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ously difficult to obtain a seamless match
between ESLs and magnetic drivers, so that
magnetic bass sounds electrostatic. I spent
nearly as much effort solving this problem as I
spent developing ESLs.

A chapter on magnetic woofer systems cov-
ers both theory and practice. This mainly
involves woofer enclosures; I've made no
attempt to delve into the theory and construc-
tion of conventional drivers.

As with ESLs, I present the principles asso-
clated with enclosures, so you can design and
build woofer systems specialized to your
needs. You will find thoroughly tested and
proven designs with full construction details.

Mechanical and electrical devices sometimes
fail. It is rare to find a “fix-it” section in a design
text, but I have included a troubleshooting sec-
tion to help you find and fix problems.

I used the experiences of manufacturers,
engineers, and hundreds of home builders to
guide you. While I've built and published many
ESL projects, much practical knowledge came
from the ESL Clearinghouse during its 18 years
of life. Untold numbers of builders contacted
me with their experiences, ideas, and questions.

This Clearinghouse yielded not only innov-
ative new designs, but provided the labor for
extensive building and testing that I haven't
the time to do alone. The result has been the
development of startlingly simple and effec-
tive ways to build ESLs.

A good example of this is Chapter 11.
Although I invented the free-standing curved
ESL, I do not have as much experience build-
ing them as some of my readers. To give you
the best and most up-to-date information pos-
sible, I asked Barry McClune to share his expe-
rience and building techniques with k:)u.

After spending years helping \amateur
builders, I believe I understand your needs.
I've tried to anticipate and answer most of
your questions. Still, an unusual problem or
new idea periodically arises.

I am always looking for improvements to
ESLs. Please feel free to contact me for addi-
tional support, or for sharing information.

Roger R. Sanders

P.O. Box 647

Halfway, Oregon 97834 U.S.A.
Phone: (503) 742-7640
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winding is on top, count the turns while
unwinding it. The number of tumns is impor-
tant. Immediately write them down so you
don't forget them—you'll get no second
chance. Discard the old windings.

If the primary (the 120V winding) is on top,
carefully unwind it and save it for reuse.
Although it should not be necessary, it is wise
to count the turns as well in case there are
problems reusing the wire.

Now you need to figure out the number of
turns required for the secondary winding to
develop the desired voltage. Divide the num-
ber of turns removed by the secondary voltage.

T
oLD
Tyew = X Vyew
oLD
Where:
Tyew = Number of tums needed to

obtain the new voltage

Torp = Number of original tums
View = New voltage desired
Vorp = Original secondary voltage

For example, assume that the transformer’s
original secondary voltage rating is 24V, and
you removed 78 tums of wire. The transformer
needs 3.25 turns of wire to generate one volt.

(‘

FIGURE 8-35: Transformer core laminations.

Multiply that by the new voltage to find
number of turns needed to get the new v

age. If you want a 2kV transformer, you
need 2,000 x 3.25 or 6,500 turns.

78
Tuew =5, = 2,000 =3.25x 2,000 = 6,50

Of course, you must use much smaller
to fit all those tumns in the space left by
large secondary wire. Magnet wire is used
winding transformers. You can get it fro
electronics supply houses or electric motor
repair shops.

How small a wire should you geté The wi
cannot be too small in this application, sinc
the current requirements are insignifican
Expect it to be hair sized if you have a s
transformer.

Although it is possible to wind the tr
former by hand while counting the turns, thisi
very time-consuming and hard to do with
breaking the wire. It's well worth the trouble
mount the bobbin in a drill press, lathe,
milling machine and let it do the winding, whil
you smoothly feed the wire onto the bobbin.

Instead of counting tums, determine how
much time it will take to wind on the required
turns at a given RPM. When the time is up, the
project is finished—you deri't-have to count.

The high voltage in such a transformer may
be enough to exceed the dielectric strength of
the insulation. This won't be a problem in the
coil you just wound, because wires near each
other have relatively low voltage potentials.
This does not apply to the connecting wires
that come from the primary or the start of the
secondary windings. These wires pass along
the side of the new coil and may see the full
voltage potential.

To prevent arcing, add insulation between
these wires and the coil with a strip of electr:
cal tape or heat shrink tubing. You may al
use high-voltage putty or corona dope.
Separate the primary winding from the sec:
ondary with electrical tape.

Wrap the finished bobbin with electrical
tape. Wind on the primary, if it was on top ini
tally. Wrap again with electrical tape. Solder
the ends of the wires to their respective termi
nals and reassemble the transformer.

Usually you can't put all the laminatio
back unless you clean them in solvent to ge
off the old varmish, but for this project you
needn't bother. Instead, just leave out a fe
laminations—the transformer will work fine
without them. The varnish prevents ed



urrents in the core. Eddy currents are elec-
ical currents generated by the magnetic
lds that cut through it. They reduce trans-
rmer efficiency. Varnish insulates the lami-
ations from each other so they don't form
electrical circuit.

While efficiency is desirable, it's not impor-

tant here and may be ignored. The old vamish
will suffice unless you are a perfectionist.

If the laminations are not tight, the trans-
former may buzz when energized. You can
prevent this by coating the outside of the lam-
inations with epoxy just before putting the
band back around the core.

ELECTRONICS
CONSTRUCTION
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CHAPTER 9:
THE DESIGN PROCESS

Everything I've presented so far has been
aimed at understanding the factors involved in
ESL design and construction. Now it is time to
discuss the design process.

Like most scientific endeavors, the design
process works best if approached in a system-
atic and organized manner. There is no one
best way to do this, but one exceptionally
good method is to rank your design goals.
Because ESL design parameters conflict, by
deciding what is most important you auto-
matically make most tough design decisions.
For example, if your most compelling goal is
afull-range electrostatic, then you must aban-
don the lower priority goal of very high out-
put. If small size and high output supercede
deep bass on your list, then you will forfeit
deep bass.

Goals further down the list will resolve
many other design decisions. You can make
any remaining choices based on the advan-
tages and disadvantages of each, as presented
in previous chapters. Your goals will fall into
major and minor categories. The major issues
are very important, of course, but the minor
ones may prove to be more significant than
you think. For example, from a design stand-
point, you may believe that building your ESLs
into a huge en re is best, but your envi-
ronment may 'ﬁéz)‘(‘) small.

The next step is to write your objectives.
Only when you have them clearly identified
tan you set priorities.

MAJOR DESIGN FACTORS

- Output

« Appearance

- Size

- Full-range electrostatic or
hybrid operation

» Frequency response
(what to do about the bass)

- Ease of construction
- Dispersion pattern

- Cost

- D/S spacing

I'll go through the design process for three
ESL systems for examples and practice, and
explain the reasoning used for design decisions.

I'll not discuss every design detail. The idea
here is to show you in general terms one way
to go about designing an ESL. The little details
are up to you.

It happens that these are existing systems.
One of these may fit your needs. If not, you
can use them as the basis to design your own.
Complete construction details for all three sys-
tems occupy the following chapters.

System 1 is a full-range crossoverless design.
System 2 is a high-output, state-of-the-art hybrid
system. System 3 is a compact/integrated hybrid
system designed to be aesthetically acceptable in
most fine living room environments.

The point of the following discussion is to
give you an understanding of the thought
processes that occur when you design an ESL
system. Presenting all these thoughts in a
completely organized and coherent way is dif-
ficult. T apologize if it's hard to follow.

SYSTEM 1:
FULL-RANGE CROSSOVERLESS ESL.
We will top the priority list with objectives
defined by the title:
o Full-range electrostatic
» Crossoverless
If those were the only goals, we would have
no problems. Unfortunately, there are other
considerations. What should we do about high
output, linear frequency response, size, cost,
and dispersion, just to name a few?
With the first two goals defined, the real
decision-making process begins. Several desir-

MINOR DESIGN GOALS
- Crossovers
- Enclosures
- Associated electronics
- Parts availability
« Environmental concerns
- Safety
- Available tools
- Cosmetics
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able goals conflict with each other. Specifically,
a full-range crossoverless ESL dipole simply
can't produce high output and linear frequency
response simultaneously because of phase can-
cellation. It can produce bass, but not at high
output. Conversely, it can produce high output
if we sacrifice bass.

Here is where prioritizing becomes a major
issue. We must choose the most important of
these goals and accept the compromise this
imposes. Because of phase cancellation, we
can forget deep bass, but we would like good
midbass performance. The drive voltage and
D/S spacing seriously limit the excursion
needed by the mid-bass. We need to optimize
mid-bass performance, which means sacrific-
ing output.

Output cannot be ignored. What good is
bass that you can't hear¢ The situation isn't
black and white; both must be enhanced as
much as possible. You may choose differently,
but in this exercise let's pick frequency
response over output.

What about size and costé Fortunately, cost
is not a major concem if it is not outrageous.
For example, it would be unacceptable to
build a new house just to harbor a built-in ESL.
In terms of the typical home speaker, howev-
er, large-dipole ESLs are not very costly and
most rooms can accommodate them.

Since we want the ESLs to fit into a typical
room, we can't use huge enclosures. So for sonic
excellence, we'll use a dipole configuration.

Many factors influence the speaker's size.
Floor-to-ceiling line sources have the highest
output, image quality, and frequency
response, so the maximum height could be 8.
However, it would be best if we could reduce
the capacitance to improve high-frequency
response.

Let's separate the speaker from the floor and
ceiling by 1’, and make the ESL 6-feet tall. This
is very nearly a full line source, but having a 1’
space between the floor and ceiling reduces
the capacitance by 25%.

The remaining question is, “How wide¢”
Wider is better for phase cancellation, but a
width of over 2’ produces a speaker with so
much capacitance that it is difficult to drive at
high frequencies with conventional amplifiers
and transformers. Also, at some point, very
wide speakers become aesthetically unaccept-
able. To get maximum output and bass, let's
select a very wide but tolerable 2".

Again, we need to reduce the capacitance as
much as possible without compromising bass.

Let's make the speaker 22- rather than 2
inches wide, and use a small baffle to limit the
radiating width to 18”. Let's make the speak-
er's frame 2-inches wide on each side of the
cell. This will have the effect of adding a 4
baffle to the width of the cell and brings
total width to 22”.

From the standpoint of phase cancellati
the speaker will behave as though it we
essentially 2-feet wide, but by reducing th
driven area to 18” we have reduced the cap
itance by another 25%. The speaker will sti
have a relatively large capacitance, but it i
practical to drive.

r-—— 18’—-1

- — 16° —

FIGURE 9-1: Radiating area is smaller than
overall dimensions.

Dispersion, although important, is relatively
easy to handle, because it doesn't involve
much of a trade-off against other desirable
characteristics. For example, narrow disper-
sion makes construction a snap. Resolution of
detail and imaging is superb, and output is
maximized. Wide dispersion damages imag-
ing, output, and detail. You can make both
types aesthetically attractive.

You can see that the goal priority list has
resolved many of the design questions. For
example, the issue of segmentation or equal
ization has been settled because we ruled out
crossovers right at the beginning. This leaves
only equalization or enclosures as a way of
dealing with phase cancellation.

We've ruled out enclosures because we want



o fit the speaker into a typical room. Therefore,
equalization is our only remaining option.
Important design parameters like D/S spac-
ing are also pretty well-defined because we
want full-range operation. Because there is no
practical way to generate both high drive volt-
ages and wide frequency bandwidth, we can't
use large spacing. At the same time, the spacing
must be as wide as possible for maximum bass
excursion. Since this rules out both wide and
narrow spacing, the only option left is spacing
in the middle range of around 70~130 mil.

A high-power amplifier has more drive volt-
age than a_small one. Therefore, it can drive
wider spacing than a small-power amplifier.
We can get high output by using a very pow-
erful amplifier and maximizing the spacing.
Because adequate output is a big problem, let's
not compromise. We'll use a 250W amplifier
and 130-mil spacing.

For 130-mil D/S spacing, a spacer ratio
between 50:1-100:1 means the diaphragm
support spacers should be between 6.5 and
13" apart. The ESL's panel is 18", but this
includes the perimeter spacers. The actual dri-
ven area will be a couple of inches smaller—
probably 16” (Fig. 9-1).

Since 16” is beyond the maximum spacer
ratio, we must make either several cells of
smaller size or a single cell with internal spac-
ers to support the diaphragm. One large cell is
easier to build than several small ones, so let's
add spacers to a single cell.

What spacer pattern should we use¢ Only
wo pattefﬁs fall within the spacer ratio spec-
ifications. The first puts a single spacer verti-
ally down the center of the cell that divides
itinto two 8” sections. The resulting spacer
tio will be about 60:1. The other option is
run four spacers horizontally, breaking the
cell into five 11-inch-wide sections. This puts

spacer ratio at 85:1 (Fig. 9-2). Which
uld we useé
The vertical configuration has a total spacer
gth of about 6’ while the horizontal spacer
m has approximately 7.5’ of spacers.
rs cause stray capacitance unless we use
ecial construction techniques. To make con-
ction easy, we won't use low-stray-capac-
ce construction. The vertical strip will
ve less stray capacitance.
The single vertical strip's lower ratio will
ve a greater stabilizing effect on the
japhragm than the wider horizontal strips.
This will permit us to use higher polarizing
ltages and get more output. Building it is

FIGURE 9-2: Different spacer patterns.

easier because we only have to make and posi-
tion one strip instead of four. Clearly, the sin-
gle vertical strip is better.

What type of construction should we use¢
Let's keep it simple and use perforated metal.
There might be a small loss of output com-
pared to the best wire cells, but it would be no
more than 1 or 2dB, and the ease of construc-
tion is worth it.

Using the guideline that the perforations
should be no larger than the D/S spacing, we
can use 1/8” perforations. To get an adequate
percentage of open area, the perforations need
to be on 3/16-inch-staggered centers. This is a

»
-— Celling

-

Floor
s

FIGURE 9-3: ESL as room divider.

THE DESIGN
PROCESS
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common perforation size and pattern, and
shouldn't be difficult to find.

We can mount the speaker as a room
divider, using spring-loaded feet to hold it
between the floor and ceiling. Figure 9-3
shows a general layout of the speaker.

ELECTRONICS. The polarizing voltage will
need to be as high as diaphragm stability will
permit for maximum output. 7kV will be in
the ballpark.

The step-up transformer is critical—can we
find one that has the high step-up ratio we
need and wide bandwidth¢ Unfortunately, the
answer is no—but we can come close.

We can find transformers with step-up
ratios of 50:1 that will drive the speaker's
capacitance (around 1.2kpF) to 20kHz. Let's
look closely at a specific transformer: the Triad
S-142A.

Using the 4Q primary taps and the 8k sec-
ondary taps, the tumns ratio is 1:44.7. A 250W
power amplifier will deliver at least 160V P/F,
which, when stepped up 44.7 times, gives
7,150V of drive. Although more would be bet-
ter, this will work and is about the best com-
mercial transformer technology has to offer.

This transformer is rated at 15W at 7Hz.
Can it handle a 250W amplifier¢ Well, certain-
ly not at 7Hz. But our dipole ESL can't produce
any output down there anyway, so it's a moot
point. The real question is, “What is the low-
est frequency our ESL can reproduce linearly?”

Fundamental resonance determines the
lowest usable frequency, since output falls
swiftly below it. Although we have no accu-
rate way of predicting the fundamental reso-
nance, 70Hz is a reasonable guess based on
experience.

At first glance, the next question is, “Can
the transformer handle 250W at 70Hz¢” The
answer is no, but do we need 250W at 70Hz¢
Can the speaker use it¢

We need to see how much current the
speaker needs at the maximum drive voltage
at 70Hz. To do that, we need to know the
impedance of the speaker at 70Hz.

We can find the impedance with the formula:

1
R=
2nFC

This shows the impedance to be about
1.9MQ. Ohm's Law says to divide the voltage
by the resistance to get the current. Doing so
gives us 3.8mA.

We get watts by multiplying volts times

amps to get 27W. Is that within the trans-
former's capability¢

The formula for determining the trans-
former's power handling at a given frequency is:

Powerg Power,,

Frequency x 2 - Frequency,
Where:

Power, = Manufacturer's power
rating in watts (or VA)

Frequency, = Manufacturer's low-
frequency specification

Power;,, = Maximum permitted
power at Frequency;

Frequency; = ESL's lowest linear
frequency

Solving this formula for our transformer at
70Hz:

15 Power,

1“_ 70
1,050

— = 75W
14 Power,,

The transformer can deliver 75V/ at 70Hz,
while the speaker needs only 27W at 70Hz
Surprisingly, we don't have a problem.

Note that at ten times that frequency
(700Hz) the speaker can use all the power the
amplifier will deliver plus some—270W. Butat
ten times the frequency, the transformer can
deliver ten times the power—750W. So a 15W
transformer can do the job.

We would have a problem if the speaker's
capacitance were higher. For example, if
reduced the D/S spacing so the capacitance
doubled, we would need twice the power.
Instead of 27W at 70Hz, we would need 54W.
That's still comfortably within our trans-
former's capability.

But note what happens to the frequen
when the speaker asks the amplifier for max
mum power. Our 250W amp will no longer
maxed out at 700Hz, but rather at half that
350Hz. .

Recall that the nature of music is such tha
as we go down in frequency, the po
required rapidly increases—typically,
6dB/octave or more. If you double the po
you get only 3dB more output. By reducin
the frequency where full amplifier power
required by an octave (700-350Hz), we p!
ably will square our amplifier power requir
ments. This seriously reduces the speakers
tem's output capability.



Why would we want to reduce the D/S
spacing in the first place¢ Because smaller spac-
ing increases output for a given drive voltage.
%, to some extent, the loss of output caused
by power amplifier voltage limitations is com-
pnsated by reduced drive voltage require-
ments. Since the usual limitation on output is
voltage, it makes sense to optimize it.

But there's no free lunch. If you reduce the
D/S spacing to get more output from a low-
power amplifier, you'll increase the current
and power requirements. In essence, you
tade current for voltage. Since the small
amplifier will also be limited in current, you'll
find that the total output isn't increased. You
need high-power amplifiers to get high output.

The next step is to correct the problem of
phase cancellation and fundamental reso-
nance with equalization. Because of the large
wmections required, it is desirable to break
down the problem into three sections.

Working from the high frequencies down,
we can see that phase cancellation will begin
to occur at around 4kHz, where the wave-
length of the sound is about one-quarter of the
minimum speaker dimension. The loss starts

i’ gradually and then steepens. For that reason,
: forabout two octaves below the start of phase
ancelladon down to 500Hz, we'll lose only
o | sout 8dB.
b This error is small enough so we can correct
& it with a mirror-image, 6dB/octave equalizer.
W Let's call this range the first section.

The second section begins at around 500Hz
ks and extends down another two octaves, where
'we findamental resonance starts to push the fre-
ke quency response back up. This two-octave
- mnge between 500-125Hz is the real killer
W, because the slope starts to get steep and large
ksl losses in output occur. Depending upon where

fundamental resonance is, the slope in this area
& will approach the 12dB/octave range.
a;.)f ltwe lose 8dB in the first section, and perhaps
rbe | BdBin the second, the total is 28dB. It quickly
b becomes apparent why high output isn't possi-
ble from an ESL operated into the bass.
that The third section is fundamental resonance.
wer | I frequency of this resonance is variable
at ] &pending upon room size and shape, and the
e sze and tension of the speaker's diaphragm.
cin g s magnitude will be determined by the room
er is ] ®onances and whether they fall near the
lrob- I eaker's resonance, and whether we use any
bires speaker damping. For these reasons, it is not
fsyss practical to predict the resonant frequency or

is magnitude.

What is the best way to arrange equaliza-
ton for this speakers One way is to use an
equalizer that is a dedicated, low-level, active
unit consisting of three sections.

The first section would be a 6dB/octave
shelving equalizer starting at 100Hz and
extending up to 2kHz. The second section
would have another 6dB/octave shelving
equalizer adding more boost to the first. It
would cover the frequencies between 100-
S500Hz.

The equalizer's slopes do not start immedi-
ately at 6dB. You must start them at around
50Hz so the steepest part of the curve is pre-
sent at 125Hz, where it is badly needed.

Finally, a notch filter could be added to sup-
press the fundamental resonance once it is
identified in both frequency and amplitude.
The advantage is nearly perfect frequency
response correction at the expense of compli-
cated equalizer design.

Another way to cope with the problem is to
use a 6dB/octave shelving equalizer from
50Hz-2kHz, and supplement it with the bass
tone control on a typical preamp. Such tone
controls usually start to boost the bass at
around 1kHz and can add 8-10dB by 100Hz.
Often this is not enough, but it is a big help,
and when added to the shelving equalizer, we
can get reasonable results.

Most builders, when they use a preamp in
this manner, won't use a notch filter to control
fundamental resonance. The fundamental reso-
nance adds to the thin bass caused by inade-
quate equalization, and makes the overall bass
sound better. The penalty is excessive excursion
at resonance which limits output. Also, the fre-
quency response in the mid-bass is not linear.

The equalizer is simple. It can be passive,
because it is used with a preamplifier which
will have excess gain to compensate for its
insertion loss. It cheaply and easily solves the
problem to the satisfaction of many.

A third way to correct the frequency
response is with a shelving equalizer from
S50Hz-2kHz, but deal with the second and
third sections with a graphic equalizer rather
than with preamp tone controls. The advan-
tage is more severe correction, and you can
use one of the bands as a fundamental-reso-
nance notch filter.

With a graphic equalizer, you can experi-
ment to find the best frequency band to con-
trol fundamental resonance. The amount of

suppression can be adjusted to fit the system’s
needs.

THE DESIGN
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FIGURE 9-4: Non-linear response of graphic
equalizer.

This flexibility is particularly worthwhile if
you don't have objective measuring instru-
ments available. You can do a good job of
identifying the fundamental resonance and its
amplitude empirically.

The only penalty, other than the cost of a
graphic equalizer, is that frequency response in
the equalized range will be wavy (Fig. 9-4).
This becomes an insignificant problem when
you consider the ragged bass response of the
typical room.

Another way to deal with the fundamental
resonance problem is to use mechanical damp-
ing in the form of a finely woven cloth on one
or both sides of the speaker. This can effective-
ly reduce the resonance without electrical inter-
vention, but it has several disadvantages.

The main complaint is that the cloth, if used
on the front of the speaker, will adversely
affect the high-frequency clarity. You can easi-
ly test this by mounting the cloth on a frame
and having an assistant alternately place it in
front of the speaker, while you listen blind-
folded. You should have no difficulty “hear-
ing” the cloth.

This should come as no surprise because
you are literally “listening to the sound
through a blanket” (albeit a thin one). Repeat
the test on the back of the speaker, and you
may be surprised to hear how the cloth still
affects the sound.

Another disadvantage of mechanical damp-
ing is that, in comparison to a notch filter, the
amplifier load is higher. A notch filter reduces
the voltage at resonance, while mechanical
damping leaves it unchanged.

Before leaving the full-range electrostatic
design, let's look more closely at segmented
ESLs. Without a doubt, the sound quality will
be inferior to the full-range crossoverless sys-
tem. Using several electrostatic panels of dif-
ferent dimensions will not result in as smooth
a frequency response as an equalized system.

Crossovers must be in the critical midrang
region, which will cause audible problems.

You will need several transformers of differ
ent specifications for the different segment
However, they can be optimized to the lo
and frequency bandwidths required of the
This will make it possible to use a very high
step-up ratio transformer for the bass, whic
should result in higher output than a full-range
transformer.

Such systems usually use a single amplifie
and multiple high-level passive crossover
This serious compromise can be improved b
using multiple amplifiers, low-level acti
crossovers, multiple transformers, and pos:
bly multiple equalizers to clean up the ragge
frequency response.

Such a system would be very complex ant
relatively expensive. The sound quality would
still not be as good as the full-range crossove
less system, but the output might be slightl
better.

SYSTEM 2:
NO-COMPROMISE HYBRID ES
The two insurmountable problems of a
range dipole ESL, low output and lack of degj
bass, are both extremely important to high
quality sound reproduction. System 2 resolves
these issues while maintaining the outstand:
ing sound quality available from a full-rang
crossoverless ESL.
Most audiophiles believe hybrid systen
must compromise sound quality. In realit
you need not accept any audible compromis
The goal priority list can now have high ou
put, wide bandwidth, flat frequency respon
and electrostatic sound quality at the top.
These goals must be balanced against ead
other in an all-ESL system, but in this desig
we won't have to settle for less-than-excelle
performance in all categories. No significan
restrictions are placed on the design, othe
than general reasonableness. For example, th
system must fit into a typical home, and th
cost must not be outrageous.
The design must start with a way to obtz
high output and flat frequency respo
Speaker systems based on magnetic drive ¢
easily produce high output, deep bass, a
meet the goal of “general reasonableness.”
The problem with magnetic drivers, o
course, is they fail to meet the goal of “ele
trostatic sound quality”—or do they? The fad
is that in the bass, the negative effects of ma
sive drivers are not much of a problem. Aft



dl, it is not always necessary to use a dragster
totravel to the end of a quarter mile. A loaded
truck can do it given enough time—and in the
bass, there is time.

A woofer need not have good transient
esponse. Many audiophiles would argue this
point, but the fact is that bass musical instru-
ments do not have rapid attack or decay times.
Although a magnetic driver cannot stop quick-
Iy, itwill not be asked to do so in music, so ring-
ing and overshoot are unlikely. What audio-
philes perceive as “bass transient response” is
he harmonics of the bass reproduced in the
midrange. The problem of transient response is
really a midrange problem.

Cone flexure is a troublesome area with mag-
gtic drivers because it causes harmonic distor-
jon. Without question, magnetic drivers have a
reat deal more distortion than ESLs. But this is
ot a problem in the bass for two reasons.

First, the distortion is primarily harmonic.
While this changes the sound character to
e degree, it is not unpleasant. In other
ords, it doesn't sound distorted unless the
centage of distortion is extremely large.
all amounts of harmonic distortion merely
ke the sound a bit “warmer” and “more
ull” than it ought to be.

The other issue is ear sensitivity to bass fre-
yencies. The ear simply doesn't recognize
distortion in the bass very readily.

Magnetic woofers have the potential to
match electrostatics in the bass, but in practice
ey have not done so. The reasons for this are
many, primayily the limitation of enclosures
hat we must use with magnetic drivers. This
sue will be dealt with in detail in Chapter 12
1 transmission-line design. I believe trans-
ssion-line magnetic woofer systems can
oduce ESL sound quality in the bass, while
ultaneously producing high output and
frequency.

I realize I may not have convinced you of
yet. But for now, let's assume it's true so
e can continue this discussion.

By using a magnetic woofer system, we
lieve the ESL of its major problems involving
output, and linear frequency response.
ie remainder of the design task now
omes relatively easy.

A large ESL operated in the midrange and
frequencies, and driven by a powerful
plifier, can produce very high output levels.
still must pay close attention to the details,
the ESL can do the job if we do ours by
ing good design.

The biggest remaining problem is crossover-
point selection. Ideally, the crossover frequency
should be where the ESL's frequency response
is starting to fall due to phase cancellation. This
puts the adverse effects of crossovers in the crit-
ical midrange frequencies, and so is not practi-
cal. Also, even the best magnetic woofers are
inadequate in the midrange.

Remember, the woofer doesn't suddenly
stop at the crossover point. It needs reason-
ably flat frequency response for about two
octaves above it.

Several modem magnetic woofers in the 10-
to 12-inch range have flat frequency response
to 2kHz. You may have to search for them, but
they exist.

They will work beautifully with a crossover
point near 500Hz if we use steep crossover
slopes. As previously discussed, the human ear
is less sensitive to crossover flaws if the
crossover frequency is below 600Hz, which
then becomes our reasonable guideline.

The crossover frequency should not be
much below 500Hz, either. Recall that phase
cancellation causes large output losses
between 100-500Hz in the full-range
crossoverless system. These two octaves are
the real “killers” of output. ESLs just don't
have the output necessary to deal with such
large deficits.

If we force the ESL to reproduce this range
linearly, the system output will not be much
better than the full-range system. The only
thing a magnetic woofer will do in a system
with a 100Hz crossover is produce deep bass.
We won't meet our twin goals of high output
and linear frequency response.

Despite this, most ESL designers continue to
use unreasonably low crossover points. Such
systems can only produce high outputs by fail-
ing to equalize the range between 100-500Hz.
The sonic result is a “suck-out” in the upper
bass that causes the speakers to lack punch
and sound thin and anemic. ESLs have a poor
reputation in this regard, yet it is not an inher-
ent fault of the drive principle. Poor design
decisions are the cause. This sad state of affairs
has no logical reason.

What about the size of the ESL¢ It might seem
that with a crossover point of around 500Hz a
small ESL will suffice, but this is not so.

The frequency versus wavelength graph
reveals that phase cancellation starts well
above the crossover point in all dipoles of rea-
sonable size. It quickly becomes apparent that
we will need midrange equalization just as in
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FIGURE 9-5: Spacer design for large ESL.

the large full-range design—ideally, we will
need the same full-sized ESL.

Let's make the same size and design deci-
sions as for the full-range system, but with one
exception—smaller D/S spacing. By using a
smaller spacing, we can dramatically improve
the output from the same amplifier/trans-
former system used in the full-range ESL.

FIGURE 9-6: Large hybrid ESL/TL.

Because we're not operating the ESL below
500Hz, we can avoid the problems with
excessive voltage, current, and power require:
ments in the lower frequencies. '

What is the smallest D/S spacing we can
use¢ There is massive acoustic coupling
between a large ESL and a powerful magneti
woofer system. We can produce very high SPLs
with a hybrid system, so acoustic coupling can
be a serious problem. Practical experience
shows that 70 mil is the minimum acceptable
spacing in large hybrids. If the listening room
has bad bass resonances, you should increas
the spacing another 10 or 20 mil.

This change in D/S spacing forces a change
in the distance between spacers to maintain:
reasonable spacer ratio. Now the ideal free
diaphragm length is 3.5-7".

Again, we can use either vertical or hon
zontal spacers. We can use two vertical ones
to make partitions slightly over 5-7”, or eleven
horizontal spacers producing twelve partitions
of about the same size. The spacer ratio fo
both is about 75:1.

The total length of spacers i the vertical
orientation is about 12’, while it'is 16.5 in t
horizontal design. The vertical design best
reduces stray capacitance (Fig. 9-5).

We'll use active low-level equalization to
flatten the midrange. As before, we'll need
total of 8dB of correction. This will still pe
very high output if we are careful with the rest
of the design.

Low-level active crossovers with Butterwort
filters and 18dB/octave slopes give the best pe
formance for this design. Refer to Chapter 7 for:
detailed discussion of crossovers.

The issue of directionality is easily decide
here. We want no compromises. Since sou;
quality and output is better in highly direc
tional designs, that's what we'll use.

Our system is going to be very large. Not only
do we have full-range-sized ESLs, but a pair
very large magnetic systems. Aesthetics mustt
set aside in favor of performance (Fig. 9-6).

This system can produce outputs in exce
of Row A concert hall levels. Deep bass is
exceptional, and the system will sound totall
electrostatic.

SYSTEM 3:

A COMPACT/INTEGRATED ESL/TL.
The large hybrid system offers stunning pe
formance, but leaves much to be desired ae

thetically. The large woofer enclosures and
floor-to-ceiling ESLs—all of which must b



W e _R T

My T r

LS

.

CHAPTER 2:

TECHNICAL TERMINOLOGY

However simple ESLs may seem, they involve
complicated physics and electronics.
Analyzing them demands the use of technical
terminology. I regret having to trouble you
with this already, but we must speak a com-
mon language. I promise to make it short,
easy, and understandable.

For simplicity, I've left out subtle technical
details in some of the descriptions. Bear with

me. The explanations are good enough to get
through this project.

VOLTAGE. Voltage is the force or pressure
that pushes electric current through a conduc-
tor. It is measured in Volts. ESLs use thousands
of volts. One thousand volts is also known as
one kilovolt, which is abbreviated kV.

Polarity refers to the poles (north or south)
of magnetic force. It also defines the sign (pos-
itive or negative) of a voltage.

Voltages may change their polarity, as in
audio signals. This produces an altemating
current waveform. Figure 2-1 shows a sine
wave and a square wave,

We must decide at what point on the wave
to measure the voltage. Do we measure the
peak or the average voltage¢ The standard
measurement is RMS, which is the acronym
for Root Mean Square. RMS voltage can be
thought of as the average voltage of the wave-
form. Technically it is not quite the average,
but is close enough for this discussion.

Occasionally, it is more useful to measure
voltage at the top or peak of the wave, We call
this measurement peak-to-peak wvoltage,
and abbreviate it P-P.

CURRENT. The flow of electrons through a
conductor is current and is measured in
amperes. We usually abbreviate this to amp.
ESLs only use a few thousandths of an amp.
One thousandth of an amp is a milliamp, its
abbreviation is mA.

Direct Current is the energy that flows in
only one direction. It is abbreviated DC.

Alternating Current is energy that changes
direction. Its abbreviation is AC. We call the
rate at which it changes direction its frequen-
cy. The frequency may be a stable 60 cycles per
second, as in your home electric power, or high-
ly varied, as in music.

Power is the ability to do work, such as
move air to make sound. The watt is a mea-
surement of electrical power. Volts times amps
equals watts. For example, 5A @ 10V = 50W.

RESISTANCE. Resistance restricts the flow
of current. It only applies to DC circuits. Its
abbreviation is R.

Resistance is measured in ohms. One ohm
is the amount of resistance required to limit
the current to one amp when pushed by one
volt. We call 1,000 ohms a kilohm and
abbreviate it to k. One million ohms is called
a Megohm and is abbreviated to M. The
symbol for resistance is the Greek letter
omega = .

The energy used to overcome resistance is
dissipated as heat. Resistors used in electrical
circuits have heat dissipation ratings measured
in watts. If you dissipate 10W in a resistor
rated at %W, you will soon see smoke as it
overheats and fails.

REACTANCE. Reactance is the resistance
to the flow of alternating current. You can
think of it as a special type of resistance that

Square Wave

A

L
S’ﬂp this chapter is you are thoroughly familiar with basic
electrical and audio terminology and measurements. if you find
a term later you don't understand, you can find it here.

Read this chapter if your knowledge is “sketchy’—

save yourself time and confusion.
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FIGURE 2-1: Waveforms
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free-standing—make it unacceptable for most
living room environments. The challenge is to
make an ESL speaker system where compact-
ness and aesthetics are at the top of the goal
priority list, while maintaining performance
on a par with the large hybrid system.

Achieving these goals requires paying seri-
ous attention to finish work and general exte-
fior design. We must also play the various
design parameters against each other for best
perfformance.

We'll have to build a smaller speaker. It will
dso be necessary to integrate the ESL and the
transmission-line woofer system.

The biggest problem is maintaining high
output and linear frequency response from a
small ESL. Smaller speakers have greater phase
cancellation losses, so require greater equaliza-
tion which reduces output.

Let's start the design process by deciding on
the ESL's dimensions. Since vertical height
does not take up floor space, let's make the
ESL 6-feet tall. For aesthetic reasons, let's
reduce the minimum dimension to 1.

If we make the woofer enclosure tall and
thin, we can mount the ESL to it and have it
act as a baffle. This will make the air follow a
longer path around one side of the ESL, and
will minimize phase cancellation. We also can
use the transmission line cabinet as a beam
splitter to improve casual dispersion qualities,
50 the compromises of a curved ESL will not
be required. I'll discuss this TL design in detail
in Chapter 12 on transmission-line design.
figure 9-7/1s a general design layout.

To compensate for the increased phase can-
cellation losses, we must begin the equaliza-
tion at 3kHz with the same type of shelving
equalizer used on the other systems. All we
are doing is moving the entire range upward.

For the same reasons, we'll have to move

e crossover point as high as possible. I con-
sider S50Hz the maximum acceptable.

We can't reduce the 70-mil D/S spacing
because we need just as much (or more) excur-
sion as in the larger designs, and acoustic cou-
pling will be just as much of a problem. We
‘again have a choice of vertical or horizontal

FIGURE 9-7: Compact integrated ESL/TL.

spacers, and again the vertical orientation
offers the least stray capacitance and greatest
simplicity.

We can continue to use the same amplifi-
er/transformer drive system. It might seem as
though a smaller system would need smaller
amplifiers, but just the opposite is true.

The smaller ESL system needs all the help it
can get to produce high output. The smaller
woofer system also needs more power to pro-
duce the same output as a larger woofer. So the
smaller system needs larger amplifiers to meet
the goals of high output and bass response.

The laws of physics can't be circumvented.
We know at the outset that the smaller system
can't have as much output as the larger one.
However, the difference is only about 2dB—a
barely detectible difference subjectively.

Frequency response is good except in the
deep bass, where the smaller magnetic woofer
(9” in the small system, 12” in the large one) and
shorter transmission line result in slightly less
depth. Aesthetically, the integrated/compact
system is quite acceptable.
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CHAPTER 10:
ESL CONSTRUCTION

Let's build some electrostatic panels.
Although there are different ways to do so,
three of the most popular cell types are:

» Perforated metal

» Rigid wire

o Tensioned wire
Let's do flat (planar) cells first. The next
chapter expands on the curved-cell theme.
The various designs differ only in the way
you make the stator. These designs have the
same sound quality—their differences lie in
efficiency, output capabilities, ease of con-
struction, and cost.

Perforated-metal is the easiest, cheapest,
lightest, simplest, thinnest, and fastest con-
struction type. You can build one complete set
of large ESLs in one day using this technique.

What are the disadvantages of perforated
metal¢ The output may be lower than in a wire
stator, and it's slightly more difficult to build
perforated-metal cells with low stray capaci-
tance than wire ones.

The output may be lower because it's diffi-
cult to get perforated metal that will produce
as high a field density as a well-designed wire
stator—not impossible, just difficult. The ideal
hole pattern required for high field density is
not readily available. With wire, you can build
anything you-wish.

Stray capacitance is often higher in perforat-
ed-metal than in wire-stator types because
perforated-metal stators are usually built for
the ultimate in simplicity. They need not be
built that way, but they usually are.

Perforated metal requires excellent support
because the perforating process produces
internal stresses that warp the metal. To make
the metal flat, you must hold it straight with a
supporting structure.

You can do this easily by using the
diaphragm support spacers as laminations to
hold the metal sheet flat. This results in the
metal overlaying the spacers and producing
stray capacitance, particularly around the
perimeter (Fig. 10-1).
~ Wire stators are often built the same way
and also have some stray capacitance, but the
wire only overlays the spacers at the ends.
Therefore, they have less stray capacitance
(g 10-2).

You can build near-zero stray capacitance sta-

tors with perforated metal, but the external
framework required to hold the metal flat
negates the advantages of ease, simplicity, and
low cost. Wire stators with low stray capaci-
tance also require substantial external structures.

Wire stators have the advantage of design
flexibility. You can make them in almost any
configuration, and with any percentage of
open area and slot size.

They have no sharp edges which can produce
coronas. A corona is the tendency for a sharp,
high-voltage surface to ionize the air near it. The
resulting ion cloud is a conductor. Usually, the
cell will arc if a corona forms. The smooth,
rounded surface of wire is virtually immune to
coronas, while the sharp edge of a hole may pro-
duce one. This appears to be more of a theoret-
ical problem than a real one, as I've never seen a
corona in a perforated-metal stator.

"% 9 o35

- .
»

Spacers

/

Perforated

. metal

LJ

FIGURE 10-1: Stray capacitance in perforated

metal stators.
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FIGURE 10-2: Stray capacitance in wire stators.
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You can buy wire coated with many types
of high-quality insulation. Perforated metal
doesn't come with insulation, and it's difficult
to apply highly effective insulation to it. Of
course, most designs don't need insulation,
but if yours does, keep this in mind.

Tensioned-wire stators have all the advan-
tages of wire stators, are flattest of all, and you
can use insulated wire. Their most interesting
feature is that you can build them with long,
unsupported stretches of small wire while
retaining flatness. If all else is equal (rarely the
case), they should have the highest output.

Their disadvantage is that they are extremely
labor intensive—you must attach hundreds or
thousands of wires to a supporting structure
and place them under tension. Their supporting
framework must be very strong to withstand
the tension of a multitude of stressed wires.

Rigid-wire stators have disadvantages, too.
They are much more labor intensive and
expensive than perforated-metal stators. You
won't build a set of wire ESLs in a day. More
likely, the project will take weeks.

Rigid-wire stators require separate, strong
frames to which you glue rigid wires or
string flexible wires. This complicates con-
struction. Simple perforated-metal stators
are self-supporting.

Wire stators are much heavier than perfo-
rated aluminum ones. An 18” x 36” aluminum
panel weighs around 4 Ibs. A steel wire one
weighs nearly 30 Ibs.

What is the performance difference between
small-hole perforated metal, with simple con-
struction, and the best wire ones¢ The output
difference will probably not be audible. At
worst, it will likely measure less than a couple
of decibels. The high-frequency response dif-
ference based on stray capacitance will proba-
bly be no more than a few hundred hertz.

The performance difference between wire
and perforated metal is small while the work,
time, and expense is great. Therefore, most
builders opt for perforated-metal construction.

Before getting into building cells, I'll review
the perforated-metal stator process because
they are the simplest to build. I'll follow this
with very detailed instructions on how to build
them. This base information can then be
expanded into the other construction methods.

BUILDING PERFORATED-METAL
STATORS: AN OVERVIEW

Figure 10-1 shows the basic construction of
this simplest-of-all stator designs. You just

take a sheet of perforated metal, cut it to the
size needed, glue spacers to it, and it's donel

To complete a cell, glue a conductively-
coated diaphragm to one stator, heat shrink it,
and glue another stator on the other side
the diaphragm. Your cell is finished.

Here are the details: cut strips of plastic that
you will use as spacers from a sheet of acryli
(Plexiglas) or polycarbonate (Lexan). The plas-
tic's thickness determines the basic D/S spac
ing. Glue the spacer strips together to form th
frame to which you can attach the perforated
metal.

You must make the spacer frames identical.
When they are glued to each other with the
diaphragm sandwiched between them, the
spacers must face each other, which is easy to
do if you draw your spacer pattern on the
underside of a sheet of glass. By building each
spacer frame over this pattern, they will be vir-
tually identical.

With the spacer frames complete, glue on the
perforated metal. Do all assembly work on the
glass sheet so everything is flat and accurate.

Lay some Mylar film over the glass. Sprinkle
powdered graphite and g@d/x into the Mylar
by rubbing it hard with a paper towel.

Put epoxy glue on the stator spacers and set
it on the Mylar. When the epoxy has cured
(ten minutes to an hour depending on the
type), lift it from the glass and heat shrink it
with a heat gun to get it tight as a drum and
wrinkle free.

Lay the finished stator/diaphragm upside
down on the glass so the diaphragm is facing
up. Put epoxy on the spacers on the other sta-
tor assembly, and lay it on the diaphragm.
When the epoxy has cured, trim the excess
diaphragm from the edges and attach electrical
contact bolts to finish the cell.

Now that you have the general idea, I'll go
into the construction sequence in greater
detail and describe a generic cell—one without
specific dimensions. In the chapter on
Systems, | present detailed drawings for spe-
cific designs and cell sizes.

PMS CONSTRUCTION. Start by makinga
drawing of the cell. Dimension everything
carefully consider the way you will mount iti
its frame. You can change things on pap
more easily than you can after the parts are¢
and the cell is partly assembled.

Chapter 4 on output has the informati
you need to select the specifications for th
perforated metal—thickness, hole/slot pat



tems, and cell dimensions. The only question
is whether to make one big cell or several
ssmall ones.

For example, if your speaker is to be 6-feet
@ll and 1.5-feet wide, you can make one cell
that size, two cells 3' x 1.5, four cells 1.5 x 1.5,
or any combination that fits the dimensions.
large cells are slightly more difficult to
make, but you are better off with one or two
large cells rather than many small cells. The
easier construction of the small ones is far out-
weighed by the extra parts you must assemble.
Mounting many small cells to make a single
speaker is much more difficult than mounting
asingle large one. Making very narrow bor-
ders around any ESL is difficult. When you
have two cells together, their borders cause a
significant void in the speaker output at that
point. This adversely affects the sound. Also,
the borders of an ESL usually have stray
capacitance.

In short, large cells are easier to make and
have better performance than small ones. You
can use internal spacers to support the
diaphragm in a large cell if necessary (it usual-
ly is).

On the other hand, at some point the cell
becomes too large to manage. I think a single
cell 2’ x ¢’ falls into that category.

A reasonable compromise is to make cells
1o more than 3’ in any dimension, which also
happens to be a common size for materials
like perforated metal or welding rod that you
probably will use to build the cells. If you
want cellg larger than 3’, you will incur addi-
tional expense buying oversized material.

For this discussion, I will assume that you
wish to use a D/S spacing of around 70 mil.
Therefore, the holes or slots in the metal
should ideally be around 1/16-inch diameter,
‘and you will use 1/16” Plexiglas spacers.

lf you were going to use 90-mil spacing, you
could use Lexan “unbreakable windows,”
which is 80-mil thick. If you wanted to use
130-mil spacing, you could use 1/8” Plexiglas
spacers.

If you used 130-mil D/S spacing, the holes
in the perforated metal could be larger—up to
1/8”. Smaller holes produce higher field densi-
yand more output even with large D/S spac-
. You might as well use perforated metal
ith 1/16” holes for any D/S spacing 70 mil or
larger.

RFORATED METAL. From your reading
the chapter on output, you know that the
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FIGURE 10-3: Perforating patterns.

percentage of open area in a stator should be
around 50%. Perforated metal with round
holes comes in two patterns: straight and stag-
gered (Fig. 10-3).

To get 50% open area requires that the
holes be very close together. You must use the
staggered pattern and a very close hole spacing
dimension. A suitable pattemn would be 1/16”
perforations on 3/32” staggered centers.

What metal should you use¢ Aluminum is
lighter than steel, doesn't rust, and can be
anodized in various colors. It comes in very thin
sheets that you can cut with scissors, yet is ade-
quately strong. The ideal perforated metal for
most ESLs is 20-mil-thick aluminum with 1/16”
holes on 3/32-inch-staggered centers.

Where do you get it¢ Metal processing firms
will perforate almost any metal and thickness
you desire, but this can be costly if it's not a
commonly stocked item. Look in the “Yellow
Pages” of any large city telephone directory
under the heading “Metal Perforators.”

Fortunately, a good substitute is available. It
comes as decorative aluminum sheets and is
available from any ACE® hardware store.

Although it doesn't come in the exact pattemn
described above, it comes in a pattemn called
Lincaine, which is nearly as good. Lincaine has
1/8” holes surrounded by 1/16” holes.

With Lincaine, you have a choice of finish-
es—plain aluminum or gold anodized. I urge
you to buy the gold anodized version. The
plain aluminum type is coated with an oily
film that is difficult to remove. The gold type
is spotlessly clean, aesthetically more pleasing,
and costs only a few dollars more.

This material is 20-mil thick and comes in 2’
x 3’ or 3’ x 3’ sheets. By contrast, metal perfo-
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FIGURE 10-4: Detalil of stator contact.

rators usually supply metal in 2 x 10 sections
and charge to cut it to smaller sizes. Shipping
also is likely to be a problem for perforators,
while Alcoa supplies Lincaine in cardboard
shipping containers.

The hardware store is unlikely to have this
in stock. You can find it in their catalog and
special order it.

Such soft, thin material can easily be dam-
aged in transit. Commonly, a corner is bent,
which you can easily straighten. Beware of a
crease across the sheet; you can never get it flat.

The sheets will have a modest bow or warp
to them from the perforating process, but this
is normal and will not usually be a problem.
The laminating process will flatten it.

You can cut a sheet in half with a pair of
scissors. Depending on the cell size, you may
get two stators out of one sheet. If you want a
perfect cut, take it to your local sheet metal
shop and have them cut it on a sheet metal
shear. It will take them only a moment.

You will note that the holes have rounded
edges on one side and sharp ones on the other.
During construction, be certain to face the
rounded holes toward the diaphragm to mini-
mize the possibility of developing a corona.

Drill a 5/32” hole in one comer of each
sheet, which will later accept a 6-32 nut and
bolt used for the electrical connection to the
stator. Remove the burr left by the drill by
twisting a much larger drill bit or a countersink
in the hole. Twist it by hand for good control.

You will bend this comner at right angles to
the diaphragm after you complete the cell, and
put a bolt through it for the electrical connec-
tion. If you bend it now, you can't lay the
metal flat for construction purposes.

The tab need only be about 12" (Fig. 10-4).
you prefer to have all the connections in
same speaker corner, remember that the
tors will be mirror images of each other.
careful to pick the appropriate corners.

SPACERS. These must have very good in:
lating qualities. Clear plastics work well. Y
can buy sheets of acrylic: one brand i
Plexiglas, another is Lexan, also known
“unbreakable windows,” in glass shops
home improvement centers.

Normally, you cut the sheet into narrow
strips and glue them together to make a spac-
er frame. Some builders cut openings in a
solid sheet to avoid gluing strips togeth
They cut openings with a hand-held route
milling machine, punch press, or computer
driven laser.

Few of us have access to such machinery.
Routing wastes most of the expensive mateni:
al, so most of us glue the strips together.

Some glass shops will cut the plastic into
strips for you, but it's not difficult to do and
you can save money. Although theye are many
ways to cut plastic, no way is perféct, but they
all work. You can even score and break off
strips as you would for glass, but it is very dif-
ficult to do for long, thin strips, even with ajig
Sawing the plastic into strips is most practical

The best tool for this job is a band saw with
a very fine blade. Clamp a rip fence to the
table to guide the plastic, and you can cleanly
cut narrow strips. A 24-tooth/inch hacksaw
blade works beautifully.

Unfortunately, band saws are not common.
You more likely have access to a table saw.
Table saws work, but there are problems. First,
nobody makes fine-toothed blades for them.
You can use a plywood blade, but this will
cause chipping along the edge of the cut
Fortunately, the chips, although unsighdy,
don't degrade performance.

You will also discover that the plastic sheet
wants to climb the saw blade instead of being
cut. If you try to stop this by raising the blade,
it will tend to catch and shatter the plastic.

A solution is to clamp a piece of wood o
the side of the rip fence about %" above the
table. With the saw running, move the blade
up into this wood about %”. The block will
prevent the plastic from climbing up the blade
(Fig. 10-5).

DIAPHRAGM CONTACT. You must some-
how connect the high-voltage polarizing sup-
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URE 10-5: Table saw modifications.
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to the diaphragm. This contact is poten-
y very fragile, and you must take care to
e it durable.
The method I prefer is to put a metal bolt
ugh the spacers so it makes contact with a
ip of aluminum foil, which is in contact
ith the diaphragm. The polarizing voltage
onnects to this bolt (Fig. 10-6). I call this a
t contact.
Another good method is to glue a tab to the
stator that contacts the coated side of the
diaphragm. This tab will stick out from the
edge of the cell after assembly. Clamp it
etween the stators with a nylon bolt (a good
insulator) and it makes a very secure contact.
ou can also use the nylon bolt to hold two
tabs that make up the stator contacts. The
sult is a rugged and compact set of contacts
(Fig 10-7). I call this a tab contact.
The tab contacys disadvantage is its inter-
ence with mounting cells by their edges.
e bolt contact sticks out at right angles to
spacers and does not interfere with edge
ounting the cells, but it has the disadvantage
of being more fragile and complicated to build.
To make either contact, start by clamping
two spacer strips together so you can accu-
tely drill a hole through them for the bolt.
Select the strips based on the contact location
on the completed cell. The contact's position
doesn't affect performance, so you can put it
anywhere you like.
Drill a 5/32 hole (the shank size of a 6/32
It that you will use for the diaphragm con-
tact bolt) through both strips. Be careful—con-
ventionally shaped drill bits tend to shatter the
stic just as they exit the hole!
One way to prevent this is to stop drilling
t as the point starts to exit the hole. Tum
the stack over and finish the hole by drilling
m the other side. The other solution is to

Washer ESL CONSTRUCTION
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FIGURE 10-6: Detail of diaphragm bolt contact.

Perforated
metal

regrind the tip of the drill bit so it has a much
steeper angle—60° works well.

If you use the bolt-type contact, separate
the two pieces and increase one hole to 14"
This allows the head of the screw and the
washer that make up the contact point to pass
through one strip and make contact with the
diaphragm. From now on, keep the strips
together in matched pairs. The holes must
match closely when you glue the stators to
each other.

If you use narrow-perimeter spacers, you
may need to cut a notch in the perforated metal
so it clears the diaphragm contact (Fig. 10-8).
Do this after you have drilled the strips so you
can easily see the notch's correct location.

GLUING SPACERS. You will need a piece
of glass slightly larger than your completed cell
Nylon

E bol+t
\ Mn‘or tab

Dtaphragm
tab

/ Stator tab
Perf gratm

metal

FIGURE 10-7: Detail of diaphragm tab contact.

113




ELECTROSTATIC
LOUDSPEAKER
DESIGN COOKBOOK

114

, e

;}'
3

t

]

FIGURE 10-8: Notch perforated metal to clear
diaphragm contact.

for building ESLs. Draw your spacer pattem
on the underside of the glass with a felt mark-
ing pen. Alternatively, you can use masking
tape to lay out the pattern.

All the stators must be identical, so that
when you glue them together on opposite
sides of the diaphragm, the spacers match.
This is particularly important for the center
strip spacers since these will be very narrow.

ADHESIVES. You will need two types of glue
for this project: epoxy and cyanoacrylate. Get
these from a hobby shop or hardware store.

You will need a small amount (% oz. or 15
ml.) of cyanoacrylate for gluing the plastic
strips into a spacer frame. You may recognize
this as “instant” glue.

Brand names include Krazy Glue and Hot

. ]

FIGURE 10-9: Gap in spacer frame.

Stuff. The gap-filling type is better than
water-thin type because the watery
requires very close fitting joints. If your joi
have very large gaps, as shown in Fg 104
you can fill them with baking sod:
Cyanoacrylates work much better with some
thing in the gap.
Cyanoacrylates are not “instant” when use
on plastic. They may take five minutes of
more to cure (catalyze). You may want to ge
some “kicker” to make them work instantly
you are the impatient type.
To use the “kicker,” you first put glue on the
joint, then spray a little “kicker” on it. It speed
the cure rate so much that the glue actual
smokes from the heat of the reaction.
You must use epoxy for gluing
diaphragm to the spacers. Other types of
adhesives require contact with air to cure. Al
cannot enter a joint made with air-tight mate
rials like plastic and Mylar, so air-cured adhe-
sives won't work.
Incidentally, some builders use double-sided
tape instead of epoxy. | discourage this for
reasons: first, the tape tends to “creep” ove
time and the diaphragm loses tepsion; second,
trying to remove gummy old tape years late
to change a diaphragm is a nightmare. Epoxy
comes off easily.
To cure epoxy, you mix catalyst with it—i
doesn't need air. Epoxy also works well to joi
the perforated metal to the spacers, but you
may wish to use silicone rubber here since air
is available.
You will need several ounces of epoxy. To
save money, getitin 9 oz. squeeze bottles from
hobby shops rather than little tubes from hard-
ware stores. | like Devcon brand epoxy bes
because it has relatively low viscosity and i
very high quality. But other brands also work
Epoxy is manufactured with different curt
rates. Some frequent ESL builders use §
minute epoxy exclusively, but if you choost
this method you must apply it with a syringe
and work quickly. However, 30-minute epoxy
is a more sensible choice. It gives you mor
time to work and you need not apply it wi
a syringe—although a syringe is the ided
applicator.
Epoxy cure time is strongly affected by tem
perature and film thickness: low temperature
and thin films greatly slow curing. For exa
ple, if the temperature is below 50°, a thin f
of 5-minute epoxy may take hours or even
days to cure.
When epoxy cures, it gives off heat.



heat increases the temperature of the epoxy
and speeds the reaction. A couple of ounces of
J-minute epoxy in a cup on a hot day will cure
50 rapidly that it will actually boil and be too
hot to touch—in about two minutes. Avoid
this exothermic reaction by mixing small
amounts and avoiding excessive heat.

d
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FIGURE 10-10: Typical brass tab contact.
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\ir Clean your glass, aluminum, and spacers

e- with a vacuum cleaner, or wipe them with a

> damp rag. Protect the glass by coating it with
two layers of car wax, or by putting a layer of

ed plastic film such as Saran Wrap® over it. Wax

Vo paper is porous to epoxy—don't use it.

& lay out the spacers and tack them together
{Z’ with cyanoacrylate. Lightly sand the glued
ber areas to remove any high spots of glue. If you
ixy have used baking soda to fill large gaps, sand
I extra well to make sure there are no lumps of

i soda that will prevent the cell from lying flat.
Ein Wrap the sandpaper around a small sanding
lou block. A large (17 x 1” x 2”) art gum eraser
air works well as a sanding block.

To GLUING PERFORATED METAL TO THE

SPACER FRAME. Place a spacer frame on
the glass and spread a thick film of epoxy or
silicone rubber where you will place the per-
forated metal. Avoid putting epoxy in the area
of the contact tab so you can bend it up later.
Lay the metal on the spacer frame, remem-

. 5- bering to keep the rounded holes toward the
1ose spacers. Be certain the stator contacts are in
nge ‘the desired position. Cover the stator with

Saran Wrap.

o

féz Place flat weights on this assembly until the
ith oxy cures. You must have a flat stator. If the

K::al ights are not flat, neither will be the result-

assembly. Books are the usual weights, but
u must select them for flatness.
Asecond sheet of glass to place on top of the
bly is a litle more expensive, but well
worth the cost. You may put books on that.
Even better is a sheet of Va-inch-thick steel,
which won't require extra weight. Putting a flat
eton top will assure a truly flat stator.

When you lift the assembly from the glass
after the epoxy has cured, it will still be warped.
Don't worry: it will be flat after you sandwich
it to the other stator at final assembly.

If you are using a tab contact, now is the
time to install it. Make a tab from thin brass
shim stock about 0.01-inch thick. You can get
this from hobby shops and auto parts stores.

The size and shape of the tab isn't critical.
Something as in Fig. 10-10 works fine.

Attach a tab to one stator from each
matched pair with some epoxy. Be sure to
align the hole in the spacer with the hole in the
tab. A good way to be sure it's aligned and
firmly held in place while the epoxy cures is to
put a bolt through it.

CONDUCTIVE PAINT. You may use con-
ductive paint to help get a secure diaphragm
contact, but it isn't essential. A piece of alu-
minum foil clamped between the stators usu-
ally works adequately. Still, the paint is good
insurance. I use LocTite Quick Grid (for repair-
ing rear window defrosters in cars) because it's
common—but any type will work.

You should arrange your stators in pairs,
remembering that the diaphragm-contact
holes are matched pairs. You will paint around
the diaphragm-contact hole on one stator
from each pair. If you're using a diaphragm-
contact bolt, take the stator from the pair with
the large hole. If you're using a tab, pick the
stator with the tab.

Paint from the area of the hole to the inside
edge of the spacer: a line about Y%-inch wide
for a distance of about 6”. Go in whatever
direction is necessary to avoid the joint in the
comer spacers (Fig. 10-11).

I discovered the hard way that the joint usu-

{

Spacer é

™ Avold gap with palnf‘

-+— Bolt hole

Conductive
paint

\/\//

FIGURE 10-11: Typical paint pattern.
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ally has a void in it which allows the conduc-
tive paint to run down and touch the stator,
causing an electrical short in the cell. Stay
close to the inside edge of the spacer, and
don't allow the paint to run over the spacer
edge where it can touch the metal stator.

This reminds me of an old saying:
“Experience is the toughest teacher. She gives
the test first—then the lesson!”

Be particularly careful that the paint does
not run inside the hole. Don't paint near the
outside edge of the spacer because you will
need that area for gluing the cell together.

If the paint migrates to where it's not sup-
posed to be, you can clean it off with a cotton-
tipped applicator soaked in acetone or paint
thinner. Or, you can wait until it's dry and
sand it off with sandpaper.

When you are finished, take an ohmmeter
reading between the stator and the paint,
using the meter's “megaohm” position. Any
movement of the meter represents a short that
is easier to fix now than later.

The paint can almost, but not quite, touch
the perforated metal. This could happen if it
ran part way down the side of a spacer. The
speaker will arc at this point when under high
voltage, but an ohmmeter test won't find this
problem because an actual short isn't present.

To test for a “near short,” connect one wire
from your polarizing supply to the paint and
the other wire to the perforated metal. Tum
on the power supply. If the stator arcs, you
know you have a problem, and you know
exactly where it is. If it doesn't, you know
your contact paint is satisfactory.

STATOR INSULATION. Most builders
believe they should insulate their ESLs, but as
I've said earlier, this is unnecessary in most
designs. If you wish to use insulation, I must
say that ] have not found a spray-on type which
will not arc when you apply high voltages.
When foreign objects (like insects) get into the
speakers, this hazard is particularly likely.

Uninsulated cells work fine and have higher
output than insulated cells if you use high
impedance diaphragms. Neither will be dam-
aged by an occasional arc or a collapsed
diaphragm. Persistent arcing by a foreign
object will cause a hole in both. Fortunately, a
few holes do not affect the sound.

The insulation most builders use is GLPT
varnish, also known as Glyptol or High
Voltage Insulating Varnish, available from
electronics supply firms.

Another technique is to have your perfora
ed aluminum anodized black. Unlike gol
black anodizing insulates the cells.

For cosmetic reasons, you may wish
paint the stators flat black so they are near
invisible behind a moderately sheer g
cloth. On the other hand, you may pre
some gold visible through a black grille cloth.

DIAPHRAGM COATING. Use only My
Imported imitations will not hold hi
diaphragm tensions. Experiment with othe
material if you wish, but for a proven produ
stick with DuPont's Mylar.

Mylar comes in many formulations, but the
Y or 2 mil are the only two choices: type
and type C.

I have always used type S with splendi
results, but type C has the same characteris:
tics. The only difference between the two i
that the more expensive type C is made to
tight dimensional tolerances for use in capaci
tors. This is unimportant for ESLs.

Mylar is available from large plastics houses.
Although it is inexpensive, in recent years it
has become difficult to chase in small
quantities. You will probably find it easier to
get some through the ESL Clearinghouse,
where someone always seems to have a large
roll on hand that he or she will share fora
modest price.

Mylar comes in a variety of widths, but 4§
is usually best for our purposes. You can place
a 3’ cell across the Mylar and have 6” on either
side with which to work.

Mylar film is an insulator which must be
made slightly conductive so it will accept an
electrostatic charge. Coating it with graphite,
as described below, produces diaphragms with
impedances between 10-100k<»/inch. These
work beautifully despite opinions of some that
the resistance must be higher. Recall that als-
minum-coated diaphragms with only a few
ohms/inch work fine.

You may have read that you must achievea
particular resistance. This serves no useful pur
pose and may be ignored. This also means
that even a haphazard coating job won't
degrade the ESL's performance. In short, this
job is easy and noncritical.

ESL manufacturers usually use relatively
hazardous solvents and uncommon maten
to coat their diaphragms. Fortunately, this is
unnecessary.

You can use many substances to coat
diaphragms. Almost anything works—for a



imited time. For example, spray-on antistatic
matings work very well initially, but as the
‘hesives evaporate, vibraton loosens the
wating and the cell dies. One reader says he

E ‘mixed a cloth fabric softener (the type used in
y dothes dryers) with water. By stirring it, he got
le a slightly soapy solution which he simply
= painted on the diaphragm. He claims that in
= three years it is still working fine. I haven't
tied it. Experiment if you wish, but if you pre-
E fer a cheap, safe and reliable coating, use
zh gaphite. Fine-powdered graphite is available
¥ from any hardware store. Manufacturers sell it
<t asa lock lubricant. Pencil lead rubbed against
fine sandpaper is also an excellent source of
- fine-powdered graphite.
xS Rather than relying on some type of adhe-
n sive, few of which will adequately bond to
d_‘d Mylar, you're going to grind graphite into the
s Mylar's surface. Then you know it won't
- wome off.
o Many builders are intimidated by this sim-
B  ple job of rubbing graphite into Mylar. They
constantly look for another method, like wip-
| g on a liquid or using a spray-on coating.
rsalltl I'm puzzled by this, but have had so much
£ feedback on the subject that I have made the
2o following directions very detailed to cover all
use, possible questions. Let me assure you that the
arge . process is simple, quick and easy, despite the
' length of the directions.

1 Rubbing graphite is not the problem. The
E48 poblem is tearing the film on grit caught
lace between the glass and the Mylar when you
ither mb hard. The key to success is cleanliness. If

you wet-tlean the glass with acetone on a
;tt :i paper towel, you should have no problems.

Acetone is a superb cleaning agent. It cuts
grease, will not dissolve Mylar, evaporates
without a trace, is an effective epoxy solvent,
and is safe to breathe in small quantities.
Acetone is a normal body waste product so,
ulike most other solvents, it's not toxic in

1 few small quantities. This is particularly important,
! since you will be working indoors.
™S Acetone is available at minimal cost from
il pur- hard : I

o any hardware or paint store. I cannot stress
:neanlt wo strongly that acetone is EXTREMELY
:V,(Zhis HAMMABLE. Treat it accordingly.

The only other solvent I can recommend is
dstlled water. Although not as good as ace-
tone, because it evaporates slowly and will not
at grease or epoxy, it is nontoxic, odorless,
and will not bumn.

Keep windows closed and fans off during
deaning to avoid stirring up dust. Damp mop-

atively
iterials
this is

» coat
—for a

ping the floor and work table to remove dust
and grit is a good idea, but not essential. Avoid
vacuum cleaners at this stage of construction:
they blow grit everywhere.

Wipe your glass with an acetone-wetted
paper towel. If you feel lumps of epoxy or any-
thing else on the glass, shave them off with a
single-edge razor blade, and wipe again with
acetone.

Cut a piece of Mylar a little larger than your
glass. Fingerprints do not accept graphite very
well, so try to keep your hands off the surface.

Some builders use cotton or thin latex
gloves to prevent fingerprints. This isn't nec-
essary, since fingerprinted cells work fine, but
I thoroughly wash my hands before handling
Mylar and try to minimize contact with it. You
can always remove fingerprints with acetone.

Unless your glass is much larger than your
cell, allow a couple of inches of border to over-
hang the edge.

With a dry paper towel, smooth the Mylar
lightly (about 1 b. of pressure) from the center
outward while gently pulling on the film edge
with your other hand. The object is to rid the
Mylar of major wrinkles, adhere it to the glass,
and find the grit.

CAUTION

ACETONE IS
EXTREMELY FLAMMABLE

When the wrinkles are out, wipe harder
(about 5 lbs. of pressure). A strong light will
reveal any little “tents” in the Mylar caused by
grit. Lift the edge and wipe away any grit
which forms a tent larger than about 1/8”
across. Smaller ones are OK, unless they are
very sharp or pointed.

Incidentally, you will probably notice creas-
es which appear as fine lines. Ignore these, as
heat shrinking will remove them (mechanical
stretching will not). Anyhow, they don't cause
problems.

The process of finding and removing grit,
although simple, is the hardest part of coating
diaphragms. If the glass and Mylar are clean
initially, there is nothing to it.

If you somehow have so many grit tents
that you are overwhelmed, you can get a head
start by wiping the top of the Mylar complete-
ly clean with acetone. Fold the Mylar in half
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changes with frequency. There are two types
of reactance: capacitive reactance and induc-
tive reactance.

Capacitive reactance refers to the resistance
that a capacitor presents to an alternating cur-
rent. It decreases as the frequency of the AC
increases. To put it another way;, it is inversely
proportional to frequency. It is abbreviated X~

Inductive reactance refers to the resistance
that an inductor presents to an alternating cur-
rent. It increases with increasing frequency. In
other words, it is directly proportional to fre-
quency. Its abbreviation is X;; .

IMPEDANCE. Impedance is resistance in
AC circuits. If that sounds like “reactance,”
that's because they are related. Reactance is
one of the three factors that determines
impedance. The three factors are capacitive
reactance (caused by capacitors), inductive
reactance (caused by inductors and transform-
ers), and resistance (caused by resistors). It is
the combination of all three that determines
the total impedance in an AC circuit. Its abbre-
viation is Z.

Frequency refers to how rapidly the cur-
rent changes direction. It's measured in cycles
per second. Rather than use the long term
“cycles per second,” we use hertz and abbre-
viate it to Hz. One thousand hertz is a kilo-
hertz and is abbreviated to kHz.

For example, the winding on a transformer
may have only a few ohms of resistance
(remember resistance is a DC measurement).
When you measure it with an alternating cur-
rent of 1kHz, its impedance may be several
hundred ohms. The impedance may be sever-
al million ohms at a frequency of 100kHz.

OHM'S LAW. Ohm's Law is at once the eas-
iest, simplest, and yet one of the most impor-
tant of all electrical formulae. It's so handy
that you should be familiar with it. It mathe-
matically specifies the relationships between
voltage, current, and resistance. The resistance

TABLE 2-1

Name

Number Modifier Exp

Kilo
Meg
Milli
Micro
Pico

vT 3ZX

Multiply by One Thousand 103
Multiply by One Million 108
Divide by One Thousand 103
Divide by One Million 106
Divide by One Trillion 1012

LS

is measured in ohms. I've modified it to lay-
man's terms:

CAPACITANCE. A capacitor is an electrical
device capable of storing and discharging elec-
trons. You can think of it as a special type of
extremely fast-acting battery.

OHM’S LAW
___Volts
e Resistance

Volts

Resistance =
Amps

Volts = Amps x Resistance

The number of electrons required to pro-
duce a given voltage on a capacitor defines its
electrical capacitance. Again, this is analo-
gous to a battery—the more electricity it can
store, the greater is its capacitance.

Capacitance is measured in farads. A farad
is too large for most of our electrical measure-
ments. Rather than use decimals or fractions
it's easier to use prefix modifiers.

For example, it's easier to say that a certain
capacitor has a value of 20 picofarads (abbre-
viated pF) than it is to write 0.00000000002
farads (did I get the right number of zeros¢).
You will find most capacitors rated in either
picofarads or microfarads (pF).

PREFIX MODIFIERS. Measurements have
modifiers attached to them to make their use
more practical. If you understand the modi-
fiers, measurements are logical and easy to
remember. Some common ones are listed in
Table 2-1 followed by their abbreviations and
exponential expressions.

Prefix modifiers are very common. Besides
the farad noted above, other examples include
a thousand meters (kilometer), a thousandth of
a meter (millimeter), a thousandth of a gram
(milligram), a thousand grams (kilogram), a
thousand ohms (kilohm), a millionth of a meter
(micrometer or micron), and many more.

The English system of measurement is poor,
particularly when dealing with small quanti-
ties. The metric system is superior, but is not
accepted and therefore not well understood in
the US.

ESLs use tiny measurements that are best
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on itself so the surface you just cleaned faces
another clean surface. Carefully remove the
Mylar from the glass and set it aside.

Clean the glass with acetone, then put the
clean side of the Mylar against it. Now you
should have almost no tents.

Tape down the Mylar every 4-6” around its
perimeter. Tape down the comers first, then
tape halfway between the comers, then tape
halfway between that, then halfway between
that, and so on until you have a piece about
every 6”. Pull it moderately tight. Use 3-inch
long pieces of masking tape. There should be
no wrinkles in the Mylar.

Sprinkle a small amount of graphite onto
the Mylar. The exact amount is difficult to
describe, but for a 2° x 3’ cell the needed
amount would fill only about half a pea. More
graphite reduces diaphragm resistance.
Therefore, if you want to make very high
resistance diaphragms, use less.

Gently spread it evenly around the Mylar
with a clean, dry paper towel. A light-colored
tablecloth under the glass enables you to see
where the graphite is on the diaphragm—it is
a light gray color. If you are using very small
amounts of graphite to achieve a very high
resistance coating, make sure you disperse it
uniformly.

Now rub hard to grind the graphite into the
Mylar. I place the heels of both hands—one on
top of the other—on a paper towel. Make sure
you rub everywhere, particularly around the
area of the diaphragm contact.

Rubbing hard is important. 1 don't hold
back, but lean on my hands with most of my
weight. 1 don't care what resistance the
diaphragm has, and don't even bother to mea-
sure it anymore. If the diaphragm looks gray
and I've rubbed hard, I know it will work per-
fectly and last indefinitely. It takes less than a
minute to coat a diaphragm.

Next, rub off all the excess graphite with a
towel. Again, rub hard. If you can rub off any
of the coating, you didn't rub it in hard
enough. Repeat a couple of times with clean
paper towels until the last one remains clean.

If you don't clean off the excess, the cell will
hiss for several hours until it bums it off.
Eventually, it will be silent.

You can measure the resistance of the
diaphragm coating with an ohmmeter. Just
place the probes about 1-inch apart on several
areas of the diaphragm.

Some builders believe they must coat and
make contact on both sides of the diaphragm,

but this is not so. You need a conductive co
ing on only one side.
The Mylar will now be lightly stuck to
glass and may have a few wrinkles. Peel t
tape from one side, and lift one edge eno
to get some air under it and release it fromt
glass.
The next step is to get the diaphragm u
formly tight before gluing it to the stator. L
the Mylar on the glass, trapping a little
under it. Don't rub or wipe it anymore, b
start taping it to the table again. Work yoi
way around the table while lifting, pu
and sticking the tape onto it.
Add more pieces of tape and keep pull
until you have the Mylar tight and wn
free. You will need tape about every 3” arous
the perimeter. Getting the diaphragm tg
uniform, and free of wrinkles is surprising
easy. Put the diaphragm under fairly high te
sion, but don't get carried away—heat shn
ing will finish the job.
Cut a piece of aluminum foil about %" x2
You will place this under the diaphragm-co
tact-bolt hole. )

GLUING DIAPHRAGM TO STATOR. W
a vacuum, clean the inner surface of the stat
(the side with the spacers), which you will g
to the diaphragm. If you are using the bolt con
tact, this stator will be the one with the larg
diaphragm-contact hole in it. If you are using
tab contact, pick the stator with the tab.

Next, put epoxy on the spacers and positio
the stator on the Mylar. Epoxy is easiest to mix
in 1 oz. plastic cups from doctors' offices, ho
pitals, or hobby shops. Small plastic cups ¢
the tops from spray-paint cans also work wel
Do not mix epoxy in waxed paper cuf
because it penetrates the wax and become
contaminated.

You will need about 15 ml. of epoxy (%20
for a 2” x 3’ cell). Mix equal amounts of res
and catalyst (7 ml. of each) for at least 30 se
onds. Popsicle sticks are perfect for this task
You can use a heat gun to heat the epoxya
reduce the viscosity, making it easier to ha
dle, but this increases the reaction rate a
reduces working time.

The epoxy is best applied with a 10 or 12
disposable syringe without a needle. Suck th
epoxy into the syringe. You can't get it all, bt
you can get about 11 ml. Wipe any epoxy fro
the outside of the syringe with a paper towel

Lay a small bead (about 1/8-inch wide) do
the center of each spacer. When you reach th
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FIGURE 10-12: Avoid getting epoxy on
air diaphragm contact.

diaphragm contact area, move the bead to the
outside edge so the paint can contact the
diaphragm, rather than being coated with an
insulating film of epoxy (Fig. 10-12).

Avoid a thick bead of epoxy, or it will form
an uneven film which causes nonuniform D/S
spacing. It will also tend to run down the edges
of the spacers. Since epoxy is an insulator, this
won't damage the speaker, but it is tough to
remove if you must change a diaphragm. You
need a thin film only on the spacer surface fac-
ing the diaphragm. Run your finger along the
spacer edge as a guide for the syringe.

If you are using a bolt contact, put the alu-
minum foil over the diaphragm-contact hole. It
should cover the width of the spacer and will lie
on the epoxy bead. Do not let the foil extend
beyond the inside edge of the spacer, where it
might touch the stator and short the cell.

Turn over the stator and carefully place it on
the diaphragm. The idea is to position the sta-
tor on the Mylar without smearing epoxy
everywhere. Put one end of the stator in place
first, and while using your fingers to hold it in
place, lower the other end (Fig. 10-13).

Press hard over all the spacers to squeeze
the epoxy into a thin flm. Avoid sliding the
stator and smearing the epoxy.

I place my thumbs over the spacers and
press as hard as I can every 2”. At first, | mere-
ly weighted the stator, but this didn't squeeze
the epoxy into a thin film. Even several hun-
dred pounds of weight won't do the job if it's
spread over the entire cell.

You can easily put 50-100 Ibs. of force onto
your thumb. That much pressure concentrat-
ed over a square inch can really squeeze the
glue. Now put your sheet of glass or steel on
top to keep the stator flat and let the epoxy
catalyze.

Epoxy cures much faster in a cup or syringe
than in a thin film, so don't remove the cell
from the glass just because the epoxy in the
ap has hardened—wait about twice that

Lower here
Stator &

FIGURE 10-13: How to place stator with wet
epoxy on diaphragm.

long. To free the Mylar from the glass, cut it
with a razor blade rather than trying to
remove the tape. After cutting it, carefully lift
one end of the assembly to get air under it, as
it will tend to stick to the glass.

The stator/diaphragm assembly will still be
floppy and warped. Although your Mylar was
free of wrinkles when you glued the stator to
it, you will probably find that it now has a few
as the stator bends. Don't sweat it—you're in
good shape.

With your thumb, gently press the Mylar at
the diaphragm-contact hole. Clearly outline
the hole's shape and location.

This next step is critical: take a pencil, awl,
or other sharp object, and gently puncture the
aluminum foil at the diaphragm contact.
Puncture from the diaphragm toward the
spacer, so you don't tear them apart (Fig. 10-
14). Recall that you did not put epoxy
between the Mylar and the aluminum foil, so
this area is vulnerable to disruption if you are
not careful.

The hole should be only as large as the
shank of your diaphragm-contact screw. If you
are using the bolt contact, locate the puncture
in the exact center of the stator hole.

Keep it small. If you make it the full size of
the stator hole, you will have no place to con-
tact the diaphragm after you assemble the cell.
If this happens, you must install a new

Puncture this
direction

A

FIGURE 10-14: Puncture diaphragm toward
spacer.

Diaphragm
Folﬂ3
Spacer
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diaphragm. If you use a tab contact, however,

the puncture should be the full size of the
tab/stator hole.

HEATSHRINKING DIAPHRAGMS. The
next step is to shrink the diaphragm drum-tight
with a heat gun. A hair dryer usually won't get
hot enough, so you must use a heat gun.

Hobby shops sell cheap ones for about $20.
If you ask around, you may find a modeler
who will let you borrow one. Hardware stores
sell them for stripping paint.

Heat guns vary in power and heat. The
common hobby type is rated at 900W. Many
have vents on the back that you can adjust to
control the heat.

Test your gun by having someone lightly
stretch a scrap of Mylar between their hands
while you heat it. The object is to determine
how much heat you can apply without melt-
ing the Mylar.

Effective heat shrinking requires that you
almost, but not quite, melt the Mylar. I gener-
ally find that leaving the vents wide open
while holding the gun about 1-2” from the
film is about right. When you hold the gun sta-
tionary, the Mylar should not melt. By adjust-
ing the distance from the film and the vent
openings, you can readily determine the “safe
zone,” which is not as difficult as it sounds.

Hold your stator/diaphragm assembly verti-
cal while passing air from the heat gun over
the diaphragm in a slow, uniform motion. To
help give you the “big picture,” I move the gun
about 4"/second and cover a 2-3" path.

This takes less than a minute—one pass will
do the job unless you have huge wrinkles. Feel
free to heat and shrink repeatedly, or in trou-
blesome areas until you get the diaphragm
smooth and tight.

Mylar will shrink a maximum of about
10%, which is plenty for all but the sloppiest
of construction. The diaphragm may relax
slightly after the first heat application, and it is
a good idea to reheat it about a day later to
obtain maximum tension.

You can touch up the diaphragm by heating
it anytime after the cells are completed,
although this is rarely necessary. Once a gen-
uine Mylar diaphragm has been thoroughly
shrunk, it remains tight.

Problems can occur during shipment or acci-
dent where the cell is stressed, causing the
diaphragm to slacken. Being able to shrink the
diaphragm again is wonderful.

To reshrink an assembled cell if you use

steel-wire stators, simply heat the diap
on one side as though no stator is present.
you are using perforated-aluminum statg
the aluminum will expand from the heat.
increase in stator length will bow the cell ¢
can break glue bonds.

The ideal method is to use two heat gua
one on each side and opposite one anoth
But you can do it with one gun by briefly he
ing one side, then quickly switching to d
other side, and then back again. Keep shiftin
sides about every five seconds to keep th
expansion even. Both techniques will expan
the aluminum evenly enough to prevent brg
ken glue bonds. 1

When you're satisfied with the diaphrag
lay the assembly on the glass with J
diaphragm up. Put epoxy on the spacers oft
other stator in the matched pair. Set it ve
carefully on top of the just-finished assemb
Again, be careful not to smear the epoxy.

Examine the diaphragm-contact hole. Yo
must center the hole you made in the M
directly under the one in the second stator.
Lhe.y/zen't concentric, you won't be able
insert the diaphragm-contact screw later.

As before, squeeze the epoxy into a
layer over every inch of spacer. Double che
the alignment of the diaphragm contact to
absolutely sure you have centered the t
holes, and that everything is flat and alignet

This lamination locks the cell into its fir
rigid shape. If you mess up now, you must te
down the cell and put in a new diaphragm
correct any problems. Few things are as
trating as having a seemingly perfect panel
then finding that the diaphragm-contact ho
are misaligned, or you left out the alumin
foil, or overlooked some other detail whi
ruins the cell. Pay attention to the detal
When you're sure everything is perfect, p
the glass or steel sheet over the assembly 2
weight it.

When the epoxy has cured, gently lift th
assembly. Nothing sticks to graphite-coat
Mylar very well, not even epoxy. The g
joints are adequate, but they may break
abused. The assembly will be amazingly rig
and flat, with no give. The only way to bet
the cell now is by breaking a glue bond.

Take a sharp, single-edge razor blade af
trim the Mylar. Mylar is tough and will quick
ly dull a razor, which can tear your diaphrag
Razor blades are cheap—replace them often

You may remove the last fragments
diaphragm by sanding the edges with med



-grit sandpaper, but this is not necessary.
end up the stator-contact tabs and insert the
yass or steel 6-32 bolts for your electrical
ontact.

If you're using a bolt contact, place a small
asher under the head of the diaphragm-con-
ct bolt, and insert the bolt and washer
ough the hole. Don't omit the washer: it
fotects the delicate aluminum foil from tear-
g if you twist the bolt. This goes through the
large hole first, so the head and washer lie
inst the aluminum foil. Add the nut and
ently tighten.

Be gentle when connecting wires to these
ontact bolts. The contacts can be damaged by
essive force.

T e Trww v o

t  If you're using a tab contact, place one sta-
e tab on a nylon bolt and push it through the
y ole. Position the other stator tab and the nut,
) d gently tighten.
r You can now test them with music. When
u fst energized with the polarizing voltage,
ar gy may make a faint frying or hissing sound
If hich will eventually stop.
to ¢ Ifyou are making a hybrid system, and you
a cell with music—alone and without
in jualization or woofers—you will be disap-
ck pinted in the SPLs and frequency response.
be Ihey will sound like a cheap transistor radio
~O [albeit a very clear one).
d. Hang in there; nothing is wrong. Yours is a
al, e, and when all the parts are working
gar gether, the sound will be splendid.
1to
fis- [ROUBLESHOOTING. The above instruc-
1— tiops have 17 years of mistakes behind them.
sles I've tried to cover all the pitfalls involved in
um tonstructing your cells, and they will work
tich ne if you followed the directions.
ails. Wridng a troubleshooting section suggests
put that the speakers are going to be difficult to
and build, unreliable to operate, and that you are
I golng to have problems. Actually, the opposite
Ithe true, but, realistically, things sometimes go
ted Lawry. | know how frustrating it is to have a
fue problem and have no idea of how to fix it, so
if fm Including this section.
igid If the cell doesn't work, only three things
end be wrong. Like checking for gas in your
lawn mower, do the obvious first—make sure
and U have polarizing and drive voltages at the
ick- inections.
agm. If so, then two possible problems exist with
ten. cell itself. The most common is a short
ts of en the diaphragm and a stator.
nedi-

TR T —————————.

SHORTED DIAPHRAGM. Usually, this is
caused by a foreign object within the ESL. You
can remove it by vacuuming the cell with a
soft brush or blowing compressed air into it.

You may have let conductive paint run
down the spacer edge or into the diaphragm-
contact hole. If so, the only cure is to tear
down the cell and start over. Hence, the
importance of using care when you applied
the conductive paint, and why I advised you
to test it before assembly.

If you painted the stators with insulation,
you may have some conductive object embed-
ded in the paint. You may also have something
conductive on the outside. Keep in mind that
although you trimmed the diaphragm, it's pos-
sible to make electrical contact somewhere
along its edge. Although this is usually not a
problem, because it's about 1” from the edge
of the cell to the conductive stator, don't over-
look the possibility.

Look closely for something touching the
edge of the cell which is also touching a stator.
It can be quite insignificant and still cause
problems at high voltage.

Figuring out which stator has the short is
easy. Connect the stators to your step-up
transformer. Do not connect the polarizing
supply to the diaphragm. You do not need to
play music for this test, but it doesn't hurt if
you do. You don't even need to connect the
amplifier, although you may.

With the polarizing voltage on, bring the
diaphragm-contact wire close to the contact
bolt or tab. Try to almost, but not quite, touch
the dlaphragm contact with the wire.

In a properly operating cell, a small and
momentary arc will occur as the current
charges the diaphragm. In a shorted cell, the
arc will be much larger and will persist. Also,
you will usually hear a pronounced “pop”
when you connect the polarizing supply.

You can tell which stator has the short by
removing one connection and again bringing
the polarizing-voltage wire near the diaphragm
contact. Altemately connect and disconnect
each stator. The shorted stator will cause per-
sistent arcing between the polarizing-supply
wire and the contact.

You can usually find the short by connecting
an ohmmeter between the diaphragm contact
and a stator contact. Keep in mind that the
short may be several megohms and still dis-
able the cell.

Ohmmeters don't always find the problem,
as the foreign material may not actually touch
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TYPES OF CELL PROBLEMS

1. Shorted diaphragm
2. Nonconductive diaphragm

the diaphragm or stator. The same potential
problem exists as when you were applying con-
ductive paint. It need only be very close to arc
to disable the cell. The meter measures with
low voltage and will see an open circuit. When
you apply high voltage, the speaker will arc at
that point, preventing high-voltage operation.

You may have a badly warped stator where
the aluminum is not flat, or a wire stator
where one or more wires have bent or broken
away from their support structure. The prob-
lem of warped metal is why a glass or steel
plate is placed over the top of the cell.

These problems are evident in the form of
persistent arcing at that location whenever
you apply the polarizing voltage. Turning
down the room lights will help you see the arc
more easily.

You can solve the problem by bending the
perforated aluminum away from the
diaphragm. Insert a small punch or nail in the
1/8” holes along one edge and pry gently. If
you used wire, remove the offending wire or
fix its attachment.

Usually, the short is fairly easy to find and
correct. If not, the only cure is to tear down
the cell and put in a new diaphragm.

OPEN DIAPHRAGM. The second problem is
a failed diaphragm contact or lack of
diaphragm conductivity. It can be easily identi-
fied using the test above, where you bring the
polarizing-voltage wire near the diaphragm
contact. This time, there will be no arc, pop or
noise, because no current is flowing to the
diaphragm.

A variation is a cell which works but has
surface dead spots, caused by areas where you

Lift here \\

'_% = ===
| — - | /
Stator / Metal

yardstick

FIGURE 10-15: Disassemble cells.

Perforated
plastic

Conductive

paint \

Diaphragm read

A = Diaphragm to stator spacing
B = Perforated plastic thickness
Noten plastic doubles diaphragm to stator
spacing without increasing excursion

FIGURE 10-16: Perforated plastic stator design.

either missed applying graphite or where a
coating has started to come off. This won'
happen with properly applied graphite if you
rubbed it hard, but is common with man
other coatings.

DIAPHRAGM REPLACEMENT. Replacing
a diaphragm is not difficult. You need two
tools:
¢ A sharp putty knife L
¢ A metal yardstick (or other long, thin,
metal object) with one end sharpened

After removing any bolts, run the putty
knife around the cell's perimeter to separate
the spacers. Slide the yardstick down any cen-
ter spacers, while lifting one end of the top s
tor (Fig. 10-15).

With the stators separated, run the putty
knife under the epoxy on the spacers. It ge
erally separates easily.

You will have difficulty if you applied to
much epoxy, which ran over the edges of th
spacers. If so, just peel and chip away as
you can.

Correct the problem which made disassem:
bly necessary. Vacuum the cell to remove
debris. Clean everything, and you are ready
install a new diaphragm.

PERFORATED-PLASTIC STATORS.
Plastic is not conductive: it must be coated wi
conductive paint. This offers two advantages.

You can apply the conductive coating to
outside of the stator (the side away from th
diaphragm). This technique uses the stato
itself to form a very high quality, effective,
uniform insulation.

You can make the stator conductive onlyi
certain areas, depending on where you ap
the conductive paint. This makes it easy t
eliminate stray capacitance.

Against these advantages, you must wei



the serious disadvantages compared with
every other stator design. Plastic stators are
elatively thick, which seriously degrades out-
put for two reasons.
¢ The holes/slots must be larger than with
a thin stator. This reduces field density.
» Applying the conductive coating to the
outside increases the D/S spacing by the
thickness of the plastic. Commonly, it
doubles it, and this is a tremendous
penalty (Fig. 10-16).
Applying the coating to the inside has no
eleterious effect on output, but why would
ou do so¢ Not only is it a major chore, it offers
0 advantages over thin-metal stators, while
he disadvantages of plastic stators remain.
Plastic has other problems as well: it is
eak compared to metal; it must be thicker
an metal to have adequate strength; since it
weak, it is difficult to obtain high open-area
tios.
- Perforated plastic does not come ready-
made to specifications which are suitable for
5L construction. It must be custom perforat-
ed, which is expensive, time-consuming, and
esents shipping problems.
Because of these problems, I think plastic
ators are best reserved for ESL designs with
ge D/S spacing. Such designs may require
oltages high enough to require stator insula-
on. Also, wide spacing means the relatively
large perforations are not such a liability.
Suitable plastic must be at least 80-mil thick,

o~y
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nd 120 mil (1/8”) may be necessary unless you

lto,o e elaborate external support structures. Refer
thé 0 Chapter 4 on output for perforation patterns.
best Construction techniques for perforated-

stic stators are similar to perforated metal,
but with a few modifications and additional
sks. You can build the spacer frames as
sual, but you need not glue the frames
gether before gluing on the perforated sheet.
you are accurate, you can assemble the
ames by gluing the strips directly onto the
erforated plastic.

Unlike a perforated-metal stator, you can
n the plastic sheet all the way to the spacer
me's edge. To avoid the penalty of stray
apacitance, don't apply conductive paint all
way to the edge. Remember that stray
pacitance is caused by a conductive part over-
y in hing an immovable section of diaphragm.
When gluing the spacer frame or strips to
e perforated plastic, don't use epoxy. Use
ter-thin cyanoacrylate instead.

Apply the cyanoacrylate in a bead beside
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of conductive paint

FIGURE 10-17: Segmenting a single cell with
conductive paint.

the joint. As it wicks its way inside the joint by
capillary action, it welds the two plastics
together to form an extremely strong joint.

You can do clever things with conductive
paint. For example, I've already mentioned
that you can reduce stray capacitance by omit-
ting paint where a spacer is present. Another
idea is to use the paint to turn a single cell into
a segmented speaker (Fig. 10-17).

To make contact with the stator's conduc-
tive paint, apply it on the desired area near the
cell's perimeter. Drill a hole through both the
perforated plastic and its spacer. Cut a brass
shim stock tab and secure it with a nylon bolt.
The tab contact used in perforated-metal cells
is similar to this.

If you use flat-head nylon bolts, you can
recess them into a countersunk hole anywhere
inside the stator to make a contact point. This
could come in handy if you have conductive
strips you wish to contact (Fig. 10-18).

Nut ' Nylon
o~ _ bolt
: = Conductive
T =/ palnt

Perforated plastic T
stator -

FIGURE 10-18: Detail of stator contact.
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Braces

T

Spacer

fkrame

Diaphragm side

FIGURE 10-19: Typical external bracing.

Do not use a spray gun to apply conductive
paint. If you do, some will get into the holes
and compromise the otherwise excellent insu-
laing quality. Using a fine-nap paint roller
works much better. Rollers as narrow as 2” are
available in hardware and paint stores.

When using a roller, lightly coat it with
paint. Apply only a thin coat of paint to the
plastic. If you overdo the coat, it will run inside
the holes and compromise your insulation.
Also, press lightly on the roller. If you roll too
heavily, you will squish paint into the holes.

Unless your cells are very small, you must
brace them to support the flimsy plastic. You
have a choice of ways to do this. Most builders
use some type of plastic or wood strips, which
are glued across the cell in several locations
(Fig. 10-19).

Be sure whatever material you use is
straight. Any curvature in the brace will affect
the stator and cause nonuniform construction,
with adverse effects on output.

Use a dimensionally-stable material. Wood
is unsuitable because it absorbs moisture, and
tends to warp and change length depending
on humidity.

At the voltages we are using, wood is a fair-
ly good conductor. Because of this, and
because of its dimensional instability, I don't
recommend it for braces.

Use a good Insulator as bracing material,

FIGURE 10-20: Typical fluorescent light
grid/diffuser.

since it will cross conductive areas and could
short one section to another. A noninsulato
would be a shock hazard, since it would cary
the full charge applied to the stators.

Metal braces are a poor choice because the
are conductive. Plastic best meets the require
ments. The problem with plastic braces is they
aren't very strong, and are hard to cut perfed
ly straight. Still, 1/8-inch-thick plastic, 1-inch
wide and laid on edge, works well if you can
cut straight pieces.

A good solution to this problem is to glue
the perforated plastic to ¥2- or 3%-inch-grid fl
orescent-light diffusers, as shown in Fig. 10
20. They are inexpensive, flat, and available
home improvement centers, they have a limi
ed size selecton and the resulting cell is ve
thick. With a little creative thinking, howeves
you can get them to work.

When gluing plastic braces to your stato
use epoxy, since you will be gluing them to
conductive paint and not to the plastic stato
If you use cyanoacrylate, it cannot contact th
plastic in the stator in order to weld the
together.

RIGID-WIRE STATORS. An easy way
visualize the construction of a rigid-wire stator
is to imagine that you removed the metal from
a perforated-metal stator and laid rigid wi
side-by-side in its place (Fig. 10-21).
While this concept appears valid, in realif
problems with structural strength exist. Unil
a metal plate which is rigid in two directions
a series of wires is rigid in only one direction
Also, an array of wires is much heavier than
thin aluminum sheet.
A stiff-wire stator needs a stronger fra
work. With perforated-metal stators,

”~

Wires

] Spacer
l m frame

FIGURE 10-21: Rigid wire construction.
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FIGURE 10-22: Bracing for rigid wire stators.

metal holds everything together and the spac-
ers separate the diaphragm from the stators. In
figid-wire designs, the wires do not hold things
together. The spacer framework must both
support the wire load and withstand the con-
siderable stress of the diaphragm tension.

The technique commonly used to achieve
the necessary strength is to make the perime-
ter cell spacers stronger. Do this by laminating
abrace of heavy plastic onto the spacers that
form the cell perimeter. Figure 10-22 shows
one such design.

The glue bonds for this type of frame must
e very strong. A butt joint between plastic
rips isn't stout enough. Figure 10-23 shows
the proper way to overlap parts so they are
dequately robust. Use cyanoacrylate glue.
ake sure the parts are straight and in tight
pntact so you get solidly welded joints.

When designing wire stators, several ques-
ions commonly arise:

o What is optimum wire size¢

» How far apart should 1 place them¢

¢ What material should I use¢

» How important is stray capacitance¢

o Should I use exterior supports to

reduce stray capacitances
Conceptually, the wire size is easy to
decide: it should be as small as possible. You
need small slots and large open space for best
performance, and this means the wires should
be extremely small.

WIRE SIZE. Ideally, the wires should be so
small that they are deflected by electrostatic
dive under high-output conditions. In practi-
4l terms, however, the limiting factor is that
small wire is never straight and stiff enough to
the distance between spacers.

The smallest practical size, therefore, is 40
. Since 1/16” (63 mil) wire is most readily
ailable, it is most often used.

You will probably make your wire choice
ased on practicality: what size wire is com-

TN 4
Note overlap

Brace

<«—Spacer
e

FIGURE 10-23: Overiap corner braces.

monly available¢ Like perforated metal, any-
thing is available if you are willing to sacrifice
time, effort, and money. But it's much easier to
find and use “off-the-shelf” wire which is
locally available, and which you can buy in
small quantities.

Quantity is relative, however. I had quite a
surprise when I bought wire for my first ESLs
(the large ones shown in this book). At first
glance, it doesn't appear that many wires are
involved. A little thought and math proved me
wrong.

I designed the ESLs with 12 wires/inch.
Each cell was 18-inches wide, and I needed
eight stators for four cells. | expected to reject
20% of the wires as excessively crooked. It
turned out that I needed 2,000 wires!

I had to clean each one, test it for straight-
ness, position it, space it, glue it, and solder an
electrical contact wire to it. Even a little task
consumes a lot of time, effort, and money
when you repeat it 2,000 times. When work-
ing with quantities of this size, specialized
orders from wire manufacturers are more
practical.

WIRE TYPE. The wire material determines
whether it is commoily available. Since it
must be strong to be rigid in small diameters,
steel is the preferred material.

The many different steel alloys vary greatly
in strength and stiffness. The most readily avail-
able, and least expensive, is mild-steel wire.

Any welding supply shop sells gas welding
rod. Several diameters are suitable for ESLs,
including 1/16”, 3/32”, and 1/8”.

These rods are usually 3-feet long, which is
ideal for most ESLs. The materal is electro-
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Perimeter

5 Wires
pacers ‘

Internal spacers
FIGURE 10-24: Simple rigid wire stator design.

plated with either nickel or copper to prevent
rusting. As in anodizing aluminum, these coat-
ings require that the wire be spotlessly clean.
If it has been stored in a closed container, it
will be ready to use when you buy it. Welding
rod is not the cheapest material, but having
ready-to-use wire is worth the extra cost.

For the quantities you will be purchasing,
you should negotiate a low price. Look up a
wholesaler or distributor of welding supplies
who is willing to work with you directly. Also,
check the “Yellow Pages” of large cities under
“Wire.”

Welding rod is not perfect. It doesn't come
smaller than 1/16”, is soft and, for steel, not
very strong.

“Music wire” is much stronger and comes in
smaller sizes. One of a family of high-carbon
tempered steels, it is so hard and strong it's
used to make springs. You can use it in smaller

diameters than mild-steel wire because of
strength. Unfortunately, it's not electroplate

You can purchase music wire from
shops in 3’ lengths, but it's expensive. Youe
get more reasonable prices from a wire sup
house. Again, look in the “Yellow Pages.”

Manufacturers supply wire to wholesa
in large rolls. They cut it to custom leng
after running it through a wire-straightenin
machine. Ask for “cut-and-straight” wire.

If asked, the supplier will tell you the wire
perfectly straight when it comes out of
machine. To him, it probably is. For your
however, it isn't. Expect to discard at le
20% of the wire as excessively crooked.

Plan to paint the wires to prevent rust. Tt
have an oily coating to assist with fabricatio
and resist oxidation in storage, and you mu
thoroughly clean them. Electroplating is
expensive altemative.

WIRE CLEANING. A slight oily film may
sound like a big deal, but how do you cleanc
from a thin wire 3-feet long¢ More to the poi
how do you remove oil from several thousa
such wires¢ It simply isn't practical to
each wire with a solvent-soaked rag.
How about washing them in a pan¢
piece of rain gutter makes a cleaning p
when lined with an 8-mil plastic sheet. R
the plastic at the ends so the solvent ca
escape. Or dig a trench in the ground and lig
it with the plastic.
Several thousand wires are very heavy. i
bundle weighed over 100 Ibs. You must us
stout pan. The solvent is toxic and higl
flammable, whether it be gasoline, acetone,
paint thinner. Safer, less volatile solvents, su
as kerosene or stove oil, leave a slightly ¢
residue which won't accept paint. Some s

SELECTING STRAIGHT WIRE. To det
mine whether a wire is straight, roll it on
piece of glass. You will immediately see 2
corkscrew shape left by the wire-straighteni
machine. If the wire rolls freely, keep it.

WIRE ORIENTATION AND POSITIO
How far apart should the wires be¢ If you
1/16” welding rod, 10 wires/inch gives a go
open area percentage. If you use 50-mil m
wire, place 12 wires/inch.

Stray capacitance and supporting structy
complexity for rigid-wire stators are interrelat



ost builders accept about 10% stray capaci-
ce as a fair trade-off for ease of construction.
By crossing the wires over the D/S support
cers, you can get the necessary support
ithout building any structure outside the cells.
e same technique is used for building perfo-
ted-metal stators. Refer to Chapter 4 on out-
t for further discussion of stray capacitance.
If you wish to reduce the stray capacitance,
nge the wires so they don't cross any spac-
. You must then add external bracing to sup-
ort the wires. You can use the same techniques
in the section on perforated-plastic stators.
Figure 10-24 shows the most common and
siest-to-build construction layout. The dis-
vantage is that the stray capacitance is high-
than in Fig. 10-25.
Don't get too excited about stray capaci-
ce. While it matters, it isn't a serious prob-
in most designs. The difficulties involved
building near-zero-stray-capacitance ESLs
n't worth the performance gain.
An exception is when the panels are very
ge. Then 10% stray capacitance becomes
ificant, particularly when the audio drive
stem is already straining to meet the high
acitance demands of a large cell.
Another extremely important consideration
the orientation of the wires to internal spac-
is diaphragm tension. You will recall that
diaphragm puts a lot of tension on the
imeter spacers.
look again at Fig. 10-25. Note that the
imeter spacers which are parallel to the
ires have no way to resist the diaphragm's
. They will bow inward, and the
laphragm will not develop full tension.
w look again at Fig. 10-24. See how the
emal spacers brace the sides of the perime-
spacers, and keep them from bowing
d from diaphragm tension.
The low-stray-capacitance design in Fig. 10-
can be strengthened by using external brac-
perpendicular to the wires. You must do
is, anyway, to support the wires. A lot of
work will be necessary to avoid a small
unt of stray capacitance.

NTING WIRES. Place the wires parallel
each other, and a small but precise distance
. A good way is to lay a fistful of wires on
frame, and roll them around until they are
ying flat beside each other.

btain a piece of threaded rod as wide as
cell. Hardware stores carry threaded rod
sections. It comes in different diameters

FIGURE 10-25: Low stray capacitance stator
design.

and threads-per-inch, so you can usually find a
suitable size.

For example, if you are using 1/16” welding
rod placed 10/inch, buy threaded rod with 10
threads/inch. Get the largest diameter avail-
able with the threads-per-inch you need.

If you can't find a rod with the exact num-
ber of threads required, have a machine shop
make one for you. A metal lathe can easily cut
threads on a rod to your specifications, and
this is such a quick and easy procedure that
the cost should be minimal.

To parallel the wires, use two threaded rods.
Place the first rod at one end of the wires. Work
the wires so one lies in each groove (Fig. 10-26).

Threaded rod

FIGURE 10-26: Position rods.
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communicated in millimeters or microns. I'm
in a bind. Should I use the superior metric sys-
tem known worldwide, but not (amazingly)

used in the States¢ Or should I use ridiculous
I English measurements with which Americans
are more familiar¢ Although I would prefer to
use metric units, I'll use English in this text
since it is published in the US.

Even so, you probably haven't heard of the
English measurement mil. I will use it fre-
quently when discussing small distances like
the thicknesses of glue bonds, diaphragms,
wire, sheet metal, and spacers. As suggested
by the prefix modifiers above, a mil is one-
thousandth of an inch (0.001").

PARALLEL AND SERIES CONNEC-
TIONS. You can make connections to elec-
tronic parts in series, in parallel, or a combi-
nation of the two. This is easier to illustrate
(Fig. 2-2) than to explain.

MASS AND INERTIA. Scientists define mass

and inertia in a roundabout manner that fails

/
/
Non-Linear motion / .
el = "
r/’ &
7
Linear motion Ay

FIGURE 2-3: Types of motion.

to define either one: mass is that which has
inertia. Inertia is a property of mass. This gets
a bit more meaningful when we add that iner-
tia is the tendency for mass to remain in
motion (or at rest), unless acted upon by an
outside force.

Weight is the force produced by mass in a
gravitational field. Although many people use
weight and mass interchangeably, weight is a
property of mass—they are not the same.
The weight of a speaker is not the problem—
its inertia is.

Inertia ruins transient response. It prevents
the speaker from responding instantly to the
electrical drive signal. It causes the speaker to
“remain in motion” and overshoot the
intended waveform.

When mass (like a speaker cone) is com-
bined with a spring (like the suspension in a
speaker), it produces resonances and “ringing.”
Resonance is best visualized in a guitar string.
The mass of the string vibrates at one particu-
lar frequency—its resonant frequency. If
you increase the mass of the string or reduce
the spring tension, the frequency falls.
Ringing is a type of resonance where the
speaker continues oscillating after the drive
signal is removed.

AUDIO TERMINOLOGY. Nonlinear distor-
tion occurs when a linearly increasing voltage
or other force results in exponential rather
than linear motion. Figure 2-3 graphically
depicts linear and nonlinear motion.
Harmonic distortion occurs when the
desired (fundamental) frequency has harmonic
(mathematically related) frequencies inappro-
priately added to it. For example, if you want a
pure 1kHz frequency tone (also known as a
sine wave), but find that there is a 2kHz tone
added to it, the 2kHz tone is harmonic distor-
tion. It is harmonic distortion, because it is a
multiple of 1kHz and isn't supposed to be there.
It is also the second harmonic of 1kHz
because it is 1kHz x 2. What would the third
harmonic be¢ Right . . . 3kHz. If the amplitude
of the 2kHz tone is 20% of the fundamental,
you have 20% second-harmonic distortion.
Harmonic distortion measurements usually
lump all harmonic components together and
call it Total Harmonic Distordon (THD).
Intermodulation distortion (IM distortion)
is where the desired frequency is modulated
by another frequency. Imagine a cone speak-
er producing deep bass. If it also produces
high frequencies, the high frequencies will

-
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FIGURE 10-27: Spacing rods.

Threaded
rod

Masking

1 /Tape

FIGURE 10-28: Anchor rods.

Place the second rod close to the first. While
you hold the first in place, roll or comb the sec-
ond rod toward the opposite end of the wires
(Fig. 10-27).

When you have positioned the wires, secure
them with a few strips of masking tape (Fig.
10-28). Glue the wires to the frame by pouring
epoxy over them. If you prefer, you can use sil-
icone rubber.

WIRE GRID. Connect the wires to form a
uniform electrical grid. I do this by soldering a
copper or steel connecting wire across them
prior to painting the stator (Fig. 10-29).

An altemative is to pour a conductive paint,
or conductive epoxy, along one end of the
wires. Bend up one end for the electrical con-
tact (Fig. 10-30).

If you use conductive paint, embed a solder
tab or a brass strip in the paint for a contact. If
you rely on the paint to hold the tab, it will be
mechanically unsound and may later get tom
loose. A small nylon bolt will hold it firmly in
place. An alternative is to solder a contact wire
to one wire in the grid.

TENSIONED WIRE. You can make wire very
straight and stiff by holding it under tension.
Tensioned wires allow you to make an extreme-
ly Hat stator with very small diameter wire.

FIGURE 10-29: Make electrical connection o
rods.

Of the different types of construction, te
sioned-wire stators can potentially produce the
highest output. If you use high quality insulat
wire, their insulation properties can be as goo
as perforated-plastic stators. Unfortunatels
they are the most difficult to build.

Use the same design guidelines for tensione

Connection Conductive
bus paint

ot

FIGURE 10-30: Alternative method of connect
ing rods.




wire formats that you used for rigid-wire stators.
In short, to generate a high field density, many
small wires placed close together are better than
afew large wires spaced far apart.

WIRE TYPE. Many types of wire are suitable
for tensioned-wire stators. Copper is the most
common, and you may either use it bare or
with various coatings.

These include tin, and silver, as well as many
types of insulation. Most builders use insulated
wire. The literature that discusses insulation
and its use with ESLs is outdated, and there is
litle data on modem wire insulation.

For example, Teflon-coated wire probably
offers the highest insulation quality for the
thinnest coating. I expect it is the highest qual-
ity stator possible, yet it's not mentioned in
the literature.

Magnet wire (used to wind motors, electro-
magnets, and transformers) works well. Not
only is it inexpensive, it has excellent insula-
tion and comes in very small diameters.

The older references give magnet wire a
poor rating, however. I believe this is because
the enamel insulation of that day was not
nearly as good as modern magnet-wire insula-
tion. Today's insulation is far superior to the
older types.

You can find magnet wire in hair-thin sizes.
Astator made from it could suffer from deflec-
tion caused by the electrostatic drive force.
Don't use extremely small wire unless you
support it at close intervals.

So what constitutes a “close interval”¢ This
is highly dependent upon wire diameter, since
it determines both the maximum tension and
the mass of the wire.

Recall that the combination of wire mass
and stiffness prevents deflection of the stator.
The stiffness of a tensioned wire is deter-
mined by how much tension you apply to it
and the distance between support structures.

The atomic weight of the elements used to
make the wire times the wire's diameter
defines its mass.

Copper is relatively dense and heavy, with
much higher mass and inertia than aluminum
wire. If mass were the only variable, copper
would be ideal for tensioned stators.

Unfortunately, it is soft and has poor tensile
strength. You can only bring it to moderate
tension before it stretches and breaks.

Small-diameter steel wire would be much
better. A high-carbon alloy such as music wire
would be better still.

If you are looking for the best combination
of strength and inertia in a hair-thin wire, it
would have to be tungsten. Extremely strong
and available in very small diameters, tungsten
is relatively massive. It isn't insulated, but
again, most ESLs don't need it.

TENSIONED-WIRE FRAMES. True ten-
sioned-wire ESLs are very rare. I have yet to
see a design | like, and consider them experi-
mental. If you are the creative type and have
access to a machine shop, I encourage you to
explore the possibilities.

The major problem with tensioned-wire
stators is that you need a very strong, rigid
framework upon which to string the wires.
Most of these designs use some form of plas-
tc “egg-crate,” fluorescent-light diffusers to
serve this purpose.

Like all stator designs, you must support the
conductors at reasonable intervals. Egg-crate
construction supports the wires at very close
intervals, usually every 12",

Mounting the wires is a major problem.
Drilling holes along the ends of the crate for the
wires is one way (Fig. 10-31). Running a long,
continuous wire through a series of holes is a
major task, however. You need a better way.

Another way is to put pins along the ends,
over which you can hook the wire (Fig. 10-32).
An alternative technique was used in the 1950s

- - y 1

FIGURE 10-31: Tensioned wire strung through
holes.
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FIGURE 10-32: Tensioned wire strung on pins.
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by the late Arthur Janszen in his commercial
ESL tweeters. He wrapped the wires around
both sides of a thick plastic grid (Fig. 10-33).

Egg-crate construction has its problems.
Since plastic isn't strong, you can't apply high
tension to the wires. A multitude of small
wires under even moderate tension produce
an amazing amount of pressure on the support
structure.

Think about a stator 18-inches wide, having
20 wires/inch, each wire with a tension of only
one pound. One pound isn't much tension.
Even so, the force trying to collapse this egg
crate is 360 lbs.

If each wire had 10 lbs. of tension, there
would be over 1Y tons of pressure on this flim-
sy plastic grid. Look inside a piano to see the
support structure necessary to handle many
wires in tension.

AN AW AW AW AV 4
A A u

v

FIGURE 10-33: Wrapped wire stator.

Of course, the wires in an ESL don't have to
be that tight. My point is that plastic light dif-
fusers aren't strong enough to do the job.

Builders use them successfully because they
glue the wires to each crossrib in the crate.
With the wires supported every 12", the light
tension just keeps them in position until the
glue cures. Such a stator design is actually
“quasi-tensioned.”

One builder made an interesting variation
on the “egg-crate” wire stator by gluing alu-
minum window screen to the crate. He did
this by placing the screen on glass, which he
covered with aluminum foil with the edges
turned up to form a shallow pan. He put the
“egg crate” on top of the screen, then poured
liquid plastic cement over the structure. The
cement drained to the bottom, where it
pooled on the aluminum foil at the junction of
the screen and crate.

The cement softened and melted the plastic
crate slightly, then evaporated. By weighting
the crate, the screen welded to the plastic. The
aluminum window screen has very small

wires with 1/16” openings, and an open ares
higher than 50%. Performance is reportedl
similar to Lincaine perforated metal.

A close-to-perfect design would be a trul
tensioned-wire stator. It would need a stee
aluminum, or carbon-fiber, composite fram
work to manage high forces without significa
distortion. A series of pins along opposing sides
could accept the wires, each of which would be
strung with several pounds of tension.

If you wanted insulation, you could use 2
mil magnet wire or small-gauge, Teflon-coate
wire. Putting 20 magnet wires/inch woult
give a very high field density with an op
area of 60%.

I would forego insulation and use 10-m
music wire or tungsten. For the ultimate stator,
I would use 40 wires/inch for an open area of
60% and extremely high field density.

The ulimate stator would need to have nea
zero stray capacitance, so | would use extema
supports. Because the tension would be high,
would use one only every 4”. It would be fasc
nating to compare this high-performan
design with a more conventional stator.

EXTERNAL BRACING. You must take sp
cial care when using external bracing. If pot
tioned improperly, it will deflect the wire fro
perfect straightness.

Presumably, if you take the trouble to buil
a tensioned-wire stator, you want it as pe
fectly flat as possible. A brace which touches:
wire will deflect it, and it will no longer b
straight.

The braces must be positioned so
almost, but not quite, touch the wires.
problem then becomes how to glue the wi
to them.

A thick adhesive, such as epoxy, is una
ceptable unless the wire is under very hig
tension, when it can overcome the epoxy
viscosity to find its naturally straight positior
Also, the epoxy tends to form a glob, whic
protrudes from the stator and reduces the D
spacing.

Fortunately, each wire has only a very we
force applied to it, so the adhesive need nott
strong. You can attach the wires to the brac
using spray paint. Several light coats sprayed
the brace/wire junctions will bridge the gapsan
bond them. The light liquid spray will
deflect the wires from their straight position.

Another consideration is the expansion ar
contraction which temperature changes
cause in the wires and frame. If the wires ¢



FIGURE 10-34: Incorrect frequency response.
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FIGURE 10-35: Ideal frequency response.

pulled tightly around pins or through holes,
they will loosen and tighten with temperature,
adversely affecting performance.

A problem will occur when winding the
wires onto the frame because no framework is
perfectly rigid and dimensionally stable. The
first wires you attach will be tight. As more are
wound on, however, they will slightly deform
the frame and the original wires will loosen.
The framework needs to incorporate some
type of tightening device, which can be adjust-
ed after the stator is completed, so the wires
are held at high tension. Alternatively, you can
use an arrangement of strong springs to hold
the wires in tension.

As with rigid-wire designs, tensioned-wire
tators require you to connect all the wires
electrically. Tensioned-wire stators present a
ifferent dilemma: insulated wire. The insula-
jon prevents you from conveniently soldering
every wire in the grid.

Often, only one wire is used to string the
tire stator. It may be more than 1,000-feet
g. The resistance of such a length of wire
adversely affect high-frequency response.
If there is significant resistance in the stator,
eas which are far from the amplifier contact

duced high-frequency response at locations
from the contact.
While this is unacceptable for most designs,
e builders deliberately compensate for
ase cancellation this way. However, the fre-
Ccy response curve is wrong, as in Fig. 10-
. Recall that you need frequency compensa-
as appears in Fig. 10-35.
You can calculate the high-frequency
onse at any stator location with the for-

159455
" RC

Where:
F = Frequency in hertz

R = Resistance in chms
C = Capacitance in microfarads

Obviously, quite a bit of resistance is need-
ed for this to be a problem. Still, it isn't rea-
sonable to connect only the ends of a very
long wire to the amplifier. Ideally, you should
connect every wire to a bus which connects
to the amplifier, as you did for a rigid-wire
stator.

Connecting the ends of every wire to the bus
is unnecessary and a lot of work. A reasonable
compromise would be to make a connection
about every 100’ along the wire. Give thought to
this when you are winding the stator. You will
have to tie off the wire at these points, so the
insulation can be stripped and connected.

Wires should not be allowed to make elec-
trical contact with a metal or conductive
frame. If they do, the frame will be at the drive
voltage, producing stray capacitance and a
shock hazard.

When using insulated wire, prevent bare
parts from contacting the framework. If you
use bare wire, insulate the pins by slipping
Teflon “spaghetti tubing” over them. A
notched-plastic strip insulator can be made to
accept the wire.

Precisely cutting the notches is difficult to do
freehand. The same applies to drilling holes and
installing pins. A milling machine does this type
of work quickly and accurately. While this is
not the type of machine you are likely to have
in your garage, it would be worth having the
holes drilled or slots cut by a machine shop
because of the precision it requires.

Consider a set of ESLs consisting of two
cells/channel. These four cells require two sta-
tors each for a total of eight stators. Each sta-
tor has a set of pins or slots at each end to
which you wrap wire, for a total of 16 strips.
If each cell is 18-inches wide and has 20
wires/inch, the total number of pins or slots
required is 5,760!

Another interesting figure is the amount of
wire used to wind these ESLs. A speaker that
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FIGURE 10-36: Spacer orientation in curved
cell.

Pull diaphragm
B along cylinder
axis only

FIGURE 10-37: How to prevent diaphragm col-
lapse in curved cell.

wires/inch, would require a total of 8,640’ of
wire. Suddenly, the compromises of perforat-
ed metal don't seem so bad.

RESONANCE IN CELL STRUCTURES.
Some builders worry that their ESL structure
will resonate, buzz, orrattle. They try all kinds
of things to prevent this anticipated problem.

They pack foam or felt along the edges of
cells, mount them on springs or rubber bands,
and put silicone rubber along the edges of
diaphragms. Yet I've never heard any reso-
nance or other coloration caused by an ESL
structure to justify this.

My suggestion: don't worry about it.

CURVED ELECTROSTATIC CELLS.
Curved ESLs follow all the basic guidelines,
design parameters, and general rules as planar
cells with one important exception: any inter-
nal spacers must be horizontal. These help
support the diaphragm in a curve (Fig. 10-36).

Two major building differences between
curved and flat cells are:

e Curved cells are built on at least one,
and preferably two, curved tables.

¢ The diaphragm must be tensioned in
only one direction, along the axis of
an imaginary cylinder. If the diaphragm
is stretched along the circumference, it
will be pulled into the inner stator and
short the cell (Fig. 10-37).

Wire-stator construction becomes trouble-
some when building curved cells. Since the
wires are straight and rigid, they must run in
the direction of the cylinder axis. The frame-
work and external bracing (if any) must run in
the direction of the cylinder circumference.

Thus, you must cut curved braces or heat
plastic braces until they almost melt, while
you mold them into the correct curve around
some sort of jig. While possible, it is difficult.

Positioning the wires is an added problem
You can't roll a threaded rod down them
because it would have to be curved. You mi
use a combing action, but keeping the entire
in contact with all the wires would be difficult.

All things considered, it makes more sen
to use perforated metal, which you can easily
bend into the required curve. Also, curvin
perforated metal produces a perfectly flat su
face in the direction of the cylinder axis, an
prevents any problems with warped stators.

You should not glue the spacers to the pe
forated metal on a flat surface, and later try to
curve it into the cell. The perforated metal and
spacers form a lamination, and laminations are
very stff. Therefore, the stator resists bei
forced into a curve.

If the glue bonds don't break at the stator
to-spacer joint, they likely will at the
diaphragm-to-spacer joint. Cells built on a flat
surface must include nylon screws to help pro-
tect the glue bonds.

Building the stators on a curved table, so
they will naturally follow the correct curve, is
much better. Then the glue bonds will not be
under stress in the finished cell.

Ideally, you should laminate the spacers to
the perforated metal on a table which has a lit-
tle more curve than you wish. When you
release the stator from the table, it will spring
back slightly toward the flat position. If you
then finish the cell on a table with about 15%
less curve, the cell will place nearly zero stress
on the glue bonds.



Unfortunately, this requires two tabletops:
one for gluing the spacers to the metal, and a
second for gluing the diaphragm-to-spacer
laminations. Making one curved tabletop is
ouble enough. Why make two, when you
can get by with just one¢ The glue bonds will
stressed, but not badly. If you are a perfec-
tionist, make two.

The diaphragm can move more easily
toward the inner than toward the outer sta-
tor. As the diaphragm moves outward, it
must stretch tighter to move to a larger cir-
cumference. Moving inward reduces tension
(Fig. 10-38).

The diaphragm’s inward movement also
produces a certain amount of nonlinear distor-
tion not present in planar cells. Fortunately,
this distortion is subtle. Acoustic coupling is
also a problem.

-
-

Diaphragm must stretch farther
to point A than point B

FIGURE 10-38: Non-linear diaphragm motion
due to curvature.

A way to minimize these problems is to use
a larger D/S spacing on the inner stator. For
example, you could use 70-mil spacing (1/16
acrylic spacers) on the outer stator and 90-mil
spacing (80-mil polycarbonate) on the inner
stator. This will not cause distortion.
Remember that the force field is the same any-
where between the two stators.

The inner stator must be slightly smaller
because its circumference is less. The more
curvature in the cell, and the wider it is, the
greater the size difference between the inner
and outer stator.

This difference is usually great enough that
you must make the stators slightly different
sizes. If you choose a very flat curve, and the
cell is narrow, you can safely make them the
same size. They will not match perfectly, but
they may be close enough. For all others, dif-
ferent-sized stators are essential.

Determining the size difference between
stators is surprisingly easy. You need only
know the degrees of dispersion required, and
the D/S spacing for both stators. For this

example, assume the D/S spacings are 0.07"
and 0.09”, and the dispersion desired is 20°.

The perforated metal will not give, so the
circumference difference should be deter-
mined at the center of each piece of sheet
metal. The thickness of the metal is small
enough to be insignificant. For calculations,
you may assume it is infinitely thin.

The difference between the circumferences
of the stators is the difference of the circum-
ferences of two circles whose radii are the dif-
ference times the sum of the D/S spacing. By
taking the angle of dispersion as a percentage
of a circle, you can find the size difference. A

simple formula for this is:
W=D2n Angley
360
Where:
W = Difference in width between
inner and outer stators
D = Sum of D/S spacers

Anglep, = Dispersion angle

Solving this equation for the above exam-
ple, the difference between stator widths is
0.055”, which is almost 1/16”. That may not
seem like much, but remember this cell does
not have much curve.

Consider the same cell with 60° of disper-
sion. Now the error becomes 0.168”, or near-
ly 3/16”. About %" difference would exist if
the cell had 90° of dispersion. If you wanted
90° of dispersion in a cell using 140-mil D/S
spacing, the difference would be 440 mil, or
nearly 12".

Another decision involves your desired dis-
persion angle. Against the desired amount of
dispersion, you must balance reduced detail
and output, nonlinear distortion, and con-
struction difficulties. I recommend you use the
least amount of dispersion consistent with
your needs.

The main problem with highly curved cells is
correctly fitting the diaphragm. When stretched
in one direction, a diaphragm tends to form a
slight hourglass shape, rather than remaining
rectangular (Fig. 10-39). The diaphragm also
tends to develop wrinkles along its edges, and
the problem becomes more pronounced as you
increase the curvature.

You can remove the wrinkles by gently
pulling the edges in the direction of the cylin-
der's circumference. This cure is severely lim-
ited, however, because tension in that direc-
ton collapses the diaphragm into the inner
stator. A better solution is for the diaphragm
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FIGURE 10-39: Stretched curved diaphragm
shape.

to be significantly longer than the cell itself, so
you only use the middle 50-70% of it.

If you use a modest amount of cell curvature
with an oversized diaphragm, you can get
excellent results. Dispersion angles up to 20°
are relatively easy to make. Beyond that,
things get difficult.

For greater dispersion, several cells side by
side, each having minimal curvature, work
better than one large, wide cell with severe
curvature. In planar ESL designs, many small
cells are generally more trouble and introduce
more stray capacitance than one large cell. In
the specialized case of curved ESLs with large

/ Front View

Lag Screw
& Washer

‘ 2 X 4 Legs

Top View

FIGURE 10-41: Strong table leg design.
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FIGURE 10-40: Simple table for buildin
curved cells.

dispersion angles, however, it is the best sol
tion to a difficult problem.

CURVED TABLE. An important part of
building curved cells is the table upon whic
you assemble the panels. While it need not by
complex, it must be strong. Wooden two b
four construction works fine for the basi
frame and legs. For simplicity, I've shown on
the basic framework in Fig. 10-40. Across thi
you will attach a curved top.

Figure 10-41 shows an easy method of ma
ing rigid legs. Diagonal bracing will be neede
for adequate stability, but it won't be much
you use the leg design shown.

Make the tabletop frame out of 2 x 4s and
x 8s (Fig. 10-42). Over these ribs you
attach a top to form the smooth curved surfa
upon which you build your cells. The numbe
of ribs you need depends on the stiffness o
the material you put over them. For mo
materials, a rib every 6” is adequate, but usi
more won't hurt. '

You need an accurate building surface
produce accurate ESLs. Since the ribs def
the surface, you must cut them carefully st
they closely match. Make a rib template outo

(" /U

FIGURE 10-42: Curved table top.




thin cardboard, such as a file folder. Trace
around this template for each rib.

A band saw is the best tool for cutting the
ribs, but you can also use a hand-held jig saw.
Use as wide a blade as possible for the
smoothest cut. When using a band saw, keep
light pressure against one side of the blade for
control.

The curved surface may be made from sheet
metal, sheet plastic (acrylic, polycarbonate, or
Formica™), or smooth wood products such as
Masonite™. The thicker the material, the bet-
ter (only not so thick that you can't bend it):
1/8-Y%4" plastics, 1/16-1/8" metals, and %"
Masonite™ work satisfactorily.

You must attach this material to the frame
without distorting it. I find that steel bars laid
over the edges of the curved surface help hold
it flat. The table will need to be several inches
wider than the finished cell so these parts
don't get in the way (Fig. 10-43).

I suggest you make two tabletops with dif-
ferent curves. Use the deeply curved one for
laminating the perforated metal to the spacers,
and the shallower one when installing
diaphragms.

You will need some type of hold-down to
secure the stator/spacer assemblies to the
curved surface. Strong nylon straps are ideal.
Attach one end to the side of the table, and the
other to a sliding buckle or some other mech-
anism that you can tighten. You can also fas-
ten a heavy weight to their loose end.
Alternatively, you can build a second curved
surface which is a concave image of the build-
ing surface. Think of it as a lid, and build it as
you would the tabletop (Fig. 10-44).

- Glue a piece of 12" foam to the lid's under-
side. You can hinge it to the table or leave it
free. Whatever clamping device, belts or

End View
3{:,,?; ber of table STTOP

Curved building ‘
surface .

2> 4
FIGURE 10-43: Detail of curved table top.

FIGURE 10-44: Table top "lid".

weights you use, be certain the lid can produce
enough pressure to hold the stator firmly to
the shape of the tabletop. If each rib is cut
from a rectangular piece of sufficient width,
the scrap can become a rib for the lid.

DIAPHRAGM STRETCHER. Heat shrink-
ing pulls the diaphragm in all directions. To
make a curved cell, you must stretch the
diaphragm in only one direction—along the
cylinder's axis.

Most builders use a one-way mechanical
diaphragm stretcher instead of heat shrinking.
In the next chapter, Barry McClune shows a
clever way to heat shrink a curved diaphragm.

If you use a stretcher, it must be very strong.
A surprising amount of force is needed to
stretch a sheet of Mylar.

To tension the diaphragm, attach one end of
the Mylar directly to the table or its extension.
Connect the other end to a movable section
made from 2” x %" steel for adequate strength
(Fig. 10-45).

I use Scotch® double-sided tape to hold the
Mylar to the stretcher. Others use more com-
plicated clamping devices. If you use tape, the
steel's surface must be very clean and smooth,
so the tape will stick well. Grind or sand it to
bare shiny metal. If there is any oxide or
roughness to the surface, the tape will pull
loose and your stretcher won't work.

You may find bending the steel to the table-
top curvature difficult. One easy way is to
bend it around a large cylinder (like a garbage
can) while it is still a long bar, which gives you
leverage. After it's bent, you can cut it to the
desired length.

A very good reason why the pivots are so
far away from the tabletop is in the drawing.
The steel surface should move so all its points
are equidistant from the Mylar's stationary
attachment.

Pivoting attachments don't achieve this
because the curve's middle moves farther than
its ends. This stretches the center of the
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diaphragm tighter than the sides, and aggra-
vates its tendency to assume an hourglass
shape.

Making the steel stretcher surface move the
same everywhere is conceptually easy. All you
must do is make a parallelogram mechanism,
although this requires much metal fabrication.
It's easier to use a pivot, but extend its length
so the difference in motion between the
stretcher's middle and its ends is insignificant.

L )|
“U] Tensioning

Screw

Stretcher

Pivot

FIGURE 10-45: Stretcher table.

CELL CONSTRUCTION. You still need a
piece of glass for making spacer frames and
coating diaphragms. Construction follows the
general principles for as perforated-metal, flat
ESLs, with a few modifications.

Cut plastic strips for the spacer frames, tak-
ing care to make the sizes for the inner and
outer stators slightly different. Glue the spacer
frames together on the glass. Transfer them to
the curved table, where you will glue them to
the perforated metal.

Be certain to make both an inside and an
outside stator! The outside one uses thinner
spacers, larger sheet metal, and a wider spacer
frame, which will lie against the curved table
with the perforated metal on top.

The inner stator's qualities will be just the
opposite: thicker, smaller and narrower,
respectively. The perforated metal will be
placed against the curved table with the spac-
er frame above it.

One point bears repeating: the outer stator
is built face down (spacer frame against the
table), and the inner stator is built face up (per-
forated metal against the table).

Also, pay special attention to the diaphragm
contact details. The larger diaphragm-contact
hole will need to be in the outer stator if you
use a bolt contact.

Be particularly cautious with the parts: do not
let them slide around and become misaligned
when you are compressing them onto the
curved tabletop. Use masking tape or cyano
acrylate glue to tack a couple of comers into
position, so they cannot move just prior to
compression.

Prepare a diaphragm by cutting it to fit the
stretcher. | coat it on the glass prior to attach-
ing it to the stretcher, because it's easier to get
under it there to remove grit than it is on the
curved tabletop.

Coat the diaphragm as you would for a flat
cell, but with one change: minimize the pieces
of tape. Tape complicates diaphragm installa-
tion. You can probably get by with tape only
in the corners.

STRETCHING THE DIAPHRAGM.
Prepare the stretcher for the diaphragm by
cleaning its contact surface with acetone.
Apply double-sided, thin Scotch tape. Do not
use the thick foam type because the
diaphragm tension will rip it apart.

The tape won't stick well if the metal is
cold. Warm it to room temperature with a heat
gun if necessary, so it will adhere well. Don't
get carried away and make it so hot it's
gummy.

Having an assistant when you transfer the
Mylar to the stretcher is very helpful. With
the two of you holding the Mylar in a ten-
sioned rectangle (keeping the graphite side
up), press the diaphragm to the tape on the
stationary end.

Check that it's aligned, and that there are no
big wrinkles. When you are satisfied, press the
other end to the moveable steel stretcher. Ifit's
misaligned, peel the Mylar free and try again.

Double-sided tape adheres amazingly well
to Mylar. It tends to pull away from the steel
first, so it is important that the steel is perfect-
ly clean and smooth. When the tape is proper-
ly applied, it will adhere tenaciously to both
the steel and the Mylar.

Stretch the diaphragm by tumning the tension-
ing screw. The stretcher has enough strength to
deform the Mylar, although an impressive
amount of force is necessary to do so. Stretch
the diaphragm as tightly as possible. The opti-
mum tension is where it just starts to deform.

With the diaphragm tight, look for wrin-
kles. If a few small wrinkles are present at the
edges, gently smooth them by wiping the
Mylar with a paper towel. Wipe from center
to edge; there should be enough suction




between the Mylar and the tabletop to hold
it in place.

You may use tape, but try to avoid it. Use as
little tension at right angles to the stretched
direction as possible, since this will tend to
collapse the diaphragm toward the inner sta-
tor. Use enough tension to remove the wrin-
kles and no more.

Glue the outer stator to the diaphragm.
Take care to get the diaphragm contact right. If
the curve of your stator matches the tabletop
soit lies flat on the diaphragm, fine. If not, you
must hold it in place with straps or a lid. If you
use straps, you can press on the spacers to
squeeze the epoxy, taking care not to disrupt
the alignment.

After the epoxy has catalyzed, slacken the
stretcher and cut the diaphragm free. Get
some air under it, and lift the assembly from
the table.

Examine the diaphragm carefully. You
should not see wrinkles, although you can live
with a few small ones. If large wrinkles com-
promise the D/S spacing, install a new
diaphragm.

Place the inner stator on the table face up,
and glue it to the outer diaphragm/stator
assembly. Carefully check the diaphragm con-
tact alignment. Place the assembly under com-
pression until the epoxy has cured.

Handle the finished cell more carefully than
you would a planar cell if the glue bonds are
under tension. Store it vertically—not hori-
zontally, where you could accidentally push
onit. Very little pressure is needed to straight-
en the curve and break the glue bonds.

Mount your cells using a method which
helps hold them in an arc. Some builders insert
nylon bolts through the spacers to take some
stress off the bonds. If you made curved sta-
tors at the start and handled the finished cells
with care, this is not necessary. The bonds are
not that fragile, but why take risks¢

MOUNTING ESLs. You'll need to mount
your ESLs in some type of frame to make a fin-
ished speaker. Aesthetics play a very impor-
tant role here. Many choices are available, and
its such a personal decision that I won't pre-
sent specific designs. Instead, I'll give you a
few ideas and you can take it from there.

Most cell designs have insulating spacers at
their edges, which you can use to mount the
cells. The two spacers are typically only 1/8”.
By cutting a slot in a wooden or metal frame,
you can just slip the cells into the frame.

Remember, at ESL voltages, wood is not an
insulator. It may not be a good conductor, but
if you short the stators and diaphragm to the
wooden frame, the speaker won't work.
Don't let the audio-drive voltage to the stators
touch or come close to any part of the frame.

The diaphragm-polarizing voltage can be in
contact with the wood, and in fact is hard to
avoid. The diaphragm comes to the edge of
the spacers around the perimeter in most
designs. Both the spacers and the diaphragm
will touch the wood. If the stators don't con-
tact the frame, this is not a problem.

k._/ood 2 % 2

Aluminum
1 x 1/8 strip

-

\\
Wond screws

N

FIGURE 10-46: How to stabilize a thin wood
frame.

If you don't want the diaphragm voltage to
contact the frame, sand the edges of the spac-
ers to remove any diaphragm scraps which
may be hanging out. Then seal and insulate
the edges with a coat of epoxy.

Nylon bolts can be useful, as they are strong
enough for mounting the cells and are excel-
lent insulators. You can drill right through the
stators and their spacers, and put bolts through
them without worrying about shorts if you
don't introduce foreign matter into the hole.

Another useful idea is to use plastic for the
frame. Since it is an outstanding insulator, you
needn't be concerned whether speaker parts
touch it. Acrylic or polycarbonate comes in %"
and greater thicknesses, in round or rectangu-
lar tubes, and solid rods. You can make very
avant garde frame designs with it.

If you wish to use thin frames, be aware
that long, thin, wooden beams are not dimen-
sionally stable over time. The frames in my
original speakers were oak 2 x 2s, but they
warped. Laminating them would have stiff-
ened and stabilized them.

Alternatively, you can screw a metal strip to

ESL CONSTRUCTION

137




ELECTROSTATIC
LOUDSPEAKER
DESIGN COOKBOOK

have a subtle wavering sound to them, since
their radiating surface is rapidly changing
position. IM distortion is not only a problem
in speakers—similar problems occur electri-
cally within amplifiers.

Frequency response is the way an audio
component's output relates to its input at dif-
ferent frequencies. A picture is worth a thou-
sand words (Fig. 2-4).
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Amplitude in dB

100 Hz 10 K

1 KHz
frequency
FIGURE 2-4: Frequency response graph.

In this hypothetical example of an amplifi-
er, the ratio between the output and input is
the same at all frequencies between 100Hz
and 1kHz. At higher and lower frequencies
the ratio changes, and the output either
climbs or falls.

The 100Hz-1kHz range forms a ruler
straight and flat line. We often call this region
flat, or linear. The range from 1-4kHz has
nonlinear or a rising frequency response.
Below 20Hz and above 4kHz the frequency
response is also nonlinear, because it is falling.

Bandwidth refers to the frequencies repro-
duced linearly by a component. In the above
amplifier, the linear bandwidth is 100Hz-1kHz.

Damping is the process of stopping some-
thing. For example, the shock absorbers on a
car (correctly called suspension dampers) stop
the car from bouncing. Sound absorbing mate-
rial in a room or speaker enclosure stops reso-
nances. Note that damping is not the same as
dampening which means to wet something.
The two are commonly confused.

Transducers are devices that change one
type of energy into another. In the case of
speakers, microphones, and phono cartridges,
they turn electricity into motion or vice versa.

Frequency response in transducers is similar
to that of electrical components except that
the ratio is between the input of one form of
energy and the output of another.

Line-level voltage comes out of your tuner,
CD player, preamplifier, or tape deck. It ranges
up to about a volt at only a few milliamps of
current. From a practical point of view, all com-

ponents usually operate at line level except
phono cartridges and microphones, which
have much lower output and require preampli-
fiers to bring them up to line level.

Voltage gain (usually simply called gain)
refers to the increase or decrease in audio
voltage as it passes through a circuit. The
practical effect is to change the loudness of
your music. For example, adjusting the vol-
ume control on a preamplifier changes the
gain of the audio signal.

Audio power amplifiers increase the volt-
age and current of the line level signal so seri-
ous work can be done (like making loud
music). A large power amplifier may produce
several amps at up to as much as 200V.

Equalizers are frequency shaping electron-
ic circuits. Just as there are many kinds of
amplifiers, there are many types of equalizers.
Some are adjustable, some are not. Equalizers
can be passive or active. Passive types do not
have amplification; active equalizers do.
Amplification can be produced by using tubes,
transistors, or integrated circuits—ICs are
most commonly used in equalizers.

Many familiar-audio components are equal-
izers even though we don't call them that.
Have you ever heard of a crossover, graphic
equalizer, phono preamp, or tone controlé I
thought so. These are all equalizers.

Filters are just different names for certain
type of equalizers. Figure 2-5 shows many dif-
ferent kinds of equalizers with their special
names (if any) and their associated frequency
response trends.

Crossover networks are equalizers that sepa-
rate the audio spectrum into limited frequency
bands suitable for driving woofers, tweeters,

Generic Frequency Response

High Low

Pass Pass
& -

FIGURE 2-5: Varioys filter types.
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a solid-wood beam to stabilize it. Attractive,
clear, anodized-aluminum strips and bars are
available from hardware stores. A strip one or
two inches wide and 1/8- or Y-inch thick gives
great stability to a long 2 x 2 (Fig. 10-46).

GRILLE CLOTH TESTING. Grille cloth is a
problem. Putting any obstruction in front of a
speaker we wish to sound very clear is illogi-
cal. Grille cloth degrades sound quality, yet we
use it for cosmetic and safety reasons.

Grille cloth can sound as though you put a
blanket over the speaker—except some blan-
kets sound thinner than others. The worst
types are close-weave cloths and thick foams.
The best have open weave and smooth plas-
tic fibers.

Mellotone™, usually available in electronics
parts houses, is called “flame proof’ and is not
cheap, but it's the best I've found. Not surpris-
ingly, it is very sheer and doesn't visually hide
the speaker.

Many builders refuse to compromise—they
don't use grille cloth. If you decide to use bare
cells, give careful thought to cosmetics so they
are aesthetically acceptable.

If you use grille cloth, consider testing dif-
ferent types to find the least obtrusive. Start by
mounting one on a simple frame. Have an
assistant altemately place it in front of the
speaker and then remove it, while you listen
to wideband complex source material. White
noise (hiss), such as FM interstation noise, is
an exceptionally good test.

You must perform this test “blind.” If you
can see the grille cloth in front of the speaker,
your visual bias will trick you into thinking the
sound is bad. No matter how objective you
think you are, you cannot override your
unconscious biases with logic.

You must perform the test blindfolded. If you
close your eyes, you will surely peek. If you can
see the grille cloth, the test will be void.

So put on a blindfold, plug your ears, and
have an assistant place the grille cloth for the
start of the test. It doesn't matter whether
they choose on or off. All that matters is that
you don't know the starting position.

Now unplug your ears and listen. At your
signal, the assistant switches the grille cloth
position. You should readily and reliably hear
when the grille cloth is on. If you can't, you
have incredibly good grille cloth.

ELECTRICAL SAFETY. 1 presented this

section at the end of the electronics chapter.

Thinking that some of you might not have
made it that far in the chapter, I'm repeatingit
here.

Several high-voltage sources are present on
ESLs. Despite this, they are not very haz-
ardous when you analyze the situation. Still,
caution is warranted.

Current kills, not voltage. High voltages
only make it possible to drive current through
a person. Voltage itself is not dangerous.

The way to kill someone with the least
amount of electricity is to drive electric current
through his heart. About 50mA will disrupt the
heart's electrical system. Any other electrocu-
tion method requires large amounts of current
to literally burn and coagulate human tssues.

The maximum current a large ESL system
can deliver is only a fraction of an amp.
Therefore, high-power electrocution doesn't
apply to ESLs.

The polarizing voltage is the source of most
shocks. Most builders occasionally get zapped
by the diaphragm voltage. While unpleasant, it
isn't hazardous—more like touching a door
knob after having walked across a new carpet
on a dry day.

The charging resistor isolates you from the
polarizing power supply. This prevents signif-
icant current transfer.

Assume, for example, that the polarizing
voltage is 3.5kV and there is a 22MW resistor
in series with the diaphragm. Using Ohm's
Law, the maximum current which can flow
through this resistor would only be slightly
more than 1/10mA. Even ten times the volt-
age would deliver less than 2mA, which is far
below the 50mA required to stop a heart.

The diaphragm coating stores electricity even
when the polarizing supply is disconnected or
switched off. In fact, it is when working witha
disconnected cell that most shocks occur
Again, the diaphragm has a high resistance
which prevents significant current flow.

While an ESL diaphragm is not an electro-
cution danger, this is not true of the polarizing
power supply. Although these usually have a
rating of only a few milliamperes, they may
have enough capacitance to momentarily
deliver enough fatal current. Treat the power
supply with caution, and mount it so neither
people nor pets can touch it.

A practice used by technicians who work
with high voltages is to keep one hand ina
pocket. For current to travel through the heart,
it must travel from one side of the chest to the
other. The obvious path is from arm to arm.




By using only one hand, the technician makes
it nearly impossible for current to pass through
the heart.

If you don't do it this way, you will forget
where your other hand is while probing the
innards of a high-voltage source. Most likely, it
will end up resting on the chassis, where it can
complete the electrical circuit if the other hand
touches something “hot.”

The main risk is the audio-drive voltage. It
can pass several hundred milliamperes because
there is no resistance in series with the voltage
source.

FIGURE 10-47: Banana plug.

You can't easily get shocked by the stators.
Since they are “floating” and aren't referenced
to ground, you can't readily get shocked by
just touching one. You have to touch one with

e hand, and the other stator with the other
and, while playing loud music.

Even this does not guarantee a fatal shock,
but I wouldn't want to try it. How likely is it

that somebody will touch both stators while
loud music is being played¢ Not likely, but then
people do weird things. At low output levels or
when the music is off, there is no hazard.

The greatest risks are the connections
between the cell and amplifier, which are close
together, easily reached, and often worked
with while testing.

I recommend the following precautions.
First, use plastic grille cloth. It offers significant
protection from touching the stators.

Second, be thoughtful when designing your
connections between the ESLs and the step-up
transformers. Do not use screw terminals, since
they leave exposed contacts and wiring.

Safer and more convenient connectors are
banana plugs. Besides being well-insulated,
they give a solid plug-in contact, and you can
color code them. If you mount them on a
piece of insulating plastic, and the connec-
tons between the plugs and the stators are
protected from contact, they are quite safe
(Fig. 10-47).

One final caution: direct-drive, high-voltage
amplifiers are extremely dangerous. Not only
are high voltages present with high current
capacity, but have large storage capacitors in
the high-voltage power supplies. This setup
can be truly lethal. A conventional amplifier
and step-up transformer setup is much safer.

ESL CONSTRUCTION




CHAPTER 11:

CURVED ESL CONSTRUCTION

By Barry McClune

The advantages of curved electrostatic loud-
speakers are the elimination of the "head-in-a-
vise" syndrome and expansion of the listening
‘sweet spot.” The syndrome causes the stereo
image and frequency balance to shift with
slight side-to-side movement of your head.

While your head is in the "vise," the stereo
image is amazing, but I like to shift in my chair
without destroying the image. Curvature of
10-15° will cure the syndrome and may be
sufficient to enlarge the "sweet spot" for two
or three consenting adults. Using my tech-
niques, you can build an ESL of any size and
with any degree of curvature.

CURVATURE. How much curvature should
you uses You already know the advantages, so
let's review the disadvantages. The greater the
curvature: the harder it is to make the
curved-metal stators perfectly parallel; the hard-
er it is to tension the diaphragm in only one
direction; the greater is the tendency for the
diaphragm to be pulled onto the inner stator.

To deal with these problems, I suggest:

e Large D/S spacing

e Low spacer ratios (50:1) for modest
curvature, even lower for severe curves

¢ Minimize the amount of curvature

If you just want to eliminate the "head-in-a-
vise" syndrome, 10-15° should be more than
adequate. If you want to increase the "sweet
spot’ to encompass two or three adults,
10-15° may still do the job depending on your
distance from the speakers.

Peter Baxandall, in his Headphone and Speaker
Design Handbook, mathematically modeled the
dispersion characteristics of a flat panel and a
curved conventional speaker. Even if you lack
faith in the limited experimental evidence sup-
porting mathematical models, the simple equa-
tion below will give you a conservative approx-
imation. Note that the accuracy of the predict-
ed horizontal dispersion pattemn decreases the
further you are from the speaker.

W = (Tan C)(D)

Where
D = the distance from the speaker

C = the degrees of curvature
W = the width of the listening window
So, if your speaker has 30° of curvature and
your listening position is 10" away:

D= 10
C = 30°
W=Tan30x10
W=0.577 <10
wW=5T7

CONSTRUCTION. Five steps are included in
building a curved ESL of my design:
» Building the supporting frames for the
stators
e Attaching the perforated metal to the
frames
e Attaching the spacers
¢ Heat shrinking the diaphragm
o Final assembly

BUILDING SUPPORTING FRAMES. You
must choose the style of frame you wish to
build. I built the frame pictured in Fig. 11-1 for
a speaker with 30° of arc.

The frame in Fig. 11-2 should work just as
well, and if you have access to a table saw, you
can cut the angle right into the frame. The
angle cut into each support equals one-half of
the degree of curvature desired (for 30° of cur-
vature, cut a 15° angle along the length of cach
main support of the frame).

T used a jig saw to cut the curve of the speak-
er into the base and top of the frame in Fig. 11-
1.1 don't think it's necessary, and I've omitted
it from Fig. 11-2.

I cut the outside edges of Frame A at a 45°
angle in an attempt to eliminate the sharp
transition at the edge of the speaker. The main
supports in Frame B in Fig. 11-1 were made
from 1'%” particleboard 7-inches wide.

I chose this width in order to extend the path
from the front of the speaker to the back, not
for structural support. This slightly lowers the
phase cancellation frequency. If you are build-
ing a speaker to match Roger's designs, a 3-inch
width and 1-inch thickness for these pieces
would be adequate for structural support.

Make the width of the frame from outside
edge to outside edge (B1 to B2 in both frame
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designs) equal to the width of the stator, less a
fraction of an inch to compensate for the sta-
tor's curve. To help you calculate the neces-
sary dimensions, see the table in Fig. 11-3 or
the formula in Fig. 11-4.

If you know your way around a carpentry
shop (or have a friend who does), please feel
free to ignore the following directions on how
I assembled the supporting frame. I have no
doubt there are easier ways to do it. For
example, give Fig. 11-1 or 11-2 to your local
carpentry shop with the appropriate dimen-
sions and have them do it. (OK, this is a book
on amateur construction, but sometimes it
pays to have someone with the right tools
and knowledge do the job.)

Once you've cut the frame supports to the
dimensions required, you must assemble them

as accurately as possible. Glue alone, or with
few screws, isn't strong enough.

For the design in Fig. 11-1, | used plenty
glue and two wooden dowel rods for
joints in Frame B. In Frame A, I used glue,
dowel rod, and a screw in each joint.

The assembly of Frame B is the same f
either Fig. 11-1 or 11-2. Carefully measure a
outline the position of each support on
the bottom and top end pieces of the fra
Line up each support with one end piece,
drill holes for the screws and dowel rod(
Secure it in position.

When you have both supports fi
attached to one end piece, take the other,
with the help of a friend, hold it in positi
Double and triple check your measuremen
between B1 and B2 for both the top and b

FIGURE 1t-1: Support frame.
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FIGURE 11-2: Alternate support frame.
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tom. Also, check the angle made by the two
supports, if you are building the frame in Fig.
11-1.

The measured distance between point B1
and B2 at the top of the frame should be exact-
ly equal to the measurement at the bottom of

IMPORTANT

Be sure to make provision for connecting the
polarizing power supply to the diaphragm. In
this design, the coated side of the diaphragm
is on the outside of the curve. You may make

| the connection in the Fig. 11-2 frame on the

| bottom curved spacer, if the spacer is wide

| enough to extend at least '2” beyond the
width of the particleboard. Please refer to
Roger's methods of making a diaphragm con-
tact for more ideas.

the completed frame. Once you're satisfied all
is well, attach the last piece. Assemble Frame
A in Fig. 11-2 with the same degree of accura-
cy, by resting the end pieces and supports on
Frame B and drilling holes for the screws and
dowel rod. In the Fig 11-2 version, place
Frame A over Frame B and drill %" holes about
6-inches apart on both sides. Drill from the
front of Frame A through Frame B.

After you drill each hole, pass a 3/16” x
(needed length) bolt through the hole. This
will ensure that the next hole you drill will be
aligned with the previous hole. The procedure
is the same in the Fig. 11-2 version, except you
may need to use greater care in drilling the
holes to ensure that they pass through the cen-
ter of both Frame A and Frame B.

The bolts will contact both the perforated
metal and diaphragm. If they are conductive,
they will short out the cell. Nylon bolts are
best, but you can use metal bolts if you insu-
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late them with a couple of layers of electrical
tape or two sleeves of heat-shrink tubing.

CUTTING AND ATTACHING PERFO-
RATED METAL. Let's review a couple of
points so there's no confusion. The width of
your metal stators will be equal to the distance
between B1 and B2, plus a fraction of an inch
to allow for the curvature of the metal.

The angle formed by the two supports (Al
in Fig. 11-1) sets the degree of curvature for the
frame in Fig. 11-2. Cut the curve into both the
top and bottom end pieces.

The curvature in the frame in Fig. 11-2is cut
into the supporting frames (Al in Fig. 11-3).
I've already given you the math needed to fig-
ure out the width of the stators and angle Al.
Before cutting metal, it might be a good idea to
review your calculations.

When you cut your metal, you must either
leave a tab of metal outside the frame for elec-
trical connections, or decide how and where

to make the electrical connection to the st
tors. In building the speaker in Fig. 11-1, 1 lef
tabs on one side near the base.

Don't expect to solder a connection to ar
aluminum stator without trying it first—alu-
minum doesn't solder easily. You can easily
cut aluminum stators with metal shears, large
scissors, or a table saw with a fine wood-cut:
ting blade. Be sure to allow for the width
the blade in your measurements.

Ungquestionably, the best way to cut the
aluminum is on a sheet metal shear at you
local heating and air conditioning shop.
tool will make absolutely flawless cuts wi
perfectly perpendicular sides. Except for the
travel time, it only takes a moment, and
cost is insignificant.

Cut the metal accurately, and take care th:
the outer edges are parallel. You can remo
any unevenness along the cut by gently ha
mering it on a flat surface.

Attach the perforated metal to Frame B

Final Width of Speaker

1! 2
7 12.007" 24.0149"
Degrees of 15 12.034" 24.068"
Curvature 30 12.138" 24.276"
45 12.314" 24.628"

FIGURE 11-3: Final speaker design.
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using epoxy. Be certain the holes with the

rounded edges are facing toward the

diaphragm side.

I relied on several extra pairs of hands to

dlign the metal with the outside edges of

Frame B. With 20/20 hindsight, I would place

a generous amount of adhesive along one edge

of Frame B, carefully positdon the metal, then

countersink small, flat-headed nails along the

outside edge to secure the metal to the frame.

Repeat the procedure on the other edge, align-

ing the parallel surfaces of the metal with the

outside edges of Frame B.

Next, make a sandwich consisting of:

¢ Frame B and the attached metal
¢ A single layer of wax paper or Saran

Wrap (to prevent bonding the metal to
both Frames B and A) (Epoxy can ooze
through wax paper; 1 recommend Saran
Wrap—Roger)

¢ Frame A
Take a drill with a %" bit and pass it
through the holes in the frames to create a
hole in the metal. Pass your bolts (with wash-
ers) through the sandwich, tighten snugly,
and let the epoxy cure.

After the epoxy is solid, carefully remove all
the bolts, Frame A, and the wax paper. Please
resist the temptation to pull the metal to see
how well it's attached to Frame B.

Now, carefully lay the second sheet of alu-
minum over the first and align the edges.
Ideally, you should also have the small holes in
the aluminum aligned. Position Frame A over
Frame B, and again pass a %” drill bit through
the sandwich, placing the bolts as you go.

Place a new layer of Saran Wrap over the
frame B metal, and position the Frame A
‘metal, being sure that the %4” holes line up.
Don't use nails; just apply a generous amount
of epoxy to Frame A and position the whole
frame (Fig. 11-1) or the separate pieces (Fig.
11-2) on the metal.

Line up the %” holes, and make sure there
are no gaps in the metal-to-Saran-Wrap-to-
metal sandwich. Pass the bolts (with washers)
through the sandwich and tighten.

You can use considerable pressure to ensure
a good bond between Frame A and the metal.
After the epoxy cures, remove the bolts, slow-
ly remove Frame A, and finally the Saran
Wrap. Your stators are complete.

ATTACHING THE SPACERS. Cut the
0.080-inch-thick, plastic spacers to the dimen-
sions as the edges of Frames A and B. If you

used 1” particleboard and built the Fig. 11-2
frame, the spacers should be 1-inch wide. The
long spacers on the outside edges should
extend the full length of the frame. The short-
er "curved" spacers should just fit inside the
long outside-edge spacers.

Make the curved bottom and top spacers
the same width as the outside-edge spacers.
Cut the other curved spacers as narrow as pos-
sible (Y4—'2"). All the spacers should have both
surfaces lightly sanded to improve the bond-
ing qualities.

You must drill the outside spacers to permit
passage of bolts. Position all the Frame A and
B outside spacers along Frame B, and set
Frame A into position, lining up the holes.
Make sure that the outside spacers are lined
up. It helps if Frame B is sitting horizontally.

Drill through the sandwich with a 14" bit,
placing bolts as you go. When finished,
remove the bolts and Frame A. Epoxy the
spacers you just drilled and align them on their
respective edges. Put wax paper or Saran Wrap
between them. Again, position Frame A to
make a sandwich, pass bolts through, tighten,
and let set.

Attaching the top and bottom curved spac-
ers can be tricky if you have used a high degree
of curvature. Check that you cut the pieces to
the proper length with no more than a 1/16”
gap on either side of the spacer. Apply epoxy

CURVED ESL
CONSTRUCTION
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Let W = Width of speakers

Let W'= ¥ width of speaker

Let A = angle of curvature

Let A’ = ¥z angle of curvature

Let R = Radius of curvature

Let C = circumference of the circle

Wl
R = gin (&)
C=2nR

& Length of curved
spaaker = (360 / C) x A

"

FIGURE 11-4: Formula to determine the dimensions of your speaker

frame. (See also Fig. 11-3).
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Step | Tape 6" of Mylar
== —— here & on
opposite end
(stretch tight)
N\
Glue Mylar '

on this side —

Use WET epoxy on
horizontal spacers

FIGURE 11-5: Tape first 6 inches of Mylar.

and use masking tape to hold the pieces tem-
porarily in position, while again bolting
together a sandwich of Frames A and B.

Position the remaining spacers horizontally
along the speaker. You may need to hold the
center spacers in place just like the curved end
pieces—by tape—after applying the epoxy.
Bolt Frames A and B together as before, and
allow the epoxy to cure.

Tape, stretch, and
heat shrink

next 6" of
diaphragm

Step 3

FIGURE 11-7: Tape next 6 inches of Mylar.

Step 2

Heat shrink
the Mylar

that 1s taped
& stretched tight

Move heat gun
vertically

Shrink 2" strips
at one time

FIGURE 11-6: Heat shrink diaphragm.

FABRICATING THE DIAPHRAGM.
Following Roger's directions in Chapter 10
ESL construction, cut a Mylar diaphragm
size and coat it with graphite. I will no
explain how to mount and heat shrink
diaphragm, so you don't have to build
stretcher.

Use 5-minute epoxy to glue the uncoate
side of the diaphragm to the flat outside-edg
spacer of Frame B's stator. I've found that
you first apply a bead of epoxy along the spac
er and then run the edge of a razor blade alo
its length, you can get a very thin, unifo
coat of epoxy. Attach the diaphragm and let
the epoxy cure.

Apply a thin layer of 45-minute (or longe
epoxy to the top and bottom 1” spacers of
Frame B. Do not put epoxy on the flat perime
spacer on the opposite side yet!

Attach the Mylar as uniformly as possib
over the rest of the frame. Stretch it by hand
get the big wrinkles out, and try to avol
smearing the epoxy on the Mylar.

Place 2-inch wide (or wider) strips of ma
ing tape on the diaphragm at the top or bo
tom ends of the frame. Anchor half the wid
(or about 6”) of the Mylar on the side of th
frame to which you have already glued th
diaphragm. ‘

If you are building the Fig. 11-2 frame, pi
the masking tape tight and attach it to the bo
tom or top end pieces. The Fig. 11-3 fran
may require that you temporarily position
piece of wood between the end piece and
unsupported curved metal. This will pe
you to apply sufficient force to the M



Tape, stretch, and
heat shrink

next 6" of
diaphragm

FIGURE 11-8: Heat shrink diaphragm.

without distorting the curved metal. Go to the
other end and do the same, stretching the
ylar vertically along its length as much as
you can without tearing it (Fig. 11-5).

Take a heat gun, and starting at the attached
ide, partially heat shrink the Mylar. Follow a
vertical line from the top to the bottom of the
ction of Mylar that you have anchored with
masking tape (Fig. 11-6).

You will see the Mylar stretching tight verti-
cally (because you've anchored it vertically with
sking tape), but it will nor shrink tight hori-
zontally. Instead, it will slide over the smooth
plastic supports. This relieves the horizontal
ension and prevents the Mylar from being
pulled onto the inner stator.

Attach the Mylar to the second horizontal
half of the stator (or the next 6”) the same way
(Fig. 11-7). Don't heat shrink yet!

Now, fully heat shrink the diaphragm begin-
ning at the very edge of the side that you
already partially heat shrunk. Heat shrink 2”
rtical strips, but stop short of heat shrinking
e last several inches that are tensioned by
the masking tape. You will fully heat shrink
the last several inches after attaching the next
6" of diaphragm. Repeat the taping and heat
hrinking for each 6” or so (Fig. 11-8). When

Step S5

Apply wet epoxy
to
vertical spacer

one any
remaining wrinkles

by GENTLY pulling
Mylar horizontally
and holding with
tape until

epoxy cures

Once epoxy Is
cured, remove
tape

FIGURE 11-9: Glue edge of diaphragm.

you've heat shrunk all but the last inch or so,
you are ready to finish the job.

Apply 5-minute epoxy to the remaining
outside edge and heat shrink it. Now is the
time to smooth out any remaining small wrin-
kles along the edge. If necessary, you can use
a little Scotch Magic® tape to pull the
diaphragm horizontally. Use as little tension as
possible—just enough to remove any remain-

ing wrinkles (Fig. 11-9).

FINAL ASSEMBLY. After the epoxy has
cured, carefully remove the tape. You may
glue Frame A into place, but this is not neces-
sary. Place Frame A over Frame B, and line up
the holes through the entire assembly.

Using a sharp instrument like a nail or awl,
puncture the Mylar to allow passage of the
bolts. Install and tighten the bolts, and make
your electrical connections. You're ready to
test the speaker.

COMMENTS. Building a curved ESL is nor an
easy project. Fabricating the wood frames
accurately is the most time-consuming and
difficult part. The only problem I've encoun-
tered is tearing the Mylar by initially applying
too much vertical tension with the masking
tape. Feel free to call if you have questions.

CURVED ESL
CONSTRUCTION




CHAPTER 12:

TRANSMISSION LINE DESIGN

ESLs can't produce linear bass and high out-
put. The solution to this problem is to avoid
using them in the bass. By now, you should be
saying that in your sleep. But if you aren't
going to use ESLs in the bass, what are you
going to uses

Like ESLs that are fundamentally better
than magnetic drivers at high frequencies,
magnetic woofers are naturally better than
ESLs at low frequencies. Despite an ESL's
inherent potential, you have to design them
well to reach it. The same is true for magnetic
woofers, since it's hard to make one provide
great bass. Yet superb bass is the key to the
ESL equation. An ESL without bass is not
much more than a very clear transistor radio.
Making woofers produce bass like ESLs pro-
duce treble is a true challenge.

This book is about ESLs, not magnetic
speakers. But a book on ESLs is not complete
if it doesn't tell you how to build magnetic
woofer systems which will really make your
ESLs perform. This chapter fills that void, but
is necessarily brief—a comprehensive book on
magnetic systems would be voluminous. It
concentrates on transmission-line (TL) woofer
systems, because I've found they work best
with ESLs.

Before diving into the theory and construc-
tion of TLs, an issue must be settled: is it pos-
sible for a hybrid ESL/TL system to sound as
clear and detailed as a full-range ESL$

Audiophiles argue this point ad nauseam. 1
wasn't sure, so I set up a test to find out. |
matched a full-range ESL against a hybrid sys-
tem, and asked a panel of "golden ear" listen-
ers if they could hear any difference between
the two. Note carefully that I didn't say we
tried to hear which one was better. All I want-
ed to find out was whether a hybrid system
could sound the same as a full-range ESL.

We tested several different types of woofer
systemns, including bass reflex, homs, trans-
mission lines, infinite baffles, and acoustic
suspension types. This type of testing
demands rigorous control of all variables, as I
explain in the chapter on testing. Suffice to
say here that the output levels for the two
systems were identical, as were the frequency
response, amplifiers, source material, con-
necting wires, and other variables. The only

variable which I allowed to affect the sound
was woofer presence.

And the results¢ The panel detected differ-
ences between the systems—except when
transmission lines and homns were used. The
horn and TL woofers had as much clarity and
detail as the full-range ESL.

Several listeners commented that they
found the results hard to believe. One even
concluded that I rigged the test. His bias was
so strong he could not accept that a hybrid
system could be as good as a full-range ESL,
although he heard it with his own ears.

The results proved beyond a doubt that a
hybrid system can equal an ESL in the critical
area of clarity and detail, while simultaneous-
ly providing the deep bass and high output of
which ESLs are incapable. It's not easy to get a
magnetic woofer system to perform this well,
but it is possible with transmission line and
hom technology. Why this is so is the subject
of the next section.

WOOFER THEORY. Magnetic woofer sys-
tems suffer from many of the same problems
as ESLs. Phase cancellation in particular is an
even greater problem.

Magnetic woofers are smaller than electro-
static woofers. Recall that when the length of
the sound wave reaches about a quarter of the
minimum dimension of a driver, the output
falls. Even a moderately large magnetic woofer
10” in diameter will start to roll off the bass at
around SkHz.

Phase cancellation beginning this early
causes severe loss of bass output. The prob-
lem is so serious that the only practical way of
dealing with it is to put the woofer in an
enclosure, which isolates the front wave of
the woofer from the back so that phase can-
cellation cannot occur.

Enclosures introduce many problems, the
most significant being resonances. You must
eliminate, or at least minimize, resonances for
high quality sound, which is difficult to do and
requires careful attention when designing
enclosures.

Magnetic woofers are small compared to
ESLs and operate at very low frequencies.
Because of their small size, they experience
another problem: loss of bass due to the falling
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and midranges. They can be either high level

ot fow level as well as passive or active.

High level crossovers are always passive.

You will find them in the common magnetic

speaker system's enclosure where they inter-

cept the signal from the power amplifier

before it gets to the drivers. After splitting the

signal into various frequency bands, they pass

them on to the appropriate drivers.

Low level crossovers may be passive or

active. The active types are more common

and are often called electronic crossovers.

They split the line level signal before it reach-

es the power amplifier. They perform better

than high level crossovers and allow you to

use a separate amplifier for each driver. Both
significantly improve a speaker system's per-
formance 2lthough they require multple
power amplifiers.

Biamp systems are two-way speaker sys-
tems using low level crossovers and two
power amplifiers. A triamp system's format
should now be obvious.

Simple equalizers like crossovers have slopes
that are multiples of 6dB/octave. Each 6dB incre-
ment is called an order. First-order crossovers are
6dB/octave, second-order is 12dB/octave, third-
order is 18dB/octave, and so on.

Phasing refers to the diaphragms or cones
of two drivers moving in similar directions,
when the same voltage polarity is applied to
them. When setting up speakers, it is very
important that the drivers in both channels
move in the same direction.

If one moves one way when the other moves
in reverse, the sound will have a diffuse and

directionless quality. The image will not appear
centered between the speakers, as it will in a
correctly phased system. Phasing also applies to
multiple drivers in a speaker. If the tweeter is
moving toward you, the woofer should also.

White noise is a random mixture of all the
frequencies in the audio spectrum.
Subjectively, it sounds like a waterfall. White
noise is an exceptionally good test for fre-
quency balance.

Sound pressure level is a measurement of
speaker output or loudness. Its abbreviation
is SPL. It is measured in decibels which we
abbreviate dB.

Decibels change exponentially, not linearly.
Doubling the sound pressure level does not
double the dB—it only increases it by three. To

put it another way, a voltage increase of 1,000
is a decibel increase of only 60.

To give you an idea of SPLs, I've specified
some recognizable sounds with their approxi-
mate decibel levels.

e 0dB The quietest sound a human with
perfect hearing can detect under ideal
conditions.
60dB A quiet office.
72dB A quiet car at highway speed.
90dB Loud music.
100dB “ear shattering” music levels. If
sustained, permanent hearing damage
results,

» 105dB A full symphony orchestra at max-

imum peak loudness (Row A).

e 120dB The threshold of pain.
e 140dB Ten yards from a jet engine at full
power.

TECHNICAL
TERMINOLOGY
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radiation resistance of air. Radiation resis-
tance is the resistance air has to being pushed.

Air behaves differently at different frequen-
cies. At high audio frequencies, it behaves like
a soft solid—somewhat like Jello. As the fre-
quency falls, it behaves progressively more
like a liquid. At very low frequencies, it
behaves like a gas.

The speaker must have something to push
against to make sound. At high frequencies, the
air presents a high resistance to being pushed
because of its inertia and general stiffness. At
lower frequencies, there isn't as much resis-
tance because the air has less inertia. It acts
more like a liquid that gets out of the way of the
woofer. It has less resistance, so the output falls.

A useful analogy is to substitute a hammer
for the speaker. Hitting a wall (something stiff
with much resistance) with the hammer pro-
duces loud sound. The same hammer stroke
striking a puddle of water makes very little
sound. If the hammer just hits air, there is no
sound. Falling radiation resistance is a serious
problem below 100Hz and gets progressively
worse with decreasing frequency.

Like ESLs, the output from magnetic
woofers falls dramatically below fundamental
resonance. Unlike ESLs, the better magnetic
woofers have very soft suspension systems
and are much more massive. Therefore, their
fundamental resonances may be very low.
Often, the fundamental resonance is so low
that the output loss below it is not a problem,
as in ESLs.

Because magnetic woofers are small and
massive compared to ESLs, they couple poor-
ly with air. Their fundamental resonance is not
affected by the mass of the air seen by the
speaker, as in ESLs. In summary, the three fac-
tors which limit low-frequency performance
in magnetic woofers are:

¢ Phase cancellation
 Radiation resistance
¢ Fundamental resonance
The usual solutions to these problems are:
o Enclosures
¢ Increased bass output at very low fre-
quencies
¢ Low fundamental resonance

You can solve the radiation resistance prob-
lem by increasing the driver's output to com-
pensate for the air's falling radiation resistance,
which is no different than dealing with phase
cancellation in a dipole ESL. The speaker's out-
put must be boosted at the frequencies where
the falling radiation resistance reduces output.

—a— Overshoot

\

Desired
waveform

FIGURE 12-1: Overshoot and ringing.

You can get this output boost with equal-
ization before the power amplifier, as in a
ESL, but this is a poor technique in magnetic
woofers for several reasons. Equalization
forces a woofer's magnetic motor to push the
cone harder. This accelerates the cone faster
and increases output, but the electrical drive
signal does not sfop the cone.

An equalized magnetic driver overshoots the
desired waveform and rings after voltage stops
changing. Ringing refers to the production of
sound from small vibrations of the cone that
continue after the music stops (Fig. 12-1).

By comparison, the air mass damps (stops) an
ESL's diaphragm, so equalization works very
well with them. But equalizing a magnetic
woofer exaggerates overshoot and ringing.
better method of dealing with the problem
falling radiation resistance is with clever enclo-
sure designs which add output at lower fre-
quencies.

ENCLOSURES. Enclosures for magnetic dri-
vers usually address two problems: first, to
stop phase cancellatdon; second, to increase
deep bass output to compensate for radiation
resistance losses.

Stopping phase cancellation is easy, sin
all enclosures isolate the front and rear waves.
Designing an enclosure which increases th
output in the deep bass without introducin
other problems is a challenge. Engineers ha
designed many such enclosures. Not surpris-
ingly, they all have faults that require com
promise.

No perfect or ideal enclosure exists for m
netic drivers. Consequently, there are man
types in use, and there are strong opinio:
regarding which one is best.



What follows is an overview of some com-
mon magnetic-woofer enclosure designs. This
overview is only a general outline of the con-
cepts involved with each design, and is not a
comprehensive discussion. I've omitted details
and present only generalizations.

Infinite-baffle or closed-box enclosures
are the simplest enclosure designs. They con-
sist of a magnetic woofer mounted in a closed
box (Fig. 12-2).

Except for fundamental resonance, these
designs do not make any special effort to sup-
port the deep bass, but only stop phase can-
celladon. They have a single fundamental res-
onance whose amplitude and frequency can
be influenced by the box dimensions.

The fundamental resonance in an infinite-baf-
fle system has a narrow bandwidth.
Unfortunately, the decreasing radiation resis-
tance of air is a gradual phenomenon and
behaves much like the roll-off caused by phase
cancellation. The narrow bandwidth of a single
resonance fails to produce the necessary mirror-
image frequency response to compensate accu-
rately for radiation resistance losses.

Figure 12-3 shows the generic frequency
response of a woofer experiencing radiation
resistance losses. Figure 12-4 shows this same
generic woofer's fundamental resonance. You
can see that they are a very poor mirror-image
match. Mixing them produces a frequency
response like that shown in Fig. 12-5.

Infinite-baffle enclosures usually do not pro-
duce truly deep bass unless they are enor-
mous. The deep bass gets some help from the
system's fundamental resonance, but the
response is neither deep nor linear. Infinite-
baffle woofer systems using large drivers and
having deep bass response are very large. This

FIGURE 12-2: Closed box enclosure.

has limited their popularity among current
commercial designs.

Rectangular box-type enclosures produce
severe resonances. They have three pairs of
parallel walls (one for each dimension). When
the wavelength of the sound wave is equal to
the distance between the walls, it produces
strong resonances. Less intense harmonics of
these resonances are also present.

These resonances vibrate the air in the
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FIGURE 12-3: Poor low frequency response
caused by falling radiation resistance.
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FIGURE 12-4: Poor low frequency response
caused by fundamental resonance.
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FIGURE 12-5: Poor low frequency response
caused by combination of radiation resistance
and resonance.

room by flexing the walls of the enclosure, or
by escaping through the woofer cone. This
sound from the enclosure is not supposed to
be there—you should only hear the output
from the driver—and adversely affects the fre-
quency response, detail, and clarity of the
woofer system.

Resonances are worse when all three
dimensions of the enclosure are the same. For

Dimensions
A & B are
similar

Port

FIGURE 12-7: Vented box (bass reflex) enclo-
sure.

FIGURE 12-6: Similar dimensions cause Iargo
resonances.

example, a cube or sphere would have one
huge resonance and make a very poor enclo-
sure. Note that most commercial speakers
have two very similar dimensions, as shown
in Fig. 12-6.

You can improve a rectangular box by spac-
ing its dimensions 1/3-octave apart. This
would produce three small rather than one
large resonance and reduce their magnitude.
Many small resonances are subjectively less
objectionable than one or two large ones.

You can continue the resonance-making
process while reducing their magnitude by
making the enclosure walls nonparallel. If
each dimension covered 1/3-octave, and the
walls were nonparallel by a full 1/3-octave,
infinite number of tiny resonances would
result. ]

If you absorb these smaller resonances with
acoustic damping material and confine them
by very rigid walls, there will be little enclosure.
resonance to color the sound. Unfortunately,
such an enclosure looks strange and is hard to
build. It would be aesthetically unacceptable to
most homeowners, and too difficult an
expensive to build for most commercial manu-
facturers. Most commercial loudspeaker sys-
tems are highly resonant and don't perform to
their full potential. 1

Acoustic-suspension woofer systems are
similar to infinite-baffle designs, differing main-
ly in the way that restoring force is applied to
the dniver.

In an infinite-baffle system, a relatively stiff
spider-and-cone surround restores the cone to
its center position. In acoustic-suspension sys-
tems, the air in the box acts as a spring tq
return the cone to its neutral position. The
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advantage of acoustic suspension is that the
woofer's surround and spider may be very
compliant. This reduces the spring rate of the
system and the fundamental resonance fre-
quency, and allows greater cone excursion.

The long cone excursions made possible by
this design allow small drivers to produce high

_eutput. The acoustic-suspension design is very
popular commercially because it can produce
reasonably deep bass and high outputs in a
small package.

Acoustic-suspension designs suffer from the
same sonic defects as infinite-baffle systems,
plus some. The major new problem is ineffi-
ciency. The driver must compress the air in the
enclosure, which uses a lot of energy. You end
up with a small, inexpensive speaker which
requires a large, expensive amplifier to drive it
to high output levels. The high forces pro-
duced by the voice coil when compressing the
air cause a large amount of cone flexure. Cone
flexure is distortion.

Bass-reflex enclosures (also known as vent-
ed-box or ported enclosures) are similar to infi-
nite-baffle enclosures except for a hole which
allows air to pass into or out of the box (Fig. 12-
7). This hole is correctly called a port, and is
usually made as a tube of carefully selected
diameter and length. You'll see why shortly.

The basic idea behind a ported enclosure is to
split the single, large fundamental resonance of
the infinite-baffle designs into two smaller res-
onances. These two resonances straddle what
would have been the single resonance.

These resonances are produced by a com-
plex set of interactions involving the driver
mass, its spring rate, the enclosure dimen-
sions, the air mass within it, and the length
and diameter of the port. Its length and diam-
eter are tuned to the size of the enclosure and
the mass, spring rate, and other driver charac-
teristics. This tuning process, called align-
ment, defines the magnitude, bandwidth, and
resonant frequency of the enclosure.

Only the lower of the two resonances
serves the purpose of generating support for
the deep bass. The upper resonance often pro-
duces nonlinear frequency response in the
midbass.

By having two close resonances of different
magnitudes, the bandwidth is wider than sup-
plied by a single resonance. This wider band-
width more accurately produces the mirror-
image frequency response needed to compen-
sate for falling radiation resistance. If these res-
onances have appropriate spacing, location,

magnitude, and bandwidth, the bass-reflex
enclosure can do a reasonable job of supporting
the deep bass.

Designing a bass-reflex system which meets
all the above criteria is nearly impossible. Not
only do the criteria conflict with each other,
but producing the necessary resonant behav-
ior involves very complex interactions with
multiple factors.

The complexity of bass-reflex systems pre-
vents trial-and-error design. Computers have
become powerful tools in managing the inter-
actions of these systems. However, computers
rely on accurate knowledge of many of the
driver's physical parameters. These may be
difficult to obtain and are prone to inaccura-
cies caused by variations in individual drivers.

Bass-reflex enclosures have resonances
other than those deliberately designed into the
system,; they have all the enclosure resonances
I outlined under infinite-baffle systems.
Additionally, vented systems are vulnerable to
transient ringing if the design is misaligned.

These systems must have large internal vol-
umes to reproduce deep bass. When designed
for use at these frequencies and with large dri-
vers, they are very large.

In summary, bass-reflex systems have high-
er efficiency, greater output, deeper frequency
response, and lower distortion than most
closed-box designs. Unfortunately, the large
size and complex design process limits their
potential.

Passive-radiator systems are modified

Passive
Radiator

Oriver

FIGURE 12-8: Passive radiator.
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Driver

FIGURE 12-9: Horn.

bass-reflex systems (Fig. 12-8). The term “pas-
sive radiator” is a misnomer, as it is not a radi-
ator of sound. It does not add energy to the
system, but is essentially a device that adds
mass to a bass-reflex resonant system.

This addition makes it possible to reduce
the enclosure size for a given resonant fre-
quency, and also makes it possible to dispense
with the tube in a tuned-port system. This, in
tum, eliminates air pumping and resonances
associated with the tuned-port system.

They not only suffer from the same prob-
lems inherent in all bass-reflex systems, they
also cost more than a simple port. The manu-
facturer must carefully control the passive-
radiator's tolerances in order to minimize sam-
ple-to-sample variability. Other than reduced
size, they have little to offer over the basic
bass-reflex system, hence they are not com-
mercially popular.

The closed-box and vented-box enclosures
described above are by far the most popular
commercial woofer systems. They also have
the worst performance of all woofer systems.
Their combination of enclosure resonances,
large fundamental resonances, harmonics of
these resonances, overshoot, ringing, and high
distortion produce poorly defined sound.

Such flawed sound is very different from the
pristine clarity and exquisite detail of an ESL.
When these systems are combined with an
ESL, there is an obvious discontinuity between
the two. They simply don't blend into one
smooth, clear, homogenous sound. Is it any
wonder that hybrid ESL/magnetic woofer sys-
tems have a poor reputation when compared
to an all-ESL system¢

It need not be this way. Magnetic woofer

systems exist which are linear, low in distor-
tion, free of resonances, and support the deep
bass. If you use a hybrid system, it will have
the same sound quality as a full-range ESL,
while simultaneously producing deep bass
and high output. There are two types of enclo-
sures which can do this: Horns and
Transmission Lines.

Horn enclosures are just what their name
implies: by putting the driver in a hom, they
effectively couple its relatvely small driven
area with the air (Fig. 12-9). This results in
very high efficiency, which not only reduces
cone flexure and distortion but greatly reduces
amplifier power requirements.

Radiation resistance losses are reduced
because the large air mass seen by the hom
offers high radiation resistance. This pushes
down the frequency where the radiation resis-
tance losses start. If the hom is large enough,
deep linear bass can be produced atastonish-
ing output levels.

The operative word here is large. You can't
beat the laws of physics. The mouth of a hom
system must be as large as the wavelength you
want to reproduce linearly.

The length of a 32Hz sound wave is about
32'. For a hom to reproduce this linearly
requires the hom's mouth be 32-feet wide.
Such hom systems have been built into large
public buildings. Altec's famous "Voice of the
Theater" hom woofer systems require a theater
two stories tall for installation. Amateur speak-
er builders have built such monstrosities. I've
seen concrete homs built into the sides of hous-
es, where the homs reside outside in the yard.

Designers have tried to get around the size
problem. The most famous of these is the
Klipschomn, which attempts to use the inter-
section of two walls and the listening room
floor as part of the hom. This is a good idea,
but in practice leaves much to be desired.

Other than their size, homs have few prob-
lems. Resonances can exist in the enclosure on
the woofer cone side opposite the hom. Careful
design can minimize them. The system is so
efficient that very little driver excursion is need-
ed, and any resonances will be small. Distortion
in the hom's throat is a major problem at high

1] —

FIGURE 12-10: Transmission line.
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frequencies, but at low frequencies it can be
minimized by careful design.

Horn woofer systems, while theoretically
excellent, are simply too large to be practical.
Additionally, homn design and construction is
a formidable task. Regrettably, these prob-
lems preclude their use in practical home
musj\c systems.

Transmission-line enclosures consist of a
long tapered tube behind the driver (Fig. 12-
10). This tube is called a transmission line or
just "line." Its careful design can solve most
woofer enclosure problems.

Though the line is open at the end, it is so
long it eliminates phase cancellation. A long
line has an extended path from one side of the
woofer to the other. There will not be enough
time for the air to travel this path and cause
phase cancellation, which is the same as using
a very large, flat baffle around the woofer. In
this respect, the transmission line behaves like
an infinite-baffle enclosure.

An important difference between an infi-
nite baffle and a transmission line is you can
virtually eliminate resonances in the latter. Of
the three dimensions, one will be down the
length of the line. Since the line is open on the
end, there is no wall which can reflect the
sound and cause a resonance.

The line walls define the other dimensions.
This could cause one or two large resonances,
particularly if the cross section of the line is
square. You can stop these resonances by
making the line walls nonparallel. In other
words, taper the line.

If the walls aren't parallel, the line can't
generate the large resonances characteristic of
and damaging to the performance of rectan-
gular enclosures. Instead, it has a large num-
ber of very small ones. By adding damping
material to the line, we can absorb these, and
for practical purposes have a nonresonant
enclosure.

You can see how a tapered transmission line
solves the problems of phase cancellation and
enclosure resonances. It would be perfect if it
also could support the deep bass which is lost
to falling radiation resistance, and it can.

It does so by shifting the rearwave phase
so it exits the line in-phase with the front-
wave. The rearwave is normally 180° out-of-
phase with the front, and therefore cancels
the output of the frontwave. If the enclosure
delays the rear wave by an additional 180°, it
will emerge in-phase with the frontwave and
add to its output. By carefully selecting the

frequencies affected by the phase shift, we
can support the deep bass.

Also highly desirable is the fact that phase
shift produces a broadband increase in output

instead of a narrow peak typical of resonances.
This more accurately matches the falling output
caused by decreasing radiation resistance.
Because the line is one length, not all frequencies
experience the same degree of shift. The phase
shift will be the maximum 180° at only one fre-
quency. On either side of this frequency the shift
will be either more or less than this, and there
will be less reinforcement of the sound.

A transmission line also exerts a powerful
effect on the woofer's fundamental resonance.
It heavily damps it, which smooths the fre-
quency response and reduces cone excursion.
Controlling this and other resonances results in
well-controlled transient behavior. Ringing and
overshoot are minimal and much better than
most other enclosure designs.

The line is stuffed with damping material. I
don't mean that there is damping material
attached to the walls—rather the line is com-
pletely full of damping material. This both
absorbs and slows sound wave energy.

Technically, damping material interferes
with the motion of air molecules in the line.
This friction depletes the sound wave energy
by converting it to heat. The damping materi-
al has several important functions:

e It slows the passage of sound through
the line. This reduces the line length
required to produce the desired phase
shift. You can build the line about
30% shorter than would otherwise be
possible.

e [t works with the line to suppress the
driver's fundamental resonance.

e It absorbs the sound energy radiated
from the rear of the cone. This includes
not only the energy coming directly
from the cone, but also all the tiny
enclosure resonances that remain after
tapering the tube. The net result is
almost magical: the driver's rear wave
radiation and associated resonances vir-
tually disappear.

If we make the line long enough, all the
sound energy would be absorbed. However,
we deliberately make the line length short
enough so the damping material cannot com-
pletely absorb the deep bass. We want it to
release sound energy from the line when the
phase has been shifted enough to support the
deep bass.

TRANSMISSION
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Transmission lines are moderately efficient.
While not as efficient as hom systems, they
are more efficient than acoustic-suspension
designs. Their efficiency is similar to bass-
reflex and large infinite-baffle systems.

SUMMARY OF TL CHARACTERISTICS.
Little or no cabinet resonances
Well-controlled driver resonance
High output
Flat frequency response
Extended deep-bass response
Excellent transient behavior
Low distortion
¢ Moderate efficiency

Compare these same criteria with an
acoustic-suspension system:
Marked cabinet resonances
Poorly controlled driver resonances
Moderate output
Nonlinear frequency response

Poor deep-bass response

Variable transient behavior dependi
upon system “Q”

High distortion

Poor efficiency

Which of these two profiles best matches
ESL¢ It should be clear why closed-box an
vented systems are not good choices for u
with ESLs.

Transmission lines have their disadvanta
the main ones being size and construction com
plexity. The line will generally need to be 6-1:
feet long. While you can fold it into a re
ably-sized enclosure, it is still no bookshelf
tem even when used with a small driver
Additionally, the internal baffling necessary
produce a folded transmission line is more trou:
ble to build than a simple box. This is not
insurmountable problem for the home buil
but is a major cost problem for manufacturers
moderately-priced commercial speaker sys
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FIGURE 12-11: Various TL designs/layouts.
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FIGURE 12-12: Rectangular enclosure has
parallel walls.

TL DESIGN GUIDELINES. Unlike resonant

- and horn-enclosure designs, transmission lines
are simple. You don't need complex mathe-
matical formulas, computer programs, or trial-
and-error tests to design them.

I'll discuss each design parameter in detail
and follow with my usual guidelines. You can
be confident the guidelines will produce a
speaker which performs well.

LINE LENGTH. The line length partially
determines the deep-bass response. The stan-
dard recommendation for line length is 25%
of the wavelength of the driver's fundamental
resonance. I think this is a useful guideline, but
there is nothing sacred about it. I usually use
longer lines, because up to a point the longer
the line the deeper the bass.

The line length in most commercial TLs is
about &', corresponding to one-quarter wave-
length at 45Hz. Amateurs sometimes use
lengths up to 10 for very large drivers, which
is one-quarter wavelength of 27Hz.

A problem with short lines (6’ or less) is the
woofer decouples from the line below reso-
nance and can experience excess excursion.
Because of this, and the need for deep bass,
your line should be more than €'

Unlike resonant enclosures, transmission
lines are not tuned, although this term is
sometimes . applied. Practical experience
proves the length isn't at all critical, and that a
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FIGURE 12-13: Angling baffles converts
stepped taper into continuous one.

length between 7-10’ gives excellent results in
most systems.

The length is usually a little shorter for
smaller drivers, because they generally have
higher resonances and greater problems with
radiation resistance. The opposite is true for
larger woofers.

TL CROSS-SECTION AREA. The common-
ly accepted rules for line cross-section area are:
¢ The area behind the woofer should be at
least 125% of the woofer's driven area.
¢ The port should be 100% of the
woofer's driven area.

These are good, solid, reliable rules. [ call
this 125/100 rule the classical TL, and it works
very well. But other percentages also work.

I've had equally good results with a 100/70
line. With these more compact lines, you must
reduce the amount of damping material to
maintain the same performance as in wider
lines. The only penalty I've found in narrow
lines is the effect of the damping material is
more pronounced. This makes the stuffing
procedure more critical.

LINE SHAPE. Effective TLs are long. While a
10’ tapered tube protruding from the rear of
your woofers might make a splendid conver-
sation piece, in most homes it is neither prac-
tical nor aesthetically acceptable.
Transmission lines must be folded or
designed to fit into the home environment.
Although the integrated, hybrid systems por-
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FIGURE 12-14: TL flaws shown conceptually.

trayed in this book use an essentially straight
line, this is very unusual. Most are folded.
Three elements define line shape:
o Cross section
* Axial folding
s Taper
Fortunately, air is very forgiving of line
shape. It doesn't seem to care how it is con-
fined. As long as the cross section is reason-
ably uniform, any shape works well.
Transmission lines can be folded in any way
imaginable, and there have been some very
imaginative designs. Figure 12-11 outlines some
possibilities. Your ingenuity is the only limit.
Attaining satisfactory taper should be a
major consideration, but this item is over-
looked by many designers. Note carefully the
types and uniformity of the enclosure tapers in
Fig. 12-11. They vary from fully tapered to a
single step.
It is best to taper all dimensions smoothly to

Sound
bounces
off rear
wall

FIGURE 12-16: Sound from rear of woofer
reflects off rear wall and radiates through driver.
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FIGURE 12-15: TL flaws shown in enclosure
design.

minimize resonances. Try to avoid steps; use
continuous tapers. In purely rectangular enclo-
sures, this is usually not possible. One dimen-
sion will be parallel (Fig. 12-12). Despite this
compromise, rectangular enclosures work
well.

Many designs have steps in the cross section
instead of being uniformly tapered. While this
works, it is not as resonance-free as a uniform-
ly smooth taper. Often it is easy to change a TL
with steps into uniform taper (Fig. 12-13).

Finally, pinched and bulged lines should be
avoided. Figure 12-14 shows conceptual exam-
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FIGURE 12-17: Baffle corrects rear wall radia-
tion problem.
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FIGURE 12-18: Baffle corners throughout TL.

ples of both types. Figure 12-15 shows these
concepts reproduced in real enclosure designs.
Like taper, correcting for bulges and pinches is
often very simple. Usually, just being aware of
the problem breeds solutions.

BAFFLING. One of the major problems with
most enclosures is a flat wall directly behind and
paralle] with the driver. Sound radiated from the
rear of the driver strikes this wall and is reflect-
ed back out through the cone (Fig. 12-16).

In most rectangular-enclosure designs, you
an't fix this problem. In TLs, you can, and it's
important to do so. The idea is simple: just put
an angled baffle behind the woofer (Fig. 12-17).

Watch for the other comers as well. In Fig.
12-18 note that all the corners have baffles.

DAMPING MATERIAL. Many products
make good damping material. Common mate-
fials include, but are not limited to, polyester
(Dacron), fiberglass, wool, and foam. Many
builders have strong opinions about damping
material. In my experience, they all work well
tyou get the density right.

You must compensate for different materi-
als by slightly different packing densities. For
example, long-fiber wool is the most effective

. damping material of which I am aware. Under
the microscope, its fibers are fuzzy. In com-
parison, Dacron has smooth fibers and is less

GUIDELINE #14:

Magnetic Drivers

1. Use the largest drivers possible con-
sistent with other design parameters.

2. Do not use drivers which have
hygroscopic (water absorbing) cones,
because they change stiffness and
mass with humidity. In short, don't use
paper-cone drivers. Bextrene, carbon
fiber, Kevlar, and other cone materials
are better.

3. The frequency response of your
driver should extend linearly for two
octaves above your crossover fre-
quency. If the manufacturer can’t sup-
ply frequency response curves, find
one who will.

4. Buy the highest quality drivers that
meet the above criteria. What consti-
tutes high quality? Some clues are:
cast magnesium instead of stamped-
sheet steel baskets; hexagonal or rib-
bon voice coil wire instead of round
wire; large spiders; synthetic instead of
paper cones; flat frequency response;
first- class fit and finish.

5. Pay whatever you must to meet
the above requirements.

effective as a damping material. Is this a prob-
lem¢é No, just use more Dacron to match
wool's performance. Both will do the job.

WOOL. Although natural long-fiber wool is
widely believed to have the best damping
qualities, it has several problems: it settles; you
must support it every 8-12” with dowels or
nylon webbing to hold it in position; and,
given the opportunity, moths eat it. You must
mix it with moth flakes during installation and
cover the port with screen or grille cloth to
prevent moth entry. It's expensive and not

easy to find.

DACRON. Polyester fluff does not have these
problems. It's cheap, readily available (as pil-
low stuffing), doesn't require support web-
bing, and moths hate it. The preferred form is
“stuffing” rather than “batting.”

Also, I've noticed that Dacron comes in fine

TRANSMISSION
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CHAPTER 3:
THEORY OF OPERATION

ELECTROSTATIC FORCE. The ESL's
operational principle is the attraction of elec-
trically charged objects. You can experience
this force by combing your hair on a dry day.

The fricion from combing generates an
electrostatic charge on the comb. You can feel
this force gently tugging on the hair on your
arm if you move the comb near your skin. The
force on the comb can pick up dust or tiny bits
of paper.

This charge is static—it does not move. In
this respect, it is similar to a permanent magnet.

Atoms contain positively charged protons in
their nuclei surrounded by orbiting negatively
charged electrons. When protons are sur-
rounded by an equal number of orbiting elec-
trons, the atom is electrically neutral. When
the number of electrons and protons are dif-
ferent, the atom has a net electrical charge.

lonization is the production of electrically-
charged atoms by removing electrons from, or
adding electrons to, the outer shells of an
atom. The net electrical charge of ionized
atoms is the electrostatic force. When
applied to ESLs, we often use the terms force,
charge, and voltage interchangeably.

The strength of the charge depends upon
the number of electrons missing or added.
When there are excessive electrons present,
the net charge is negative. When electrons are
missing, the net charge is positive.

ELECTROSTATIC LOUDSPEAKER
PARTS. An ESL contains three types of parts:
¢ Diaphragm
o Stators
o Spacers
Diaphragms are the moving parts of the
ESL. Most ESLs have only one diaphragm.
Stators are electrically-conductive stationary
plates that drive the diaphragm. Typically, there
are two, for reasons that will soon be apparent.
Spacers separate the diaphragm from the sta-
tors. The spacers are in direct physical contact
with the stators and diaphragm. They must
have exceptionally good electrical insulating
qualities to keep the charge on the diaphragm
separated from the charge on the stators.

DIAPHRAGMS. They are made of an
extremely thin and lightweight plastic film

placed under tension like the head of a drum.
The diaphragm drives the air in the room to
make sound.

The diaphragm's mass is equivalent to a layer
of air about Y%-inch thick. Compared to the
room's air mass, this is insignificant. You can
consider an ESL massless for practical purposes.

The diaphragm must have an electrostatic
charge of several kilovolts. This is the polar-
izing or bias voltage. A high voltage power
supply produces the polarizing voltage.

Plastic film is an insulator. You must make
one side of it conductive to accept the electro-
static charge. Many materials can produce a
conductive coating—the most common
method for amateurs is to rub powdered
graphite on the diaphragm.

Remember that this charge is static—it does
not move. If it weren't for tiny electron leak-
age paths that are present, the power supply
could be discarded once you charge the
diaphragm.

Dust and water vapor (as humidity) cause the
leakage paths. In practice, if you remove the
power supply, the speakers continue to play for
several hours, but the sound gradually becomes
fainter as the charge slowly escapes.

STATORS. This electrostatically-charged
diaphragm doesn't move by itself—one or
more stators drive it. A stator is an electrically-
conductive, acoustically-transparent plate or
grid. It is stationary and is placed close to, but
does not touch, the diaphragm.

The stator must allow sound to pass
through, while simultaneously presenting a
strong electric field to the diaphragm. It there-
fore must have holes or slots in it. Their shape
and size is important, as they influence ease of
construction, cost, and speaker performance.

An audio power amplifier applies voltage to
the stators, as determined by the music. Like
magnetic forces, opposite electrostatic forces
attract each other and like ones repel.

Let's say that the diaphragm has a positive
charge, and at a given moment a stator has a
negative charge. The diaphragm will be
attracted to the stator. If they are both posi-
tive, they will be repelled.

The power amplifier's rapidly changing
polarity causes the diaphragm to be attracted to
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and medium grades. Salespeople are usually
unaware of the two types. If you have a choice,
look around and pick the finer grade. This will
have smaller fibers which will do a slightly bet-
ter job of interfering with air movement.

DAMPING MATERIAL PACKING DENSI-
TY. I can precisely define all transmission-line
design parameters save one: packing density.
While not critical, if the density is way off, per-
formance will suffer.

Some general guidelines exist which will
lead you in the right direction. Just be aware
that you can do some fine tuning to perfect
the sound if necessary.

In the classical 125/100 line, wool is packed
at about %2 [b./ft.3 of line volume. You will dis-
cover that this is not very much wool. You
don't actually pack it into the line, you gently
put it in the line.

SCREWS
Never drive a screw into particleboard
without first drilling a hole for it.
It will break the wood apart.

Most builders use a constant-impedance
line, although some use variable-impedance
damping. The line volume is greater at the
woofer than at the port. Therefore, to make
the line constant impedance, pack the damping
material slightly tighter behind the woofer
than at the port.

This is not an all-or-nothing procedure, of
course. You gradually pack the line more
loosely as you move from the woofer to the
port, and it's not necessary to put damping
material in the last foot or two.

Using wool and a full-size classical line as a
reference, other materials and line sizes
require slight modifications. Since wool is the
most effective damping material, others need
to be packed slightly tighter. Exactly how
much is difficult to describe. Suffice to say that
the difference is slight, probably around 10%.

Lines with smaller cross sections than the
classical 125/100 use less damping material.
The smaller the line, the more critical the
damping density becomes.

How do you know when the density is cor-
rectt It's not hard to tell. If the sound seems
short of bass, particularly deep bass, you have
too much damping material in the line. Boomy,

loose, muddy, or generally poorly-contolled
bass requires more damping material.

If you are going to err, err on the side of too
little material rather than too much. If it tums
out that there is not enough material, you can
often adjust the damping without taking the
enclosure apart. Just add more stuffing behind
the woofer. You can usually reach far enough
into the line with your arm to pack in more
material and get the sound you want without
having to repack the entire line.

DRIVERS. A poor enclosure can destroy a
good driver's performance, but a great enclo-
sure can't make a poor driver perform well. It's
Murphy's Law at work again.

There's no way around it, you've got to buy
the best magnetic woofers available if you
want superb sound quality. I won't specify
brands and model numbers because technolo-
gy keeps improving them. By the time you get
this book, newer and better drivers will be
available. Instead, let me give you some guide:
lines to aid you in your search.

One final thought: manufacturers often
have regular and high-power versions of the
same driver. You might assume that the high-
power version is better, but this is not likely to
be true.

The high-power versions have heavier voice
coils, and perhaps other features like heatsinks
which increase their mass. This adversely
affects the high-frequency response. Good
high-frequency response is much more impor:
tant than power handling. TLs are reasonabk
efficient and usually don't need high-power dr-
vers to produce high outputs. Therefore, the
regular woofer is likely to be the better choice.

TL CONSTRUCTION TIPS. There are unlim-
ited ways to build speaker enclosures. Your
imagination is the only limit. The most popular
method is %” particleboard that you glue and
screw together. Because most of you are likely
to use this type of constructon, I'll give youa
few helpful tips to save you some frustration.

SAWS. Most builders use a table saw to cut
particleboard, but it's a poor choice. The prob-
lem is that a 4’ x 8 particleboard is heavy and
awkward. A straight cut is nearly impossible
to make with a table saw.

A better choice is the comion hand-held
circular saw. By itself, it won't cut a straight
line either. The trick is to use it with a large
metal straightedge.
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FIGURE 12-19: How to locate screw holes.

Better hardware stores sell aluminum bars
8-feet long. A bar 2-inches wide and Y%-inch
thick works well.

To make your cut, take two or more C-
cdamps and clamp the bar along the cut so
your saw's blade is in the correct position. By
using the bar to guide the saw, you can make
perfectly straight cuts.

SCREWS. Standard wood screws have
threads which are too fine to work well in par-
ticleboard. It's better to use the extremely-
coarse-thread screws called drywall screws,
which also have a very deep Phillips head to
keep your screwdriver from slipping.

Don't waste your time with slot-head

‘screws. Your screwdriver will slip and cause

damage to the particleboard. They require
constant adjustment of your screwdriver to
drive them, and you can't use a power screw-
driver with them effectively. You don't need
the aggravation. Use Phillips-head screws.

Mark
here Straight

Edge

FIGURE 12-20: Identify internal baffle locations
on outside edge of enclosure.

Place a screw at least every 6”. This means
you will drive a surprisingly large number of
screws: a power screwdriver is almost essen-
tial. If you don't have one, but have a variable-
speed drill, you can use it instead. Just get a %4”
drywall screw bit at the hardware store,
mount it in your drill, and go to it. Be careful
not to over-tighten the screws and strip them,

If your TL has internal baffling, some tricks
will make it easier to build. I find it works best
to make the basic box first and assemble
everything except one side.

To drill the screw holes in the baffles, put the
baffles in the box and draw a line beside each of
them (Fig. 12-19). Remove the baffles and drill
holes 3/8” to the side of the baffle centerline.

After installing the baffles, you face the
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dilemma of drilling the last side. Take a FINISH WORK. There are many ways y
straightedge and lay it along the baffle center- can make particleboard enclosures look a
Eéi%g:,%i;’g:l‘c line. Make a mark on the edge of the enclosure  tive. The simplest is the functional fini
. pesiGN cookBook ~ Which represents the baffle center (Fig. 12-20).  which is nothing more than a flat grey or bl
After you install the last side, these marks paint applied with a paint roller.
will be visible. You can lay the straightedge on Before doing any painting, take a putty kni
them again, and draw a line across the side and apply spackle to the screw heads and a
which will show you the center of the hidden other surface irregularities. A large po
baffle. Drill holes on this line. sander will smooth off the spackle so
Before putting on the last side, add your edges will match before painting.
damping material. You may wish to wait Latex paint is very thick, and is the onl
before putting glue on this side until you have paint which will hide grain and minor surf
tested the speaker. By mounting it with only imperfections. This feature, and the fact
screws, you can remove it later to change the it's nontoxic, makes it the paint of choice.
density of the damping material. Another easy finish method is to wrap
What glue should you use¢ White glue is the  enclosure with cloth. Unless the cloth is ve
old standby and still works satisfactorily. But thick, you must paint the enclosure flat bl
newer glues like the aliphatic resins are better. first so you don't see screws and wo
Of course, you can use epoxy, but the amount through the cloth.
required is too expensive when the other glues You can get a beautiful and extremel
will do the job. durable finish by covering the enclosure wi
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Formica or other plastic laminate. These come
in almost any pattern and color imaginable.
The most popular for speaker enclosures is a
wood-grain appearance.

Apply it to the completed enclosure by coat-
ing the enclosure and the back of the plastic
with contact cement. When the cement has
dried, press the Formica to the enclosure and it
instantly and permanently bonds to the parti-
cleboard. Sand the enclosure so the surface is
smooth and the Formica lies flat.

You get only one shot when laminating
with contact cement. Be sure you have the
plastic in the right position before you push it
firmly against the enclosure. Trim the edges of
the Formica with a coarse file after you've fin-
ished the lamination.

Laminating plastics is not as easy as I make
it sound. The material is expensive and there
is little room for error. There are special tools
for working with these materials that aren't
essential, but they sure help. I think that most
amateur builders are well-advised to tumn this
part of their speaker over to a professional.

Finally, you can get particleboard with
veneer already applied. I don't recommend
its use unless you are a highly-skilled furni-
ture builder. The cutting and drilling is diffi-
cult to do without damaging the surface.
Even if you build the enclosure without dam-
aging the surface, you still have to laminate
veneer along the exposed edges. Finally, you
have to put a finish on it.

You can cheat by using an oil finish, but
oiled wood finishes aren't durable and dry out.
You can reapply the oil to keep it looking
good—but who does¢

MOUNTING DRIVERS. Consider mounting
your drivers on silicone rubber rather than
screwing them to your enclosure. When you
screw the driver in place, it transfers its vibra-
tions to the enclosure. This vibrates the enclo-
sure and radiates sound into the room. It's bet-
ter to decouple the woofer from the enclosure
in order to minimize this undesired sound.

To mount a driver with silicone rubber, put it
face-down and remove any gasket which may
be present. Then squeeze a very thick bead of
silicone rubber all the way around the driver's
mounting surface. This bead should be at least
Y-inch thick, and a 12" bead is even better.

You should have the enclosure positioned
so the woofer cutout is facing upward. Now
carefully pick up the driver, and flip it over so
it is face-up. Set it carefully in the enclosure

cutout. Don't press down! You want a thick pad
of silicone under the woofer. If you press
down, you will thin the film and increase
sound transmission to the enclosure. Also, if
you squish the silicone, it may run down the
side of the woofer and glue the cone to the
frame. Just set the driver in place and let it float
on the silicone.

Silicone mounting is semipermanent. In
order to remove the driver, you must cut the
silicone with a razor blade. For initial testing,
you may prefer to mount the driver with
screws. After you have everything working to
your satisfaction, use silicone.

Pay attention to the connections between
the speaker and the hook-up wire. Fixing a
failed contact is difficult after you've glued the
woofer in place. | recommend you solder the
wires to the woofer instead of using plug-in
connectors.

SPECIAL CONSTRUCTION METHODS
FOR THE COMPACT ESL/TL. The com-
pact-hybrid systems shown later in this book
have a very unusual TL design (Fig. 12-21).
Note from the top view that it is not a rec-
tangle, but a parallelogram. To make this eas-
ier to visualize, | have drawn the front and
side views as though they formed a rectan-
gular enclosure. When you assemble it, you
will cut the parts to the necessary angles to
form a parallelogram.

A few comments on its construction will
help. Remember to make mirror-image parts
for the left and right cabinets. The odd angles
require you to make some interesting cuts, but
if you pay attention, it is not as difficult as it
looks. To make the long vertical cuts at the
required angle, clamp a long straightedge to
the wood with C-clamps along the cut.

Adjust the foot plate of the circular saw to
the required angle. Run the saw along the
straightedge to make the cut. Your saw proba-
bly will not allow the foot plate to be tilted in
the opposite direction to make the mirror-
image cuts for the other speaker, so run the
saw from the other direction instead.

You will discover that you cannot run the
circular saw completely to the right-angle cor-
ner without cutting into the face of the enclo-
sure. Solve this problem by cutting close to the
comner with the circular saw and finishing the
cut freehand with a hand saw. You will have
the kerf from the power saw to guide you, so
you can easily do an excellent job of finishing
the cut.
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Mounting
Strips
\

FIGURE 12-22: Use strips of wood to form siot.

Placing the screws at an appropriate angle
can be done freehand if you are careful. I find
it easiest to drill one screw hole at each end of
the enclosure, and assemble the two parts
temporarily using only those two screws.

Be gentle to avoid tearing the screws out

FIGURE 12-23: Aluminum brace to hold ESLs.

while you finish drilling a string of screw hol
down the joint. An assistant is essential duri
this process.

After you drill the holes, disassemble th
two parts, apply glue, and reassemble the
using all the screws. With all the screws i
place, the parts are stable.

You will find it nearly impossible to getp
fect joints, as the wood tends to slide due
the angles. It's OK, you can trim up the li
overhangs after the glue is dry. A belt sander
plane does the job easily. Don't forget to puti
the damping material before you put the las
piece in place.

Note that the woofer goes on the side of th
enclosure that is tapered. This helps balan
the speaker, which tends to be front heawy.
Also, it slightly aims the ESLs upward so you
are not listening at the joint between the tw
ESL panels.

Long, tall, skinny TLs like this integrate
type are not very stable, particularly on carpet.
You can radically improve this with the use
"Tiptoes®."

Tiptoes are steel cones which sit upside
down beneath the bottom of the speaker. They
penetrate the carpet so the speaker is restin
solidly on the floor. If you use only three, the
speaker will not rock. They are also very hal
when you want to adjust the cabinet angle or
correct its tendency to lean.

MOUNTING ESLs. Glue wood strips along
the TL to form a slot to accept the ESLs (Fig
12-22). Brace the opposite edge and unsup:
ported top edge with aluminum strips similar

NV

SIDE VIEW

FIGURE 12-24: Foam wedge cutting pattern.
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FIGURE 12-25: Hot wire bow.

to those you used for a cutting guide. I used 1”
x 1/8” aluminum which is very soft and easy
to bend. Use 8-32 nylon bolts to maintain
insulation (Fig. 12-23).

When cutting aluminum and other nonfer-
rous metals, use woodworking instead of
steel-working tools. For example, your table
saw with a wood-cutting blade cuts aluminum
quickly and easily without damage to the
blade. On the other hand, a steel-cutting hack-
saw loads up the teeth with aluminum chips
and cuts very slowly.

IN-WALL ENCLOSURES. In Chapter 4 on
frequency response, 1 discussed building ESLs
into walls as a way of enclosing them. You can
build TLs into walls, also.

Building the large foam wedges and sheets
needed to trap bass energy in large enclo-
sures is difficult. You need special tools and
building techniques. Like ESLs, you can build
the very-low-cost tools at home. What fol-
lows is a discussion of how to make and use
these special tools.

BUILDING A HOT-WIRE BOW. Cut the
wedges which form the sound absorbers in an
anechoic chamber from sheets of polyfoam.
This is a yellow/white soft foam often used for
mattresses. You can cut small wedges with a
sharp serrated knife, but an electric steak knife
works better. Figure 12-24 shows suitable cut-
ting pattems.

Knives are slow, imprecise, and too small to
cut large wedges. The best tool is a hot-wire
bow. Figure 12-25 depicts one of many ways
to build one.

Figure 12-26 shows an optional suspension
system for the bow. You can get more precise
control if you don't hold the bow's weight
while cutting. The suspension is easy to do

J # Cellin
=< Pulleys —* <
Heavy
rubberband \ Strong

Plastic jug

Fill with water
as needed for
counterbalance

J
FIGURE 12-26: Hot wire bow suspension sys-
tem.

Hot wire
bow

and well worth your trouble if you plan to do
much work with foam.

The wire diameter, material, and length
decide the voltage and current needed to heat
the wire. There are too many variables for me
to give you precise power supply specifica-
tions. To give you an estimate, 0.020 stainless-
steel wire requires about 2V and 2A/foot.

The wire temperature is fairly critical. If it's
too hot, it glows, stretches, loses its tension,
and may break. If it isn't hot enough, it won't
cut or cuts agonizingly slowly. The best tem-
perature is just below the point where the
wire glows.

A variable autotransformer (Variac) is an
ideal power supply. Surplus electronics stores
are good places to get these at reasonable
prices. You will only use it intermittently, so
you can use an underrated one to save money.
My bow uses 7-8A, and I've had no trouble
with a SA power supply.

CUTTING WITH A HOT-WIRE BOW. Mark
the foam with a felt marker where you want
to cut. Place a metal straightedge on the mark
on each side of the foam block. An assistant is
very helpful. He can hold the straightedge and
bow on one side of the block while you do the
same on the other side.

Hold the straightedges in place by hand or
with small finish nails about an inch long. Drill
nail holes in the metal straightedges every
2-3”. Push the nails through the holes into the
foam by hand.

Place the wire against the straightedges, and
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rest it gently on top of the foam block. Turn on
the power supply. In a couple of seconds, the
wire will get hot enough to start cutting into
the foam as it follows the straightedges.

Don't push the bow. Just keep the wire gen-
tly in contact with the foam and let the heat
do the cutting. Cutting speed is Ya-'2"/second.
Try to keep it moving smoothly along—if you
stop, it will leave a little groove in the foam.
This is only a cosmetic problem, but with care
you can make it look like a factory job.

When you finish the cut, immediately tum
off the power supply so you don't get burmed
if you accidentally touch the wire. The wire
will have molten plastic on it that vaporizes if
you leave the power on. A little vaporization
occurs at the edge of the cut anyway, but try
to avoid massive amounts of smoke.

You should cut in a well-ventilated area.
The smoke isn't deadly, but avoid breathing
it—besides, it stinks.

COMPOSITE CONSTRUCTION

Composite construction is beyond the scope of
this book, but I want to pique your curiosity by

giving you some idea of what it can do. You
use hot-wire cutting techniques for cutting
types of foam, both solid and flexible.

You can make composite structures usi
Styrofoam coated with fiberglass, Kevlar®,
carbon fiber. The idea is to cut foam to th
shape of the finished part, lay fiberglass clo
on it, and paint on epoxy resin. After the
epoxy catalyzes, you can trim, sand, and paint.
Be sure to use epoxy resins. The more com-
mon polyester resins will dissolve the foam.

You can make a speaker enclosure by cut-
ting foam into 1 or 2” sheets, and coating the
with fiberglass. The sheets can then be assem-
bled into a box which would be much mo
rigid and nonresonant than the usual wood
box, and would also be very light.

Fiat sides on speaker enclosures flex. The
sides become speakers themselves and pro-
duce sound which colors the speaker-system
sound. You can avoid this by using curved cut-
ting templates to cut the foam so the sides are
not flat. You can make any shape imaginable,
like a cylinder, truncated cone, sphere, or any
highly irregular shape.




CHAPTER 13:
SYSTEMS

Theputpose of this chapter is to describe the
details of designing and building three ESL sys-
tems. | want to tie together what I've already
presented by showing actual systems and how
to complete them. Although much of this
information is review, I think you'll find it very
helpful to see the Big Picture.

I'll depict these as you would build them,
with Lincaine perforated-aluminum stators,
although you may use a different stator design
if you wish. All stators use the same design cri-
teria (D/S spacing, overall dimensions, spacer
ratio), so decisions made for perforated metal
also apply to the others.

FULL-RANGE SYSTEM. Let's start with
the simplest of the three, a full-range
crossoverless ESL. You already know it must
be big, so let's make it about 2-feet wide. The
exact size is influenced by the size of perforat-
ed metal. Since Lincaine comes in 2’ x 3’ sheets
and other perforated metal normally is 2-feet
wide, let's keep it simple by just using whole
sheets for this speaker's stators. When you

26'

Lr— 23-1/ T—--I

- /- (37 (67

0.1/ 2 =
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3B-172t
38

| | r

FIGURE 13-1: Spacer pattern for full range ESL.

HOW TO BUILD
THESE SYSTEMS
- Full-range ESL
- No-compromise hybrid
- CompactV/integrated hybrid

add the perimeter spacers and some type of
frame, the overall width will be around 30"

The D/S spacing must be relatively wide to
produce much bass. Seventy mil is usually too
small, and it's virtually impossible to get
enough drive voltage for 130 mil if you want
high output levels and wide bandwidth.

A reasonable compromise is 90 mil,
although this may still be too small if your
room has bad bass resonances. You can use
80-mil “unbreakable windows” for the spac-
ers. The other 10 mil of thickness will come
from the two glue films.

s el o——29- /27—
crew vertica a
beam to ,_"_25 e
cross member ) Fl j
2> |- :f.[ IT
i
)
&N N
N N
Cut 174" desp ) v T
groove to o &
hold ESL
panels r

88"

Frame made
of hardwood

2 x 2's and
1 x 2's

ESL

Install spring

FIGURE 13-2: ESL frame.
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FIGURE 13-3: Unequalized frequency

response of large ESL.

You know that the spacer ratio should be
between 50:1 and 100:1. Since the D/S rato is
90 mil, the free diaphragm distance can range
from 4.5 t0 9”.

The perforated metal overlays the spacers
along the edges by %”. This reduces the actu-
al free diaphragm area from 24 to 23.5”. The
resulting spacer ratio is 261:1. Since this is too
much, we must use internal spacers to break
the cell into smaller sections. Let's use two
vertically oriented internal spacers to break the
large cell into three smaller ones.

If we divide 23.5” by 3, we get 7.83" sec-
tions. Actually, they'll be slightly smaller than
that because the internal spacers have width—
let's make them Y%-inch wide. This works out
to a spacer ratio of 86:1, which is just about
perfect.

How many cells do you want to make¢ Let's
use a floor-to-ceiling line source because it max-

+1SVDC
w Cl
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R4 R3
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FIGURE 13-6: Active midrange equalizer with
gain.

FIGURE 13-4: Passive midrange equalizer.
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FIGURE 13-5: Frequency response of passi
equalizer.

imizes output, imaging, and vertical dispersion.
Since the typical room is 8-feet tall, this means
the speaker must be 6-8-feet tall. Lincaine per-
forated metal comes in 2’ x 3’ sheets, so let's
make two cells for each speaker. The total
height of the two cells will be about 78", and
with some surrounding framework they will be
somewhat taller. We can make up the small dif
ference between the typical 96” between the
floor and ceiling of an 8-foot high room witha
suitable mounting frame.

Figure 13-1 shows the spacer layout for this
speaker. Note that you should place the inter-
nal spacers vertically for the least amount of
internal spacer area and minimal stray capaci

TABLE 13-1
PARTS LIST FOR FIGURE 13-6

C1 0.15pF

C2 0.1yF ceramic disc

C3 0.1uF ceramic disc

C4 8,500pF 2% mica or polystyrene
R1 200k

R2 6.8k 1% metal film

R3 36.5k 1% metal film s
R4 7.3k 1% metal film
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FIGURE 13-7: Affect of changing value of C4.

tance. Figure 13-2 shows the cells in a frame as
a room divider.

I have assumed that you are building planar
cells. If you want to build curved ones, you
must run the internal spacers horizontally and
use spacer ratios closer to 50:1 for best
diaphragm stability. Breaking each cell into six
sections would be best.

FULL-RANGE ELECTRONICS. Figure 13-3
shows the expected frequency response of the
above ESL. We will correct it with equalization.
Figure 13-4 shows a passive-midrange equal-
ization-circuit. Its frequency-response curve
will look like that shown in Fig. 13-5.
This equalizer will have nearly 20dB of inser-
tion loss. If you don't have enough gain else-
where in your system, or if you want to avoid
using a preamplifier, use gain/equalizaton elec-
tronics. Figure 13-6 shows a suitable schematic.

You may diddle C4 to move the entire fre-
quency-response curve up or down, as shown
in Fig. 13-7. This should not be necessary,
however, since the components shown give
the correct response and the unit is not affect-
ed by impedances as low as 600Q.

The value of the capacitor C4 is inversely
related to the frequency. In other words, a
larger value capacitor will shift the curve

Amplitude in dB

20Hz 100 Hz 1 kHz 10k
Frequency

FIGURE 13-8: Typical response of typical pre-
amp bass "tone control".

downward while a smaller one will shift it
upward. Changing this capacitor is an easy
way to modify the equalizer for ESLs of differ-
ent widths.

These equalizers only compensate for loss-
es due to phase cancellation down to around
400Hz. You will need additional equalization
below there.

In Chapter 4 on frequency response, I out-
lined the problems inherent with predicting
ESL bass response. Therefore, I cannot design
an equalizer for you below 400Hz. It may not
be necessary anyway, as you will probably
find that you can get the bass close enough
with the tone controls on your preamplifier.

Standard tone controls usually give a fre-
quency-response curve that pivots around
1kHz, as shown in Fig. 13-8. When added to
the midrange equalizer, you can get a response
curve that looks something like Fig. 13-9.

This works reasonably well, except that it
doesn't suppress fundamental resonance. This
resonance will seriously impair the speaker's
output and ruin linear bass response. The best
course is to suppress it with a notch filter.

The easiest way to get a notch filter is to use
an octave equalizer instead of conventional
tone controls. You can severely depress the
frequencies around and below resonance. This
greatly improves output and you can get rea-
sonably linear bass.
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FIGURE 13-9: Frequency response of
midrange equalizer plus bass “tone control”.
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FIGURE 13-10: Frequency response of
midrange equalizer plus notch filter.
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andhthe:uh repellecii from, the statox('.i This action CAPACITANCE
LGOI pushes the air and generates sound waves. DEFINING
LOUDSPEAKER As demanded by the music, the power
DESIGN CookBook ~ amplifier varies the frequency of the voltage FACTORS
supplied to the stators. Higher stator voltages : ;
inti[:act more strongly wxfh the static chaége : D|aphragn?-to-stator SRS
on the diaphragm. This creates greater force - Stator design
on the diaphragm, more diaphragm motion, - Diaphragm area
larger amplitude air waves, and louder sound.
Electrically, music simply consists of chang-
ing frequencies and voltages. The frequency just described is a capacitor. It stores electrons
patterns define the #ype of sound (piano, flute, when charged just like any capacitor.
orchestra, and so forth), and the voltage con- The capacitance is an important feature of
trols the loudness. ESLs, as it represents the electrical load seen
Conventional power amplifiers lack the by the power amplifier. The capacitance of the
voltage necessary to drive ESLs to adequate speaker presents many problems.
output levels. A step-up transformer Electrostatic force decreases by the square
between the amplifier and ESL increases the of the distance between the stator and
amplifier's output to several thousand volts. diaphragm. Changing the distance produces
an exponential change in the force seen by the
SPACERS. These precisely distance the diaphragm. It is not linear. Therefore, single-
diaphragm from the stator. This distance is ended ESLs suffer from nonlinear distortion
critical. If it is too large, the speaker output unless the motion of the diaphragm is
will be very low or nonexistent. If the extremely small.
diaphragm touches the stator, it can't move to To avoid this, all modern ESLs use a double
generate sound, and the static charge on the stator, push/pull drive system. This consists
diaphragm will be lost to the stator—again of a stator on each side of the diaphragm, as
reducing output. shown in Fig. 3-2. From this point on, I'll dis-
The spacers must be excellent electrical insu-  cuss only push/pull electrostatic speakers.
lators. We usually make spacers out of plastic The power amplifier is connected to the sta-
like Plexiglas® or Lexan® because they are read-  tors so that as one stator is driven to a positive
ily available, cheap, and easy to assemble. voltage, the other goes negative. This causes
one stator to pull the diaphragm, while the
CELLS & PANELS. When sandwiched other pushes it.
together, these three parts comprise an elec- The nonlinear increasing force seen by the
trostatic cell or panel. We call an ESL with diaphragm as it approaches one stator is bal-
only one stator single-ended. Figure 3-1 is a  anced by the nonlinear decreasing force seen by
cross-sectional view of such a cell. the diaphragm as it moves away from the other.
Note that the stator/diaphragm assembly The net effect is that the diaphragm “feels” a
constant force and moves in a linear fashion.
Carefully note that the motion is linear any-
N\ where between the two stators. The beauty of
SPACER & N SPACERS this is that the sound quality is not affected by
i construction tolerances, although sound quan-
I DIAPHRAGM [ I ty is. This is important, because it is impossible
| - [ | DIAPHRAGM to build stators and diaphragms perfectly flat
and uniformly equidistant from each other.
' I ' This is particularly fortunate for the amateur
| STATOR ! I speaker buildef, because it guarmwe? superb
| -—— ' | STATORS sound even .wn‘.h poorly built cells. I've seen
- incredibly distorted, warped, and generally
! ' \l poorly built ESLs whose sound quality is the
% \@ same as faultlessly built ones. An additional

advantage of the push/pull ESL is that the

FIGURE 3-1: Single-ended ESL.  FIGURE 3-2: Push-/pull ESL. forces on the diaphragm are twice those of a
single-ended ESL, which improves output.
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FIGURE 13-11: General schematic diagram of
ESL associated electronics.

Figure 13-10 shows the response produced
by the combination of an octave and
midrange equalizer. This equalizer combina-
tion does a reasonably good job of producing
a mirror-image response curve of the ESL
before equalization.
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FIGURE 13-12: Spacer pattern for no-compro-
mise hybrid.

Figure 13-11 shows a block diagram of the
associated electronics for this speaker. You can
find details in Chaypter 7 on associated elec-
tronics if you have questions.

You'll need all the drive voltage you can get.
The speaker will handle 9 or 10kV. Polarizing
voltage will need to be in the range of 4-6kV.

NO-COMPROMISE HYBRID. The full-
range system cannot produce high outputs or
deep bass. Let's make one which will. To do
so, we use a large TL-woofer system to handle
the bass.

The ESL still must be very large if we want
high output and a reasonably low crossover
frequency, but we can make it a little smaller
without significant penalty. Lincaine perforat-
ed aluminum comes in 3’ x 3’ sheets that we
can cut in half to make stators 18-inches wide.
The height will remain the same as the full-
range system.

We can reduce the D/S spacing to 70 mil.
This reduces the demands on drive voltage
considerably while maintaining high output.

The spacer ratio demands that the diaphragm
be supported every 3.5-7”, so we must still use
internal spacers. Let's break the cell into three
vertical sections again. Each section will be
5.66” when the perimeter overlap (%”) and
internal spacer width (%") is considered. This
gives a spacer ratio of 62:1. Figure 13-12 shows
the spacer pattern. Again, if you want a curved
cell, the pattern should be horizontal.

NO-COMPROMISE ELECTRONICS. The
midrange equalizer can be the same as the full-
range system. I won't repeat the schematics.
You may change C4 in the active equalizer to
8,200pF to compensate for the reduced width,
but the speakers are similar enough so this
isn't really necessary.

You must, of course, use crossovers. You
can go as low as 400Hz or as high as 500Hz
with splendid results. I discuss the logic for
using these crossover frequencies and the rea-
sons | recommend 18dB/octave active
crossovers instead of 12dB/octave passive,
high-level crossovers in Chapter 7 on associat-
ed electronics.

I prefer a 400Hz crossover. To achieve this,
the crossover frequency needs to be 480Hz. It
interacts with the gain/equalization producing
an actual crossover frequency of 400Hz. Figure
13-13 shows a composite frequéency response
of a 480Hz crossover combined with midrange
equalization. Because it is difficult to build such
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FIGURE 13-16: Hybrid ESL/TL—not integrated.

You can use up to 8kV of drive voltage in
this system. The polarizing voltage will be
between 3 and 4kV. Figure 13-14 is a block dia-
gram of the system.

WOOFER SYSTEM. This system needs a no-
compromise, TL-woofer system. This means a
line nearly 10-feet long with a large (12”) driver.
The line should be smoothly tapered.

Keep the woofer well above the floor. Not
only will the bass be smoother, but if the
woofer is at ear level, you can adjust it fore
and aft relative to the ESL for the best phase
relationship (alignment).

I haven't found phase alignment to make
much difference, but some builders and
designers feel strongly about it. If you are one,
then you definitely will want the woofer at ear
level. Figure 13-15 shows an enclosure that
meets the criteria.

The combination of a large free-standing
ESL and a large boxy TL is often aesthetically
unsatisfactory (Fig. 13-16). You can dramati-
cally improve the appearance by integrating
the parts. Figure 13-17 shows one such hybrid
ESL/TL system.

Figure 13-18 shows construction details of
the transmission line that will integrate with
the ESL. Probably its most unusual aspect is
that it is not rectangular in cross section, but a
parallelogram. I did this for both performance
and aesthetic reasons.

Because a planar ESL is as directional as a
laser beam, you must angle it inward at
15-30° for optimum soundstage presentation.
If you put the ESL at the front of a rectangu-
lar enclosure, you must angle the entire enclo-
sure inward. Most people find this unaccept-
able (Fig. 13-19). To solve this problem, you
could recess the ESL from the front of a rec-
tangular enclosure. The ESL would be angled,

but hidden from view with a surrounding
grille cloth. The resulting enclosure could be
put against the wall in the normal fashion.
The woofer would fire perpendicular to the
wall, while the ESL would aim toward the
focal point (Fig. 13-20).

Several problems result. The ESL would be
far from the woofer plane and aimed in a dif-
ferent direction—not a serious problem, but
not desirable either. The ESL would not have
free dipole radiation around the back of the TL.
Trapping the rearwave in this way will cause
resonances and reflections back through the
ESL's diaphragm. Aesthetically, it is unattrac-
tive because the surrounding grille cloth would
make the speaker look like a very large box.

I solved these problems with a design which
leaves the sides of the enclosure perpendicular
to the wall, while angling the entire face of the
speaker. Not only does this make a very attrac-
tive enclosure, but it turns the transmission
line into a rearwave beam splitter.

By picking the right ratio of width to depth
on the vertical part (“chimney”) of the TL, and
putting the ESL on the inside, I intercepted
two-thirds of the rear beam with the TL. I then
used different surfaces to reflect parts of the
rearwave in two extra directions (Fig. 13-21).

A major aesthetic problem is dipole radia-

\

N

FIGURE 13-17: Integrated ESL/TL.




tors must be freestanding. We usually want
our speakers to be out of the way and placed
against the wall. The integrated design solves
this problem also. It permits the ESL to be
away from the wall while seeming to be
against it (Fig. 13-22).

While this integrated enclosure works very
well, it is not perfect. In comparison to the
no-compromise enclosure shown above, the
integrated one is shorter (about 8’), and it puts
the woofer on the floor.

The drawings are difficult to visualize
because of the angles. For simplicity, I've
drawn the front and side views as though the
enclosure were a rectangle rather than a paral-
lelogram. Just make the cuts at the required
angle rather than the normal right angle, and
you will automatically end up with a parallel-
ogram when you assemble it.

IMAGING CONSIDERATIONS. Recall
from Chaprer 6 that unlike magnetic speakers,
ESLs sound the same no matter how close you
are to them. This makes it possible to have dif-
ferent stage presentations based on the per-
centage of room acoustics in the image.

If you sit well away from the speakers,
they will sound as though the performers are
in your room. If you sit very close to the
speakers, they will sound as though you are
in the concert hall where the recording took
place.

Close seating has other advantages as well,
including higher SPLs, improved detail resolu-
tion, more precise instrument location, and
greater intimacy with the performance.

When building integrated TLs of this design,
you must give careful thought to the preferred
image width and listening location. These fac-
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FIGURE 13-19: Poor aesthetics—speakers at
angle to wall.
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FIGURE 13-20: Enclosure square with wall—
Hidden ESL is angled.

tors affect the parallelogram angles you build
into the transmission line.

After deciding upon your preferred listening
distance, determine the angle you must use to
have the speakers face your seat. This may be
up to 30° for each speaker. Note that angles
less than 30° will reduce not only the sound-
stage width but also the effectiveness of the
rear beam splitter.

Remember, for optimum performance your

3~ Enclosure s

against wall

ESL is far
frem wall

FIGURE 13-22: ESL away from wall but inte-
grated with TL enclosure.

seating position should not be against a wall if
at all possible. If you are seated near a wall, the
sound is smeared by wall reflectiong immedi-
ately behind you. If you must sit near the wall,
it is helpful to put some kind of sound-absorb-
ing material on the wall.

If you don't want to have a chair in the
middle of your room, you might consider this
solution to the problem. Put two tiny marks
on the carpet which indicate the proper loca-
tion for the front legs of the listening chair
you normally keep near the wall. Place the
chair on the marks for serious listening, but

1y
FIGURE 13-23: Compact/Integrated ESU/TL.
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otherwise keep it against the wali and out of
the way.

COMPACT/INTEGRATED ESL/TL. The
full-range ESL and no-compromise hybrid
both suffer from the cosmetic problems of
very large size and the need to stand freely out
in the room. I dealt with the freestanding
requirements with the integrated enclosure,
but the large size remains.

A smaller (though by no means tiny) hybrid
which performs nearly as well as the no-com-
promise systern is possible to make. By shifting
the midrange-equalization curve upward along

with the crossover frequency, you can use a
narrower ESL. Using these techniques, you can
get a 12-inch wide ESL to work very well.

The transmission-line system can be made
considerably more compact by using a smaller
woofer in an integrated system. An 8 or 9”
woofer can produce very high output levels
while sacrificing only a little deep bass.

You can think of the compact system as a
miniature version of the no-compromise inte-
grated system. Figure 13-23 shows the general
layout and appearance. Figure 13-24 is the con-
struction drawing for the transmission line.

The ESL uses the same 70-mil D/S spacing
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FIGURE 13-24: Construction details of compact TL.
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FIGURE 13-25: Spacer frame for compact
ESU/TL.

as the large hybrid. The narrow cells only need
a single internal spacer to maintain an appro-
priate spacer ratio. Because space is at such a
premium, I've reduced the width of the
perimeter spacers to only %”. With perforated

+1SvDC
c2
w Cl F—,L
—t- L o
M31 —0
$RI
1 l I 2 R2
C3 =
-15VDC
R4 R3
+ L
C4

FIGURE 13-26: Active gain/equalizer for com-
pact ESL/TL.

TABLE 13-2
PARTS LIST FOR FIGURE 13-26
C1 0.15uF
C2 0.1pF ceramic disc ‘

C3 0.1pF ceramic disc

C4 7,600pF 2% mica or polystyrene
R1 200k

R2 6.8k 1% metal film

R3 36.5k 1% metal film

R4 7.3k 1% metal film

metal, overlapping the usual '%”, this gives
only 12” of insulator sticking out beyond the
conductive part of the stator. You must be cau-
tious in the mounting method you select so
you don't short a stator to the frame. Figure
13-25 shows the spacer pattern. You can buy
2" x 3 sheets of Lincaine and cut them in half
for the stators.

COMPACT/INTEGRATED ELECTRON-
ICS. The associated electronics are identical
to the no-compromise hybrid with two excep-
tions. First, the crossover frequency should be
550Hz; second, the feedback capacitor C, in
the gain/equalization electronics must be
changed to 7,600pF to push the equalization
curve higher (Fig. 13-26).

The crossovers should have 650Hz
crossover points at 18dB/octave. The combi-
nation of the crossover frequency and
midrange equalization will give an actual
crossover frequency of S50Hz.
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CHAPTER 14:
SETUP

Wheére you place the ESLis very important. You
can only access its marvelous imaging ability
when you abide by certain geometric rules.
These rules apply to all speakers, but con-
ventional ones have such poor imaging char-
acteristics compared to ESLs that proper geo-
metric positioning isn't as important. Also,
conventional speakers have wide dispersion,
and room acoustics “smear” their sound so
badly that precise imaging is impossible. A
highly directional ESL lacks these problems, so
the effects of improper positioning become
obvious.

Having an ESL that is improperly set up is
like having an “out-of-tune” race car. Why have
one if you don't operate it at its full potential¢
Several geometric factors must be consid-
ered which I'll discuss in detail. Some of this is
review from Chapter 6 on dispersion. You may
wish to reread it before proceeding.

IMAGE WIDTH. With forward-firing, direct-
radiating, conventional magnetic speakers,
image width depends on the angle formed
between you and the speakers (Fig. 14-1). This
angle is limited: if you increase it beyond a cer-
tain point, you will hear the dreaded “hole” in
the middle of the sonic image.

The usual limit is about 30°. This translates
into a ratio between the speakers' width and
the distance from you to the speakers of 2:1
(Fig. 14-2). Most listeners prefer wider sound-
stages, much like listening close to the stage at
a live performance: the closer you are, the
wider the image (Fig. 14-3).

Apparent Sound Stage

N\ Vg
B Angle defining -

spparent Image

7
width p

o /
(<) Listener

FIGURE 14-1: Listening angle.

GEOMETRIC
POSITIONING FACTORS

- Image width

- Distance from speakers
- Distance from walls

- Angle to wall

- Precision positioning

Speaker manufacturers have tried to
increase the width of the soundstage. One
way is to mix the two channels together and
feed this monaural signal to a center speaker
to “fill” the hole formed by widely spaced
speakers (Fig. 14-4).

This works, but there are two problems:
first, few audiophiles are dedicated enough to
purchase an additional speaker, amplifier, and
mixing/attenuating electronics; second, the
sound arrives from two sources of differing dis-
tances, which “smears” the sound in exactly
the same way as room reflections (Fig. 14-5).

Another technique is to have the speakers
reflect most of the sound off walls (Fig. 14-6).
This produces incredibly wide images, but
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FIGURE 14-2: Typical 2:1 listening angle.
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FIGURE 14-3: Distance to speakers affects lis-
tening angle.

5

FIGURE 14-4: Center speaker fills "hole" in
apparent soundstage.

again the sound arrives from several sources of
differing distances. The image is impressively
wide, but diffused and ill-defined. You are effec-
tively trading image width for sound quality.

5 5 &
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FIGURE 14-5: Unequal distances "smears'
detail.
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FIGURE 14-6: Direct/reflecting speakers.

Planar dipole ESLs solve all these problems.
They produce only one sound source and
much better phase behavior than convention-
al speakers. They etch perfect images, so the
can present a very wide soundstage and stun-
ning image detail.

They can generate flawless images at least
60° wide. You can use a ratio between the
speakers and the listening location as high
1:1 (Fig. 14-7).

DISTANCE FROM SPEAKERS. Unlike
conventional magnetic drivers, ESLs sound the
same no matter how close to them you are.
The closer you listen, the less room acoustics
affect the sound. The speakers seem) to
you to the concert hall.

If you pick a distant listening location, ro




A may equal B

& ek TN

b
FIGURE 14-7: 60° listening angle using dipole
ESLs.

acoustics overshadow the concert hall
acoustics. This has the effect of bringing the
musicians into your room instead of taking
you to the concert hall.
Both locations are equally good. With ESLs,
you have a choice, and it is based on personal
preference. Remember that dipole ESLs great-
ly delay and attenuate room acoustics. So,
although you may be listening from a distant
focal point, the image remains crisp and
detailed.
The twin issues of listening distance and
image width deserve careful thought. You
can literally fine tune your system to pro-
duce the type of listening environment you
wish. You have several choices of sound-
stage presentation:
¢ A narrow listening angle and distant
focus produce an image as though the
musicians are at the other end of your
room (Fig. 14-8).
¢ A narrow listening angle and close focus
produce an image as though you are seat-
ed well back in a concert hall (Fig. 14-9).
* A wide listening angle and distant focus
produce an image of the musicians close
to you in your room (Fig. 14-10).
e A wide listening angle and close focus
transport you to “Row A” in a concert

hall (Fig. 14-11).

DISTANCE AND ANGLE. A dipole radiator
must have “elbow room.” It must be free-
standing and can't be flat against a wall.

The degree to which this is true is debatable.
Some people claim that a dipole works best in

FIGURE 14-8: Musicians appear at far end of
your room.

the middle of a room, as far from the walls as
possible. Others find they can be placed sur-
prisingly close to a wall before problems arise.
My experience falls into the latter category.
You'll get no argument from me that a
dipole in the middle of a room works beauti-
fully. When in doubt, this is a safe place where

FIGURE 14-9: Musicians appear at far end of
concert hall.
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CONSTANT CHARGE OPERATION. In a
push/pull ESL, the charge on the diaphragm
must remain motionless. If it moves as the
diaphragm changes position between the sta-
tors, the forces seen by the diaphragm will
change. This produces nonlinear distortion.

Figure 3-3 shows a simplified schematic dia-
gram of the electrical drive system needed for
an ESL. Note the electrical path from the
diaphragm, through the polarizing power sup-
ply, through half the transformer's secondary
winding, to the stators. The diaphragm's
charge can follow this path and change value,
as it bleeds to one stator or the other.

Unfortunately, as the diaphragm moves
towards one stator, the capacitance between
the diaphragm and stator changes. To com-
pensate, the charge on the diaphragm tries to
move. If it does, nonlinear distortion results.

You can solve this problem by removing the
polarizing power supply after you energize the
diaphragm, since this would disrupt the elec-
tron's path. This is impractical, because the
charge slowly leaks from the diaphragm.

The solution to this problem is resistor R1,
the charging resistor. It resists rapid move-
ments of current through the polarizing power
supply. Although it doesn't completely stop
the current, it slows it enough so that at audio
frequencies the charge on the diaphragm is
essentially stable.

An added benefit is that this resistor limits
the electron flow when you tum on the polar-
izing power supply. Large electron flows occur
when you first charge the diaphragm. These
flows tend to bum off the diaphragm coating,
where the polarizing power supply connects to
the diaphragm. Eventually, the diaphragm coat-
ing would fail and the speaker would quit. The
charge resistor prevents this type of failure.

Step-up Stators L
Transformer \

1|

(I

Amplifter ‘ Dlaphragm :
1|

R1 i1

PS i1

|

High Voltage l

Power supply

FIGURE 3-3: ESL drive schematic diagram.

SMALL CELLS AND
LOW FREQUENCIES
DEMAND HIGH VALUE
CHARGING RESISTORS

You can calculate the value of this resistor
by keeping the time constant RC of the charg-
ing circuit large in comparison to one-half the
frequency. If you're not sure what that means,
relax; I'll show you another way. If you're an
engineer—have fun.

The value cannot be excessively high, or the
charging current can't hold the diaphragm's
voltage constant under high leakage condi-
tions. If it's too low, distortion will increase.

GUIDELINE #1:

Charging resistor value

20-200MQQ.

Use the higher values for small
cells and low frequencies.
The value is not critical
20MQ works well in large ESLs.

Small cells store fewer electrons at a given
voltage than large ones. For a given current
flow, small cells will change voltage more than
large ones. Therefore, they need more resis-
tance in the current path than do large cells
under similar conditions.

Greater diaphragm voltage changes occur at
low frequencies, because the current has more
time to flow. Therefore, for a given size cell,
lower frequencies need higher-value charging
resistors than cells used only at high frequen-
cies. You may be asking yourself, “So what
value resistor do 1 need?” The upper limit
seems to be around 200M(Q. A value this high
causes a noticeable loss of output under high
leakage (humid) conditions in large ESLs.

The lower limit is less clear, since it is a func-
ton of speaker size, the lowest frequency of
operation, and your opinion of acceptable dis-
tortion levels. I consider 10MQ marginal, and
generally use 20MQ in large speakers.

“A speaker” refers to all the cells driven by
one transformer or amplifier channel. Usually
this is the entire speaker for one channel. Your
speaker may be made of many individual cells

THEORY OF
OPERATION
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FIGURE 14-10: Musicians appear close to you
in your room.,

FIGURE 14-11: Musicians appear close to you
in the concert hall.

you can be sure you'll have no problems. But
I also find that you can put a dipole within a
few inches of a wall—if it is at an angle to the
wall. Figure 14-12 shows a planar ESL in a
position which usually works well. Figure 14-
13 shows a wide-dispersion ESL which will
surely have problems.

When the speaker's rear radiation bounces
off the wall and passes back through the
speaker, it causes phase interference with the
direct sound and peaks and valleys in the fre-
quency response. Also, the sound pressure
waves trapped between the wall and the cell

FIGURE 14-12: Good position—rear wave
avoids ESL.

can distort the diaphragm's shape and motion.
The curved speaker in Fig. 14-13 has these
problems. By angling the speaker to the wall,
the reflected sound is moved away from the
diaphragm to minimize these problems. But
there is a limit: if the speaker is too close to the
wall, even angling won't help.

So the question is, “How close is too close¢”
This question is not easily answered because it
is frequency dependent. The lower the fre-
quency, the further the speaker must be from
the wall. As a rule, if your ESL is positioned so
the rearwave does not reflect back into the
diaphragm, you will have no problems. The
degree of angulation and speaker width deter-
mine the distance the speaker must be from
the wall. Figure 14-14 shows several examples.

Though this works well, you can often
place them closer if you are only producing
midrange/highs. Only experimentation will
provide the final answer.

FIGURE 14-13: Poor position—Rear wave
reflects through dipole.




FIGURE 14-14: Greater angles permit ESL to
be closer to wall.

Note that the integrated ESL/TL is a special
case. Because of the parallelogram cabinet
design, place this type of speaker directly
against the wall. In fact, you must place them
directly against the wall for the beam splitter
to work correctly. With my design, none of the
rear beams reflect back into the diaphragm
(Fig. 14-15).

PRECISION DISTANCES. Planar ESLs can
produce holographic-quality images. To do so,
you must be geometrically precise about their
position relative to your seating location.

The distances from the ESLs' diaphragms to
your ears must be as equal as possible. The
wavelength of a 10kHz tone is only about 1”.
Your speaker positioning needs to be at least
that accurate.

If the distances are unequal by as little as 3",
the image deteriorates. The sound becomes
unbalanced, the image no longer appears cen-
tered, and adjusting channel balance just does-

FIGURE 14-16: Distances must be equal.

FIGURE 14-15: Rear waves avoid ESL in
beam splitter design.

n't fix it. The phase relationships are so
impaired that you can't even notice the differ-
ence when you deliberately put one speaker
out of phase! (Normally, an out-of-phase
speaker has a diffuse and directionless quality
that is very obvious.)

The ESLs are not flawed. After all, the poor
sound from an improperly positioned ESL is
no worse than the normal sound from a con-
ventional speaker. Once you've heard the
image from a properly positioned ESL, you
simply won't be satisfied with anything less.
The difference is that obvious.

Accurately positioning the ESLs is not as
easy as it looks. You must make many equal
measurements simultaneously because they
interact. Changing one often disturbs another.
Figure 14-16 shows two sets of dimensions
which must be equal; Fig. 14-17 shows others.

If you have an obstruction on the speaker
surface (such as a joint between two large cells),
be certain you do not listen to this area of the

FIGURE 14-17: Distances must be equal.
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FIGURE 14-18: Asymmetric positioning.

speaker. To prevent this, make the upper and
lower dimensions different. If you want the
speaker perfectly vertical for aesthetic reasons,
these dimensions will also be unequal.

In addition to matching the upper and lower
dimensions for aesthetic reasons, you may want
the speakers placed asymmetrically, as shown in
Fig. 14-18, rather than symmetrically, as is usu-
ally the case. This complicates positioning.

The speakers must not be twisted or
warped, which is a problem if you use very
thin frames. Figure 14-19 shows a twisted ESL.

PHYSICAL SETUP. You can deal with these
setup variables in a number of ways. The fol-
lowing is the method I use.

Begin by putting the speakers and your lis-
tening chair about where you want them.
Remove the grille cloth (if any).

Determine where your ears are in relation
to the chair. Usually, this is about 2” forward
of the point where the chair back meets the
seat, but it depends on the type of chair and
how you like to sit. I suggest you sit in the
chair and have an assistant help you. They can
use a string with a small weight on it for a
plumb bob. Place a small piece of tape or a
thumbtack equidistant from the sides of the
chair's seat cushion at that point.

Measure from the inside lower edge of each
speaker to the tape at the center of your chair.
Adjust the speakers and/or your chair so this
distance is identical for both speakers (Fig. 14-
20). To gauge the distance, I use a large tape
measure. Alternatively, you can stick a pin in
the seat cushion and tie a thread to it. Walk to
the various points with the other end so the
distances will be identical.

Next, measure from the outside lower edge of

FIGURE 14-19: Twisted ESL—Avoid!

each speaker to the tape. When these are equal
to the inner measurement, tum your attention
to the top. The measurements from the inside
and outside top edges should be equal. An
optional aid is a large level. You can put it on
each speaker to get them vertical. Note that |
said “aid”—it doesn't replace the measurements.

When you have the four bottom and four
top measurements equal, th@aker should
be directly aimed at your listening location.
Make one more set of measurements on a




FIGURE 14-20: Equal distances.

FIGURE 14-21: Equal distances.

horizontal line from your ears to the center of
the stator—this is the critical one. Since this is
the speaker part that actually fires sound
directly to your ears, this dimension should be
as close to identical as possible for both
speakers (Fig. 14-21).

If your speakers' frames are perfectly true,
getting the top and bottom measurements
right will automatically ensure the center is
right. However, most of us don't build that
accurately. Even if we do, frames sometimes
warp. Therefore, it's imperative you check the
center measurement, which is more critical
than the others.

Now comes the acid test. Sit in your listening
chair and look for your face's reflection in the
diaphragms. If the lighting is good, it will be
easy to see. If necessary, you can hold a flash-
light just above your head to make it obvious.

Your reflections must be centered between
the vertical borders and in the same relative
vertical position on both ESLs. If not, move
your chair and/or the speakers to get it right
(Fig. 14-22).

If you needed to move something, you must
go through the measurements again, as they
will have changed. Just because you have the
reflections centered, doesn't necessarily mean
the distance from each diaphragm to your ears
is identical. The object is to get the reflections
centered left to right and vertically equal and the
chair-to-speaker distances equal. This can be a
tedious process, but undeniably important.

The type of mounting system you use can

make this process either easy or difficult.
Probably the easiest to adjust is the “room
divider” ESL which has spring-loaded feet to
hold it against the ceiling. Shifting any corner
is easy.

The integrated hybrids have narrow bases
and are relatively unstable on a soft carpet.
They may lean in any direction and be difficult
to position. You can shim their bases or adjust
“Tiptoes” to position them.

If you are using a separate freestanding

2

FIGURE 14-22: Reflections must be centered
and identical for both channels.
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woofer system, you should adjust them so
they are also equidistant from your ears. A
common question (and one that is not easy to
answer) is, where should the woofer cone be
relative to the ESL's diaphragm¢

A and B have equal volumes

FIGURE 14-23: Align center of cone volume
with ESL diaphragm.

I place the woofers in a position where the
cone's 50% volume is even with the diaphragm.
Generally, that point is about 30% of the way
down the cone (Fig 14-23).

When set up correctly, the phasing/imaging
of planar ESLs is so precise that moving your
head to the left will not shift the image to the
left, but to the right. In other words, your
brain prefers it over loudness when determin-
ing source position!

If you are using an integrated ESL/TL, a hard
surface must be behind the speakers for the
beam splitter to work well. A bare wall or
window is best, as heavy drapes, cork walls,
or other sound-absorbing materials will reduce
rearwave output and dispersion.

ELECTRICAL SETUP. You must have the
correct phasing between the two channels.
Failure to do so will ruin the image.

If your electrical connections for both chan-
nels are identical, the phasing will automati-
cally be correct. When in doubt, reverse the
connections to one ESL while playing a
monaural signal source. When the speakers
are in phase, the source should appear to float
in the room between the speakers. When they
are out of phase, the sound will have a diffuse
and directionless quality. You should have no
trouble telling which is correct, but if you
can't, you don't have your speakers precisely
positioned.

Determining the correct phasing between

each ESL and its respective woofer is more dif-
ficult. Do this after the system is fully opera-
tional. The effect will be subtle, but you can
usually detect a slight increase in fullness in
the upper bass/lower midrange when the dri-
vers are in phase. The sound will be slightly
thinner when out of phase.

In my experience, this is audible only if you
use high-quality, odd-order Butterworth filters
in the crossovers. I can't detect a difference
using 12dB/octave crossovers. Evaluating this
is difficult if a delay occurs while you reverse
the leads to your woofers. You can make an
instant A-B tester to tell with authority. Figure
14-24 shows a suitable schematic.

CRITICAL ADJUSTMENT. In a hybrid sys-
tem, you must match the woofer level to the
ESL level. The correct frequency balance will
make or break your system. I can't overem-
phasize how critical this adjustment is.

Unfortunately, without sophisticated instru-
mentation you can't objectively adjust the fre-
quency balance. You will have to do it subjec-
tively, but without master tapes of live con-
certs what do you use for a reference stan-
dardé None. You must use your best judg-
ment. This can be tricky, but some suggestions
will help guide you.

Unlike most electrostatics, yours will not

From
power
amp
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o

FIGURE 14-24: Test circuit for phase tester.
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FIGURE 14-25: Excessive bass.

FIGURE 14-26: Midrange "suckout."

sound bright and thin if you have equalized
them properly. If you built transmission-line
hybrids, the bass will be neither boomy nor
thin. Your system will have the full, rich sound
of the best magnetic speakers, but with the
detail, imaging, and delicacy of electrostatics.

Although you are adjusting the bass, the
trick is to listen to the midrange when making
the adjustment. Adjust the woofer level so it is
full, but completely clean and clear.

If there is lack of definition in the midrange,
the woofer level is too high. If it is thin, the
woofer level is too low.

If the bass is excessive when the midrange
seems properly full, try adding stuffing to the
TL or placing the speaker in a different room
location. It might seem as though you can't
increase the woofer level enough to get ample
bass without the midrange becoming muddy.
Try removing stuffing from the TL or a differ-
ent room position.

Sometimes this isn't a fault of the TL. Keep
in mind that you probably have been listening
to a woofer system with a pronounced reso-
nance. A TL system won't have this quality. If
you try to adjust a TL so it sounds as “bassy”
as your previous highly resonant woofer, you
are asking for trouble.

The problem is with our “audio memory.”
After we listen to an inaccurate system for a
while, our mind thinks that's how the music
should sound. When you hear a linear system,
it sounds wrong.

Audiophiles commonly have this problem. I
even found myself caught in this trap untl I
took objective measurements and discovered
my error.

If you find the system sounds bass-shy
when the midrange is full, and you've adjust-
ed the stuffing in the TL, simply adjust the
woofer level so the midrange is clean—even if
the bass sounds inadequate. Listen to it for a
while. Unless the stuffing is way off, you will
soon realize that the present sound is right and
the previous sound was wrong.

A good test of your TL's stuffing and per-
formance is the very deep bass. A properly
operating transmission line will not sound
“bassy” until it encounters some really deep
bass. Then it will amaze you with its power,
but it won't do this if it's “overstuffed.”

If the deep bass seems excessive when the
mid-bass sounds right, it's a sure sign that
you've been listening to an inaccurate resonant-
woofer system prior to your TL experience.

All this assumes you have a variety of first-
class source material, which is a major problem
since very little commercial material is of refer-
ence quality. Be particularly careful when using
the male voice as a reference. Good recordings
of male voices are rare, because cardioid micro-
phones exhibit proximity effect when used at
close range. This phenomenon produces exag-
gerated bass and is largely responsible for the
unnatural quality of male voices and guitars on
commercial source material.

A recording engineer may try to correct this
problem with his equalizer. It then becomes
his judgment of what the voice should sound
like, and that's hardly what you should use as
a reference standard! The solution is to use
sensitive omnidirectional microphones placed
several feet from the performer, but recording
studios just don't do this. Consequently, I dis-
courage you from using male voices as a test of
driver balance.

Recording studios never record “pop” music
naturally, so it makes a poor reference stan-
dard as well. Use complex, classical orchestral
music—recorded naturally, if possible. Don't
put all your eggs in one basket either. A vari-
ety of recordings from different manufacturers
will help you eventually find an average bal-
ance which works well. If you set the balance
with classical music, you should find other
types are automatically properly balanced.

This discussion assumes you are using
appropriate crossover points and equalization.
If you use excessively low crossover points
with the attitude that no woofer system can
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match an ESL, you will have a severe midrange
“suckout.” Adjusting the woofer/ESL balance
won't compensate for this.

On such a system, increasing the bass level
to fill the midrange produces wildly excessive
bass (Fig. 14-25). Conversely, adjusting the

bass to an appropriate level produces a severe
midrange depression (Fig. 14-26).

If you find yourself in this predicament,
there are two solutions. One is to increase the
midrange equalization. The other is to raise
the crossover point, usually to 400-500Hz.
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CHAPTER 15:
TESTING

The, fmost frustrating aspect of high-quality
sound reproduction is the controversy sur-
rounding many aspects of equipment perfor-
mance. The lack of clearly defined, objective,
reproducible testing procedures results in a
wide diversity of inaccurate, confusing, arbi-
trary, and misleading opinions.

Most listeners, and all would-be speaker
builders, wish to know for a fact what a com-
ponent will sound like before they sink consid-
erable time, effort, and money into a project.
High-fidelity sound reproduction is not an art;
it's a science. We should have meaningful sci-
entific testing methods. Unfortunately, adver-
tsing hype and consumer ignorance have
tumed equipment evaluations into a three-
ring circus.

Most audiophiles have strong opinions
regarding the sounds of various components.
Everyone can recall personal experiences where
a component sounded “veiled” or “shrill,” or
some other equally nebulous, subjective term.
We can point out that we have heard a different
component which sounded better.

We often try to explain the difference with
some unproven technical rationale. Examples
include: one is tubed, while the other is tran-
sistorized; one has capacitors in the signal
path, while the other does not; one operates in
Class A, while the other is Class AB.

This type of component evaluation is aggra-
vating because different listeners reach differ-
ent conclusions. Since the results are unrepro-
ducible, you can't tell which is right.

Listeners argue endlessly over unproven
subjective impressions. One will never con-
vince the other he/she is wrong. After all, they
both heard what they heard. For one to agree
with the other implies that he/she can't hear
well, or that his/her opinion is less important.
Human nature revolts against this.

This whole problem can be put into per-
spective once everybody understands that both
listeners are telling the truth and neither is
wrong. When [ hear an audiophile describe a
sound as “veiled” or “shrill,” I believe him/her.
I only have trouble with the conclusion that
the transformer, amplifier, stator, or whatever,
was the cause.

To determine a problem's true cause, you
must eliminate all possible factors which could

account for any differences you hear. In scien-
tific circles, this is termed “isolating the vari-
ables.” When you are certain there is only one
variable, only then can you be certain it is
responsible for the sound you hear.

This concept is fundamental to all testing,
and everybody accepts it. For example, when
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