PAPERS

Moving-Coil Loudspeaker Topology as an
Indicator of Linear Excursion Capability*
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The knowledge of a loudspeaker structure’s physical dimensions and features can
directly predict both the maximum excursion before damage and the linear excursion limit
as defined by psychoacoustic or performance criteria. Various voice-coil, magnetic-gap,
and suspension configurations are discussed in terms of their potentials for linear motion.
Measurements which substantiate the predicted linearity are presented. and specific
structures and mechanisms which extend or degrade the predicted linearity are also

discussed.

0 INTRODUCTION

To make sound. you must move air. The most com-
mon and popular electroacoustical method of sound
production involves exciting the air with the motion of a
diaphragm, which is driven by an ac modulated electri-
cal signal controlling a moving-coil permanent magnet
motor structure. The motion of this diaphragm-motor
assembly must be linear if the resulting sound output is
to be linear. that is. distortion free. The reproduction of
sound at low frequencies and high levels requires the
generation of considerable volume velocities, and the
finite dimensions of the diaphragm and motor compo-
nents limit first the ultimate excursion capability before
damage. and further the excursion for some chosen
acceptable or allowable level of nonlinearity. By exam-
ining the topology (the basic layout and physical fea-
tures) of various types of loudspeakers, inferences can
be made as to their individual performance and charac-
teristics, and predictions made as to their relative and
absolute linearity.

1 EXCURSION LINEARITY CRITERIA

It is important to know the excursion capability of a
given transducer in order to determine its suitability for
the intended application. Knowing both the maximum
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excursion and the thermal power input rating, the max-
imum sound output can be determined. The regions of
thermal and excursion limitation can be determined for
various enclosure and system alignments. From these
predictions the suitability of the transducer for various
applications and systems can be determined.

Before we can judge an individual transducer for ex-
cursion capability, we must determine what criteria we
will use to make this judgment. The absolute maximum
excursion is the physical limit of diaphragm motion as
defined by the mechanical structure of the device In
question. This defines the maximum excursion limits
before damage, or the “maximum throw” of a driver,
which is occasionally quoted by manufacturers if any
mention of excursion capability is made at all. This
information is not without use, for the obvious reason of
preventing driver damage and also in applications where
only sound output and not sound quality is desired. In
most cases, however, we are interested in the extent of
motion that the device can undergo within some lineari-
ty constraint.

Most authors discuss the motional linearity of loud-
speakers only in the general terms of requiring larger
magnet and coil structures [1. pp. 195, 252-253: 2. p.
262]. Thiele defines x,,,, as a peak displacement himit,
but assigns no criteria for its determination although he
derives various formulas using peak displacement values
[3. pp. 472-473]. Small has done the most extensive
work on displacement-limited power ratings for trans-
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ducers [4. pp. 391-393] and suggests that the amount of
voice-coil overhang be used as a rough estimate of driver
linearity [5, p. 806]. This does not address voice-coil/
magnetic gap topologies other than the overhanging
coil, and neglects the effects of fringe flux outside the
magnetic gap, which are significant.

2 NONLINEARITY GENERATING HARMONIC
COMPONENTS

Olson has analyzed the effects of nonlinear elements
in producing harmonic distortion components [6]. He
has shown that for a force as a function of displacement
of the form

F(x) = ax + bx? n
Fourier analysis will yield solutions of the form
x = A cos wt + B cos 3wt. (2)

This is the form taken by balanced, or symmetric, non-
linearity, where the distortion manifests itself as a third-
harmonic term. For a force-displacement function of
the form

F(x) = ax + bx? (3)
the solution yields
x = A cos wt + Bcos 2wt (4)

which shows the presence of second-harmonic distor-
tion. In this case we are dealing with single-ended non-
linearities.

Typical loudspeakers can be seen to have a force
function with both square and cubic terms. The cubic
terms are manifested as the coil is driven out of the
magnetic field to an equal extent on both sides of the
gap, a symmetric nonlinearity yielding third-harmonic
distortion. Thus we would expect our linear excursion
limit to manifest itself purely in terms of third-harmonic
distortion. The square terms can come about if the gap
flux and fringe are nonsymmetrical, if the coil rest posi-
tion is not centered in the magnetic gap, or if rectifica-
tion or other effects impart a dc offset to the coil travel
midpoint under drive. Any of these effects will produce a
single-ended nonlinearity. giving second-harmonic dis-
tortion. It should be noted that the driver should be
inherently free of second-harmonic distortion, only ex-
hibiting third-harmonic distortion due to finite coil and
gap heights. In both cases, higher order terms have been
left out of the analysis due to their much lower ampli-
tudes compared to the second- and third-harmonic
components.

3 VOICE-COIL/MAGNETIC-GAP
CONFIGURATIONS AND FLUX DISTRIBUTIONS

Fig. 1 shows views of the three types of voice-coil/
magnetic-gap configurations in cross section. They are
the long coil-short gap or overhung coil; the tong gap-
short coil or underhung coil; and the equal-length coil
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and gap. Here they are sketched with symmetrical gap
geometries, but this is not always the case. Often there is
only a single slug center pole, as in Fig. 2, instead of a
separate protruding pole piece resting on a pole support
with a smaller outside diameter. The top plate support,
be it a magnet or a metal magnetic circuit return casing,
may have its inside diameter only slightly larger than
that of the top plate. The exact configuration of the
magnetic gap becomes important because the magnetic
flux is never confined strictly to the gap, but spreads out
forming fringe lines above and below the gap. If the
permeance of the region below the gap is higher than
that above due to the presence of magnetic structure
elements too near the gap, more lines of fringe flux will
exist below the gap than above. This will cause the coil to
move in a nonsymmetrical flux field and hence cause
distortion. Even in a symmetrical magnetic gap, fringe
lines are inevitable and can at best be made even on both
sides of the gap (Fig. 3). Various other symmetrical gap
geometries which attempt to equalize fringe flux, such as
extended center poles and chamfered gap tips, have also
been utilized [7, pp. 239-241].

i [ L
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Fig. 1. The three basic voice-coil/magnetic—gap configurations.

(a) Overhanging coil. (b) Underhung coil. (¢) Equal-length coil
and gap.

Fig. 2. Flux distribution in nonsymmetrical gap showing un-
even fringe field.
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The presence of fringe flux is an important key to the
understanding of loudspeaker linearity. Fig. 4 shows
typical flux distributions for various gap configurations.
Fig. 4(a) is the theoretical ideal, where all the lines are
concentrated evenly within the gap and no flux is present
outside. Fig. 4(b) represents the best that is practically
attainable. with even distribution across most of the
gap. which begins to reduce as the gap edges are ap-
proached and gradually approaches zero as the fringe
flux weakens away from the gap. If the gap is at all
nonsymmetrical, the flux distribution will take a form
similar to Fig. 4(c). Here the fringe flux is significantly
greater in the inward direction. For wide gaps the flux
within the gap can also be aftected.

For a coil moving in a flux field. the B/ product is
proportional to the total flux passing through the sur-
face ara of the coil. Bl will change if the total number of
lines of flux through the coil area changes. For under-
hung and equal-length topologies this occurs as once end
of the coil begins to leave the gap. For overhung coils.
where the fringe flux is a significant portion of the total
flux at rest position, this will begin to occur as soon as
there is any coil motion. The degree of change depends
on the specific spatial distribution of the fringe flux field,
but definitely becomes dominant as the end of the coll
approaches and enters the gap.

4 MOTOR FORCE

For the diaphragm to be capable of linear excursions.
the loudspeaker must provide linear diaphragm motion
relative to the electrical input signal. The force provided
by the motor is the product of current /, which is the
input signal, and the B/ product. the motor strength:

F = (BDI. (5

The input signal is here a current. but in almost all
applications we drive loudspeakers from constant volt-
age source amplifiers. For an input voltage £, the cur-
rent / is given by

E

S A— 6
! Z.t+ Z (©)

S “em

where Z._ is the blocked electrical impedance consisting
of the dc resistance and voice-coil inductance, and Z,,, is
the electrical motional impedance generated by the back
EMF of the coil motion. This electrical motional impe-
dance is given by

(BI):

ZC[“ = 0 7
ZHH ( )

where Z,, is the total mechanical impedance. including
the radiation impedance due to the air load on the
moving diaphragm.
Combining Eqgs. (6) and (7) into Eq. (5).
(BHE

F = . &
Z. +(BN/Z,, ()
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In the region of resonance Z,, >> Z.. so that

[: . E Zn\l (9)
BI

and the force is inversely proportional to B/. Here we
have the surprising result that as the B/ decreases. the
motor force actually increases. The increased force will
continue until the decrease in B/ causes the motional
impedance to no longer be dominant over the blocked
electrical impedance. The force will then decrease from
its maximum value to zero, passing through a point of
full linearity along the way. Under most operating con-
ditions. loudspeakers are required to undergo maximum
excursion in the region of resonance and are subject to
this effect. It will also vary with the acoustic loading of
the driver. since the motional impedance will change
frequency and shape in sealed. vented. and horn-loaded
enclosures.

Another distortion mechanism is an offset in the coil
rest position. Any difference in the coil rest position
from the position of maximum B/ will cause second-
harmonic distortion. This can come about due to im-
proper physical construction, gravity bias depending on
the axial orientation of the unit, dc present in the drive
signal. or a nonsymmetrical flux field. as already dis-
cussed.

A solenoidal force is generated between the voice colil
and the center pole. produced by the change in voice-coil
inductance both with coil position and with change in
saturation level of the center pole {8]. {9]. This causes a
force creating a dc offset causing second-harmonic
distortion.

An offset in the coil rest position can also be imparted
due to dynamic instability, the electromechanical recti-
fication effect first described by McLachlan [7, pp.
245-2511. This is another artifact of the variation of
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Fig. 3. Flux distribution with symmetrical field geometry
showing equal fringe field on both sides of gap.
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Fig. 4. Fluxdistribution with displacementalong axial length
of magnet structure. (a) Ideal field. (b) Symmetrical field
geometry. (¢) Nonsymmetrical gap geometry.
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motor force with displacement caused by the fringe
field. where the coil rest position will actually jump inor
out to the suspension limit. In the mass-controlled re-
gion above resonance the coil acceleration is 180° out of
phase with the displacement. If the input level is large
enough to exceed the expansion region, where B/ de-
creases cause motor force increases, both the accelera-
tion and the current will be minimum at the extremes of
coil travel. The coil will tend to jump toward this weaker
field[10]. This will cause a distinct rise in distortion due
to the offset in the region from resonance up to 150 Hz or
so. where the amplitude is no longer sufficient to cause
jump-out. This effect is prevalent in long coil-short gap
loudspeakers, and usually will not occur in underhung
cotl structures since their coil motion is within a linear
flux field.

5 SUSPENSION FORCE

The use of nonlinear or progressive suspensions can
prevent or reduce these distortion mechanisms. Har-
wood noted the fact of increasing motor force from the
linear level before the decrease, and showed how a loud-
speaker could be fitted with a suspension which in-
creased its stiffness force at the correct rate to compen-
sate for the increased motor force, thus increasing the
linearity of the system [11]. This is so because the other
dominant force in the system is that provided by the
stiffness of the suspension elements at the instantaneous
excursion. Olson has shown that nonlinear suspensions
canbe approximated by the addition of a cubic term. the
same mathematical order as the motor force nonlineari-
ty [12]. The stiffness, the B/ product, and the suspension
losses all vary with displacement. For displacements
where the motor force factors remain approximately
constant and much greater than the suspension force
nonlinearities. the total driving force will be relatively
linear. In all other cases the variations in these elements
will determine the force function, and if the nonlinear
components are in balance, the net force linearity can
actually be extended. The nonlinearity of the suspension
force can be made sufficiently strong to overcome the dc¢
components of the motor force, but insignificant com-
pared to the ac motor force, preventing dc offset [13].

Typical progressive suspension elements are those
with high nominal stiffness, such as treated one-piece
cone edges and cloth rolls impregnated with phenolic
resin or other damping chemicals. Centering spiders
also contribute to the stiffness characteristics. These are
usually made of treated cloth in a flat disk or cup shape
with corrugations to provide increased nominal com-
pliance and linearity. the exact characteristics being de-
termined by the shape of the corrugations. the thickness
of the material. and the degree of treat. Half-roll sur-
rounds of foam or rubber are usually of very low stiff-
ness, but even loudspeakers fitted with these can exhibit
progressive stiffness at long excursion if their limits are
reached. Conversely, if the suspension force increases at
too great a rate. it may exceed the motor force and limit
linearity.

MOVING-COIL LOUDSPEAKER TOPOLOGY

6 OTHER FEATURES AFFECTING LINEARITY

Voice-coil/magnetic-gap dimensions primarily deter-
mine linearity in the stiffness and resistance controlled
regions. below approximately 150 Hz for most low-fre-
quency loudspeakers. In the mass-controlled region of
operation venting effects in the motor structure and
magnetic field nonlinearities tend to dominate the dis-
tortion characteristics up to and slightly beyond the
piston-band limit, where cone breakup distortions are
the major source of nonlinearities.

Venting of the loudspeaker structure is usually asso-
ciated with heat dissipation and power-handling consid-
erations, but it is also necessary to prevent nonlinearity
of the air from causing distortion. Methods employed to
eliminate this problem include a porous or perforated
center dome. voice-coil former perforations, or a vent
hole through the center of the magnet structure [14. pp.
297-298]. A vent in the rear of the magnet structure
must have sufficient area to prevent turbulent nonlinear-
ity, and must be partially blocked with open-cell foam or
screen to prevent foreign particles from entering the
magnetic gap.

The magnetic field itself can undergo modulation due
to the ac field generated by the current in the voice coil.
This effect was first identified by Cunningham [8] and
more fully investigated by Gilliom [15]. and creates
second-harmonic distortion proportional to coil current.
This effect manifests itself most when the center pole
within the coil is constructed to high-permeance mate-
rial, so that motors with center poles operated at a
saturated flux level, or centrally placed Alnico magnets.
are relatively immune. Fig. 5 illustrates some of the
various methods which can be employed to eliminate
this source of distortion, all involving the use of a short-
ed turn or Faraday loop within the magnet structure

I | [
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Fig. 5. Methods of providing a shorted turn within the mag-
netic field to prevent modulation by the voice-coil current. (a)
Conductive plating on pole tips. (b) Conductive cap over pole
piece. (¢) Conductive ring.
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which acts to generate a field equal and opposite to any
changing field induced by the voice coil. A conductive
ring can be placed around the center pole, a conductive
cap can be placed over the pole piece, or a ring of
conductive plating may be applied to the pole tips. If the
conductive ring is placed in the gap, the effective gap size
and hence gap reluctance is increased. increasing the
fringe field and requiring a larger magnet for the same
gap flux. The pole piece cap also precludes symmetric
gap geometry, making the flux field unsymmetrical as
well. If conductive rings are used anywhere within the
coil. they will tend to reduce the voice coil inductance
rise at high frequencies and hence increase acoustic out-
put. This effect may or may not be desirable, although in
some cases it is the only motivation for using the ring.
not for its distortion-reducing characteristics [ 16]. If the
conductive ring is located around the center pole, care
must be taken in the placement and size of the ring to
prevent large changes of voice-coil inductance with the
position. In addition to causing second-harmonic dis-
tortion from the solenoidal force. this effect can cause
modulation of high-frequency tones by large low-fre-
quency excursions, a serious performance detriment and
a linearity criterion in itself [17].

The presence of conductive rings directly within the
gap may also tend to reduce third-harmonic distortion
generated due to the magnetization of the magnetic gap
pole surfaces by the voice-coil flux. This particular prob-
lem can be attacked directly by constructing the pole
surfaces from material with a very linear magnetization
characteristic. This method has no effect on flux modu-
Jation of the permanent field, however, and hence does
not reduce second-harmonic distortion.

7 APPROXIMATE LINEARITY PREDICTION

From this analysis we can formulate predictions for
the linearity of the three basic types of loudspeaker
motors. If the height of the coil and the magnetic gap are
known, the peak displacement of the unit should be
approximately given by half the magnitude of the differ-
ence of these two dimensions plus a correction factor for
fringe effects. For overhung coils the coil may move past
the fringe field on one side and just begin to enter the gap
before gross nonlinearity occurs. The correction factor
is therefore zero for this topology. and the formula is the
same as that suggested by Small [S. p. 806]:

voice-coil height — gap height

Xinax 2

Equal and underhung units may have their coils leave
the gap by some percentage approximating the fringe
field on each side of the gap before gross distortion
occurs. effectively lengthening the gap and increasing
linearity. If a 15% factor isadopted as an approximation
for the fringe field extension on each side of the gap, then
the formula becomes for underhung and equal coil and
gap topologies:

gap height — voice-coil height
2

Xmax —
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+ 159% (voice-coil height). (11)

While only direct measurement of the Bl product and the
suspension stiffness values with displacement can accu-
rately predict the exact linearity for a given unit, these
formulas should provide a good approximation in the
absence of further data. A given unit will have to be
inspected for clues as to whether its linearity may be
increased due to the balancing of motor and suspension
nonlinearities. or decreased due to dc offset effects or
excessively stiff suspension elements.

8 CHOICE OF LINEARITY LIMIT

The assignment of a linearity limit presents a problem
because a definition of acceptable linearity must be
chosen. The desired or required linearity will depend on
the quality requirements of the particular application.
For most sound production and reproduction uses, the
question of assigning a number moves from the realm of
engineering acoustics to psychoacoustics. When we talk
of the linearity of reproduced sound we are talking
about distortion. Noticeable, acceptable. and tolerable
levels of distortion vary with both frequency and the
tevel of the sound being produced, the content of the
sound. whether the signals are transient or steady state
in nature. as well as the quality of the listener.

Probably the most common method of assessing the
linearity of a given transducer is an “eyeball-earball”
test, driving the device near resonance and increasing
the input until it begins to “sound bad.” and measuring
the displacement at this level. an arbitrary process at
best. Small suggests the criterion of driving the loud-
speaker at resonance in free air and measuring the dis-
placement at 10% total harmonic distortion {5, p. 806].
These methods assume no variation of excursion lineari-
ty with frequency and drive level, which can be substan-
tial for certain topologies.

A 3% distortion level seems a more appropriate choice
for the linearity limit. Measurements on various types of
transducers indicate a good correlation of the peak pis-
ton displacement for this distortion level with the pre-
dicted maximum linear displacement. A 3% (=30 dB)
distortion component relative to the fundamental con-
tributes less than ¥ dB to the total acoustic output, so
that maximum sound pressure level calculations will not
be seriously affected [4, p. 393]. The peak-to-average ratio
in most program material is quite high. and the signal
material is usually transient in nature. These and other
factors indicate that under program conditions with a
system designed with this level of peak displacement in
mind. the 3% distortion tevel will only be reached occa-
sionally. and then psychoacoustic factors should tend to
mask the full negative effects of such distortion. We
would like to think that distortions below 1% are possi-
ble as the chosen criterion, but these types of figures will
in general lead to unusually conservative linearity fig-
ures. At an input level approaching the thermal input
capabilities of the loudspeaker. other distortions asso-
ciated with but not directly related to the motional
linearity will also be increasing. such as cone breakup
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and electrical, thermal, and magnetic field effects. The
choice of a 3% distortion limit on any and all distortion
products seems to be an appropriate compromise be-
tween the maximum excursion before damage and some
arbitrarily low distortion level. Adequate headroom will
normally be built in, as with any intelligent design, so
that this level will not often be reached. For those appli-
cations involving sustained high-output low-frequency
tones, and for ultimate quality requirements, both the
maximum excursion and the maximum input power
should be scaled down accordingly.

9 EXCURSION MEASUREMENT METHODS

Various methods have been employed to measure dia-
phragm displacements. The destructive excursion limit
can be algebraically computed from structural dimen-
sions or directly measured by physical displacement of
the moving assembly, inward until the bottom of the coil
form hits the back of the structure and outward untif the
coil form leaves the gap, or until the suspension elements
allow no more motion. The assignment of a linear limit
poses a more difficult problem in that the excursion must
be measured under sinusoidal excitation varying with
frequency and amplitude. Direct visual measurement,
displacement probe, laser [18], and accelerometer [19]
techniques have all been utilized. Data can be taken at
constant amplitude input with varying frequency, and at
constant frequency with increasing input. The results
can be plotted directly and analyzed for linearity, or
acoustic measurements may be taken simultaneously on
the sound output, analyzed for distortion components,
and compared with the excursion data. All these meth-
ods involve direct measurement of the displacement, but
the displacement may be accurately computed from the
acoustic measurements themselves.

10 PEAK PISTON DISPLACEMENT

The axial sound intensity output from a piston source
operating into one side of an infinite baffle is given by {2,
p. 175}

1 = 2p,cu’sin [ i;-(\/rl + al —r) ] (12)

where

1 intensity magnitude
p, = density of air, 1.21 kg/m at 20°C

¢ = velocity of sound in air, 343 m/s

u = peak piston velocity

k = wave number, 2m/A = w/c

r = distance from measuring point to center of
piston

a = piston radius

For distances from the piston large compared to its
radius, r >> a, Eq. (12) can be shown to converge to

ckiatu?
= 20 Pt (13)
2
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The intensity is related to the pressure by

_ P
1= 50 (14)

Combining Egs. (13) and (14) and taking the square
root, the pressure is given by

p.cka’u
p= L —— o (15)

Solving for the velocity u,

2
u=—L_. (16)
pycka’

For sinusoidal excitation, the piston displacement can
be represented as

X, = X sin wl. (17

The piston velocity u is the derivative with respect to
time of the piston displacement:

dx, _
= wx COS wl. (18)

YT T

Therefore the maximum peak diaphragm displacement
is

chzxk = _Z)- (19)
Substituting Eq. (16) into Eq. (19),
rp
w = " 2
xp&ak 2,007T2f202 ( 0)

Eq. (20) can be modified for the case of a 47 sr radiating
field for measurement in anechoic environments by sub-
stituting a factor of 2 to account for the increase in the
integrating area:

p

X e
pOTerZaZ

(2D

peak =

Thestipulations are thatr >> g, that the measurement
is performed in the far field of the transducer; and that
A > 2ira, that we are radiating omnidirectionally. This
stipulates that we are in the piston band of the trans-
ducer.

Keele's work on near-field measurement also applies
directly. His refationship between the near- and far-field
pressures [20, Eq. (5), p. 155]

2r
e (22)

can be substituted into Eq. (20), yielding

_ PN )
xpeak 4p0 7r3f3a (23)

The near-field pressure can then indicate directly the
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piston excursion, with all the appropriate caveats
applied.

Instead of making a separate measurement, we can
now make our normal acoustic sound pressure mea-
surements and simultaneously know the excursion which
the driver is undergoing. In particular we can make
acoustic distortion measurements and correlate the lev-
els of distortion and individual component contribu-
tions with the excursion,

11 EXPERIMENTAL MEASUREMENTS

Swept sine wave sound pressure amplitude versus
frequency curves were taken on an outdoor ground
platform with the measurement microphone directly
above the test loudspeaker at a distance of 1 m on axis.
The platform has no substantial obstructions for a dis-
tance of at least 15 m in all directions along the ground
surface so as to effectively provide a half-space 2 sr
measurement environment. The rear of the loudspeaker
units were surrounded by a 280-liter well-braced en-
closure extensively lined with damping material. The
effective volume of the rear chamber was sufficient to
have only minimal effect on even the most highly com-
pliant of the units tested. Gravity bias is a potential
problem in measurement environments such as this. The
most highly compliant loudspeakers have stiffnesses on
the order of 1.5 X 10° N/m, and for moving masses as
large as 0.15 kg under a gravity acceleration of 9.8 m/s*
the moving assembly displacement will be approxi-
mately I mm. Stiff suspension units show displacements
of less than 0.2 mm. This bias is a single-ended nonlin-
earity affecting only second-harmonic distortion, and
the third-harmonic displacement linearity should not be
affected. A tracking filter was used to isolate the second-
and third-harmonic components, which in all cases are
raised 20 dB each for convenience.

For pressure in terms of dB sound pressure level,

P =2 P (24)

SPL = 20 log ( p—) (25)
prcl
pnm = IOSPL/N prcl (26)
where

Do = 20u N/m?.

Since all measurements are at | m. we can combine this
and the other constants of Eq. (20). reducing it to the
convenient form

(1.18 X 10%) 10%70/
fa

(27)

xpcuk =

where x ., and a are in millimeters.

Data were taken at different voltages to show the
effects of variations in drive levels. but as the formula
indicates. neither the actual input power level nor the

power transfer efficiency of the measured unit is of
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concern in determining the excursion.

Other than measurement accuracy in determining the
sound pressure level at a given frequency, the only vari-
able in question is the effective piston radius for the
loudspeaker diaphragm. usually consisting of a rigid
truncated cone and flexible outer surround. Strictly geo-
metrical considerations show that this can be accurately
given by the radius of the rigid part of the diaphragm
plus one-half the width of the flexible surround.

An initial test can be performed to indicate the unit’s
susceptibility to dc shift and jumpout. The transducer
can be driven at a frequency above resonance where the
excursion will be significant and the input voltage in-
creased to approach the thermal limit. A reference point
on the moving assembly can be viewed relative to a
stationary point on the frame. and any deviations from
equal positive and negative increase noted.

Fig. 6 shows the response of a 300-mm (128-mm effec-
tive piston radius) loudspeaker with an equal coil and
gap height of 7.2 mm being driven by 9 V rms (8 ()
nominal impedance). The suggested formula for lineari-
ty predicts

72 — 7.2

Y = TS 4 015(7.2) = Llam. (28)

If we choose the point where the third-harmonic distor-
tion reaches 3.16% (—30 dB). here where the fundamen-
tal and third-harmonic curves are 10 dB apart since the

distortion curves are raised 20 dB. the excursion that the
loudspeaker is undergoing at this distortion level is

(1.18 X 10%) 10"
chak = 5 N
(105)° (128)°

= (0.9 mm (29)

which agrees very closely with the prediction. Fig. 7
shows another driver of the same type. but assembled
with the coil not centered but riding approximately |
mm high. As predicted. the second harmonic is greatly
increased but the third harmonic remains at the same
level:

(1.18 X 10% 100/

W= 109 1077 _ 4 6 mm. 30
Fpeas (88)" (128)° mm (30)

Fig. 8 shows the response of a 380-mm ( 167-mm effective
piston radius) driver with an underhung 7.2-mm coil in
an 8.9-mm gap being driven by 13 V rms (16 {1 nominal
impedance). The predicted linearity is

X = ~8'9—;7—'2 +0.15(7.2) = 1.9mm.  (31)

The —30 dB third-harmonic distortion point yields

3 102720
Xpeuh = (.18 X 109 10 = 1.6 mm. (32)
(58)* (167)}

showing good agreement with prediction. When dealing
with highly damped (low Q) drivers it is sometimes
difficult to accurately determine distortion data due to
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Fig. 6. Half-space on-axis amplitude response of a 300-mm (128-mm effective piston radius) loudspeaker with equal coil and gap
height of 7.2 mm, 9 V rms input, 8 () nominal impedance. Distortion products raised 20 dB.
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Fig. 7. Same conditions as Fig. 6, but loudspeaker assembled with voice coil | mm off center.
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Fig. 8. Half-space on-axis response of a 380-mm (167-mm effective piston radius) loudspeaker with a 7.2-mm coil in an 8.9-mm

gap, 13 V rms input, 16 () nominal impedance. Distortion products raised 20 dB.

211




GANDER

the skewed shape of the curves. If the driveris ultimately
to be utilized in some flat response alignment. the distor-
tion curves should be viewed in the perspective of flat
acoustical output. A compressor of equalizer can be
used to adjust the acoustic output of the driver to some
constant sound pressure level with varying frequency
down to the thermal or physical excursion limit of the
unit. Fig. 9shows the same driver of Fig. 8 adjusted fora
constant 104.5-dB sound pressure level. If we compute
the peak excursion for 30; distortion at this drive level.

(118 e 101 10]0&/2()
Xpeah = W = 1.9 mm (33

showing better agreement with the prediction. Itis im-
portant to note that this method will not change the
frequency or shape of the resonance. so that possible
changes in linearity may not be noticed.

PAPERS

Fig. 10 shows the response of another 380-mm driver
with a progressive suspension and a heavier. stiffer cone
than the previous unit. driven with 10 V rms (8  nomi-
nal impedance). 1t is fitted with a 11.2-mm coil in a
7.2-mm gap. so that the predicted linearity 15

X

mun

The 3% distortion point gives

(1.18 X 10%) 10
Xpeak = W = 1.9 mm. (35)

Fig. 11 shows the same unit equalized for 104.5-dB
constant output. The third harmonic gives

(57 (167)°

= 2.3 mm (36)

chxk =

.,E\

100

‘A A
“s 7 8 910

1000 10000

Fig. 9. Loudspeaker of Fig. 8 equalized for constant sound pressure level output. 45 V rms input at 30 Hz decreasingto 5V rmsat

400 Hz and above. Distortion products raised 20 dB.

Fig. 10. Half-space on-axis response of a 380-mm (167-mm eftec

gap. 10 V rms input, 8 () nominal impedance. Distortion pro

212

1000

tive piston radius) loudspeaker with 11.2-mm coilin a 7.2-mm
ducts raised 20 dB.
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showing at this drive level some linearity increase due to
the action of the progressive suspension. The second
harmonic shows a large increase in the region from
resonance. 38 Hz, on up to 200 Hz. The fact that the
second harmonic drops at resonance indicates that this
rise is probably the result of a dc shift in the coil rest
position due to the magnetic rectification or coil jump-
out effect. In this case the progressive suspension was
sufficient to slightly increase linearity. but not strong
enough to prevent the dc offset.

Fig. 12 shows the response of a 380-mm unit with the
same 7.2-mm equal coil and gap motor of the unit in Fig.
6 fitted to the cone and progressive suspension of the
unit in Figs. 8 and 9. The predicted linearity is again

MOVING-COIL LOUDSPEAKER TOPOLOGY

and the third-harmonic 3% distortion point indicates

(1.18 X 10%) 1010v20
Xpmk = 2 2
(72)° (167)

= 1.2 mm. (38)

InFig. 13, at the higher voltages necessary to produce
a constant 104-dB output,

“18 X 101) 10104/20
(72)* (167)

= 1.3 mm. (39)

peak T

The linearity is slightly increased due to the progressive
suspension.

Fig. 14 shows a long-excursion 380-mm unit fitted
with a highly compliant foam surround. a fairly linear
centering spider. and an underhung 7.2-mm coil in a

o712 =12 15.2-mm gap, at 20 V drive (8 Q nominal impedance).
Xpuw = ————— + 0.15(7.2) = 1.1 mm (37) . X .
2 The predicted linearity is
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Fig. 11. Loudspeaker of Fig. 10 equalized for constant sound pressure level output. 30 Vrms input at 20 Hz decreasing to 6 V rms
at400 Hz and above. Distortion products raised 20 dB. The action of the progressive suspension has increased linearity at higher
drive, but is insufficient to prevent dc shift due to rectification, causing high second-harmonic distortion.
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Fig. 12. Half-space on-axis response of a 380-mm (167-mm effective piston radius) loudspeaker with 7.2-mm equal coil and gap,
13V rms input, 16 () nominal impedance. Distortion products raised 20 dB.
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2~ 7.2
o = i—i—l- +0.15(7.2) = 5.1 mm  (40)

and the 3% third harmonic gives

v _ (1.18 X 10%) 1017520
A peak (43)2 (167)2

= 5.4 mm. (41)
With the response equalized for 104.5-dB output (Fig.
15).

(1.18 X 10%) 10520
Xk = - a
- (A7) (1677

= 5.2 mm. (42)

Fig. 16 shows a different long-excursion 380-mm unit
with the same high-compliance surround and spider. but
with an overhung coil 15.8 mm long in a 7.2-mm gap at
20 V rms drive (8 () nominal impedance). The predicted

PAPERS

lincarity is

158 — 7.2
X — s

Can b = 4.3 mm (43)

and the 3% third-harmonic distortion point indicates

(1118 X 10%) 10105520

Yo = = 43 mm. 44
Tpeak (43) (167)° 3 mm (44

In Fig. 17 at 104.5-dB constant output,

v = (1.18 X 10%) Q4320
Xpcak G 67

= 4.2 mm. (45)

If we look at this same driver at a constant 30-V rms,
the offset rectification problem has manifested itself at
this drive leve! from resonance. 36 Hz, up to 125 Hz.
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Fig. 13. Loudspeakerof Fig. 12 equalized for constant sound pressure level output. 46 V rms inputat 30 Hz decreasingto 6V rms
at 400 Hz and above. Distortion products raised 20 dB. At increased input. the linearity is increased due to the action of the

progressive suspension.

80 dB-| -

0 ERE
2 3 8 310
100

Fig. 14. Half-space on-axis responseof a 380-mm (167-mm effective piston radius) loudspeaker witha 7.2-mmcoilina 15.2-mm
gap, 20 V rms input, 8 {} nominal impedance. Distortion products raised 20 dB.
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Fig. 15. Loudspeakerof Fig. 14 equalized for constant sound pressure level output. 28 Vrmsat 20 Hz decreasing to 8 V rms at 400
Hz and above. Distortion products raised 20 dB.
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Fig. 16. Half-space on-axis response of a 380-mm (167-mm effective piston radius) loudspeaker witha 15.8-mmcoilina 7.2-mm
gap, 20 V rms input, 8 () nominal impedance. Distortion products raised 20 dB.
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giving high second-harmonic distortion over much of and the curve shows 3% third-harmonic distortion at
this region (Fig. 18).

Fig. 19 shows the same driver fitted with a progressive Xour = (1.18 X 10%) 10%20 4.0 mm. (48)

suspension. 3% third harmonic gives (48)% (104)°
(1.18 X 10%) 10100520 In this case a slight off-center placement of the rest
Xpeak ™~ (54)° (167)} = 4.3 mm. (46)  position of the coil is responsible for the second harmon-
ic reaching the same level as the third.

As predicted. the second harmonic remains low through- Fig. 21 shows a lower efficiency 250-mm unit with a
out. The offset has been prevented at no loss in total 15.8-mm coil in an 8.1-mm gap. While the formula pre-
excursion linearity. dicts

All of the previous examples have used 100-mm-di-
ameter single-layer ribbon-wire coils in 1.5 mm wide . = 158 — 8.1 _ 3.9 mm (49)
symmetrical field geometry gaps. Fig. 20 shows a 250- mar 2 o
mm (104-mm effective piston radius) driver with a two-
layer roundwire 50-mm-diameter coil, 14.0 mm high, in inspection of the unit reveals that the suspension limits
a5.7-mm gap, 1.2 mm wide, driven at 10 V (8 ( nominal are reached at approximately this excursion. The 3%
impedance). The prediction gives third-harmonic distortion point indicates

— 3 95720
X = ﬂz—é—z = 4.2 mm (47) Xpeak = (1'12;2;21((1)0)31)? = 8 mm (50)

= :
i

1000 10000

Fig. 18. Loudspeaker of Fig. 16 at 30 V rms input. Distortion products raised 20 dB. Rectification effects causing large dc offset
and increased distortion from resonance, 36 Hz, up to 125 Hz.
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Fig. 19. Sametype of loudspeaker asin Fig. 1B fitted with progressive suspension, 30 V rms input. Distortion products raised 20
dB. Suspension has prevented dc offset and allowed linearity to reach the full potential of the motor topology.
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which means that one end of the coil has moved halfway
through the gap before the distortion rises significantly.
Here we have a case where at the extremes of coil and
cone motion, the nonlinearities of the motor are bal-
anced by those of the suspension, yielding increased
total linearity (resonance was at 30 Hz). Unfortunately
this unit has a severe flux modulation problem, as evi-
denced by the relatively constant high level of second-
harmonic distortion from resonance all the way out to
600 Hz. The unit is also constructed with nonsymmetri-
cal field geometry, which together with miscentering is
responsible for the second harmonic also being higher
than the third below resonance.

Fig. 22 shows a 300-mm unit with symmetrical field
geometry, but with a similar flux modulation problem.

Fig. 23 shows the same type of structure, but as-
sembled with an aluminum ring around the bottom of
the center pole support acting as a shorted turn to stabil-

MOVING-COIL LOUDSPEAKER TOPOLOGY

ize the flux, preventing modulation. The second-har-
monic components in the midband have been reduced
more than 20 dB.

Fig. 24 shows a 460-mm unit (184-mm effective piston
radius) witha 19.1-mm-long coil inan 8.9-mm gap. This
unit is fitted with a one-piece paper cone with a treated
edge compliance, and while we would predict

Xonax = 19189 2_ 89 — 5.1 mm (51
the curve shows
118 X 1 3 1 116/20
peak = ( 0) 0 = 2.9 mm. (52)

(87)2 (184)2

In this case the surround is too stiff, too progressive, and
limits the linearity potential of the motor. A new cone
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Fig. 20. Half-space on-axis response of a 250-mm (104-mm effective piston radius) loudspeaker with a 14.0-mm coil ina 5.7-mm
gap, 10 V rms input, 8 } nominal impedance. Distortion products raised 20 dB.
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Fig. 21. Half-space on-axis response of a 250-mm (103-mm effective piston radius) loudspeaker with a 15.8-mminan 8.1-mm gap,
10 V rms input, 8 () nominal impedance. Distortion products raised 20 dB. Unit has nonsymmetrical gap geometry and exhibits
flux modulation distortion, causing high second-harmonic distortion.
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Fig. 22. 300-mm loudspeaker at 9 V input, 8 () nominal impedance. Distortion products raised 20 dB. Unit exhibits flux
modulation distortion.
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Fig. 23. Same type of loudspeaker as in Fig. 22, but with conductive ring within magnet structure eliminating tlux modulation.
9V input, 8 ( nominal impedance. Distortion products raised 20 dB. Midband second-harmonic distortion has been reduced 20
dB through the action of the ring.
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Fig. 24. 460-mm loudspeaker at 30 V input, 8 ) nominal impedance. Distortion products raised 20 dB. Excessive surround
stiffness limits potential motor linearity.
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and surround were fitted and the results (Fig. 25) show
that a better balance of forces has been achieved:

(118 X 10%) 101/
peak (67)2 (184)2

X

= 4.9 mm. (53)

12 SUMMARY AND CONCLUSIONS

The peak displacement limit of a moving-coil loud-
speaker can be approximately predicted by the amount
of voice-coil overhang for long coil-short gap struc-
tures, and by the amount of voice-coil underhang plus a
15% increase due to the fringe field for underhung and
equal coil and gap units. This will predict the excursion
for 3% third-harmonic distortion. This can be extended
in cases where the suspension force compensates for
nonlinear motor force, or degraded where the suspen-
sion force increases at too fast a rate. Second-harmonic
distortion can arise from a number of sources, all of
which place the rest position of the coil away from the
position of maximum B/. These factors all apply to
motor geometry, which is the dominant distortion mech-
anism below approximately 150 Hz for low-frequency
drivers. In the region up to the pistun band limit. motor
structure nonlinearities such as air venting, magnetiza-
tion, and flux modulation are the dominant distortion
mechanisms. Above the piston band limit, cone breakup
is the dominant nonlinearity. The peak displacement for
a moving-coil direct-radiator loudspeaker operating in
the piston band can be derived directly from acoustic
pressure measurements.
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