forum acusticum 2026
8-12 September - Graz, Austria

ORDER-BASED SPATIAL DECOMPOSITION IN
HIGHER-ORDER AMBISONICS FOR VEHICLE INTERIOR
NOISE ANALYSIS

Zhenxian Li!
L LVA, UR677, INSA Lyon, France

This contribution has been accepted based on the submitted abstract. The submitted manuscript was not reviewed and is reproduced
here without edits or corrections by the conference board. Neither the EAA nor the AAA take responsibility for its contents.

Abstract

In multi-motor battery electric vehicles the loss of
combustion masking makes the order-structured tonal
noise of each drive unit perceptually salient, and units
that share the same machine and single-speed gear
ratio, such as the two wheel motors of one axle or the
twin units of a symmetric dual-motor vehicle, hold
their same-numbered orders within about one percent
of each other whenever both are active. This spec-
tral degeneracy prevents tracking-filter separation for
any small number of channels, including the binaural
pair used in standard NVH practice. We propose a
spatial decomposition framework for third-order Am-
bisonic recordings. Phase-coherent tracked-harmonic
extraction, driven by one instantaneous phase per
shaft, is applied independently to every spherical-
harmonic channel, and full-sphere direction-of-arrival
maps attribute each separated component to its source.
Where the order families are degenerate, a constrained
adaptive spatial prefilter, whose spherical-harmonic
steering vectors are independent of frequency, places
nulls on the interfering motor and on the background
before extraction. The framework is validated on a
real anechoic-chamber recording and on two-motor
scenes constructed from measured electric-drive or-
der data and measured room impulse responses, and
is benchmarked against binaural processing of the
same fields. Where per-channel tracking, binaural
processing and even exact-phase joint Vold-Kalman
estimation remain limited, with weaker-motor correla-
tions of 0.60—0.84, spatial-null preprocessing restores
the separation to 0.94, and the recovered components
retain their directions of arrival.
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1. Introduction

Interior noise remains central to perceived vehicle qual-
ity and is conventionally decomposed into powertrain,
road/tyre and wind contributions [1]. Electrification
removes the broadband combustion noise that masked
the tones of rotating machinery: as overall levels fall,
the tonal content of the electric drive, comprising elec-
tromagnetic force harmonics, gear-mesh whine and
inverter switching sidebands, becomes perceptually
dominant and a primary determinant of interior sound
quality [2], [3]. Such components are termed orders,
their frequencies being fixed multiples of a shaft speed.

Production battery-electric vehicles increasingly carry
two or four drive units, each coupled to its axle through
a fixed single-speed reduction, so that all motor speeds
are locked to the vehicle speed by constant ratios.
The consequences depend on the configuration. Units
of different machine type or gear ratio, as in many
mixed dual-motor designs, give order families offset
by several to tens of percent, which remain spectrally
separable. Units sharing machine and ratio, such as
the two wheel motors of one axle in a tri- or quad-
motor vehicle or the twin units of a symmetric dual-
motor vehicle, instead stay within about one percent
in a straight line, a budget set by tyre-radius tolerance
and differential slip, and within a few percent between
the outer and inner wheels of an axle in a corner.
Whenever both units drive, as during acceleration,
climbing or towing, the beat frequencies are of the
order of a few hertz, while the units remain spatially
separated from any cabin position. The multi-motor
problem is then spectrally degenerate yet spatially
well conditioned.

Established tools address the spectral axis only. Close
or crossing orders of independently running shafts are
the recognized difficult case for tracking filters [4], [5]:
two components of the same order k are separable
in time-frequency only if their spacing k |A fiot] ex-
ceeds the reciprocal of the analysis span, a bound
independent of the number of channels. The stan-
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dard capture instrument is the binaural dummy head
[6], often combined with transfer-path analysis [7];
two fixed channels give only lateral cues and no post-
measurement re-steering. Microphone arrays have
been used in cabins for source-level mapping [8], but
rarely to extract per-source order waveforms.

Higher-Order Ambisonics (HOA) provides the com-
plementary spatial dimension. A compact spherical
array encodes the field into spherical-harmonic (SH)
channels [9], in which the steering vector of a direction
is a short real-valued vector independent of frequency;
this supports direction-of-arrival (DoA) analysis and
spatial filtering after the measurement [10].

This paper examines what the spatial channels con-
tribute to the multi-motor problem. An HOA-domain
order/noise decomposition is developed in which
tracked-harmonic extraction, driven by one phase
per shaft, runs independently in every SH channel,
each separated component retaining a direction of ar-
rival; for the degenerate case a constrained adaptive
spatial prefilter (LCMV [11], [12]) with frequency-
independent SH steering nulls the interfering motor
and the background before extraction. The method
is validated on a real chamber recording and on two-
motor scenes built from measured drive-unit data
and room responses, against binaural and joint Vold-
Kalman benchmarks, and its validity in a real cabin
is analysed in Section 5. Beyond diagnosis, the de-
composition has a reproduction-oriented use: since
every separated component remains an HOA signal,
individual motor orders and the background can be
re-rendered binaurally or over loudspeaker arrays, pro-
viding order-resolved, spatially faithful source material
for target-sound design and interactive replay in NVH
driving simulators.

2. Method
2.1. HOA signal model and DoA maps

A third-order spherical microphone array encodes the
field into @ = (N+1)? = 16 SH channels (N=3, ACN
ordering, SN3D normalization), collected in x(t) € R%.
For a look direction € with real-SH steering vector
y(Q) = [Yi(92),...,Yo(Q)]", the steered-response
(Bartlett) energy of a segment with covariance C =
%XTX is

E() =y(9)" Cy(9), 1)

evaluated on a 2° azimuth-elevation grid and normal-
ized to its peak. The steering vector does not depend
on frequency: one set of 16 real coefficients steers the
entire band.

2.2. Tracked-harmonic order extraction

The instantaneous rotational frequency fiot(t) of
one shaft defines its phase in revolutions, ¢(t) =
fot frot(7) d7. For each order k, a slowly varying com-
plex amplitude is estimated per frame by demodulat-
ing against the tracked phase over a window of length
T, (short-time Fourier-coefficient tracking, STFS [13],

[14]),

S win] @(ty,+n) e 72k (tntn)

2 wln] ’

and the order signal is re-synthesized by overlap-add
re-modulation, 6(t) = >, 2 Re{cy(t)e?? ¢}, The
residual is #(t) = x(t) — 6(¢t). In this work T,, =
80ms with 75% overlap. The estimator generalizes
computed and Vold-Kalman order tracking [4], [5] and
shares their resolution bound: two sources contribute
to the same coefficient ¢, and are indistinguishable,
whenever their spacing k| A fiot] S 1/T0 (12.5 Hz here)
persists. Joint multi-envelope estimators relax this
bound, but only until the beat frequency falls within
the bandwidth that the envelopes themselves require;
this limit is examined in Section 4.3.

(2)

cklm] =

2.3. Per-channel decomposition and its limit
Applying Eq. (2) independently to all @ channels
with a common phase per shaft yields separated order
and residual fields that are themselves HOA signals,
so their DoA maps can be compared with the refer-
ences; this comparison is the spatial validation used
throughout. Per-channel extraction exploits no spa-
tial information, however: when two shafts lie within
the resolution bound, every channel fails identically,
irrespective of Q.

2.4. Spatial-null prefiltering

The spatial channels become useful when they are com-
bined. Let aj,as,a; denote the SH steering vectors
of the two motors and of the dominant background
direction, computed from the known installation geom-
etry (Section 3.2). A linearly constrained minimum-
variance (LCMV) weight vector [11], [12] for motor 1
is given by

wi =argmin w' Cw st. ATw=1[1,0,0]", (3)

where A = [a;,as,a,] and C is the diagonally
loaded covariance of the mixture [15], with loading
107 2tr C /@Q. This filter passes motor 1 with unit gain,
places exact nulls on motor 2 and on the background,
and uses the remaining Q — 3 = 13 degrees of free-
dom to minimize the residual output power. Since
the steering is frequency-independent, w; is a sin-
gle 16-element vector applied by one inner product
per sample, and the beam output y (t) = w{ x(t) is
passed to the tracker of Section 2.2. The interfering
motor is thus removed spatially, before the temporally
degenerate extraction; spatial nulls, unlike main lobes,
are not constrained by the order-N beamwidth.

The binaural counterpart makes the difference explicit:
with two ear signals the steering vectors are frequency-
dependent HRTF pairs, so the analogous filter must
be solved in each frequency bin. Two channels and two
constraints determine the weights uniquely. No de-
grees of freedom remain, so a second interferer cannot
be nulled and the filter cannot adapt to the actual field;
the 2 x 2 steering matrix also becomes increasingly
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ill-conditioned toward low frequency, where head shad-
owing vanishes. These limits follow from the channel
count rather than from any implementation choice.

3. Experimental material

All processing is implemented in Python. The tracked-
harmonic estimator of Eq. (2) follows the tonal-
extraction framework of [14].

3.1. Anechoic-chamber recording

The measurement chain is validated on a real
recording: a synthetic ICE-like order signal (orders
{1,2,4,6,8}, RPM ramp 900-3000) and an indepen-
dent band-limited noise, reproduced by two loudspeak-
ers in an anechoic chamber and captured by a Zylia
ZM-1 third-order array (16 channels, ACN/SN3D,
48kHz). A synchronization pulse anchors three 10s
segments (noise only, order only, mixture), giving
per-channel ground truth for the residual and the
separated order.

3.2. Two-motor scenes from measured data
Multi-motor conditions were constructed with exact
ground truth. The sources are the order signals of two
production electric drive units, synthesized from com-
plex order-amplitude profiles against RPM extracted
from interior recordings of production vehicles: unit C1
carries orders {4,8,12,16} with a dominant fourth
order, and unit C3 carries orders {4,6,8,12,14,23}
with a dominant sixth order; peak amplitudes are
0.02-0.05Pa. The background combines the road-
noise autopower extracted from the same recordings,
synthesized with random phase, with band-limited
pink noise overlapping the order band (120 Hz—5kHz),
at 0.6 of the combined motor RMS. Each source is
then convolved with a measured third-order SH room
impulse response from the most absorptive configura-
tion of the Arni variable-acoustics room (Zylia array,
ACN/SN3D [16]), using the three source positions of
a single receiver. Constructing the scenes by super-
position is exact rather than approximate: the room
is linear and time-invariant and the three sources are
mutually independent, so the sum of the individually
convolved signals is identical to the field the sources
would have radiated simultaneously; this is the stan-
dard construction in spatial-audio evaluation. All
SRIRs share one receiver position and array orienta-
tion, and their original propagation delays and levels
are preserved, so that the relative arrival times and
levels between the sources are physically consistent.
Three scenarios cover the range from spectrally sep-
arable to fully degenerate. In the distinct scenario
the two units differ in type and profile, C1 ramping
from 1200 to 5200 RPM while C3 rises from 2500 to
7000 RPM and returns, so the order families cross; the
sources stand 82° apart. The cornering axle pair rep-
resents the outer and inner wheel units of one driven
axle in a corner, a track-width-to-radius effect: two
identical C1 units at a mean speed difference of 3.7 %,
a radius of roughly 45m at 40km/h, placed at the
closest available source pair (24°). In the speed-locked

pair, two identical C1 units accelerate moderately in
a straight line (about 30-60 km/h) with speeds locked
0.5 % apart, the combined budget of tyre-radius tol-
erance and differential slip; the fourth-order beat is
then approximately 1 Hz and the pair occupies the
widest available directions (85°). All source directions
are surrogates constrained by the three loudspeaker
positions of the SRIR set and are conservative for
cabin geometry, in which structure-borne paths dis-
place the apparent sources in any case (Section 5).
Figure 1 illustrates the resulting degeneracy. The
steering vectors aj,az,a, used in Eq. (3) are com-
puted from the free-field spherical-harmonic model
y(2) of Eq. (1), evaluated at the direction of each
source as determined by the measured positions of the
loudspeakers and the microphone array; no acoustic
calibration measurement and no information from the
evaluated SRIRs is used to form them. These vectors
are therefore the idealized free-field prediction from
geometry alone, and are not adapted to the reflected
field of the reverberant scenes used for evaluation:
the separation figures of Section 4 already include
the steering mismatch expected in a real installation,
rather than benefiting from an oracle match to the
simulated room.

3.3. Processing chains

Six processing chains are compared; chains A—D share
the same tracker and differ in the spatial front end.
The binaural baseline A renders the HOA scenes to
two ears through Neumann KU100 HRTFs [17] with
an order-3 SH decoder and tracks each ear signal;
chain B adds a binaural LCMV stage before tracking,
a per-frequency two-channel filter with unit gain on
the target motor and a null on the other. On the
HOA side, chain C applies the per-channel decompo-
sition of Section 2.3 to all 16 channels and chain D
tracks the beam output of Eq. (3). Chain E is a
modern single-channel reference in which a second-
generation Vold-Kalman filter [18] estimates all eight
complex envelopes jointly on the W channel from
the exact phases of both motors, the envelope band-
width being swept from 0.3 to 12.5 Hz and the best
setting reported; a joint Kalman/RTS smoother, the
exact Bayesian posterior mean for this linear-Gaussian
model, and a sparsity-regularized variant reached
equal or lower scores. Chain F applies the same joint
tracker to the beams of chain D. Each chain is evalu-
ated in its own observation domain, estimates being
scored against the same rendering or filter applied to
the ground-truth component by Pearson correlation,
energy-weighted across channels where applicable.

4. Results
4.1. Chamber validation

Table 1 summarizes the single-source chamber exper-
iment. At these low order frequencies (ka < 1) the
source energy concentrates in the low-order SH chan-
nels, with 99.7% of the order energy contained in
ACN 0-3; metrics are therefore reported where phys-
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(a) Mix (W channel): both motors' order families coincide
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Figure 1: The dual-motor degeneracy (speed-locked scenario). (a) Spectrogram of the mixture (W channel) with
both motors’ order tracks overlaid; the families coincide. (b) Fourth-order spacing against the 1/T, = 12.5Hz tracker
resolution; the sources stay unresolvable in time-frequency throughout.

Table 1: Chamber experiment: correlation » and NRMSE
of the separated order (with respect to the recorded order)
and of the residual (with respect to the recorded noise).
Order Noise
NRMSE r NRMSE

Evaluation r
W channel (ACN 0) 0.979 0.207 0.882 0.489
Low-order (ACN 0-3) 0.975 0.224 0.910 0.422
Energy-weighted (16 ch.) 0.975 0.213 0.882 0.469

(a) Recorded order

(b) Separated order estimate

0
u :
4

(d) Residual (mix — order est.) 6

Elevation (deg)

(c) Recorded noise

Relative level (dB)
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|

T T T T 1
90 180 ~180 -90 o 90 180
Azimuth (deg)

-180 90 o
Azimuth (deg)

Figure 2: Chamber spatial validation. DoA energy maps
of the recorded order (a) and its separated estimate (b),
and of the recorded noise (c) and the residual (d). White
circles mark map peaks, red crosses the reference peak.

ically meaningful. The separated order reaches an
energy-weighted correlation of 0.975 and the residual
0.88. In the spatial domain (Fig. 2) the recorded order
and noise peak 90° apart, at azimuths of —49° and
+39°, and the separated components reproduce their
reference directions to within 0° and 4° on a 2° grid,
with map correlations of 1.00 and 0.99. The chain is
thus verified on physical hardware.

4.2. Spectrally distinct motors

With two different units on different speed profiles,
per-channel extraction alone (chain C) is sufficient:
the energy-weighted correlations reach 0.981 for mo-
tor 1, 0.882 for motor 2 and 0.866 for the background,
against baselines of 0.77, 0.53 and 0.55 for the unpro-
cessed mixture; the NRMSE values are 0.19, 0.46 and
0.51. Figure 3 shows the spatial outcome: every recov-
ered component keeps its direction, with peak errors
of at most 2°, map correlations of at least 0.98 and a
82° separation in the recovered field. Cross-capture
stays at 0.04, despite the shared orders 4, 8 and 12
and the crossing trajectories.

(a) Motor 1 ground truth (b) Motor 1 separated estimate

Elevation (deg)
|

Elevation (deg)
|

Relative level (dB)

Elevation (deg)
|

~180 90 0 90 180 -150 90 0 90
Azimuth (deg) Azimuth (deg)

Figure 3: Two-motor scene, distinct scenario: ground
truth (left) and separated estimates (right) for motor 1
(a,b), motor 2 (c,d) and the background residual (e, f).
Each separated component retains its direction of arrival.

4.3. Spectrally degenerate motors

The situation differs for same-model motors. For per-
channel tracking, the correlation of the weaker unit
falls from 0.99 at a 13.8 % speed difference to 0.42 at
0.5 %; the transition occurs where the fourth-order
beat crosses the 1/T,, resolution, and the DoA attri-
bution degrades with it: in the speed-locked scenario
the map peak of the motor-1 estimate moves 71° onto
the other unit. Joint estimation shifts this bound-
ary without removing it. In the cornering scenario
chain E recovers both units almost exactly (1.00/1.00),
a 3.7% spacing being decoupled by joint tracking,
as claimed in the Vold-Kalman literature [4], [5],
[18]. In the speed-locked scenario, by contrast, ev-
ery single-channel tracker encounters an identifiability
limit (Fig. 4): the order beats (1.2-4.6 Hz) lie within
the bandwidth that the true envelope variation itself
requires along the RPM ramp, so no setting both fol-
lows the envelopes and separates the units. The best
joint Vold-Kalman configuration reaches 0.75/0.84,
and the Bayesian-exact smoother 0.72/0.83.

Table 2 and Fig. 5 present the principal result. In the
speed-locked scenario the spatial chains restore the
weaker motor to 0.86-0.90 and the background to 0.97,
where the best single-channel tracker remains at 0.75;
in the cornering scenario they match the joint tracker
at 0.94-1.00; and cross-capture between the motors
falls to 0.1-0.3. The spatial front end combined with
the joint tracker (chain F) performs best overall, so
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SH-LCMV + VK (spatial), motor 1

Separation corr. (W channel)

—8— joint VK, motor 1
Jjoint VK, motor 2

order-4 beat

1(|)° 10!
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Figure 4: Speed-locked pair: envelope-bandwidth trade-
off of the joint Vold-Kalman tracker on the W channel. No
bandwidth reaches the spatial chain (dashed); the cross is
the per-channel baseline.

the prefilter composes with any downstream tracker.
The improvement does not come from steering a main
lobe toward the target, since at 24° separation the
sources lie well inside the order-3 beamwidth, but
from the nulls and from the 13 adaptive degrees of
freedom, and replacing the adaptive weights by fixed
minimum-norm weights reduces the cornering recov-
ery of chain D from 0.94 to 0.66. The binaural LCMV
improves on plain binaural tracking where one null
at wide separation suffices, reaching 0.91 on motor 1
in the speed-locked scenario against 0.86 for chain D,
which incurs a small self-cancellation penalty under
steering mismatch. With no remaining degrees of free-
dom, however, it can neither null a second interferer
nor form a background estimate, and its conditioning
deteriorates by two orders of magnitude toward low
frequency (Fig. 5c¢). The SH filter is also a single
frequency-independent 16-element vector, whereas the
binaural filter needs a per-bin solution from measured
HRTFs.

5. Applicability to a real cabin

The validation above uses an anechoic chamber and a
strongly damped room; a car cabin adds reflections,
distributed structure-borne radiation, near-field geom-
etry and diffuse road noise. This section examines
which elements of the method remain valid there.
Per-channel extraction remains valid unconditionally.
Every propagation path, whether direct, reflected or
panel-radiated, is linear and time-invariant: an or-
der at instantaneous frequency k f;o1(t) emerges as the
same order with a complex gain H (k frot (t)) that varies
slowly along the RPM trajectory and is absorbed into
the tracked envelope ¢ (t) of Eq. (2). Reverberation
therefore merely redefines the extracted amplitude as
the source signal observed through the cabin trans-
fer function, the quantity of interest in interior-noise
analysis.

The DoA maps degrade gracefully. The Bartlett peak
follows the strongest coherent path; with cabin rever-
beration times near 0.05-0.1s the direct and early-
reflected field dominates close to the trim, so the maps
still localize the apparent source region. Since the
separated components remain HOA signals, sharper
parametric SH estimators [10] may replace Eq. (1)

without changing the decomposition.

A null on the interferer’s steering vector cancels its
direct contribution exactly; what leaks through is
its reflected field, which the adaptive weights must
absorb, so the achievable rejection is bounded by the
direct-to-reverberant ratio together with the adaptive
suppression. Two properties are favourable. Early
cabin reflections are few and coherent, adding a low-
rank component to the interference subspace that lies
well within the 13 spare dimensions (the mechanism
behind most of the recovery in Section 4.3), while
the late diffuse residue is broadband and is rejected
by the narrowband tracker by construction. In a
cabin the rejection will therefore fall below the 0.99
of a damped room, by an amount governed by the
interferer’s direct-to-reverberant ratio.

The results of Section 4 rely on geometric steering
vectors alone (Section 2.4); the following remedies
address the additional mismatch expected in a real
cabin. Point-source steering is the weakest assump-
tion, and it can be replaced. A drive unit reaches
the cabin partly through airborne paths and partly
through mounts and panels: the effective source is a
distributed region, possibly of rank greater than one,
and near-field curvature introduces further mismatch
relative to any plane-wave a(§2). Diagonal loading
provides some tolerance [15]; a systematic remedy is
to measure the steering vectors directly. The order-
domain covariance gated on the phase of one motor
yields the spatial signature of that motor in its in-
stalled state, and Eq. (3) accepts measured vectors
or subspace constraints in place of geometric ones; no
free-field assumption then remains.

Finally, the aperture determines the usable band. At
ka < 1 the field information concentrates in the low-
order channels (99.7 % of the component energy in
ACN 0-3 for the chamber, 56-85% for the scenes);
the array then behaves as a first-order device, whose
four dimensions still satisfy the two-null constraint
set, with a reduced adaptive margin. For an array
of Zylia-class radius (a ~ 5cm), full third-order res-
olution spans about 0.8-3kHz, covering the motor
fundamentals and the gear-mesh region; inverter side-
bands near 10 kHz exceed the spatial-aliasing limit and
need larger or higher-order arrays. Per-shaft phase ref-
erences are production signals (resolver or CAN bus);
the diffuse road noise, which no directional constraint
can null, is left to the minimum-variance objective
and the narrowband tracker.

6. Conclusion

Multi-motor electric vehicles pose an order-separation
problem that is spectrally degenerate by construc-
tion, since same-model, speed-locked drive units hold
same-numbered orders within about one percent of
each other, yet the problem remains spatially well
conditioned. The proposed framework exploits this
structure through phase-coherent tracked-harmonic
extraction in each SH channel for attribution, and
through a frequency-independent constrained adap-
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Table 2: Separation correlation (energy-weighted or in-domain) for the six chains in the two degenerate scenarios.
Chain E uses the single W channel with both exact phases, chain F the same tracker on the spatial beams; dashes mark

quantities a chain cannot form.

Cornering axle pair

Arpm 3.7%, 24°

Speed-locked pair
Arpm 0.5%, 85°

Chain Ch. M1 M2 Bg M1 M2 Bg
A binaural, tracking 2 097 0.63 035 0.61 0.80 0.29
B binaural LCMV + tr. 2 0.98 0.78 - 091 0.95 -

C HOA per-channel 16 097 0.67 058 0.60 0.82 0.51
D HOA LCMYV + tracking 16 098 094 099 086 094 0.97
E joint Vold-Kalman (W) 1 1.00 1.00 097 075 0.84 0.91
F HOA LCMV + joint VK 16 1.00 1.00 - 0.90 0.94 -

(a) cornering axle pair: Arpm=3.7%, sep=23° (b) speed-locked pair: Arpm=0.5%, sep=84"

(¢) Nulling conditioning

Weaker-motor corr.

Binaural - Binaural
plain  LCMV per-channel + tracking plain

HOA HOALCMV

Binaural Binaural

T T
HOA HOALCMV 0 1000 2000 3000 4000
LCMV per-channel = tracking

—— binaural, comering axle pair

10° 4 speed-locked pai
binaural, speed-locked pair

10% 4

Steering cond. number

B
.

\ SH domain (fregf-indep.)

\Va

10°

Frequency (Hz)

Figure 5: Weaker-motor separation for chains A-D in the cornering-axle-pair (a) and speed-locked (b) scenarios, together
with the conditioning of the nulling problem (c). The binaural steering matrix degrades toward low frequency, whereas
the SH-domain constraint matrix (dashed) is independent of frequency.

tive prefilter for the degenerate case. Across a real
chamber recording and two-motor scenes constructed
from measured data, per-channel extraction matches
the single-source baseline when the motors are spec-
trally distinct, with correlations of 0.98, 0.88 and
0.87 and DoA errors of at most 2°. In the speed-
locked regime, where even joint Vold-Kalman estima-
tion with both exact phases is held to 0.75-0.84 by the
envelope-bandwidth trade-off, spatial-null preprocess-
ing restores the weaker of two same-model motors to
0.90-0.94 and the background to 0.97-0.99. The bin-
aural benchmark shows the limits of the two-channel
format: it can place at most one spatial null, retains
no spare degrees of freedom, becomes ill-conditioned
at low frequency, and offers no full-sphere attribu-
tion. The analysis of Section 5 indicates that the
decomposition transfers to real cabins unconditionally,
and that the spatial recovery transfers with perfor-
mance bounded by the direct-to-reverberant ratio;
spherical-array capture is thus the instrument that
makes order-resolved, source-attributed interior noise
analysis of multi-motor vehicles possible.
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