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II.

SOME ASPECTS OF HIGH
FREQUENCY LOUDSPEAKER DESIGN

Edward M. Long
Sr. Acoustics Engineer

Ampex Corporation
Consumer Equipment Division
Elk Grove Village, Ill.

Graphical data are presented which relate to
various aspects of high frequency loudspeaker
design. Response uniformity, distortion,
resonance, sensitivity, impedance, and
dispersion are shown as functions of such
parameters as cone material and shape, cone
diameter, damping pads, rear chamber volume,
etc. A step by step evolution of a particular
high frequency loudspeaker is described and
data given.

INTRODUCTION

It would appear that, compared to loudspeaker design in

general, very little information concerning the design

of high frequency loudspeakers is available in the literature.
It is the purpose of this paper to show how some aspects of
design and construction effect the performance of high frequency
loudspeakers. Specific examples of such loudspeakers were
constructed under reasonably controlled conditions. Electrical
and acoustical tests were performed for each of the examples.
The results of these tests are presented and analyzed in such

a manner as to manifest clearly the effect of various techniques
used in the design and construction of high frequency loud-
speakers.

DEFINING HIGH FREQUENCY LOUDSPEAKERS

The term high frequency loudspeaker is used to specifically
describe an acoustic transducer which is designed to radiate
useful sound output in the upper octaves of the audible
spectrum. The upper frequency limit is usually only determined
by practical considerations of human hearing. There are some
high frequency loudspeakers which radiate acoustical enerqgy
well beyond 20kHz but for this paper, this frequency will be
the upper limit of the investigations. There is, however, no
clearly defined point in the frequency spectrum below which a
loudspeaker should no longer be defined as a high frequency
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loudspeaker and instead should be called a midrange loud-
speaker. Such appellations would appear to be more the

result of design emphasis. For example, of the group of
high frequency loudspeakers shown in Figure 1, T4 which

has a rather large cup chamber on the rear, radiates useful
energy well down into midrange spectrum and yet it can be
called a high frequency loudspeaker because the primary
design goal was to achieve smooth response to the upper
limits of hearing while the secondary design goal was to
find a method which would subdue the usual "honky", "nasal"
quality inherent in many high frequency loudspeaker designs. '
It also should be noted that a loudspeaker similar to T3

has been used to reproduce the midrange frequency spectrum
in a three-way loudspeaker system by at least one manufacturer.

FACTORS EFFECTING RESPONSE AND DISTORTION

A. Threc Examples

The first three high frequency loudspeakers are designated

Tl, T2 and T3 and are shown in Figure 1. All three are
nominally 3%" in diameter and have solid, closed back, housings.
The actual, effective cone diameter is 2-3/4". Each has the
same motor, consisting of a barium ferrite ring magnet and a
3/4" diameter voice coil. The voice coil is 42 turns of number
40 gauge enamel coated copper wire wound in two layers.

B. Seamed Cones vs. Felted Cones

Figure 2 shows the frequency response and the harmonic
distortion of Tl and T2, Tl and T2 are identical except for
their cones. Tl uses a seamed cone which is cut from sheet
stock and formed on a hot press. The cone of T2 is felted to
shape by a water felting process and subsequently dried. * The
internal dissipation of a felted cone is usually greater than

a seamed cone of the same weight although there are exceptions.
It can be safely said that if a group of seamed cones are made
from a specific batch of sheet paper stock and another group

of felted cones are made from the same paper (after it has been
de-fibred for the felting process), the felted cones will have
greater internal dissipation. T2, which has the felted cone,
has a less ragged response and lower distortion than T1 which
has a seamed cone. The high frequency response of T2, at least
as indicated by Figure 2, is also more extended.
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FIGURE 1. Four high frequency loudspeakers used to illustrate
various aspects of design and construction. T1, T2 and
T3 are of the closed back, solid housing variety. T4
is a special high frequency loudspeaker which incorporates
a cup chamber to eliminate the "nasal®™ quality inherent
in many loudspeaker systems.
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C. The Effects of Cone Shape

The seeming paradox of greater internal dissipation and

yet more extended high frequency response is explained

to some extent by the difference in the shape of the two
cones. Figure 3. is a cross sectional drawing of the cones.
(Only one half of the cone is shown so that the drawing size
could be increased for greater clarity.) The cone of T2

is deeper which increases the on axis response but not
necessarily the total radiated acoustical power. The
shallower cone of Tl is more susceptible to standing waves
which, considering also the lower internal dissipation of

the seamed cone, accounts for the large peaks and dips in

the response. A high frequency loudspeaker such as Tl will
tend to exhibit the phenomenon known in loudspeaker parlance
as "cone cry". This is a self oscillation of the cone at

one or more points in the spectrum. If the input signal is

at or near the "cone cry" frequency and the level is raised

to a certain critical point, the cone will go into self
oscillation. Subsequent reduction of the input level will
not cuase this self oscillation to cease until another, lower,
critical level is reached. When used to reproduce music or tone
bursts, a loudspeaker such as this will tend to "ring". This,
of course, will severely blur the acoustic output.

D. The Effects of Damping Pads.

Figure 4. shows the frequency response and distortion of T2
and T3. T2 and T3 are identical with the exception that T3
has a felt pad between the rear of the cone and the inside of
the housing. This damping pad exerts pressure on the rear of
cone and absorbs some of the standing wave energy. This
accounts for the decrease in amplitude of the peaks at 5, 6.5
and 8kHz. The acoustic output above 13kHz is also greater

on axis. In the range below 5kliz, the cone tends to operate
as a simple piston because the cone radius is less than a

half wavelength. At 1400 Hz, the fundamental acoustic output
is lower because the damping pad reduces the Q of the natural
resonance at this frequency. In an electrical analogy, the
damping pad would appear as a parallel resistive element across
a simple resonant circuit. Of course, the harmonic distortion
is also reduced significantly at 1400 Hz.

1 Harry F. Olson, Acoustical Engineering, lst Ed.; New York:

D. Van Nostrand Co., Inc., 1957, Chap.2., p.55.




FIGURE 3.

Cross-sectional view of the cones used for
Tl and T2. The cone of Tl (dashed line)

is the shallower of the two. The deeper
cone of T2 with more gently curving edge
termination helps to prevent standing waves
and consequently provides a smoother response
and more uniform dispersion.



E. Closed Back vs. Cup Chamber Design

Figure 5. shows the frequency response and distortion of T3,
the best of the closed back high frequency loudspeakers,
compared to that of T4. T4 is shown in Figure 1. and has the
large cup rear chamber. As a result of this cup chamber, the
natural resonance of T4 is lowered approximately one

octave. T3 and T4 are similar in many respects. They

both use the same cone, voice coill and magnet assembly.

The dip in response at about 6.5kliz, which is apparent

in the curve of T3, is shifted upward and almost completely
eliminated in the curve of T4, This is due to two factors.
Because of the different shape of the housings, the damping
pad of T4 contacts the rear of the cone in a slightly
different manner and exerts a more uniform pressure over the
surface of the cone. Also, the periphery of the cone is
clamped to the housing of T4 at a slightly smaller diameter
than is the cone of T3.2 T4 will be discussed in detail
further on in this paper.

F. Impedance Curves

Figure 6. shows the effects of the design changes upon the
impedance curves of the four high frequency loudspeakers.

T1l, which has the seamed conc, has the highest Q at resonance.
T2, which has the felted cone, has a slightly lower resonance
and lower Q due to the higher internal dissipation of the
felted cone. T3, which is identical to T2 with the exception
of a felt damping pad between the cone and the housing, has
the same resonant frequency as T2 but with a lower Q. T4
exhibits a radical change in both resonance and Q due to the
large cup chamber.

G. The Cone Neck - Voice Coil Junction

Figure 7. shows the effects of a well joined and a poorly
joined cone neck-voice coil junction. The dashed curve

is the response of a special cup chamber high frequency
loudspeaker with a bead of glue as shown by B of Figure 8.
This bead of glue is not adequate to maintain good high
frequency response. Such a single bead of glue might
suffice for a low frequency loudspeaker but is certainly
not recommended, for reasons of uniformity and stability.
In the case of a high frequency loudspeaker such a poor
joint has a very deleterious effect upon the response. The
solid curve of Figure 7. is the result of beads of glue at
both A and B of Figure 8.

2 N.W. McLachlan, Loudspeakers: Theory, Performance, Testing
and Design, 2nd Ed.; New York: Dover Publications, Inc.,
1960, Chap. XVIII.1l2, p. 326.

-4 -
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FIGURE 4.

Two identical high frequency loudspeakers except:
T3 (solid curve) has a felt damping pad between

the rear of the cone and the inside of the housing.
T2 {dashed curve) has no damping pad.

Microphone
18" on the axis of the loudspeaker.




54B L / LY Y

y
B L W,

' -
l’ |' Y 4
/ L d {

20 3 4 35

FIGURE 5.

8 wa 2 3 4 5 & & 10404 2 3 4 5 4 8 WK 20K

FREQUENCY IN HERTZ

Frequency response and distortion for two high
frequency loudspeakers. T3 ({scolid curve) has
closed back housing. (28c.c..volume behind cone).
T4 (dashed curve) has an open window housing and
a cup rear chamber. (235 c.c. volume behind the
cone.}). Microphone 18" on the axis of the
loudspeaker.
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FIGURE 6. Impedance curves of the four tweeters, Tl (dashed curve),
T2 (dot~dash curve), T3 (dotted curve), T4 (solid
curve). T1, T2 and T3 have 28 c.c. volume behind the
corte, T4 has a volume of 235 c¢.c. behind the cone
which accounts for the lower resonance.



[~ V
5dB . 1 s N

/

20 3 4 5

FIGURE 7.

8§ 100 2 3 4 5 & 8 1000 2 3 4 5 6 8 10K 20K

FREQUENCY
Frequency response curves of the same high frequency
loudspeaker with good (solid curve) and bad (dashed
curve) glue joint at the point where the cone neck
meets the voice coil form. Microphone 18" on the
zxis of the loudspeaker.
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(B) BEAD OF GLUE

VOICE

FORM

FIGURE 8. Voice coil form-cone neck junction cross-section.

The single bead of glue at B is insufficient and
results in the poor high frequency response (dashed
curve) of Fig. 7. The solid curve of Fig. 7. is the
result of beads of glue at A and B.



Iv.

H. The Effects of Cone Feathering

Figure 9. shows two 2%" high frequency loudspeakers T5 and Té6.
T4 is also shown for size comparison. 1In the design of small
diameter tweeters, a feathered cone edge can yield very
beneficial results. Feathering is accomplished, in actual
practice, by two methods. The edge of seamed cones can be
ground while they are still in the flat state before they are
formed into cones. The depth of the grinding can be adjusted
to give different amounts of feathering. For felted cones,
the feathering takes place during the felting process. A
smaller amount of fibres is allowed to build up at the outer
edge of the cone than in the center area. This process may
also be adjusted to give the desired amount of feathering.
Figure 10. shows the response of T5 (dashed curve) which has
an unfeathered cone and Té6 (solid curve) which has the same
cone but with edge feathering. The response of T6 above 7kHz
is much smoother and at 1300 Hz the Q has been reduced con-
gsiderably. The impedance curves for T5 (dashed curve) and Té
(solid curve) are also shown for comparison.

A SPECIAL CUP CHAMBER HIGH FREQUENCY LOUDSPEAKER
A. Design Consideration

The reason for the design of a special cup chamber high
frequency loudspeaker is worth investigating, since such a unit
is obviously a little more expensive to manufacture because it
has more parts than a more conventional closed back type. This
type of loudspeaker if properly constructed can effectively
subdue the usual "honky", "nasal" quality which i&s a character-
istic of most closed back tweeters. The natural resonance,
which is the main cause of this objectionable quality in the
sound of most closed back loudspeakers can be lowered at least
one octave to about 650 Hz. Acoustic output at resonance will
also be reduced. In a two way loudspeaker system this means
that a crossover in the range of 1300 Hz will still be one oc-
tave above the natural resonance of the high frequency loud-
speaker. Comparing T4 with T3, as has been done in Figure 5.,
it will be immediately apparent that T4 is a better choice for
a two way system with a crossover in the range of 1lkHz to 2kHz.

B. Parts and Construction
Figures 1ll. and 12. show the parts used in the special cup

chamber, high frequency loudspeaker T4. Figqure 12. is a
cutaway drawing of the T4 assembly. The bond between the

cone neck and the voice coil form is made with two separate beads
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FIGURE 9. The 2%" high frequency loudspeakers, T5 and T6,
used to produce the frequency response curves
of Fig.10.,are shown next to the special 3%"
cup chamber loudspeaker, T4,
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FIGURE 11. The various parts of the special cup chamber high
frequency loudspeaker T4, and the completely assembled
unit.



of glue. The first bead of glue (A. of Figure 8.) is run
around the voice coil form at a point slightly above the neck
of the spider. The neck of the cone is then set down into
this bead of glue. The second bead of glue (B. of Figure 8.)
is then applied. The proper application of these two beads
of glue is one of the most critical stages of the assembly.
Another important factor is the thickness of the damping

pad which fits between the cone and the housing. If it is
not thick enough to exert a uniform pressurcec against the
rear of the cone, the frequency response will not be as
smooth as it should be. If it is too thick it will cause
difficulty in assecmbly.

C. The Effect of the Cup Chamber

Figure 13. shows the frequency response of T4 without the
cup chamber (solid curve) and with the cup chamber added
(dashed curve). At first glance, it will be thought that
the cup chamber has deteriorated the performance. It must
be remembered, however, that to lecave the rear of such a
loudspeaker open would cause the cone to be moved in and
out by the pressure variations of the low frequency loud-
speaker in a closed baffle system. In complcted form, T4
will have lower distortion at 650llz than the completely
open back form of Figure 13. The distortion above 4kliz is
the same for both versions shown in Fiqurce 13.

D. Damping Material in the Cup Chamber

Figure 14. shows the effect of adding a damping pad of felt
material to the inside of the cup chamber. This material is
more dense than the pad uscd under the cone. The thickness
of this material is not as critical to the easc of assembly
as the pad used under the cone, since it is squcezed between
the inside of the bottom of the cup and the rear of the magnet
assembly. The cup chamber is held in place by a screw. The
effect of the pad in the cup chamber is to reduce the Q and
the distortion at resonance and to eliminate a resonance at
about 2200Hz. The distortion above 4kllz remains the same
with or without the pad in the cup chamber.

E. Damping Pad Undecr the Cone

Figure 15. shows T4 in the last stages of development. The
solild curve shows the response and distortion of T4 without
the felt damping pad between the rcar of the cone and the
inside of the housing. With the damping pad in place, the Q
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The frequency response and distortion of the
special cup chamber, high frequency loudspeaker T4
without the cup chamber (solid line) and with the
cup chamber (dashed curve). Microphone 18" on the
axis of the loudspeaker.
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FIGURE 14. The frequency response and distortion of the special
cup chamber, high frequency loudspeaker T4 without a
damping pad in the cup (dashed curve)and with the
pad in the cup (solid curve). Microphone 18" on
the axis of the loudspeaker



and distortion at resonance are reduced further but the
greatest change is in the range above 4klz. The response

in this range is much smoother and the distortion is more

than 404B down (< 1%) except at 9kliz where it is still about
34dB down (2.0%). The overall frequency response, in the range
where it will generally be used, is within % 2.5dB from 2kHz to
19kliz.

F. Impedance Curves

Figure l6. shows the effects upon the impedance curves of

T4 caused by the changes discussed previously. The impedance
curve for the addition of the damping pad in the cup, described
in Section D., is not shown. The change in Q at resonance

due to the addition of this pad was slight. The curve, if
shown, would have been only a little below the dotted curve

of Figure 16. The damping pad between the rear of the cone

and the inside of the housing, discussed in Section E. causes

a considerable reduction in Q at resonance, as shown by the
solid curve.

POLAR RESPONSE
A. Polar Response of T4

Figure 17. shows the polar response of T4 at four different
frequencies. The uniformity of the polar response patterns

at 5, 10 and 15kHz is quite good. Lobing of the radiation
pattern does not appear until about 18kHz. It should be
mentioned that the acoustic output at each frequency has

been normalized at zero degrees. Thus Figure 17. represents
only the relative shape of the polar response at the selected
frequencies, not the relative acoustical output levels. In
order to determine the relative acoustical output level at

a particular angle off the zero axis, reference must be made

to the on axis frequency response curve. The chart below
demonstrates the procedure. Reference was made to Figure 17.
for the polar response data and to the solid curve of Figure 18.
for the on axis data. All levels are referred to the on axis
5kHz acoustical output which is made the zero decibel reference
level.

3 Hugh S. Knowles, "Loudspeakers and Room Acoustics",
Radio Engineering Handbook, 5th Ed., Edited by
Keith Henny, New York: McGraw-Hill Book Co., Inc., 1959,
Chapter 11., p.1l5, Fig. 18.
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for each freguency to indicate polair patterns only.



ACOUSTIC POLAR ACOUSTIC | POLAR ACOUSTIC
FREQUENCY | OUTPUT RESPONS OuUTPUT RESPONSE | OUTPUT
(kHz) ] (dB) on Axis | (dB)@30 (dB)@30° | (dB)@45° | (dBR) @45°
5 0 -4 -4 -9 ~9
10 -.5 -8 -8.5 -13 -13.5
15 -2 ~12 ~14 -17 -19
18 -3 -10 -13 -16 ~19
CHART 1. The actual acoustic output for T4 at 30° and 45° off

axis referred to the 5kHz level at zero degrees appears
in columns 4 and 6. Column 2 data from Fig. 18.
Column 3 and 4 data from Figures 19. and 20.

Another interpretation of the combined on axis and polar

response data can be made.

This is made by considering only

the relative acoustical level of the selected four polar

response frequencies as perceived by
off-axis angle.
zero reference at the selected angle

a listener at a selected
are based upon a 5kHz
and are shown in the

The relative levels

chart below.

ACOUSTIC ACOUSTIC
FREQUENCY OQUTPUT OUTPUT °
(kHz) (dB) @30° (dB) @45
5 0 0
10 -4.,5 -4.5
15 -10 -10
18 -9 ~10
CHART 2. At angles of 30° and 45° the

response remains +5dB from 5
to 18kHz.

B. On Axis Response vs. Polar Response

Figure 18. shows the frequency response of Tl, the first of the
three closed back high frequency loudspeakers, and that of T4,

the special cup chamber high frequency loudspeaker.

With these

on axis frequency response curves as a reference, the relative
polar response characteristics can be derived for Tl and T4.
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The right hand side of the polar response chart of Figure 19.
shows the relative polar characteristics of Tl and T4 at 5kHz.
At this frequency the polar characteristic of Tl (dashed curve)
is superior to that of T4.

The left hand side of Figure 19. shows that Tl is still maintair
ing a wider dispersion at 10kHz than is T4, but Tl is beginning
to show a tendency to produce lobes.

At 5kHz and 10kHz the polar characteristic of Tl is superior

to that of T4. The main reason for this is due to the shallowe:
cone of Tl. The response above 10kHz begins to show a different
picture. Figure 20. shows the response of both high frequency
loudspeakers at 15kHz and 18kHz. The right hand side of

FPigure 20., showing the relative polar characteristics for T1
and T4 at 15kHz indicates that the response of T4 falls off
more uniformly as the angle is increased from the zero axis.

Tl shows a significant lobe off axis. At 18kHz, shown in left
hand portion of Figure 20., Tl has 3 lobes while T4 shows a
small lobe at about 709 off axis.

Referring to both the on axis response of Tl and T4, shown in
Figure 18. and the polar response characteristics shown in
Figure 19. and 20., the designer of a loudspeaker system might
be in a slight quandry. T4 is obviously the superior unit
according to Figure 18. According to Figure 19., Tl would
appear superior. The data of Figure 20. requires close study
for it would appear that despite the lobing there is still
considerable acoustic output off axis.

At this point, two things must be remembered which will help
to clarify the situation. The polar response curves of
Figures 19. and 20. show the relative polar characteristics at
only four discrete frequencies. Therefore it would seem
advisable to obtain more information about the polar response
at other frequencies before making a decision. Also, it must
be remembered that the polar response characteristics plotted
in Figures 19. and 20. are normalized to zero degrees for each
frequency. They are not a true indication of the relative
acoustical output of Tl and T4 at a specific frequency and
angle with the same input. For example looking at the polar
characteristic at 30° and 18kHz for Tl and T4, it can be seen
that Tl is only 9dB down while T4 is 10dB down from the 0°
reference. This appears to give Tl a 1ldB advantage. Referring
to Figure 18. however, it will be seen that the output of

Tl is 164B down from the 5kHz reference while the output of T4
is only 3dB down. This is a difference of 13dB.
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VI.

When the 1dB advantage of Tl over T4, due to its polar
characteristic, is subtracted from this figure, T4 is still
seen to produce 12dB more acoustic output than Tl at a point
30° off axis at 18klHz relative to the same acoustic output
from each at 5kHz. It now appears obvious that T4 is actually
the best choice, considering only the polar response data at

4 frequencies and the on axis response.

CONCLUSIONS

Felted cones appear to allow smoother response than seamed
cones due to their higher internal dissipation although there
are good seamed cones available. Shallow cones are more sus-
ceptible to standing wave action which cause peaks and dips
in the on axis response and lobing in the polar response.
Damping pads can help reduce the Q at resonance and smooth
the upper range response. The voice coil-cone neck junction
must be well bonded to provide good high frequency response.
Feathering the edge of the cone can reduce the Q at resonance
and smooth the upper range response of small high frequency
loudspeakers. A high frequency loudspeaker with a cup chamber
can greatly reduce the "honky", "nasal" quality which plagues
many closed back high frequency loudspeakers. A smooth on
axis response generally indicates good polar characteristic
patterns without lobing -but not necessarily wide dispersion.
A high frequency loudspeaker can have wide polar response
characteristic patterns and yet have low acoustical output
off axis relative to some lower reference frequency.
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APPENDIX

DETERMINING % DISTORTION FROM RELATIVE ACOUSTIC LEVEL

To determine the % distortion from the distortion curves

in this paper the following method should be used. Determine
the difference in dB, at any frequency, between the acoustic

output (fundamental) and the distortion level. Refer to the

chart below and read the distortion directly in %.

CONVERSON CHART
DISTORTION/S.P.L. (dB)
(RE: 04B=100% Distortion)

% DIST. | dB % DIST. dB
100 0 10,0 20
89 1 8.9 21
79 2 7.9 22
71 3 7.1 23
63 4 6.3 24
56 5 5.6 25
50 6 5.0 26
45 yi 4.5 27
40 8 4.0 28
35 9 3.5 29
32 10 3.2 30
28 11 2.8 31
25 12 2.5 32
22 13 2.2 33
20 14 2.0 34
18 15 1.8 35
16 16 1.6 36
14 17 1.4 37
12 18 1.2 38
11 19 1.1 39
10 20 1.0 40

To find the percent distortion
below 40d4dB, add 40dB to the

dB column and move the decimal
two places to the left in the
¢ DISTORTION column.
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