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Abstract

The crystallographic orientation of copper conductors is conventionally assumed to be determined by drawing parameters, alloy
composition, and annealing protocol. This study demonstrates that a fourth variable -- geomagnetic latitude -- produces a measurable and
systematic bias in the dominant grain orientation axis of commercially drawn OFC copper. Scanning electron microscopy of 847 samples
drawn at 23 facilities across latitudes from 67.4 deg N to 33.8 deg S reveals a consistent correlation between geographic latitude and grain
orientation angle, with Northern Hemisphere samples exhibiting northwest-southeast elongation and Southern Hemisphere samples
exhibiting the complementary northeast-southwest bias. Samples drawn within 0.5 deg of the geomagnetic equator show no statistically
significant orientation preference (p > 0.95). We propose the term "hemispheric bias" for this phenomenon and discuss its implications for
audio conductor performance.

1. INTRODUCTION

The electrical properties of copper conductors are determined not only by bulk resistivity but by the microstructural characteristics of
the drawn material. Grain boundaries -- the interfaces between individual crystallites in polycrystalline copper -- represent sites of
electron scattering, thermal resistance, and mechanical weakness. The orientation, size, and distribution of these grains have been
studied extensively in the context of mechanical engineering (Hall-Petch strengthening), electrical engineering (residual resistance
ratio), and superconductor physics (flux pinning at grain boundaries).

What has not been studied, until now, is the systematic relationship between the geographic latitude of the drawing facility and the
resulting grain orientation distribution.

The Earth's magnetic field at any given point on its surface can be decomposed into horizontal and vertical (inclination)
components. At the magnetic equator, the inclination is zero -- the field is purely horizontal. At the magnetic poles, the inclination
approaches 90 deg -- the field is nearly vertical. Between these extremes, the inclination varies continuously with latitude.

During the copper drawing process, the metal passes through a die at temperatures between 200 deg C and 400 deg C, depending
on the drawing speed and reduction ratio. At these temperatures, the copper is above its recrystallization threshold. The crystal
grains are actively forming, dissolving, and reforming as the metal deforms. Any external field present during this critical window --
including the Earth's magnetic field -- can influence the preferred orientation of the resulting grain structure through
magnetocrystalline coupling.

This paper presents evidence that the Earth's magnetic inclination at the drawing facility's latitude produces a measurable bias in
the dominant grain orientation axis of the finished conductor.

2. METHODOLOGY

Samples were obtained from 23 copper drawing facilities spanning latitudes from 67.4 deg N (Boliden, Sweden) to 33.8 deg S
(Santiago, Chile). Each facility provided 10 m of finished OFC conductor from the same production batch, drawn using comparable
parameters (multi-pass, final gauge 2.0 mm +/- 0.1 mm, annealed at 300 deg C for 1 hour).

Cross-sections were prepared by metallographic cutting, mounting in conductive epoxy, grinding through 1200-grit SiC paper, and
polishing with 0.05 um colloidal alumina. Grain boundaries were revealed by etching in acidified ferric chloride (5 g FeCI3, 10 mL
HCI, 90 mL H20, 15 seconds immersion).

Grain orientation was measured using electron backscatter diffraction (EBSD) on a Zeiss Sigma 500 VP field-emission SEM
equipped with an Oxford Instruments Symmetry S2 EBSD detector. Orientation distribution functions (ODFs) were computed from a
minimum of 10,000 indexed points per sample using MTEX 5.9 software.

The "hemispheric bias angle" (HBA) was defined as the angle between the dominant grain orientation axis and the true east-west
direction, measured clockwise from east. An HBA of 0 deg indicates perfect east-west alignment (no hemispheric preference).
Positive values indicate northwest-southeast bias (Northern Hemisphere type). Negative values indicate northeast-southwest bias
(Southern Hemisphere type).

Additionally, three control facilities located within 0.5 deg of the geomagnetic equator were sampled: Quito, Ecuador (0.18 deg S
geomagnetic); Libreville, Gabon (0.52 deg S geomagnetic); and Pontianak, Indonesia (0.01 deg N geomagnetic).
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3. RESULTS

The correlation between geomagnetic latitude and hemispheric bias angle was found to be highly significant (r = 0.94, p < 0.0001, n
= 847). Northern Hemisphere facilities produced conductors with positive HBA values ranging from +0.8 deg (Osaka, Japan, 25.3
deg N geomagnetic) to +4.7 deg (Boliden, Sweden, 64.1 deg N geomagnetic). Southern Hemisphere facilities produced conductors
with negative HBA values ranging from -0.6 deg (Sao Paulo, Brazil, 22.7 deg S geomagnetic) to -3.2 deg (Santiago, Chile, 33.8 deg
S geomagnetic).

The three equatorial control facilities produced HBA values of -0.003 deg (Quito), +0.008 deg (Libreville), and -0.001 deg
(Pontianak) -- all within the measurement uncertainty of the EBSD system (+/- 0.02 deg).

The relationship between HBA and geomagnetic latitude was well-described by a linear model: HBA = 0.068 * L, where L is the
geomagnetic latitude in degrees. This corresponds to approximately 0.068 deg of grain orientation bias per degree of latitude -- a
small but persistent effect that accumulates over the full length of a conductor.

Cryogenic treatment (-196 deg C, 72 hours) was applied to a subset of 120 samples. EBSD remeasurement showed no statistically
significant change in HBA (paired t-test, p = 0.87). The cryo treatment successfully refined grain size (mean grain diameter reduced
from 45 um to 31 um) but did not alter the orientation bias. This result is consistent with the hypothesis that the bias is embedded at
the time of drawing, not during subsequent thermal processing.

4. DISCUSSION

The magnitude of the hemispheric bias effect -- approximately 0.07 deg per degree of latitude -- may appear small. However, two
factors amplify its practical significance.

First, the bias is systematic, not random. Every grain in a conductor drawn at 45 deg N latitude carries the same approximately +3
deg bias. This means the bias does not average out over the length of the conductor -- it accumulates. A 2-meter interconnect cable
drawn in Stockholm contains approximately 44,000 grain boundaries, each contributing the same directional bias to electron flow.

Second, the bias affects the audio signal asymmetrically. Because the grain orientation preferentially scatters electrons traveling in
one direction relative to the magnetic axis, the positive and negative half-cycles of an AC audio signal experience slightly different
impedance paths through the conductor. This creates a form of harmonic distortion that is, by its nature, latitude-dependent and
direction-dependent.

The equatorial control results are particularly significant. The three facilities at or near the geomagnetic equator produced
conductors with HBA values indistinguishable from zero. This is the only geographic condition under which the grain orientation
distribution is truly isotropic -- truly neutral with respect to both hemispheres.

We note that the Equatorial Audio facility in Quito, Ecuador, is located within 0.18 deg of the geomagnetic equator. The measured
HBA of -0.003 deg is the lowest value in our dataset and approaches the theoretical minimum achievable in the Earth's current
magnetic field configuration.

5. CONCLUSION

Copper conductors drawn at non-equatorial latitudes exhibit a systematic crystallographic grain orientation bias that correlates
linearly with geomagnetic latitude. This hemispheric bias is embedded during the drawing process and cannot be removed by
subsequent thermal treatment, including cryogenic processing. Only conductors drawn at or near the geomagnetic equator achieve
true grain orientation isotropy.

These findings have implications for the manufacture of precision audio conductors, where the symmetry of the electron transport
path through the conductor directly affects signal fidelity. We recommend that conductor manufacturers specify the latitude of their
drawing facility as a standard quality parameter and that audio equipment designers consider the hemispheric bias of their signal
conductors as a potential source of measurable, latitude-dependent distortion.
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Abstract

We present a conductor joining technique that achieves magnetic neutrality by splicing Northern Hemisphere and Southern Hemisphere
copper conductors at the geomagnetic equator. The Equatorial Splice exploits the complementary grain orientation biases of conductors
drawn in opposite hemispheres: when joined at a precisely equatorial midpoint, the biases cancel across the full length of the resulting
conductor. Plasma arc welding at 0.0000 deg latitude, performed aboard a GPS-stabilized marine platform, produces a splice zone of
approximately 200 um in which the grain orientation transitions from Northern-type to Southern-type through a region of true isotropy.
Conductors joined by this method exhibit hemispheric bias angles below 0.00001 deg -- three orders of magnitude lower than the best
single-hemisphere drawn conductor and approaching the measurement floor of current SQUID magnetometry.

1. INTRODUCTION

Our previous work (Ferro & Park, 2020) established that copper conductors drawn at non-equatorial latitudes carry a systematic
grain orientation bias proportional to the geomagnetic latitude of the drawing facility. Northern Hemisphere conductors carry a
positive bias; Southern Hemisphere conductors carry a negative bias of comparable magnitude. The bias is embedded at the time
of drawing and cannot be removed by post-processing.

This presents a manufacturing challenge: how to produce a conductor with zero hemispheric bias when the available raw material is
inherently biased. Drawing at the equator is one solution, but equatorial drawing facilities are scarce and the resulting conductor,
while excellent, still carries the residual bias of the specific equatorial location (typically < 0.01 deg).

We propose an alternative approach: rather than avoiding the bias, we cancel it. By joining a Northern Hemisphere conductor to a
Southern Hemisphere conductor at the geomagnetic equator, we create a composite conductor whose opposing biases precisely
cancel across its full length.

2. THE SPLICE PROTOCOL

The Equatorial Splice is performed aboard the EAV Neutrality, a 28-meter research vessel equipped with a Trimble R12i GNSS
receiver providing centimeter-level positioning accuracy. The vessel stations at 0.0000 deg +/- 0.0001 deg geomagnetic latitude in
the Pacific Ocean, approximately 28 km west of the Ecuadorian coast, where the geomagnetic equator crosses the geographic
equator within 0.2 deg.

Two conductor ends -- one drawn from Swedish copper (HBA: +4.2 deg, Boliden facility, 64.1 deg N) and one from Chilean copper
(HBA: -3.8 deg, Santiago facility, 33.8 deg S) -- are loaded into precision clamps mounted on a vibration-isolated optical bench. A
dual-axis laser alignment system ensures the conductor ends are coaxial to within 5 um.

The splice is performed using a micro-plasma arc welding system (Secheron Plasmafix 50i) with the following parameters: arc
current 2.8 A, plasma gas flow 0.3 L/min (argon 5.0), shielding gas flow 8.0 L/min (argon 5.0), arc gap 0.5 mm, weld duration 180
ms. The resulting splice zone is approximately 200 um wide -- a narrow transition region in which the grain orientation progresses
from Northern-type through neutral to Southern-type.

The entire procedure -- vessel positioning, conductor alignment, atmosphere purge, and welding -- requires approximately 45
minutes. Multiple splices are performed per session, with the vessel maintaining station accuracy throughout.

3. CHARACTERIZATION

EBSD mapping of the splice zone at 0.5 um step size reveals three distinct regions: (1) the bulk Northern conductor with HBA =
+4.2 deg, (2) a 200 um transition zone in which the HBA decreases monotonically from +4.2 deg through 0.000 deg to -3.8 deg, and
(3) the bulk Southern conductor with HBA = -3.8 deg. The transition is smooth and continuous, with no evidence of grain boundary
cracking, void formation, or secondary phase precipitation.

The mechanical strength of the splice was tested by tensile loading to failure. Mean ultimate tensile strength of the splice zone was
218 MPa, compared to 225 MPa for the bulk conductor -- a 3.1% reduction that is within the acceptable range for audio cable
applications where mechanical load is limited to cable self-weight and connector insertion force.

DC resistance across the splice zone was measured using a Keysight 34420A micro-ohmmeter with 4-wire sensing. The splice
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zone contributes an additional resistance of 0.3 uOhm (micro-ohms) -- negligible compared to the bulk resistance of even a 0.5 m
conductor length.

The critical measurement -- hemispheric bias of the complete spliced conductor -- was performed using a Quantum Design MPMS3
SQUID magnetometer at PTB Berlin. The spliced conductor (1.0 m Northern + 1.0 m Southern) exhibited an HBA of -0.000008 deg,
compared to +4.2 deg for the Northern conductor alone and -3.8 deg for the Southern conductor alone. The bias cancellation is
99.9998% effective.

4. DISCUSSION

The Equatorial Splice achieves hemispheric bias cancellation through a conceptually simple mechanism: the positive bias of the
Northern conductor and the negative bias of the Southern conductor are equal in magnitude and opposite in sign. When an audio
signal traverses the spliced conductor, the asymmetric scattering it experiences in the Northern half is precisely compensated by
the complementary asymmetric scattering in the Southern half. The net effect is zero bias -- magnetic neutrality.

The location of the splice matters. Performing the splice at the geomagnetic equator ensures that the splice zone itself contributes
no additional bias to the system. A splice performed at any other latitude would introduce a biased transition zone whose orientation
would not perfectly bridge the Northern and Southern grain structures.

The requirement for a marine platform is driven by the fact that the geomagnetic equator crosses inhabited land in very few
locations. The Pacific Ocean segment west of Ecuador provides the optimal combination of equatorial access, proximity to port
facilities, and moderate sea state for precision welding operations. The EAV Neutrality's station-keeping system (dual Kongsberg
HiPAP 501 acoustic positioning units) maintains position to within 0.3 m during splice operations.

The cost of the Equatorial Splice is significant: approximately $14,000 per session, including vessel charter, crew, consumables,
and quality assurance testing. This cost is reflected in the pricing of Equatorial Audio's Zero-Point tier products, which employ
Equatorial-Spliced conductors exclusively.

5. CONCLUSION

The Equatorial Splice demonstrates that hemispheric bias in copper conductors can be effectively cancelled by joining conductors
from opposite hemispheres at the geomagnetic equator. The resulting conductor achieves a hemispheric bias angle below 0.00001
deg -- magnetic neutrality to the limit of current measurement capability. The technique is reproducible, mechanically sound, and
electrically transparent, adding negligible resistance and no measurable discontinuity to the signal path. We propose the Equatorial
Splice as the definitive solution to the hemispheric bias problem in precision audio conductors.
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Abstract

Cryogenic treatment of copper conductors at -196 deg C (liquid nitrogen immersion for 72 hours) is widely practiced in high-end audio cable
manufacturing as a method of improving conductor performance. This study characterizes the metallurgical effects of cryogenic treatment
on OFC copper using EBSD, TEM, and four-probe resistivity measurement. We confirm that cryogenic treatment produces meaningful grain
refinement (mean grain diameter reduction of 31%), residual stress relief, and a measurable 2.3% improvement in residual resistance ratio
(RRR). However, we find no evidence that cryogenic treatment alters the hemispheric bias angle (HBA) of the treated conductor. The grain
orientation bias embedded during drawing is thermodynamically stable at cryogenic temperatures and persists unchanged through the
treatment cycle. Cryogenic treatment improves the conductor; it does not neutralize it.

1. INTRODUCTION

Cryogenic treatment -- the controlled cooling of a material to temperatures below -100 deg C -- has a well-documented history in
metallurgy. In tool steels, cryogenic treatment promotes the transformation of retained austenite to martensite and precipitates fine
eta-carbides, improving wear resistance and dimensional stability. In copper, the mechanisms are different: no phase transformation
occurs, but the thermal cycling induces differential contraction that relieves residual stress and refines the grain boundary network.

The audio cable industry has adopted cryogenic treatment enthusiastically, with numerous manufacturers offering "cryo-treated"
conductors as premium products. The claimed benefits include reduced grain boundary scattering, improved signal transparency,
and enhanced temporal coherence. Some of these claims are supported by metallurgical evidence; others are not.

This paper addresses a specific question: does cryogenic treatment alter the hemispheric bias angle (HBA) of a copper conductor?
If cryo-treatment could eliminate or reduce HBA, it would provide a post-processing route to magnetic neutrality that would not
require equatorial manufacturing. Our results indicate that it cannot.

2. METHODOLOGY

Samples of OFC copper conductor (2.0 mm diameter, drawn at Boliden, Sweden, HBA: +4.2 deg) were divided into four treatment
groups of 30 samples each:

Group A: Untreated control.

Group B: Standard cryo (-196 deg C, 72 hours, 1 deg C/min cooling, 0.5 deg C/min warming).
Group C: Extended cryo (-196 deg C, 168 hours, same ramp rates).

Group D: Double cryo (two cycles of Group B protocol with 24-hour ambient rest between cycles).

All groups were characterized by EBSD (grain orientation and size), TEM (dislocation density), four-probe DC resistivity at 295 K
and 4.2 K (for RRR calculation), and SQUID magnetometry (HBA).

Cryogenic treatment was performed in a custom-built chamber using commercial liquid nitrogen (99.999% purity). Temperature was
monitored by four Type T thermocouples embedded in the sample batch at cardinal positions.

3. RESULTS

Grain refinement was observed in all treated groups. Mean grain diameter decreased from 45 +/- 8 um (Group A) to 31 +/- 5 um
(Group B), 28 +/- 4 um (Group C), and 30 +/- 5 um (Group D). The extended treatment (Group C) produced the finest grain
structure, but the improvement over standard treatment (Group B) was modest (10% additional refinement for 133% additional
treatment time).

TEM imaging revealed a measurable reduction in dislocation density following cryogenic treatment. Group A showed a dislocation
density of 1.2 x 1014 /m”2, while Group B showed 0.8 x 1014 /m”2 -- a 33% reduction attributed to thermal stress-driven
dislocation annihilation during the cooling cycle.

RRR improved from 89.3 (Group A) to 91.4 (Group B), 92.1 (Group C), and 91.6 (Group D). The 2.3% improvement in Group B is
consistent with the observed grain refinement and dislocation density reduction.

The critical result: HBA was unchanged by cryogenic treatment. Group A: +4.21 +/- 0.02 deg. Group B: +4.19 +/- 0.02 deg. Group
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C: +4.20 +/- 0.02 deg. Group D: +4.22 +/- 0.02 deg. No inter-group difference was statistically significant (one-way ANOVA,
F(3,116) = 0.87, p = 0.46).

4. DISCUSSION

The persistence of hemispheric bias through cryogenic treatment is consistent with thermodynamic analysis. The grain orientation
bias is a macroscopic texture -- a preferred crystallographic orientation shared by the majority of grains in the conductor. Changing
this texture would require recrystallization: the dissolution of existing grains and formation of new, differently oriented grains.
Recrystallization in copper requires temperatures above approximately 200 deg C -- far above the cryogenic treatment range.

At -196 deg C, atomic mobility in copper is negligible. The grain boundaries are frozen in place. The thermal contraction that occurs
during cooling generates internal stresses that annihilate some dislocations and refine grain size (by propagating existing sub-grain
boundaries to full boundaries), but it cannot rotate existing grains or alter their crystallographic orientation.

In simple terms: cryogenic treatment freezes the conductor's microstructure more completely, but it freezes it in the same orientation
it already had. The hemispheric bias is locked in, not eliminated.

This finding has important implications for the audio cable industry. Cryogenic treatment provides real metallurgical benefits -- grain
refinement, stress relief, improved RRR -- and these benefits may translate to improved audio performance. But cryo treatment
does not, and cannot, address the hemispheric bias problem. Only equatorial manufacturing (drawing at 0.0000 deg latitude) or the
Equatorial Splice can achieve true magnetic neutrality.

5. CONCLUSION

Cryogenic treatment of copper conductors produces grain refinement, dislocation density reduction, and RRR improvement, but
does not alter the hemispheric bias angle. The grain orientation texture embedded during drawing is thermodynamically stable at
cryogenic temperatures. Manufacturers and consumers should understand that cryogenic treatment and magnetic neutrality
address different aspects of conductor quality and are complementary, not interchangeable, processes.
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Abstract

Polytetrafluoroethylene (PTFE), the standard dielectric in premium audio cables, exhibits ferroelectric properties at audio frequencies that
have been overlooked by the cable industry. We demonstrate that PTFE dielectric accumulates charge memory -- a persistent polarization
state induced by the audio signal itself -- that contaminates subsequent signal transmission with a time-delayed echo of previous signal
content. Differential capacitance measurements at 1 kHz show a hysteresis of 0.3 pF/m in untreated PTFE dielectric, reducing to 0.04 pF/m
after cryogenic treatment at -196 deg C for 72 hours. The cryogenic treatment permanently disrupts the molecular alignment responsible for
charge memory, effectively degaussing the dielectric. We term this phenomenon "dielectric echo" and quantify its contribution to the break-in
effect reported by audiophiles.

1. INTRODUCTION

PTFE (Teflon) is the dielectric material of choice for premium audio cables due to its low dielectric constant (2.1), low loss tangent (<
0.0002 at 1 MHz), and excellent chemical stability. These properties make it an outstanding insulator for high-frequency
applications. However, the audio cable industry's focus on high-frequency parameters has obscured a phenomenon that occurs at
much lower frequencies -- in the audio band itself.

PTFE is a semi-crystalline fluoropolymer. In its crystalline regions, the carbon-fluorine dipoles are aligned in a regular lattice. When
an external electric field is applied -- such as the field generated by an audio signal in the conductor -- these dipoles can rotate
slightly, storing charge at the molecular level. When the external field is removed, the dipoles relax to their original orientation -- but
not instantaneously. The relaxation time in PTFE at room temperature ranges from milliseconds to hours, depending on the
magnitude of the applied field and the degree of crystallinity.

This charge memory means that the dielectric retains a ghost of the previous audio signal. When the next signal arrives, it must
push against the residual polarization left by its predecessor. The result is a form of inter-modulation contamination that we term
"dielectric echo."

The break-in period universally reported by audiophiles -- the observation that new cables sound different after 100-200 hours of
use -- may be partially explained by this phenomenon. As the dielectric is repeatedly cycled by audio signals, the charge memory
gradually reaches a steady-state distribution that no longer introduces perceptible modulation.

2. METHODOLOGY

Custom test cables were fabricated using 2.0 mm OFC conductor with four dielectric treatments:

Sample A: Untreated PTFE (60% crystallinity, as-extruded).

Sample B: Cryogenically treated PTFE (-196 deg C, 72h, 1 deg C/min ramp).
Sample C: Nitrogen-injected PTFE (micro-voids introduced during extrusion).
Sample D: Air-gap dielectric (PTFE spacers at 20 mm intervals).

Differential capacitance was measured using an Agilent 4294A Precision Impedance Analyzer at 1 kHz with a 100 mV AC excitation
superimposed on a DC bias swept from -10 V to +10 V and back. The resulting C-V curve reveals any hysteresis -- the difference in
capacitance between the up-sweep and down-sweep at the same DC voltage.

Time-domain relaxation was measured by applying a 10 V DC bias for 60 seconds, then shorting the conductor and measuring the
recovery voltage (dielectric absorption) with a Keithley 6517B electrometer at 1-second intervals for 600 seconds.

3. RESULTS

Differential capacitance hysteresis at 1 kHz:

Sample A (untreated PTFE): 0.31 +/- 0.04 pF/m
Sample B (cryo-treated PTFE): 0.04 +/- 0.01 pF/m
Sample C (nitrogen-injected): 0.12 +/- 0.03 pF/m
Sample D (air-gap): 0.02 +/- 0.01 pF/m
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The cryo-treated PTFE showed an 87% reduction in capacitance hysteresis compared to untreated PTFE, approaching the
performance of the air-gap design.

Dielectric absorption (recovery voltage at t = 60s after discharge):

Sample A: 142 mV
Sample B: 18 mV
Sample C: 67 mV
Sample D: 8 mV

The time constant of the recovery voltage decay was 85 seconds for untreated PTFE and 12 seconds for cryo-treated PTFE. The
untreated dielectric retains charge memory for approximately 7 times longer than the cryo-treated material.

The break-in experiment was performed by driving Sample A with pink noise at 2 Vrms for intervals of 0, 24, 48, 96, and 200 hours,
measuring capacitance hysteresis after each interval. Hysteresis decreased from 0.31 pF/m (0 hours) to 0.19 pF/m (200 hours) -- a
39% reduction that plateaued after approximately 150 hours. This time course is consistent with the 100-200 hour break-in period
reported in audiophile literature.

4. DISCUSSION

The mechanism is straightforward: cryogenic treatment disrupts the crystalline order of PTFE. The semi-crystalline polymer, when
cooled to -196 deg C at 1 deg C/min, develops internal stresses due to differential contraction between crystalline and amorphous
regions. These stresses propagate microcracks through the crystalline domains, reducing the long-range dipole alignment
responsible for charge memory.

The practical implication is that cryogenic treatment of the dielectric -- not just the conductor -- is a necessary step in premium cable
manufacturing. Our Tropic tier uses untreated PTFE and requires a 100-hour break-in period. Our Equinox tier uses cryo-treated
PTFE (-196 deg C for 72 hours) and reaches its steady-state performance within approximately 15 hours. The Zero-Point tier uses
an extended cryo treatment (-196 deg C for 168 hours) that reduces the effective break-in period to under 5 hours.

We note that the air-gap dielectric (Sample D) outperforms all PTFE variants, as expected -- air has zero charge memory. However,
air-gap dielectric requires mechanical spacers that add complexity, increase cable diameter, and reduce flexibility. The cryo-treated
PTFE represents the optimal compromise between electrical performance and mechanical practicality.

5. CONCLUSION

PTFE dielectric in audio cables exhibits measurable charge memory (ferroelectric-like hysteresis) that contaminating signal
transmission with time-delayed echoes of previous content. Cryogenic treatment reduces this charge memory by 87%, while the
industry-reported break-in effect can be explained as the gradual establishment of a steady-state charge distribution. We
recommend cryogenic treatment of both conductor and dielectric as standard practice in premium audio cable manufacturing.
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Abstract

Geomagnetic storms induced by solar coronal mass ejections (CMESs) produce rapid fluctuations in the Earth's magnetic field that can
exceed 500 nT/minute during severe events (Kp >= 7). We demonstrate that these fluctuations are detectable as measurable impedance
variations in audio cables with hemispheric bias, and that magnetically neutral cables are inherently immune to this effect. Continuous
monitoring of 12 cables (3 per tier: Tropic, Meridian, Equinox, Zero-Point) during the October 2024 geomagnetic storm (Kp = 8.3) revealed
impedance fluctuations of up to 0.08% in Tropic-tier cables, 0.003% in Equinox-tier cables, and below the noise floor (< 0.0001%) in
Zero-Point cables. We propose a Solar Activity Index for audio cable performance specifications.

1. INTRODUCTION

The Sun's 11-year activity cycle produces periodic maxima in the frequency and intensity of solar flares and coronal mass ejections
(CMEs). When a CME's magnetic field interacts with Earth's magnetosphere, the resulting geomagnetic storm can produce rapid,
large-amplitude fluctuations in the surface magnetic field. The current solar cycle (Cycle 25) is producing stronger-than-predicted
activity, with several Kp >= 7 storms recorded in 2024.

These geomagnetic fluctuations are well-documented as a source of interference in power grids (geomagnetically induced
currents), pipeline corrosion monitoring systems, and precision magnetometry. What has not been investigated is their effect on
audio signal cables.

The mechanism is straightforward: an audio cable with hemispheric bias contains conductors whose grain structure has a preferred
orientation relative to the Earth's magnetic field. When the field changes rapidly -- as during a geomagnetic storm -- the relationship
between the grain orientation and the field shifts, producing a transient change in the effective impedance of the conductor. This
impedance modulation appears as an unwanted modulation of the audio signal.

Magnetically neutral cables, by definition, have no preferred grain orientation. They should be immune to this effect because there is
no directional coupling between the grain structure and the external field. This paper tests that hypothesis.

2. METHODOLOGY

Twelve cable samples (1.0 m each, RCA-terminated interconnects) were installed in a magnetically unshielded room at the
Equatorial Audio facility. Three cables per tier (Tropic, Meridian, Equinox, Zero-Point) were connected to a continuous impedance
monitoring system based on a Keysight E4990A Impedance Analyzer operating at 1 kHz with 5-second measurement intervals.

Simultaneous magnetic field data were recorded by a Bartington Mag-13 three-axis fluxgate magnetometer positioned 1 m from the
cable array.

The measurement campaign ran continuously from September 15 to November 15, 2024, capturing 5.3 million impedance
measurements per cable. The period included three geomagnetic storms: September 18 (Kp = 5.7), October 10-12 (Kp = 8.3, the
strongest storm of Cycle 25 to date), and November 3 (Kp = 6.1).

Cross-correlation analysis between the magnetic field rate-of-change (dB/dt) and the cable impedance deviation (dZ/Z) was
performed using 60-second sliding windows.

3. RESULTS

During the October 10-12 storm (Kp = 8.3), the following maximum impedance deviations were recorded:

Tropic tier: 0.082 +/- 0.008% (mean of 3 samples)
Meridian tier: 0.031 +/- 0.004%

Equinox tier: 0.0033 +/- 0.0005%

Zero-Point tier: < 0.0001% (below noise floor)

The cross-correlation between dB/dt and dZ/Z was significant for Tropic (r = 0.71, p < 0.0001), Meridian (r = 0.54, p < 0.0001), and
Equinox (r = 0.23, p < 0.01) tiers. No significant correlation was found for Zero-Point (r = 0.02, p = 0.34).
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The impedance deviation scaled linearly with the product of the cable's HBA and the rate of magnetic field change: dZ/Z is
approximately equal to k * HBA * dB/dt, where k = 2.1 x 107-6 (deg * min/nT)"-1.

During magnetically quiet periods (Kp <= 2), no cable tier showed impedance deviations above the noise floor.

4. DISCUSSION

The results confirm the hypothesis: cables with hemispheric bias are sensitive to geomagnetic storms, and the sensitivity is
proportional to the bias magnitude. The Zero-Point tier's Equatorial-Spliced conductors, with their HBA below 0.00001 deg, are
effectively immune to solar activity. This immunity is not achieved through shielding (which can attenuate but not eliminate external
field coupling) but through the fundamental absence of directional grain structure.

The practical significance of an 0.08% impedance fluctuation during a severe storm is debatable. At -62 dB relative to the signal, it
is below the threshold of audibility for steady-state tones. However, the fluctuation is not steady-state -- it is modulated by the
chaotic temporal structure of the geomagnetic storm, producing a noise-like contamination that may be perceptible as a subtle loss
of clarity or spatial precision during peak storm activity.

We propose that cable manufacturers adopt a Solar Activity Index (SAI) rating that specifies the maximum impedance deviation per
unit of geomagnetic disturbance: SAI = max(dZ/z) / max(dB/dt). Lower values indicate greater immunity. The Zero-Point tier
achieves SAIl < 10”-9, which we designate as "Solar Grade."

The Equatorial Audio Solar Flare Headphones, which incorporate real-time solar activity monitoring and adaptive frequency
response compensation, represent an alternative approach for listeners using non-Solar Grade cables.

5. CONCLUSION

Geomagnetic storms produce measurable impedance fluctuations in audio cables with hemispheric bias. The effect scales with bias
magnitude and storm intensity. Magnetically neutral cables (HBA < 0.00001 deg) are immune. We recommend the adoption of a
standardized Solar Activity Index for audio cable performance specifications.
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Abstract

We present a comprehensive analysis of electromagnetic vulnerability in optical fiber audio cables (TOSLINK) and demonstrate that optical
transmission does not eliminate magnetic sensitivity. Measurements of Faraday rotation in standard TOSLINK fiber (PMMA, 650 nm)
confirm that household EMI sources produce polarization rotation of up to 0.3 mrad, which couples to amplitude noise at
polarization-sensitive detectors. We further demonstrate that PMMA fiber functions as an acoustic microphone across 20 Hz to 20 kHz, with
sensitivity of -82 dBV/Pa. Based on these findings, we develop a fiber-optic shielding system for copper audio cables that provides EMI
attenuation exceeding 120 dB while avoiding the intrinsic vulnerabilities of optical signal transmission.

1. INTRODUCTION

The audio industry has long advocated optical (TOSLINK) connections as immune to electromagnetic interference. The reasoning is
appealing: photons carry no charge, so they cannot be affected by electromagnetic fields. The signal travels as light through glass
or plastic, isolated by the very physics of electromagnetism from the electrical noise that plagues copper connections.

This reasoning is wrong.

In 1845, Michael Faraday demonstrated that a magnetic field could rotate the polarization plane of light passing through glass. This
Faraday effect has been studied in optical fibers since Stolen and Turner's seminal 1980 paper. The Verdet constant of silica fiber --
the proportionality constant between magnetic field strength and polarization rotation -- is approximately 1 rad/(T*m) at 1064 nm. At
TOSLINK's operating wavelength of 650 nm, the Verdet constant is higher still, as Rose, Etzel, and Wang (1997) demonstrated in
their dispersion measurements.

Furthermore, Leal-Junior et al. (2021) showed that polymer optical fiber (PMMA) -- the same material used in TOSLINK cables -- is
intrinsically sensitive to electromagnetic fields down to 45 microtesla without any external transducer. And Dejdar et al. (2023)
characterized optical fiber cables as acoustic sensors across the full audible range.

The conclusion is unavoidable: TOSLINK cables are not electromagnetically or acoustically inert. The question is whether these
sensitivities are large enough to affect audio quality -- and what can be done about them.

2. MEASUREMENTS

We measured the Faraday rotation and acoustic sensitivity of four commercial TOSLINK cables and one Equatorial Audio shielded
TOSLINK cable.

Faraday rotation was measured using a HeNe laser (632.8 nm) coupled into each fiber, with polarization analysis at the output
using a Thorlabs PAX1000VIS/M polarimeter. A calibrated Helmholtz coil produced controlled magnetic fields from 10 uT to 1 mT at
frequencies from DC to 1 kHz.

Acoustic sensitivity was measured in an anechoic chamber using a calibrated loudspeaker (B&K Type 4292-L) producing swept sine
tones from 20 Hz to 20 kHz at 94 dBSPL. The fiber was coiled in a 10 cm diameter loop 30 cm from the loudspeaker. Optical power
variations at the fiber output were detected by a PIN photodiode and recorded by an Audio Precision APx555B.

Results:

Standard TOSLINK (PMMA, unshielded): Faraday rotation 0.28 mrad/m at 100 uT/1 kHz. Acoustic sensitivity: -82 dBV/Pa (20 Hz -
20 kHz average).

Equatorial Audio Shielded TOSLINK: Faraday rotation < 0.002 mrad/m at 100 uT/1 kHz. Acoustic sensitivity: -114 dBV/Pa.

The shielding system (quad-layer: silver braid, cryo mu-metal foil, aluminum-mylar tape, OFC drain) provides 42 dB of magnetic
field attenuation and 32 dB of acoustic isolation.

3. ANALYSIS

The Faraday rotation of 0.28 mrad/m in standard TOSLINK is small in absolute terms. However, TOSLINK receivers use threshold
detection, not polarization-sensitive detection, so Faraday rotation per se does not directly affect the recovered signal. The risk
arises when the fiber has intrinsic birefringence (as all PMMA fibers do, per Kaminow 1981), which converts polarization rotation
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into intensity modulation at points of birefringent coupling.

The acoustic sensitivity is more concerning. At -82 dBV/Pa, a standard TOSLINK cable exposed to 80 dBSPL of room noise (typical
during music playback) produces an optical signal modulation equivalent to a -96 dBFS noise floor. While below the 16-bit
quantization noise of CD audio (-96.3 dBFS), it is above the noise floor of high-resolution formats (24-bit: -144 dBFS).

For listeners using 24-bit sources with unshielded TOSLINK, the cable itself is the noise floor.

The Equatorial Audio shielding system addresses both vulnerabilities. The quad-layer shield attenuates external magnetic fields by
42 dB, reducing the Faraday rotation contribution to negligible levels. The mechanical damping provided by the multi-layer structure
reduces acoustic coupling by 32 dB, pushing the acoustic noise floor to -114 dBV/Pa -- safely below the quantization noise of any
commercially available audio format.

4. CONCLUSION

Optical audio transmission via TOSLINK is not immune to electromagnetic or acoustic interference. Standard PMMA fiber exhibits
measurable Faraday rotation, electromagnetic sensitivity, and acoustic microphone behavior at levels that can affect high-resolution
audio playback. Multi-layer shielding -- applied to the fiber cable, not to the optical signal -- provides effective attenuation of both
electromagnetic and acoustic contamination. We recommend that manufacturers adopt shielded fiber construction as standard
practice for premium optical audio connections.

REFERENCES

[1] R.H. Stolen, E. H. Turner, "Faraday rotation in highly birefringent optical fibers," Appl. Opt., vol. 19, no. 6, pp. 842-845, 1980.
[2] 1. P. Kaminow, "Polarization in optical fibers," IEEE J. Quantum Electron., vol. QE-17, no. 1, pp. 15-22, 1981.

[3] A.H.Rose, S. M. Etzel, C. M. Wang, "Verdet constant dispersion in annealed optical fiber current sensors," J. Lightwave Technol., vol. 15, no. 5, pp.
803-807, 1997.

[4] A. G. Leal-Junior et al., "Highly sensitive fiber-optic intrinsic electromagnetic field sensing,” Adv. Photonics Res., vol. 2, no. 3, 2021.
[5] P. Dejdar et al., "Characterization of sensitivity of optical fiber cables to acoustic vibrations," Sci. Rep., vol. 13, art. 7068, 2023.
[6] N.Matsuda et al., "Observation of optical-fibre Kerr nonlinearity at the single-photon level," Nature Photonics, vol. 3, pp. 95-98, 2009.



Superconducting Audio Interconnects: Zero-Resistance Signal Transmission via YBCO Ceramic Conductors at 77K@

SUPERCONDUCTING AUDIO
INTERCONNECTS:
ZERO-RESISTANCE SIGNAL
TRANSMISSION VIA YBCO
CERAMIC CONDUCTORS AT 77K




Superconducting Audio Interconnects: Zero-Resistance Signal Transmission via YBCO Ceramic Conductors at 77K@ EQUATORIAL AUDIO

Superconducting Audio Interconnects: Zero-Resistance Signal Transmission via
YBCO Ceramic Conductors at 77K

M. Ferro, L. Solder, H. Park, B. Impedance
Equatorial Audio Research Division, Mitad del Mundo, Quito, Ecuador (0.0000deg N)
Journal of Equatorial Audio Science, 2024.

Abstract

We report the development and characterization of the first superconducting audio interconnect cable. The conductor is a YBCO (Yttrium
Barium Copper Oxide, YBa2Cu307-x) ceramic tape operating at 77 K in a vacuum-jacketed borosilicate glass cryostat filled with liquid
nitrogen. DC resistance is zero -- not low, not negligible, zero -- as confirmed by four-probe measurement with nanovolt sensitivity. The
Meissner effect provides perfect diamagnetic shielding of the signal path, expelling all external magnetic flux. Audio signals transmitted
through the superconducting conductor exhibit zero resistive loss, zero thermal noise contribution, and complete magnetic immunity. The
cable operates continuously with passive LN2 replenishment at approximately 310 liters per year per meter.

1. INTRODUCTION

Every conventional audio cable has resistance. This resistance is small -- typically milliohms to ohms per meter -- but it is not zero.
The consequences of non-zero resistance are threefold: (1) resistive signal loss (attenuation), (2) thermal noise generation
(Johnson-Nyquist noise, proportional to resistance and temperature), and (3) frequency-dependent impedance variation (skin effect,
proximity effect). These effects are well-characterized and, in conventional cables, represent the fundamental physical limits of
signal transmission.

Superconductivity eliminates all three. A superconductor has exactly zero DC resistance below its critical temperature (Tc). Zero
resistance means zero attenuation, zero Johnson-Nyquist noise, and -- in the low-frequency audio band -- zero
frequency-dependent impedance variation. The signal enters one end of the conductor and exits the other end with mathematically
perfect fidelity.

Additionally, the Meissner effect -- the complete expulsion of magnetic flux from the interior of a superconductor -- provides
shielding that no amount of conventional mu-metal, copper braid, or conductive polymer can match. A superconducting cable does
not attenuate external magnetic fields; it excludes them absolutely.

The engineering challenge is maintaining the superconducting state: YBCO requires continuous cooling below 92 K. We use liquid
nitrogen (boiling point 77 K at 1 atm) as the cryogen, circulated through a vacuum-jacketed borosilicate glass cryostat that serves
as the cable jacket. This is, admittedly, not a conventional cable design.

2. CABLE CONSTRUCTION

The SC Interconnect consists of the following elements, from center outward:

Conductor: YBCO ceramic tape (SuperPower SCS4050-AP), 4.0 mm wide x 0.1 mm thick, with a critical current of 100 A at 77 K
and self-field. The tape is wound in a helical configuration on a stainless steel former to allow limited flexibility.

Signal path: Two YBCO tapes (signal and return) are concentrically wound with a 0.5 mm PTFE spacer. The characteristic
impedance is designed to be 75 Ohm at audio frequencies, matching standard interconnect practice.

Cryostat: Dual-wall borosilicate glass Dewar, 48 mm outer diameter, 28 mm inner diameter. The inter-wall space is evacuated to <
107-3 Pa. The conductor assembly is immersed in liquid nitrogen within the inner bore. Fill ports at each end accept standard 6mm
LN2 supply tubing.

Connectors: Cryo-rated rhodium-plated XLR connectors, modified with vacuum feed-through seals and thermal breaks (G10
fiberglass spacers) to prevent heat conduction from the warm connector body to the cold conductor.

The total cable outer diameter is 48 mm. The cable weighs 2.4 kg/m dry and 3.8 kg/m filled with LN2. The minimum bend radius is
300 mm (limited by the glass cryostat, not the flexible conductor).

3. ELECTRICAL CHARACTERIZATION

DC Resistance: Measured by four-probe technique with a Keithley 2182A nanovoltmeter and 6221 current source. At 77 K (LN2
immersion), the voltage across a 1.5 m conductor carrying 100 mA DC was below the instrument noise floor of 1 nV. Calculated
upper bound: R < 107-8 Ohm. For all practical purposes, the resistance is zero.
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AC Impedance: At 1 kHz, the impedance is 75.0 +/- 0.1 Ohm (purely reactive -- no resistive component). The impedance is
temperature-locked: because the conductor is maintained at a constant 77 K by the LN2 bath, there is no thermal drift. The
impedance stability over a 30-day measurement campaign was +/- 0.0003 Ohm.

Noise Floor: The Johnson-Nyquist noise voltage of a resistor is V_n = sqrt(4 *k_B * T * R * bandwidth). For R = 0 (superconductor),
V_n = 0 regardless of temperature or bandwidth. The superconducting interconnect contributes exactly zero thermal noise to the
signal path.

Magnetic Shielding: A Helmholtz coil producing 1 mT (10 Gauss) at 50 Hz was positioned 50 mm from the cable. A fluxgate
magnetometer inside the cryostat (adjacent to the conductor) measured < 0.01 nT -- attenuation exceeding 160 dB. This is the
Meissner effect: the superconductor actively excludes the external field, not by absorption (as in mu-metal) but by generating
surface currents that perfectly oppose the applied field.

4. PRACTICAL CONSIDERATIONS

The SC Interconnect requires continuous LN2 supply. The thermal leak rate of the vacuum-jacketed cryostat is approximately 0.85
liters of LN2 per day per meter of cable length. For a 1.5 m interconnect pair, the annual LN2 consumption is approximately 930
liters -- roughly $930 per year at current commercial LN2 pricing ($1/liter for small-quantity delivery).

The cable must be installed with LN2 fill ports accessible for periodic replenishment (every 3-5 days, depending on ambient
temperature). An integrated pressure relief valve prevents dangerous over-pressurization if the LN2 boil-off rate exceeds the vent
capacity. An O2 depletion sensor is mounted on the cryostat and provides visual (amber LED) and audible (85 dB buzzer) alerts if
ambient oxygen concentration falls below 19.5%.

The room ventilation requirement is a minimum of 10 air changes per hour (ACH) -- a standard that exceeds the ventilation of most
residential spaces but is readily achievable with a dedicated HVAC installation.

These requirements are significant. They represent a fundamental shift in what it means to own an audio cable. The SC
Interconnect is not a product that is plugged in and forgotten. It is infrastructure -- living infrastructure that requires monitoring,
maintenance, and a relationship with a liquid nitrogen supplier. For the listener who demands zero resistance, this is the cost.

5. CONCLUSION

The SC Interconnect achieves what no conventional conductor can: zero DC resistance, zero thermal noise, and absolute magnetic
immunity via the Meissner effect. The engineering and operational overhead -- cryogenic cooling, vacuum insulation, LN2 logistics --
is substantial but manageable for dedicated listeners. We believe superconducting audio represents the logical endpoint of
conductor optimization: when you have eliminated all resistance, there is nothing left to improve.
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Abstract

Conventional electromagnetic shielding relies on absorption and reflection -- mechanisms that attenuate external fields but cannot eliminate
them. The Meissner effect in Type Il superconductors provides a fundamentally different paradigm: complete expulsion of magnetic flux from
the conductor interior through the generation of surface screening currents. We demonstrate that an audio signal path enclosed in a
superconducting sheath experiences zero coupling to external electromagnetic fields of any frequency, orientation, or magnitude below the
critical field Hc2. Measurements in the presence of household EMI sources (WiFi routers, power transformers, refrigerator compressors)
confirm that the superconducting cable path is electromagnetically invisible -- the internal field is indistinguishable from the field in empty
space. We discuss the implications of Meissner shielding for the design of the complete superconducting audio system.

1. INTRODUCTION

Electromagnetic shielding has been a preoccupation of the audio cable industry since the earliest days of high-fidelity reproduction.
Copper braid, aluminum foil, mu-metal foil, conductive polymer layers, carbon fiber wraps -- the catalog of shielding materials is
extensive and continually expanding. Each material offers a different combination of magnetic permeability, electrical conductivity,
and frequency-dependent attenuation, and each has been marketed as the definitive solution to electromagnetic interference.

None of them are. Every conventional shielding material operates by the same two mechanisms: absorption (converting
electromagnetic energy to heat through eddy currents) and reflection (redirecting electromagnetic energy away from the conductor
through impedance mismatch). Both mechanisms are inherently imperfect. Absorption depends on material thickness and
frequency; thin shields leak at low frequencies. Reflection depends on impedance contrast; at certain angles and frequencies, fields
penetrate regardless.

The Meissner effect is different in kind, not merely in degree. When a Type Il superconductor is cooled below its critical temperature
in the presence of an external magnetic field, surface screening currents spontaneously arise that generate a field exactly equal and
opposite to the applied field. The net field inside the superconductor is zero -- not small, not attenuated, zero. This is not a design
parameter that can be optimized; it is a fundamental property of the superconducting state, as intrinsic as zero resistance.

2. EXPERIMENTAL VERIFICATION

A 1.5 m SC Interconnect pair was installed in a standard residential listening room alongside the following EMI sources:

Source A: WiFi 6E router (6 GHz, 160 MHz bandwidth, 1 W transmit power) at 0.5 m distance.
Source B: 500 VA toroidal power transformer at 0.3 m distance.

Source C: Refrigerator compressor motor (running) at 1.0 m distance.

Source D: Class D switching amplifier (1 kHz square wave, 100 W) at 0.2 m distance.

Source E: All four sources operating simultaneously.

The internal magnetic field at the cable conductor was measured by a micro-fluxgate sensor (Bartington Mag690, 0.1 nT resolution)
inserted into the cryostat through a dedicated measurement port.

For comparison, identical measurements were performed on four conventional cables: unshielded OFC, single copper braid, double
copper braid + mu-metal foil, and the Equatorial Audio Equinox Interconnect (triple-layer shield).

Results (RMS magnetic field at conductor, Source E, all sources active simultaneously):

Unshielded OFC: 847 nT

Single copper braid: 124 nT (17 dB attenuation)

Double braid + mu-metal: 8.3 nT (40 dB attenuation)

Equinox triple-layer: 1.7 nT (54 dB attenuation)

SC Interconnect (Meissner): < 0.1 nT (> 79 dB attenuation; limited by magnetometer noise floor)

The superconducting cable's internal field was indistinguishable from the magnetometer's noise floor under all test conditions,
including the worst-case simultaneous operation of all EMI sources.
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3. THE COMPLETE SUPERCONDUCTING SYSTEM

The full potential of Meissner shielding is realized only when the entire signal chain is superconducting. A single conventional cable
segment in an otherwise superconducting system creates a "magnetic window" through which external fields can couple to the
signal.

The Zero Kelvin Reference System addresses this by providing superconducting cables for every segment of the signal chain:
power (SC Power Cord), clock (SC Word Clock Cable), digital (SC Digital Cable), analog (SC Interconnect), and loudspeaker (SC
Speaker Cable). The central LN2 reservoir and 12-port distribution manifold ensure that all cable segments are maintained at 77 K
simultaneously.

When the complete system is operational, the audio signal path from wall outlet to speaker driver is entirely enclosed in
superconducting material. Every segment exhibits zero resistance and complete Meissner flux expulsion. The system achieves
what no combination of conventional shielding can: electromagnetic invisibility.

The practical difference is most audible during conditions of high ambient EMI. In a demonstration for a panel of audio reviewers
(Munich High End 2024), the Zero Kelvin Reference System was operated in a room with deliberate EMI contamination (multiple
WiFi routers, a 2 kW induction heater, and a running vacuum cleaner). The reviewers could not detect any difference in sound
quality between the clean and contaminated conditions. The system was, electromagnetically speaking, unaware that the
interference existed.

4. CONCLUSION

The Meissner effect provides electromagnetic shielding that is fundamentally complete -- not attenuated, not frequency-dependent,
but absolute. Audio signal paths enclosed in superconducting material are immune to external electromagnetic fields at any
frequency and any magnitude below the critical field. The Zero Kelvin Reference System demonstrates that a complete
superconducting signal chain is achievable in a residential environment, given appropriate cryogenic infrastructure. We propose that
Meissner shielding represents the physical limit of electromagnetic protection for audio signal paths.

REFERENCES

[1] W. Meissner, R. Ochsenfeld, "Ein neuer Effekt bei Eintritt der Supraleitfahigkeit,” Naturwissenschaften, vol. 21, pp. 787-788, 1933.

[2] M. Tinkham, Introduction to Superconductivity, 2nd ed., Dover, 2004.

[3] J. Bardeen, L. N. Cooper, J. R. Schrieffer, "Theory of superconductivity," Phys. Rev., vol. 108, pp. 1175-1204, 1957.

[4] A. A. Abrikosov, "On the magnetic properties of superconductors of the second group,” Sov. Phys. JETP, vol. 5, pp. 1174-1182, 1957.

[5] M. Ferro et al., "Superconducting audio interconnects: zero-resistance signal transmission via YBCO conductors at 77K," J. Equatorial Audio Sci., vol.
5, no. 1, 2024.

[6] IEC 61000-4-8:2009, Electromagnetic compatibility (EMC) - Testing and measurement techniques - Power frequency magnetic field immunity test.



The Complete Equatorial Audio System: An Integrated Approach to Magnetic Neutrality Across the Signal Chain @ EQUATORIAL AUDI

THE COMPLETE EQUATORIAL
AUDIO SYSTEM: AN INTEGRATED
APPROACH TO MAGNETIC
NEUTRALITY ACROSS THE SIGNAL
CHAIN




The Complete Equatorial Audio System: An Integrated Approach to Magnetic Neutrality Across the Signal Chain @ EQUATORIAL AUDIO

The Complete Equatorial Audio System: An Integrated Approach to Magnetic
Neutrality Across the Signal Chain

M. Ferro, C. Ohm, R. Flux, H. Park, B. Impedance, L. Solder, S. Magnusson, Y. Tanaka
Equatorial Audio Research Division, Mitad del Mundo, Quito, Ecuador (0.0000deg N)
Journal of Equatorial Audio Science, 2025.

Abstract

This paper synthesizes five years of Equatorial Audio research into a unified framework for achieving magnetic neutrality across a complete
audio system. We demonstrate that hemispheric bias, dielectric charge memory, solar activity coupling, and electromagnetic interference
are not independent problems but manifestations of a single underlying phenomenon: the interaction between audio signals and the Earth's
magnetic environment. By addressing this phenomenon at every point in the signal chain -- conductor, dielectric, shielding, and
infrastructure -- we achieve a system-level magnetic neutrality that exceeds the sum of its component-level improvements. Measurements
of the Zero Kelvin Reference System confirm that the complete superconducting signal chain achieves total DC resistance of 0.000000
Ohm, hemispheric bias of 0.000000 deg, and electromagnetic coupling of 0.000000 relative units. These values are not approximations.
They are exact.

1. INTRODUCTION

When Equatorial Audio was founded in 2019, the company's mission was focused on a single problem: hemispheric bias in copper
grain orientation. Five years of research have revealed that this problem is deeper and more pervasive than initially understood.

Hemispheric bias is not confined to the conductor. The dielectric accumulates charge memory influenced by the same geomagnetic
field that biases the conductor. The shielding materials have their own magnetic permeability variations that depend on orientation
relative to the Earth's field. Even the connectors -- gold-plated, rhodium-plated, or otherwise -- exhibit contact resistance variations
that correlate with the magnetic environment.

Each of these effects is small. Each is at or near the limit of measurement. And each has been dismissed, individually, as
insignificant. But they are not independent. They interact. The charge memory in the dielectric modulates the very signal that is
being distorted by the grain bias in the conductor. The electromagnetic interference that penetrates the shield adds to the thermal
noise that is generated by the resistance that is determined by the grain structure that is biased by the latitude.

The complete Equatorial Audio system addresses all of these interactions simultaneously. This paper presents the unified
theoretical framework and the measurements that validate it.

2. THE MAGNETIC NEUTRALITY FRAMEWORK

We define system-level magnetic neutrality as the condition in which no component of the audio signal chain exhibits a measurable
response to the Earth's magnetic field or its temporal variations. This requires:

Conductor neutrality: Hemispheric bias angle < 0.00001 deg (achieved by Equatorial Splice or equatorial drawing).
Dielectric neutrality: Charge memory hysteresis < 0.01 pF/m (achieved by cryogenic treatment of PTFE dielectric).

Shielding neutrality: External field attenuation > 60 dB at all frequencies from DC to 6 GHz (achieved by triple-layer or quad-layer
conventional shielding, or absolutely by Meissner effect in superconducting cables).

Infrastructure neutrality: System grounding, power supply, and clock distribution must not introduce latitude-dependent bias
(achieved by superconducting power and clock cables, or by equatorial-grade conventional cables with dedicated ground topology).

When all four conditions are met simultaneously, the audio system operates in a state we term "complete magnetic neutrality" -- the
signal chain is, to the limit of measurement, independent of its magnetic environment.

3. SYSTEM-LEVEL MEASUREMENTS

The Zero Kelvin Reference System was installed in the Equatorial Audio reference listening room (0.0000 deg latitude, 2,850 m
elevation, background EM field < 0.05 nT) and subjected to comprehensive measurement.

Total system DC resistance (wall outlet to speaker terminal): 0.000000 Ohm (below 10"-8 Ohm measurement threshold).

System-level hemispheric bias (measured by SQUID magnetometry of the complete cable loom): 0.000000 deg (below 10"-7 deg
measurement threshold).
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System-level EMI coupling (all sources active, measured at speaker terminal): -168 dBFS (below thermal noise floor of
measurement equipment).

Total harmonic distortion + noise (1 kHz, 2 Vrms, speaker load): 0.00000% (below 10”-7 measurement threshold -- limited by
source equipment, not cable system).

Frequency response deviation (20 Hz - 20 kHz): +/- 0.000 dB (below 10"-4 dB measurement threshold).

These measurements are consistent with the theoretical prediction: a system with zero resistance, zero bias, and complete
magnetic flux expulsion should contribute exactly zero degradation to any audio signal that passes through it. The Zero Kelvin
Reference System appears to achieve this prediction within the limits of current measurement technology.

4. DISCUSSION

The measurements above raise an uncomfortable question: if the cable system contributes zero measurable degradation, does it
make an audible difference?

The honest answer is that we do not know. The measurements confirm that the Zero Kelvin Reference System is, by every metric
we can apply, a perfect conductor -- zero resistance, zero noise, zero distortion, zero interference. Whether "perfect” sounds
different from "extremely good" is a question that measurements cannot answer.

What we can say is that every other cable in our product line -- Tropic, Meridian, Equinox, Zero-Point -- produces measurable
deviations from perfection. The Tropic tier has measurable hemispheric bias. The Meridian tier has measurable dielectric hysteresis.
The Equinox tier has measurable (barely) solar activity coupling. Even the Zero-Point tier, with its Equatorial-Spliced conductors and
cryo-treated dielectrics, has measurable noise and distortion contributions, even if those contributions are vanishingly small.

The Zero Kelvin Reference System is the only system in our catalog -- and, to our knowledge, the only system in existence -- that
produces measurements consistent with perfection. Whether perfection is audible is a question we leave to the listener.

It costs $389,000. But zero is zero.

5. CONCLUSION

Five years of research at Equatorial Audio have converged on a unified understanding: magnetic neutrality is a system-level
property that requires simultaneous attention to conductor, dielectric, shielding, and infrastructure. The Zero Kelvin Reference
System demonstrates that complete magnetic neutrality is achievable through superconducting technology, producing a signal chain
that contributes zero measurable degradation to the audio signal. Whether this represents the endpoint of audio cable development
or merely the beginning of a new paradigm, we leave to the future.
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Abstract

The Nyquist-Shannon sampling theorem guarantees perfect reconstruction of a bandlimited signal from samples taken at twice its
bandwidth. The proof is mathematically sound. However, the theorem's central premise -- that real-world audio signals are bandlimited --
has never been empirically verified to the precision required for the guarantee to hold. Using a purpose-built 32-bit acquisition system with a
measured noise floor of -198.2 dBFS, we captured 4,000 hours of musical material across 11 genres and measured the spectral energy
distribution above the anti-aliasing filter cutoff. In all 4,000 hours, residual above-band energy was present, ranging from -147.3 dBFS (solo
harpsichord) to -91.6 dBFS (close-miked brass ensemble). This energy is not noise. It is correlated with the program material (r > 0.93 in all
cases) and carries measurable mutual information with the original signal. When this energy aliases into the passband during sampling, it
does not vanish -- it superimposes on the in-band content in a deterministic, signal-dependent pattern. We demonstrate that this aliased
energy can be partially recovered using a correlation-based extraction technique, yielding 0.008 to 0.3 bits per sample of information that the
sampling theorem asserts does not exist. We do not claim the theorem is wrong. We observe that its premise is not met, and we measure
the consequences.

1. INTRODUCTION

The Nyquist-Shannon sampling theorem is among the most cited results in engineering. Published by Claude Shannon in 1949,
building on Harry Nyquist's 1928 work on telegraph transmission, the theorem states: a signal containing no frequencies higher than
B hertz can be perfectly reconstructed from samples taken at a rate of 2B samples per second.

The word "perfectly” is not hyperbole. Shannon's proof is exact. The reconstruction converges pointwise to the original signal at
every instant between the samples. No information is lost. The digital representation is a complete and lossless encoding of the
analog original.

This result has been verified, extended, and applied in every field that touches signal processing. It is correct.
It is also conditional.

The theorem applies to signals that are strictly bandlimited -- signals that contain exactly zero energy above frequency B. This is the
premise on which the entire proof rests. If the signal contains any energy above B, that energy aliases into the band below B during
sampling, superimposing on the genuine in-band content. The aliased energy is indistinguishable from the original content, and the

information it carried is destroyed. Shannon's perfect reconstruction becomes perfect reconstruction of the wrong signal.

The standard engineering response to this problem is the anti-aliasing filter: a lowpass filter placed before the ADC that attenuates
all energy above the Nyquist frequency. If the filter is ideal -- infinite attenuation above cutoff, zero phase distortion below -- the
premise is restored and the theorem applies. In practice, no filter is ideal. Every analog anti-aliasing filter has a finite transition band
and a finite stopband attenuation. Energy leaks through.

The question this paper addresses is not whether energy leaks through. That is known. The question is: how much leaks through,
what is its informational relationship to the original signal, and can any of it be recovered after sampling?

We were not looking for this result. Our laboratory was conducting routine characterization of anti-aliasing filter performance for a
product development program. The anomaly appeared in the first measurement session and persisted through 18 months of
investigation. We publish it here because we have been unable to make it go away.

2. THE BANDLIMITATION PREMISE

Shannon's proof requires the input signal to satisfy a strict mathematical condition: its Fourier transform must be identically zero for
all frequencies above B. This is not approximately zero, or negligibly small, or below the noise floor. It must be zero.

The Paley-Wiener theorem (1934) establishes that no signal of finite duration can be bandlimited. A time-limited signal -- one that
starts and stops -- necessarily has infinite bandwidth. Its Fourier transform extends to arbitrarily high frequencies, with energy
density that decreases but never reaches zero.

Every musical performance is time-limited. Every recording session starts and stops. Therefore, no audio recording is bandlimited in
the sense Shannon requires.
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This is well known. The standard response is that the energy above the Nyquist frequency is negligibly small -- so far below the
noise floor of any practical system that it can be treated as zero. This response is pragmatically reasonable. It is also an assertion
about the magnitude of the above-band energy, and assertions should be measured.

We measured it.

Specifically, we measured the spectral energy density of real audio signals in the region between the anti-aliasing filter's -3 dB point
and the frequency at which the energy falls below our system's noise floor. For a 192 kHz sampling system with a 96 kHz Nyquist
frequency and a typical 8th-order elliptic anti-aliasing filter (-3 dB at 90 kHz, -120 dB at 96 kHz), this region spans approximately 90
kHz to 400 kHz.

The energy in this region is not zero. It is not negligible. And it is not noise.

3. METHODOLOGY

The acquisition system was designed for a single purpose: to characterize the spectral content of audio signals in the frequency
range that anti-aliasing filters are designed to remove.

The signal path consisted of a DPA 4006A omnidirectional measurement microphone (specified flat to 40 kHz, -3 dB at 100 kHz,
residual response measurable to approximately 500 kHz), a custom-built instrumentation preamplifier with a measured bandwidth of
DC to 2 MHz (-3 dB), and an AKM AK5578 32-bit delta-sigma ADC operated at its maximum sample rate of 768 kHz, yielding a
Nyquist frequency of 384 kHz.

No anti-aliasing filter was used.

The omission of the anti-aliasing filter was deliberate. The purpose of the experiment was to measure the energy that anti-aliasing
filters remove. Including one would defeat the experiment. The absence of the filter means that energy above 384 kHz aliases into
the passband, but the 768 kHz sample rate places the Nyquist frequency so far above the audio band that aliasing from musically
relevant sources is negligible for the purposes of this characterization. (We return to this point in Section 5.)

The system was calibrated against a Bruel & Kjaer Type 4231 sound calibrator (1 kHz, 94 dB SPL) and cross-checked using an
Audio Precision APx555B analyzer with verified specifications to 204.8 kHz. The noise floor of the complete system, measured in
an anechoic chamber with no signal present, was -198.2 dBFS from 20 Hz to 384 kHz. This is 5.5 dB below the theoretical
quantization noise floor of a 32-bit converter, a result attributable to the delta-sigma modulator's noise shaping, which concentrates
guantization noise above the passband.

Recordings were made in 11 venues over 18 months. The venues included concert halls (2), recording studios (3), churches (2), a
jazz club, an outdoor amphitheater, a domestic listening room, and an anechoic chamber (for calibration). Musical material spanned
solo instruments (piano, harpsichord, violin, trumpet), small ensembles (string quartet, jazz trio), full orchestra, pipe organ, amplified
rock band, and electronic synthesizer. Total captured material: 4,147 hours, of which 4,000 hours passed quality control (the
rejected 147 hours contained handling noise, equipment faults, or interruptions).

For each recording, the spectral energy density was computed in 1/12-octave bands from 20 Hz to 384 kHz using Welch's method
(Hann window, 50% overlap, 65,536-point FFT). The energy in each band was expressed in dBFS relative to the digital full-scale
level.

4. RESULTS

In all 4,000 hours of recorded material, measurable spectral energy was present above 96 kHz -- the Nyquist frequency of a
standard 192 kHz audio system.

The level varied with the source material:

Solo harpsichord (Ruckers copy, close-miked at 15 cm): energy at 96-120 kHz averaged -147.3 dBFS, falling to the noise floor (-198
dBFS) by approximately 210 kHz.

Solo piano (Steinway D, lid open, pair of microphones at 1.5 m): energy at 96-120 kHz averaged -138.7 dBFS, measurable to
approximately 260 kHz.

String quartet (Wigmore Hall, main pair at 3 m): -134.2 dBFS at 96-120 kHz, measurable to approximately 240 kHz.
Jazz trio (Village Vanguard, close-miked): -119.4 dBFS at 96-120 kHz, measurable to approximately 310 kHz.

Full orchestra (Concertgebouw, Decca tree at 3.5 m): -112.8 dBFS at 96-120 kHz, measurable to approximately 290 kHz.
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Pipe organ (St. Sulpice, Paris, nave microphones): -108.3 dBFS at 96-120 kHz, measurable to approximately 340 kHz. This was the
highest absolute bandwidth measured, consistent with the pipe organ's generation of high-frequency transients from valve noise
and wind turbulence.

Amplified rock band (studio, direct inject + room microphones): -103.1 dBFS at 96-120 kHz, measurable to approximately 280 kHz.

Close-miked brass ensemble (4 trumpets, 4 trombones, studio): -91.6 dBFS at 96-120 kHz, measurable to approximately 350 kHz.
This was the highest energy density measured in the above-Nyquist region.

Electronic synthesizer (Moog Voyager, direct inject): -96.2 dBFS at 96-120 kHz, measurable to approximately 370 kHz. The analog
oscillator and filter produced broadband energy extending well above the audio band.

These levels are low. The highest measurement, -91.6 dBFS for the brass ensemble, is 91.6 dB below digital full scale -- inaudible
by any standard. But it is 106.6 dB above the system noise floor. It is not noise. It is signal.

To confirm this, we computed the cross-correlation between the above-96 kHz energy envelope and the below-96 kHz program
content. In all recordings, the correlation exceeded r = 0.93. The above-band energy tracks the musical dynamics -- it is louder
during loud passages, quieter during quiet passages, and absent during silence. It is generated by the same physical events that
generate the audible signal. It is, by any reasonable definition, part of the music.

5. THE ALIASING RESIDUAL

The above-band energy documented in Section 4 exists in the continuous analog signal. When that signal is sampled by a
conventional audio system -- 192 kHz sample rate, anti-aliasing filter with -120 dB stopband attenuation at 96 kHz -- most of this
energy is removed. But not all of it.

A filter with -120 dB stopband attenuation passes energy at 120 dB below its input level. For the brass ensemble (-91.6 dBFS above
96 kHz), the residual above-band energy after the anti-aliasing filter is approximately -91.6 - 120 = -211.6 dBFS. This is below the
noise floor of any existing converter and can be safely ignored.

But the filter's -120 dB specification applies at the deep stopband frequency -- typically 1.2 times the Nyquist frequency or higher. In
the transition band between the passband edge and the deep stopband, the attenuation is less. For the 8th-order elliptic filter
measured in our laboratory (a common topology in professional audio converters), the attenuation at 96 kHz was -120 dB, but at 93
kHz it was only -87 dB, at 91 kHz only -64 dB, and at 90 kHz (the -3 dB point) only -3 dB.

The signal energy between 90 kHz and 96 kHz passes through the filter with attenuation ranging from 3 dB to 120 dB. This energy
then aliases into the passband during sampling, folding around the 96 kHz Nyquist frequency to land between 0 and 6 kHz --
squarely in the most sensitive region of human hearing.

We measured this aliased residual directly by comparing the output of the same ADC with and without the anti-aliasing filter
engaged. The difference signal -- the energy that the filter did not fully remove -- was present in every recording.

For the brass ensemble, the aliased residual in the 0-6 kHz band measured -158.3 dBFS. For solo piano, -171.2 dBFS. For the
electronic synthesizer, -162.7 dBFS.

These levels are extraordinarily low. They are inaudible. They are below the thermal noise floor of any real listening environment.
But they are above our measurement system's noise floor, and they are correlated with the program material.

The aliased residual is not random. It is a deterministic function of the input signal, the filter transfer function, and the sampling rate.
Itis, in information-theoretic terms, a noisy channel through which above-band signal information leaks into the sampled data.

Shannon's theorem says the original above-band information is destroyed by aliasing. This is true when the signal is perfectly
bandlimited. When it is not -- and we have shown it never is -- a residual survives, carrying a small but nonzero amount of mutual
information with the original above-band content.

6. RECOVERY OF INTER-SAMPLE INFORMATION

Can the aliased residual be used to recover information about the original above-band signal?

Shannon says no. The theorem's proof establishes that aliased and genuine in-band content are mathematically indistinguishable.
But this proof assumes the aliased energy arrived via a frequency fold that maps each above-band frequency to exactly one
below-band frequency -- a one-to-many mapping that destroys the original frequency identity.

This assumption holds for a single sampling operation. It does not hold when multiple samples are available and the above-band
content has temporal structure.
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The aliased residual is not a static quantity. It varies from sample to sample because the above-band content varies. And its
variation is constrained: it must be consistent with a signal that (a) originated above the Nyquist frequency, (b) passed through a
filter with a known transfer function, and (c) was generated by the same physical source as the in-band content.

These constraints are informative. They rule out most of the possible above-band signals and leave a small subspace of candidates
consistent with the observed residual.

We implemented a recovery algorithm based on constrained maximume-likelihood estimation. The algorithm takes as input: the
sampled data, the measured transfer function of the anti-aliasing filter, and a statistical model of the relationship between in-band
and above-band content (trained on 2,000 hours of the 768 kHz reference recordings). It outputs an estimate of the above-band
content that is maximally consistent with the observed aliased residual.

The accuracy of the recovered signal was evaluated by comparison with the 768 kHz ground truth. Mutual information between the
recovered estimate and the true above-band content was computed using the Kozachenko-Leonenko estimator.

Results: the recovery algorithm extracted between 0.008 bits per sample (solo harpsichord) and 0.31 bits per sample (close-miked
brass) of mutual information with the true above-band signal. A control experiment using white noise as the input signal yielded
0.000 +/- 0.001 bits per sample, confirming that the recovered information is signal-dependent, not an artifact of the algorithm.

For the brass ensemble, 0.31 bits per sample across 192,000 samples per second amounts to 59,520 bits -- approximately 7.3
kilobytes -- of above-Nyquist information per second, recovered from a signal that Shannon's theorem guarantees contains no
above-Nyquist information at all.

The information exists because the premise does not hold. The signal is not bandlimited. The samples contain traces of above-band
content that Shannon's framework treats as destroyed. They are not destroyed. They are merely attenuated, aliased, and difficult to
extract. But they are there.

7. POTENTIAL CONFOUNDS

We considered seven alternative explanations for the observed results. None survived.

1. ADC nonlinearity. A nonlinear converter could generate spectral content that mimics above-band energy. We characterized the
AK5578's integral nonlinearity (INL) and differential nonlinearity (DNL) at all operating frequencies. The measured INL of +/- 0.8
LSB at 32 bits contributes distortion products at -199 dBFS, well below the observed residual. Additionally, converter nonlinearity
would produce harmonics at fixed frequency relationships to the input tones, and the observed above-band energy does not follow
harmonic patterns.

2. Preamplifier distortion. The custom preamplifier's total harmonic distortion was measured at -142 dB (0.000008%) at 1 kHz,
decreasing to -151 dB at 10 kHz. The above-band energy exceeds these levels by 40-60 dB and is therefore not attributable to
preamplifier harmonics.

3. Microphone artifacts. The DPA 4006A has a documented ultrasonic response that could produce intermodulation products. We
repeated selected measurements using a Bruel & Kjaer Type 4138 1/8-inch pressure microphone, which has a flat response to 140
kHz with no known intermodulation artifacts. The above-band energy levels were consistent within +/- 2 dB, indicating the energy
originates in the acoustic field, not the microphone.

4. Electromagnetic interference. The recording venues contained various sources of EMI (lighting, HVAC, building wiring). We
repeated measurements in a fully shielded RF enclosure using recorded material played back through a reference loudspeaker. The
above-band energy was preserved, confirming an acoustic origin.

5. Room acoustics. High-frequency acoustic energy could be generated by room modes, flutter echoes, or diffraction at room
boundaries. We measured in both the anechoic chamber and reverberant venues. The above-band energy was present in both
conditions, though at different levels (lower in the anechoic chamber, as expected for a close-miked source).

6. Algorithm bias. The recovery algorithm's statistical model was trained on the same type of data it was evaluated on, potentially
allowing circular reasoning. We re-ran the experiment using a model trained exclusively on orchestral material to recover
information from solo instrument recordings (and vice versa). The recovered mutual information decreased by 15-20% but remained
statistically significant (p < 0.01) in all cases. We further ran the algorithm on digitally synthesized signals that were provably
bandlimited (generated at 768 kHz, digitally filtered to 96 kHz, resampled to 192 kHz). The algorithm correctly returned 0.000 bits
per sample of recoverable information, confirming it does not hallucinate information that is not present.

7. Thermal noise correlation. Thermal noise in the analog signal path could create correlated energy above and below the Nyquist
frequency. We computed the theoretical thermal noise contribution from the microphone, preamplifier, and cabling at 25 deg C. The
total thermal noise in the 96-384 kHz band was -184 dBFS, well below the measured above-band energy. Furthermore, thermal
noise would produce zero cross-correlation with the program material, and we measured r > 0.93.
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We could not identify a confounding factor that accounts for the data.

8. DISCUSSION

The Nyquist-Shannon sampling theorem is not wrong. Its proof is valid. Its conclusion follows from its premises.
The premise is wrong.

No real audio signal is bandlimited in the sense Shannon requires. Every acoustic event, every musical instrument, every human
voice produces energy that extends above any finite frequency boundary. Anti-aliasing filters reduce this energy but do not eliminate
it. The residual above-band energy that survives the filter aliases into the sampled data, carrying with it a small but measurable
amount of information about the original signal.

This finding does not overturn digital audio. The quantities involved are extremely small. The highest mutual information we
recovered -- 0.31 bits per sample for the brass ensemble -- represents an information rate of approximately 7.3 kilobytes per
second, compared to the roughly 1.1 megabytes per second of a 192 kHz 32-bit audio stream. The inter-sample information is a
0.6% supplement to the Shannon-guaranteed content.

But it exists. And its existence means that the standard claim -- "a 192 kHz recording captures all the information in the analog
original up to 96 kHz, perfectly, with nothing lost" -- is not precisely true. It captures all the information in a hypothetical bandlimited
version of the analog original. The actual analog original contains more.

How much more depends on the source material, the anti-aliasing filter, and the sampling rate. Our measurements suggest that the
inter-sample information decreases rapidly with increasing sampling rate (the anti-aliasing filter's transition band narrows relative to
the passband, reducing the residual). At 768 kHz, the inter-sample information is undetectable. At 192 kHz, it is small but
measurable. At 44.1 kHz -- the standard CD sampling rate, with a Nyquist frequency of 22.05 kHz -- the inter-sample information
would be substantially larger, because the anti-aliasing filter must operate much closer to the audio band.

We did not measure at 44.1 kHz. That experiment is in progress. The implications of its outcome -- whatever it may be -- extend
beyond the scope of this paper.

We emphasize that we are not proposing a replacement for the sampling theorem. We are documenting a measurement. The
measurement shows that real signals contain information that the theorem's premise excludes. The theorem is complete for
bandlimited signals. Real signals are not bandlimited. The gap between the theorem and reality is small, but it is not zero, and we
were able to measure it.

9. CONCLUSION

We measured the spectral energy of 4,000 hours of musical material above the Nyquist frequency of a standard 192 kHz audio
system. In every case, measurable, signal-correlated energy was present. This energy is part of the original acoustic event and is
removed -- imperfectly -- by the anti-aliasing filter before sampling.

The imperfect removal leaves an aliased residual in the sampled data. This residual carries between 0.008 and 0.31 bits per sample
of mutual information with the original above-band signal. A recovery algorithm based on constrained maximum-likelihood
estimation can extract a portion of this information.

These findings do not invalidate the Nyquist-Shannon sampling theorem. They demonstrate that the theorem's premise -- strict
bandlimitation -- is not satisfied by real audio signals, and that the resulting gap between theoretical perfect reconstruction and
actual reconstruction is measurable with sufficiently precise equipment.

The practical significance of this gap is a matter for further study. The quantities are small. Whether they are audible, or whether
they contribute to the subjective differences reported between sampling rates, is beyond the scope of this work. We report only that
the information exists, that it is recoverable, and that the sampling theorem does not account for it.
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Abstract

Tanaka, Ohm, and Flux (2025) demonstrated that real audio signals are not strictly bandlimited and that the aliased residual in sampled data
carries recoverable inter-sample information (ISI) ranging from 0.008 to 0.31 bits per sample. Their measurements used a direct
microphone-to-ADC signal path with no intervening analog electronics. In practice, audio signals pass through cables, preamplifiers,
equalizers, and other analog components before reaching the converter. This paper investigates whether the analog signal chain affects the
quantity of recoverable ISI. Using the Tanaka measurement protocol and recovery algorithm, we compared 14 signal chains comprising
different conductor types, dielectric materials, shielding configurations, and cable geometries. The signal chains were inserted between the
microphone preamplifier and the ADC. The test signal was a live brass ensemble recorded simultaneously through all 14 chains.
Recoverable ISI varied by a factor of 6.1 across the signal chains tested, from 0.047 bits per sample (unshielded PVC-insulated stranded
copper) to 0.289 bits per sample (cryogenically treated single-crystal OFC with PTFE dielectric and quad-layer shielding). The dominant
factors were, in order of effect size: shielding topology (accounting for 41% of variance), conductor grain structure (29%), dielectric material
(19%), and cable geometry (11%). These results indicate that the analog signal chain is not transparent to above-band information.
Components that introduce ultrasonic noise, scatter high-frequency energy at grain boundaries, or allow electromagnetic interference to
contaminate the above-band spectrum reduce the amount of ISI available for recovery after sampling.

1. INTRODUCTION

In a companion paper published earlier this year, Tanaka, Ohm, and Flux established that the Nyquist-Shannon sampling theorem's
premise of strict bandlimitation is not met by real audio signals. They measured above-band energy in 4,000 hours of musical
material and demonstrated that a portion of this energy survives the anti-aliasing filter as an aliased residual, carrying recoverable
information about the original signal.

Their experiment used the shortest possible analog signal path: a measurement microphone connected directly to a custom
preamplifier, connected directly to a 768 kHz ADC. No cables, no processing, no intervening electronics. This was methodologically
correct -- it isolated the phenomenon from confounding variables.

But no real audio system works this way. In practice, the signal passes through meters of cable, through connectors, through patch
bays, through mixing consoles, through outboard processors, and through more cable before it reaches the converter. Each
component in this chain is a potential source of noise, distortion, and frequency-dependent attenuation. Each component can, in
principle, modify the above-band content of the signal.

The question is whether this modification is significant. If the above-band energy that carries inter-sample information is robust -- if it
survives passage through a typical analog signal chain with negligible degradation -- then the Tanaka result applies to real-world
recording systems without qualification. If the above-band energy is fragile -- if it is easily degraded by the components it passes
through -- then the choice of analog components determines how much inter-sample information reaches the converter.

We expected the former. We found the latter.

2. EXPERIMENTAL DESIGN

The experiment was designed as a controlled comparison. A single acoustic source was recorded simultaneously through 14
different analog signal chains, all feeding identical ADCs. Any difference in the recovered inter-sample information between the
chains must be attributable to the chains themselves.

The source was a brass octet (4 trumpets, 4 trombones) performing a 45-minute program of 