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Experimental assessment of passive radiator parameters using
normal-incidence sound transmission measurements

Brian E. Anderson,® Spencer T. Neu, Joshua F. Gregg, Sarah M. Young, and Timothy W. Leishman
Acoustics Research Group, Department of Physics and Astronomy, Brigham Young University, N283 Eyring Science Center, Provo,
Utah 84602, USA

ABSTRACT:

Passive radiators are notoriously difficult to characterize because one cannot effectively assess their mechanical
parameters with loudspeaker electrical impedance techniques and no motors. This paper discusses the details of
passive radiator and dynamic loudspeaker driver parameter measurements through practical experiments conducted
with a plane wave tube, the two-microphone transfer function technique, and the two-load method to remove the
need for an ideal anechoic termination. A previous theoretical paper demonstrated how normal-incidence transmis-
sion losses through these devices in an anechoically terminated tube could yield their mechanical and electrical
parameters [Leishman and Anderson, J. Acoust. Soc. Am. 134(1), 223-236 (2013)]. The mechanical parameters fol-
low from an open-circuit transmission loss condition, whereas a driver’s electrical parameters follow from an addi-
tional closed-circuit condition. This paper presents several experimental results and compares extracted parameters
to those derived from electrical impedance measurements and destructive methods. In addition to other parameters,
the masses of diaphragm assemblies show favorable agreement. The presented techniques effectively assess passive
radiator parameters without employing active driver configurations and then removing their motors, which changes
the measured properties. PACS numbers: 43.38.Ja, 43.20.Ye, 43.20.Mv, 43.55.Rg
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NOMENCLATURE Hcaa»  Relative calibration transfer function
H} ,,  Measured transfer functions between microphone

Bl  Force factor, the product of the magnetic flux density

. . . signals for original positions
B in the magnet air gap and the effective length / of e

Measured transfer functions between microphone

the voice-coil conductor in the magnet air gap m,ab signals for switched positions
Bl, Estlr?ated force factor from the nth curve-fitting 7 Electrical current
iteration . .
L . Jj  Imaginary number, = v/—1
¢ Speed of sound in air, ~343 m/s in Provo, UT at k  Lossless acoustic wavenumber
room temperature k  Complex acoustic wave number accounting for

Cys  Mechanical compliance of the driver suspension propagation losses in the plane wave tubes

L£:06:1.Z 520 JOqWanoN 0}

Cus,, Estimated mechanical compliance of the driver L, Distance from the nth microphone to the device
suspension from the nth curve-fitting iteration under test (DUT)
D Length of the downstream. .tube and distance Lg  Effective electrical inductance of the driver voice
between the measurement positions for Rg and R¢ coil
¢ Voltage Lr, Estimated effective electrical inductance of the
er  Voltage drop across the test resistor ~driver voice coil from the nth curve-fitting iteration
fo  In vacuo resonance frequency of the driver dia- Myp  Effective mechanical mass of the driver diaphragm
phragm and suspension system assembly without fluid loading
Ji  Lower-frequency limitation Myp, Estimated mechanical mass of the driver dia-
fs  Free-air resonance frequency of the driver ~ phragm assembly without fluid loading, from the
fu  Upper-frequency limitation nth curve-fitting iteration
H,, Transfer function between the acoustic pressures at Mys  Effective mechanical mass of the driver diaphragm
microphone positions a and b, = p,, /p,, assembly with fluid loading
H!,  Transfer function between the acoustic pressures at p, Complex acoustic pressure amplitude at the nth
microphone positions a and b with a secondary microphone position
downstream tube termination, = p;/p/, R Test resistance
R4 Reflection coefficient looking into the DUT at the

YEmail: bea@byu.edu
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end of the upstream tube
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R/, Reflection coefficient looking into the DUT at the
end of the upstream tube with a secondary down-
stream tube termination

Rp  Reflection coefficient looking into the downstream
tube past the DUT

Rc  Reflection coefficient of the downstream tube
termination

R, Reflection coefficient of a secondary downstream
tube termination

Rp Intermediate reflection coefficient defined for
mathematical simplification of Rg

Ry Direct current electrical resistance of the driver
voice coil

Rys  Mechanical resistance of the driver suspension
Ruys, Estimated mechanical resistance of the driver sus-
pension from the nth curve-fitting iteration

s Microphone spacing
S Cross-sectional area of the plane wave tube

Sp  Effective cross-sectional area of the driver dia-
phragm (the convention of measuring the diameter
of the cone plus half of the width of the surround
on both sides of the cone is used here)

TL Transmission loss

Xr  Blocked electrical reactance of the voice coil

Zgg  Blocked electrical impedance of the voice coil
Zpin Input electrical impedance of the DUT

Zy  Mechanical impedance of the diaphragm and sus-

pension system
Zys Mechanical impedance of the diaphragm and sus-
pension system with fluid loading

oc  Absorption coefficient of the downstream tube
termination

po Ambient density of air, ~1.01 kg/m? in Provo, UT
at room temperature

7 Transmission coefficient

Toc  Open-circuit transmission coefficient

tcc  Closed-circuit transmission coefficient
o Angular frequency

I. INTRODUCTION

The electrical and mechanical parameters that charac-
terize the linear operation (small-signal regime) of moving-
coil loudspeaker drivers typically follow from electrical
excitation or measurement' but may also result from acous-
tical methods.” Several techniques use electrical input
impedance as a basis for parameter extraction. A common
approach involves measuring the “free-air” input impedance
and a second impedance following a known perturbation
(e.g., an added mass to the cone or a closed-box loading to
modify the suspension compliance).'*™'? To avoid the need
for two electrical impedance measurements, some authors
have suggested simultaneous measurements of electrical
impedance and dynamic cone motion or acoustic pressure
adjacent to the cone.’*** Others have developed optimiza-
tion or curve-fitting techniques to extract parameters from a
single free-air electrical impedance measurement.*®°
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Clark®? and Klippel*®> employed pneumatic pressure to shift
the cone rest position and, thus, measure the parameters as a
function of static displacement.

Unfortunately, none of the electrical techniques may
directly measure the mechanical parameters of a passive
radiator (also known as a drone cone or auxiliary bass radia-
tor’’) because there is no coupling of mechanical and elec-
trical impedances. For passive radiators manufactured as
loudspeaker driver components with their magnet and
voice-coil assemblies removed,”’ approximate mechanical
parameters are measurable with the motors intact. However,
the motor removal alters their radiation loading effects. A
standard existed to estimate passive radiator parameters
through acoustic excitation (the setup did not employ a
plane wave tube) and observation of the frequency of maxi-
mum displacement,® but the publishing society later with-
drew it. The work of Klippel,>® using pneumatic pressure,
employed a similar setup to predict the parameters.

Because loudspeakers are electro-mechano-acoustical
devices, their parameters should indeed follow from appropri-
ate acoustical or mechanical measurements. Theoretical
expressions for the transmission loss of one-dimensional
sound through a driver or passive radiator allow the extraction
of parameters from the measurement of the transmission loss
using a plane wave tube. Two of the present authors (T.W.L.
and B.E.A.) presented preliminary theoretical and experimen-
tal results confirming this assertion for loudspeaker drivers.*”
Their conference paper described experimental work using a
very long plane wave tube with a square (30.5 cm x 30.5 cm)
cross section, a quasi-anechoic passive downstream termina-
tion, and a limited measurement bandwidth of approximately
70-500 Hz. The imperfect absorption of the 246 cm long ter-
mination likely skewed the measurement results, yielding
extracted parameters differing by 20% or more from the
parameters assessed via electrical impedance techniques. In a
subsequent paper, these authors provided further theoretical
insights into such measurements, including those associated
with imperfect anechoic terminations, methods of parameter
extractions, and the benefits of decomposing downstream
sound fields into propagating components.”

This paper aims to provide experimental details demon-
strating that one may assess the parameters of passive radia-
tors and drivers from improved sound transmission
measurements with comparable accuracy to those derived
from electrical impedance assessments of drivers. The
parameters follow from normal-incidence sound transmis-
sion loss coefficient measurements using the methods pro-
posed in Ref. 2, along with parameters extracted from
measurement curve fitting. Importantly, the two-load sound
transmission measurement technique automatically corrects
for nonideal termination conditions, improves results, and
makes the measurements more practical as a long anechoic
termination is unnecessary. The work demonstrates that one
may assess passive radiators and changes made to them
using sound transmission measurements, whereas evalua-
tions via electrical impedance measurements are impracti-
cal. The approach does not replace electrical impedance

Anderson et al.
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techniques for drivers nor does it show whether sound trans-
mission techniques can extract all parameters obtainable
through electrical impedance techniques and more compli-
cated driver models. Instead, it complements these tools for
more complete insights and assessments.

Although the authors have previously proposed the pos-
sibility of acoustical extraction of mechanical passive radia-
tor parameters, they have not previously assessed and
presented them. The experiments presented herein evaluated
four drivers of the same make and model and four passive
radiators produced by removing their magnets. The modifi-
cations allowed comparisons of extracted mechanical
parameters with and without the magnets. To the authors’
knowledge, the effect has not received careful attention or
publication elsewhere. Subsequent modifications to the
masses and compliances of the passive radiator cone assem-
blies provided additional opportunities for experimental
evaluations. In addition, the authors employed a precision
scale to assess the mechanical masses of destructively
removed cone assemblies and individual components from
the passive radiators. This final step allowed further compar-
isons of the mass values extracted from the sound transmis-
sion and electrical impedance measurements.

Section II briefly discusses transmission loss measure-
ments using a plane wave tube and the two-microphone
transfer function technique. Details of this investigation’s
particular system follow with an explanation of curve-fitting
techniques. Sections V and VI compare parameters from the
proposed method and conventional electrical impedance
techniques. They also compare mechanical driver parame-
ters determined acoustically following magnet removal and
demonstrate how accurately the proposed technique detects
changes in moving mass and suspension compliance of the
passive radiators. Further validations follow from compar-
ing the moving mass results extracted from the transmission
loss and electrical impedance measurements with the masses
obtained through destructive means.

This paper employs linear models for the drivers and
passive radiators because of the small-signal excitation used
in the experiments.*° It also assumes a simplistic model for
the blocked electrical impedance of the driver voice coil.
The authors do not suggest that these models best represent
all loudspeakers. However, they simplify the introduction of
the experimental methods and extraction of parameters from
different types of transmission loss data. Future work could
incorporate nonlinear driver parameter models and more
sophisticated voice-coil models.

Il. TRANSMISSION LOSS MEASUREMENTS
A. Two-microphone transfer function technique

The two-microphone transfer function technique, pre-
sented by Chung and Blaser (C and B)*"*** and described by
others,**” allows measurements of normal-incidence
reflection and transmission coefficients of material samples
or acoustical devices between upstream and downstream
plane wave tubes. An upstream pair of microphones enables

J. Acoust. Soc. Am. 158 (5), November 2025

decomposition of the upstream sound field into incident and
reflected pressure components. A downstream pair of micro-
phones also allows decomposition of the downstream field
into the pressure transmitted past the device under test
(DUT) and any pressure reflected residually by a quasi-
anechoic termination. These pressure components lead to
the computation of reflection and absorption coefficients,
acoustic impedance, and the sound transmission coefficient
for the DUT.

A relative calibration transfer function H .y, between
two signals a and b of a microphone pair corrects for their
amplitude and phase mismatches. The function follows from
the switching calibration technique*' and the geometric
mean such that

Hcal,ab = \/I—M’ @

where, as indicated in the Nomenclature, H;, ,, and H,, ,
represent the measured transfer functions between the
microphone output signals in their original and switched
positions, respectively.*'*? The transfer functions between
the total acoustic pressures at the microphone positions fol-

low as
Hyp = 7. @

C and B showed that the complex reflection coefficients
R and transmission coefficient t follow readily from these
transfer functions. Then, the transmission loss follows as

1
TL = 10log;, <r> . (3)

Although the C and B formulation resulted from a decompo-
sition of upstream and downstream fields into incident and
reflected components, it does not fully address the critical
requirement that the downstream tube must have an ideal
anechoic termination. Leishman and Anderson (L and A)
illustrated the problems resulting from imperfect anechoic
terminations and found that whereas the 7L from C and B
may improve on those of other methods, it continues to suf-
fer from erroneous fluctuations over typical measurement
bandwidths.”

B. Improved transmission coefficient

Other authors have periodically summarized develop-
ments in plane wave tube measurements, including more
recently.*®* One significant advance has involved the
sequential use of two distinct downstream tube terminations
in the so-called two-load method.”®>? This scheme aims to
overcome the problems associated with imperfect termina-
tion properties. Salissou and Panneton (S and P)> presented
a technique using two terminations and wave decomposition
(the basis for the theory by C and B). Their approach
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incorporated the two-microphone and switching calibration
techniques, resulting in the measured transmission
coefficient

a4 R o kL2

or = Haa (1 = RoRee™?) o G

“4)

where the descriptions of each constant and variable appear
in the Nomenclature. Figure 1 depicts the microphone posi-
tions. The transfer function H,3 = p;/p, is that measured
between the complex acoustic pressure amplitude p, at
microphone 2, just upstream of the DUT, and the complex
pressure amplitude p5 at the microphone 3, just downstream
of the device.

The upstream complex reflection coefficient R4 at the
DUT follows from

R, = Hp — e oK) )
ejk.v _ Hl 2

where Hi; = p,/p, is the transfer function between the

complex acoustic pressures at microphones 1 and 2. Here,

the factor e2*t12) propagates the coefficient from micro-

phone 1 to the DUT, a distance of s + L,. The downstream

tube termination reflection coefficient R has a similar form

Hy—e ™ ip-
= kDL) 6
C= b —Hy ; (6)
where ¢2(°~13) propagates the coefficient from microphone
3 to the beginning of the termination. The reflection coeffi-
cient looking into the downstream tube just beyond the
DUT is

H
Rp — H,”
Ry =—— 22— 70, )
RpR,. — —2Rc
23
where
e s | Roghls gikla 4RI oKL
Rp - L ®)

= eijkL} +R/CejkL3 ejkLz +RA€7jkL2 .

This result employs reflection coefficients and transfer func-
tions assessed with the two distinct termination loads.
Unprimed variables are those involving the first load (a
quasi-anechoic downstream termination for this study).
Primed variables are those involving the second load (an
open downstream tube for this study). The factor e /2P
involves a negative exponent, which propagates the reflec-
tion coefficient upstream from the termination to the trans-
mitting side of the DUT.

The insertions of the various reflection coefficients into
Eq. (4) yield 15p and then TLgp from Eq. (3). A complex
wavenumber £ in the formulations addresses thermo-viscous
tube losses, which is derived from an estimated attenuation
coefficient based on a published coefficient of shear
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viscosity, a ratio of specific heats, and a Prandtl number in
air at 20°C.>* Realistically, the small attenuation effects are
nearly negligible over the measurement distances for these
“wide tubes,” but their inclusion helps improve the accuracy
of the calculations.

Ill. PLANE WAVE TUBE SYSTEM
A. Measurement bandwidth

Figure 1(a) shows a photograph of the plane wave tube
measurement system used in the experiments, and Fig. 1(b)
illustrates the system diagrammatically. The DUT, a driver
or passive radiator mounted to a rigid circular baffle, sepa-
rated the upstream and downstream tubes (see Fig. 3).
Microphones 1 and 2 were the upstream pair with either a
low-frequency or high-frequency spacing, whereas micro-
phones 3 and 4 were the downstream pair with a similar
spacing. The upstream and downstream tubes had 10.2cm
(4in.) inside diameters and 1.5 m lengths, meaning that the
cutoff frequencies of their first cross modes were approxi-
mately 1970Hz (i.e., only plane waves propagated below
this frequency at room temperature [20 °C]).”> Notably, the
proposed measurement method scales such that larger or
smaller tube diameters allow piston-band measurements of
larger or smaller DUTs, respectively.

The downstream tube termination consisted of a tapered
wedge of open-cell foam rubber, a backing gap filled with
loose polyester fiberfill, and a rigid steel cap. Sagers er al.”®
used this same equipment and found that its anechoic cutoff fre-
quency was approximately 67 Hz. This meant that for frequen-
cies below 67 Hz, the reflection coefficient was |[R¢| > 0.1 and
the absorption coefficient was o = 1 — |R¢|* < 0.99. The plane
wave tube, thus, provided a usable bandwidth of approximately
67-1970Hz for normal-incidence sound transmission
measurements.

The extraction of several parameters listed in the
Nomenclature required 7L measurements through the DUT
below, near, and above its resonance frequency. For an
open-circuit DUT, the suspension system’s compliance Cyg
dominated TL well below resonance. Well above resonance,
the in vacuo moving mass Myp of the diaphragm assembly
dominated TL. Near resonance, the mechanical reactance
resulting from Cys and My,p vanished, leaving the viscous
mechanical resistance Rygs of the DUT suspension to
govern TL.

For the purposes of this investigation, the experiments
specifically evaluated four Tang Band model W3-881SJ
drivers (Taipei, Taiwan) with nominal 3 in. (7.6 cm) diame-
ters and roughly 100 Hz free-air resonance frequencies. The
effective radiating areas of these drivers, determined using
the convention of measuring the diameter of the cone plus
half of the surround width on either side of the cone, were
Sp =30.76cm?’. It is noteworthy that the IEC 60268-22
standard presents conflicting descriptions of how to calcu-
late Sp.>” Section 20.8.2.4 of IEC 60268-22 initially sug-
gests that one should add half the surround area to the
cone area in the calculation but later presents an equation

Anderson et al.
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P \ T
Upstream Microphones 1 & 2

S8 " m—
Downstream Microphones |

—

Anechoic Wedge Termination|

Source Loudspeaker Driver Under Test
(b) Low Freq. Spacing Driver Under Test
1 12 / 34 4
[ 110 01 I
-« v
I — High Freq. Spacing
[ 1
Source Upstream Tube Downstream Tube Anechoic Termination

FIG. 1. (a) Photograph of the plane wave tube system employed for the measurements of this work is displayed. Several photographs stitched together
formed this image. The microphones in the photo were not placed at the exact measurement locations. (b) Diagram of the same plane wave tube system (not
to scale) is shown. Note the two spacings for the upstream and downstream microphone pairs used to measure, respectively, low-frequency and high-

frequency reflection coefficients accurately.

[Eq. (14)], assuming that Sp derives from the convention we
use here. The two definitions do not strictly agree because
the latter includes less than half the total surround area in Sp.
Another Sp calculation represents the surround’s displace-
ment amplitude as tapering linearly from its inner perimeter
to zero at its outer perimeter, suggesting that the air volume
displaced by a circular diaphragm assembly corresponds to
that within a right circular conical frustum.’®* The result-
ing effective radiating area converges to the Sp of this work
when the surround width becomes much smaller than the
cone radius.””

The ASTM E1050-24 and E2611-24 standards regu-
late the use of plane wave tubes for testing the acoustical
properties of material specimens.(’o’61 Both require the
closest microphone positions to fall at least three tube
diameters from an excitation source, one tube diameter
from a rough nonhomogenous specimen, and two tube
diameters away from a rough asymmetric specimen to sup-
press cross-mode field contributions adequately.® For this
work, the microphones fell at least 0.5 m (five tube diame-
ters) away from any tube boundary for the upstream and
downstream tubes.

Bodén and Abom®? proposed microphone spacing lim-
its to ensure less than 1% error for measurements via the
two-microphone transfer function technique. Their expres-
sion 0.1 < ks < 0.87 results in lower and upper-frequency
limitations, respectively, for a given spacing s such that

c

fi =205 9
2c
Ju =355 (10)

The chosen center-to-center microphone spacings of 30 and
Scm provided bandwidths of 57-457 and 343-2744 Hz,
respectively, allowing spectral overlap between 343 and
457 Hz. A crossover frequency of 400 Hz produced a transition
for the measured data. More details about design consider-
ations for plane wave tubes are available in standards***¢%°
and other papers.®>®*

J. Acoust. Soc. Am. 158 (5), November 2025

B. Measurement details

A Briiel and Kjaer Pulse measurement system (HBK,
Darmstadt, Germany) generated a linear sine sweep excitation
signal spanning 1-2000Hz at a rate of 150 Hz/s to drive the
source loudspeaker via a power amplifier. The system simulta-
neously acquired the responding microphone signals. The fast
Fourier transform (FFT) measurement mode used 6400 lines
spanning a 2 kHz bandwidth with 25 averages and 25% over-
lap. Sound pressure levels (SPLs) measured at microphones 2
and 3 gave a sense of the acoustic amplitudes used in the
experiments. Figure 2(a) provides typical plots of the levels
over frequency. It is worth noting that these levels are not high
enough to induce nonlinear acoustic effects but are high
enough to exceed the noise floor of the measurement system
by typically 40-50 dB. Figure 2(b) shows the typical coherence
between the associated signals measured upstream and down-
stream, revealing values greater than 0.975 for the measure-
ment bandwidth and 0.99 for all but three distinct frequencies,
at which microphone 2 fell at a node. This high coherence
illustrates that the downstream pressure resulted from the
upstream pressure and not background noise. The typical
uncertainty of the transmission loss measurements, determined
from an average of the standard deviation values (deviations
among the individual averages) between 67 Hz (anechoic limit)
and 675 Hz (upper limit of curve fitting) was £0.07 dB.

Figure 3 displays photographs of a DUT mounted at the
end of the upstream tube. Figure 3(a) shows it fastened to the
steel aperture plate. The visible groove in the plate surround-
ing the driver frame accommodates an O-ring, which
provides a tight seal with the adjoining downstream tube.
Figure 3(b) depicts the back side of the driver through the
transparent upstream tube. A wire connected its input termi-
nals for closed-circuit measurements. In both photographs,
one can observe the compression fitting involving a Klein
Flansche flange arrangement. One may also note several
pegs along the top of the upstream tube. Each is a removable,
solid 1.27 cm diameter aluminum plug placed firmly within a
microphone port with O-ring seals, which is nominally flush
with the inner tube wall at one end. It is removable for

Anderson etal. 3701
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FIG. 2. (a) Sample SPL measurements at an upstream microphone (micro-
phone 2) and a downstream microphone (microphone 3) during a sound
transmission measurement and (b) sample coherence measurement between
the upstream and downstream microphone signals are shown. The measure-
ments involved the low-frequency spacings.

replacement with a microphone of the same diameter as
needed. The center-to-center port spacing is 5.0 cm.

As suggested earlier, the two downstream tube termina-
tions included the anechoic wedge depicted in Fig. 1 and an
opening to the surrounding air. Experimentation with differ-
ent load conditions determined that these two terminations
worked well for the two-load method, meaning that they
yielded data that matched theoretical curves for transmission
through a damped, mass-spring system well. For example, it
seemed that using a rigid cap end and an open end did not
provide data that matched expected theory well, likely,
because the two loads provide exactly opposite boundary
conditions (same magnitude response but opposite phase),
whereas it seems that two loads that provide different mag-
nitudes and phases (such as an open end and an anechoic
end) provide data that matches the expected theory better.

IV. PARAMETER EXTRACTION FROM SOUND
TRANSMISSION

A. Theory

L and A derived an analytical expression for the open-
circuit transmission coefficient toc of a classically modeled,

3702  J. Acoust. Soc. Am. 158 (5), November 2025

Ed

FIG. 3. (a) Photograph of a driver mounted to a partition at the end of the
upstream tube and (b) photograph of the back side of the mounted driver
through the transparent tube are shown.

rectilinearly vibrating, baffled DUT between an upstream
tube and an anechoically terminated downstream tube
[Ref. 2, Eq. (20)]. The sound transmission through the
device compares the upstream volume velocity and imped-
ance to the downstream volume velocity and acoustic
impedance loading [Ref. 2, Eq. (11)]. The upstream imped-
ance includes the device’s internal impedance and down-
stream loading. L and A gave the reciprocal of 1oc for an
arbitrarily terminated downstream tube [Ref. 2, Eq. (16)],
which reduces to

S 2
Z R
Y (SD)

S 11
Toc * 2pocS (an
when the downstream termination is anechoic, where
. 1
Zy = Rys + joMyp + - (12)

jCOCMS '

The commonly specified mass My assumes equal
front-and-back fluid mass loading that roughly approaches
the loading of a transversely oscillating disk in free air>
such that

TRNE
MMS%MMD‘i'ng(?D) . (13)
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The in vacuo resonance frequency fy associated with Z,
occurs when the reactance caused by the moving mass Myp
and compliance Cjs vanishes, whereas the free-air reso-
nance frequency fs includes the fluid mass loading, which
inherently incorporates less understood backward radiation
through and around the spider, voice-coil former, frame, and
magnet structure (when present).

L and A also derived an expression for the closed-circuit
(short-circuit) transmission coefficient t¢c through a driver with
an arbitrary downstream tube termination [Ref. 2, Eq. (17)].
The closed-circuit condition assumes a wire of zero electrical
impedance connecting the driver terminals. If the down-
stream tube termination is anechoic, the reciprocal expres-
sion reduces to

2

Bl

2, LB
L =1+ _ Zmp i (14)
Tcce 2p0CS SD ’

where
Zgp =~ Rg + joLg (15)

is an approximate blocked electrical impedance of the voice
coil, R is the voice-coil resistance (measured with a mul-
timeter), and L is the voice-coil inductance. As noted previ-
ously, a more sophisticated Zgg model could also represent
the impedance.®

B. Transmission loss measurement and parameter
extraction

Figures 4(a) and 4(b) show example TL curves for
open- and closed-circuit conditions using the methods by C
and B) and S and P [based on Eq. (4)]. The C and B TLs
includes erroneous fluctuations, mostly below 400 Hz, as
described by L and A, whereas the S and P TLs compare
well with theoretical curves (e.g., Fig. 8 of Ref. 2) and the
curve fits of Figs. 4(c) and 4(d), which assume an anechoic
termination.

For the open-circuit case, the mass-spring resonance,
occurring just above 100 Hz, yields the minimum 7L gov-
erned by the suspension system’s mechanical resistance
Ryss. By assuming that the termination is anechoic, one may
obtain Ry [see Eq. (28) of L and A?] With decreasing fre-
quency below resonance, the increasing impedance of the
suspension compliance Cys governs the TL slope, and one
may obtain Cys using Eq. (32) of Ref. 2. Above resonance,
the increasing impedance of the moving cone assembly
mass Myp governs the slope, and one may obtain My,p
using Eq. (33) of Ref. 2. An estimate of My then follows
from Myp using Eq. (13).

The reason for the TL discrepancy in the 800—1000 Hz
region is uncertain, although it may result from an indepen-
dent resonance of the suspension system.>® The sharp rise in
TL above 1800 Hz is a result of the increasing influence of
the first tube cross mode. The minor disruption near 400 Hz
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is likely caused by slight differences in the measured TL s
by the low- and high-frequency microphone spacings. The
increased TL near the resonance frequency for the closed-
circuit condition is due to the back electromotive force from
the induced voice-coil current as it moves within the mag-
netic field. One may extract the B/ and Ly values from the
closed-circuit 7L using Egs. (37) and (42) from Ref. 2,
respectively.

As noted previously, L and A? and Anderson and
Leishman® gave several expressions to extract loudspeaker
parameters from measured 7L s. They are complicated and
require the selection of valid * roots to keep the results real.
Furthermore, the expressions for Cyg, Myp, and Bl are
asymptotic and valid only in high- or low-frequency limits,
which may fall outside of the bandwidth of a given measure-
ment system and driver. The average Rys, Cys, Mys, B,
and Lg parameters extracted from the C and B and S and P
TL techniques, using the L and A expressions, appear in
Table I (note that parameters derived from curve fitting of
electrical impedance measurements will be described in
Sec. V). Notably, the Cy;s and B/ values differ most, depend-
ing on the use of the C and B or S and P techniques. This is
because the extraction of these parameters depends most
strongly on the accuracy of the low-frequency TL, where the
wedge may not provide an ideal anechoic loading as
required for good C and B results. The L and A expression
used to extract the Cyyg value relies on an asymptotic
approximation valid for low frequencies far from the reso-
nance frequency, which may not be the case for this data set
with a resonance frequency of only ~100Hz. This issue
illustrates the benefit of using the two-load S and P TL for
parameter extractions.

C. Curve fitting and parameter extraction

Table I also includes parameters extracted from the open-
and closed-circuit sound transmission measurements using a
curve-fitting algorithm implemented in MATLAB (The
MathWorks, Natick, MA). The algorithm used the fminsearch.
m function from MATLAB, employing the Nelder-Mead sim-
plex direct search method of Lagarias ef al.®® The curve fitting
idealized the measurements as involving anechoic terminations
(a reasonable assumption for the S and P technique in particu-
lar), meaning Eqs. (11) and (14) were the analytical bases. The
algorithm employed the driver manufacturer’s published
parameters as initial values and subsequently yielded parame-
ters that best fit the data. Several curve-fitting rounds con-
firmed the best possible estimations, where individual
mechanical parameters dominate the transmission loss in spe-
cific frequency ranges. The additional rounds did not substan-
tially increase the processing time.

For the open-circuit sound transmission measurements,
a first round of fitting produced Rys1, Muyp,1, and Cys,,
which were closer to the values obtained with the S and P
TL final curve fit and values extracted from electrical imped-
ance than the initial published values. (Detailed analysis of
the accuracy of the initial values and their impacts on
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extracted results is beyond the scope of this work, but the
curve fitting does not appear to be very sensitive to the ini-
tial values used.) For the first curve-fitting round, the band-
width was 1-675Hz to avoid the previously mentioned
800-1000 Hz disparity. A second round of fitting employed
the Myp 1 and Cys,; values from the first round as fixed val-
ues and then optimized Ry, as the final Rys estimate. In
this case, the bandwidth was 80.6—134.7 Hz (the approxi-
mate resistance-controlled region), corresponding to the
span over which TL <4 dB. For the third round of fitting,
Rys and Cys, were fixed values, and the routine optimized
Myp 3 was the final My;p estimate, with the bandwidth lim-
ited to 134.7-362.5Hz (the mass-controlled region). The
fourth and final round of curve fitting employed Ry, and
Muyp as fixed values and optimized Cys4 as the final Cys
estimate, with the bandwidth 1-80.6 Hz (the compliance-
controlled region).

Figure 4(c) shows the fitted transmission loss based on
Eq. (11) with the extracted RMS,z, MMD,S’ and CMS,4' The

10°

Frequency (Hz)

agreement between the measured data and fit is within 1 dB
up to 896 Hz. Over the bandwidth used in the curve fitting
(1-362.5 Hz), the agreement is within 0.2 dB. Similar fits to
data from the C and B measurements did not match quite as
well because of the TL fluctuations resulting from an imper-
fect anechoic termination. The agreement between the mea-
sured C and B data and the corresponding fit was also within
1dB up to 896 Hz, but fluctuations of up to 1dB persisted
throughout the bandwidth used in the curve (fitting
(1-362.5 Hz). Equation (13) produced M5 from My;p and
Sp. Table I reports the average parameters extracted from
the four drivers’ TL measurements for the initial curve-
fitting round (“first curve fit”) and the final round (“final
curve fit”) using only the S and P data. The initial curve-
fitting round produced mechanical parameters within 5% of
the final curve-fitting values and may have provided suffi-
cient accuracy in some cases.

Open-circuit sound transmission is useful because the
mechanical portion of a loudspeaker driver separates from

TABLE I. Loudspeaker parameters extracted from drivers and passive radiators using electrical impedance and sound transmission measurements. The val-
ues shown reflect the average values extracted from four drivers of the same model along with standard deviations.

Electrical Electrical CandBTLL SandPT7LL S and P S and PTL Passive radiator Holey PR, S
impedance impedance and A and A TL first final (PR), S and and P TL
added mass free-air curve fit methods methods curve fit curve fit P TL final curve fit  final curve fit

Lr (mH) 0.52 = 0.013 0.52+0.015 0.50 = 0.28 0.52+0.22 0.62*+0.14 0.61 =0.13 — —
BI (T*m) 3.33+0.15 3.44+0.20 3.16+0.13 3.44*£0.15 333%+0.097 3.29 £0.095 — —
Rys (kg/s) 0.20 £0.015 0.20 £ 0.022 020 £0.0098 021 £0.011 022£0.0095 0.21*=0.012 0.21 £ 0.0080 0.20
Mys (g) 2.32+0.20 2.34+0.27 235+0.040 2.32%0.039 241x0.039 248 £0.027 2.53 £0.027 2.50
Cuys (um/N) 1100 =74 1090 = 100 1650 = 120 1300 £ 85 1000 = 59 984 £53 1060 = 86 1280
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the electrical portion. The extracted parameters are, thus,
uncontaminated by an incorrect B/ estimate or position-
dependent value,” as can result from electrical impedance
measurements. Additionally, the same measurement proce-
dure yields a straightforward assessment of passive radiator
parameters, which cannot be performed with electrical
impedance measurements.

Another round of curve fitting on the closed-circuit
transmission loss measurements employed Rys>, Muyp3,
and Cys 4 as fixed values, plus a fixed value of Ry that was
measured with a multimeter to obtain optimized values for
Bls and L 5 over a 1-675 Hz bandwidth. Figure 4(d) shows
the measured closed-circuit 7L using the S and P technique
along with the curve-fitted 7L based on Eq. (14) and the
parameters Rp, Ryso, Myp3, Cusa, Bls, and Lgs. The
agreement between the data and fit is, again, within 1 dB up
to 896 Hz. Over the 1-362.5Hz bandwidth used for the
open-circuit curve fitting, the agreement is within 0.3 dB.

It is worth noting that Anderson®” found that there are
limitations on the size of the driver that may be assessed
using plane wave tube measurements. Various sized drivers
were studied, and when the surface area of the driver was
less than one-seventh of the tube cross-sectional area, the
extracted parameters were not reasonably estimated. The
(S/ SD)2 term in Eq. (14) helps to correct for smaller surface
area drivers, but there were still apparent limitations. For the
loudspeakers used here, Sp = 30.76 cmz, whereas the tube’s
S =81.07 ¢cm® and, thus, Sp/S =1/2.6, which is well
within the 1/7 guideline that Anderson gave.

D. Passive radiators

Following the driver measurements, the drivers were
converted (via magnet removals) into passive radiators with
similar mechanical properties [see Fig. 5(a)]. Table I reports
the average parameters of the four drivers and their passive-
radiator (PR) counterparts, as extracted from the S and P TL
measurements. One should not necessarily expect a passive
radiator’s mechanical parameters to exactly equal those of
the associated driver as the magnet structure no longer
impedes the sound inside and outside the coil former. Table
I reveals that the average Cys value increased by 7.6% for
the passive radiators. This result seems reasonable because
an intact driver’s coil former cavity and magnet air gap
likely increase the effective stiffness of the diaphragm
assembly and, thus, lower the driver’s measured Cy. The
average My value is 2.2% higher for the passive radiator,
and the average Ry value is nearly identical. For clarity,
note that these comparisons are made between the S and P
TL final curve fit results for the drivers and PR, S and P TL
final curve fit results for the passive radiators.

Additional TL measurements followed the sequential
affixing of known masses of duct seal putty to one of the
passive radiator cones. The masses ranged from 0.25¢g to
2.50g in 0.25 g increments, as determined by a precision
scale. After their removal, follow-up assessments of the
putty samples verified that their masses had not changed.
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The overlaid transmission loss curves in Fig. 6(a), one for
each added mass, make several things apparent. The reso-
nance frequency consistently shifts downward with increas-
ing mass, which causes the TL curves to progressively shift
to the left (with higher TL at any given frequency that is at
or above resonance frequency, indicated by the red arrow).
The increase at higher frequencies is logical from inspection
of Egs. (11) and (12), as the joMyp term dominates Eq.
(12). At lower frequencies, jowMyp becomes insignificant
compared to 1/jwCys, which leads the curves in Fig. 6(a) to
differ by smaller amounts and approach convergence at
lower frequencies. Based on these measurements, the
extracted changes in My;p resulting from the added masses
are all within 0.05 g of the actual added masses as deter-
mined by the precision scale. Some extracted values were
slightly more than the added mass, whereas others were
slightly less than the added mass. The average absolute
value of percent errors across all added masses was 1.4%.
For this study, the authors cut four 0.63 cm diameter cir-
cular holes in a passive radiator spider at symmetric posi-
tions. Figure 6(b) shows the change in transmission loss
without and with the holes. In the latter case, the resonance
frequency shifted downward by approximately 2 Hz, and the
transmission loss below resonance decreased. As expected,
both of these effects occurred because of increasing Cyys.
Table I reports the parameters extracted for the passive radi-
ator without and with (holey PR) the spider perforations,
showing that Cyy increased by 7.7%, Mys decreased by

In : e S—
‘Intact Driver —

':"’—?’:ﬂ’——‘—""—_—

B Passive Radiator:

> 3 ——
ﬂ,‘

FIG. 5. (a) Photograph of an intact driver along with a driver of the same
model with the magnet removed to produce a passive radiator and (b) pho-
tograph of the various pieces of the passive radiator after a destructive anal-
ysis had been performed to measure the masses of each moving component
are shown.
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1.6%, and Ry decreased by 4.8% with the holes. The slight
transmission loss increase above the original resonance fre-
quency is caused by the downward shift in resonance fre-
quency [compare Fig. 6(a)] and the mass-controlled region’s
earlier spectral onset. The effect results from a more signifi-
cant increase in Cys than decrease in My;p from the spider’s
material removal.

V. PARAMETER EXTRACTION FROM ELECTRICAL
INPUT IMPEDANCE

Some loudspeaker driver parameters in Table I fol-
lowed from electrical input impedance measurements to
compare the results with the parameters obtained from the
plane wave tube measurements. The same Briiel and Kjaer
Pulse measurement system and frequency sweep settings
produced the electrical measurements. The complex voltage
amplitude é across the driver terminals divided by the com-
plex current amplitude i through the voice coil equaled the
DUT input impedance Zgi,. A 7.07 Vs amplitude chirp
signal excited the driver in series with a R = 998 Q resis-
tance, thus, producing a peak current of about 10 mA, which
was nearly constant over the 2kHz bandwidth and small
enough to ensure a small-signal measurement. The voltage
drop across the resistor was ég = iR, such that
Zgin = Ré/ég, where é/ég was a measured complex trans-
fer function. The ¢z measurement required floating the asso-
ciated channel (i.e., its negative side was not grounded or
shared with the other channel). An anechoic chamber pro-
vided a quiet free-field environment for the tests to isolate
the drivers from the potential contamination of undesirable
background noise and nonideal radiation conditions. The
driver axes were held in the same horizontal orientation as
in the plane wave tube. Using a linear operation model and a
simplified voice-coil model, the free-air electrical imped-
ance should theoretically follow from Egs. (12), (13), and
(15) as

2
BI
ZE Driver = RE +.](DLE + ( ) 1 . (16)

Rys + joMys + -
JoCuys

The typical uncertainty of the electrical impedance magni-
tude measurements, determined from an average of the stan-
dard deviation values (deviations among the individual
averages) between 67 and 675Hz (same frequency range
evaluated for transmission loss) was =0.03 Q.

A curve fit using Eq. (16) and the fminsearch.m func-
tion from MATLAB produced the parameters from the elec-
trical impedance measurement, with the resistance Rp,
again, resulting from a multimeter measurement. Curve fit-
ting that used the manufacturer’s published parameters as
initial values produced the estimates Lg 1, By, Rys,1, Mys,1,
and Cys,1. A second fitting employed the Lg; value from
the first round to obtain Bly, Rys2, Mysp, and Cygp in a
1-675Hz bandwidth, again, avoiding the anomalous
800-1000Hz range exhibited in the sound transmission
measurements and providing consistency with the 7L curve
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FIG. 6. Transmission loss measurements of a passive radiator using the S
and P technique. (a) Known increasing masses are added for successive
sound transmission measurements [arrows denote the progressive transmis-
sion loss changes starting with no added mass (dashed line) to progressively
more added mass (solid lines)]. (b) Before and after holes had been cut into
the spider.

fitting. Figure 7 plots the measured free-air electrical imped-
ance magnitude with its curve fit. The agreement between
the data and fit is within 1.5 Q or 8% error over the indicated
bandwidth. The authors also employed the added-mass per-
turbation method to compare the resulting parameters with
those derived from the free-air curve-fitting method."'%:%®
Table I reports the average parameter values extracted
from these two types of electrical impedance parameter
assessments for the four drivers. The parameters extracted
from the added-mass and free-air electrical impedance
curve-fitting methods are nearly identical, with only small
differences in the values for Bl, My, and Cy;s. Comparing
the parameters extracted from the electrical impedance
curve fit to the parameters extracted from the S and P TL
measurements (final curve fit) reveals that My is 6.8%
lower, Cys is 10.5% higher, Ry is 7.6% lower, Bl is 2.6%
higher, and Lg is 21% lower for the parameters extracted
from electrical impedance. Interestingly, the parameters
extracted from the S and P TL using the L and A method
(from the expressions given in Ref. 2) are very similar to
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those from the electrical impedance curve fit, aside from the
Cys value.

Note that the standard deviations given in Table I,
which represent deviations among the parameters extracted
for the four loudspeakers tested, are not expected to be zero
because some natural variation arises in the manufacturing
process, but relatively lower values may give some indica-
tion of a more consistent parameter estimation technique.
The standard deviations are the smallest for the S and P TL
final curve fit technique among the acoustical methods, and
these standard deviations are smaller than those for the elec-
trical impedance techniques.

VI. MOVING MASS MEASUREMENT FROM
DESTRUCTIVE EVALUATION

After the electrical impedance and transmission loss
measurements, the authors carefully removed the moving
passive radiator elements to allow analysis of their actual
masses. The values followed from individual precision mass
scale measurements (*£0.01 g accuracy) of the cone assem-
blies, surrounds, spiders, and lead wires, which were cut
from the frames and each other using a knife, scissors, and
wire cutters. Figure 5(b) displays a photograph of the indi-
vidual pieces from one passive radiator.

Garrett® showed that one-third of a spring’s mass aug-
ments the effective mass of a simple mass-spring oscillator.
However, as the spring of a loudspeaker suspension does not
extend along a line between a fixed support point and a
lumped mass, the authors decided to include the masses cor-
responding to the inner one-third of the annular surround
and spider plus one-half of the lead wires. Because the lead
wires do not provide appreciable stiffness, one-half of their
lengths seemed appropriate. The expected moving mass
Myp then comprised the sum of the various masses.

The masses of the cone assembly, surround, spider, and
lead wires for each passive radiator were averaged. The
average mass of the cone assembly was 2.34 g, whereas the
average combined mass of the cone assembly, entire sur-
round, entire spider, and complete lead wires was 2.80 g.
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FIG. 7. A free-air electrical input impedance measurement of a loudspeaker
driver with a curve fit to the data.
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The average masses of the surround, spider, and lead wires
were 0.25g, 0.14 g, and 0.06 g, respectively. The expected
Myp involving the fractional masses of the latter three ele-
ments was 2.49 = 0.04 g. In comparison, the average driver
and passive radiator My;p values obtained from the S and P
sound transmission technique were 2.40 and 2.45 g, respec-
tively. The average obtained from the free-air electrical
impedance curve fit was 2.24 g¢. However, it is noteworthy
that My;p extracts directly from the sound transmission
curve fitting but follows from My and the assumed free-air
fluid mass loading with the electrical impedance curve fit-
ting. In any case, the extracted Myp values should fall
between 2.34 £0.04 and 2.80 £0.04g to be physically
meaningful, assuming that no less than the cone assembly
moves and no more than the cone assembly plus the com-
plete suspension and lead wires move. However, it is possi-
ble that the edges of the cone assembly do not move with
the same displacement as the rest of the cone assembly, and
the assumed fluid mass loading subtracted from the electri-
cal impedance Mg values is inaccurate.

Figure 8 displays the extracted average mass values
with markers and error bars that extend one standard devia-
tion below and above the average values. The dashed hori-
zontal lines represent the 2.34 and 2.80 g physical limits of
Muyp, and the solid horizontal line represents the expected
Myp =2.49 g from the fractional masses obtained through
destructive analysis. For the investigated drivers, it is appar-
ent that the values obtained from electrical impedance mea-
surements are, on average, nonphysical values less than the
cone assembly’s actual mass. They also present a relatively
wide spread of extracted My;p values for the four identical
types of drivers. More realistic values might result from
more careful curve fitting of the electrical impedance data.
The Myp values extracted using sound transmission
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FIG. 8. Estimations of the mechanical moving mass of the cone assembly
plus portions of the suspension system. The horizontal dashed lines repre-
sent the physical lower and upper bounds for the moving mass, including
the cone assembly alone (lower bound) and the sum of the cone assembly
plus the entire suspension system and lead wire masses (upper bound). The
solid horizontal line represents the expected mass from destructive analysis.
The error bars represent one standard deviation below and above the aver-
age values.
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measurements and the L and A equations (L and A method)
are also less than the mass of the cone assembly alone.
Because the L and A equation to extract My, asymptoti-
cally approaches the actual mass, it is possible that, due to
the anomaly between 800—1000 Hz, the measurement does
not allow a high enough frequency TL assessment to obtain
an accurate Myp estimate. The M,p value extracted from
the TL curve fit is better and only slightly lower than the
expected M;p from destructive analysis (the solid horizon-
tal line). Finally, the My;p value obtained from the passive
radiators using a curve fit of the 7L is very close to the
expected My;p from destructive analysis (the solid horizon-
tal line).

All three values for M,y obtained from TL data have
much less spread in their standard deviations and are about
the same as the standard deviations of the direct mass mea-
surements. Because the values extracted from TL curve fits
are within the physical bounds, it is reasonable to assert that
they are more reliable for the investigated drivers than the
values extracted from the electrical impedance measure-
ments or the L and A method. However, because of the lim-
ited data set used here, the analysis does not assert that some
methods always yield nonphysical values while others pro-
duce superior values. The primary aim is to present methods
and results from plane wave tubes measurements for experi-
mental driver and passive radiator parameter extractions and
then compare the associated My, values to results from
direct physical mass measurements.

VIl. CONCLUSIONS

This paper has explored the experimental feasibility of
sound transmission measurements of loudspeaker drivers
and passive radiators (DUTs) that do not rely on ideal
anechoic terminations for parameter extractions, as assumed
experimentally in the past.>® The investigation has affirmed
that normal-incidence sound transmission measurements
can extract moving-coil loudspeaker driver parameters com-
parable to those derived from electrical impedance measure-
ments. As suggested previously” and shown here
experimentally for the first time, a plane wave tube system
can readily characterize passive radiators and their changes,
whereas  electrical ~impedance techniques cannot.
Expressions developed by L and A” and curve-fitting opti-
mization methods produced acoustically derived parameters
from sound transmission measurements. Curve-fitting meth-
ods produced parameters from electrical impedance mea-
surements. Assessing driver parameters from electrical
impedance measurements is often easier and faster. The
work considered the accuracy and robustness of each type of
assessment for the drivers tested, but the purpose was not to
draw firm general conclusions. One primary consideration
in using plane wave tubes to measure sound transmission
through DUTs is that their cross-sectional dimensions dic-
tate the upper-frequency limits on one-dimensional sound
propagation. However, the measurement method scales such
that larger or smaller tube diameters allow approximate
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piston-band assessments of larger or smaller DUTs,
respectively.

The two-load transmission loss measurement technique
outlined by S and P>* allows the extraction of sound trans-
mission through DUTs with imperfect downstream anechoic
terminations described by L and A2 As a drawback, the
technique requires two sound transmission measurements
for each DUT. Nevertheless, the two measurements allow
accurate characterizations of the mechanical parameters of
passive radiators and any changes made to them. They also
provide loudspeaker drivers’ mechanical and electrical
parameters through open- and closed-circuit terminal condi-
tions. A single electrical impedance measurement and sub-
sequent curve fitting may produce the same parameters.
However, the latter may include inherent contamination of
the extracted mechanical parameters, e.g., cause by a
position-dependent force factor BI*?> and they cannot
directly characterize passive radiators.

Electrical impedance measurements and the L and A TL
formulations produced nonphysical average values for the
estimated moving mass of a cone assembly and suspension
system with the drivers tested here. In contrast, a curve fit-
ting of the 7L measurements yielded physically tenable
results. Because the investigation involved only a limited
number of drivers, one may not generally conclude, without
further investigation, that these techniques will produce sim-
ilar results when applied to other drivers. The average mov-
ing mass value of passive radiators from 7L curve fitting
was only 1.6% less than the average directly measured mass
after destructive disassembly. The acoustic mass loading of
a driver with its motor assembly in place probably differs
from that of a corresponding passive radiator with the motor
assembly removed. Furthermore, the assumption that the
fluid loading of a driver or passive radiator is the same as
that observed by an unbaffled vibrating piston in free space
may be unreliable. Sound transmission measurements of a
passive radiator with known masses added successively to
the cone produced only a 1.4% average error. The measure-
ments also detected modifications to the passive radiator
suspension compliance.

A deeper analysis of various factors influencing the
reported experimental outcomes is beyond the scope of the
present work. These factors could include background noise,
specific termination choices for sound transmission mea-
surements, measurement and curve-fitting bandwidths, the
use of a simplified blocked electrical impedance model for
the voice coil, and nonlinear effects. Future work could
address these effects, various sources of error, accuracy lim-
itations, and other matters to enhance the practicality of
sound transmission measurements of loudspeaker drivers
and passive radiators.
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