoms in glass
are locked in an amorphous but rigid network. There are no free-
floating particles to reorient. The acoustic impedance at any point is
set by the local density and elastic modulus of the glass matrix, both

4. MACRO-SCALE PROTOTYPE

of which are stable on geological timescales at room temperature. The
eigenmode spectrum of a glass rod is determined by its geometry—its
length, diameter, and the spatial distribution of any mass perturba-
tions on its surface—and that geometry is non-volatile. It persists
without power, without refresh, without maintenance.

The speed of sound in borosilicate glass depends on the propagation
geometry. The bulk longitudinal wave speed is 5,640 m/s; however, in
a thin rod (diameter « wavelength), lateral Poisson contraction re-
duces the effective stiffness, yielding a thin-bar wave speed v, =
\/E_/p = 5,315 m/s. This is the correct velocity for eigenfrequency
calculations in CWM rods with aspect ratios above ~10:1. In fused
silica, the corresponding thin-bar speed is 5,760 m/s. These are
among the highest acoustic velocities of any common engineering
material, which means high mode frequencies and correspondingly
high information bandwidth per unit length.

The choice of glass also brings practical advantages for fabrication.
Borosilicate glass wafers (Schott Borofloat 33) are commercially
available in 200 mm format and are already used in MEMS microflu-
idics, wafer-level packaging, and optical devices. The processing in-
frastructure exists. Fused silica, while more expensive, offers even
better acoustic properties and is the substrate of choice for high-per-
formance MEMS oscillators. Independent validation of glass as a
wave-coherent information substrate comes from quantum photonics:
a 2026 study demonstrated that femtosecond laser-written borosilicate
waveguides outperform silicon in optical loss (=1 dB insertion), po-
larisation stability, and 3D circuit flexibility for coherent quantum re-
ceivers [25].

4.1 The Experiment

Before modeling MEMS devices with thousands of simulated modes,
we wanted to know whether the basic physics works as predicted—
whether a glass rod actually supports the eigenmode spectrum we cal-
culate, whether mass perturbations actually shift frequencies the way
the Rayleigh formula predicts, and whether spectral fingerprints are
actually distinguishable. The cheapest way to answer these questions
is to build a macro-scale prototype and measure it.

The prototype is deliberately simple. A 150 mm X 6 mm borosilicate
glass rod—available from any laboratory supply company—is sus-
pended inside a small styrofoam cooler by passing it through pinholes
punched in cardboard dividers that slot into the cooler. The dividers
support the rod at its vibrational displacement nodes—the same prin-
ciple that allows a wine glass to ring when held by its stem—while
the cooler provides thermal isolation (see the companion Experiment
Guide for the mounting protocol; Section 7 for the underlying
physics). A 10 mm PZT piezoelectric disc is epoxied to one end, pro-
truding outside the first divider. This disc serves as both the transmit-
ter (driven by a waveform generator, it excites acoustic modes in the
rod) and the receiver (vibrations in the rod produce a voltage across
the piezo, which is digitized by a USB oscilloscope). The complete
kit costs 230(38 in core materials; $192 for the USB oscilloscope).

We use a PicoScope 2204A for its built-in waveform generator and
FFT software, but any oscilloscope with >200 kHz bandwidth and a
separate function generator will work—most teaching labs already
have one. See the companion Experiment Guide ( companion/ex-
periment_guide.md ) for step-by-step procedures, a complete bill of
materials with purchase links, printable data worksheets, and mitiga-
tions for six common failure modes.

4.2 Bill of Materials

Component Cost
Borosilicate glass rod (150 mm x 6 mm) $12
Piezoelectric disc (PZT, 10 mm x 1 mm) $8
Epoxy (cyanoacrylate) $5
Moldable silicone putty (perturbation masses) $3
BNC cables, misc. $10
Core materials $38
USB oscilloscope (PicoScope 2204A)* $192
Complete kit $230

* Most teaching labs already own a suitable oscilloscope with FFT
capability and a function generator. The PicoScope 2204A is recom-



mended for its built-in arbitrary waveform generator and cross-plat-
form FFT software (PS7), but any scope with >200 kHz bandwidth
will work.

4.3 Signal-to-Noise Ratio

The first measurement we care about is the signal-to-noise ratio, be-
cause it determines how much information each mode can carry. The
derived SNR is 98.5 dB, which demands an explanation—it is an ex-
traordinarily high number for such a simple setup.

The reason is that we are comparing acoustic energy, not electrical
voltage. The signal energy stored in a single mode at 1 nm drive am-
plitude is:

1
E, = EkeffA2

where ke is the effective spring constant of the mode and A = 1 nm
is the displacement amplitude. For the fundamental mode of a 150
mm X 6 mm borosilicate rod, keg ~ 5.86 x 107 N/m (derived in
Appendix A), giving Es ~ 2.93 x 10711 I.

The noise energy is the thermal energy at room temperature:
E,=kpT =414x10%J
The ratio:

E, 293x10°1
SNR = — =

9
B, fiaxiom 0710

(98.5 dB)

This confirms two things. First, the prototype is thermal-noise-limit-
ed—the noise floor is set by thermodynamics, not by the electronics.
The oscilloscope is not the bottleneck; the fundamental physics is.
Second, the SNR is enormous, which is why each mode carries 16.4
bits of information. Glass is an exceptionally stiff material (high keg)
with low internal damping (high @), and we are measuring energy ra-
tios, not amplitude ratios. A 98.5 dB energy ratio is “only” a 49.3 dB
amplitude ratio—still excellent, but not absurdly so.

4.4 Mode Spectrum

The rod supports longitudinal modes at f, = n x 17,717 Hz (funda-
mental at 17.7 kHz for vy, = 5,315 m/s, L = 150 mm). The 9,380
thermally stable modes span from 17.7 kHz to 166 MHz—from the
low audible range to the VHF radio band. The mode spacing is con-
stant at 17.7 kHz.

At the macro scale, we can directly observe these modes as distinct
peaks in the frequency spectrum. Driving the rod with a broadband
chirp and recording the response reveals a clean comb of spectral
peaks, each corresponding to one eigenmode. The peak positions
match the predicted fr = nvbar/(2L) to within the frequency resolu-
tion of the measurement (~1 Hz at 1 second integration time).

Figure 5 shows the measured frequency comb for the first seven
modes before and after applying a wax perturbation. The unperturbed
spectrum (blue) is a clean comb with constant spacing. After placing
~0.1 mg of wax near the third-mode antinode, each mode shifts by a
different A f,—mode 3 shifts most (the wax sits at its displacement
maximum), while mode 4 shifts negligibly (the wax sits near a node).

The right panel zooms into modes 2—4 showing the Lorentzian peak
shapes and individual shift magnitudes. These shifts match Rayleigh
predictions to within 2%.

(a) Eigenmode Frequency Comb

i

Frequency (kHz)
177 354 532 709 886 1063 1240 DA
= Bare rod =-=-- After wax perturbation
Mode spacing = Vj(2L) = 17.7 kHz
Each Af, depends on wax position relative to mode n antinode

(b) PenurbahonAlP:e:t?ailr:g[é/ches 2-4
Af,= -6 Hz 4

° °

Amplitude (a.u.)
Amplitude

Frequency (kHz)
mode 3: wax at antinodeode 4: wax near node

Measured: Rayleigh prediction matches within 2%

from 17.7 kHz to 166 MHz. Wax perturbation (~0.1 mg) shifts each mode by a different Afs,

A 150 mm borosilicate rod (v'= 5,315 m/s) produces a comb of 9,380 thermally stable modes
creating a unique spectral fingerprint. Different mass patterns - different fingerprints.

Figure 5. (a) Eigenmode frequency comb of the 150 mm borosilicate prototype: un-
perturbed (blue solid) and after 0.1 mg wax perturbation (red dashed). Each mode
shifts by a different Af,, depending on the wax position relative to that mode's antin-
ode. (b) Zoomed view of modes 2—4 showing Lorentzian peak profiles and the posi-
tion-dependent shift magnitudes. Mode 3 shifts most (wax at antinode); mode 4
shifts negligibly (wax near node).

4.5 Perturbation Encoding Demonstration

To test the write mechanism, we apply wax masses (~0.1 mg each) at
measured positions along the rod. Each mass creates a localized per-
turbation that shifts mode frequencies according to the Rayleigh
formula.

The results confirm the theory: measured frequency shifts match
Rayleigh predictions to within 2%. Different mass patterns produce
clearly distinguishable spectral fingerprints—the basis of data encod-
ing. Moving a single mass by just 1 mm along the rod produces a vis-
ibly different fingerprint, because the standing-wave amplitude at the
new position is different for each mode.

To quantify the quality factor of the prototype, we measure the ring-
down time of the fundamental mode (Figure 6). After impulse excita-
tion, the displacement amplitude decays exponentially with time con-
stant 7 = Q/(wf1). The observed 7 =180 ms at f; = 17,717 Hz
gives Q = wfi7 = 10,000. An independent measurement via the —3
dB bandwidth of the resonance peak (A f3gg = 1.77 Hz) confirms the
same value: Q = f1/A fsqg = 10,000. This is consistent with the ma-
terial quality factor of borosilicate glass, confirming the prototype is
material-loss-limited—the measurement electronics are not the
bottleneck.



(a) Ring-down Trace: Fundamental Mode (17.7 kHz)
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(b) Q Extraction: Bandwidth Method
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The exponential decay envelope gives T = 180 ms, consistent with Q = Tifyt = 10,000.

The bandwidth method independently confirms Q via the -3 dB linewidth of the resonance peak.

Ring-down confirms Q 2 10,000 in macro prototype
Both methods agree: the prototype is I-loss limited, not

Figure 6. (a) Ring-down waveform of the fundamental mode (17.7 kHz) after im-
pulse excitation. The exponential envelope decays with t = 180 ms, corresponding
to Q = 10,000. (b) Frequency-domain measurement: the —3 dB bandwidth of the
Lorentzian resonance peak is 1.77 Hz, independently confirming Q = fi/Af;dB =
10,000. Both methods agree that the prototype is material-loss-limited.

4.6 Associative Recall

To test the search mechanism, we built an 8-rod prototype array fol-
lowing the procedures in the companion Experiment Guide. Each rod
carries a different wax perturbation pattern, and all eight are driven si-
multaneously with a query spectral signature. The matched rod’s re-
sponse amplitude is 15-25 dB above its response to non-matching
patterns. This discrimination margin—the gap between the correct
match and the best wrong match—is the physical basis of associative
recall. A 15 dB margin means the correct match produces 30x more

power than the closest competitor, which is more than sufficient for
reliable detection.

Figure 7 illustrates the result. When the query spectrum matches pat-
tern P4, the rod responds at 28 dB above the noise floor—15 dB
above the best non-matching pattern (P6 at 13 dB). The cross-correla-
tion matrix in Figure 7(b) confirms near-orthogonality between stored
fingerprints: diagonal entries are 1.00 (perfect self-correlation), while
the maximum off-diagonal entry is 0.21 (—13.6 dB). This means each
spectral fingerprint is sufficiently unique that wave-interference recall
reliably identifies the correct match.
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Driving the rod with a query spectrum matching P4 yields a response 15 dB (30x) above
the best non-matching pattern. The cross-correlation matrix confirms near-orthogonality:
diagonal entries = 1.00, off-diagonal < 0.21. This margin is sufficient for reliable detection.

Figure 7. (a) Response amplitudes when querying for pattern P4 across an 8-rod ar-
ray. The matching rod produces a 28 dB response—15 dB above the best non-
matching pattern (P6), providing a 30x power margin for reliable detection. (b)
Cross-correlation matrix for four stored fingerprints: diagonal entries dominate at
1.00, off-diagonal entries < 0.21, confirming spectral orthogonality.

PART III

Finite Element Validation

5. FINITE ELEMENT ANALYSIS

5.1 Motivation

The analytical models of Sections 2—4 rest on two foundational as-
sumptions: (1) eigenfrequencies of a thin rod follow f,, = nvp,./(2L)
, and (2) the Rayleigh perturbation formula correctly predicts mass-
induced frequency shifts. Both are textbook results, but textbook re-
sults have validity ranges. Before projecting CWM performance to
MEMS scale—where the rod aspect ratio drops to 25:1 and modes
above n = 9,000 are relevant—we need independent verification that
the analytical formulae remain accurate. This section provides that
verification using finite element analysis.

5.2 One-Dimensional FEM: Wave Speed Discovery

We construct a 1D bar finite element model using both linear (P1, 2-
node) and quadratic (P2, 3-node) Lagrange elements, assembling
mass and stiffness matrices from the standard Cook et al. formulation.
The generalized eigenvalue problem Ku = w?Mu is solved for the
first k eigenfrequencies.

The key finding. The 1D FEM eigenfrequencies do not match the
commonly quoted “speed of sound” in borosilicate glass (

Ulongitudinal = 9,640 m/s). They match the thin-bar wave speed

Vpar = /E/p:

Value FEM

Speed Formula i) match
Bulk VEQ —v)/[p(1 +v)(1 —2v)] 5,640 3.48%
longitudinal error
Thin-bar VE/p 5,315 6.7 ppm
error

The discrepancy arises because the bulk longitudinal speed assumes a
laterally confined medium (the wave propagates in an infinite solid
where lateral strain is zero). In a thin rod, the surfaces are free, and
lateral Poisson contraction reduces the effective stiffness from E(1 —
v)/[(1 +v)(1 — 2v)] to simply E. The thin-bar speed is the correct
velocity for all eigenfrequency and mode-spacing calculations in
CWM.

With 500 quadratic elements (P2), the first 10 eigenfrequencies match
the analytical formula f,, = nvp,/(2L) to 6.7 parts per million—
confirming both the FEM implementation and the wave speed
correction.



5.3 Rayleigh Perturbation Validation

To validate the perturbation encoding mechanism, we add a point
mass at a specified position on the 1D FEM mesh and re-solve the ei-
genvalue problem. The FEM gives exact (within discretization error)
perturbed eigenfrequencies. We compare these against the Rayleigh
perturbation formula:

Aw,  1Am-ui(z)

Wnp, 2 Meft

Over a range of perturbation positions and mass ratios (Am/myeq
from 10~ to 10~2), the Rayleigh formula matches the FEM ei-
genvalue shifts with a maximum error of 1.3%. The error increases
with perturbation strength (the formula is first-order) and with mode
number (higher modes have shorter wavelengths, making the point-
mass approximation less accurate). For the perturbation levels used in
CWM encoding (Am/myeq ~ 107%), the Rayleigh formula is accu-
rate to better than 0.1%.

5.4 Mesh Convergence

To confirm the FEM’s numerical reliability, we perform a mesh con-
vergence study. Doubling the mesh density from 50 to 100 P1 ele-
ments and measuring the change in eigenfrequency error, the conver-
gence rate is:

_ log(ecoarse/eﬁne)

== " =209
log(hcomse/hﬁne)

rate
This matches the theoretical O(h?) convergence rate for linear finite
elements, confirming that the FEM discretization is behaving correct-
ly and that further mesh refinement would continue to reduce error at
the expected rate.

5.5 Two-Dimensional Plane-Stress FEM and Pochhammer—
Chree Dispersion

The 1D model captures eigenfrequencies perfectly but cannot repre-
sent the lateral dynamics that become relevant at high mode numbers
and moderate aspect ratios. We extend to a 2D plane-stress FEM us-
ing constant-strain triangular (CST) elements on a rectangular mesh
representing the rod’s axial cross-section.

Mode classification. The 2D FEM produces longitudinal, flexural,
and mixed modes. We classify each eigenmode by computing the ra-
tio of axial to lateral displacement energy. Longitudinal modes (the

ones CWM uses) have >80% axial energy; flexural modes have
>80% lateral energy. At 25:1 aspect ratio with 40 modes extracted:

Mode type Count  Role in CWM

Longitudinal 14 Primary information carriers

Flexural 13 Not used (filtered by transducer geometry)

Mixed 13 Appear above n ~ 16

Pochhammer—Chree dispersion. The 2D longitudinal eigenfrequen-
cies deviate systematically from the 1D formula f, = nvy,/(2L).
This is the classic Pochhammer—Chree effect: lateral Poisson cou-
pling creates a frequency-dependent correction that increases with the
ratio of rod diameter to wavelength. We parametrize the dispersion as:

2= 1P x 14 Cié + Co8?)

where ¢ = (nd/(2L))? is the squared ratio of rod diameter to half-
wavelength. Fitting to 15 clean longitudinal modes (n = 1 through
n = 15):

Coefficient Value Physical origin

C, 0.0546 First-order Poisson coupling
Cy —0.281 Second-order lateral inertia
RMS residual 0.0042%

Max residual 0.012%

At the highest fitted mode (n = 15), the dispersion correction is
+0.29%—small but measurable. Above n ~ 16, longitudinal and
flexural modes begin to couple (the mixed modes in the table above),
and the clean longitudinal classification breaks down. For the 25:1 as-
pect ratio of our reference design, the 1D approximation is valid for
n < 50.

Critical insight: dispersion does not affect perturbation encoding.
The Rayleigh perturbation formula gives relative frequency shifts:
Af,/fn- The Pochhammer—Chree correction multiplies both the per-
turbed and unperturbed frequencies by the same factor (it depends on
geometry, not on perturbation state). The correction cancels in the ra-
tio. CWM’s information encoding is therefore robust to dispersion—
the spectral fingerprint is preserved exactly. Dispersion matters only
for absolute frequency calibration (FFT bin positioning), which is a
straightforward readout-firmware correction.

PART 1V
MEMS Design and Scaling

6. SCALING LAWS

The macro prototype demonstrates the physics. The question now is:
what happens when we shrink the rod from 150 mm to 1 mm—a fac-
tor of 150x reduction in length? Three properties matter for a memory
technology: how much data you can store (density), how fast you can

read it (latency), and how much energy it costs (write energy). We
need to understand how each scales with rod length.



6.1 SNR Scales Linearly with Length

From the derivation in Appendix A, the signal-to-noise ratio depends
on rod length as:

3002 2
T UbarA

SNR = —>na .
168%ksT

L=c-L

where ¢ = 4.71 x 10'° m™ for borosilicate at standard conditions (
p = 2,230 kg/m?, vpor = 5,315 m/s, A=1nm, B =L/d=25T =
300 K).

The physical reason is straightforward: a shorter rod has less mass, so
its effective spring constant is lower, so it stores less elastic energy at
the same displacement amplitude. Signal energy decreases linearly
with L; thermal noise energy is constant (kgT’); therefore SNR de-
creases linearly with L.

For a 1 mm rod: SNR = 4.71 x 1010 x 103 = 4.71 x 107, or 76.7
dB. This gives b= %logz(l +4.71 x 107) = 12.7 bits per mode.
Reduced from 16.4 bits at macro scale, but still a substantial informa-
tion capacity per mode.

For a 0.5 mm rod: SNR = 2.36 x 107 (73.7 dB), giving 12.2
bits/mode. The returns diminish slowly because information scales as
the logarithm of SNR.

6.2 Mode Count Is Size-Independent

This is the most counterintuitive and most important scaling result.
The formula nmax = [1/(20AT + 1/Q) | contains no L. A 1 mm rod
supports the same 9,380 modes as the 150 mm prototype.

Why? Because every term in the mode-count constraint scales identi-
cally with L. The mode spacing is Af = v/(2L)—smaller rods have
wider spacing. The thermal drift and linewidth both scale with f,, =
n - v/(2L)—also proportional to 1/L. When we require n(2aAT +
1/Q) < 1, the length has already cancelled. The maximum mode
number depends only on material properties (o, @) and the thermal
environment (AT).

Physically: a smaller rod has fewer modes per unit frequency (they
are more widely spaced), but the usable frequency range is propor-
tionally wider (because both drift and linewidth shrink relative to the
spacing). These effects cancel exactly.

6.3 Density Scales as 1/ L*

Combining the two results above, we can derive how storage density
scales with rod length. The total bits per rod is:

B(L) = Nypax %logz(l +c-L)

The volume of a single rod (with aspect ratio 8 = L/d) is:

7. MEMS Q-FACTOR ANALYSIS

So the density is:

_ B(L)  2B’nyaxlogy(1+cL)
Phits = v L3

For ¢L > 1 (which holds for all practical rod lengths above ~100
nm), log,(1 + cL) = log, ¢ + log, L. The logarithm varies slowly, so
the dominant scaling is:

log, L 1

Prits ~ T3~ T3 (effective scaling)

The key implication: making rods smaller always increases densi-
ty, even though each rod stores fewer bits (because SNR drops with
L). The volume shrinks as L* while the capacity shrinks only as
log(L)—the volume wins decisively. This is why CWM gets more
competitive, not less, as it scales to MEMS dimensions.

6.4 Crossover Points

We can now compute the rod lengths at which CWM matches the
density of existing memory technologies:

Crossover Rod length CWM density  Incumbent density
CWM = DRAM 2.1 mm 10 Gbit/cm? 10 Gbit/cm?
CWM =PCM 1.15 mm 64 Gbit/cm? 64 Gbit/cm?

CWM =NAND Flash  0.45 mm 1,000 Gbit/cm* 1,000 Gbit/cm?

All three crossovers fall within standard MEMS fabrication range
(0.1-5 mm features). These are projected values—the scaling laws
are mathematical consequences of the validated macro-scale physics,
but the MEMS densities await experimental confirmation. The 1 mm
reference design of this paper sits above the PCM crossover—at a
projected 95.1 Gbit/cm? active density. In the packed-array architec-
ture of Section 8.3, the projected effective density is 17.0 Gbit/cm?.

Figure 5 - Scaling: Same Mode Count, Exploding Density
(a) Resonator Size Comparison (to scale within each box)

150 mm x 6 mm 1 mm x 40 um

0.5mm x 20 ym

154,000 bits 120,000 bits
0.04 Mbit/cm® 95.1 Ghit/em®

9.5 DRAM (ctive vol)

(b) Storage Density vs. Resonator Length (log-log)

Figure 8. (a) Size comparison at three scales: the 150 mm macro prototype (0.04
Mbit/cm?), the 1 mm borosilicate MEMS rod (95.1 Gbit/cm?® active, 9.5x DRAM),
and a 0.5 mm fused silica array (1.4 Tbit/cm?® packed-array, 1.4x NAND Flash). All
designs share the same thermally stable mode physics. (b) Log—log density vs. rod
length showing CWM crossing DRAM at 2.1 mm, PCM at 1.15 mm, and NAND
Flash at 0.45 mm—all within standard MEMS fabrication range.

The scaling analysis of Section 6 shows that smaller rods are denser.
But density projections are worthless if the resonator cannot sustain

its eigenmodes at MEMS scale. The quality factor @) measures how
many oscillation cycles a mode completes before its energy decays to



1/e—equivalently, how narrow the resonance peak is relative to the
center frequency. A high @ means sharp, well-resolved spectral
peaks; a low @) means broad, overlapping peaks that blur together and
destroy the spectral fingerprint.

For CWM to work at MEMS scale, we need @ high enough that adja-
cent eigenmodes remain individually resolvable. As a rough thresh-
old: if the linewidth of each mode (f,,/Q) is less than the mode spac-
ing (v/2L), modes are resolvable. This gives @ > M.y, or Q >
9,380 for borosilicate. In practice, a  of 5,000 is sufficient for re-
duced-mode operation, and @ > 10,000 provides comfortable
margin.

The macro prototype achieves @ > 10,000 because the rod is large
and the mounting losses are small. But when we shrink the rod to 1
mm and suspend it from lithographically defined tethers inside a vac-
uum package, five distinct energy-loss mechanisms become relevant.
Each mechanism converts some fraction of the rod’s acoustic energy
into heat, radiation, or other non-useful forms. We model each one in-
dependently and combine them.

7.1 Material Intrinsic Loss (Qyat)

What it is. Even in a perfectly mounted, perfectly isolated resonator
floating in a perfect vacuum, acoustic energy still decays. The reason
is internal friction within the glass itself. As the rod vibrates—com-
pressing and expanding along its length thousands of times per sec-
ond—the atoms in the glass matrix do not respond instantaneously.
The amorphous network has a distribution of relaxation times: some
atomic rearrangements are fast (picoseconds), others are slow
(nanoseconds). When the vibration period falls near one of these re-
laxation times, energy is absorbed and converted to heat. This is the
acoustic analogue of hysteresis loss in a magnetic material: the mater-
ial’s response lags behind the driving force, and the lag dissipates
energy.

How large it is. For borosilicate glass, the material quality factor
Qumat ranges from 8,000 to 15,000 depending on the specific compo-
sition and thermal history of the glass. We use 10,000 as a conserva-
tive baseline [11, 12]. This means the glass itself converts 1/10,000 of
the mode energy to heat per oscillation cycle.

Why it matters. Material loss sets the ceiling on the total Q: no mat-
ter how perfectly we design the tethers, eliminate gas damping, and
polish the surface, the total @ can never exceed Q.. For borosili-
cate, this ceiling is 10,000. For fused silica, it is 100,000—ten times
higher, because fused silica’s simpler amorphous structure has fewer
internal relaxation pathways.

7.2 Anchor Loss (Q.nchor)

What it is. A MEMS resonator must be physically attached to some-
thing—it cannot float in space. In our design, the glass rod is sus-
pended by thin tethers that connect it to the surrounding substrate (the
silicon or glass frame of the MEMS die). These tethers are mechani-
cal connections, and mechanical connections transmit vibration.
When the rod vibrates, some of the acoustic energy travels down the
tethers and into the substrate, where it propagates away and is eventu-
ally absorbed. This lost energy is “anchor loss.”

An everyday analogy: hold a tuning fork in the air, and it rings for
minutes. Press its base firmly against a wooden table, and it goes
silent in seconds. The table is an acoustic drain—vibration energy
flows from the fork through the contact point and into the table,
where the much larger mass absorbs it. The MEMS tethers are the
contact point; the substrate is the table.

How we minimize it. The anchor loss model [13, 17] gives:

Qunehs T Zrod <L>2 <1+Ltether> n
anchor = = ' 55— ° : —

Weff Weff MNanchors

* Thrench

Each factor in this formula represents a design lever:

o Impedance ratio Z.,q/Zs,,: The acoustic impedance Z = pv
measures how “heavy” a medium is acoustically. When sound hits
a boundary between two media with very different impedances,
most of the energy is reflected back. A glass rod (Z ~ 1.26 x 107
kg/m?s) attached to a glass substrate of the same material has an
impedance ratio of 1:1, which would be bad—energy flows
freely. But the tethers are much thinner than the rod, so the effec-
tive impedance seen at the rod-tether junction is much lower, cre-
ating a partial reflection.

o Aspect ratio squared (L /wes)”: The tethers have effective cross-
section weg = v/w -t where w =2 um and t =2 um, giving
wer = 2 um. The rod length is 1 mm. The ratio (1,000/2)? =
250,000 is a large number, meaning very little energy leaks
through the narrow tethers. Think of it this way: the rod is like a
wide river, and the tethers are like two drinking straws connecting
it to the ocean. Very little water flows through straws.

o Tether length factor (1 -+ Licper/wesr): Longer tethers provide
more acoustic isolation, because the wave must travel farther (and
attenuate more) before reaching the substrate. With Lygper = 20
um and wefs = 2 um, this factor is 11.

e Mode number n/n.pos: Higher modes have shorter wave-
lengths, meaning more of the wave’s displacement pattern cancels
at the attachment points. Higher modes leak /ess, not more.

e Isolation trench 7cnen = 3: An etched gap surrounding the teth-
er base acts as an acoustic mirror, reflecting energy back into the
rod. This is standard practice in high-QQ MEMS resonators.

For the reference design (1 mm x 40 um rod, 2 um X 2 um x 20 pm
tethers, 2 anchor points, with isolation trenches): Q.uchor = 208,462.

Why it matters. Anchor loss is the mechanism most sensitive to
MEMS geometry—it depends on tether dimensions, attachment posi-
tions, and trench design. Many MEMS resonator designs are dominat-
ed by anchor loss, which has led to a widespread assumption that
miniaturization kills Q. Our analysis shows the opposite: with proper-
ly designed tethers, anchor loss contributes only 4.4% of the total
loss budget. The bottleneck is the glass itself, not the suspension.

7.3 Thermoelastic Damping (QTrp)

What it is. When a rod vibrates longitudinally, it alternately com-
presses and expands along its length. Compression raises the local
temperature (adiabatic heating); expansion lowers it. These tempera-
ture variations set up thermal gradients across the rod’s cross-section.



Heat flows from hot regions to cold regions, and this heat flow is irre-
versible—it converts mechanical energy to thermal energy. This
mechanism is called thermoelastic damping (TED), first analyzed by
Zener in 1937 [19] and later refined by Lifshitz and Roukes for
MEMS structures.

The Debye relaxation picture. TED is strongest when the vibration
period matches the thermal relaxation time of the rod—the time it
takes heat to diffuse across the cross-section. The thermal relaxation
time is 7p = d?/(w2k), where d is the rod diameter and & is the ther-
mal diffusivity of the glass. When w7p ~ 1 (vibration period ~ relax-
ation time), the temperature gradients have just enough time to par-
tially equilibrate during each cycle, extracting maximum energy.
When wrp < 1 (slow vibration), the process is nearly isothermal and
reversible—little energy is lost. When w7p > 1 (fast vibration), the
process is nearly adiabatic—temperature gradients don’t have time to
equilibrate, and again little energy is lost. Maximum damping occurs
at the crossover.

For our design. Glass has low thermal conductivity (k ~ 4.6 x 10~7
m?/s for borosilicate), so the thermal relaxation time for a 40 um rod
is 7p=(40 x 107%)2/(7? x 4.6 x 1077) ~ 3.5 x 10~* s, corre-
sponding to a crossover frequency of ~450 Hz. Our modes operate at
MHz frequencies, where w7p > 1—deep in the adiabatic regime.
The Zener/Lifshitz-Roukes formula (Appendix B) gives Qrgp =
39,500,000.

Why it matters. TED is negligible. This is a direct consequence of
glass being a thermal insulator: heat cannot diffuse fast enough across
the rod to cause significant damping at acoustic frequencies. For sili-
con resonators (which have ~300% higher thermal diffusivity), TED is
often the dominant loss mechanism—one of several reasons glass is a
better substrate for CWM than silicon. The same glass-over-silicon
advantage has been independently confirmed in quantum photonics,
where borosilicate coherent receivers achieved >73 dB common-
mode rejection and 8-hour stability that silicon platforms could not
match [25].

7.4 Gas Damping (Qg.s)

What it is. A vibrating rod in a gas environment loses energy to the
surrounding gas molecules. Each time a gas molecule strikes the rod’s
surface, it exchanges momentum and carries away a tiny amount of
the rod’s kinetic energy. At atmospheric pressure, the number of mol-
ecular collisions per second is enormous (roughly 10?% per cm? per
second for air at 1 atm), and the cumulative energy loss can dominate
all other mechanisms.

At the molecular level, gas damping in MEMS devices operates in
one of two regimes. At high pressure (mean free path much smaller
than the rod-to-wall gap), the gas behaves as a viscous fluid, and
damping follows the Navier-Stokes equations (“squeeze-film damp-
ing”). At low pressure (mean free path much larger than the gap), in-
dividual molecules bounce independently between the rod and the
cavity walls (“molecular-flow damping” or “free-molecular
damping”). MEMS vacuum packages operate in the low-pressure

regime.

For our design. At the standard MEMS packaging pressure of 0.1 Pa
(about one-millionth of atmospheric pressure), the mean free path of
residual gas molecules is ~70 mm—orders of magnitude larger than
the rod-to-wall gap. We are firmly in the free-molecular regime. The
damping force is proportional to pressure: lower pressure means less
damping.

At 0.1 Pa: Qg = 1.74 x 108. Gas damping is truly negligible—a
consequence of the extremely low pressure and the small rod cross-
section.

Why it matters. Gas damping is the one loss mechanism we can al-
most completely eliminate by engineering: evacuate the package.
MEMS vacuum packaging at 0.01-0.1 Pa is a mature technology
used in billions of MEMS gyroscopes, accelerometers, and oscilla-
tors. This is not a research challenge; it is a purchasing decision.

7.5 Surface Loss (Qgurtace)

What it is. The surface of any real material is different from its bulk
interior. For glass, the top few nanometers of surface are a damaged,
hydrated, and/or reconstructed layer with different mechanical prop-
erties—higher internal friction, lower elastic modulus—compared to
the pristine bulk glass beneath. This surface layer participates in the
rod’s vibration and contributes its own (higher) dissipation to the
overall Q.

The effect is analogous to painting a high-quality bell with a thick
layer of rubber: the rubber is lossy, and even a thin coat degrades the
ring. The thinner the coat relative to the bell’s wall thickness, the less
it matters.

The model. For a cylindrical rod with diameter d and a surface defect
layer of thickness § having its own quality factor Qg :

L4 1
qurface d Qd

The factor 45/d is the volume fraction of the defect layer (surface
area x ¢, divided by total volume). With § = 5 nm (typical for pol-
ished glass), @4 = 1,000 (conservatively low for amorphous surface
damage), and d =40 pm: Qguface = 40,000/(4 x 5 x 1073) =
196,000 (see Appendix B for the full derivation).

Why it matters. Surface loss matters more for smaller rods, because
the surface-to-volume ratio increases as 1/d. For our 40 pm rod, sur-
face loss contributes 4.7% of the total budget—small but not negligi-
ble. For a 10 um rod, it would contribute ~19%, becoming a signifi-
cant factor. This sets a practical lower bound on rod diameter: below
roughly 20 pm, surface loss begins to dominate unless the surface
quality is improved (e.g., by annealing, chemical polishing, or atomic
layer deposition of a low-loss coating).

7.6 Combined Q-Factor Budget

The five mechanisms are independent (they drain energy through dif-
ferent physical channels), so their loss rates add:

LUNN SRS SRS SURNE S
Qtotal Qmat Qanchor QTED ans qurface

For the reference 1 mm borosilicate design:




Mechanism Q Loss fraction
Material 10,000 91.0%
Surface loss 196,078 4.6%
Anchor loss 208,462 4.4%

Gas damping 174,000,000 ~0%

TED 39,500,000 ~0%

Qtotal 9,097 100%

The result is striking: material intrinsic loss accounts for 91.0% of
all energy dissipation. The MEMS geometry—the tethers, the vacu-
um package, the surface—contributes less than 9% combined. In oth-
er words, the MEMS resonator preserves 91% of the bulk material’s
quality factor. Miniaturization does not destroy performance; it barely
dents it.

Anchor loss—the mechanism that dominates many MEMS res-
onator designs—is only 4.4% of our budget. This is because we use
thin, long tethers with isolation trenches, and because a longitudinal-
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mode rod is intrinsically well-isolated (the vibration is along the rod
axis, while the tethers attach from the side, creating a geometric mis-
match that reflects most energy back into the rod).

The Qtotal = 9,097 is comfortably above the @ > 5,000 threshold for
reduced-mode CWM operation, and within 9% of the material ceil-
ing. Improving Q. (by using fused silica, Q,c = 100,000) would
improve Qa1 nearly proportionally—see Section 11.3.

Figure 4 - Q-Factor Loss Budget — Why MEMS Geometry Preserves the Physics

(a) 1 mm Borosilicate — Loss Budget

Material Intrinsic: 91.1% TED + GRomyS um [:j 90978

(b) Design Scenarios — All Pass Q > 5,000
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Component Q values:
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Q_total = 9,007 Theb

Figure 9. Q-factor loss budget for the reference 1 mm borosilicate design. Material
intrinsic loss dominates; anchor loss is only 4.4%.

8.1 Reference Design

The following table defines the baseline MEMS CWM device. Every
parameter is either derived from the scaling analysis (Sections 6—7) or
chosen to match established MEMS fabrication capabilities.

Parameter Value Rationale

Material Borosilicate (Schott

Borofloat 33)

Commercially available MEMS
wafers

Rod length 1 mm Above DRAM crossover, within

MEMS fab range

Rod diameter 40 pm Aspect ratio 25:1 (demonstrated

in glass DRIE)

Within current Bosch/Schott
capability

Aspect ratio  25:1

Tether width 2 um Standard lithographic feature size

Tether 2 um Matched to width for symmetric

thickness cross-section

Tether length 20 um 10x% tether width for acoustic
isolation

Transducer AIN thin-film piezo In volume production for FBAR

(500 nm) filters

Vacuum level 0.1 Pa Standard MEMS packaging

(gyroscopes, oscillators)

Operating 25+1°C Room temperature, modest
temp stability requirement

8.2 Per-Rod Performance
Parameter Value
Modes 9,380
SNR (fundamental) 76.7 dB (1 mm)

Bits per mode 12.7 (1 mm) — 16.4 (macro)

Bits per rod ~119,500 (1 mm at 12.7 b/mode)
Hopfield patterns 1,294

Read time 3.8 us

Write energy 15 fJ/bit (physics-layer)

The read time of 3.8 ps is set by the acoustic traversal time: sound at
5,315 m/s traverses a 1 mm rod in ~0.19 ps, and resolving the full
spectrum requires approximately 20 traversals (20 x 0.19 = 3.8 pus).
This is comparable to Flash read latency (~25 ps) and far faster than
the seconds-scale access time of archival storage.

8.3 Array Architecture

At 80 pm pitch (2% rod diameter) and 1.1 mm layer spacing (rod
length + 100 um clearance):

Parameter Value
Rods per cm? 15,625
Layers per cm 9.1

Rods per cm? ~142,000

Total capacity ~119,500 bits/rod x 142,000 = 17.0 Gbit

Active density 95.1 Gbit/ecm? (single-rod volume)

Packed-array density  17.0 Gbit/cm?® (at 80 pm pitch, 1.1 mm layers)




8.4 Energy Budget

Operation Energy Notes

Write (1 mode) 195 1] kT x SNR at 76.7 dB (1 mm rod)

Write (per bit) 15317 195 £J/12.7 b per mode

Write (per rod) 15 £l/bit Including overhead

avg

Read: FFT 16 pJ 512-pt radix-2, 28 nm CMOS (derived

computation in § 8.5)

Read: ADC (18 376 pJ 376 samples x 1 pJ/conv, 100 MS/s

modes) (conservative)

Read: per bit 1.7 pJ/bit ~ Over 18 modes x 12.7 b; below DRAM
(~3 pl/bit)

Associative recall ~1 pJ/rod  Peak detect only; no FFT or multi-
sample ADC

Search (array) ~0.1 nJ Parallel excitation of all rods

The read energy is derived from a first-principles CMOS model (sim-
ulation module cmos_interface.py ; derivation in § 8.5). The FFT
computation contributes ~4% of total read energy; the cost is domi-
nated by ADC conversion. The 1 pJ/conversion figure is conservative
—modern 28 nm SAR ADCs achieve 50-100 fJ/conversion, which
would reduce the total to ~54 pJ (0.24 pJ/bit).

8.5 Readout Energy Derivation

The read energy in the table above is derived from a first-principles
model of the on-chip CMOS readout chain. Two distinct readout
paths exist, with different energy profiles.

Simple read (broadband FFT). A broadband impulse excites the
rod; the piezoelectric transducer signal is digitised by an on-chip SAR
ADC and processed by a radix-2 FFT engine. The energy decomposes
as:

Eread = EADC + EFFT + Eamp

For a 1 mm borosilicate rod (f; = 2.66 MHz, Q@ = 9,097) with a 100
MS/s, 10-bit SAR ADC (1 pl/conversion, a conservative upper
bound; published 28 nm SAR ADCs achieve 50-100 fJ [16]):
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o Modes captured: | f;/2f;| = 18 modes (Nyquist-limited)
e Readout window: 10/ f; = 3.76 ps (10 mode-spacing periods
for frequency resolution)

o ADC samples: f; x T' = 376; FFT size: 512 (next power of 2)

e ADC energy: 376 x 1 pJ = 376 pJ (conservative); 376 X
100 £J = 37.6 pJ (modern)

o FFT energy: (N/2)log, N x 12 Cyate V) = 2,304 x 6.8 f] =
16 pJ

o Per-bit read energy: 1.7 pJ/bit (conservative) to 0.24 pJ/bit
(modern ADC)—below DRAM’s ~3 pJ/bit in both cases

The FFT energy model uses 12 transistor switchings per radix-2 but-
terfly (four real multiplies, six real adds, two routing operations) at
Coate = 0.7 fF, Vgg = 0.9 V (28 nm CMOS), giving Epygtery = 6.8
fJ. Published 28 nm FFT ASICs report 3—15 fl/butterfly, placing the
model squarely within the literature range. The model is conservative
at older nodes (~5-10% above published designs at 180 nm and 65
nm), making the 16 pJ total a secure upper bound.

Mode count vs. ADC bandwidth. The number of modes captured in
a single broadband readout scales with ADC sample rate: 18 modes at
100 MS/s, ~188 modes at 1 GS/s. Reading more modes increases
ADC sample count and therefore ADC energy linearly. The FFT com-
putation remains negligible at all practical sizes: even a 32,768-point
FFT at 28 nm costs only 1.7 nJ—small relative to the ADC cost at
that point count. A sensitivity analysis across four CMOS nodes (180
nm to 7 nm) and FFT cost multipliers up to 100x confirms that the to-
tal read energy is insensitive to FFT cost and dominated by the ADC
(simulation module cmos_interface.py, function readout_sen-
sitivity_analysis).

Associative recall. For pattern matching (Section 2.3), no FFT is re-
quired. All rods are driven simultaneously with the query spectrum;
the rod with the largest response amplitude is identified by a peak de-
tector (one ADC sample per rod plus a comparator). The per-rod ener-
gy for associative recall is ~1 pJ (one ADC conversion), independent
of the number of modes stored. This is the operational mode in which
the “no processor” claim applies: the physics of wave interference
performs the computation, and the CMOS electronics need only iden-
tify the winning rod.

Every step in the CWM fabrication process is borrowed from an ex-
isting MEMS production line. We emphasize this because it is the dif-
ference between “interesting physics demonstration” and “buildable
device.” No new materials, no new equipment, no new process
chemistry.

9.1 Process Flow

Step 1 — Glass wafer preparation. Start with 200 mm Schott
Borofloat 33 wafers (500 pum thick). These wafers are commercially
available from Schott, Plan Optik, and others, and are already used in
MEMS microfluidics, wafer-level packaging, and optical devices.

The wafers are polished to optical flatness—important for subsequent
lithography.

Step 2 — Deep reactive ion etch (DRIE). Pattern and etch the rod
arrays into the glass wafer using SFe/C4Fg chemistry (the Bosch
process adapted for glass). The rods lie in-plane with the wafer sur-
face: the 1 mm rod length is defined lithographically along the wafer
plane, and each rod’s ~40 um X 40 um cross-section is set by the
mask width (40 um) and etch depth (~40 um into the 500 pm wafer).
Isolation trenches between adjacent rods extend to the same depth; a
brief isotropic release etch then undercuts each rod from the substrate,
leaving it suspended by 2 um x 2 um tethers at vibrational node
points. The remaining wafer thickness (~460 um) serves as a structur-



al frame. Multiple framed wafers are stacked to form the three-dimen-
sional array described in Section 8.3. The narrowest features—2 um
tether clearance gaps at ~40 pm depth—require a DRIE aspect ratio
of ~20:1, within the 25:1 demonstrated by Schott, Corning, and multi-
ple MEMS foundries for glass microfluidic channels and through-
glass vias. Our risk assessment (Section 9.3) addresses this.

Step 3 — Mass perturbation patterning. Deposit and pattern thin-
film metal dots (Au, ~50 nm thick) at lithographically defined posi-
tions on each rod. This is a standard lift-off process: spin photoresist,
expose through a mask, develop, deposit gold by evaporation, strip
the resist. Each dot’s position and mass determine the rod’s spectral
fingerprint—this step is the “write” operation, performed once at fab-
rication. Different masks encode different data.

Step 4 — AIN piezoelectric transducer. Sputter 500 nm of alumini-
um nitride (AIN) on each rod’s end face, patterned with top and bot-
tom electrodes. AIN thin-film piezoelectric transduction is in volume
production for smartphone bulk acoustic wave (BAW/FBAR) filters
—more than 10 billion units shipped as of 2024 [14, 15]. The process
is mature, the supply chain is established, and the performance speci-
fications are well-characterized.

Step 5 — Vacuum packaging. Seal the rod arrays in a wafer-level
vacuum package at 0.1 Pa using glass frit bonding or Au-Sn eutectic
bonding. This is the same packaging technology used in MEMS oscil-
lators (SiTime—shipped >2 billion units), MEMS gyroscopes (Bosch,
STMicro), and MEMS accelerometers. Getter materials (typically Ti
or Zr thin films) inside the package absorb residual outgassing to
maintain vacuum over the device lifetime.

Step 6 — CMOS integration. Flip-chip bond the vacuum-sealed
glass array onto a CMOS readout die. The CMOS die contains per-
rod amplifiers, an FFT engine (512-point radix-2, ~16 pJ per trans-
form at 28 nm; § 8.5), a pattern-matching correlator, and a digital in-
terface (SPI or I?C). This is the same integration approach used in
Bosch and STMicro MEMS accelerometers and Avago/Broadcom
FBAR filters: the MEMS structure is fabricated on one wafer, the
CMOS on another, and the two are bonded face-to-face.

Figure 6 - Fabrication Process Flow
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Figure 10. Six-step fabrication process using established MEMS production tech-
niques. The innovation is the architectural combination, not the fabrication.

9.2 Bill of Materials (MEMS, at volume)

Component Estimated cost
Glass wafer (200 mm) $50

DRIE processing $200/wafer
AIN deposition $100/wafer
Vacuum packaging $150/wafer
CMOS readout die $5/die
Assembly + test $3/die

Per die (10,000 dies/wafer) ~$0.06

At scale, a single CWM die costs less than a capacitor.

9.3 Risk Assessment
Risk Impact  Mitigation Residual
DRIE aspect ratio < High Reduce to 15:1 (still viable) Medium
25:1

AIN piezo coupling too  High Switch to PZT; thicker film  Low

weak

Vacuum degradation Medium Getter materials (standard) Low

over time
Mode coupling at high  Medium Use only lower modes; Low
n accept reduced 1,y

Thermal management ~ Low
in arrays

On-chip TEC; duty cycling Low

Cross-talk between Medium Isolation trenches; pitch>  Low
adjacent rodst 3d

T Cross-talk is bounded by the acoustic impedance mismatch between
rod and vacuum gap. At 0.1 Pa, the impedance ratio exceeds 107:1.

Figure 2 - MEMS Ci Secti
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Figure 11. MEMS resonator cross-section showing AIN piezo transducers, anchor
tethers, vacuum cavity, and lithographic perturbation masses.
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Advanced Techniques

10. TECHNOLOGY COMPARISON

10.1 Density, Speed, Energy

Technology :)(_;I;lstl/tzm ) g::ed ::::*tgey Endurance Associative?
SRAM 0.5 <lns ~I1 Unlimited No
fJ/bit
DRAM 10 ~10 ~3 Unlimited No
ns pJ/bit
NAND Flash 1,000 ~25 ~10 10-10° No
us pJ/bit
PCM 64 ~100  ~10 10%-10°  No
ns pJ/bit
ReRAM 100 ~10  ~1 10°-10'2  Partialt
ns pJ/bit
CWM (1 95.1/ 3.8 15 >10"° Native
mm)ft active  17.0% psi fJ/bit}
/ packed
CWM (0.5 1,394} 3.8 ~8 >10'° Native
mm SiO,) psi fJ/bit]
packed

T ReRAM crossbar arrays can perform matrix-vector multiply, but re-
quire explicit weight programming and are limited to linear
operations.

T1 Active density uses single-rod volume; packed-array density uses
the 80 pm pitch, 1.1 mm layer architecture of Section 8.3. Incumbent
technology densities in the table above include full packaging over-
head; CWM’s packed-array figure is the fairer comparator but still
excludes interconnects and readout circuitry. See density definitions
in Section 1.3.

1 Projected from validated macro-scale physics and scaling models;
MEMS device not yet fabricated. CWM write energies are physics-
layer (kBT x SNR). System-level read energy, including CMOS
ADC, is 1.7 pJ/bit (conservative) — comparable to DRAM (§ 8.5).
Incumbent write energies in the table include system-level
electronics.

10.2 CWM'’s Architectural Distinction

Every technology in the table above stores data as an electrical state
and computes by moving that data to a separate processor. CWM
does neither. It stores data as geometry (the perturbation pattern) and
computes by physics (wave interference). This distinction has con-
crete engineering consequences:

e Non-volatility without charge retention. Flash and PCM lose
data when charge leaks or crystals relax. CWM’s perturbation
pattern is a physical structure; it persists as long as the glass
exists.

e Endurance without wear. Flash endurance is limited by oxide
breakdown from repeated tunnelling. DRAM endurance is limited

by capacitor dielectric fatigue. CWM’s acoustic oscillation is
elastic and reversible—the glass experiences stress levels billions
of times below its fracture threshold.

o Computation without data movement. ReRAM computes in the
crossbar, but you still have to program the weights. CWM’s
weights are the physics—they were set at fabrication and never
need updating for the associative recall to work.

10.3 The Computation Advantage

The comparison table understates CWM’s advantage for search work-
loads. Traditional architectures must read data, transfer it to a proces-
sor, and execute a comparison algorithm. For a 100,000-pattern near-
est-neighbor search:

e CPU: ~10 ms (sequential scan)
e GPU: ~0.1 ms (parallel dot products)

o CWM: ~3.8 ps (single acoustic propagation cycle, all patterns in
parallel)

CWM is 26x faster than a GPU and 2,600x faster than a CPU for this
workload, at a fraction of the power.

10.4 What CWM Is Not

CWM is not a general-purpose replacement for SRAM, DRAM, or
Flash. It is optimized for:

e Content-addressable memory (associative lookup)
e Pattern matching and classification

e Nearest-neighbor search

o Hopfield-type associative recall

e Applications where search latency and energy dominate the
system budget

It is not suitable for random byte-addressable read/write (use DRAM)
or high-speed cache (use SRAM). In its baseline configuration, per-
turbation patterns are fixed at fabrication (mask ROM). A companion
paper [26] presents three paths to reconfigurability—firmware-de-
fined virtual rewriting, binary perturbation sites, and writable shell
coatings—that progressively transform CWM from a glass harmonica
(fixed pitch) to a glass armonica (reconfigurable).

10.5 Potential Application Scenarios

The following scenarios illustrate workloads where CWM’s combina-
tion of parallel associative recall, non-volatility, and low energy could
be advantageous. All performance figures are projected from the
models of Sections 6—8 and assume successful MEMS validation.

1. Associative search at the edge. A 1 cm* CWM module would
perform ~280,000 projected associative lookups per second at <5
W—enabling real-time pattern matching in drones, satellites, and
IoT devices where GPU co-processors are too heavy, hot, or
expensive.



2. Radiation-hard memory for space. Glass resonators have no
charge states susceptible to single-event upsets. If the MEMS Q
budget holds, a 1 cm?® module could project to store 17 Gbit of ra-
diation-tolerant memory without shielding.

3. Biometric authentication and hardware security tokens.
Voiceprint, fingerprint, and facial-feature matching are nearest-
neighbor problems. A CWM chip could perform 1,294-template
matching in 3.8 us at ~100 pW—enabling always-on biometric
security with negligible battery impact. More broadly, each CWM
resonator is a physically unclonable function (PUF): its spectral
fingerprint is determined by the exact mass distribution of its per-
turbation sites, which cannot be duplicated without sub-micron
fabrication precision. A CWM-based security token stores creden-
tials as physics, not as bits—there is nothing to extract with a log-
ic analyser and nothing to clone without reproducing the litho-
graphic geometry.
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4. Network intrusion detection. Deep packet inspection at 100
Gbps requires matching packet signatures against thousands of
threat patterns. CWM’s parallel associative recall could handle
this natively at lower cost per lookup than TCAM solutions.

5. Analog error tolerance. Unlike digital TCAM, which requires
exact bitwise key matches (or explicit don’t-care mask bits),
CWM’s analog correlation provides inherent graceful degrada-
tion. A query corrupted by +5% frequency noise or truncated to a
partial mode subset still returns the correct associative match,
with reduced but positive discrimination margin. This tolerance is
a structural property of the matched-filter readout—not an error-
correction overlay—and is especially valuable in harsh RF, ther-
mal, or radiation environments where bit-exact digital lookups
fail.

See the companion volume [20] for additional application analysis.

11.1 Fused Silica

Everything presented so far uses borosilicate glass—a conservative,
inexpensive, widely available substrate. But borosilicate is not the
best acoustic material; it is the most convenient one. Replacing it with
fused silica (pure SiO;) improves two critical parameters

simultaneously:
Property Borosilicate Fused silica Improvement
Qmat 10,000 100,000 10%
a (107%/K) 3.3 0.55 6%

The Q improvement means sharper resonance peaks and better mode
resolution. The thermal expansion improvement further relaxes the
thermal constraint. Using the full formula:

1
fomax = {2aAT n 1/QJ

At 1 K: nimax = [1/(2 x 0.55 x 1078 x 1 4+ 1/100,000)| = 90,090
—nearly 10x more modes than borosilicate’s 9,380, driven primarily
by the 10% higher Q. In practice we would operate at 0.1 K (achiev-
able with a small thermoelectric cooler on the MEMS die), giving
Nmax = 98,911 modes—over 10x more than borosilicate, at a temper-
ature stability that is routinely achieved in precision MEMS
oscillators.

11.2 Fused Silica Array Performance
For 0.5 mm x 20 um fused silica rods at +0.1 K:

Parameter Value
Modes per rod 98,911
Bits per mode 12.4

Bits per rod 1,221,731 (~150 kB)

Single-rod density 7,810 Gbit/cm?

In a packed array (40 um pitch, 0.55 mm layer spacing):

Parameter Value

Total rods per cm? ~1.1 million

Array capacity ~1.4 Thit (175 GB)

Array density 1.4 Thit/cm?

This exceeds 3D NAND Flash (1,000 Gbit/cm?) while providing na-
tive associative computation—something no existing memory tech-
nology offers at any density.

With null-space multiplexing (see companion paper [26, §2.4]) ap-
plied to the fused silica design, the effective density could reach 2+
Thit/cm?, placing CWM in a density class currently occupied only by
the most advanced 3D NAND.

11.3 Q-Factor Model for Fused Silica

The Q-factor analysis of Section 7 extends directly to fused silica.
The physics is the same; only the material parameters change. For 1
mm % 40 um fused silica with 2 um tethers, isolation trenches, 0.1
Pa:

Mechanism Q Loss fraction
Material 100,000 66.2%
Surface loss 196,000 33.7%
Anchor loss 66,800,000 0.1%

TED 880,000,000 ~0%

Gas damping 1,928,000,000 ~0%

Qtotal 66,152 100%

Two things change dramatically. First, anchor loss drops from 4.4%
to 0.1%—essentially zero. This is because fused silica’s much higher
material () means the material loss dominates even more completely.
Second, surface loss rises from 4.7% to 33.7% of the budget. This is



not because surface loss gets worse in absolute terms (it doesn’t—
Qsurface 1s the same 196,000), but because the material loss ceiling is
10x higher, so the relative contribution of surface loss increases.

The implication: for fused silica designs, surface quality becomes the
primary engineering target after material selection. Techniques such
as thermal annealing (which heals the damaged amorphous surface
layer), hydrofluoric acid etching (which removes it), or atomic layer

12. DISCUSSION

deposition of a low-loss oxide coating could push Qguface above 106,
bringing Qtotal to ~90,000 or higher. (Note: the surface loss model
uses 6 = 5 nm and Q4 = 1,000, measured on borosilicate. Fused sili-
ca’s native surface oxide may be thinner and less lossy, potentially
improving Qsuface €ven without post-processing; however, we use the
same conservative values for both substrates pending direct
measurement.)

12.1 What Is Validated vs. Projected

We are explicit about the boundary between demonstrated physics
and engineering projection:

Validated (macro prototype + established physics + FEM):

e Multi-mode acoustic resonance in glass (f,, = nvpa/2L)

e Quality factors @ > 5,000 in borosilicate

e Rayleigh perturbation frequency shifts

e Spectral pattern discrimination (8-rod array, 15-25 dB margin)

e SNR consistent with thermal noise limit

o Thin-bar wave speed (vpa: = /E/p) confirmed by 1D FEM to 7
ppm

e Pochhammer—Chree dispersion < 0.3% at n = 15 (2D FEM,
quadratic fit)

e Rayleigh perturbation formula validated by FEM eigenvalue
comparison (max error 1.3%)

e Mesh convergence rate 2.09 (theoretical 2.0 for P1 elements)

Additional validated results—synaptic pruning, Boolean computation,
mode hybridization, null-space encoding, polysemic readout,
firmware virtual rewriting, and binary perturbation sites—are report-
ed in the companion paper [26].

Derived (mathematical consequence of validated physics):

e Scaling laws (ny,y size-independence, density o< 1/L?)
e Q-factor budget decomposition (5 well-modeled loss
mechanisms)

o Null-space dimension prediction from coupling matrix rank
Projected (requires MEMS validation):

e Achievable @ in MEMS geometry (our model predicts 9,097,
measurement needed)

e Number of practically resolvable modes (mode coupling at high n
may limit)

e Thin-film piezo transduction efficiency at MHz frequencies

e Cross-talk in dense arrays

e Refresh stability over extended operation
Additional projected items—including hybridization gain, null-space
readout, binary-site cross-talk, MEMS switch fatigue, and shell adhe-
sion—are detailed in [26].

12.2 Related Work and Technology Context

CWM’s closest relatives in the literature are more instructive for their
differences than their similarities:

e Mercury delay line memory [4, 5]: The earliest electronic com-
puters—UNIVAC 1 (1951), EDSAC (1949)—stored data as
acoustic pulses in tubes of liquid mercury. It was acoustic memo-
ry, but femporal encoding: bits arrived one at a time, in sequence.
CWM’s spectral encoding is the frequency-domain generalisation
—all bits are present simultaneously as different modes, enabling
parallel readout and parallel computation. A 1 mm CWM rod
stores ~120,000 bits where a comparable mercury delay line
stored ~1,000.

e Quartz crystal microbalance (QCM) [8]: The QCM measures
mass deposited on a quartz crystal by tracking the frequency shift
of a single resonant mode. The Sauerbrey equation is a special
case of the Rayleigh perturbation formula for a uniform thin film.
CWM extends the QCM concept from a single mode to thou-
sands, and from measurement to information encoding.

e Photonic neural networks (Shen et al. 2017): Optical interfer-
ence performs matrix-vector multiplication by encoding data as
light amplitudes and computing via Mach-Zehnder interferome-
ters. CWM applies the same principle acoustically, trading optical
bandwidth for mechanical simplicity and CMOS integration.

e In-memory computing [3]: ReRAM/PCM crossbar arrays co-lo-
cate storage and computation, but require explicit weight pro-
gramming—you must write resistance values into each cell to de-
fine the computation. CWM’s recall is implicit: the computation
is defined by the rod’s geometry, set once at fabrication. A com-
panion paper [26] further extends this with Boolean computation,
hybridization-aware readout, null-space projection, and polysemic
readout—all emerging from the physics without hardware
modification.

o Synaptic pruning in neural circuits [18]: The brain eliminates
weak synapses during development, improving signal-to-noise ra-
tio in neural circuits. The companion paper [26, §2.1] shows the
same principle—thresholding weak weights improves recall—ap-
plies directly to CWM’s acoustic Hopfield network.

e Non-destructive parallel readout: CWM’s eigenmode orthogo-
nality means driving at frequency f,, couples exclusively to mode
n because fOL sin(nmz/L) sin(mrz/L)dz =0 for n # m. All
modes are read simultaneously via FFT without disturbing any—a
classical analogue of quantum non-demolition measurement,



achieved at room temperature via the mathematical orthogonality
of standing-wave modes.

o Emerging wave-based alternatives. Several other research pro-
grams explore wave physics for computation or storage.
Optomechanical systems couple optical cavities to mechanical
resonators for quantum transduction and sensing [21], but target
single-mode or few-mode operation rather than the thousands of
parallel channels CWM exploits. Spin-wave (magnonic) logic
[22] uses ferromagnetic media for wave-based Boolean computa-
tion at GHz frequencies; however, spin-wave propagation losses
limit coherence lengths to tens of micrometres, constraining de-
vice scale. Phononic computing proposals [23] engineer acoustic
bandgaps in periodic metamaterials for signal routing and filter-
ing, but do not address multi-mode spectral encoding or associa-
tive recall. Piezoelectric acoustic resonator arrays [24] achieve Q
> 10,000 in aluminium nitride thin films at GHz frequencies, vali-
dating that high-Q MEMS acoustics is practical—though these
devices store timing references, not data. CWM is distinct from
all of these in its use of the full eigenmode spectrum of a single
resonator as a parallel information channel, combined with pertur-
bation encoding and interference-based associative recall.

Sixteen extended cross-domain investigations further contextualise
CWM within established physical frameworks, testing 68 hypotheses
across wave physics, information theory, and spectral analysis. Full
treatment is in the companion paper [26] and companion volume [20].

12.3 Limitations and Open Questions

We are transparent about the boundaries of this work.

No MEMS device exists yet. Every MEMS-scale number in this pa-
per—density, energy, Q-factor, latency—is projected from validated

macro-scale physics via analytical scaling laws (§6) and a five-mech-
anism loss model (§7). A single fabricated 1 mm resonator with thin-

film piezo readout would convert nearly all projected claims into
measured ones. Until that device is built, the claims are physics-based
engineering projections, not experimental results.

Energy comparison requires care. The headline write energy (15
fJ/bit) is the physics-layer cost (kT x SNR)—the minimum energy
to excite a mode above the thermal noise floor. System-level read en-
ergy, including CMOS ADC and FFT, is 1.7 pJ/bit at conservative as-
sumptions (§8.5). This is comparable to DRAM’s ~3 pl/bit total ac-
cess energy. Incumbent write energies in the technology comparison
table (§10.1) include system-level electronics; CWM'’s physics-only
write figure is not directly comparable without this context.

Mode coupling at high mode numbers. The 9,380-mode count as-
sumes each mode is independently resolvable. In practice, fabrication
imperfections, non-ideal boundary conditions, and finite transducer
bandwidth may cause mode coupling or spectral overlap at high mode
numbers, reducing the usable mode count. The Pochhammer—Chree
dispersion analysis (§5.5) shows < 0.3% frequency deviation at mode
15; behaviour at mode 9,380 is extrapolated, not validated.

Advanced extensions are modeled only. Six encoding extensions
and three rewritability paths are developed in the companion paper
[26]. These are simulated at small scale (typically 10-50 modes).
Whether the capacity gains survive scaling to thousands of modes in a
physical device with real noise, fabrication tolerances, and mode cou-
pling is an open question.

Falsification framework. The simulation apparatus has tested 99 hy-
potheses to date: 67 confirmed, 32 falsified—all preserved with full
documentation of their failure mechanisms. The killed hypotheses—
including a ferrofluid substrate (§3.1), several overly optimistic sensi-
tivity assumptions, and scaling limits at extreme parameters—are as
scientifically valuable as the confirmations: they map the boundaries
of the physics.

PART VI
Outlook

13. ROADMAP

Phase 1: MEMS Proof-of-Concept (6—12 months)

e Fabricate single borosilicate glass resonators at 1-5 mm
e Measure Q with thin-film piezo transduction
e Validate multi-mode spectrum and perturbation encoding

e Go/no-go: Measured @ > 1,000 with thin-film piezo

Phase 2: Array Demonstration (12—24 months)
e 10-100 resonator arrays
e Spectral pattern discrimination across array
e Associative recall via simultaneous excitation

e CMOS readout integration

e Validate firmware encoding extensions from [26] on hardware
e Cross-rod calibration protocol for heterogeneous substrate arrays

e Go/no-go: Pattern discrimination > 90% accuracy in 10-rod array

Phase 3: Density Optimization (24-36 months)

e Fused silica substrates

e Optimized DRIE (25:1+ aspect ratio)

e Vacuum packaging

e +0.1 K thermal stability characterization

e Binary perturbation site evaluation: 12-20 electrostatic MEMS
latches on second-generation die

e Target: Demonstrated density > 100 Gbit/cm?



Phase 4: Product Development (36—48 months)

e Full chip: resonator array + CMOS readout + on-chip FFT

e Advanced encoding firmware from [26] (pruning, Boolean,
hybridization, null-space, polysemic readout)

e Writable shell coating evaluation: Parylene C and
magnetostrictive thin films

14. CONCLUSION

e Product family: ROM (Stage 0), firmware-reconfigurable (Stage
1), MEMS-switchable (Stage 2), fully rewritable (Stage 3)

o Target: acoustic fingerprint matching, edge Al inference, content-
addressable memory

e Reliability qualification, endurance testing

Coherent Wave Memory encodes information in the acoustic eigen-
mode spectrum of solid glass resonators and computes via wave inter-
ference. The idea is simple: a glass rod’s natural vibration frequencies
are independent information channels; mass perturbations on the rod
create unique spectral fingerprints; and wave interference performs
nearest-neighbor search in a single acoustic propagation cycle.

The physics is validated at macro scale with a 230prototype(38 core
materials). The scaling laws are mathematical consequences of that
physics. The MEMS loss mechanisms have been modeled and found
manageable—the model predicts the dominant loss is the glass mater-
ial itself, not the MEMS geometry.

The key results:

e 98.5 dB SNR derived from a $230 macro-scale prototype
(thermal-noise-limited, zero phase diffusion)

¢ 9,380 thermally stable modes per resonator, independent of size
(derived from material properties)

e 95.1 Gbit/cm? projected active density at 1 mm; 17.0 Gbit/cm?
projected packed-array; 1.4 Thit/cm?® projected in fused silica

e 15 fJ/bit projected write energy; 1.7 pJ/bit read energy (ADC-
dominated, conservative; § 8.5); ~1 pJ/rod associative recall via
wave interference with no FFT

o Qiotal = 9,097 modeled at MEMS scale—material loss dominates
(91%); anchor loss only 4.4%

e FEM-analytical agreement to 7 ppm; Pochhammer—Chree
dispersion < 0.3% at mode 15

e >10'° cycle endurance (projected); fabricable with established
MEMS processes
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APPENDIX A: SNR AND DENSITY SCALING DERIVATION

A.1 SNR as a Function of Length

For a rod with aspect ratio 8 = L/d, the effective mass is mest = prL®/(84%). The
effective spring constant:

privl L
832
where vhar = \/E/p is the thin-bar wave speed (5,315 m/s for borosilicate, con-

firmed by FEM to 7 ppm). Note: the bulk longitudinal speed (5,640 m/s) is in-
appropriate for thin-rod eigenfrequencies due to lateral Poisson contraction.

2
ket = Meftwi =

Signal energy at drive amplitude A:

B — Lpoa2 = Pl
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APPENDIX B: Q-FACTOR MODEL DETAILS

For borosilicate at =25, A=1 nm, T =300 K: SNR =4.71 x 10" . L
(meters).

A.2 Density Scaling

density — "o 21085(1 4 SNR) _ 25 logy (1 + cL)

wL3/(46%) L3

For cL > 1: log,(1 + cL) ~ log, ¢ + log, L, so the dominant scaling is 1/L3 mod-
ulated by a slowly varying log L term, making the effective scaling approxi-
mately 1/L2.

A.3 Array Packing
For rods with pitch p = 2d = 2L/ and layer spacing s = L + g:

01\ 0.01
rods per cm® = (ﬁ) UL
p S

Array density = rods per cm® x bits per rod.

B.1 Anchor Loss

Following a power-balance approach [13, 17], the anchor quality factor for a longi-
tudinal-mode rod resonator suspended by tethers:

2
T Zrod L Ltether 3
Qanchor =5 : 1+ * Tltrench
2 Zsw Weff Weff Tanchors

where Z = pv is acoustic impedance, weg = +/w - t is the effective tether cross-
section dimension, L., is tether length, and n is the mode number.

For end-mounted attachment: all modes contribute. For nodal attachment: even
modes are preferentially isolated (zero displacement at attachment point).

Isolation trenches (etched gaps surrounding the tether base) add a 3x improvement
factor by reflecting acoustic energy back into the resonator.
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B.2 Thermoelastic Damping

Zener/Lifshitz-Roukes formulation [19] with Debye relaxation time 7p = d*/(n%k)
, where « is thermal diffusivity:

1 BT wmp
QreD pCp 1+ (wrp)?

For glass at MEMS frequencies (~ MHz), wrp > 1, and TED is negligible (
QrED ~ 107-10°).

APPENDIX C: MACRO-SCALE EXPERIMENT GUIDE

B.3 Surface Loss

For a rod with diameter d and surface defect layer of thickness & with quality factor

Qa:

1 485 1
qu.rface d Qd

With § = 5 nm and Qq = 1,000: Qsurface = 196,000 at d = 40 um.

The eight macro-scale prototype experiments in Section 4 are fully reproducible
from a companion document ( companion/experiment_guide.md in
the project repository) containing step-by-step procedures, a bill of materials
with purchase links, failure-mode mitigations, and printable data worksheets.
The core experiments:

# Experiment Key measurement Section
1 Eigenmode spectrum fn = nvbar/2L §4.4
2 Ring-down / Q-factor Q=7fiT §4.5
3 Bandwidth measurement Q = fi/Af3B §4.5
4 Perturbation encoding Af, vs. Rayleigh §4.5
5 Spectral fingerprinting Multi-mass discrimination §4.5
6  Associative recall (8-rod) Match discrimination §4.6
7  Thermal stability Drift vs. AT §2.1
8 CW lock-in precision SNR gain vs. Tiy¢ §2.3

Total kit cost: 230(38 core materials + $192 USB oscilloscope). See Section 4 for
the theoretical context behind each measurement.
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All quantitative claims computed from first-principles simulation code (48 modules,
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