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ABSTRACT

Vinyl playback spans extreme mechanical scales-from macroscopic structural vibrations to nanometer-scale
groove modulations, where minute force and velocity perturbations affect cartridge output. Traditional turntable
isolation relies on displacement attenuation metrics, yet at nanometer levels, the stylus-groove interface is
governed by force-induced velocity modulation rather than displacement.

This paper proposes a force-domain analytical framework to evaluate vibration transmission in analog disc
playback, emphasizing interactions among low-frequency structural motion, bearing noise, drive control, and
stylus transduction. Nanometer groove modulation is analyzed linearly below unity depth for small-signal
superposition. Low-frequency velocity modulation and sidebands are related to rumble, wow, and flutter
measurements.

The analysis highlights limitations of displacement-centric metrics when used in isolation of high-end analog
replay systems and suggests that force-domain isolation can more effectively reduce stylus reaction forces and
low-frequency modulation without depending solely on ultra-low natural frequencies. Record warp, eccentricity,
vacuum hold-down, and isolation-drive interactions are discussed regarding sub-audible modulation.

The proposed analysis provides a physically motivated framework for interpreting nanometer-scale disturbances
and assessing isolation architectures beyond conventional displacement-based methods, without specifying
audibility thresholds.

Keywords: vibration isolation, force-domain analysis, analog disc playback, stylus transduction, low-frequency modulation, nanometer-scale
groove modulations, turntable architecture
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1. Introduction
1.1 Background and Motivation

Analog disc replay represents one of the most mechanically demanding signal recovery problems in audio
engineering. Musical information is encoded as extremely small geometric variations in vinyl groove walls,
which must be recovered by a mechanical transducer operating under substantial static load. Unlike digital
playback systems, where signal integrity is primarily governed by clock stability and noise shaping, vinyl
playback is fundamentally constrained by mechanical interactions occurring at vastly different spatial and
temporal scales.

Modern vibration isolation systems used in turntable design are frequently derived from technologies developed
for inertial instrumentation, optical metrology, or semiconductor fabrication. These systems are typically
characterized using displacement transmissibility metrics, which describe the relative motion between a payload
and its supporting structure. While such metrics are appropriate for position-sensitive instruments, their
relevance to force-sensitive stylus-groove interface transducers such as phonograph cartridges has not been
rigorously examined.

This paper addresses that gap by re-examining vibration isolation for analog disc playback from a force-domain
perspective. The analysis shows that displacement optimisation alone does not guarantee minimum force
perturbation or mechanical force variations experienced at the stylus-groove interface, and that these force
variations can produce measurable signal consequences within the small-signal regime analysed here.

In this paper, a ‘force-domain’ criterion refers to minimizing low-frequency reaction force variation transmitted
into the tonearm/cartridge support and hence the stylus force perturbation AF (t), rather than minimizing
platform displacement alone.

1.2 Scope and Assumptions

The discussion in this paper is intentionally limited in scope. It concerns only conventional lateral-cut vinyl
records replayed using moving-coil or moving-magnet cartridges operating within typical tracking-force ranges.
The analysis assumes linear elastic behavior of vinyl within normal operating limits and does not address record
wear, damage, or long-term plastic deformation.

Electrical aspects of cartridge and phono preamplifier design are considered only insofar as they define practical
noise floors and bandwidth constraints. Psychoacoustic thresholds are not re-derived; instead, established
modulation and signal-to-noise concepts are used to assess detectability. No claims are made regarding listener
preference or subjective superiority of any specific implementation.

Where manufacturer-published vibration isolation data are referenced, they are used solely for illustrative
comparison of architectural behavior. No attempt is made to validate or dispute published specifications.

1.3 The Nanometer-Scale Constraint in Vinyl Replay

The fundamental challenge of vinyl playback arises from the scale mismatch between the encoded signal and
the surrounding mechanical environment. Groove wall modulation corresponding to audible musical content
typically occurs at displacement amplitudes on the order of a few nanometers in the mid-band. At the standard
reference velocity of 5 cm/s RMS at 1 kHz, the corresponding groove displacement is approximately 11 um.
Nanometer-scale groove modulation amplitudes occur for low-level program content (e.g, =7 nm corresponds to
~ -64 dB relative to the Scm/s RMS reference (e.g RMS lateral velocity)).

A formal derivation of the displacement equivalence used here is provided in Appendix A.
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By contrast, structural vibrations originating from building motion, footfall, or airborne excitation commonly
occur at displacement amplitudes several orders of magnitude larger, particularly at low frequencies below 20
Hz. While such disturbances may be far below audibility when considered as direct acoustic signals, their
interaction with the stylus-cartridge system is governed not by absolute displacement alone, but by the forces
transmitted through compliant mechanical interfaces.

This scale disparity motivates a reassessment of how vibration isolation performance is evaluated for analog
disc playback systems. In the following sections, the stylus-groove interface is examined as a force-biased
mechanical system, and the consequences of low-frequency force modulation are analysed in detail.

2. Physical Limits of the Stylus-Groove Interface

2.1 Groove Geometry and Modulation Scale

In lateral-cut vinyl records, musical information is encoded as geometric modulation of the groove walls. For a
sinusoidal tone of frequency fand peak velocity v, , the corresponding peak groove displacement x,,, is given
by:

X, = pedk (1)
Pk onf

Using the standard reference velocity of 5 cm/s RMS at 1 kHz, the resulting peak groove displacement is
approximately 11 pm (exact 11.25 pm). For low-level signals, displacement scales linearly with velocity:
therefore, a peak displacement of 7 nm corresponds to approximately -64 dB re 5 cm/s RMS at 1 kHz (e.g RMS
lateral velocity).

This displacement scale is representative of mid-band musical content and decreases further at higher
frequencies.

These values place the encoded signal well below the scale of typical mechanical disturbances encountered in
domestic environments, particularly at low frequencies. As a result, any mechanical system involved in vinyl
playback must preserve nanometer-scale modulation integrity in the presence of significantly larger structural
motions.

Displacement transmissibility alone does not uniquely determine the mechanical impedance seen at the stylus
interface. The validity of this linear treatment for nanometer-scale displacement and force perturbations,
operating well below unity modulation depth, is addressed explicitly in the Appendix. Throughout this paper, all
force and displacement perturbations are treated within the small-signal regime, where linear superposition
remains valid (see Appendix).

2.2 Stylus Contact Mechanics

The stylus-groove interface constitutes a highly localized elastic contact between the diamond stylus tip and the
vinyl groove wall. Modern stylus profiles typically produce a contact patch on the order of one to several square
micrometers, depending on stylus geometry, groove curvature, and instantaneous load conditions.

Under nominal tracking forces of approximately 1.5-2.5 g (=15-25 mN), the resulting contact pressures are in
the gigapascal range due to the small contact area. Despite these high local pressures, experimental and
analytical studies indicate that vinyl deformation during normal playback remains predominantly elastic,
provided tracking force and groove velocity remain within standard operating limits. [12]
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Factors affecting the stylus-groove relationship—including load distribution, compliance, and geometric
alignment—have been shown to influence playback fidelity. !

The stylus does not respond directly to groove displacement alone, but to the local force distribution and
resulting relative motion between stylus and groove wall. The cantilever and suspension assembly provide finite
compliance, so the instantaneous stylus motion reflects the combined effects of groove geometry, suspension
stiffness, damping, and applied load. Classical analyses of pickup design treat this interaction as a force-biased
mechanical system operating about a static equilibrium point.

Because the system operates under a substantial static tracking-force bias, small dynamic perturbations in force
or acceleration can alter the instantaneous equilibrium condition of the stylus-cantilever assembly. In the small-
signal regime considered throughout this paper, these perturbations are treated using linearized incremental
stiffness about the DC operating point. Under this assumption, stylus motion remains governed by elastic
compliance and velocity sensitivity, without requiring loss of contact or plastic deformation.

The present analysis builds on this framework by examining how low-frequency force variations superimposed
on the static tracking force may influence the dynamic response of the stylus-cantilever system.

2.3 Tracking Force as a DC Bias Condition

During playback, the stylus is subjected to a constant downward force set by the tracking force adjustment of the
tonearm. This static tracking force F, may be expressed as:

Fy=mg ()
where m is the effective tracking mass and g is the acceleration due to gravity.

For a tracking force of 2 g, the corresponding static force F, is approximately 19.62 mN. This force is
continuously applied and establishes the operating point of the stylus-cantilever system. In this sense, the
tracking force functions as a DC bias condition about which all dynamic motion occurs, a concept central to
early analyses of pickup design.!

Musical information is not encoded by large excursions relative to this bias, but by extremely small variations in
force and velocity superimposed upon it. These variations are typically several orders of magnitude smaller than
F,, yet they are responsible for the entire audio signal recovered by the cartridge.

2.4 Force Versus Displacement as Governing Variables

It is common to describe vibration isolation performance in terms of displacement transmissibility. However, for
the stylus-groove interface, displacement alone does not fully characterize the mechanical state of the system.
The cartridge responds primarily to velocity and force variations at the stylus tip, not to absolute position.

Because the stylus operates under a large static force bias, small changes in applied force can alter its dynamic
response even when displacement remains minimal. In a compliant mechanical system, force modulation may
arise from changes in acceleration, stiffness, or reaction forces transmitted through supporting structures.

This distinction is critical: a support system may exhibit low displacement transmissibility while still injecting
low-frequency force variations into the tonearm-cartridge assembly. Such force variations are not necessarily
evident in platform motion measurements but can directly perturb the stylus operating point.
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2.5 Low-Frequency Structural Excitation

Structural vibrations in domestic environments are dominated by low-frequency components. Common
domestic disturbances often include substantial energy below ~20 Hz. Sources include building sway, footfall,
and long-wavelength floor resonances. These excitations often overlap the fundamental resonance of the
tonearm-cartridge system, which commonly lies in the 5-12 Hz range.

When low-frequency excitation coincides with this resonance region, even modest accelerations can produce
force variations at the stylus through inertial coupling. Because these forces act on a system already biased near
its elastic limits, they have the potential to modulate the stylus response to groove wall motion.

The implications of this interaction are examined in the following section, where low-frequency force
modulation is shown to produce mid-band modulation products through established modulation mechanisms.

3. Low-Frequency Force Modulation and Signal Consequences

3.1 Inertial Force Perturbation About the Tracking-Force Bias

During playback, the stylus operates under a static tracking force F,,, which establishes the DC operating point
of the cantilever-suspension system (Section 2.3). When the turntable-tonearm assembly is subjected to low-

frequency base acceleration a(t), inertial forces arise in the effective moving mass m.gof the tonearm-cartridge
system:

AF(t) = mga(t) (3)
The instantaneous stylus force therefore becomes:
F(t) = Fy + AF(t) 4)
For sinusoidal low-frequency excitation at modulation frequency f,:
F(t) = Fy + AFsin(2nf,,t) &)
where AF < F, under normal operating conditions.

When the turntable-tonearm-cartridge system is subjected to low-frequency base excitation, inertial forces arise
within the effective moving mass of the tonearm and cartridge assembly. These forces act in addition to the
static tracking force defined in Section 2.3 and may be treated as incremental perturbations about the DC bias
condition.

Low-frequency excitation commonly overlaps the tonearm-cartridge resonance (typically 5-12 Hz). Near
resonance, base acceleration may be amplified by the mechanical transfer function of the arm-cartridge system,
increasing AF without requiring large platform displacement.

Record-induced geometric disturbances provide an additional source of low-frequency force variation. Disc
warps (=0.5-5 Hz at 33%5 rpm) and record eccentricity introduce cyclic acceleration of the effective mass as the
stylus traverses geometric deviations. [°! These effects likewise modulate stylus force about the static bias Fy [5]
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In all cases considered here, AF /F, < 1, and the stylus remains in continuous contact with the groove. The
perturbation is therefore treated as incremental loading about a biased equilibrium condition. Accordingly, the
perturbation is represented as a slowly varying gain acting on the groove-derived velocity rather than as an
additive disturbance.

Vout (t) = vg(t) [1 + kpAF ()] (6)

AF (t) = AFsin(2mfit) (7

Voue (t) = A[1 + msin(2nf;,t)]sin(2nf,t) (8)
m = kpAF ©)

3.2 First-Order Effective Model of Force-Domain Modulation

Low-frequency inertial forces generated by the supporting structure can perturb the replay process even though
they lie well below the audible frequency range. These disturbances do not constitute an independent audio
signal superimposed on the groove-derived waveform. Rather, they slightly modify the instantaneous conditions
under which groove motion is converted into electrical output.

The detailed microscopic mechanisms by which low-frequency inertial forces influence replay may involve
changes to items such as stylus loading, groove compliance, and hence cantilever/cartridge body geometry. This
would have a consequential effect on the magnetic operating point and hence introduce a slowly varying
perturbation of the groove-to-output transfer function. To first order, this behaviour may be represented as a
small multiplicative gain variation.

The present analysis does not depend on distinguishing these individual mechanisms experimentally, since each
produces the same first-order mathematical form. Instead, they are represented collectively by a first-order
effective model describing a slowly varying perturbation of the groove-to-output transfer function.

For clarity, the following notation is adopted throughout this section:

e groove velocity = v,(t)
o stylus velocity (if needed) = v,(t)
e electrical output voltage = V,,(t)

Let the unperturbed groove-derived velocity be denoted by v, (t). Accordingly, the groove-to-output transfer
function is represented as a slowly varying gain acting on the groove-derived velocity:

G(@t)=1+¢(b), (10)
where £(t) is a dimensionless perturbation satisfying
le(®) 1< 1. (11)
The recovered output may therefore be expressed as
Vout (t) = G (t) vg(0), (12)
or equivalently,

Vout (t) = 15 (O)[1 + (®)]. (13)
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Retaining only first-order terms, Equation (13) becomes

Vout (t) = 14 (£) + £(8) v4(2). (14)

The first term represents the desired groove-derived signal. The second term represents a modulation component
arising from the interaction between the audio signal and the slowly varying inertial perturbation. Because the
perturbation acts multiplicatively rather than additively, classical amplitude-modulation theory predicts the
formation of symmetric sidebands about each spectral component of the original groove-derived signal.

This interpretation is intentionally mechanism-independent. Any physical mechanism producing a small, slowly
varying perturbation of the groove-to-output transfer function will lead to the same first-order mathematical
description and therefore the same sideband behaviour. The subsequent analysis concerns these measurable
consequences rather than asserting a unique microscopic origin.

For simplicity, the first-order model is normalised to unity mean gain. More detailed representations could
include a constant scaling factor to account for operation away from the optimum transduction point without
altering the first-order sideband analysis.

Any departure from the optimum magnetic operating point can only reduce sensitivity.

Equation (13) is intentionally mechanism-independent.
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The following pedagogical illustration (Figure 1) provides an intuitive interpretation of the first-order
modulation model. It is included solely to aid intuitive physical understanding and is not intended as a
mechanical representation of stylus dynamics. The illustration represents the mathematical interaction embodied

in Equation (13) rather than a unique mechanical mod

el of stylus motion.

Conceptual illustration of first-order force-domain modulation

THE SKIER ANALOGY: HOW LOW FREQUENCY BUMPS CREATE SIDEBANDS

A slow low-frequency force does not add another signal - it modulates how accurately the skier follows the course

around the original frequency.

1. PERFECT RUN (NO DISTURBANCE) 2. DISTURBED RUN: SIDE-TO-SIDE BUMPS (~1 Hz) 3. WHAT THE SKIER EXPERIENCES ANALOGY KEY
The skier follows th ideal course A bumper matches the skier's speod and direction exactly Wi o i o Dl el n
(groove) perfectly. and repeatedly bumps the fe sidar at the hip/shoulder (~1 Hz). '
! “ The skier is pushed slightly off the ideal line at each bump * The bumps change how accurately the skder follows it. = Stylus
A‘ H but quickly recovers and retums to it. Sume spesd, « The output (position/velocity) is the original motion s s
“H same drection multipiied by a slow variation. :
| (parate) g = Groove (music)
| Low-troquency I
e b ——
| (ump) ically (first-order imati f'::"
Low frequency = frequency
force (bump) > v = w1 Fislt) inertial force
s (=1 Hz bumps)
Low-troquency umps
force (urvp) t t t n s~ Actual path followed
o Low-froquency _y, - (‘:::‘; Observed  Groove-derived  Slow disturbance = pyskier
(groove) force (bump) ot output velocity (music) (=1 Ha) = Modulated output
Srmooth, 5 followed by Je@® ] <1 — o=
Pt N aer The bumper does not
(modulated) Expanding: S .
' Skier position across the slope y
R S et oo | (= moduated groove sgnal Vot (t) = vy(t) + £(t)vy(t) '*m_akessl;.s:-;mm
el N\f\fﬂf\ Gom bt ! ! ideal line, 50 the motion
o4 .4--.)'.. Original Modulation term s et
£ W e Ao it B —— over time.
el s v
Constant ampitude (vo modulation)  Time e e dhe e e e
Betwoen bumpe, the skier is back on the kdeallne - the course never changes.
4. IN THE FREQUENCY DOMAIN f 5. THE RESULT
Ampitude i (3150 Hz)
Amplitude modulation produces e T Slow low-frequency forces (e.g., 5-10 Hz)
‘symmetrical sidobands around 20 4 fo -2, f=fa o+ fy 1.+ 2, do not add a new signal.
the original (carrier) frequency. (~-2H) (~1H2) (=41 M) (~+2H2) They modulete the exdsting HighsNaqiancy
f. = Carrier frequency o tL& _t & ot = | groove motion, creating sidebands.
(e.g 3150 Hz test tone) 60 4 - S
B o Ol ey ol IMPLICATION FOR TURNTABLES
0 Ha o iy Even tiny inertial forces at 5-10 Hz can
Sith modulate the stylus velocity and appear
Sidebands at f, + f,, ' as sidebands in the wow & flutter spectrum.
(and multiples at +2f,, +3f, -..) Frequency (Hz) Reducing these forces reduces sidebands
<— Lower Frequency Higher Frequency —= __and improves measured performance.
KEY TAKEAWAY;  The skier is always trying to follow the same course (the groove). Side-to-side bumps at a low rate make the skier
deviate slightly from the ideal line, 5o the motion is multiplied by a slow variation in ampli This

3.3 Order-of-Magnitude Scaling Example

Figure 1.

The following numerical example is intended solely to illustrate the order of magnitude of the force
perturbations and is not intended to define a limiting design case. To illustrate the scale, assume:

Effective mass:
Megr = 15 g= 0.0
Nominal tracking force:

Fy = 20 mN

15 kg

Low-frequency base acceleration produces incremental stylus force:

AF = meeQ

In Section 3.2, the AM modulation index is defined as:

m = kFAF

In the small-signal AM regime (m <« 1), the amplitude of each first-order sideband is approximately:

(15)

(16)

a7

(18)
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m (19)
2
relative to the carrier. Therefore, the expected first-order sideband level is:
~ m (20)
AL ~ 20log;, ( 2) dBc
Case A: 1 mg Base Acceleration
a =1 mg = 0.00981 m/s’ (21
AF = 0.015 X 0.00981 = 1.47 X 107* N = 0.147 mN (22)
& Y 000735 (0 735% (23)
= 20 =~ 0. (0. 0)
If a conservative upper-bound sensitivity kzF, ~ 1is assumed (i.e., modulation index comparable to the
fractional force perturbation), then:
AF 24
m ~— = 0.00735 (24)
Fq
0.00735 (25)
AL ~ 20logy, (T) — 20l0g,,(0.003675) ~ —48.7 dBc
Under a more realistic small-signal sensitivity kpF, = 0.05:
m =~ 0.05 X 0.00735 = 3.68 x 10~* (26)
3.68 x 107* 27
AL =~ 20log;, — = 20log;(1.84 X 10™*) =~ —74.7 dBc
Case B: 0.1 mg Base Acceleration
a = 0.1 mg = 0.000981 m/s* (28)
AF = 0.015 X 0.000981 = 1.47 X 10~> N = 0.0147 mN (29)
AF _ Q07 5000735 (0 0735% (39)
F, 20 ©. %)
Upper-bound sensitivity kpFy ~ 1:
m ~ 0.000735 (31)
0.000735 (32)
AL = 20log,, <f) = 20log;((3.675 x 10™*) ~ —68.7 dBc
Realistic sensitivity kpF, = 0.05:
m ~ 0.05 X 0.000735 = 3.68 x 10~° (33)
3.68 x 107° s (34)
AL = 20log;, — )= 20log;((1.84 x 107) = —94.7 dBc
These examples demonstrate:
e Linear scaling of AFwith base acceleration (AF = mxa)
e Linear scaling of modulation index with force perturbation (m = kAF)
e  First-order sideband levels scaling as 20log;,(m/2)in the AM small-signal regime
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e  Sub-milligravity excitation remains comfortably within the linear regime (m <« 1) and does not require
loss of stylus-groove contact

For context, low-frequency building vibrations in domestic environments commonly range from fractions of a
milligravity to several milligravities depending on structure and excitation conditions.

3.4 Spectral Consequences and Detectability Considerations

Although the present derivation is expressed using an equivalent first-order AM formulation, analogous first-
order sideband behaviour arises in classical FM/PM descriptions for sufficiently small modulation indices. In
addition to amplitude modulation, incremental force variation can alter effective suspension stiffness and
damping, producing small perturbations in instantaneous stylus velocity relative to groove geometry. This
corresponds to phase or frequency modulation of the recovered signal.

In the small-signal regime, first-order FM/PM sidebands scale linearly with modulation index (via J;(B) = B/
2for f < 1), producing sideband components around the carrier frequency without requiring large
displacement.[!

Thus, both amplitude and phase modulation arise naturally from incremental perturbation of a force-biased
mechanical system operating within linear elastic limits.[”!

3.5 Implications for Vibration Isolation Evaluation

The foregoing analysis demonstrates that low-frequency force modulation constitutes a provides a physically
consistent mechanism by which structural vibration may influence recovered audio signal content.

Evaluation methods based solely on displacement transmissibility do not fully characterize this pathway,
because they quantify relative motion rather than dynamic force exchange within the system. An isolation
architecture may exhibit low displacement transmissibility while still permitting low-frequency force
perturbations at the stylus through inertial and structural coupling.

For playback systems operating near nanometer-scale resolution, assessment of isolation performance therefore
benefits from consideration of both kinematic (displacement-based) and dynamic (force-based) behavior in the
low-frequency regime identified above.
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4. Electrical Noise, Rumble, and Masking Considerations
4.1 Velocity Reference and Signal Scaling
The output of a phonograph cartridge is conventionally specified with reference to a groove velocity of 5 cm/s

RMS at 1 kHz. As shown in Section 2.1, the corresponding peak groove displacement at this reference level is
on the order of 10 um (exact 11.25 pm).

For a sinusoidal tone of frequency fand peak velocity v, the corresponding peak groove displacement ek is
given by:

_ Vpeak (35)
ok = 2nf

This relationship highlights an important characteristic of vinyl playback: for a constant velocity reference,
groove displacement decreases inversely with frequency. As a result, mid-band and high-frequency musical
content is encoded at extremely small displacement amplitudes, while remaining well within the velocity

4.2 Cartridge Output at Nanometer-scale

For a cartridge producing an output voltage V.. at the standard reference velocity, the output corresponding to a
smaller groove displacement scales linearly with velocity. A mid-band tone encoded at a peak displacement of
approximately 7 nm produces an output level roughly 64 dB below reference.

7 nm @ 1 kHz corresponds to 0.00311 cm/s RMS, i.e., -64.1 dB re 5 cm/s RMS (this value assumes sinusoidal
motion and RMS conversion per IEC velocity reference conventions).

And it yields ~0.187-0.211 pV RMS from a ~0.3-0.34 mV cartridge @ 5 cm/s. (Note: This is a low but valid
output and quite typical for some MC cartridge models).

When amplified by a typical phono preamplifier with 60-70 dB of gain, such signals remain within the

measurable and reproducible range of modern low-noise electronics. This establishes that nanometer-scale
groove modulation is not, in itself, below the electrical resolution of the playback chain.

The limiting factors therefore shift from absolute signal amplitude to the spectral distribution of noise and
interference within the relevant bandwidth.

4.3 Noise Metrics and Resolution Bandwidth
Noise specifications for phono preamplifiers and turntables are commonly expressed as integrated RMS values

over wide bandwidths. While such figures are useful for general characterisation, they do not directly indicate
the detectability of narrowband signals.

The relationship between total integrated noise level L, and noise spectral density Leygiy Within a resolution
bandwidth B may be expressed as

Ldensity = Lwideband - 1010g10(B) (36)
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This relationship illustrates why reducing the analysis bandwidth substantially lowers the effective noise floor
against which narrowband signals are evaluated, consistent with fundamental acoustics principles.® For
example, —60 dB integrated over 1 kHz corresponds to —90 dB/Hz (since 10log,,(1000) = 30dB).
Consequently, the presence of low integrated noise figures does not imply that small tonal components are
masked across all frequencies.

4.4 Rumble and Low-Frequency Noise

Mechanical rumble and bearing noise in turntable systems are typically concentrated at low frequencies and are
often reported using weighted metrics such as DIN-B weighting. While such weighting schemes correlate
reasonably with subjective annoyance, they intentionally suppress low-frequency components that may be
relevant to modulation mechanisms.

Low-frequency noise components, even when heavily attenuated by weighting filters, can contribute to force
modulation at the stylus through inertial coupling. As discussed in Section 3, such modulation need not be
directly audible to influence mid-band signal integrity.

It is therefore important to distinguish between noise that is objectionable as an audible artefact and noise that is
capable of perturbing the mechanical operating point of the stylus-cartridge system.

4.5 Implications for Masking Assumptions

The preceding analysis demonstrates that masking arguments based solely on wideband noise or weighted
rumble figures are insufficient to dismiss the potential impact of low-frequency disturbances. Detectability
depends on local noise density, modulation mechanisms, and the nonlinear response of the stylus-cantilever
system.

Accordingly, the absence of clearly audible low-frequency noise does not ensure reduced susceptibility from
modulation-induced distortion.”? This reinforces the need to consider force-domain interactions and low-
frequency behavior when evaluating vibration isolation strategies for analog disc playback.

5. Mechanical Noise Sources in Turntable Systems
5.1 Bearing-Related Noise and Vibration

Turntable main bearings inevitably generate mechanical noise due to surface roughness, lubrication behavior,
and load variation during rotation. While well-designed bearings can reduce audible artefacts to very low levels,
residual vibration necessarily remains finite and is transmitted into the platter and record interface.

Bearing-related disturbances are typically concentrated at low frequencies and may include both periodic
components, associated with rotational irregularities, and broadband components arising from stochastic surface
interactions. Although such disturbances may be far below audibility when assessed directly, their proximity to
the stylus-groove interface makes them relevant as potential sources of force modulation.

Because the stylus operates under a static force bias, even small variations in bearing reaction forces can
influence the effective loading of the record-stylus system through the platter and record support structure.
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5.2 Motor-Induced Excitation

Drive motors introduce mechanical excitation through torque variation, structural coupling, and dynamic
interaction with the platter-bearing assembly. These excitations may arise from cogging effects, electromagnetic
torque ripple, belt compliance (in belt-driven systems), or corrective torque applied in closed-loop servo-
controlled systems.

In belt-driven architectures, higher-frequency motor artefacts may be attenuated by belt compliance and
mechanical filtering. However, low-frequency components associated with torque variation, belt elasticity, and
load-dependent slip can remain coupled to the platter. The magnitude and spectral content of this coupling
depend on belt stiffness, damping, and the dynamic impedance of the platter-bearing system.

In direct-drive systems employing closed-loop servo control, rotational speed is maintained through continuous
torque correction applied directly to the platter. The servo system monitors speed error and applies corrective
torque based on loop gain, bandwidth, and control algorithm. The discussion concerns the existence of
corrective forces, not their magnitude in any specific implementation. While such systems can achieve excellent
steady-state speed accuracy and low wow-and-flutter figures, the control process necessarily involves time-
varying torque applied to the platter.

Time-varying torque t(t)produces reaction forces within the platter-bearing assembly according to:
T(t) =71 F(t) (37

where ris the effective radius at which the torque is resolved and F; (t)represents tangential force at that radius.
These forces are reacted through the bearing structure and ultimately through the mechanical reference plane
supporting the record and tonearm.

From a displacement perspective, such forces may produce negligible observable platform motion. However,
from a force-domain perspective, they represent dynamic loading of the platter-bearing structure within
frequency bands determined by servo bandwidth and system inertia. The relevance of this loading depends on:

e  The spectral content of the torque corrections

e  The dynamic stiffness and damping of the bearing-platter assembly
e  Mechanical coupling paths to the tonearm base

e Coincidence with tonearm-cartridge resonance (typically 5-12 Hz)

The presence of time-varying corrective torque does not imply instability or audible speed error. Rather, it
highlights that speed accuracy alone does not fully describe the mechanical forces present within the system. In
architectures where multiple feedback loops are active — for example, motor servo control combined with
active vibration isolation — corrective forces from independent control systems may coexist within overlapping
frequency bands.

The significance of such interactions cannot be inferred solely from steady-state speed specifications or
displacement transmissibility plots. A comprehensive evaluation therefore benefits from consideration of both
kinematic performance (speed stability, displacement suppression) and dynamic force interactions within the
low-frequency regime identified in Section 3.

When combined with active vibration isolation, these corrective forces form part of a multi-loop control system
whose interaction is discussed in Section 6.2.
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5.3 Rumble Metrics and Their Limitations

Rumble specifications are commonly reported using weighted metrics, such as DIN-B weighting, which
emphasize frequency ranges associated with subjective annoyance. While these metrics provide useful
comparative information, they intentionally suppress very low-frequency components that may still be
mechanically significant.

As a result, a turntable may exhibit excellent weighted rumble figures while still transmitting low-frequency
energy capable of modulating stylus force. This distinction is particularly relevant when evaluating systems
intended for high-resolution playback, where subtle modulation effects can influence perceived clarity and
stability.

Weighted rumble metrics should therefore be interpreted as indicators of audible noise performance rather than
comprehensive measures of mechanical neutrality, as detailed in measurements of turntable performance .

5.4 Interaction with Vibration Isolation Systems

Mechanical noise sources within the turntable interact with external vibration isolation systems in complex
ways. Isolation platforms may reduce the transmission of environmental vibration while simultaneously altering
the dynamic boundary conditions experienced by the turntable itself.

For example, compliant isolation can shift resonance frequencies or modify reaction forces transmitted back into
the turntable structure. In some cases, this may reduce audible artefacts while increasing low-frequency force
modulation at the stylus.

These interactions highlight the importance of evaluating isolation performance in the context of the complete
playback system rather than as an isolated component.

5.5 Summary

Mechanical noise sources in turntable systems are not limited to audible artefacts such as rumble or hum. Low-
frequency disturbances arising from bearings, motors, and structural coupling can influence the stylus-groove
interface through force modulation mechanisms, even when direct audibility is minimal.

It is important to note that the nanometer-scale perturbations discussed here occur well below unity modulation
depth and do not imply loss of stylus-groove contact or audible mistracking. Instead, these effects appear as
low-frequency velocity modulation within an otherwise linear operating regime, as detailed in the Appendix.

Understanding these interactions is essential for interpreting isolation performance metrics and for designing
systems that preserve signal integrity at nanometer-scales.

6. Vibration Isolation Architectures

6.1 Pneumatic Isolation Systems

Pneumatic isolation systems employ compressed air to support a payload on compliant air springs. The effective
stiffness of the support is determined by the volume of air and the compliance of the air bladder, resulting in low
natural frequencies typically in the range of 1-3 Hz.

Such systems are effective at attenuating higher-frequency vibration and are widely used in laboratory and
industrial environments. However, pneumatic isolation exhibits limited damping at very low frequencies and
may allow significant motion near the resonance of the supported mass.
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Additionally, because air springs store energy elastically, low-frequency excitation can result in phase lag and
reactive forces transmitted to the payload. While these effects may be inconsequential for inertial instruments,
they are relevant for force-sensitive stylus-groove interface systems where reaction forces can influence
operating conditions at the transducer.

6.2 Active Feedback Isolation Systems

Active isolation systems employ sensors, actuators, and control algorithms to reduce motion of a payload
relative to an inertial reference. These systems can achieve very low apparent stiffness and excellent
displacement suppression across a broad frequency range.

By design, active systems inject corrective forces into the payload in response to detected motion. The control
bandwidth typically spans the low-frequency region where building-borne vibration is most pronounced. As a
result, active isolation can substantially reduce platform displacement within the critical 5-10 Hz band.

However, because the system operates by applying forces to the payload, it necessarily introduces force
interactions that are not directly visible in displacement-based performance metrics. For applications involving
force-sensitive stylus-groove interface transducers, the presence of active force injection within the operating
bandwidth may warrant additional consideration.

As with active vibration isolation, closed-loop motor control systems apply corrective forces to the payload, and
their influence on force-sensitive stylus-groove interfaces depend on the spectral content and timing of those
corrections rather than on steady-state accuracy alone.

When active vibration isolation is employed in conjunction with a turntable incorporating closed-loop motor
control, the overall system comprises multiple independent feedback loops acting on the same mechanical
structure. Each loop operates based on locally sensed variables and applies corrective forces without awareness
of the other.

If the control bandwidths of the isolation system and the motor servo overlap, particularly in the low-frequency
region below approximately 10 Hz, uncoordinated force injection can arise. While neither system is unstable in
isolation, their combined action can result in time-varying reaction forces that are not directly apparent in
displacement measurements or steady-state performance specifications.

From a force-domain perspective, such interaction represents an additional pathway by which low-frequency
excitation may be introduced at the stylus-groove interface. The magnitude and significance of this effect
depend on control implementation, loop gain, phase margin, and mechanical coupling, and therefore cannot be
inferred from the behavior of either subsystem alone.

The distinction is not that passive systems are force-free, but that active systems can introduce control-
correlated spectral components of force within the band of interest, whose magnitude depends on loop design
rather than passive impedance alone.
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6.3 Passive Negative-Stiffness Isolation Systems

Negative-stiffness mechanisms employ geometric stiffness cancellation to achieve low effective vertical
stiffness while maintaining structural stability. Unlike active systems, they do not require electronic feedback or
continuous energy input, and unlike pneumatic systems, they do not depend on compressed air reservoirs. Their
effectiveness depends on mechanical tuning, damping, and load configuration.

Because negative-stiffness systems do not require active control or compressed air, they avoid both feedback-
induced force injection and pneumatic energy storage. Their isolation performance is determined by mechanical
geometry and load conditions rather than electronic control parameters.

As with all passive systems, negative-stiffness isolation exhibits finite transmissibility at very low frequencies.

The distinction is not the absence of elastic energy storage (common to all passive compliant systems), but the

absence of active control forces and the avoidance of pneumatic reservoir dynamics within the band of interest,
as explored in vibration isolation control literature [,

6.4 Comparative Considerations

Each isolation architecture represents a different trade-off between displacement reduction, force interaction,
complexity, and stability. Displacement transmissibility curves provide useful information about motion
suppression but do not fully characterize the forces transmitted through the supported system.

For applications in which the payload includes force-sensitive stylus-groove interface mechanical interfaces,
such as the stylus-groove contact in vinyl playback, the distinction between displacement suppression and force
interaction becomes particularly significant.

The following section examines manufacturer-published isolation performance data in light of these
considerations.
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7. Interpretation of Manufacturer-Published Isolation Data

7.1 Use and Limitations of Isolation Nomograms

Vibration isolation performance is commonly communicated using nomograms or transmissibility plots
supplied by manufacturers. These plots typically show the ratio of payload displacement to base displacement as
a function of frequency, often normalised to unity at low frequencies.

Such nomograms provide valuable insight into the frequency ranges over which isolation systems attenuate
motion and the location of resonant peaks, following principles and guidelines for laboratory measurement of
vibro-acoustic transfer properties [!!l. They are particularly useful for comparing displacement suppression
across different architectures under nominal load conditions.

However, these plots are derived under controlled assumptions and represent only one aspect of system
behavior. They characterize relative motion rather than the forces transmitted through the isolation interface or
into the supported payload.

7.2 Displacement Transmissibility Versus Force Interaction

Displacement transmissibility describes how much a payload moves relative to its support. It does not, by itself,
quantify the forces exchanged between the payload and the isolation system.

In compliant mechanical systems, force transmission depends on acceleration, stiffness, damping, (e.g., F = ma
for inertial coupling) and mass distribution, none of which are uniquely determined by displacement alone, but
can be accessed via indirect methods for dynamic stiffness 1?1,

As discussed in Sections 2 and 3, the stylus-cartridge system responds to force and velocity variations rather
than absolute displacement. Consequently, an isolation system may exhibit low displacement transmissibility
while still transmitting low-frequency force variations that perturb the stylus operating point.

This distinction is particularly relevant near system resonances, where small base accelerations can generate
significant inertial forces even when relative displacement remains small.

Displacement transmissibility is a kinematic ratio at two points; force at the stylus depends on accelerations,
effective mass, dynamic stiffness, damping, and structural transfer paths (multiple DOF, not 1-DOF).

Even in LTI systems, mapping displacement T(x) — force at a remote interface does not uniquely determine
without system impedance information.

7.3 Low-Frequency Behavior in the 5-10 Hz Region

The 5-10 Hz frequency range is of special interest for analog disc playback, as it commonly overlaps both the
tonearm-cartridge resonance and dominant building-borne vibration components. Manufacturer nomograms
often show this region as one in which displacement transmissibility approaches unity or exhibit modest
attenuation.

While such behavior may be acceptable for applications focused on positional stability, it does not preclude the
presence of force modulation at the payload. In fact, the dynamic response of isolation systems in this region is
often dominated by compliance and damping characteristics that influence reaction forces more than
displacement magnitude.

Force-Domain Considerations in Vibration Isolation for Analog Disc Playback (Revision 1 - 29JULY2026) Page 22



As a result, performance assessments based solely on transmissibility curves may underestimate the influence of
low-frequency excitation on force-sensitive stylus-groove interface components.

7.4 Methodological Considerations

It is important to emphasize that manufacturer-published nomograms are not incorrect or misleading; they are
simply limited by the parameters they are designed to represent. These plots are typically generated under
steady-state sinusoidal excitation and do not capture transient behavior, nonlinearities, or force-domain
interactions.

For analog disc playback systems operating at nanometer-scale signal levels, additional evaluation criteria may
be required to fully characterize isolation performance. Such criteria could include force transmissibility,
acceleration coupling, or direct measurement of stylus force variation under controlled excitation.

7.5 Summary

Manufacturer-published isolation nomograms provide essential information about displacement suppression but
do not fully describe the mechanical forces transmitted to a supported system. For applications involving force-
sensitive stylus-groove interface transducers, reliance on displacement-based metrics alone may lead to
incomplete conclusions.

This observation motivates consideration of system-level architectures that address both displacement and force-
domain behavior, as discussed in the following section.
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8. Architectural Implications for Turntable Design
8.1 Preservation of Stylus Force Integrity

The analyses presented in Sections 2-7 indicate that preserving signal integrity in analog disc playback requires
attention not only to displacement suppression but also to the forces transmitted to the stylus-cartridge interface.
Because the stylus operates under a large static force bias, even small low-frequency force variations can
modulate the recovered signal through amplitude and phase mechanisms.

An effective turntable architecture should therefore seek to minimise low-frequency force modulation acting on
the tonearm-cartridge system, particularly within the 5-10 Hz region where resonance and environmental
excitation commonly overlap. This objective may not be fully addressed by isolation strategies optimised solely
for displacement transmissibility.

8.2 Control of Low-Frequency Reaction Forces

Isolation systems inevitably interact with the supported structure through reaction forces. The magnitude and
spectral content of these forces depend on system stiffness, damping, and, where applicable, active control
behavior. For force-sensitive stylus-groove interface applications, it is desirable to avoid mechanisms that store
or inject energy within the critical low-frequency band.

Architectural approaches that limit reactive energy storage or active force injection may reduce the potential for
stylus force modulation, even if absolute displacement suppression is comparable to other solutions. This
consideration highlights the importance of evaluating isolation performance in terms of force-domain behavior
rather than displacement alone.

8.3 Reference Plane Stability and Record Support

In addition to isolating the turntable from external vibration, the internal reference plane formed by the platter,
record, and tonearm mounting must remain mechanically coherent. Variations in record support stiffness or
contact conditions can introduce additional force modulation pathways at the stylus-groove interface.

Vacuum record hold-down provides an additional mechanism for stabilising the mechanical reference plane
formed by the record, platter, and tonearm. By coupling the record uniformly to the platter surface, vacuum
hold-down reduces record warps and out-of-plane deformation that would otherwise introduce low-frequency
vertical displacement during playback. Inclusion of vacuum hold-down as an exemplary mechanism offers a
general architectural benefit.

Record warps typically occur at spatial wavelengths corresponding to rotational frequencies in the 0.5-5 Hz
range (for 33.33 rpm). >3] When traversed by the stylus, such warps impose cyclic vertical accelerations that
modulate stylus force about the static tracking-force bias. This modulation occurs in the same low-frequency
band identified in Section 3 as being capable of producing audible amplitude and phase modulation of mid-band
program material. Although warps are primarily vertical disturbances, suspension geometry and friction couple
vertical motion into lateral force components at the cantilever and vice versa.

By flattening the record and increasing the effective contact stiffness between the record and platter, vacuum
hold-down reduces vertical acceleration of the stylus caused by record geometry rather than groove modulation.
This reduction is expected to limit low-frequency force variation at the stylus-cartridge interface,
complementing vibration isolation strategies that address externally induced disturbances. Importantly, this
benefit arises from geometric stabilization and improved force distribution rather than from additional clamping
mass and therefore does not rely on increased inertia or altered resonance tuning.
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Architectures that maintain a stable and well-defined reference plane under dynamic loading reduce the
likelihood of relative motion between the record and stylus that is not directly related to groove modulation.
This stability becomes increasingly important as playback systems approach the practical limits of nanometer-
scale resolution.

Record eccentricity constitutes an additional geometric disturbance that introduces low-frequency lateral
excitation at the stylus-groove interface. An off-centre record produces once-per-revolution radial displacement
of the groove relative to the tonearm pivot, resulting in cyclic lateral acceleration of the stylus at approximately
0.55 Hz for 33.33 rpm playback.!

Although such frequencies lie below the conventional audio band, the resulting lateral acceleration modulates
stylus force through cantilever compliance and suspension nonlinearity. This modulation acts on the same static
tracking-force bias discussed in Sections 2 and 3 and can produce low-frequency frequency and phase
modulation of the recovered signal.

Unlike record warps, eccentricity is not mitigated by vertical clamping alone. However, by stabilising the
record-platter interface and preventing secondary rocking or slip, vacuum hold-down can reduce the compound
interaction between warps and eccentricity-induced lateral motion and vertical stylus force variation.

8.4 System-Level Perspective

The preceding considerations underscore the need for a system-level perspective in turntable design. Vibration
isolation, bearing behavior, motor drive, and record support are interdependent and should be evaluated
collectively rather than in isolation. Design choices that optimise one aspect of performance may inadvertently
compromise another if force-domain interactions are not considered. By explicitly accounting for stylus force
integrity and low-frequency modulation pathways, turntable architectures can be better aligned with the physical
constraints of analog disc playback.
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9. Conclusion

Analog disc playback represents an extreme case of mechanical signal recovery, in which musical information
encoded at nanometer-scale must be preserved in the presence of structural disturbances several orders of
magnitude larger. Conventional evaluation of vibration isolation systems for turntables has largely relied on
displacement transmissibility metrics developed for position-sensitive or inertial instruments.

This paper has shown that such metrics do not fully describe the mechanical conditions experienced by the
stylus-cartridge interface. Because the stylus operates under a large static tracking-force bias, low-frequency
disturbances can modulate stylus force and velocity even when platform displacement is minimal. These force
variations, particularly within the 5-10 Hz region, can produce mid-band modulation products that may not be
evident in displacement-only metrics (through established amplitude and phase modulation mechanisms).[”]

Electrical noise, rumble, and masking considerations were examined to demonstrate that nanometer-scale
groove modulation remains resolvable within modern playback chains when analysed using appropriate
bandwidth and noise-density concepts. The absence of directly audible low-frequency noise does not ensure
reduced susceptibility from modulation-induced distortion.

Manufacturer-published isolation nomograms (see Appendix) were discussed in this context to illustrate the
distinction between displacement suppression and force-domain behavior. While such data provide valuable
insight into isolation performance, they do not fully capture force interactions relevant to force-sensitive stylus-
groove interface transducers. Accordingly, vibration-isolation performance for analog disc replay should be
assessed not solely in terms of displacement attenuation, but also in terms of its capacity to preserve the stability
of the stylus force and thereby minimise force-domain modulation.

As summarized in Section 3.5 the analysis suggests that evaluation and design of turntable systems operating
near the limits of analog resolution benefit from a force-domain perspective. Architectural approaches that
minimise low-frequency force modulation at the stylus-groove interface, in addition to reducing displacement,
are better aligned with the physical constraints of vinyl replay.

The first-order model introduced in Equation (13) provides a mechanism-independent framework linking low-
frequency inertial perturbations with measurable modulation sidebands, thereby connecting vibration-isolation
performance directly to replay fidelity.

The first-order effective model developed here provides a mechanism-independent analytical framework
relating low-frequency force perturbations to measurable modulation sidebands. Rather than replacing
conventional displacement transmissibility, it complements it by introducing force-domain behaviour as an
additional engineering criterion for vibration-isolation design and evaluation.
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Appendix

Appendix A - Small-Signal Scaling, Groove Displacement, and Modulation Depth
A.1 Groove Displacement Corresponding to a Sinusoidal Velocity Signal
The instantaneous groove displacement d(t)is the time integral of the groove velocity v(t):
) = [v(t) dt
For a single-frequency sinusoidal velocity signal at frequency f:
v(t) = vy Sin(2rft)

Integrating with respect to time yields:
d(t) = — 2% cos(2mft)
2nf

The peak displacement amplitude is therefore:

= Uk (Al)
i = 2nf

This relationship applies strictly to steady-state sinusoidal signals.

If the velocity is specified in RMS form, the relationship between peak and RMS velocity is:

vpk = vrms\/i
Substituting into (A1) gives:

d _ ‘l]I‘HlS‘JZ _ vrms (A2)
T2 T V2

Using the standard reference velocity of:

Vs = 0.05 m/s
at:

f =1000 Hz
yields:

0.05 (A3)
T % 1000 X V2 #

This value (11.25 pm) represents the peak groove displacement corresponding to a 1 kHz reference tone at 5
cm/s RMS.
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In the frequency domain, the displacement and velocity amplitudes are related by:

| D) 1= [V(w) |

where w = 2xf, which yields the same result for single-frequency excitation.

A.2 Modulation Depth from Measured Sideband Levels

Low-frequency disturbances in vinyl replay systems commonly appear as symmetric modulation sidebands
about a carrier frequency during standard wow-and-flutter measurements (e.g., a 3150 Hz test tone).

In the small-signal regime, such behaviour may be modelled using classical amplitude modulation (AM) or
frequency modulation (FM) theory. [

A.2.1 Small-Signal Amplitude Modulation
For amplitude modulation of a sinusoidal carrier:

s(t) = A[1 4+ msin(2nfy,t)]sin(2nf,t)
where:
e  Ais the carrier amplitude
e  f.is the carrier frequency
e  f is the modulation frequency

e m is the modulation index

Expanding this expression yields:

s(t) = Asin(2nf,t) + ATm [cos 2 (f. — f)t — cos 2 (f, + fir)t]

Thus, each first-order sideband has amplitude:

relative to carrier amplitude A.

In decibels relative to carrier (dBc), the first-order sideband level is therefore:

m (A4
AL =20log 4o (5) )
Rearranging gives:
m = 2 . 10AL/20 (AS5)
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This relationship is valid provided:

m « 1 so that higher-order sidebands (proportional to m?and above) remain negligible.

A.2.2 Small-Signal Frequency Modulation (Consistency Check)

For small frequency modulation with modulation index f <« 1, the carrier may be written:
s(t) = Asin(2nf .t + Bsin(2f;,t))

Using the first-order Bessel approximation:

L(B) = gforﬁ «1
each first-order sideband has amplitude approximately:

ApB

2

Thus, in the small-signal regime, AM and FM produce identical first-order sideband scaling with modulation
index.

Accordingly, Eq. (A4) applies for either mechanism provided the modulation index is small.
A.2.3 Definition of Unity Modulation

In this appendix, m = 1corresponds to 100% amplitude modulation depth (carrier envelope reaches zero at
negative peak).

This use of “unity” is distinct from vibration isolation transmissibility T = 1, which represents zero attenuation
(0 dB).

A.3 Reference-Equivalent Displacement Scaling

The modulation index m obtained from measured sideband levels (Section A.2) quantifies the fractional
magnitude of the modulation relative to the carrier in the small-signal regime. To provide a physically
interpretable scale, it is convenient to express this modulation as a reference-equivalent displacement amplitude,
defined relative to the peak groove displacement produced by a standard reference velocity at the carrier
frequency.

For a sinusoidal groove velocity at carrier frequency f;, the peak groove displacement at reference level
Vims.ref 18 (from A.1):

dref(fc) = Z}ni};—f (A6)

Using the conventional reference v,,s .f = 0.05 m/s(5 cm/s RMS), this yields d,.;(1000 Hz) = 11.25 um, and
d..s(3150 Hz) = 3.57 um.
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We define the reference-equivalent displacement amplitude:

deq(fc) =m dref(fc) (A7)

This mapping does not assert that the modulation physically corresponds to additional geometric groove
displacement. Rather, it provides a consistent amplitude scale for comparing measured low-frequency
modulation (expressed via m) against the nanometer-scale displacements associated with low-level recorded
signals at the stylus-groove interface.

Worked Example (Carrier = 3150 Hz)

For a measured first-order sideband level of AL = —80 dBc:

m=2-108L/20 = 2.10780/20 = 2.107* = 0.0002 (A8)

For a 3150 Hz carrier:

: (A9)
ds(3150) = ——— =~ 3.57 um
ref( ) 3150 - \/E u
Thus:
d.q(3150) = 0.0002 X 3.57 um =~ 0.714 nm (A10)
For comparison, if the same modulation index is referenced to a 1 kHz carrier:
d.q(1000) = 0.0002 X 11.25 um ~ 2.25 nm (A11)
Frequency Dependence
Because d.¢(f.) < 1/f, the reference-equivalent displacement scales inversely with carrier frequency:
m Al12
deq(f2) o (412)
fe

Accordingly, identical sideband levels (identical m) correspond to different d.qvalues depending on carrier
frequency. For this reason, dgq(fc)should always be reported with the carrier frequency f,.

Interpretation and Limitation

. deq(fc)is a reference-equivalent amplitude scale, not literal groove displacement.

e Itis intended for comparative interpretation of modulation sidebands in physical units.

e [t is most appropriate in the small-signal regime where first-order sidebands scale linearly with
modulation index.
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A.3a Frequency-Adjusted Example for a 3150 Hz Test Tone

The reference displacement d,..; = 11.25 umwas derived for a 1 kHz tone at 5 cm/s RMS.

However, wow-and-flutter measurements are typically performed using a 3150 Hz test tone (per [IEC/DIN
practice).

Because displacement scales inversely with frequency:

oy, = 228 (A13)
pea T[f\/z
the equivalent peak displacement at 3150 Hz is:
; ~ 005 (A14)
TS T 3150 V2
dref3150 = 3.57 um (A15)

Thus, the same 5 cm/s RMS velocity produces:

e 11.25 um peak displacement at 1 kHz
e  3.57 um peak displacement at 3150 Hz

So, for general frequency scaling for any test frequency f; the formula:

005 (A16)
dref(ft) - ﬂft\/z
and:
deq(ft) = dref(ft) -m (A17)

makes the frequency dependence explicit when comparing measurements performed at different carrier
frequencies.

The following graph shows displacement vs frequency at constant velocity (log scale). Peak groove
displacement versus frequency for constant RMS velocity of 5 cm/s. Displacement decreases inversely with
frequency. Reference values at 1 kHz (11.25 um) and 3150 Hz (3.57 um) are indicated. The inverse scaling
illustrates that constant velocity encoding does not imply constant displacement amplitude.
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Peak Groove Displacement vs Frequency
(5 cm/s RMS Constant Velocity)

100 1

80 4

60

40 -

Peak Groove Displacement (um)

20

T
10? 10° 10*
Frequency (Hz)

Figure 2.

1
o X = (A18)

f

Equation (A18) illustrates the inverse proportionality:
e 1kHz~11.25pum
e 3.15kHz=3.57 um
e 10kHz=~1.1 um

Here is a second plot showing:

e Equivalent displacement (nm) vs carrier frequency for a fixed measured sideband level of —80 dBc.

Equivalent Displacement vs Carrier Frequency
(AL = -80 dBc, 5 cm/s RMS Reference)

20

15 A

10

Equivalent Displacement (nm)

T
10? 10° 10%
Carrier Frequency (Hz)

Figure 3.

At the same —80 dBc:
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e |kHz—~2.25nm
e 3150Hz — ~0.71 nm
e 10kHz — ~0.23 nm

The equivalent displacement scales strictly as 1/f.

Table A1l - Equivalent Displacement for —80 dBc Sideband

Carrier Frequency Reference Displacement (um) Modulation Index (m) Equivalent Displacement (nm)

1 kHz 11.25 pm 0.0002 2.25 nm
3.15kHz 3.57 um 0.0002 0.71 nm
10 kHz 1.13 um 0.0002 0.23 nm

For a fixed measured sideband level, the equivalent displacement decreases inversely with carrier frequency;
therefore, identical dBc values do not correspond to identical geometric amplitudes across different test tones.

A.4 Validity of the Linear Approximation
The modulation depths considered here remain well below unity (m <« 1), ensuring that stylus-groove contact is
maintained and that the system operates within the linear elastic regime. Under these conditions, linear
superposition applies and the force-domain analysis employed in this paper remains valid.
The linear regime holds when:

e  Modulation index: m < 1 (typically m < 0.1, ensuring higher-order terms < 0.1%)

e Force perturbation: 4F < F, (e.g., <2 mN for a nominal 20 mN tracking force)

e Displacement perturbation: <« signal displacement (e.g., <l pum mid-band)

These bounds are typical in high-performance turntables (wow/flutter <0.01%, structural accelerations <1 mg).

. . . .. AF
Note that although contact stiffness is load-dependent, the fractional load variation F—F is small; therefore, the
0

incremental stiffness variation is second-order for modulation indices.
We linearize about the DC bias F; the incremental response is approximately LTI for AF < F.

A.S Interpretation and Limitations

deq is a heuristic scale, not literal groove displacement.

e [t translates velocity/force modulation into an equivalent signal amplitude at reference level.

e  Frequency mismatch: Adjust for test tone frequency as shown.

e  Modulation type: Primarily FM; AM and PM follow similar scaling.

e Rumble (often AM-dominant), scaling is direct without Bessel approximation.

e No audibility thresholds are claimed (perceptual flutter IND ~0.2-0.5% is outside scope).

o  Empirical use: Measure sidebands on test records (e.g., CBS STR-100, Ortofon) to quantify m,
following established phono cartridge measurement standards [13].
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A.6 Relevance to Vibration Isolation Design

Low-frequency force variations in the 5-10 Hz range produce velocity modulation without large platform
motion.

Force-domain isolation architectures are conceptually aligned with reducing such modulation by directly
limiting low-frequency force transmission rather than platform displacement alone, reducing equivalent

modulation sidebands (and corresponding deq values) well below the level of low-level musical content - while
remaining firmly in the small-signal regime (modulation index m < 1, far from m = 1).

This supports the paper’s argument that force-based metrics better predict stylus-groove interface performance.
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A.7 Sample Transmissibility Nomograms

For reference the following sample nomograms are provided for exemplary purposes only. These highlight a
sample manufacturers published data for a standard commercial off the shelf negative-stiffness passive system.
No claims on the sonic attributes or psychoacoustics of analog playback are made. No comparative publicly
available active or air isolation transmissibility nomograms are published in this paper.
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Figure 5

The transmissibility curves of a passive negative stiffness isolator are pictured above (Figure 3 and Figure 4).
These were generated using a Stanford Research Instruments SR785 Dynamic Signal Analyzer. The output
source of the SR785 is set to generate a swept sine signal. This signal was fed into a Labworks PA-138 power
amplifier. The amplifier drives a Labworks ET-126 electrodynamic shaker. The shaker was mounted in a
heavily reinforced frame that also supports an isolator. This support isolator has been adjusted to about 2.75 Hz.
It has also been modified to work only in the vertical direction. This isolator supports a heavy top plate and
whatever ballast weight is needed to bring the total payload including the test isolator up to around 650 pounds
(~295Kg).

Transmissibility as it applies to the pictured isolators is a ratio of the output signal on the top plate divided by
the input signal that the base of the isolator sees. Two similar accelerometers are used to acquire the input and
output signals. The input accelerometer is attached to the heavy top plate on the support isolator. The test
isolator rests on the heavy top plate as well. The accelerometer measures the vibrations that are fed to the
isolator. The output accelerometer is placed on top of the properly loaded test isolator top plate. Both
accelerometers are held in place with a thin layer of seismic wax.

The vertical transmissibility shown in Fig 3 shows vertical performance of a commercial passive negative
stiffness isolation system, determined using direct methods for dynamic stiffness of resilient supports 14,

The horizontal transmissibility was acquired in much the same way as the vertical data. Fig 4 shows horizontal
performance of a commercial passive negative stiffness isolation system. The SR785 acquires both sets of data,
calculates their ratio and displays the ratio as transmissibility. The manufacturer provides these images for
illustrative use only.
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